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Cruisin’ for a Snoozin’: the role of sleep in resilience to simulated military operational 

stress 

 

 

Alice Danielle LaGoy, MS 

University of Pittsburgh, 2021 

 

BACKGROUND: Military personnel must maintain high levels of operational performance 

despite exposure to sleep loss, caloric restriction, physical exertion and high cognitive loads. 

These operational stressors may influence sleep, operational performance and perception-action 

coupling performance. Sleep prior to exposure to operational stressors may mitigate the effects 

of such stressors.  

PURPOSE: 1) Examine trait-like aspects of sleep parameters across exposure to simulated 

military operational stress (SMOS); 2) Examine the impact of baseline sleep on operationally-

relevant performance outcomes; 3) Examine the effects of SMOS on perception-action coupling; 

4) Examine different aspects of neurobehavioral resilience and differences in baseline sleep 

between resilient and vulnerable participants 

METHODS: 69 active-duty and reserve status military personnel completed a 5-day SMOS 

protocol that included two days of sleep restriction and disruption. Participants completed 

assessments of subjective alertness, vigilance, perception-action coupling, marksmanship and 

physical performance throughout the protocol. 1) Intra-class correlations across different sleep 

opportunities were calculated for EEG sleep parameters. 2) Habitual and baseline sleep 

parameters were regressed on marksmanship and physical performance outcomes. 3) Effects of 

SMOS and time-of-day on perception-action coupling were examined. 4) Participants were 

classified as resilient or vulnerable using a 2-step decision-making approach that included 

performance during sleep disruption and change in performance from baseline of different 

neurobehavioral (alertness, vigilance and perception-action coupling) assessments. 

RESULTS: 1) Absolute spectral activity during non-rapid eye movement sleep was stable and 

robust across variable sleep opportunities during the SMOS protocol (ICC > .6). 2) Baseline 

aerobic fitness, daytime sleepiness and slow wave activity predicted physical performance but 

not marksmanship. 3) Perception-action coupling was maintained during typical waking hours 

(18:00 and 22:00) but deteriorated across days at 04:00. 4) Subjective measures of alertness, and 

behavioral measures of vigilance and perception-action coupling reflect distinct aspects of 

neurobehavioral resilience. 

CONCLUSION:  Individual differences in sleep are maintained across exposure to SMOS, 

demonstrating the trait-like nature of sleep. Differences in baseline sleep may have implications 

for operationally-relevant aspects of physical performance and for neurobehavioral resilience. 

Lastly, perception-action coupling performance is sensitive to the combined effects of SMOS 

and time-of-day and reflects a distinct aspect of performance from vigilance. 
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1.0 Introduction 

The importance of sleep to individual well-being and performance has recently gained 

increased appreciation in the military. Healthy sleep was identified as essential for ensuring 

resilience and readiness in the National Defense Authorization Act for fiscal year 20151 and, along 

with nutrition and physical activity, was identified as an essential component of health in the Army 

Medicine’s Performance Triad2.  More recently, the Government Accountability Office released a 

report highlighting the importance of addressing sleep loss and fatigue in Naval Surface Fleet 

personnel while also highlighting that current work demands and staffing shortages compromise 

the ability to obtain sufficient sleep3. The recent emphasis on sleep stems from the high prevalence 

of insufficient and disturbed sleep in military personnel, the increased appreciation for the 

importance of sleep to health and performance and from recent sleep loss-related accidents that, 

unfortunately, clearly demonstrated the operational and safety implications of insufficient sleep3–

8. Still, operational demands often compromise the ability of military personnel to obtain sufficient 

sleep. The high pace, around-the-clock and unpredictable nature of operational settings contribute 

to abbreviated sleep opportunities occurring at different times-of-day5,9. These non-traditional 

sleep schedules that do not align with intrinsic circadian rhythms may further compromise sleep 

by increasing sleep fragmentation and decreasing sleep quality10. 

Sleep is a multifaceted biological process that contributes to mental and physical health, 

recovery and performance11,12. Chronic poor sleep can contribute to negative mental and physical 

health outcomes including increasing risk of posttraumatic stress disorder, musculoskeletal injury, 

cardiovascular disease, diabetes and all-cause mortality5,13–16. Additionally, acute exposure to 

insufficient sleep, such as during sleep deprivation or restriction, can compromise performance 

and safety17–19. One night of poor sleep can decrease mood20,21, compromise cognitive and physical 
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performance17,19,22–24, impair muscle recovery25–27 and negatively affect metabolic function28–30. 

In military personnel5,10,31 who must perform at a high level despite short and poor quality sleep, 

sleep loss-related decrements can have pronounced effects on job-related performance32,33.  

Not only do operational demands impact the ability of military personnel to obtain 

sufficient sleep, but these demands may influence sleep architecture, having implications for the 

functional role of sleep. Sleep is a dynamic process that varies between and within nights. Within 

a single night, sleep cycles through different stages: non-rapid eye movement (NREM; see 

Appendix A for a complete list of abbreviations) stage 1 (N1), stage 2 (N2), stage 3 or slow wave 

sleep (SWS) and rapid-eye movement (REM) sleep. SWS, a marker of homeostatic sleep need, 

occurs primarily during the first half of the night when the homeostatic drive for sleep is high. 

SWS is characterized by slow wave activity (SWA; 0.5 – 4 Hz) and collectively, these aspects of 

sleep may relate to cognitive and visuomotor performance34–36. Conversely, N2 and REM sleep 

occur primarily during the second half of the night as the homeostatic drive for sleep dissipates 

and are more strongly influenced by circadian processes37–39. Between nights, sleep architecture 

(the timing and duration of sleep stages) can vary based on homeostatic sleep need and circadian 

influences related to sleep timing. For example, extended wakefulness during total sleep 

deprivation protocols increases the homeostatic drive for sleep which contributes to subsequent 

increases in SWS37.  Sleep loss and variable sleep schedules in operational settings may therefore 

impact sleep architecture. However, substantial inter-individual differences in sleep exist which 

may impact how an individual’s sleep responds to operational settings40,41. Inter-individual 

differences in the build-up and decay of homeostatic sleep pressure are stable across repeated bouts 

of sleep deprivation42. Whether this trait-like behavior of sleep is stable across operationally-

relevant sleep manipulations is unknown. Further, whether this trait-like behavior is consistent 
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across individuals with different baseline characteristics known to influence sleep, such as trauma 

exposure and resilience is unknown43,44. Military personnel in the field are exposed to sleep loss, 

circadian challenges, caloric restriction, high cognitive load and physical exertion. These stressors 

collectively referred to as military operational stress can have a pronounced impact on the sleep of 

military personnel throughout training and deployment. Inter-individual differences in sleep may 

reflect inter-individual differences in responses to exposure to operational stress.  

Exposure to military operational stress, in the field and simulated in laboratory settings, 

can also compromise cognitive and physical performance18,45. Sleep loss, caloric restriction, 

cognitive load and physical exertion individually have decremental effects on performance. 

Additionally, decrements in mood, vigilance, working memory, reasoning, marksmanship and 

physical performance are observed following periods of field training with prolonged exposure to 

operational stressors45–48. Field studies provide valuable information about the real-world 

implications of military operational stress, but the lack of experimental control in such 

environments makes it difficult to quantify the magnitude of specific stressors. Simulated military 

operational stress (SMOS) protocols impose similar stressors on individuals and provide greater 

experimental control. Such protocols have also revealed decrements in cognitive and physical 

performance similar to those experienced in training environments49. Collectively these findings 

demonstrate decremental effects of military operational stress, in field and laboratory settings, on 

neurobehavioral function (mood, vigilance), cognitive function (working memory, reasoning) and 

operational performance (marksmanship, physical performance)18,45,49,50. Still, the impact of 

operational stress on the ability to adapt to changing environmental conditions or tasks demands, 

an essential aspect of operating with dynamic and unpredictable operational settings, remains 

unknown. Perception-action coupling, the ability to efficiently and accurately execute motor 
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responses coupled to perception information, allows an individual to respond to changes within 

their environment51,52. Impaired perception-action coupling could impact how individuals 

maneuver through and respond to their environment, thereby increasing behavioral risk and 

compromising operational efficiency51,53. Therefore, examining perception-action coupling within 

military operational stress scenarios is an essential future direction of study. Perception-action 

coupling may be compromised by physical exertion54 and sleep loss55,56 but it is unknown whether 

cumulative exposure to military operational stressors influences perception-action coupling. It is 

further unknown if perception-action coupling is influenced by time-of-day, as essential research 

question given the around-the-clock nature of military operational settings5. Lastly, examining the 

relationship between perception-action coupling (a functionally-relevant measure of alertness) and 

more widely used measures of neurobehavioral function would provide additional insight into the 

effects of operational stress on military personnel. 

In response to sleep loss, robust inter-individual differences exist in mood, neurobehavioral 

performance, cognitive performance and operationally-relevant aspects of performance57–59. 

Similarly, individuals may display different levels of neurobehavioral resilience or vulnerability 

to military operational stress; individuals who demonstrate more neurobehavioral resilience to 

stress exposure may be able to maintain high levels of performance despite stress exposure while 

more vulnerable individuals may experience a dramatic deterioration of performance, alertness 

and mood These differences may reflect trait-related differences in neurobehavioral resilience or 

vulnerability to sleep loss60. Given the functional importance of sleep, sleep may contribute to 

neurobehavioral resilience to military operational stress. In particular, prior sleep history may 

impact the susceptibility of an individual to sleep loss. Further, sleep throughout the SMOS 

exposure may impact an individual’s ability to adapt or recover from the SMOS exposure. To what 
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extent inter-individual differences in sleep contribute to inter-individual differences in operational 

and neurobehavioral resilience is unknown. 

 

1.1 Definition of the problem 

In the field, military personnel are exposed to military operational stress which includes 

sleep loss, caloric restriction, physical exertion and high cognitive load. Exposure to military 

operational stress can impact the sleep and performance of military personnel. It is unknown to 

what extent the trait-like behavior of sleep is maintained throughout military operational stress and 

to what extent these stable inter-individual differences in sleep may predict inter-individual 

differences in resilience on neurobehavioral and operational performance outcomes. Further, the 

extent to which baseline characteristics, such as trauma exposure and psychological resilience may 

impact the response of sleep through exposure to operational stress. The purpose of the present 

dissertation is to examine the role of sleep on resilience during a SMOS protocol that included 

sleep restriction and disruption, caloric restriction, daily physical exertion and a high cognitive 

load. 
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1.2 Specific Aims 

 

Figure 1: Conceptual model of dissertation aims 

.  

 

1.2.1 Aim 1 

To determine the effects of SMOS on the stability and robustness of objectively-measured 

sleep parameters and to examine the effects of baseline characteristics, specifically self-reported 

resilience and trauma history, on the stability and robustness of sleep across SMOS exposure. 

Hypothesis 1a: SWS, and absolute and relative NREM spectral activity will demonstrate 

stable and robust trait-like behavior across the SMOS protocol while measures of sleep architecture 

will be less stable across the protocol. 

Hypothesis 1b: Trauma exposure and self-report resilience will impact the stability of sleep 

measures during SMOS. Participants with high trauma exposure and low resilience will 

demonstrate lower sleep stability than participants with low trauma exposure and high resilience.   
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1.2.2 Aim 2 

To determine whether habitual (PSQI), baseline (night 1 EEG measures) and changes in 

sleep (change in EEG measures from night 1) influence resilience to SMOS (sleep loss and caloric 

restriction) as assessed using operationally-relevant tasks (marksmanship and physical 

performance). 

Hypothesis 2a: PSQI scores, baseline SWA, and baseline REM will predict performance 

on marksmanship and physical performance outcomes on days 2, 3 and 4. 

Hypothesis 2b: Changes in SWA and REM from baseline to nights 2, 3 and 4 will predict 

performance on marksmanship and physical performance on days 2, 3 and 4. 

1.2.3 Aim 3 

To determine the effects of SMOS on perception-action coupling performance across 

different times of day (04:00, 18:00, 22:00). 

Hypothesis 3a: Affordance actualization efficiency and affordance perception accuracy 

will deteriorate across increased exposure to simulated military operational stress. 

Hypothesis 3b: Affordance actualization efficiency and affordance perception accuracy 

will be worse at 04:00 than at 18:00 or 22:00. 

1.2.4 Aim 4 

To determine whether subjective and objective measures of alertness (Profile of Mood 

States, POMS; Psychomotor Vigilance Task, PVT; and Perception-action Coupling Task, PACT) 

reflect distinct aspects of neurobehavioral resilience and to quantify differences in habitual (PSQI, 
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ISI, ESS) and baseline sleep (SWS, REM and SWA) between resilient and vulnerable participants 

across different neurobehavioral measures. 

Hypothesis 4a. Subjective and objective measures of alertness will reflect distinct aspects 

of neurobehavioral resilience. Limited overlap will be observed between functional measures of 

alertness that capture vigilance (PVT) and perception-action coupling performance (PACT). 

Hypothesis 4b. Participants with high neurobehavioral resilience, as defined by POMS, 

PVT and PACT will have better habitual sleep quality (lower PSQI scores) and higher baseline 

SWA than individuals with low neurobehavioral resilience. Resilient and vulnerable groups will 

not differ in other sleep architecture parameters. 
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2.0 Review of the Literature 

 

2.1 Sleep and Military Operational Stress 

Military operational stress includes sleep loss, caloric restriction, high cognitive load and 

physical exertion. Insufficient sleep is highly prevalent across different branches and operational 

settings. Military personnel often get less than 7 hours of sleep, report poor sleep quality and report 

getting disrupted sleep32,61–65. For example, while approximately 33% of American adults get 

insufficient sleep weekly, 57% of Naval personnel reported obtaining insufficient sleep (less than 

7 hours per night) when surveyed mid-deployment66. Of note, more prior deployments and longer 

deployment duration both predicted worse sleep in these Naval personnel, independent of age and 

military rank demonstrating the decremental effect of cumulative exposure to operational settings 

may have on sleep66. The sleep of military personnel is compromised by operational demands 

which can limit sleep opportunity duration and impact sleep opportunity timing5. Operational work 

schedules often require extended shifts (> 12 hours) that curtail or may interrupt sleep 

opportunities. Similarly, around-the-clock operations necessitate that some military personnel will 

be sleeping during the day, when the circadian drive for sleep is low. As such, the quality of sleep 

at this time may be lower than that would be obtained during overnight sleep. Additional 

environmental factors, such as shared bunk space, ambient light and noise related to around-the-

clock operations can also further compromise sleep in operational settings64,67. Insufficient sleep 

in operational settings has a decremental effect on military personnel; more sleep complaints in 

operational settings predict decreased well-being68,69 and increased sleepiness62, fatigue, 

musculoskeletal injury14,62 and operational risk32,33,70. 
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Further, military personnel often operate at a caloric deficit in the field due to the combined 

effects of caloric restriction and high physical demands of training and deployment71. Caloric 

intake may be restricted in the field due to limited food ability and space limitations related to 

carrying food71. This caloric restriction can then be compounded by physical demands that exceed 

those typically experienced by civilian populations. Across different roles, operations, and 

branches military personnel expend upwards of 3000 kcal per day71,72. The caloric deficit caused 

by this high energy expenditure and limited caloric intake can have substantial implications on 

physiological function, mood, cognitive performance and physical performance, within 

operational settings71–73. Importantly, the above-mentioned stressors act simultaneously on 

military personnel to impact their performance and safety within operational settings.  

2.2 Sleep 

2.2.1 Sleep stages and features 

Sleep can be measured subjectively using questionnaires, behaviorally using actigraphy or 

objectively using polysomnography (PSG) and neuroimaging. PSG is the gold standard means of 

assessing sleep and includes electroencephalography (EEG), electrooculography (EOG) and 

electromyography (EMG)74. Sleep stages (NREM N1, N2, SWS and REM) can be defined by 

particular PSG signatures which reflect the different characteristics of each sleep stage74. 

Additional information regarding sleep can be provided by examining the spectral profile of the 

PSG record through quantitative EEG75. Power spectral analysis provides information about EEG 

activity during NREM and REM sleep in the delta (0.5 – 4 Hz), theta (4 – 8 Hz), alpha (8 – 12 

Hz), sigma (12 – 16 Hz) and beta (16 – 32 Hz) ranges. Delta activity can also be referred to as 
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slow wave activity (SWA). Collectively, information about sleep stages and the spectral 

composition of sleep provides a comprehensive picture of an individual’s sleep.  

Light sleep includes N1 and N2. N1 sleep is the lightest stage of sleep occurring 

predominantly during sleep-wake transitions (~6% of total sleep time)74,76. Much of N1 sleep 

consists of alpha (8 – 12 Hz) activity particularly in occipital regions. N2 sleep is the most 

prominent sleep stage throughout the night (~50% of total sleep time)76. In particular, N2 sleep 

occurs predominantly during the second half of the night. N2 sleep is defined by two EEG features: 

K-complexes and sleep spindles.  K-complexes are high amplitude, low-frequency waves that 

occur spontaneously or can be elicited by sensory stimulation and input77,78. In response to ambient 

noise, or other environmental sensory stimuli, k-complexes may reflect sensory gating occurring 

between the cortex and thalamus allowing individuals to maintain sleep despite such 

disturbances77. Sleep spindles, which occur predominately during N2 and to a lesser extent SWS, 

are short duration (0.5 – 3 s), high-frequency bursts (~9 – 16 Hz) of activity that are generated in 

the thalamus and modulated by cortico-thalamic inputs79,80. Spindles contribute to both, cognitive 

and sensorimotor function81–84, potentially through use-dependent reactivation of specific neural 

pathways and by contributing to synaptic potentiation. Disrupted spindle activity predicts poor 

cognitive function and compromised visuomotor function85. Further, higher local spindle density 

predicts greater offline motor learning and increasing spindle density through transcranial 

alternating current stimulation during sleep leads to improved sensorimotor performance86–88. 

Spindles are further divided into slow (~9 – 12 Hz) and fast (~12 – 16 Hz) spindles which have 

distinct topographical distributions, occur during different sleep stages and at different times of 

night80,89. Slow spindles are coupled with slow waves and therefore occur predominately in 

frontocentral brain regions during the first half of the night89. Their functional role is not well 
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defined but they may influence perceptual capabilities and sensorimotor function by contributing 

to visual discrimination performance 89,90. Increased slow sigma activity in occipital regions, 

overlying the visual cortex, predicted better visual discrimination performance90 but this finding 

was not found across similar studies91. Fast spindles appear predominantly in parietocentral brain 

regions during the second half of the night80,89 and are associated with motor aspects of 

sensorimotor performance including motor learning92,93 and visuomotor performance94,95.   

SWS is considered deep sleep and occupies ~15-20% of the night in adults with normal 

sleep but decreases with aging76. SWS is defined by the presence of slow waves, low frequency 

(0.5 – 4 Hz), high amplitude (> 0.75 μV) waveforms that typically present most prominently in 

frontal EEG channels and propagate posteriorly96,97. As such SWS consists largely of SWA. Slow 

oscillations are generated from the synchronized hyperpolarization and depolarization of cortical 

neurons which result in alternating periods of coordinated increased firing and cessation of firing; 

this rhythmicity allows slow oscillations to coordinate activity across different brain regions79. 

Slow wave slope and amplitude reflect the strength and synchrony of synaptic firing, 

respectively98–100. The up slope occurs during depolarization and periods of coordinated firing 

while the down slope occurs during hyperpolarization and periods of neuronal silence.  

SWS, SWA, and slow wave features reflect homeostatic sleep need and contribute to use-

dependent plasticity (although the mechanisms of this contribution are debated101–104). SWS, SWA 

and slow wave slope and amplitude increase following periods of extended wakefulness and 

decrease exponentially throughout the night as the homeostatic drive for sleep decreases (see 

Section 2.2.2 below). As decreased synaptic strength, marked by cortical excitability, is associated 

with changes in slow wave parameters, synaptic depotentiation and the maintenance of synaptic 

homeostasis have been proposed as essential functions of SWS101,105,106. Further, SWS, SWA and 
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slow wave features change in a use-dependent manner between nights suggestive of roles in 

cognitive and sensorimotor function105,107. Following a period of learning or skill-acquisition, 

SWA, slow wave slope and slow wave amplitude increase in task-specific regions35,36,108,109. SWA 

increased over sensorimotor regions following practice of visuomotor tasks36,110,111 but decreased 

over sensorimotor regions following arm immobilization112. Further, the causal relationship 

between SWS and cognitive and sensorimotor function has been demonstrated through SWS/SWA 

enhancement and depression studies113–118. SWS enhancement through auditory119–122 and 

transcranial direct current stimulation34,123–126 stimulation phase-locked to the up slope of slow 

waves, has consistently resulted in improved declarative memory (but see 127,128). Additionally, 

SWA depression, through auditory tones,  compromised perceptual learning129 and visuomotor 

adaptation110.  Together, these findings suggest a causal role of SWA in sensorimotor adaptation 

and learning. Slow waves may also coordinate function across different brain regions through 

coupling with sleep spindles and hippocampal sharp wave ripples (80 – 100 Hz oscillatory features 

from the CA1 hippocampal region)102,130. Coupling strength between slow waves and spindles may 

contribute to cognitive function131–133, but a role in sensorimotor or physical function has not been 

found134. Altogether SWS plays an important restorative function, contributes to the maintenance 

of synaptic homeostasis and relates to different aspects of performance that may be relevant to 

military personnel. 

REM sleep displays distinct EEG activity patterns from NREM sleep and plays different, 

but complementary, functional roles. Mixed frequency, low amplitude EEG activity, muscle atonia 

(measured from the submentalis), and rapid eye movements characterize REM sleep which occurs 

predominantly during the second half of the night in the early morning hours74. Upregulation of 

plasticity promoting factors and the occurrence of ponto-geniculo-occipital (PGO) waves also 
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characterize REM sleep and the transition from NREM to REM104,135. REM sleep plays several 

important functions: emotional memory consolidation135,136, sensorimotor development137,138, 

sensory renormalization139,140 and learning of novel information139,141. The importance of REM 

sleep to emotional memory consolidation has long been hypothesized due to the role of disrupted 

REM sleep in psychiatric disorders such as PTSD142. More recently, improved emotional memory 

consolidation was found to be predicted by more REM theta activity135. Further, sensorimotor 

development and the early integration of the sensory and motor systems occurs during REM 

sleep137,138. To what extent REM sleep contributes to sensorimotor function during adulthood is 

unknown although more time in REM sleep predicted better motor control performance143 (but see 

144). 

REM sleep may also impact cognitive and sensorimotor performance through targeted 

depotentiation. Following exposure to novel information or places, hippocampal neurons fire at 

peaks of REM theta oscillations, promoting synaptic potentiation104. Following repeated exposures 

to this same information, the relevant hippocampal neurons instead fire at the troughs of REM 

theta oscillations promoting synaptic depotentiation; information that has been learned and 

transferred to the cortex no longer needs to be stored in the hippocampus104. Sensory 

renormalization may occur through similar means of REM-related synaptic 

depotentiation104,139,145. Visual and perceptual discrimination abilities deteriorate throughout 

wakefulness, even without severe wake extension146. This deterioration may be related to synaptic 

strengthening that occurs throughout wakefulness which increases the signal to noise ratio101. If 

REM sleep contributes to depotentiation of these spurious synaptic connections, then REM may 

help to renormalize and restore these sensory discrimination abilities. Perceptual discrimination 

was restored following naps that contained both SWS and REM, but not after naps that only 
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contained SWS lending support to the importance of REM sleep in sensory renormalization140. 

Further, in monkeys trained on a somatosensory task, the receptive fields of the trained fingers 

were only normalized in monkeys that experienced both SWS and REM, demonstrating that REM 

sleep is needed for depotentiation in these sensory areas of the brain139. Whether the restoration of 

visual discrimination abilities through REM has implications for target identification relevant for 

marksmanship in operational settings is an intriguing possibility.  

2.2.2 Sleep-wake regulation  

Sleep is predominantly regulated by 2 processes: a homeostatic sleep process (process S) 

and a circadian process (process C)37,147. In brief, as the duration of wakefulness increases 

throughout the day, the homeostatic drive for sleep increases exponentially. Initially, the circadian 

drive for wakefulness also increases throughout the day to oppose this increase in homeostatic 

sleep drive and maintain wakefulness. As the day processes and habitual bedtime is approached, 

the circadian drive for wakefulness decreases thus promoting sleep. Conversely, when as 

individual is asleep, the homeostatic drive for sleep decreases throughout the night. Again, the 

circadian drive for wakefulness acts counter to the homeostatic drive for sleep and decreases 

throughout the night to help maintain sleep. As typical wake time approaches in the morning, the 

circadian drive for wakefulness increases to promote waking. Homeostatic and circadian processes 

work interactively to promote consolidated sleep and wake periods throughout the day37,39. This 

combined regulation of sleep impacts the macro- and micro-architecture of sleep and has 

implications that extend to other aspects of health, performance and function.  

Sleep stages and features are sensitive to homeostatic and circadian processes. Most 

prominently, SWS and SWA have been characterized as indexes of homeostatic sleep drive37. 

SWA occurs primarily during the first half of the night, when homeostatic sleep drive is high and 
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dissipates throughout the night across multiple sleep cycles in accordance with reduced 

homeostatic sleep pressure. Further, SWA increases following periods of extended wakefulness 

which increase homeostatic sleep drive. While the original 2-process model was conceptualized 

based on global sleep and wakefulness, there is now greater appreciation for local and use-

dependent aspects of sleep and wakefulness37,148. As mentioned above, SWA increases in a use-

dependent manner following periods of increased cognitive or physical engagement which reflects 

local homeostatic regulation of sleep149,150. Given that military operational stress involves sleep 

loss, high cognitive load and physical exertion, increases in SWA would be expected149,151. To 

what extent individual differences in SWA throughout exposure to operational stress impact 

resilience or recovery from the stress in unknown. SWA may serve as a marker of resilience and 

an ability to recover quickly from the stress scenario or it may serve as a marker of increased sleep 

need and greater vulnerability to the stress152,153. Further work is needed to examine beneficial and 

maladaptive responses to military operational stress and how these responses manifest themselves 

in SWA.  

Operational settings may also impact the timing of sleep. While some work has suggested 

a circadian influence of SWS154, the circadian system has a more pronounced influence on REM 

sleep due to indirect projections from the suprachiasmatic nucleus (SCN) to REM-promoting brain 

stem regions39. The SCN is the central pacemaker that coordinates circadian processes throughout 

the body. To what extent circadian regulation of sleep impacts different aspects of sleep within 

operational settings in unclear. 

2.2.3 Interindividual stability of sleep 

While sleep manipulations result in significant changes in sleep, differences between 

individuals are consistently greater than the magnitude of changes within individuals. These inter-
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individual differences in sleep have been characterized as having ‘trait-like’ behavior due to: 1) 

their genetic underpinnings155,156; 2) their stability across multiple nights of normal sleep40,157,158; 

and 3) the robustness of these differences across experimental manipulations157–159. While not 

consistent across all sleep architecture measures, SWS and NREM spectral activity demonstrate 

high levels of stability across multiple nights of normal sleep and before and after a night of total 

sleep deprivation40,60,155,157,160,161. This stability has been observed regardless of age157,162 and in 

both healthy sleepers and individuals with insomnia40. 

Sleep spindles in particular have been classified as ‘the fingerprint’ of sleep41,155. There are 

pronounced individual differences in sleep spindles that are in part genetically-determined and are 

robust across a variety of sleep manipulations41,155. Specifically, high stability in a spectral range 

encompassing slow and fast spindles (8 – 15 Hz) was observed across 6 nights including an 

adaptation night, baseline night, night of sleep disruption, 2 nights of SWS deprivation and a 

recovery night41. A recent study has expanded these findings to demonstrate that the specific 

frequency profile, topographical distribution and phase-coupling with slow waves are also unique 

to an individual80,134. 

SWA and spectral activity across all frequency bands also demonstrate trait-like behavior 

across normal sleep and before and after total sleep deprivation40,157, although few studies have 

examined the stability of high frequency activity40. SWS displays substantial stability (ICC > .6) 

across a variety of sleep manipulations: multiple nights of normal sleep157,158, before and after 

nights of total sleep deprivation157,159, across nighttime naps158, and across variation in sleep 

timing159. Additionally, homeostatic responses to sleep, as indexed by SWA, are also stable across 

repeated bouts of total sleep deprivation42. The rate and topographical progression of SWA 

dissipation is stable within individuals42,163,164. An intriguing possibility is that individuals with 
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rapid dissipation of SWA may be better able to adapt to operational environments. The rapid 

dissipation of SWA may reflect more efficient recovery from the prior day enabling individuals to 

be more resilient to sleep loss.  

While the trait-like nature of sleep has been widely demonstrated, several gaps remain. 

First, while the stability of spectral sleep parameters and sleep spindles persists across nights of 

normal sleep, whether this stability persists across more variable sleep opportunities remains less 

clear. Two studies have demonstrated that SWS remains stable across different sleep durations 

(40-minute, 5-hour, 8-hour) and timing (night vs day), but it is unclear how other sleep parameters 

behave under such conditions158,159. Further, in groups of adolescents exposed to different sleep 

conditions (5-hour, 9-hour), NREM SWA and fast sigma spectral activity were less stable in the 

sleep restriction group (5-hour) than the control group (9-hour), but stability across the different 

sleep conditions was not examined within a single group165. Understanding how sleep varies within 

and between individuals across simulated military operational stress may not only provide greater 

insight into the robust trait-like nature of sleep but may also inform how sleep relates to resilience 

and adaptability during such exposures.  Two intriguing possibilities exist: 1) trait differences in 

sleep may relate to trait differences in resilience across different tasks; or 2) differences in how 

sleep adapts during operational stress may relate to differences in adaptability and resilience to the 

stress scenario. A second critical gap is in understanding how baseline characteristics may impact 

the trait-like nature of sleep. Relevant to military personnel would be examining the effects of 

trauma exposure and psychological resilience on sleep stability. Trauma exposure and low 

psychological resilience are both related to sleep quality43,44. Whether high resilience may mitigate 

decremental effects of trauma exposure on sleep is unknown. 
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2.3 Performance during military operational stress 

In addition to impacting sleep, military operational stress can impact operational 

performance. Exposure to individual stressors (e.g., sleep loss, caloric restriction, cognitive load, 

physical exertion) can compromise operationally-relevant aspects of performance including 

marksmanship and physical performance. Further, operational stress, in field and laboratory 

settings, has pronounced effects on cognitive and neurobehavioral aspects of performance that 

underlie operational performance. Given the focus of the study aims, the effects of operational 

stress on cognitive performance are not reviewed here (but see 50,166). Assessment of 

neurobehavioral aspects of performance provides additional insight into how operational stress 

impacts specific components of operational performance, thereby identifying potential 

intervention targets. Further, given the short duration and portable nature of neurobehavioral 

assessments, these tests can be used in the field to monitor fatigue, predict at-risk performance and 

plan intervention administration.  

 

2.3.1 Impact of military operational stress on operational performance 

Marksmanship: Marksmanship, an essential aspect of military performance, is a complex 

sensorimotor task that involves, among other functions, reaction time, visual discrimination and 

tracking, perceptual attunement and perception-action coupling167,168. As such, operational stress 

may alter marksmanship by affecting any one of a number of underlying cognitive and 

sensorimotor processes111,169. Deficits in marksmanship accuracy have been observed with 

increased cognitive load during and prior to the marksmanship task170,171 and following physical 

exertion172. Further, operational stress and sleep loss may have decremental effects on 

marksmanship accuracy and reaction time46,170,173,174, although effects have been inconsistently 
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reported48,175,176. Marksmanship accuracy decreased while shot distribution variability increased 

following 73-hours of Hell Week in 62 Navy SEALs who obtained approximately 1-hour of sleep 

at the time of marksmanship testing46. Conversely, marksmanship accuracy was maintained across 

72-hours of SMOS in 10 male Soldiers that involved severe sleep loss (total sleep time ~ 3.6 hours) 

and caloric restriction (caloric intake ~ 1600 kcal)48. The inconsistency between studies may be 

related to differences in study populations, marksmanship protocols and severity of the operational 

stress exposure. In military populations, marksmanship is a well-learned task; military personnel 

may be able to maintain overall marksmanship accuracy despite exposure to operational stressors 

due to the habitual nature of the task. Examining the distribution of shots has been proposed as a 

more sensitive marker of marksmanship performance, especially in well-trained individuals177.  

Physical Performance Outcomes: Military operational stress may compromise physical 

performance, thereby impacting overall operational efficiency, although findings across different 

domains of physical performance are inconsistent18,178. Performance of submaximal, muscular and 

aerobic endurance tasks is impaired by military operational stress and sleep loss while anaerobic 

performance may be less affected48,179–182. During a simulated combat exercise, five nights of sleep 

restricted to 5-hours resulted in higher (slower) 2-mile run times in 34 infantry Soldiers as part of 

a simulated combat exercise, but these same individuals were able to maintain performance on a 

Wingate test assessing lower-body anaerobic capacity180. Caloric restriction may also contribute 

to compromised physical performance in operational settings71. During a 5-night sleep restriction 

protocol, male Soldiers in control (3200 kcal/day) and high (4200 kcal/day) caloric intake groups 

were able to maintain aerobic endurance while the performance of Soldiers in the low caloric 

intake group (1800 kcal/day) deteriorated181. Similar decrements in aerobic endurance were 

observed following 96-hour continuous operations in individuals consuming reduced calories, but 
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again endurance was maintained across the stress exposure in moderate and high caloric intake 

groups 181. Decrements to other aspects of physical performance including power and muscular 

strength are also observed180,183,184 but findings are inconsistent179,183.  

2.3.2 Impact of military operational stress on alertness/neurobehavioral performance 

Subjective Measures of Alertness: Similar to the effects of isolated sleep loss20, subjective 

feelings of alertness and mood are particularly sensitive to operational stress45,62,185. Subjective 

alertness includes sleepiness, fatigue and vigor which reflect similar but separate constructs. 

Sleepiness relates to biological sleep need and is defined as sleep propensity or drowsiness while 

fatigue is defined as weariness or exhaustion after periods of pronounced effort186. Sleepiness and 

fatigue, while weakly correlated, do not necessarily overlap; individuals with high sleepiness do 

not necessarily also present with high fatigue and vis-a-versa186. It is unclear to what underlying 

mechanisms may relate to differences in sleepiness or fatigue or to what extent sleepiness and 

fatigue impact performance differently.  

High sleepiness, high fatigue and low vigor are prevalent in operational settings62,186. 

Underway aboard an aircraft carrier, 32% of Naval personnel surveyed reported excessive daytime 

sleepiness on the Epworth Sleepiness Scale (ESS > 10), a questionnaire used to identify clinically-

meaningful levels of sleepiness62.  Sleepiness and fatigue increase while vigor decreases across 

chronic and acute exposures to military operational stress in field and laboratory settings9,45,47–

49,62,187. Fatigue, measured on the POMS, increased by 465.8% and 148.3% across a 73-hour 

combat training exercise in 31 Army Rangers and across 73-hours of Hell Week in 16 Navy SEALs 

respectively45. In the same two samples, vigor decreased by 75.2% (Army Rangers) and 53.0% 

(Navy SEALs). Of note, the Navy SEALs started with a higher fatigue and lower vigor than the 

Army Rangers. Army Rangers obtained approximately 3 hours of sleep while Navy SEALs 
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obtained approximately 1 hour of sleep across the operational exposures which involved nearly 

continuous cognitive and physical tasks; information about caloric intake was not provided45. 

Similar deficits in POMS fatigue and vigor were observed during a 84-hour SMOS protocol 

involving 6-hours of disrupted sleep, continuous military-specific tasks and caloric restriction in 

13 individuals49. 

High prevalence of decreased alertness, excessive sleepiness and fatigue in operational 

settings may contribute to additional decrements in performance that have implications for 

operational efficiency and safety62,188. High daytime sleepiness aboard a Naval surface warfare 

ship was correlated with shorter sleep duration and was related to complaints of musculoskeletal 

injuries that limited normal activities 62. In a separate sample of 69 Naval crewmembers underway, 

high daytime sleepiness predicted worse performance on the PVT188.  

Behavioral Measures of Alertness: Military operational stress also has a substantial effect 

on behavioral measures of alertness which typically include an assessment of reaction time and 

vigilance. The psychomotor vigilance test (PVT), a 10-minute assessment of sustained attention 

and reaction time, is the gold standard measure used to assess changes in alertness and vigilance 

in the sleep field and is sensitive to total sleep deprivation, sleep restriction and variation in 

habitual sleep duration19,189–193.  Sleep loss results in slowed reaction times, more lapses and more 

variability in reaction times thought to reflect greater state instability190,191,193,194.   Additionally, 

the PVT is sensitive to variations in circadian timing, of particular relevance to military personnel 

conducting around-the-clock operations195–197. PVT performance is worse, indicative of lower 

alertness, overnight when the circadian drive for wakefulness is low. Sleep loss-related decrements 

in PVT performance, and alertness, may be related to reduced activation in frontal brain regions 

and greater instability in default mode activity198,199. Increased local sleep (including local-sleep 
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like occurrences of slow waves during wakefulness) and more neuronal silent periods may also 

contribute to reduced PVT performance and lapses of attention200,201. 

Given the sensitivity of the PVT to sleep loss and time-of-day, and the relevance of these 

factors to operational settings, many studies examining the effects of operational stress on 

performance capabilities in real world settings have used the PVT to assess performance63,188. 

While the effects of sleep loss on alertness assessed with the PVT have been consistent, decrements 

related to operational stress have been less consistently reported. In 20 Special Operations 

personnel completing simulated nighttime operations, with sleep restricted to 4-hours each 

afternoon, PVT performance was worse during overnight hours consistent with sleep loss 

literature176. Conversely, limited decrements in PVT performance were found for experienced 

mariners during 28 days at sea202 and for experienced submariners during 67 days at sea65. Further, 

circadian-related variation in the PVT was not observed in the mariners202. Interestingly, minimal 

changes in mood and subjective sleepiness were also observed in the submariners despite high 

prevalence of short and fragmented sleep65. 

Perception-Action Coupling: An essential aspect of neurobehavioral performance not 

captured by traditional assessments, is the ability to adapt to changing task demands and 

environmental characteristics. Operational efficiency requires not only the ability to adapt quickly, 

captured by reaction time measures such as the PVT, but also the ability to react appropriately. 

Specifically, while the PVT is a sensitive measure of an individual’s ability to attend to a stable 

environment and respond quickly, it does not capture an individual’s ability to respond to changing 

environmental conditions or task demands. quantifies the ability of individuals to adapt to their 

environment. 
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Perception-action coupling refers to the ability to perceive task-relevant information about 

the environment and to couple this information with an appropriate and efficient motor response 

which enables individuals to ‘read and react’ to changing action possibilities within their 

environment51,52,203. These action possibilities, which depend on individual capabilities, 

environmental characteristics and the interaction between the individual and their environment are 

affordances204. Perception-action coupling relies on accurate perception of affordances and 

efficient actualization of affordances. If individuals do not accurately perceive afforded behavior, 

they may attempt action that is not possible or not attempt action that is possible. Further, if 

individuals do not react in an efficient manner, they may not respond until after the afforded 

behavior is no longer available. Either of the aforementioned outcomes may increase behavioral 

risk and impact the ability of an individual to successfully and safely operate within their 

environment53,205. Improved perception-action coupling abilities may contribute to operational 

efficiency and movement behaviors. Further, assessment of perception-action coupling in 

operational settings may provide a more functional assessment of alertness that includes a 

behavioral endpoint.  

No studies to our knowledge have empirically examined the effects of military operational 

stress on perception-action coupling and affordance-based behaviors. Differences in state impact 

perception-action coupling; altered affordance-based behaviors have been related to increased 

anxiety206,207, physical fatigue208, prior concussion209,210, load carriage167,211,212, and sleep 

loss55,56,213.  Of relevance to military operational stress, total sleep deprivation resulted in 

compromised affordance perception accuracy55,56 and affordance actualization efficiency55. Only 

two studies, to my knowledge, have directly investigated the effects of sleep loss on affordance 

behaviors. One study used a tablet-based assessment where participants were required to make 
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perceptual judgements regarding whether a series of virtual balls fit through a series of virtual 

holes and were required to adapt their motor behavior accordingly. Both, affordance perception 

accuracy and actualization efficiency were compromised following a night of total sleep 

deprivation. The second study required participants to make perceptual judgments regarding 

whether they could step over an obstacle of different heights. Affordance perception was 

compromised following sleep loss even though action capabilities (and therefore affordances) did 

not change. Perception-action coupling is compromised by sleep loss and other individual stressors 

common to operational settings. Still, it remains unknown how perception-action coupling is 

affected by operational stressors and to what extent perception-action coupling tasks capture 

distinct elements of neurobehavioral function to more traditional assessments of neurobehavioral 

and sensorimotor function. 

While a limited number of studies have directly examined perception-action coupling and 

affordance-based behaviors, the effects of sleep loss and operational stress on other aspects of 

sensorimotor function have been more widely studied. Sleep loss-related deficits in other aspects 

of sensorimotor function provide further evidence that perception-action coupling may be 

compromised in operational settings where sleep is disrupted. Total sleep deprivation 

compromises visual discrimination146,214, oculomotor function215,216 and saccadic reaction time217 

which may influence the ability to visually track movement within the environment and attune to 

or discriminate task-relevant features of the environment.  Sleep restriction (4-hour sleep 

opportunities) also compromises visuomotor tracking218.  Additionally, both total sleep 

deprivation219,220 and sleep restriction (4 hours of sleep for 3 days)221 compromised postural control 

and movement coordination suggesting a reduced ability to execute appropriate movement patterns 

following sleep loss.  Further in military personnel, 32 hours of total sleep deprivation during 
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training and transitioning from day to night-shift work also compromised static and dynamic 

postural stability respectively222,223. Training environments involving sleep loss, caloric restriction 

and physical exertion also compromise aspects of coordination and sensorimotor function183,184,224. 

Altered perception-action coupling may underlie sleep loss-related decrements in operational tasks 

requiring coordination and the ability to react within dynamic environments.  While perception-

action coupling has not been directly examined in operational settings, collectively these findings 

demonstrate that perception-action coupling may be impaired by operational stress. Understanding 

to what extent operational stress impacts perception-action coupling is essential to understanding 

the demands placed on military personnel in the field.    There is a recognized need to examine the 

effects of sleep loss and operational stress on the  ability to react quickly and appropriately to 

unexpected perturbations10,31,225,226; examining perception-action coupling and affordance-based 

behaviors during exposure to operational stress would address this need.  

2.4 Resilience to sleep loss and operational stress 

 

2.4.1 Inter-individual differences in responses to sleep loss and operational stress 

The severity of sleep loss-related decrements in mood, alertness and performance varies 

considerably between individuals; some individuals are resilient and better able to maintain 

performance despite sleep loss than other individuals227. Inter-individual differences in resilience 

are consistent across different sleep loss manipulations, and are observed across different tasks 

and assessments. Subjective measures of mood, alertness and sleepiness, behavioral measures of 

alertness, and simple and higher order cognitive measures demonstrate reliable inter-individual 
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differences in response to sleep loss57,59,228–230. Of note, operationally-relevant tasks such as 

postural stability and operating a flight simulator may also demonstrate inter-individual differences 

in response to sleep loss58,222. The trait-like nature of functional resilience across different tasks 

highlights the potential utility of neurobehavioral assessments to identify resilient individuals and 

predict future performance based on past exposure to operational stress.  

Importantly, functional resilience, quantified through inter-individual differences, varies 

across different tasks and based on different definitions of resilience. Individuals who are able to 

maintain performance on the PVT do not necessarily also maintain performance on a working 

memory task or maintain high levels of subjective alertness57,153,228. In addition to using different 

tasks to examine resilience, studies have defined neurobehavioral resilience differently. Some 

studies have examined overall performance during periods of stress exposure while others have 

examined change in measures from baseline. A recent series of studies concluded that across 

different neurobehavioral assessments using absolute performance and change in performance 

identify different individuals as resilient; these two approaches are not interchangeable231–233. 

Ensuring safe and effective performance during exposure to military operational stress relies on 

both, high overall performance and limited change in performance from baseline (high stability of 

performance despite stress exposure). Therefore, when examining neurobehavioral resilience to 

military operational stress, it is important to 1) define neurobehavioral using appropriate 

neurobehavioral tasks; 2) consider absolute performance; and 3) consider changes in performance 

from baseline.   

Reliable inter-individual differences in response to sleep loss demonstrate the potential 

trait-like nature of behavioral responses to sleep loss. Identifying individuals who are resilient 

(able to maintain mood/performance) to sleep loss may be important to ensuring operational 
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efficiency and safety. Further, understanding and monitoring how a particular individual responds 

to stress may inform the administration of individualized countermeasures (e.g., caffeine234–236, 

strategic napping31) to mitigate decremental effects of sleep loss and operational stress.  

2.4.2 Influence of sleep on resilience 

Sleep plays an essential role in the restoration, maintenance and enhancement of 

performance across days. Further, sleep changes in a use-dependent manner and in response to 

operational stressors such as extended wakefulness37,101. While state-related changes in sleep 

occur, sleep also displays stable inter-individual differences in SWS and NREM spectral activity 

that are said to be trait-like60. Altogether, these aspects of sleep make it a potential marker of 

contributor to resilience in operational settings. 

Sleep prior to exposure to sleep loss can mitigate the decremental effects of sleep loss on 

performance. Sleep extension and prophylactic naps prior to sleep loss are common strategies used 

to counteract decremental effects of future sleep loss187,237,238. Sleep extension has beneficial 

effects on alertness238–240, cognitive performance and athletic performance238,241, which likely 

depends on perception-action coupling209,242. Following sleep extension, PVT performance and 

basketball shooting accuracy, a skill that requires perception-action coupling, improved238. The 

Army has recently released guidance encouraging prophylactic naps, which have demonstrated an 

ability to partially mitigate the decremental effects of total sleep deprivation during 52-hours of 

continuous operations187. Sleep prior to operational stress exposure may influence performance on 

neurobehavioral aspects of performance relevant for military personnel. 

Whether sleep during the operational stress exposure can protect against performance 

decrements remains less clear but has been suggested as a countermeasure to mitigate decremental 

effects of sleep loss on operational performance31,243. Naps occurring early, 8- and 16-hours into 
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56-hours of sleep deprivation were more effective at protecting against the sleep loss-related 

impairments in alertness, assessed using the PVT244. Importantly, naps 30-, 42-, and 54-hours into 

the protocol also mitigated some of the decremental effects of sleep loss, but to a lesser extent244. 

Other studies have also demonstrated beneficial effects of naps during periods of sleep deprivation 

on measures of alertness245–248, although findings are mixed249. Sleep inertia, which becomes more 

severe following sleep loss, contributes to the inconsistent findings250,251. Sleep inertia refers to 

the feeling of grogginess and reduced alertness upon awakening250. Still, while sleep inertia may 

occur immediately upon waking from naps longer than 30-minutes, beneficial effects of the naps 

on alertness and performance may last longer than 2-hours246,252. The beneficial effects of sleep 

may also vary across different tasks. A 30-minute nap following 51-hours of sustained operations 

involving military-specific tasks resulted in higher sleepiness and lower motivation but enhanced 

physical performance249. Physical performance may benefit from sleep during operational stress 

exposure249,253. Overall, after accounting for potential effects of sleep inertia, sleep during 

exposure to operational stress or sleep loss may mitigate decremental effects of the stress exposure 

on operationally-relevant and neurobehavioral aspects of performance although it is unclear how 

marksmanship or perception-action coupling may be impacted. Collectively these findings suggest 

that both, sleep prior to and during exposure to military operational stress may contribute to 

resilience across different aspects of performance. 
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3.0 Methods 

3.1 Experimental Design 

 

Data collected as part of a larger 5-day cross-sectional study identifying predictors of cognitive 

resilience to SMOS was used to address dissertation aims. To examine the effects of SMOS on 

sleep and performance, within-participant comparisons were made across the 5-study days. To 

examine the impact of inter-individual differences in baseline characteristics on sleep and of inter-

individual differences in sleep on performance, between-participant comparisons were made. 

3.2 Study Participants 

Study participants were active duty and reserve-status military personnel determined to be 

fit for deployment. Participants were recruited through word of mouth, briefs and fliers. Interested 

individuals contacted the study team and complete a telephone screening to determine study 

eligibility. Inclusion criteria were as follows: 1) 18-41 years of age; 2) active duty or recently 

separated (< 2 years); 3) medically eligible for deployment; 4) successfully have completed 

branch-specific annual physical fitness test; 5) able to complete marksmanship qualification with 

a M4/M16. 

Exclusion criteria were as follows: 1) on injury profile or a current musculoskeletal injury 

that limited their ability to maneuver with a load; 2) taking any medications that influence sleep, 

hormone concentrations or cognitive function (e.g., hypnotics, benzodiazepines, antidepressants, 

anxiolytics, antipsychotics, decongestants and sedating antihistamines, beta blockers, 
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corticosteroids, non-birth control related hormonal treatment); 3) current or recent history of 

concussion or traumatic brain injury; 4) currently breastfeeding or pregnant; 5) current nightshift 

work 6) high-risk of sleep apnea (STOPBANG > 4254 or apnea-hypopnea index > 15 assessed 

using standard polysomnography during the first study night); 7) screen for alcohol use disorder 

(AUDIT > 16)255; 8) endorse severe, untreated, or recent treatment for a psychotic disorder 

including schizophrenia or bipolar disorder; 9) recent hospitalization for severe depression, 

suicidal thoughts or attempts; and 10) recent drug abuse, including heroin and cocaine. After 

signing informed consent at intake, participants were withdrawn from the study if they failed a 

urine drug screen or breathalyzer. All study procedures were approved by the University of 

Pittsburgh IRB and Department of Defense Human Research Protection Office. 

3.3 Study Procedures 

The SMOS protocol consisted of 5-consecutive days and nights completed in cohorts of up 

to four participants. Participants will arrive to the Neuromuscular Research Laboratory at 

approximately 18:00 the night prior to beginning testing to complete informed consent, and 

baseline psychological and sleep history questionnaires. Participants were then be transported to 

the Sleep and Behavioral Neuroscience Center to complete an adaptation night of sleep which 

included an 8-hour sleep opportunity (23:00 – 07:00) and apnea-screen. Familiarization (Day 0) 

and baseline (Day 1) testing occurred the next two days. Participants received 100% of their 

estimated caloric need on each day and received an 8-hour sleep opportunity (23:00 – 07:00) on 

the night prior to Day 1. Caloric need was estimated using the total daily energy expenditure for 

an active individual determined from body composition testing via air displacement 

plethysmography (Bod Pod Body Composition System; Life Measurement Instruments, Concord, 
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CA) on the morning of Day 0256. Body fat estimates from the BodPod are reliable (CV range 1.7 - 

4.1%) and are valid when compared with hydrostatic weighing (mean differences of -4.0 – 

1.9%)257. Caloric restriction and sleep restriction and disruption, additional operational stressors, 

were introduced on Days 2 and 3. Caloric intake was restricted to 50% of estimated caloric need 

and participants received two 2-hour sleep opportunities each day (01:00 – 03:00, 05:00 – 07:00). 

Participants then received a recovery bout of sleep (23:00 – 07:00) before the final day of testing 

(Day 4). 

Across all study days, participants completed extensive cognitive, physical and military-

specific testing. Briefly, participants completed various cognitive test batteries, simulated 

marksmanship protocol (EST 3000), tactical movement test (TMT), sensorimotor test battery, and 

a military-specific decision-making assessment (Figure 2). Morning and sleep disruption testing 

began ~2 hours and 40 minutes after lights on to minimize potential effects of sleep inertia250. 

 

Figure 2: Overall study protocol 



 33 

3.4 Study Measures 

3.4.1 Baseline Questionnaires 

Pittsburgh Sleep Quality Index (PSQI): The PSQI is a 19-item questionnaire that assesses 

6 components of sleep: overall sleep quality, sleep latency, sleep duration, sleep efficiency, sleep 

disturbance, sleep medication use, and daytime dysfunction258. Component scores are summed to 

create a global PSQI score which provides an overall measure of sleep quality and ranges from 0 

– 21 with higher scores indicating worse sleep quality. PSQI scores > 4 typically reflect poor sleep 

quality although a cut-off score of 10 may be more clinically-relevant in military populations259. 

PSQI has demonstrated high internal consistency (Cronbach’s α = .83). A high proportion of 

military personnel meet criteria for ‘poor sleep’ on the PSQI which has demonstrated health, safety 

and operational implications68–70,222,260. 

Insomnia Severity Index (ISI): The ISI is a 7-item questionnaire that quantifies the 

severity of insomnia symptoms over the past 2 weeks261. Items address difficulty initiating sleep, 

difficulty maintaining sleep, difficulty awakening, sleep satisfaction, daytime dysfunction, 

daytime impairment, and sleep-related distress. Participants rated the presence of these 

impairments on a 5-point Likert scale with higher scores indicating greater insomnia severity 

(range 0 – 28). The ISI demonstrates good internal consistency (Cronbach’s α > .70)  and high 

concurrent and content validity262. 

Epworth Sleepiness Scale (ESS): The ESS is an 8-item questionnaire that quantifies 

habitual daytime sleepiness263. Participants rated how likely they would be to fall asleep during 8 

typical activities on a 4-point Likert scale ranging from 0 (never) to 3 (high chance of falling 

asleep). Higher scores indicate more daytime sleepiness and scores greater than 10 reflect 
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excessive daytime sleepiness. The ESS demonstrates high internal consistency (Cronbach’s α > 

.70)  and is sensitive to treatment interventions designed to influence daytime sleepiness264. 

Trauma History Questionnaire (THQ): The THQ is a 24-item questionnaire that 

quantifies the number of traumatic events an individual experiences in their lifetime265. The THQ 

also captures information regarding the traumatic event type and the age of exposure to traumatic 

events. 

Connor Davidson Resilience Scale: The Connor Davidson Resilience Scale (CD-RISC) 

is a 25-item questionnaire that provides a subjective measure of resilience266. Participants rated 

25-items on a 5-point Likert scale ranging from “not true at all” to “true nearly all the time” based 

on how well they felt the item described them.  

3.4.2 Marksmanship 

Marksmanship testing was completed using the Engagement Skills Trainer 3000 (EST-

3000), a computer-based marksmanship training system that simulates live fire scenarios. A 

custom EST-3000 protocol was developed for the study.  Participants were familiarized with the 

marksmanship protocol on day 0 but this session was not be used in the analysis. The 

marksmanship testing was completed at approximately 09:30 on days 1-4. Prior to marksmanship 

testing, participants completed one short (~25 min) cognitive test battery, but no physical testing 

occurred before the marksmanship protocol.  There were four components of the marksmanship 

assessment: zeroing, qualification, varied distance and moving target.  Zeroing was the calibration 

phase of the assessment, ensuring that the weapon was firing properly and accurately. 

Marksmanship sessions where participants were unable to zero their weapon were not used for 

analysis. Qualification consisted of three firing positions conducted in a standardized order.  

Participants fired 20 shots from a prone supported (using sandbags), 10 shots from a prone 
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unsupported and 10 shots from a kneeling position. Targets during qualification were set at 

distances of 100, 150, 200 and 300m.  Following qualification, participants completed the varied 

distance scenario. The varied distance scenario was completed in the prone unsupported position 

and included 180 targets presented left and right of center at distances of 50, 100, 150, 200, 250 

and 300m.  Each target was displayed for 3 seconds and 2-3 seconds separated the presentation of 

each target.  The final scenario completed was the moving target scenario which was also 

completed in the prone unsupported position. During the scenario, 80 targets were presented at 

distances of 50, 100, 150 and 200m and these targets moved horizontally across the screen at a 

speed of 3.5 miles per hour.  Primary outcomes were accuracy from the varied distance and moving 

target scenarios.   

3.4.3 Tactical Mobility Test (TMT) 

The TMT was an operationally-relevant physical test battery that consisted of multiple 

events: unloaded and loaded vertical jumps, water can carry, fire and movement drill with a 

casualty drag, unloaded and loaded 300-meter shuttle run, and a 4-mile ruck march. TMT testing 

started at approximately 12:00 in a climate-controlled, indoor sports facility at the University of 

Pittsburgh with participants wearing their service-specific duty uniform and boots. In the case of 

blisters, participants were allowed to wear running shoes. 

The battery began with 5 unloaded and loaded vertical countermovement jumps completed 

with each foot on a force plate approximately shoulder width apart. Participants were instructed to 

complete 5 jumps consecutively in each condition; as soon as they landed the prior jump they 

immediately exploded into the next jump until 5 jumps had been completed.  Participants then 

completed the water can carry task which required them to walk as far as they could around a short 

course in 2 minutes while holding a 20-kg water can in each hand and while wearing 12-kg of 
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external load consisting of an Army Combat Helmet, body armor and model weapon. Next 

participants completed the fire and movement followed immediately by the casualty drag. Wearing 

the same 12-kg load, participants first completed the fire and movement drill. Participants started 

in a prone unsupported position and moved between a series of 16 cones placed 6.6 meters apart. 

At each cone participants adopted a kneeling or prone position for 5-seconds in a 2:1 pattern 

alternating between cones. Immediately upon completing the last kneeling position, participants 

sprinted to the starting area of the casualty drag and dragged a 91-kg Rescue Randy dummy 20 

meters. A 3-minute rest period was provided following completion of the casualty drag. 

Participants then completed the 300-meter unloaded and loaded (16-kg vest with weight evenly 

distributed anterior and posteriorly) shuttle run with a 3-min rest between conditions.  Participants 

completed 10 30-meter sprints continuously, touching an end line with their hand at each turn. 

Participants then repeated the vertical jump assessment before being provided a 10-minute rest 

period. Participants then completed the 4-mile ruck march in 2 phases: a 2-mile phase at a pace of 

6.0 km/hr and a 2-mile phase at their best pace. A brief 30-second rest period was provided 

between the 2 phases. Both phases were completed with a 16-kg load consisting of an Army 

Combat Helmet, model weapon and ruck sack. Upon completion of the ruck march, participants 

again completed the vertical jump assessment. 

3.4.4 Profile of Mood States (POMS) 

The POMS is a 65-item questionnaire that assesses six mood domains: vigor, tension, 

depression, anger, fatigue, and difficulty concentrating267. Higher scores reflect greater mood 

disturbances except for the vigor subscale where higher scores reflect higher vigor or alertness. A 

total mood disturbance score is also determined from the combination of the different component 

scores after vigor has been reverse scored. POMS was completed at 09:00 (Days 0 – 4), 22:00 
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(Days 0 – 3) and 03:45 (Days 2 and 3). The POMS is sensitive to operational stress47,73 and has 

demonstrated robust trait-like behavior during total sleep deprivation and acute sleep restriction 

protocols228. 

3.4.5 Perception-Action Coupling Task (PACT) 

PACT is a tablet-based assessment of affordance perception and actualization that lasts 

approximately 15 minutes (384 trials), which is sensitive to one night of total sleep deprivation 55 

and prior concussion history210. PACT was completed 10 times throughout the protocol: 18:00 

(Days 0 – 4), 22:00 (Days 1 – 3) and 04:00 (Days 2 – 3). During PACT a series of virtual balls and 

apertures of varying sizes are presented on the tablet. Participants must make perceptual 

judgements as to the relative fit between the ball and aperture. Participants begin with the index 

finger of their dominant hand placed on a standardized starting position on the tablet screen (home 

button). Upon the appearance of the ball and aperture pairing, participants lift their finger off the 

home button and move it to the virtual joystick used to complete a response. If the ball is judged 

to be smaller than the aperture, participants swipe the virtual joystick towards the top of the tablet, 

which moves the ball towards the aperture. If the ball is judged to be larger than the aperture, 

participants swipe the joystick down towards the bottom of the tablet, which moves the ball away 

from the aperture. After completing a response, participants move their index finger back to the 

home button and await the next trial. Participants are instructed to respond quickly and accurately. 

Performance on PACT has demonstrated intra-individual stability after 1 familiarization trial, 

which will be completed on Day 0 of the proposed study268. 

The relative size of the ball and aperture equates to one of 8 possible ratios: 0.2, 0.4, 0.6, 

0.8, 1.2, 1.4, 1.6, and 1.8. Ratios less than 1.0 reflect trials where the ball can fit through the 

aperture; the affordance of the ball passing through the aperture is available. Conversely, ratios 
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greater than 1.0 reflect trials where the ball cannot fit through the aperture; the affordance of the 

ball passing through the aperture is not available, this action is unafforded. 

Primary outcomes of interest for PACT can be divided into affordance actualization 

efficiency and affordance perception accuracy measures. Affordance actualization efficiency 

measures include response time (RT; the time to complete a response), reaction time (RXT; the 

time from presentation of the ball-aperture pairing to when the finger is lifted off the home button), 

movement time (MT; the time from lifting the finger off the home button to when the joystick is 

touched), and initiation time (IT; the time to complete a response using the joystick). Affordance 

perception accuracy measures include the total number of correct responses, incorrect responses 

and lapses (trials without completed responses). 

3.4.6 PVT 

A computer-based version of the 10-minute PVT (PC-PVT 2.0269) was completed 4 times 

across the protocol: Day 0 and 1 (22:00); and Day 2 and 3 (03:45). Participants were seated upright 

at the computer and completed responses with their dominant hand. A white fixation cross 

appeared centered on the screen against a black background. At randomly spaced intervals 

(interstimulus interval = 1 – 10 seconds), red numbers appeared on the screen counting up from 0. 

Participants responded by clicking the mouse key on the laptop as quickly as possible after seeing 

the numbers appear. Primary outcomes of interest included reaction time (RXT) of the slowest 

10% of trials and RXT of the fastest 10% of trials190.  

3.4.7 Sleep parameters 

Participants shared sleeping rooms with their study cohort and slept on cots to increase the 

ecological validity of the study. Sleep was monitored each night (Compumedics Grael 4K 
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PSG:EEG amplifiers, Charlotte, NC) using a standard American Academy of Sleep Medicine 

recommended montage (F3, F4, C3, C4, O1, O2, M1, M2), including bilateral electrooculographic 

electrodes on the outer canthi, three electromyographic electrodes on the submentalis, ground and 

reference electrodes.  

3.5 Data Reduction 

3.5.1 Sleep Data 

Registered sleep technicians performed sleep staging in 30-second epochs according to 

established guidelines74. Sleep architecture outcomes of interest included total sleep time (TST), 

sleep efficiency (SE; percent of time in bed spent asleep), wake after sleep onset (WASO; minutes 

of time spent awake from sleep onset to lights on) and the percent of total sleep time spent in N1, 

N2, SWS and REM sleep. 

For quantitative EEG outcomes, raw EEG data was digitized at 256 Hz and high-pass (0.3 

Hz), low-pass (30 Hz) and notch (60 Hz) filters were applied. Signals were then converted to our 

legacy binary format for automated processing. EEG data was decimated to 128 Hz and band-

limited to 64 Hz. A Fast Fourier Transform was performed after a Hamming window was applied 

to non-overlapping 4-second epochs270. Validated algorithms removed 4-second epochs 

contaminated with muscle (26.25 – 32 Hz) and ocular artifacts using moving window 

thresholds271,272. Lastly, artifact identification was confirmed with visual inspection. Spectral 

activity in bands from 0.5 – 32 Hz was quantified with power spectral analysis. Outcomes of 

interest included NREM absolute spectral activity and relative spectral activity (absolute spectral 

activity normalized using total absolute power) in delta (0.5 – 4 Hz), theta (4 – 8 Hz), alpha (8 – 
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12 Hz), sigma (12 – 16 Hz) and beta (16 – 32 Hz) frequency bands at the C3 and F3 electrode 

derivations. NREM total absolute power (0.5 – 32 Hz) was also examined. 

 

3.5.2 Operational outcomes: EST-3000 and TMT 

Composite scores were used to examine operational performance outcomes. For 

marksmanship, average accuracy was calculated across the varied distance and moving target 

scenarios. Higher average accuracy was considered to reflect better overall marksmanship 

performance. For physical performance, Z-score transformations were used to create composite 

scores across the different TMT outcomes, excluding vertical jump performance which will be 

presented in detail elsewhere. TMT task z-scores were summed, except for the water can carry 

which was subtracted to create a single composite TMT score. The z-score for the water can carry 

was subtracted to ensure consistency in how z-scores were interpreted. Lower composite TMT 

scores indicated better TMT performance.  Z-score transformations were performed to ensure that 

all outcomes were on the same scale when creating composite scores. 

To examine change in operational performance across SMOS, absolute change in 

marksmanship accuracy and physical performance were used as outcomes of interest. For physical 

performance, absolute change was calculated for each TMT task before being converted to z-

scores and then summed to again create a composite measure of physical performance change. 

3.6 Statistical Analysis 

For all dissertation aims, means and standard deviations were calculated and reported for 

descriptive variables. Additionally, the breakdown of the sample based on racial identity, ethnic 
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identity, and military service branch were also described.  Normality was assessed using Shapiro-

Wilks tests and outliers were defined as values greater than 3 SD away from the mean. Appropriate 

transformations were made if normality is violated.  

3.6.1 Aim 1 

Statistical analyses were completed in SPSS (Version 25, IBM). To address aim 1, the 

stability and robustness of inter-individual differences in sleep parameters was assessed using 

intraclass correlation coefficients (ICC) determined with 2-way mixed model ANOVA with 

absolute agreement for single measures. 95% confidence intervals were calculated273. Stability of 

sleep parameters during SMOS were examined by calculating separate ICC values across 8-hour 

sleep opportunities (nights 1 and 4; 23:00 – 07:00), across early naps (nights 2 and 3; 01:00 – 

03:00) and across late naps (nights 2 and 3; 05:00 – 07:00). Robustness of sleep parameter stability 

across sleep opportunities of different durations and timing was examined by calculating separate 

ICC values across all 2-hour sleep opportunities (early and late naps on nights 2 and 3) and across 

all sleep opportunities (nights 1 through 4). The influence of resilience and trauma on sleep 

stability during SMOS was examined by creating 4 groups using median splits of CD-RISC and 

THQ trauma exposure outcomes. ICC values and 95% confidence intervals were calculated for 

each group: low trauma, high resilience; low trauma, low resilience; high trauma, high resilience; 

and high trauma, low resilience. ICC values were interpreted using established guidelines: slight 

(0.0 – 0.2), fair (0.2 – 0.4), moderate (0.4 – 0.6), substantial (0.6 – 0.8) and almost perfect (0.8 – 

1.0)274. When 95% confidence intervals did not overlap, differences in ICC values between sleep 

opportunities and groups were considered significant. 
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3.6.2 Aim 2 

To examine the influence of habitual sleep and baseline sleep prior to SMOS on 

marksmanship (EST) and physical performance (TMT), lasso regressions were performed to 

identify informative predictors of operationally-relevant outcomes. Lasso regressions were also 

performed to examine the influence of habitual sleep and baseline sleep on change in 

marksmanship and physical performance during exposure to SMOS. Several exploratory analyses 

were then performed based on findings from the primary analyses. First, lasso-identified predictors 

were included in multiple regressions to examine whether they predicted specific TMT tasks. 

Second, lasso regressions were performed to examine whether habitual and baseline sleep 

predicted average RPE after TMT tasks. Lastly, repeated measures ANOVA were performed to 

examine differences in sleep across SMOS between high and low TMT performers classified using 

a baseline split of TMT performance.  

3.6.3 Aim 3 

PACT RT measures were reciprocally transformed and ACC measures were log-

transformed due to violations of normality of the standardized residuals. Separate linear mixed 

effects models (lmer function from the lmerTest package in R Version 4.0.3) were performed for 

all PACT outcomes using a restricted maximum likelihood approach275.  Fixed effects included 

time-of-day (04:00, 18:00, 22:00) and study day (D1-3) and the interaction between time and day. 

Maximal random effects (participant, time-of-day and day) were included when possible. If 

models failed to converge, random intercept models were performed276. Unstructured random 

effects covariance structures were used. Age was controlled for in all models. To examine the 

combined effects of time-of-day and day on PACT outcomes, pairwise comparisons with Tukey 

adjustments for multiple comparisons were performed when interaction effects were significant 
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(emmeans package)277,278. If the interaction effect was not significant, main effects from the 

additive model were examined via pairwise comparisons with Tukey adjustments for multiple 

comparisons Denominator degrees of freedom were determined using the Kenward-Rogers 

method. 

3.6.4 Aim 4 

Participants were defined as resilient or vulnerable based on POMS Vigor and Fatigue, PVT FAST 

and SLOW; and PACT 1/RT, lapses and incorrect responses. A 2-step decision making approach 

was used to classify participants as resilient or vulnerable. Resilient individuals demonstrated high 

alertness (mood/performance) across the two sleep disruption nights and minimal deterioration in 

alertness from baseline during the two sleep disruption periods. Vulnerable participants 

demonstrated low alertness across the two sleep disruption nights and marked deterioration in 

alertness from baseline during the two sleep disruption periods. Agreement between resilient 

groups classified using different neurobehavioral measures was examined using percent agreement 

and Cohen’s kappa coefficient. Lastly, differences in baseline factors, baseline sleep and sleep 

throughout SMOS were examined between resilience groups across each neurobehavioral 

measure.  
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4.0 Aim 1: Stability and robustness of sleep across sleep opportunity manipulations during 

simulated military operational stress 

Abstract 

Study Objectives: Within-subject stability of certain sleep features across multiple nights 

is thought to reflect the trait-like behavior of sleep. However, to be considered a trait, a parameter 

must be both stable and robust. Here, we examined the stability (i.e., across the same sleep 

opportunity periods) and robustness (i.e., across sleep opportunity periods that varied in duration 

and timing) of different sleep parameters. 

Methods: Sixty-eight military personnel (14 W) spent 5 nights in the sleep laboratory 

during a simulated military operational stress protocol. After an adaptation night, participants had 

an 8-hour sleep opportunity (23:00–07:00) followed by 2 consecutive nights of sleep restriction 

and disruption which included two 2-hour sleep opportunities (01:00–03:00; 05:00–07:00) and, 

lastly, another 8-hour sleep opportunity (23:00–07:00). Intra-class correlation coefficients were 

calculated to examine differences in stability and robustness across different sleep parameters.  

Results: Sleep architecture parameters were less stable and robust than absolute and 

relative spectral activity parameters. Further, relative spectral activity parameters were less robust 

than absolute spectral activity. Absolute alpha and sigma activity demonstrated the highest levels 

of stability that were also robust across sleep opportunities of varying duration and timing. 

Conclusions: Stability and robustness varied across different sleep parameters, but 

absolute NREM alpha and sigma activity demonstrated robust trait-like behavior across variable 

sleep opportunities. Reduced stability of other sleep architecture and spectral parameters during 
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shorter sleep episodes as well as across different sleep opportunities has important implications 

for study design and interpretation. 

 

Disclosure: This work has been accepted for publication at the journal SLEEP with publishing by 

Oxford Press 

 

  



 46 

4.1 Introduction 

Sleep is an essential biologic function, influenced by individual differences in response to 

gene-environmental factors and variability in underpinning brain structures155,279,280. However, 

while some sleep parameters, including stage 1 (N1), stage 2 (N2), and rapid eye movement (REM) 

sleep vary substantially from night to night40, other sleep features are highly stable across multiple 

nights40,60,160. Slow wave sleep (SWS) duration and non-rapid eye movement (NREM) spectral 

activity, including in the sigma range (12-16 Hz) which is characterized by sleep spindles, display 

high levels of stability across several nights regardless of age40,41,80,155,162. Based on these findings, 

it is suggested that high within-subject stability of certain sleep features may reflect the trait-like 

behavior of sleep60. Characterizing trait-like sleep features may therefore provide greater insight 

into individual differences in these features across different sleep opportunities and into which 

sleep features may be more sensitive to changes in sleep opportunities. 

To be considered a trait-like characteristic, a sleep parameter must not only be stable, but this 

stability must also be robust to (i.e., remain high despite) different experimental manipulations 

such as total sleep deprivation, which impact subsequent sleep60.  High stability of inter-individual 

differences in SWS and NREM spectral activity, including alpha (8 – 12 Hz) and sigma activity, 

have been observed before and after total sleep deprivation155,157,161. Tucker and colleagues 

reported a substantial stability of SWS duration and NREM delta (0.5 – 4 Hz) activity across 

multiple baseline and recovery nights following 36 hours of total sleep deprivation157. High 

stability of the spectral profile of NREM sleep and of the homeostatic build-up and dissipation of 

sleep are also observed across repeated bouts of total sleep deprivation42,161. Still, few studies have 

systematically examined the robustness of inter-individual differences in sleep parameters across 

sleep opportunities of different durations or across different times of day41,158,159,165. Specifically, 
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one study showed that NREM sleep power in the 8 – 15.5 Hz range, which includes alpha and 

sigma activity, was stable across different sleep conditions that included different sleep disruption 

paradigms41. Two studies demonstrated stability of SWS during nighttime naps and 5-hour 

daytime sleep opportunities but did not report spectral activity158,159. Lastly, a final study reported 

that in groups of adolescents exposed to sleep opportunities of different durations (1-hour, 5-hour, 

9-hour sleep opportunities), NREM delta activity and fast sigma spectral activity were less stable 

in the sleep restriction group than in a control group exposed to multiple nights of 9-hour sleep 

opportunities165. However, the latter study did not examine the robustness of sleep power spectra 

within the same group across different sleep opportunities and neither study examined both sleep 

architecture and sleep EEG spectral activity parameters across varying sleep opportunities. This 

gap is relevant, given that sleep opportunities vary across nights, especially in certain professions 

(e.g., medical professionals243, pilots31, military personnel5). For example, unpredictable and 

around-the-clock work demands combined with other operational factors (see64 for review), can 

cause substantial variation in the duration and timing of sleep opportunities for deployed military 

personnel. Sleep may be further impacted by the high cognitive and physical demands 

characteristic of operational settings281,282. Of note, experimental paradigms have been developed 

to characterize the impact of simulated military operational stress (SMOS) on military personnel 

in a laboratory environment. Examining the robustness of sleep stability during SMOS can provide 

greater insight into the trait-like nature of sleep and into the impact of these stressors on military 

personnel and related professions characterized by varying sleep opportunities.  

Operational stressors do not impact all individuals to the same extent. As such the impact of 

SMOS on sleep may vary between individuals. Understanding whether baseline psychological 

characteristics such as trauma history and resilience, which are relevant for military personnel, 
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impact the stability and robustness of sleep would provide additional insight into factors that may 

influence how different military personnel respond to SMOS. Individuals with post-traumatic 

stress disorder (PTSD) have reduced night-to-night stability in sleep, as measured with sleep 

diaries and actigraphy, when compared with healthy sleepers or individuals with insomnia283,284. 

Further, history of trauma exposure, even without subsequent development of PTSD, can have 

persistent effects on sleep43,285. As shown in a sample of military veterans, childhood trauma 

exposure is associated with REM sleep fragmentation even when accounting for adult trauma 

exposure285. Still, there remain gaps in our understanding of the relationship between trauma 

exposure and sleep stability.  

The relationship between psychological resilience, which may impact how an individual 

responds to trauma exposure, and sleep stability is also unknown. Higher resilience, the ability to 

adapt to challenging circumstances, may mitigate decremental effects of trauma exposure on the 

psychological well-being of individuals and reduce the likelihood of developing PTSD286. Further, 

higher resilience is associated with higher sleep quality and less sleep complaints44,287. Yet, the 

relationship between resilience and other aspects of sleep including the trait-like nature of sleep is 

unknown. Further, the combined effects of trauma exposure and resilience on the trait-like 

behavior of sleep are not fully understood. The ability of high resilience to mitigate decremental 

effects of trauma exposure on sleep is an intriguing possibility. It seems therefore appropriate to 

understand how these two facets interact and influence sleep-wake cycles. Exploring these 

relationships would inform future research efforts aimed at examining factors contributing to 

resilience or vulnerability to PTSD. 

In the current study, we examined the stability and robustness of sleep characteristics, 

including sleep architecture and sleep EEG spectral activity parameters, across a 5-day SMOS 
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protocol, as well as relationships between trauma history, resilience, and sleep. Our primary aim 

was to examine trait-like features of sleep across sleep opportunities of different durations (8 vs 2-

hours) and timing (lights out at 01:00 vs 05:00). The SMOS protocol included 3 types of sleep 

opportunities: typical nighttime sleep (8-hours from 23:00 – 07:00), an early night-nap (01:00 – 

05:00) and a subsequent late-night nap (05:00 – 07:00), which allowed us to examine the stability 

and the robustness of the stability of different sleep parameters. Further, participants completed 

several cognitive and physical tasks each day allowing us to examine the stability and robustness 

of sleep parameters to high cognitive and physical demands. We hypothesized that SWS, absolute 

spectral activity and relative spectral activity would demonstrate high stability that would be robust 

across different sleep opportunities, while remaining sleep architecture parameters (sleep 

efficiency, N1, N2 and REM sleep) would be less stable. A secondary aim was to explore the 

influence of trauma history and resilience on sleep stability. We hypothesized that sleep would be 

less stable in less resilient participants exposed to more trauma compared to more resilient 

participants exposed to less trauma. 

 

4.2 Methods 

4.2.1 Participants 

Active-duty, Reserve, and National Guard military personnel aged 18-41 years old who were 

eligible for deployment, had successfully completed their annual branch-specific fitness test, and 

stated an ability to complete a marksmanship qualification assessment with a M4 or M16 rifles 
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were included in the study. Potential participants were excluded if they: 1) were on an injury profile 

or had a current musculoskeletal injury that limited running, jumping or load carriage; 2) took 

medications that influence sleep, cognition, physical performance or hormone concentrations 

including hypnotics, benzodiazepines, antidepressants, anxiolytics, antipsychotics, decongestants 

and sedating antihistamines, beta blockers, corticosteroids, non-birth control related hormonal 

treatment; 3) currently or recently had a concussion or traumatic brain injury; 4) were working 

overnight shifts; 5) were breastfeeding or pregnant; 6) were at high-risk of sleep apnea 

(STOPBANG > 4254 or apnea-hypopnea index > 15 assessed using standard polysomnography 

during the first study night); 7) screened positive for alcohol use disorder (AUDIT > 16)255; 8); 

had severe, untreated, or recent treatment for schizophrenia, bipolar disorder or another psychotic 

disorder; 9) were hospitalized  in the past three months for severe depression, suicidal thoughts or 

attempts; and/or 10) used drugs of abuse, including heroin and cocaine, in the past three months. 

Written informed consent was obtained at intake. Participants could be later withdrawn from the 

study if they failed a breathalyzer or urine drug screen. All study protocols were approved by the 

University of Pittsburgh Institutional Review Board and Department of Defense Human Research 

Protection Office.  

 

4.2.2 Protocol 

Cohorts of up to four participants at a time completed the 5-day SMOS as part of a larger 

study examining cognitive resilience in military personnel. Participants arrived at the laboratory 

at 18:00 on the day prior to testing to complete baseline demographic and psychological 

questionnaires. During each day, participants completed extensive physical and cognitive testing 
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from approximately 08:30 – 22:45 (Figure 3)166,288. Cognitive test batteries assessed a wide range 

of cognitive domains including vigilance, working memory, visuomotor function, emotion 

recognition, and decision-making among others166. Testing also included a simulated 

marksmanship protocol, and physical test battery of military-specific tasks including a loaded 4-

mile ruck march (see288 for a full description of the physical test battery). On day 0, participants 

were familiarized to study tasks and completed baseline testing of physical capabilities and body 

composition (Bod Pod Body Composition System; Life Measurement Instruments, Concord, CA). 

Baseline testing of study tasks was completed on day 1. Participants received 100% of their caloric 

need based on estimated daily energy expenditure on days 0 and 1, and had 8-hour sleep 

opportunities from 23:00 – 07:00 on nights 0 and 1. Additional operational stressors were 

introduced on days 2 and 3; caloric intake was restricted to 50% estimated caloric need and sleep 

was restricted and disrupted on both nights. Participants had two 2-hour sleep opportunities from 

01:00 – 03:00 (Nap 1) and 05:00 – 07:00 (Nap 2). Participants completed additional cognitive 

testing from 03:45 – 04:45 on these nights. Finally, participants had an 8-hour sleep opportunity 

from 23:00 – 07:00 which served as a recovery night prior to the last day of the study (Figure 1). 

Light levels in the morning and at night, when participants were at the sleep lab, were under 150 

lux. Lights were turned off and participants did not have access to their phones during sleep 

opportunities. Participants were allowed free time between testing and were allowed to engage in 

activities that maintained an even-keeled environment (i.e., read, use their phones, talk to other 

participants or staff). Trained research staff continuously monitored participants throughout the 5-

day protocol to ensure participants stayed awake and maintained an even-keeled environment. 
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Figure 3: Outline of study protocol 

 

4.2.3 Study Questionnaires 

Baseline psychological and demographic questionnaires included assessments of sleep 

complaints, resilience, and trauma exposure. To quantify sleep and sleep-related complaints of 

participants, the Pittsburgh Sleep Quality Index (PSQI)258, Insomnia Severity Index (ISI)262 and 
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Epworth Sleepiness Scale (ESS)264 were administered. The PSQI quantifies self-reported sleep 

quality and disturbances from the prior 30 days. The ISI quantifies insomnia-specific sleep 

complaints. The ESS quantifies daytime sleepiness-related complaints. Resilience was measured 

using the Connor Davidson Resilience Inventory Scale (CD-RISC), a 25-item inventory that 

requires participants to rate how well they feel a prompt describes them on a 5-point Likert scale 

from “not true at all” to “true nearly all the time”266. Higher scores indicate higher levels of 

resilience. The Trauma History Questionnaire (THQ) is a 24-item questionnaire that quantifies the 

number of traumatic events an individual experiences in their lifetime265.  

 

4.2.4 Sleep Data Collection and Processing 

Sleep was monitored with standard polysomnography each night (Compumedics Grael 4K 

PSG:EEG amplifiers, Charlotte, NC). To increase ecological validity, participants slept on cots in 

shared suites (2-conjoined rooms) with their study cohort (1 – 4 participants). Males and females 

slept in separate suites. A standard American Academy of Sleep Medicine recommended montage 

was used which included bilateral frontal (F3/4), central (C3/4) and occipital (O1/2) EEG 

electrodes referenced to linked mastoids (M1/2), bilateral electrooculographic electrodes on the 

outer canthi, three electromyographic electrodes on the submentalis, ground and reference 

electrodes. Sleep staging was performed for 30-second epochs according to established criteria74. 

Sleep architecture outcomes of interest included sleep efficiency (SE; percent of time in bed spent 

asleep), and the percent of total sleep time spent in N1, N2, SWS and REM sleep.  

Raw EEG data were digitized at 256 Hz and filtered between 0.3–30 Hz with a notch filter 

also applied at 60 Hz. Signals were then converted to our legacy binary format for automated 
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processing. EEG data were then decimated to 128 Hz and band-limited to 64 Hz. A Hamming 

window was applied to non-overlapping 4-second epochs and a Fast Fourier Transform was 

performed270. The signals were then processed with validated algorithms to remove 4-second 

epochs contaminated with muscle (26.25 – 32 Hz) and ocular artifacts271,272. Lastly, signals were 

visually reviewed to confirm appropriate artifact identification. Power spectral analysis quantified 

spectral activity in bands from 0.5 – 32 Hz. Outcomes of interest included NREM absolute spectral 

activity and relative spectral activity (absolute spectral activity normalized using total absolute 

power) in delta (0.5 – 4 Hz), theta (4 – 8 Hz), alpha (8 – 12 Hz), sigma (12 – 16 Hz) and beta (16 

– 32 Hz) frequency bands at the C3 and F3 electrode derivations. NREM total absolute power (0.5 

– 32 Hz) was also examined. When data was not available for C3 or F3 due to artifact, C4 and F4 

results were used (4 total nights from 2 participants; < 1% of data). 

 

4.2.5 Statistical Analysis 

All statistical analysis was completed in SPSS (Version 25, IBM). Shapiro-Wilk tests were 

used to assess for normality. Due to violations of normality, absolute and relative spectral activity 

were log-transformed. To examine the stability of sleep across the SMOS exposure, multiple intra-

class correlation coefficient (ICC) values were calculated; 2-way mixed model ANOVA with 

absolute agreement for single measures were performed and 95% confidence intervals were 

calculated273. To examine stability of sleep parameters across sleep opportunities of similar 

duration and timing, separate ICC values were calculated across both 8-hour sleep opportunities 

(nights 1 and 4; 23:00 – 07:00), across both nap 1s (nights 2 and 3; 01:00 – 03:00) and across both 

nap 2s (nights 2 and 3; 05:00 – 07:00). To further examine robustness of sleep parameter stability 
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across sleep opportunities of different durations and timing, separate ICC values were calculated 

across all 2-hour sleep opportunities (naps 1 and 2 on nights 2 and 3) and across all sleep 

opportunities (nights 1 through 4). We examined differences in ICC values across different sleep 

opportunity comparisons within each sleep parameter; ICC values were considered significantly 

different from one another when 95% confidence intervals did not overlap.  

To examine the influence of resilience and trauma exposure on sleep stability, the sample 

was divided into four groups with high and low levels of trauma exposure and resilience using the 

median split for each parameter. Thirty-four participants were defined as having high resilience 

(CD-RISC > 83) and 34 were defined as having low resilience (CD-RISC ≤ 83). Twenty-nine 

participants were defined as having low (2 or less traumatic events) trauma exposure and 33 

participants were defined as having high (3 or more traumatic events) trauma exposure. Six 

participants did not complete the THQ as the questionnaire was added after data collection had 

started. The low trauma, high resilience group contained 16 participants, the low trauma, low 

resilience group contained 13 participants, the high trauma, high resilience group contained 16 

participants and the high trauma, low resilience group contained 17 participants. ICC values and 

95% confidence intervals were calculated for the four groups: low trauma, high resilience; low 

trauma, low resilience; high trauma, high resilience; and high trauma, low resilience. ICC values 

were interpreted according to established guidelines: slight (0.0 – 0.2), fair (0.2 – 0.4), moderate 

(0.4 – 0.6), substantial (0.6 – 0.8) and almost perfect (0.8 – 1.0)274. ICC values were considered 

significantly different between groups when 95% confidence intervals did not overlap. Study data 

are available upon reasonable request. 
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4.3 Results 

4.3.1 Participant characteristics 

Sixty-eight active duty and reserve status military personnel (54 men, 14 women) 

completed the SMOS protocols and were included in analyses. One woman was an outlier for sleep 

spectral data across all electrode derivations (> 3 standard error away from the mean) and was 

excluded from analyses. Participants were 26.2 ± 5.4 years old, and predominantly from the Army 

(Table 1). The racial and ethnic breakdown of the sample is similar to that of the military (Table 

1)289. Participants were largely healthy sleepers who reported normal sleep (PSQI = 3.9 ± 2.4, 

range 0 - 13), minimal insomnia symptoms (ISI = 4.5 ± 3.6, range 0 - 13) and minimal daytime 

sleepiness (ESS = 5.4 ± 2.2, range 1 - 11). Twenty-four participants were classified as poor sleepers 

based on a PSQI cut-off of 5, but only one was classified as a poor sleeper based on the suggested 

military-specific PSQI cut-off of 10259. Based on a standard cut-off of 5, good and poor sleepers 

only differed in sleep stability of 8-hour relative sigma activity (Figure S1). Participants 

demonstrated high resilience (CD-RISC = 83.1 ± 10.6) and high trauma exposure (3.8 ± 3.3 

lifetime traumatic events) relative to civilian populations, a finding similar to other military 

populations286,290. Sleep architecture across SMOS is presented in Table 2. 
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Table 1: Descriptive information of study participants 

 

Category Count (%) 

Military Branch Army 59 (86.8) 

 Marines 6 (8.8) 

 Air Force 3 (4.4) 

Racial Identity White 46 (67.6) 

 Black or African American 15 (22.0) 

 Multiracial 2 (2.9) 

 Asian 2 (2.9) 

 Undisclosed 3 (4.4) 

Ethnic Identity Not Hispanic/Latino descent 59 (86.8) 

 Hispanic/Latino descent 9 (13.2) 

 

 

Table 2: Sleep architecture across a simulated military operational stress protocol 

 Baseline 
Night 2 Night 3 

Recovery 
Nap 1 Nap 2 Nap 1 Nap 2 

 Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 

TST (min) 446.4 18.9 113.5 6.2 112.0 6.2 115.1 3.6 114.9 4.8 453.2 19.3 

SE (%) 92.9 3.9 93.8 5.1 92.7 5.1 95.3 2.7 95.1 3.9 94.2 4.1 

N1 (%) 6.9 4.2 5.0 3.1 7.9 4.5 3.9 2.9 5.1 4.2 4.9 2.8 

N2 (%) 52.2 6.7 41.6 15.4 42.7 12.5 35.9 13.1 40.7 12.1 52.5 7.2 

SWS (%) 14.7 6.7 38.6 16.7 9.6 9.5 42.4 15.0 13.7 12.2 16.5 7.3 

REM (%) 26.2 4.5 14.7 7.3 39.8 10.2 17.7 8.9 40.6 10.4 25.9 4.2 

TST = Total sleep time; SE = sleep efficiency; N1 = stage 1 sleep; N2 = stage 2 sleep; SWS = slow wave sleep; REM = 

rapid-eye movement sleep 
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4.3.2 Stability and robustness of sleep parameters across SMOS exposure 

Across most sleep architecture parameters, fair to moderate levels of stability were 

observed (Figure 4A). ICC values for similar sleep opportunities (8-hour, nap 1 and nap 2) 

reflected the stability of sleep parameters, while ICC values for combined sleep opportunities (2-

hour and all) reflected robustness of sleep parameter stability to variation in sleep timing and 

duration, respectively. ICC values were slightly higher for similar sleep opportunities than for 

combined sleep opportunities, but these differences were not significant for SE, N1 or REM 

(confidence intervals overlapped). For N2, the ICC across 8-hour sleep opportunities (ICC = .649; 

CI = .487 - .768) was significantly higher than the ICC for all sleep opportunities (ICC = .302; CI 

= .175 - .441). Further, SWS demonstrated almost perfect (ICC = .867; CI = .723 - .930) stability 

for the 8-hour sleep opportunities, but ICC values were significantly lower (ICC = .173 - .510; CI 

upper limits = .667; see Appendix B, Table 15 for individual ranges) across the other sleep 

opportunities. 

Compared to ICC values for sleep architecture, ICC values for absolute spectral activity at 

C3 were higher across all frequency bands and sleep opportunities (Figure 4B). Almost perfect 

levels of stability were observed across all frequency bands for the 8-hour sleep opportunities (ICC 

= .847 - .972). Further, levels of stability for alpha (ICC = .882 - .972) and sigma (ICC = .827 - 

.959) activity were almost perfect for each sleep opportunity combination, thus reflecting 

robustness to variation in sleep timing and duration. The stability of delta, theta and beta activity 

ranged from substantial to almost perfect for similar sleep opportunities (ICC = .640 - .948), but 

this stability was less robust across varying sleep opportunities: 2-hour sleep opportunities and all 

sleep opportunities (ICC = .514 - .790). Similarly, total absolute power (Appendix B Table 15) 

demonstrated almost perfect stability (ICC = .931; CI = .891 - .957) for the 8-hour sleep 
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opportunities, substantial stability for nap 2 (ICC = .784; CI = .636 - .870) and moderate stability 

for nap 1, 2-hour sleep opportunities and all sleep opportunities (ICC = .473 - .592; CI ranges = 

.265 - .729).  

For relative spectral activity at C3, stability across similar sleep opportunities was 

comparable with absolute spectral activity stability for 8-hour sleep opportunities and nap 1 but 

lower for nap 2 (Figure 4C). Specifically, ICC values were almost perfect for the 8-hour sleep 

opportunities across all frequency bands (ICC = .821 - .950), almost perfect for nap 1 across all 

frequency bands (ICC = .821 - .902), except beta for which ICC values were substantial (ICC = 

.795). Conversely, ICC values for nap 2 ranged from moderate to substantial across all frequency 

bands (ICC = .457 - .664; CI upper limits ≤ .779) demonstrating significantly lower stability than 

8-hour sleep opportunities for each frequency band (CI lower limits ≥ .801) and significantly lower 

stability than nap 1 for delta (nap 1 ICC = .821, CI .723 - .886; nap 2 ICC = .457, CI = .246 - .626), 

theta (nap 1 ICC = .902, CI = .795 - .948; nap 2 ICC = .584, CI = .404 - .722), and sigma bands 

(nap 1 ICC .831, CI = .734 - .894; nap 2 ICC = .507, CI .302 - .666). Further, relative spectral 

activity stability was lower than absolute spectral activity stability for 2-hour sleep and all sleep 

opportunities, with ICC values ranging from moderate to substantial across all frequency bands 

(ICC = .446 - .745), thus demonstrating less robustness across sleep opportunities of different 

timing and durations (Figure 4C). Specifically, ICC values were significantly lower for 2-hour (CI 

upper limits ≤ .769) than 8-hour sleep opportunities (CI lower limits ≥ .801) for each frequency 

band and were significantly lower for 2-hour sleep opportunities than nap 1 for delta (2-hour ICC 

= .448, CI = .222 - .630), theta (2-hour ICC = .593, CI = .292 - .769), and sigma activity (2-hour 

ICC = .446, CI = .161 - .656). ICC values were also significantly lower for all sleep opportunities 

than 8-hour sleep opportunities for each frequency band (delta: all ICC = .574, CI = .398 - .712; 
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8-hour ICC = .926, CI = .880 - .954; theta: all ICC = .690, CI = .496 - .812; 8-hour ICC = .929, CI 

= .858 - .961; alpha: all ICC = .745, CI = .616 - .835; 8-hour ICC = .950, CI = .921 - .969; sigma: 

all ICC = .544, CI = .317 - .709; 8-hour ICC = .910, CI = .859 - .944; beta: all ICC = .608, CI = 

.439 - .737; 8-hour ICC .874, CI = .801 - .921) and were significantly lower for all sleep 

opportunities than nap 1 for delta (nap 1 ICC = .821, CI = .723 - .886) and theta activity (nap 1 

ICC = .902, CI = .795 - .948). ICC values for absolute and relative spectral activity were consistent 

across C3 and F3. For ease of interpretation, C3 findings are presented here, but F3 results are in 

Appendix B.3. 
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Figure 4. Stability and robustness of sleep parameters across exposure to simulated military operational stress 

 

4.3.3 Impact of resilience and trauma history on the trait-like stability of sleep across SMOS 

Groups did not differ in sleep complaints on the ESS or ISI, but the high trauma, low 

resilience group had significantly higher PSQI scores than the high trauma, high resilience group 
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(Table 3; p > .05). As groups differed in PSQI scores and age, we conducted post hoc exploratory 

analyses examining sleep stability differences related to PSQI scores and age which are presented 

in the supplemental materials (Appendix B.2 and B.5 respectively). No differences in sleep 

architecture were observed between groups (Appendix B.1).  

For the 8-hour sleep opportunities (Figure 5A), no significant differences in ICC values 

were found for any sleep parameters between groups. For nap 1 absolute delta activity (Figure 5B), 

both the low trauma, high resilience (ICC = .951, CI = .865 - .982) and high trauma, high resilience 

groups (ICC = .936, CI = .801 - .978) had significantly higher ICC values than both the low trauma, 

low resilience (ICC = .416, CI = -.141 - .784) and high trauma, low resilience groups (ICC = .488, 

CI = -.006 - .787). The low trauma, high resilience group, but not the high trauma, high resilience 

group, also had a significantly higher ICC value (ICC = .947, .828 - .982) for nap 1 absolute theta 

activity than both the low trauma, low resilience (ICC = .266, CI = -.249 - .698 and high trauma 

and low resilience groups (ICC = .572, CI = .107 - .828). For nap 2 relative sigma activity (Figure 

5C), the high trauma, low resilience group (ICC = .149, .CI = -.378 - .594) had a significantly 

lower ICC than the high trauma, high resilience group (ICC = .855, CI .637 - .947). No significant 

differences between groups were found for any sleep parameters across 2-hour or all sleep 

opportunities (Appendix B.1). 
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Figure 5. Stability of sleep parameters across simulated military operational stress in trauma and resilience 

groups 

 

Table 3. Differences in baseline sleep complaints in different trauma exposure and resilience groups 

 LTHR LTLR HTHR HTLR 
F p 𝜂𝑃

2  
 Mean SD Mean SD Mean SD Mean SD 

Trauma 1.3 0.8 1.1 0.6 6.1 2.5 6.3 3.3 27.255 <.001 .585 

Resilience 91.4 4.9 75.7 6.7 91.9 5.1 72.7 6.7 47.437 <.001 .710 

Age 22.7 2.9 26.5 4.8 30.1 5.9 25.6 5.2 6.224 .001 .244 

ESS 5.3 2.1 6.5 2.6 4.8 2.3 5.3 1.9 1.410 .249 .068 

ISI 3.0 3.0 5.3 3.1 3.8 3.3 5.6 4.1 2.101 .110 .098 

PSQI 3.3 1.9 3.8 1.5 2.9 2.3 5.2 2.9 3.153 .032 .140 

LTHR = low trauma, high resilience; LTLR = low trauma, low resilience; HTHR = high trauma, high resilience; 

HTLR = high trauma, low resilience; ESS = Epworth Sleepiness Scale; ISI = Insomnia Severity Index; PSQI = 

Pittsburgh Sleep Quality Index; SD = standard deviation 
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4.4 Discussion 

In this study with military personnel, we characterized both the stability of 

electrophysiological sleep parameters across a 5-day SMOS protocol, that included different sleep 

opportunities, and trait-like behavior (i.e., stability and robustness) of these sleep parameters. We 

also characterized the effects of trauma exposure and resilience on this trait-like behavior. A key 

finding from this study was high stability of absolute NREM alpha and sigma activity that was 

robust across variable sleep opportunities. Other sleep parameters, including SWS, absolute and 

relative delta, theta and beta spectral activity demonstrated high stability across 8-hour sleep 

opportunities, but this stability was less robust across different sleep opportunities. In terms of 

differences in the stability of sleep parameters in participants with different levels of trauma 

exposure and resilience, the results showed that absolute NREM delta and relative NREM spectral 

activity during short sleep opportunities were less stable in individuals with high trauma exposure 

and low self-reported resilience. Altogether, the present findings suggest the robust, trait-like 

nature of absolute NREM alpha and sigma spectral activity across different sleep conditions and 

the potential impact of trauma and resilience on these and other sleep characteristics.  

The sleep schedule used in the present study allowed us to characterize the trait-like aspects 

of sleep architecture and sleep EEG spectral activity parameters across sleep opportunities that 

differed in duration, timing and cumulative SMOS exposure (including high cognitive and physical 

load). Sleep architecture parameters, especially REM sleep, did not demonstrate stable or robust 

trait-like behavior across the SMOS exposure, while only SWS was stable across the 8-hour sleep 

opportunities (ICC = .867).  High stability of SWS in the current study extends findings from prior 

work40,157 by demonstrating that high stability persists across acute sleep manipulations as well as 

across periods with increased cognitive and physical load accumulated through the SMOS 
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protocol. Although a prior study has demonstrated high stability of SWS across nighttime naps158, 

here we found lower stability during 2-hour naps early and late in the night which may be related 

to the difference in nap duration (2-hours vs. 40-minutes) and the additional operational stressors 

(cognitive and physical load, caloric restriction) participants were exposed to in the present study. 

Similar to SWS, absolute NREM delta activity demonstrated almost perfect stability across the 8-

hour sleep opportunities, but this stability was lower across the 2-hour opportunities. The finding 

that both SWS and NREM delta activity were less stable across short sleep opportunities suggests 

that these deep sleep parameters are sensitive to changes in state and may reflect individual 

differences in resilience or susceptibility to SMOS. Individual vulnerability to sleep loss varies 

across individuals and differences in this vulnerability may have been further exacerbated by the 

extensive cognitive and physical testing that the participants completed throughout the study. A 

reduced robustness of SWS and delta activity across SMOS may reflect such vulnerability, 

especially when sleep opportunities are shorter (i.e., 2-hour naps). In contrast, across a full night 

of sleep (i.e., 8-hours), differences in homeostatic sleep need may be less apparent as individuals 

obtain sufficient SWS and delta activity. Future studies are needed to examine whether the reduced 

stability observed across an acute SMOS protocol has long term implications across the more 

chronic exposures experienced by military personnel; long-term disruption to sleep stability within 

an individual could conceivably have implications for overall sleep, physical and mental health.  

Conversely, absolute theta and beta activity were highly stable across 8-hour, nap 1, and 

nap 2 sleep opportunities. Few studies have reported on the stability of NREM beta activity, 

although, one study found lower stability (ICC < .6) in this frequency range in healthy sleepers 

compared to individuals with insomnia40. The authors hypothesized that, in healthy sleepers, 

NREM beta activity was more sensitive to changes in state than spectral activity in other frequency 
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bands40, which is contrary to the high stability observed in the current study. Differences in study 

demands, specifically the greater cognitive and physical demands and younger study sample in the 

current study may have contributed to differences in study findings. Absolute theta and beta 

activity were also robust across varying sleep opportunities, albeit less so than absolute NREM 

alpha and sigma activity. Specifically, the stability of absolute NREM alpha and sigma activity 

remained high across similar sleep opportunities and was robust to variations in sleep opportunity 

duration and timing across increasing SMOS exposure; that is, high stability was maintained 

despite changes in circadian and homeostatic factors and pronounced cognitive and physical load, 

which can all influence sleep. The robust trait-like behavior of absolute NREM alpha and sigma 

activity throughout the SMOS protocol lends further support to prior studies characterizing activity 

in these frequency bands, and sleep spindles (which occur across these frequency ranges), as the 

“fingerprint” of sleep41,80,155. Future studies should examine whether chronic exposure to 

operational stress impacts the robust trait-like stability of alpha and sigma activity. Chronic 

exposure to operational stress and shiftwork has decremental effects on health and sleep. Whether 

alpha and sigma activity remain stable and whether the reduced stability of delta activity is further 

exacerbated by chronic exposure to operational stress would provide additional insight into the 

relationship between sleep stability and vulnerability to stress. Additionally, the relationship 

between sleep stability and the decremental effects of chronic stress on sleep could be examined. 

Altogether, the higher stability of absolute spectral activity, as compared to sleep architecture, 

demonstrates the need to examine quantitative EEG measures when studying sleep in settings with 

variable sleep opportunities as is often the case in field studies, including those with operational 

populations.  
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The current study also established that differences in sleep timing influenced the stability 

of NREM relative spectral activity, and that NREM relative spectral activity parameters showed 

reduced stability and robustness across sleep opportunities when compared to absolute spectral 

activity. Lower stability of relative spectral activity during nap 2 compared to nap 1 may be related 

to greater sensitivity to consecutive days of SMOS during the second half of the night and to 

circadian-related variation in sleep parameters. Absolute delta and theta activity, which decrease 

throughout the night as homeostatic sleep pressure dissipates, were less robust to varying sleep 

opportunities than other absolute spectral bands. Importantly, absolute delta and theta activity 

contribute most to total absolute power. Lower stability and robustness of total absolute power and 

absolute delta and theta activity across different sleep opportunities was therefore likely magnified 

in the relative spectral parameters. Furthermore, given that relative spectral activity is calculated 

by normalizing the absolute spectral activity within a specific frequency range to the total absolute 

power, reduced stability within a specific frequency range and across total absolute power can both 

contribute to reduced stability in relative spectral activity. Therefore, when examining relative 

spectral activity across a sleep manipulation protocol, the impact of the manipulation on broadband 

and frequency-specific absolute power should be accounted for carefully.  

Another novel aspect of the current study was the examination of sleep stability in 

participants with different levels of resilience and trauma exposure. Regardless of trauma 

exposure, participants with low resilience had less stable sleep than participants with high 

resilience during the nap 1 sleep opportunities. Further, participants with high trauma history, in 

addition to low resilience, demonstrated less stable sleep across nap 1 and 2 sleep opportunities. 

Altogether, these findings suggest that high resilience may protect the sleep of individuals exposed 

to trauma. Further, these findings suggest that low resilience may be related to lower stability in 
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sleep and that trauma may exacerbate this decreased stability. It’s important to mention that among 

participants with high trauma exposure, less resilient participants had worse habitual sleep quality 

on the PSQI than more resilient participants. This raises the intriguing possibility that decreased 

sleep stability may contribute to worse habitual sleep especially in individuals with lower 

psychological resilience and a history of more trauma exposure. To build upon these findings 

demonstrating links between resilience, trauma exposure and disrupted sleep, future studies should 

be replicated in larger samples and across normal sleep conditions to assess whether higher 

variability is characteristic of the low resilience groups or occurred in response to the SMOS 

protocol. Second, relationships between resilience, trauma exposure and sleep stability 

demonstrated in the present study should be explored in clinical populations. For example, 

understanding the relationships between these parameters in individuals with PTSD may have 

important implications to characterize the role of sleep disturbances in the neurobiology and 

clinical manifestation of PTSD, and is likely to have implications for developing novel 

interventions and improving treatment outcomes.  

Although the current study provided a comprehensive examination of the short-term 

stability and robustness of sleep architecture and NREM spectral activity, there are several 

limitations that should be addressed in future studies. First, the study sample was composed of 

military personnel who self-selected to participate in a study about resilience. Therefore, care must 

be taken when interpreting these findings as it is unclear to what extent they may generalize to the 

broader population. Second, while here we established that some sleep parameters display trait-

like behavior across acute exposure to sleep restriction and disruption, we were not able to examine 

chronic effects of exposure to SMOS and disrupted sleep, relevant for military personnel and 

others working in professions characterized by disrupted sleep including medical professionals, 
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fire-fighters and pilots. Future work should examine whether trait-like behavior persists across 

chronic sleep restriction. Third, the current study provided a limited examination of circadian 

influences on the stability of sleep EEG parameters. We examined the combined effects of 

homeostatic sleep pressure and circadian timing on sleep stability within a night of sleep but did 

not examine the independent effects of time-of-day (as could be examined in forced desynchrony 

or constant routine protocols) or the effects of sleeping during periods of high circadian drive for 

wakefulness (during typical waking hours) on sleep stability. While one study has examined 

stability of SWS across daytime naps, a more comprehensive examination of the effects of variable 

sleep timing on sleep stability across spectral sleep parameters is needed.  Lastly, the EEG montage 

used in the present study provided limited spatial resolution of spectral activity, which could be 

enhanced in future studies by performing high-density sleep EEG recordings.  

In conclusion, in the present study we established that absolute NREM spectral activity, 

especially in the alpha and sigma range, had stable and robust trait-like behavior across a wide 

variety of sleep opportunities. Lower robustness of absolute delta and theta activity and of relative 

spectral activity across shorter sleep opportunities must be considered when designing studies, and 

interpreting results from studies that include brief sleep opportunities. For individuals who have 

inconsistent sleep schedules, these findings highlight that certain sleep features may be more 

sensitive to changes in sleep periods while others likely remain more consistent across different 

sleep opportunities. For example, to obtain stable estimates of SWS or absolute delta activity that 

are representative of an individual’s sleep, data from multiple short sleep opportunities may be 

needed. Further, variability in sleep parameters during SMOS seems to be influenced by resilience 

and prior trauma exposure, suggesting that future research should further examine the causal 
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relationships between these variables, including their possible implications in the development of 

sleep or psychiatric disorders. 
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5.0 Aim 2: Daytime sleepiness and slow wave activity predict worse physical performance 

in military personnel 

Abstract 

Military personnel must maintain marksmanship and physical performance despite 

exposure to operational stressors such as sleep loss, caloric restriction and high cognitive load. 

Habitual sleep quality may relate to baseline differences in fitness that impact physical 

performance within operational settings. Slow wave sleep, in particular, may relate to individual 

differences in body composition and fitness although findings are inconsistent and it is unclear 

whether findings extend to operational settings. Further, sleep and specific sleep features may 

contribute to recovery of marksmanship and physical performance across days. We examined the 

role of individual differences in baseline sleep on baseline marksmanship and physical 

performance and on the change in marksmanship and physical performance through exposure to 

simulated military operational stress. Active-duty and reserve status military personnel completed 

a 5-day SMOS protocol during which they completed a tactical mobility test and marksmanship 

protocol daily. Sleep questionnaires were administered at intake and sleep was monitored each 

night with polysomnography. Lasso regressions were used to identify meaningful predictors of 

marksmanship and physical performance at baseline and of change in marksmanship and physical 

performance across SMOS. Sleep was not related to marksmanship performance but better aerobic 

fitness, lower daytime sleepiness and lower slow wave activity (0.5 – 4 Hz) predicted better 

baseline physical performance. Collectively, higher daytime sleepiness and slow wave activity 

may reflect more chronic exposure to insufficient sleep and higher baseline sleep need which may 

have contributed to compromised physical performance.  
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5.1 Introduction 

Increasing evidence demonstrates an active role of sleep in regulating physical 

performance. Longer sleep duration and better sleep quality contribute to improved anaerobic, 

aerobic and skilled performance237,238,291–296. For example, better habitual sleep quality reported 

on the Pittsburgh Sleep Quality Index (PSQI) predicts better performance on a maximal effort 

incremental cycling test297. Further, multiple nights of sleep extension contribute to better motor 

coordination, muscular endurance, sprints times and lower-limb power238,298. These findings are 

consistent with the recent emphasis of military policy/leadership on improving sleep practices 

within military personnel2,3. Specifically, sleep was identified as one of three pillars of health along 

with nutrition and physical activity in the Army Medicine’s Performance Triad2. Further, sleep 

banking, the practice of obtaining more sleep prior to planned/expected periods of sleep loss via 

sleep extension or napping has been highlighted as an operationally relevant strategy to optimize 

performance.  

Military operations involve physically demanding tasks; thus, ensuring optimal physical 

performance of military personnel is a necessity. Still, whether the beneficial effects of habitual 

sleep on physical performance translate to military-specific tasks remains less clear. Additionally, 

it remains to be established which aspects of sleep, namely sleep architecture, spectral activity, 

and/or characteristics of habitual sleep, underlie the beneficial effects of sleep on physical 

performance and other military-specific tasks. Slow wave sleep (SWS) and slow wave activity 

(SWA; 0.5 – 4 Hz) play an important role in the restorative function of sleep has been associated 

with better baseline fitness299–303 (but see304–307). Further, it has been shown that SWS and rapid-

eye movement (REM) sleep can contribute to muscle recovery,308,309 thus suggesting that SWS 

and REM sleep may impact daily changes (or lack thereof) in physical performance within 
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operational settings that involve high physical demands. SWS, SWA and REM sleep may also 

protect marksmanship within operational settings through their beneficial effects on cognitive and 

sensorimotor improvements104,109,140. Based on these findings, it is reasonable to assume that these 

aspects of sleep architecture may also contribute to military-relevant aspects of physical 

performance and marksmanship. Marksmanship, in particular, relies on aspects of sensorimotor 

function including perceptual discrimination, visuomotor tracking and perception-action 

coupling168.  

Of further importance in military settings, is examining whether specific sleep features 

serve a protective role during exposure to sleep loss. Military personnel must maintain high levels 

of performance during exposure to sleep loss and caloric restriction5. Identifying factors that 

predict whether an individual will be able to maintain performance despite exposure to military 

operational stressors could inform intervention strategies aimed to enhance performance. For 

example, sleep extension prior to exposure to sleep loss or military operational stress mitigates 

sleep loss-related performance decrements239. Further, naps during periods of sleep loss help 

alleviate deficits in mood, alertness and cognitive function that would otherwise be observed187. 

Sleep architecture during naps can also positively impact subsequent performance. Specifically, 

perceptual discrimination performance was restored following naps that contained both SWS and 

REM sleep but not after naps that contained only SWS140. Further, more SWS during naps 

mitigated cognitive deficits observed during a night of sleep deprivation310. It is, however, unclear 

whether individual differences in sleep features may serve a protective role on military-specific 

aspects of performance. SWS, SWA and REM have been implicated in muscle recovery and, 

therefore, may contribute to the ability to restore and maintain physical function across periods of 

operational stress308,309. 
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In this study, we aimed to examine relationships between habitual sleep (i.e., assessed with 

the PSQI, the Insomnia Severity Index, and the Epworth Sleepiness Scale), baseline sleep (i.e., 

night 1 sleep EEG measures) and sleep EEG parameters throughout exposure to simulated military 

operational stress (SMOS) with marksmanship and physical performance. We hypothesized that 

habitual sleep quality, baseline SWS, REM and SWA would predict better marksmanship and 

physical performance at baseline. Further, we hypothesized that baseline SWS, REM and SWA 

would predict marksmanship and physical performance throughout the SMOS exposure.  

5.2 Methods 

5.2.1 Participants 

Sixty-nine active duty and reserve status military personnel completed the SMOS protocol 

across 5 consecutive days. Participants were recruited predominately through fliers, briefings, and 

word-of-mouth. Inclusion and exclusion criteria have been described in detail elsewhere288. In 

brief, participants had to be active duty or reserve status military personnel who were medically 

eligible to deploy and had successfully completed their branch-specific yearly physical fitness test. 

As such, participants had to be free from physical injury and mental health diagnosis. Additionally, 

participants were excluded if they took any medications that would impact their sleep, cognitive 

performance, or hormone levels.  



 75 

5.2.2 Protocol  

Participants arrived at the lab at approximately 18:00 to complete informed consent, 

baseline psychological questionnaires, and an adaptation night of sleep (i.e., night 0) with a full 

apnea-screen to assess sleep disordered breathing. Participants with an apnea-hypopnea index > 

15 were excluded due to high risk of sleep apnea and safety considerations related to sleep 

depriving already sleep deprived individuals. Baseline questionnaires included assessments of 

habitual nighttime sleep disturbance (PSQI258, ISI261) and daytime sleepiness (ESS263). Across the 

study participants received 8-hour sleep opportunities (23:00 – 07:00) on nights 0 (adaptation), 1 

(baseline) and 4 (recovery) and 100% of estimated caloric need on days 0 (familiarization), 1 

(baseline) and 4 (recovery). Sleep and caloric intake were restricted by 50% on days 2 and 3. 

Specifically, participants received two 2-hour sleep opportunities (01:00 – 03:00 and 05:00 – 

07:00) and 50% of their estimated caloric need on these days. Across all study days, participants 

completed extensive cognitive166 and physical testing288 (Figure 6). Familiarization to study tasks 

and baseline testing of body composition and aerobic fitness occurred on day 0. Estimates of total 

daily energy expenditure obtained from body composition testing were used to determine caloric 

allotment throughout the study. To characterize aerobic fitness, participants completed a treadmill 

(Woodway; Waukesha, WI) Bruce protocol311 to determine peak relative oxygen consumption  

(�̇�𝑂2𝑝𝑒𝑎𝑘; Parvo TrueOne® 2400; Salt Lake City, UT). 
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Figure 6. General study timeline including operational tasks 

 

5.2.3 Marksmanship: Engagement Skills Trainer 3000 (EST)  

Marksmanship testing involved custom scenarios within a computer-based marksmanship 

training system that simulates live fire scenarios (Engagement Skills Trainer-3000; Cubic 

Corporation, Orlando FL). Participants used M4 or M16 adapted for use on the system and used 

the same weapon each day. After familiarization on day 0, marksmanship testing occurred each 

day starting at approximately 10:00. Testing included four scenarios: zeroing (weapon calibration), 

qualification, varied distance and moving target. Marksmanship sessions in which participants did 

not successfully zero their weapons were not included in analyses. Analyses included 

marksmanship performance from the varied distance and moving target scenarios. The varied 

distance scenario, completed after qualification, presented 180 targets left and right of center at 

distances of 50, 100, 150, 200, 250 and 300-meters. Targets were displayed for 3-seconds with 2-

3 seconds between each target. Following varied distance, the moving target scenario presented 

80 targets at distances of 50, 100, 150 and 200-meters which moved horizontally across the screen 
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at a speed of 3.5 miles per hour. Testing for the varied distance and moving target scenarios were 

completed with participants in a prone unsupported position. Primary outcomes of interest were 

accuracy which was averaged across both scenarios to examine overall marksmanship 

performance. 

5.2.4 Daily Physical Performance Testing: Tactical Mobility Test 

The Tactical Mobility Test (TMT) was designed to assess operationally relevant aspects of 

physical performance and included seven tasks: 1) unloaded vertical jumps, 2) loaded vertical 

jumps, 3) water can carry, 4) fire and movement drill, 4) casualty drag, 5) unloaded 300-meter 

shuttle run, 6) loaded 300-meter shuttle run and 7) a 4-mile ruck march. Data from the unloaded 

and loaded vertical jumps is presented elsewhere and was not considered in the present analyses. 

Further a detailed description of TMT task performance across SMOS is provided elsewhere288. 

Ratings of perceived exertion (RPE) were collected before and after each task using the Borg 

scale312 (ratings of 6-20). 

Participants began the TMT at approximately 12:00 each day and completed testing in a 

climate-controlled indoor sports facility while wearing their service-specific uniform and combat 

boots.  A detailed description of the TMT battery is provided elsewhere288. See Table 4 for a 

description of each task. Briefly, the battery began with 5 unloaded and loaded vertical jumps 

followed immediately by the water can carry. Participants then completed the fire and movement 

drill followed immediately by the casualty drag. After a 3-minute break, participants completed 

the 300-meter unloaded and loaded shuttle runs with a 3-minute break between each condition 

before again completing 5 unloaded and loaded vertical jumps. Following a 10-minute break, 

participants completed the 4-mile ruck march with a 30-second break provided at the 2-mile mark.  



 78 

A final set of 5 unloaded and loaded vertical jumps was completed upon completion of the ruck 

march. 

Table 4. Description of individual TMT tasks 

Task Task Description Load 

Water Can Carry  Participants walked as far as possible along a path while holding 20-

kg water cans filled with sand in each hand 

12-kg 

Fire and Movement Drill  Participants ran between a series of 16 cones placed 6.6 meters apart 

adopting kneeling or prone positions in a 2:1 pattern 

12-kg 

Casualty Drag Participants dragged a 91-kg Rescue Randy dummy 20 meters  12-kg 

300-meter Unloaded Shuttle 

Run 

Participants completed 10 30-meter sprints continuously, touching an 

end line with their hand and turning upon completion of each 30-

meter sprint. 

N/A 

300-meter Loaded Shuttle 

Run 

Participants completed the 10 30-meter sprints while wearing a 

loaded vest 

16-kg  

Ruck March Participants completed the first 2-miles of the ruck march at a pace of 

6.0 km/hr and completed the final 2-miles at their best effort pace. 

16-kg 

*Participants were instructed to complete all tasks at best effort 

 

Overall physical performance was quantified through calculation of a composite TMT 

score. Outcomes from each TMT task (i.e., distance traveled for the water can carry and 

completion time for all other tasks) were transformed to z-scores to standardize outcomes. 

Individual task z-scores were then added to create a composite TMT score. An exception was made 

for the water can carry score, which was subtracted from the other scores to ensure that the 

interpretation of z-scores was in a consistent direction. Lower composite scores were indicative of 

better TMT performance. 

To quantify change in TMT performance, absolute changes from baseline were calculated 

before being transformed to z-scores for each day, which were summed to create a composite z-

score of change. The inverse of the z-score for change in the water can carry was used so 

interpretation was again in a consistent direction. Lower composite scores were indicative of 

improvement in TMT performance or less deterioration in TMT performance while higher scores 

indicated deterioration in TMT performance. 
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5.2.5 Sleep Data Collection and Processing 

Participants slept on cots in suites shared with their study cohort to simulate some aspects 

of the sleeping environment they would experience on deployment. Standard polysomnography 

(Compumedics Grael 4K PSG:EEG amplifier, Charlotte, NC) with a 10:20 montage (C3/4, F3/4, 

O1/2, M1/2, 3 EMG, 2 EOG, ground and reference) was used to monitor sleep each night. Certified 

sleep technicians scored sleep in 30-second epochs using established guideline74 and measures of 

sleep architecture were subsequently determined. Outcomes of interest included: sleep efficiency 

(SE; percent of time in bed spent asleep), WASO and the time spent in N1, N2, SWS and REM 

sleep.  

To extract spectral outcomes, raw EEG data were digitized at 256 Hz and filtered (high-

pass: 0.3 Hz; low-pass 30 Hz; notch: 60 Hz). Data were then converted to optimize use of legacy 

processing pipelines. After being decimated to 128 Hz, EEG data were band-limited to 64 Hz and 

a Hamming window was applied to non-overlapping 4-second epochs. After a Fast Fourier 

Transform was performed, validated algorithms, confirmed via visual review, were used to remove 

muscle and ocular artifacts270–272. Power spectral analysis quantified spectral activity in bands from 

0.5 – 32 Hz. Outcomes of interest included NREM absolute spectral activity in SWA (0.5 – 4 Hz), 

theta (4 – 8 Hz), alpha (8 – 12 Hz), sigma (12 – 16 Hz) and beta (16 – 32 Hz) frequency bands at 

the C3/4 and F3/4 electrode derivations. Spectral data from the 2 central electrodes and from the 

2 frontal electrodes were averaged together.  
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5.2.6 Statistical Analysis 

SPSS (Version 25; IBM, Armonk, NY, USA) and R (Version 4.0) were used for all 

analyses. Outliers were defined as +/- 3 standard deviations from the mean. Analyses were 

performed with and without outliers to explore the influence of outliers on study outcomes. 

Analyses without outliers are reported in the main text. Details regarding the influence of outliers 

on outcome measures are included in the supplemental materials.  

To examine the impact of baseline factors (i.e., age, sex, �̇�𝑂2𝑝𝑒𝑎𝑘), habitual sleep (i.e., 

PSQI, ISI, ESS) sleep architecture (i.e., SE, N1, N2, SWS and REM) and NREM spectral activity 

(i.e., absolute frontal and central SWA, theta, alpha, sigma and beta activity) on physical 

performance and marksmanship, penalized least squares (Lasso) regressions were performed 

(glmnet package313). Lasso regression is a form of regularization regression that is able to eliminate 

noninformative predictors by reducing their coefficients to zero and is appropriate when examining 

a large number of predictors relative to sample size and when examining correlated predictors as 

is the case with the sleep outcome variables314. The penalty term, chosen as 1 standard error away 

from the penalty term that minimized mean cross-validated error, was determined via ten-fold 

cross validation and was used to identify the most parsimonious set of informative predictors314,315.  

Coefficients for informative predictors and the proportion of variance explained by the lasso 

models are reported in the results. Proportion of variance explained by each predictor was 

determined by performing multiple linear regressions and using the leave-one-out method to 

determine change in variance explained when each variable was left out from the model. 

To examine whether differences in baseline sleep characteristics protected against deficits 

in operational performance across the SMOS protocol, we performed separate lasso regressions of 
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baseline sleep on the change in operational performance outcomes from baseline to the peak stress 

day (Day 3) and to the recovery day (Day 4).  

Based on results of the primary analyses, several post hoc exploratory analyses were 

performed. Based on findings from the lasso regression of baseline factors and sleep on baseline 

TMT performance, we decided to further explore whether lasso-identified predictors were related 

to specific aspects of physical performance. Separate multiple regressions of lasso-identified 

predictors on baseline performance of individual TMT tasks were performed to examine whether 

identified predictors impacted specific TMT tasks (lme package). In all statistical models, 

participants were included as a random effect. Further, to explore whether relationships between 

sleep and the subjective experience of the TMT existed in the current sample, lasso-regressions 

were repeated with post-RPE averaged across TMT tasks as the outcome variable. Lastly, we 

examined differences in sleep across SMOS in high and low TMT performers to further explore 

whether SMOS impacted the sleep of high and low performers to a similar extent. If low 

performers were more sensitive to SMOS, we would have expected their sleep to change more 

across SMOS. To define high and low performance groups, a median split of baseline TMT 

performance was performed. Repeated measures ANOVA were performed with sleep opportunity, 

performance group and their interaction as fixed effects and with participant as a random effect 

(See Appendix C.2).  

 



 82 

5.3 Results 

5.3.1 Final Sample 

For physical performance outcomes, there was complete data for 54 participants, of which 

9 were excluded for being outliers. Data for a sample which included outliers (+/- 3 standard 

deviations) are presented in Appendix C.1. 34 participants had complete marksmanship data, 24 

of whom also had complete physical performance data. 

Descriptive information for each subset of participants is presented in Table 5. Aerobic 

fitness (�̇�𝑂2𝑝𝑒𝑎𝑘) of the sample used for primary TMT analyses was compared to normative values. 

Based on ACSM guidelines, 9 participants had superior fitness, 15 excellent, 8 good, 9 fair, 3 poor 

and 1 very poor. �̇�𝑂2𝑝𝑒𝑎𝑘  did not differ significantly between included and excluded participants. 

Overall, the sample consisted of healthy sleepers and was representative of the sex, racial and 

ethnic composition of the military.  
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Table 5. Descriptive information 

 

  TMT Sample (n = 45) All TMT (n = 54) EST Subset 

Sex Men 36 43 21 

 Women 9 11 3 

Racial Identity White 31 36 18 
 Black/African-American 11 13 5 

 Multiracial 2 2 1 

 Undisclosed 1 2 0 

Ethnicity Not Hispanic/Latino 41 48 23 

 Hispanic/Latino 4 6 1 

Age (years) 26.3 (5.3) 26.6 (5.7) 25.9 (5.1) 

CD-RISC 83.3 (9.9) 83.2 (10.3) 85.1 (9.9) 

Trauma History 2.9 (2.5) 3.3 (2.8) 3.3 (2.5) 

DRRI 19.7 (7.3) 19.6 (6.7) 19.8 (6.5) 

�̇�𝑂2𝑝𝑒𝑎𝑘  (mL*kg*min-1) 47.0 (6.5) 46.0 (7.3) 49.6 (6.0) 

PSQI 4 (2) 4 (2) 4 (2) 

ISI 4 (3) 5 (4) 4 (4) 

ESS 5 (2) 6 (2) 5 (3) 

TST (min) 444.7 (19.0) 445.5 (19.9) 443.1 (19.1) 

SE (%) 92.5 (4.0) 92.7 (4.1) 92.4 (4.0) 

WASO (min) 28.8 (16.8) 28.3 (17.1) 28.7 (15.5) 

N1 (min) 32.6 (18.3) 31.5 (18.1) 33.3 (16.6) 
N2 (min) 235.5 (31.0) 235.7 (33.5) 231.8 (30.6) 

SWS (min) 60.3 (30.7) 62.3 (31.9) 57.7 (26.3) 

REM (min) 116.2 (21.7) 115.9 (20.8) 120.4 (20.7) 

Central SWA (μV2) 2.42 (.22) 2.43 (.22)* 2.38 (.17) 

Central Theta (μV2) 1.37 (.24) 1.39 (.23) 1.33 (.18) 

Central Alpha (μV2) 1.02 (.27) 1.01 (.27) .99 (.23) 

Central Sigma (μV2) .83 (.21) .83 (.21) .82 (.18) 

Central Beta (μV2) .51 (.18) .53 (.18) .52 (.16) 

Frontal SWA (μV2) 2.59 (.20) 2.61 (.20) 2.55 (.15) 

Frontal Theta (μV2) 1.41 (.23) 1.42 (.22) 1.37 (.17) 

Frontal Alpha (μV2) 1.08 (.28) 1.08 (.27) 1.07 (.24) 
Frontal Sigma (μV2) .77 (.22) .78 (.22) .76 (.18) 

Frontal Beta (μV2) .51 (.16) .53 (.17) .53 (.15) 

*Significantly higher (p < .05) in excluded participants than included participants 

5.3.2 Relationship between baseline sleep and marksmanship performance 

For marksmanship performance, no informative predictors were identified (all predictor 

coefficients were reduced to zero). Baseline characteristics, sleep architecture and NREM spectral 

activity did not predict baseline marksmanship accuracy. Similarly, no informative predictors were 

identified when examining relationships between baseline characteristics and sleep with change in 

marksmanship accuracy from baseline to peak stress. 
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5.3.3 Relationship between baseline sleep and physical performance 

For physical performance, �̇�𝑂2𝑝𝑒𝑎𝑘  (β = -1.849), ESS (β = 0.038) and frontal NREM SWA 

(β = 0.415) were identified as informative predictors of baseline performance. Higher �̇�𝑂2𝑝𝑒𝑎𝑘  

(better aerobic fitness), lower Epworth Sleepiness Scale scores (lower daytime sleepiness) and 

lower frontal SWA collectively predicted better baseline physical performance. Collectively, this 

model predicted 66.1% of the variance in baseline physical performance. Of the explained 

variance, �̇�𝑂2𝑝𝑒𝑎𝑘  explained 66.4% (43.9% of total variance), ESS explained 10.1% (6.7% of total 

variance) and frontal SWA explained 23.4% (15.5% of total variance). Lasso-identified predictors 

and TMT composite scores are displayed in Figure 7. 

 

5.3.4 Post-hoc Exploratory Analyses 

To further explore whether lasso-identified predictors impacted specific aspects of physical 

performance, separate multiple regressions were performed for each TMT task with �̇�𝑂2𝑝𝑒𝑎𝑘 , ESS 

and frontal SWA included as predictors (Table 6). �̇�𝑂2𝑝𝑒𝑎𝑘  was a significant predictor of all TMT 

Figure 7. Relationships between lasso-identified predictors and TMT composite scores at baseline 
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tasks; higher �̇�𝑂2𝑝𝑒𝑎𝑘  predicted better performance across tasks. Higher ESS scores significantly 

predicted shorter water can carry distance and longer 300-m loaded shuttle time. Higher frontal 

SWA significantly predicted shorter water can carry distance and longer ruck march time. No other 

significant relationships between sleep outcomes and TMT task performance were found. 

Additionally, to examine whether subjective experiences of TMT tasks were influenced by 

baseline characteristics and sleep, lasso-regressions were performed on average RPE from after 

each TMT task at baseline. No influential predictors of RPE were identified. 

Lastly, no significant performance group*sleep bout interaction effect was found for SWA, 

but significant main effects of group and time were found. SWA was higher in low TMT 

performers throughout the SMOS protocol. Results for SWA are presented here (Figure 8) due to 

the relationship between SWA and TMT performance at baseline; additional sleep variables are 

presented in Appendix C for completeness. 

 

Table 6. Linear mixed model of baseline fitness (V Ȯ_2peak), sleepiness (ESS) and NREM frontal SWA on 

the performance of individual TMT tasks 

 

�̇�𝑂2𝑝𝑒𝑎𝑘  ESS Frontal SWA 

β Std. Error p β 
Std. 

Error 
p β 

Std. 

Error 
p 

WCC 20.668 6.907 .005 -12.776 5.479 .025 -15.914 5.744 .008 

FM -6.495 2.513 .013 1.815 1.993 .368 1.957 2.090 .355 

CD -13.692 3.919 .001 2.945 3.109 .349 4.672 3.259 .159 

US -11.248 1.737 <.001 2.574 1.378 .069 2.867 1.445 .054 

LS -14.579 2.632 <.001 5.422 2.088 .013 3.138 2.189 .159 

Ruck -179.792 45.106 <.001 17.751 35.778 .622 111.339 37.511 .005 

Abbreviations; WCC = water can carry; FM = fire and movement drill; CD = casualty drag; US = unloaded 300-

m shuttle run; LS = loaded 300-m shuttle run; ESS = Epworth Sleepiness Scale; SWA = slow wave activity 
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Figure 8: Differences in slow wave activity across simulated military operational stress in high and low 

performers 

 

5.4 Discussion 

In operational settings, military personnel must maintain high levels of marksmanship and 

physical performance. We examined the influence of baseline characteristics and different aspects 

of sleep on physical performance and marksmanship at baseline and throughout a SMOS protocol. 

Neither baseline characteristics nor baseline sleep predicted marksmanship performance contrary 

to our hypothesis. Conversely, higher aerobic fitness (�̇�𝑂2𝑝𝑒𝑎𝑘), lower habitual daytime sleepiness 

(ESS) and lower frontal NREM SWA predicted better baseline physical performance but did not 

relate to change in performance across SMOS. That better aerobic fitness was related to better 

performance across a physical performance battery that included endurance-based tasks was 

consistent with the intended task design. Of further interest was that two sleep variables, ESS and 

frontal SWA also contributed to baseline physical performance, but not to change in performance.  

While we expected a decremental effect of daytime sleepiness, that higher frontal SWA 

predicted worse physical performance was opposite of our hypothesis. We had hypothesized that 
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more SWA would reflect a greater restorative capacity of sleep, due in part to the physiological 

underpinnings of sleep12,152,299. Further, prior work has demonstrated positive associations between 

SWS and fitness299. Conversely, in the current study, higher SWA (and daytime sleepiness) may 

have reflected chronic, insufficient sleep and/or higher inherent/baseline sleep need, which then 

contributed to reduced physical performance capabilities. As SWA reflects homeostatic sleep 

need, higher SWA may have reflected a homeostatic response to chronic insufficient sleep or 

higher inherent sleep need37.  

While �̇�𝑂2𝑝𝑒𝑎𝑘 , ESS and SWA were related to baseline physical performance, these variables 

did not predict changes in physical performance across SMOS. We had originally hypothesized 

that higher SE, lower WASO, more SWS and more SWA would prevent SMOS-related 

decrements in physical performance; however, based on the findings from baseline performance, 

a second possibility was presented. If more SWA reflects greater sleep need as suggested above, 

then participants with higher SWA may be more sensitive to sleep loss and have greater 

vulnerability to SMOS153. Therefore, participants with more baseline SWA would experience 

greater performance decrements during SMOS. However, neither hypothesis was supported. 

Instead, no baseline sleep variables were identified as meaningful predictors of change in physical 

performance. Importantly, TMT performance was highly stable across time (ICC = .940); 

participants who performed better at baseline performed better throughout the SMOS protocol. 

This high stability may have impacted our ability to identify meaningful relationships between 

baseline sleep and performance change. Still, we did observe consistent relationships between 

SWA and TMT performance across the study. An intriguing possibility that warrants further 

investigation is that the stability of spectral sleep parameters across time contributed to the ability 

of participants to maintain physical performance across time. 
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We also found that baseline sleep parameters were not identified as meaningful predictors of 

baseline marksmanship or change in marksmanship performance throughout SMOS. That baseline 

sleep did not predict baseline marksmanship or change in marksmanship was contrary to our 

hypothesis. Marksmanship involves different aspects of cognitive and sensorimotor function, such 

as vigilance, perception-action coupling, perceptual discrimination and visuomotor function, 

which have demonstrated sensitivity to sleep duration and individual differences in sleep 

architecture36,140,168,316. However, within the current study, no sleep-related predictors were 

selected through lasso regressions on baseline marksmanship performance or change in 

performance across SMOS. As such individual differences in habitual sleep quality/daytime 

sleepiness, baseline sleep architecture and baseline NREM spectral activity may not impact 

marksmanship abilities at baseline or performance throughout exposure to SMOS. Importantly, 

this sample consisted of individuals who were experienced in marksmanship. Therefore, in well-

trained tasks habitual sleep disturbances and daytime sleepiness may not have decremental effects 

that outweigh prior training or differences in overall performance capabilities317. It is, however, 

unclear whether differences in specific sleep features would influence marksmanship 

performance/skill acquisition in novice participants.  

This study has several limitations that must be considered when interpreting results. First, 

while RPE was assessed throughout the TMT, we did not collect measures of motivation or mood 

which may have provided additional insight into psychological factors that may have impacted 

performance. Given the self-paced nature of TMT tasks, both motivation and mood during testing 

can influence physical performance. Sleep loss-induced decrements in motivation and mood 

during such tasks has been identified as underlying factors contributing to sleep loss-related 

performance decrements on self-paced endurance tasks. Motivation and mood outcomes were not 
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captured during physical testing within the current study, but we were able to explore the 

relationships between lasso-identified predictors and subjective responses to TMT performance 

(RPE). �̇�𝑂2𝑝𝑒𝑎𝑘 , ESS and frontal SWA did not predict RPE across the TMT. Second, we did not 

collect measures of sleep history. Physical performance is sensitive to sleep duration. Therefore, 

quantifying differences in sleep leading up to the laboratory stay would have allowed us to examine 

whether chronic insufficient sleep impacted baseline performance and related to ESS or SWA at 

baseline. Lastly, based on the military sample and military-specific stressor, these results may not 

be generalizable to the broader population. 

In conclusion, aerobic fitness, daytime sleepiness and frontal SWA predicted baseline physical 

performance but not marksmanship performance. Additionally, baseline sleep did not influence 

change in physical performance or marksmanship throughout exposure to SMOS. Individual 

differences in sleep architecture and spectral activity did not influence operationally-relevant 

outcomes in a sample of military personnel. Still, these findings were observed within the context 

of an acute stressor and experimentally-controlled sleep duration. Therefore, these findings must 

be confirmed within real-world settings which often involve chronic sleep loss and variable sleep 

duration. 
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6.0 Aim 3: Combined effects of time-of-day and simulated military operational stress on 

perception-action coupling performance 

Abstract 

Perception-action coupling, the ability to ‘read and react’ to the environment, is essential 

for military personnel to operate within complex and unpredictable environments. Exposure to 

military operational stressors (e.g., caloric restriction, sleep loss, physical exertion), including 

around-the-clock operations, may compromise perception-action coupling, thereby impacting 

performance and safety. We examined the combined effects of simulated military operational 

stress (SMOS) and time-of-day on perception-action coupling. Fifty-seven active duty and 

reservist military personnel (45 M; 26.4 ± 5.6 years) completed a 5-day SMOS protocol that 

included two consecutive days of caloric restriction, sleep restriction, and disruption. Participants 

completed a tablet-based perception-action coupling task (PACT) that involves perceiving whether 

virtual balls fit through virtual apertures. Familiarization occurred on day 0. Eight trials across day 

1 (18:00, 22:00), 2 (04:00, 18:00, 22:00) and 3 (04:00, 18:00, 22:00) were analyzed. Mixed models 

were run to examine the interactive and main effects of day, and time-of-day on PACT response 

speed and accuracy outcomes. PACT response speed and accuracy outcomes improved at 18:00 

and 22:00, whereas performance at 04:00 deteriorated across days. Perception-action coupling 

performance was resilient to SMOS, except overnight when the circadian drive for sleep is high, 

and the effects of sleep loss are more prominent.  
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6.1  Introduction 

Military personnel need to sustain high levels of performance despite exposure to different 

stressors, collectively referred to as military operational stress, which include sleep loss, caloric 

restriction, and high physical and cognitive demands5. Operational stressors can have an adverse 

impact on individual and team performance, psychological and physical health, and mission 

success. In both laboratory- and field-based studies, exposure to military operational stress can 

compromise cognitive and physical aspects of performance which underlie operational 

performance18,50. For example, vigilance, the ability to react quickly to stimuli, and working 

memory were compromised during an 84-hour simulated military operational stress (SMOS) 

scenario in which 13 male soldiers underwent severe sleep deprivation (i.e., slept for 

approximately 6-hours total) and restricted caloric intake to 1650 kcal/day49. Further time-of-day 

may have additional effects on operational performance, which is of particular relevance for 

military personnel who often operate during unconventional and rapidly changing shifts5,38. 

Cognitive and physical performance demonstrate circadian rhythmicity throughout the day, with 

performance being best in the morning shortly after waking and worst overnight during the early 

morning hours195,318. During a night of total sleep deprivation, vigilance, as assessed via the 

Psychomotor Vigilance Task (PVT)194,196, deteriorates in association with increasing homeostatic 

drive for sleep and low circadian drive for wake but can be partially recovered in the morning as 

the circadian drive for wake increases196. Poor sleep and performing when the circadian drive for 

wakefulness is low contributes to falling asleep during watch, aviation accidents and friendly fire 

incidents10,31,319. As such, assessing the impact of military operational stress, including time-of-

day, on cognitive and perceptual functions, which may underlie operational performance, is 
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essential to understanding the demands placed on military personnel and for developing mitigation 

strategies and interventions. 

Although the detrimental impact of military operational stress on cognitive and physical 

performance in military personnel is widely described18,50, there is a need to examine the impact 

of military operational stress on other essential aspects of function, including the ability to adapt 

to ever-changing scenarios. Military personnel operate within dynamic environments which 

require that they continuously ‘read and react’ to their surroundings to efficiently adapt to changing 

circumstances10. This ability to ‘read and react’ involves perceiving and attuning to task-relevant, 

spatiotemporal characteristics of the environment, and coupling these perceptions with the 

appropriate and efficient execution of action - also known as perception-action coupling51. 

Examining the effects of military operational stress on perception-action coupling performance 

would provide greater insight on the effects of military operational stress on the performance 

capabilities of military personnel within operational settings. 

Perception-action coupling, which involves perceiving and actualizing affordances, 

underlies the ability of individuals to successfully and efficiently maneuver through the 

environment52,203. Affordance refers to the opportunity for action available to an individual based 

on their interaction with the surrounding environment204. As such, affordances depend on both the 

characteristics and capabilities of the individual and on spatiotemporal features of the environment. 

To successfully navigate and operate within an environment an individual must be attuned to 

properties of the environment that alter or limit affordances; in other words, they must perceive 

both the available affordances and the changes in affordances51. In particular, individuals must be 

attuned to action boundaries, the points at which specific affordances change52. Further, 
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individuals must actualize affordances, (i.e., execute actions) in accordance with their perceptions 

of affordances, and they must do so in an efficient manner204,320.  

One simplistic example that can be used to contextualize affordance-based behaviors is 

that of walking through a narrow passageway. When an individual tries to navigate a passageway, 

afforded behavior is determined by the relationship between the width of the passageway and the 

shoulder width or size of the individual. If an individual tries to walk straight through a passageway 

(i.e. with their shoulders parallel to the opening), the action boundary for a particular individual is 

the width at which they are no longer able to walk straight through the passage and must, instead, 

turn their body slightly to fit through the passage. Of note, this action boundary is specific to the 

individual and to the specific affordance of walking through the passage with their shoulders 

parallel to the opening. The inability to accurately perceive action boundaries, and therefore 

affordances, could lead an individual to attempt actions that are not possible, or to unnecessarily 

modify or not attempt actions that are possible, thereby increasing behavioral risk. For military 

personnel conducting training exercises or operations requiring navigation through unfamiliar 

territory, attempting actions that are not afforded, and not attempting actions that are afforded, 

could both have substantial implications for personnel safety and operational performance.  

To date, no studies have empirically examined the effects of military operational stress on 

perception-action coupling capabilities using affordance-based tasks. Prior studies have 

demonstrated sensitivity of affordance perception and actualization to the state of the individual. 

Affordance-based behaviors are altered under states of physical fatigue207,208, anxiety207, prior 

concussion210,  and perhaps, most relevant to military operational stress, altered sleep56,213,242. 

Although the negative impact of sleep loss on cognitive19 and physical17,18 aspects of performance 

have been widely described, only two studies have directly examined the effects of sleep loss on 
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affordance-based aspects of performance55,56. Affordance actualization efficiency55 and affordance 

perception accuracy55,56 deteriorated following one night of complete sleep deprivation. It remains 

unknown whether sleep restriction protocols with more ecological validity, result in similar 

perception-action coupling deficits as total sleep deprivation protocols. Examining the effects of 

sleep restriction on affordance perception accuracy and affordance actualization efficiency could 

provide essential insight into operationally-relevant aspects of behavior that may be compromised 

in operational settings and could inform development of fatigue risk prediction tools. Additionally, 

the effects of time-of-day circadian factors and potential interactive effects of time-of-day and 

sleep loss on perception-action coupling performance are uninvestigated. 

To address this knowledge gap, we examined the effects of a 5-day, 5-night simulated 

military operational stress (SMOS) protocol on perception-action coupling during an affordance-

based task. In doing so we also examined the effects of time-of-day on perception-action coupling 

performance throughout SMOS exposure. We hypothesized that perception-action coupling 

performance would deteriorate throughout SMOS and that perception-action coupling 

performance would be worse overnight (04:00) than during typical waking hours (18:00 and 

22:00). Finally, we examined perception-action coupling performance on different trial types in a 

perception-action task to determine whether systematic changes in sensitivity to behavioral risk 

occurred during exposure to SMOS. Examining the impact of SMOS on how individuals respond 

to different affordances may provide insight on whether individuals are likely to adopt more risky 

or conservative movement behaviors during SMOS. Findings from prior studies of total sleep 

deprivation are mixed; in one study participants made more conservative affordance perception 

judgements56 while no effects of total sleep deprivation on behavioral risk were observed in the 

second study55.   
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6.2 Methods 

6.2.1 Participants 

Participants were active duty and reservist military personnel who were considered 

medically ready to deploy. Potential participants were recruited through word of mouth, briefs, 

and fliers. Interested participants completed a telephone screening to determine eligibility. 

Eligibility criteria included: 1) 18-40 years old; 2) active duty or recently separated (< 2 years) 

military personnel; 3) eligible for deployment; 4) successful completion of branch-specific annual 

physical fitness test; 5) ability to complete marksmanship qualification with a M4/M16. Exclusion 

criteria included: 1) injury profile or current musculoskeletal injury that would limit the ability to 

run, jump or march with a load; 2) medications that influence sleep, hormone concentrations or 

cognitive function including, hypnotics, benzodiazepines, antidepressants, anxiolytics, 

antipsychotics, decongestants and sedating antihistamines, beta blockers, corticosteroids, non-

birth control related hormonal treatment; 3) current or recent history of concussion or traumatic 

brain injury; 4) currently working overnight shifts; 5) currently breastfeeding or pregnant; 5) high-

risk of sleep apnea (STOPBANG > 4254 or apnea-hypopnea index > 15 assessed using standard 

polysomnography during the first study night); 6) alcohol use disorder (AUDIT > 16)255; 7) severe, 

untreated, or recent treatment for schizophrenia, bipolar disorder or other psychotic disorder; 8) 

hospitalization for severe depression, suicidal thoughts or attempts in the past three months; and 

9) drug abuse, including heroin and cocaine, in the past three months.  

At intake, written informed consent was obtained. Participants could subsequently be 

withdrawn from the study if they failed a urine drug screen or breathalyzer completed after consent. 
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All study procedures were approved by the University of Pittsburgh IRB (STUDY19090271) and 

Department of Defense Human Research Protection Office.  

6.2.2 Protocol 

The SMOS protocol took place across five consecutive days and nights and was completed 

in cohorts of up to 4 participants at a time. Participants arrived to the laboratory at 18:00, the night 

prior to testing. At this time, participants completed baseline questionnaires: the Pittsburgh Sleep 

Quality Index258, Insomnia Severity Index262 and Epworth Sleepiness Scale263 to quantify habitual 

sleep complaints. Participants had an 8-hour sleep opportunity (23:00 – 07:00) on nights 0 

(adaptation), 1 (baseline) and 4. Participants received 100% of their estimated caloric need on 

these days. Caloric need was determined from estimated daily energy expenditure predicted via 

air-displacement plethysmography (Bod Pod® Body Composition System; Life Measurement 

Instruments, Concord, CA) during the morning of day 0. On nights 2 and 3, participants had two 

2-hour sleep opportunities (01:00 – 03:00 and 05:00 – 07:00) and received 50% of their estimated 

caloric need. Throughout each study day, participants completed cognitive, physical and 

marksmanship testing. The physical test battery, designed to physically fatigue participants, has 

been described elsewhere and included military-specific tests such as a fire-and-movement drill 

and a loaded 4-mile ruck march288. 

The Perception-Action Coupling Task (PACT), described below, was completed 10 times 

throughout the SMOS protocol. Participants completed PACT at approximately 18:00 on days 0-

4 (D0-4), at 22:00 on D2-4 and at 04:00 on D2 and D3 (Figure 9). PACT administrations at 18:00 

were part of test battery that assessed sensorimotor function, military-specific decision making, 

and cognitive function. PACT administrations at 22:00 and 04:00 were part of cognitive test 
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batteries. Further, the administrations at 04:00 were completed 1-hour after waking up to minimize 

potential effects of sleep inertia (post-waking grogginess or reduced alertness) due to the 01:00 – 

03:00 sleep opportunities. The PACT administration on D0 at 18:00 served as a familiarization 

trial and was not included in analyses268. The trial completed on D4 was also not included in the 

analyses since PACT was only completed at one time point (18:00), prohibiting a time-of-day 

factor.  

 

Figure 9. Perception-action coupling (PACT) task testing schedule 

6.2.3 Perception-Action Coupling Task (PACT) 

The PACT is a tablet-based assessment lasting approximately 15-minutes that evaluates 

affordance perception, the ability of individuals to perceive changes in action possibilities. During 

the task, a series of yellow balls and white apertures of varying sizes are presented on the tablet 

screen, and participants need to make perceptual judgements as quickly and accurately as possible 

regarding whether the ball could fit through the aperture. Participants completed a response by 

moving their index finger from a home button (standardized starting position) to a joystick which 

they moved up to move the ball towards the aperture, or down, to move the ball away from the 
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aperture depending on their judgement of the relative fit between the ball and the aperture (Figure 

10). The relative size of the ball and aperture varied between eight ball-aperture ratios: 0.2, 0.4, 

0.6, 0.8, 1.2, 1.4, 1.6 and 1.8. Ratios less than 1 reflected that the affordance of the ball fitting 

through the aperture was available (the ball could fit through the aperture). For afforded trials, a 

correct response required moving the joystick up to move the ball towards the aperture. 

Conversely, ratios more than 1 reflected that the affordance of the ball fitting through the aperture 

was not available (the ball could not fit through the aperture; these trials were referred to as 

unafforded). For unafforded trials, a correct response required moving the joystick down to move 

the ball away from the aperture. 

 

Participants start with their finger on the HOME button (a). Reaction time (RXT) is the time from the presentation 

of the ball (grey circle) and aperture (white circle) to when participants lift their finger off the HOME button (b). 

Movement time (MT) is the time to move from the HOME button to the joystick (c). Initiation time (IT) is the time 

to complete the response using the joystick (d). Participants move the joystick up, to move the ball towards the 

aperture, during afforded trials (e) and move the joystick down, to move the ball away from the aperture, during 
unafforded trials (f) 

Figure 10. Perception-action coupling task (PACT) interface throughout completion of a trial 
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Primary outcomes of affordance actualization included reaction time (RXT; the time to lift 

the finger off the home button), movement time (MT; the time to move from the home button to 

the joystick), initiation time (IT; the time to complete the response using the joystick), and response 

time (RT; overall time to complete the response). Primary outcomes of affordance perception 

accuracy (ACC) included the total number of correct responses, incorrect responses (responses 

completed with an inaccurate affordance judgement), and lapses (responses that were not 

completed).  

6.2.4 Statistical Analysis 

All statistics were performed in R (Version 4.0.3). Shapiro-Wilk tests were used to assess 

normality. Due to violations of assumptions of normality of the standardized residuals, RT 

measures were reciprocally transformed, and ACC measures were log-transformed. To examine 

the effects of SMOS exposure across time on perception-action coupling performance, separate 

linear mixed effects models (lmer function from the lmerTest package) were performed for each 

PACT outcome variable using the restricted maximum likelihood approach275.  Time-of-day 

(04:00, 18:00, 22:00) and study day (D1-3) and the interaction between time and day were included 

as categorical fixed effects. Participants were included as random effects; random slopes for the 

crossed effects of time and day were also included. When models failed to converge, random 

slopes were removed, and random intercept models were performed276. Unstructured random 

effects covariance structures were used. All models controlled for age. To address the primary 

aims of the study which were to examine the combined effects of SMOS and time-of-day on PACT 

outcomes, pairwise comparisons with Tukey adjustments for multiple comparisons were 

performed to examine differences between test timepoints when interaction effects were 
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significant (emmeans package)277,278. When adding the interaction effect was not significant, the 

interaction term was removed and main effects from the additive model were examined. Pairwise 

comparisons were performed between test timepoints using Tukey adjustments for multiple 

comparisons The Kenward-Rogers method was used to determine the denominator degrees of 

freedom. To examine changes in behavioral risk within PACT performance during SMOS 

exposure, affordance condition (afforded, unafforded) was added as a fixed effect to the above-

described models. All interaction effects were also added. When the interaction effects including 

affordance condition were not significant, affordance condition was removed from the interaction 

effect and the main effect of affordance condition was examined. This study and analyses were 

not preregistered. 

6.3 Results 

Out of 69 enrolled participants, 12 participants were missing task data due to technical 

issues. While linear mixed models are robust to missing data, we excluded participants with 

missing data due to participants missing data from multiple timepoints. Thus, data from 57 

participants (45 men, 12 women; 26.4 ± 5.6 years) were included in analyses. Participants were 

predominantly white, in the Army, and reported minimal sleep complaints (Table 7). Compared to 

non-restriction days, participants consumed 37.5 ± 9.6% less calories and slept 49.0 ± 2.7% less 

time on the two restriction days.  

 

 



 101 

Table 7. Descriptive information of study participants 

 

Racial Identity Count (%) 

White 38 (66.67%) 

Black or African American 15 (26.31%) 
Multiracial 2 (3.50%) 

Asian 1 (1.75%) 

Undisclosed 1 (1.75%) 

Military Branch  

Army 48 

Marines 6 

Air Force 3 

Sleep History Mean (SD) 

PSQI 4.0 (2.5) 

ISI 4.3 (3.4) 

ESS 5.3 (2.2) 

PSQI, Pittsburgh Sleep Quality Index; ISI, 

Insomnia Severity Index; ESS, Epworth 
Sleepiness Scale 

 

6.3.1 Effect of SMOS on affordance actualization  

All affordance actualization measures underwent a reciprocal transformation, therefore 

higher values reflect faster responses (shorter times) and lower values reflect slower responses 

(longer times). A significant day x time interaction effect was found for RT (Table 8).  
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Table 8. Interactive and main effects of time-of-day and day on aspects of PACT performance during 

exposure to simulated military operational stress 

  F df1 df2 P 

1/RT Time*Day 9.656 3 168 < .001 

1/RXT Time*Day 0.507 3 280 .678 

 Time 12.974 2 58.902 < .001 

 Day 4.283 2 280 .010 

1/MT Time*Day 6.192 3 280 < .001 

1/IT Time*Day 0.953 3 392 .410 

 Time 18.731 2 392 < .001 

 Day 1.061 2 392 .347 

Correct Time*Day 7.218 3 392 < .001 

Lapses Time*Day 7.218 3 392 < .001 

Incorrect Time*Day 1.901 3 278.741 .130 

 Time 4.954 2 59.157 .010 

 Day 2.212 2 279.050 .111 

Main effects of time and day were not examined when a significant interaction 

effect was found; RT, response time; RXT, reaction time; MT, movement 
time; IT, initiation time 

 

Pairwise comparisons confirmed that RT at 22:00 got faster across study days while RT at 

04:00 got slower (Figure 11; Appendix D). RT at 04:00 on D2 was slower than RT at 18:00 on D3 

(β = -0.071, SE = 0.017, t70.7 = -4.342, p = .001) and at 22:00 on all days (D1: β = -0.0642, SE = 

0.016, t82.3 = -3.918, p = .005; D2: β = -0.102, SE = 0.015, t123.2 = -6.886, p < .001; D3: β = -0.137, 

SE = 0.015, t123.2 = -9.188, p < .001). Further, RT at 04:00 on D3 was slower than RT at 18:00 on 

D1 and D3 (β = -0.0594, SE = 0.017, t80.4 = -3.519, p = .02; β = -0.093, SE = 0.015, t118.5 = -6.079, 

p < .001, respectively) and slower than at 22:00 on all days (D1: β = -0.085, SE = 0.017, t81.7 = -

5.162, p < .001; D2: β = -0.124, SE = 0.015, t74.2 = -8.227, p < .001; D3: β = -0.137, SE = 0.015, 

t123.2 = -9.188, p < .001). Conversely, RT at 22:00 on D2 was faster than RT at 18:00 on D1 and 

D2 (β = 0.064, SE = 0.015, t74.4 = 4.293, p = .002; β = 0.084, SE = 0.013, t181.3 = 6.240, p < .001, 
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respectively). Similarly, RT at 22:00 on D3 was faster than RT at 18:00 on all days (D1: β = 0.077, 

SE = 0.015, t72.8 = 4.973, p < .001; D2: β = 0.097, SE = 0.014, t95.3 = 6.893, p < .001; D3: β = 0.044, 

SE = 0.013, t181.3 = 3.276, p = .03, respectively). Lastly, RT at both 18:00 and 22:00 got faster 

across the study from D1 to D3 (18:00: β = 0.053, SE = 0.013, t196.0 = 4.100, p = .002; 22:00: β = 

0.0513, SE = 0.014, t130.2 = 3.562, p = .01). No other significant differences were found between 

timepoints. 

 

Figure 11. Changes in affordance actualization measures across exposure to simulated military operational 

stress at three times of day 

 

For RXT, significant main effects of time and day were found but no interaction effect was 

found (Table 8). RXT was slower during sleep disruption and got slower across SMOS (Figure 

11). Compared to 04:00, RXT was faster at 18:00 (β = 0.599, SE = 0.143, t62.7 = 4.199, p < .001) 

and at 22:00 (β = 0.705, SE = 0.140, t63.0 = 5.052, p < .001). Compared to D1, RXT was slower on 

D3 (β = -0.327, SE = 0.111, t283 = -2.934, p = .01). 
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For MT, a significant day x time interaction effect was found (Table 8). Pairwise 

comparisons confirmed that MT at 22:00 got faster across study days while MT at 04:00 got slower 

(Figure 11; Appendix D). Accordingly, MT at 04:00 on D2 was slower than MT at 22:00 on D2 

and D3 (β = -0.355, SE = 0.085, t280 = -4.160, p = .001; β = -0.333, SE = 0.093, t219 = -3.581, p = 

.012, respectively). Further MT at 04:00 on D3 was slower than MT at 18:00 on D1 and D3 (β = -

0.364, SE = 0.105, t137 = -3.454, p = .02; β = -0.326, SE = 0.085, t280 = -3.819, p = .005, 

respectively) and slower than MT at 22:00 on D2 and D3 (β = -0.524, SE = 0.093, t219 = -5.633, p 

< .001; β = -0.502, SE = 0.085, t280 = -5.878, p < .001, respectively). MT at 18:00 on D2 was also 

slower than MT at 22:00 on D2 (β = -0.387, SE = 0.085, t280 = -4.527, p < .001) and D3 (β = -

0.364, SE = 0.093, t219 = -3.918, p < .001, respectively). No other significant differences were 

found between timepoints. 

For IT, the main effect of day and interaction effect were not significant but a significant 

main effect of time was found (Table 8). IT at 22:00 was faster than at 18:00 (β = 0.131, SE = 

0.031, t395 = 4.287, p < .001; Figure 11) or 04:00 (β = 0.207, SE = 0.036, t395 = 5.781, p < .001; 

Figure 11). IT at 18:00 did not significantly differ from 04:00.  

6.3.2 Effect of SMOS on affordance perception accuracy 

For log-transformed correct responses, a significant day x time interaction effect was found 

(Table 8). Pairwise comparisons confirmed that correct responses decreased at 04:00 across the 

study (Figure 12; Appendix D). Participants completed more correct responses at 22:00 on D3 than 

at 18:00 on D2 (β = 0.032, SE = 0.010, t277 = 3.245, p = .035). Compared to 04:00 on D3, 

participants completed more correct responses at 18:00 (β = 0.052, SE = 0.010, t197 = 4.985, p < 

.001) and 22:00 on D1 (β = 0.058, SE = 0.011, t182 = 5.374, p < .001), at 04:00 (β = 0.039, SE = 
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0.010, t280 = 4.018, p = .002) and 22:00 on D2 (β = 0.045, SE = 0.012, t182 = 4.195, p = .001) and 

at 18:00 (β = 0.054, SE = 0.010, t197 = 5.150, p < .001) and 22:00 on D3 (β = 0.059, SE = 0.011, 

t182 = 5.534, p < .001). No other significant differences were observed between timepoints. 

 

Figure 12. Changes in affordance perception accuracy measures across exposure to simulated military 

operational stress at three times of day 
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For log-transformed lapses, a significant day x time interaction effect was found (Table 8). 

Pairwise comparisons confirmed that lapses at 04:00 increased across study days and were lower 

at 22:00 (Figure 12; Appendix D). Lapses were higher at 04:00 on D2 than at 22:00 on all days 

(D1: β = 0.296, SE = 0.076, t392 = 3.910, p = .003; D2: β = 0.373, SE = 0.076, t392 = 4.920, p < 

.001; D3: β = -0.364, SE = 0.076, t392 = 4.807, p < .001). Similarly, lapses were higher at 04:00 on 

D3 than at 18:00 on D1 and D3 (β = 0.377, SE = 0.0758, t392 = 4.966, p < .001; β = 0.457, SE = 

0.076, t392 = 6.031, p < .001, respectively) and higher than at 22:00 on all days (D1: β = 0.519, SE 

= 0.076, t392 = 6.839, p < .001; D2: β = 0.595, SE = 0.076, t392 = 7.849, p < .001; D3: β = 0.587, 

SE = 0.076, t392 = 7.736, p < .001).  Lastly, lapses at 18:00 on D2 were higher than at 22:00 on all 

days (D1: β = 0.318, SE = 0.076, t392 = 4.190, p = .001; D2: β = 0.394, SE = 0.076, t392 = 5.200, p 

< .001; D3: β = -0.386, SE = 0.076, t392 = -5.087, p < .001, respectively).  No other significant 

differences were found between timepoints. 

For log-transformed incorrect responses, the effect of day and interaction effect were not 

significant, but there was a significant effect of time (Table 8). Compared to 04:00, less incorrect 

responses occurred at 18:00 (β = -0.102, SE = 0.032, t63.3 = -3.153, p = .007; Figure 4) and at 22:00 

(β = -0.079, SE = 0.033, t63.6 = -2.429, p = .05; Figure 12).  

 

6.3.3 Changes in behavioral risk during exposure to SMOS 

No significant affordance condition x time-of-day or affordance condition x day effects were 

found for any PACT outcome measure (Table 9). Models were re-run after removing affordance 

condition from the interaction term to examine the main effect of affordance condition across the 

stress exposure. RT (β = -0.079, SE = 0.004, t623 = -19.794, p < .001), RXT (β = -0.818, SE = 
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0.0579, t623 = -14.144, p < .001), MT (β = -0.238, SE = 0.027, t623 = --8.810, p < .001) and IT (β = 

-0.127, SE = 0.018, t847 = -6.904, p < .001) were slower during afforded than unafforded trials. 

Further, participants completed more correct responses on unafforded trials than afforded trials (β 

= 0.019, SE = 0.004, t735 = 4.140, p < .001). Both lapses and incorrect responses contributed to the 

difference in correct responses between trial types. There were significantly more lapses (β = 

0.058, SE = 0.019, t693 = 3.014, p = .002) and more incorrect responses (β = 0.219, SE = 0.018, t729 

= 11.997, p < .001) during afforded trials than during unafforded trials. 

Table 9. Differences in performance during afforded and unafforded PACT trials across exposure to 

simulated military operational stress for different trial types 

 

  F df1 df2 p 

1/RT Afford*Time*Day 0.4929 3 616 .687 

 Afford*Time 1.3388 2 616 .263 

 Afford*Day 0.4196 2 616 .657 

1/RXT Afford*Time*Day 2.1486 3 616 .093 

 Afford*Time 1.5045 2 616 .223 

 Afford*Day 0.7496 2 616 .473 

1/MT Afford*Time*Day 0.6212 3 616 .601 

 Afford*Time 0.0471 2 616 .954 

 Afford*Day 0.4930 2 616 .611 

1/IT Afford*Time*Day 0.0359 3 616 .991 

 Afford*Time 0.2331 2 616 .792 

 Afford*Day 0.1074 2 616 .898 

Correct Afford*Time*Day 1.0581 3 728 .366 

 Afford*Time 0.2410 2 728 .786 

 Afford*Day 0.4865 2 728 .615 

Lapses Afford*Time*Day 0.1737 3 616 .914 

 Afford*Time 0.1442 2 616 .866 

 Afford*Day 0.4481 2 616 .639 

Incorrect Afford*Time*Day 1.0391 3 721 .375 

 Afford*Time 1.4780 2 721.57 .229 

 Afford*Day 0.2072 2 721.18 .813 

RT, response time; RXT, reaction time; MT, movement time; IT, initiation 

time 
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6.4 Discussion 

In the current study we examined the impact of SMOS on perception-action coupling across 

three times-of-day in military personnel. Changes in perception-action coupling performance were 

related to both the duration of exposure to SMOS and time-of-day. Perception-action coupling 

performance was worse at 04:00 than at 18:00 and 22:00. Further, perception-action coupling 

capabilities at 04:00 deteriorated across two consecutive nights of sleep restriction and disruption. 

Conversely, perception-action coupling capabilities were resilient to SMOS at 18:00 and 22:00 

and improved across study days. Both affordance actualization efficiency (e.g., RT) and affordance 

perception accuracy (e.g., number of correct responses) followed similar patterns of change. 

Lastly, SMOS exposure and time-of-day did not systematically alter the behavioral risk strategies 

adopted by participants; that is, participants were not riskier or more conservative in their 

responses.  

In support of our hypothesis, measures of RT and ACC changed across different times of day. 

Slower RXT, MT and IT contributed to slower overall RT at 04:00 compared to 18:00 and 22:00. 

On D2, MT and RT at 04:00 and 18:00 was slower than at 22:00 but on D3 MT and RT at 04:00 

deteriorated while performance at 18:00 improved.  The significant interaction between study day 

and time-of-day observed for RT and MT reflects the cumulative effects of SMOS and the 

combined effects of sleep loss and circadian-related processes on affordance actualization 

efficiency.  Performance during the circadian night, when the circadian drive for sleep is high, was 

more susceptible to the deleterious cumulative effects of SMOS, consistent with the sleep loss 

literature194,196. The combined effects of being awake during the circadian night, and the 

accumulated homeostatic sleep need from consecutive nights of sleep restriction and disruption 

compromised perception-action coupling performance. As military personnel often operate under 
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similar conditions, military leadership must be cognizant of how these conditions may influence 

operational efficiency. Further, when overnight operations are required, fatigue prevention 

countermeasures may be needed to mitigate deleterious effects of time-of-day, particularly when 

sleep loss is also involved. 

Decrements in RT reflect an overall deterioration of affordance actualization efficiency, but 

the separation of RT into different components allowed us to further examine specific aspects of 

perception-action coupling. RXT, MT and IT reflect the actualization of the action response, 

characterizing the reaction to the initial presentation of visual stimuli, coupling of a perceptual 

judgement with a motor response and execution of a motor response, respectively, although some 

overlap exists. Decrements in MT and IT demonstrate the importance of examining motor function 

in the context of perceptual judgements. Isolated aspects of motor function (i.e. maximal strength 

or aerobic endurance) can be maintained despite exposure to pronounced sleep loss and SMOS 

18,179, but altered perception-action coupling may still contribute to compromised movement 

behaviors and increased movement errors.  

Unlike MT and RT, RXT slowed across days. RXT on D3 was significantly slower than on 

D1. Within each time-of-day, minimal changes in RXT were observed across days. Rather, the 

significant slowing of RXT across days was due to the addition of the 04:00 timepoint on D2 and 

D3; RXT at 04:00 was significantly slower than at 18:00 and 22:00. Still, that RXT did not get 

faster at 18:00 and 22:00, while MT and IT did, highlights that different aspects of perception-

action coupling may respond to SMOS exposure differently. Additionally, these findings 

demonstrate the ability of individuals to adapt their movement behaviors to maintain and improve 

movement efficiency despite a delayed initial reaction to task-relevant visual information. Despite 

slower RXT, participants maintained RT at 04:00 on D2. These findings highlight the importance 
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of assessing changes in performance by using tasks with behavioral endpoints rather than simple 

reaction time tasks; reaction time may be compromised but individuals can still perform at a high 

level, maintaining overall RT, by adapting the movement behaviors used to complete a task. 

Similar combined effects of time-of-day and SMOS exposure were observed for ACC 

measures. Correct responses were lowest and lapses and incorrect responses were highest at 04:00 

on D3. The deterioration in affordance perception accuracy at 04:00 on D3 was related both to 

increased attentional lapses, potentially due to microsleeps, and to increased incorrect perceptual 

judgements. Microsleeps are brief periods of sleep, often occurring locally rather than across the 

entire brain cortex, that cause brief unresponsive periods and lead to lapses23,200. More incorrect 

responses at 04:00 demonstrates the detrimental effect of performing at this time-of-day on the 

ability of participants to make appropriate perceptual judgements about affordance possibilities. 

Making inaccurate affordance judgements could lead individuals to attempt actions that are not 

possible or to not attempt actions that are, compromising performance and safety. This finding 

further highlights the importance of examining perception-action coupling capabilities; not only 

did participants have more lapses but they also made more inaccurate perceptual judgements and 

therefore were more likely to execute inappropriate movement behaviors. That these decrements 

in accuracy occurred with similar decrements in RT also highlights that a speed-accuracy trade-

off was insufficient to maintain perception-action coupling performance. 

Although these findings suggest that performance capabilities may be compromised during 

around-the-clock or sustained operations, the magnitude of PACT performance deficits observed, 

for both RT and ACC measures, is less than previously reported after total sleep deprivation55. 

Following total sleep deprivation, RXT slowed by 16.8%, MT by 21.4%, and IT by 11.8%, while 

accuracy decreased by 3.9%. In the current study, RXT and IT were 7.4% and 8.9% slower at 
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04:00 than 22:00, respectively. MT was 10.2% slower and correct responses were 2.0% lower at 

04:00 on D3 than at 18:00 on D1. SMOS exposure and time-of-day compromised PACT 

performance, but to a lesser extent than one night of total sleep deprivation. 

Contrary to our hypothesis, participants maintained and improved perception-action 

coupling performance at 18:00 and 22:00 across increasing exposure to SMOS as reflected by 

faster RT and increased correct responses across study days. High resilience to SMOS was most 

evident at 22:00 for MT and RT. Faster MT and RT, and more correct responses at 18:00 and 

22:00 across days may reflect improved abilities to attune to task-relevant spatial characteristics 

or to increased efficiency of movement behaviors used to complete responses320. Repeated PACT 

administrations across study days allowed participants greater exposure to task-relevant spatial 

characteristics and allowed them greater exploration of efficient movement strategies to complete 

PACT responses. Optimizing movement strategies would have allowed participants to increase 

response and movement speed without compromising response accuracy. A prior reliability 

study268 established that one familiarization session is needed to ensure within-individual stability 

of PACT performance. Differing testing schedules between studies may have contributed to the 

unexpected improvement in PACT performance in the current study. Specifically, here participants 

completed PACT administrations across multiple consecutive days and across different times-of-

day which may have influenced PACT performance. Future neuroimaging and event-related 

potential studies would be beneficial to examine changes in brain activity underlying changes in 

PACT performance and provide a better understanding of the mechanisms contributing to 

performance improvement or deterioration during SMOS. However, the fact that participants were 

able to improve perception-action coupling performance despite exposure to SMOS further 

suggests resilience of perception-action coupling to acute SMOS exposure conditions. 
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 Responses were slower and less accurate on afforded trials than unafforded trials across the 

study protocol. Differences in performance between afforded and unafforded trials remained 

consistent across time-of-day and SMOS exposure. Slower performance on PACT during afforded 

trials has been previously described55. When action is not possible, participants respond quickly 

and accurately. Conversely when action is possible, participants respond slower and less 

accurately. This may reflect greater hesitation when action is possible to ensure appropriate 

execution of possible actions207; although the combination of slower and less accurate responses 

suggests that effects were independent of a speed-accuracy trade-off321. The slowing of responses 

did not enable participants to maintain levels of accuracy. Further, the lack of study day or time-

of-day effects demonstrates that deterioration in PACT performance during the study protocol 

reflected a general decline in perception-action coupling performance rather than specific 

behavioral changes. Participants did not systematically respond more or less conservatively during 

SMOS. 

Several limitations must be considered when interpreting study findings. First, PACT 

performance was assessed only at three times of day; therefore, we were unable to assess changes 

in performance across the entire day or to examine circadian rhythmicity in PACT performance in 

greater detail. Although the current study provides preliminary evidence showing circadian 

influences on PACT performance, future studies with more frequent PACT administrations 

throughout the day are needed to fully examine circadian influences on perception-action coupling 

performance. Further, more work is needed to examine circadian influences on different aspects 

of perception-action coupling in relation to real-world aspects of performance. Second, the study 

sample consisted of military personnel who self-selected to participate in a study about resilience. 

It is unclear whether these findings can be generalized beyond such a population. Third, 
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participants completed the study protocol in cohorts and it is unclear to what extent this team 

setting, and differences in team dynamics across different cohorts may have impacted the findings 

reported here.  

In conclusion, perception-action coupling performance in the afternoon and evening is 

resilient to SMOS exposure involving 48-hours of sleep restriction and disruption, caloric 

restriction, and daily physical exertion. Perception-action coupling performance is sensitive to 

time-of-day and the accumulation of sleep loss exacerbated time-of-day-related performance 

deficits contributing to greater performance deficits on the second consecutive night of sleep 

restriction and disruption. These findings demonstrate the importance of assessing the impact of 

SMOS on tasks that examine behavioral outcomes beyond the initial reaction to stimuli. Fatigue 

prediction tools must therefore incorporate tasks with behavioral endpoints in order to accurately 

quantify fatigue risk. Relevant to military leadership, these findings also demonstrate that military 

personnel may maintain high levels of performance in the evening despite exposure to operational 

stressors. Conversely, performance overnight may be more sensitive to stress exposure; therefore, 

countermeasures must be developed to mitigate increased fatigue risk during around-the-clock 

operations. 
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7.0 Aim 4: Distinct aspects of neurobehavioral resilience captured by assessments of vigor, 

fatigue, vigilance and perception-action coupling 

Abstract 

Pronounced individual differences in responses to sleep loss and operational stress exist 

whereby some individuals can maintain performance despite such stressors while other individuals 

experience substantial decrements in alertness and performance. Further, this neurobehavioral 

resilience to operational stress is highly task-dependent. We examined whether a subjective 

measure of alertness and behavioral measures of vigilance and perception-action coupling 

reflected distinct aspects of neurobehavioral resilience. Further, we examined whether resilient 

and vulnerable individuals differed in baseline sleep or sleep throughout exposure to simulated 

military operational stress. Forty-nine active duty and reserve status military personnel completed 

a 5-day simulated military operational stress protocol that included two nights of sleep restriction 

and disruption. Participants completed subjective reports of mood (alertness) and behavioral 

assessments of vigilance and perception-action coupling at baseline and at 04:00 across the 2 

nights of sleep restriction and disruption. Resilient participants were those who maintained high 

levels of alertness/performance across both nights of sleep disruption as defined by each 

neurobehavioral assessment. Different neurobehavioral assessments did not agree in their 

classification of resilient individuals further highlighting the task-specific nature of 

neurobehavioral resilience. Interestingly, resilient participants, defined by a subjective report of 

alertness, had lower slow wave activity during non-rapid eye movement sleep than vulnerable 

participants. Slow wave activity, a marker of homeostatic sleep need, may reflect sensitivity to 

sleep loss and operational stress. 
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7.1 Introduction 

While exposure to military operational stressors such as sleep loss, caloric restriction and 

physical exertion compromises neurobehavioral performance, the severity of performance deficits 

is not the same in all individuals49; individuals display different levels of neurobehavioral 

resilience to military operational stress. Neurobehavioral resilience to sleep loss, in particular, has 

been observed to be stable across repeated exposures to sleep loss and to different sleep 

manipulation protocols57,59,228,230. Within the sleep loss literature, neurobehavioral resilience has 

been defined using raw alertness/performance during sleep loss58,229,322 or change in 

alertness/performance from baseline317,323–326. Combining both approaches, neurobehavioral 

resilience can be defined as the ability to maintain high levels of alertness and performance despite 

exposure to adverse or challenging conditions such as military operational stress and sleep loss.  

This definition of resilience necessitates that 1) individuals demonstrate a high level of alertness, 

and 2) that individuals demonstrate minimal deterioration in alertness from baseline.   

However, when identifying and classifying resilient and vulnerable individuals it is 

important to consider the task-specific nature of resilience57,58. Whether an individual is classified 

as resilient varies across different domains of neurobehavioral function. Individuals who 

demonstrate neurobehavioral resilience on subjective measures of alertness such as the Profile of 

Mood States (POMS) vigor subscale do not necessarily demonstrate neurobehavioral resilience on 

behavioral assessments such as the Psychomotor Vigilance Task (PVT)57,228,327 (but see328). 

Therefore, subjective and behavioral measures of alertness likely reflect distinct aspects of 

neurobehavioral function and resilience327,329. It remains unknown how traditional subjective and 

behavioral measures of neurobehavioral function relate to measures of perception-action coupling, 

which is also a critical aspect of neurobehavioral function. The PVT, which has been widely used 
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to examine neurobehavioral resilience to sleep loss, provides a measure of reaction time and 

sustained attention that is sensitive to sleep loss153,190. During the PVT individuals must react 

quickly to the presentation of a visual or auditory stimulus.  Still, to maintain optimal 

neurobehavioral function, individuals must not only react quickly but must also respond 

appropriately, an ability that may be particularly important within unpredictable and ever-

changing environments such as those experienced by military personnel in the field. Responding 

appropriately relies on effective perception-action coupling, or the ability to couple perceptions of 

task-relevant information within a dynamic environment with an efficient and appropriate motor 

response or action. Perception-action coupling tasks, which similar to the PVT have demonstrated 

sensitivity to sleep loss55,56, can thereby provide measures of both response speed and accuracy. 

Importantly, making a perceptual judgement while executing a motor response alters the timing of 

the motor response. Therefore, the underlying motor behaviors contributing to simple reaction time 

and perception-action coupling response times likely reflect distinct aspects of behavior/function.  

Examining the extent to which, perception-action coupling behaviors reflect distinct aspects of 

neurobehavioral resilience captured using more traditional subjective and behavioral measures 

would provide greater insight into the task-specific nature of neurobehavioral resilience and inform 

the development of fatigue assessment batteries to identify increased fatigue risk. Improved 

identification of fatigue risk, and fatigue-related behavioral deficits, would allow more effective 

use of fatigue mitigation strategies (e.g., caffeine174,234–236,330,331, strategic naps31,214,245,247,332–334).  

Of further interest is the examination of baseline factors, such as sleep, that may contribute 

to neurobehavioral resilience defined using different neurobehavioral assessments. Habitual and 

baseline sleep may mitigate sleep loss-related decrements in performance237–239,335. For example, 

experimental sleep extension protocols attenuate vigilance decrements throughout a night of sleep 
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deprivation compared to decrements observed following a night of normal sleep suggesting a role 

of baseline sleep in resilience to sleep loss237,335. However, when comparing sleep between resilient 

and vulnerable individuals defined using different neurobehavioral tasks, the importance of sleep 

to neurobehavioral resilience is less clearly defined. Several studies have reported no difference in 

habitual sleep quality or duration between resilient and vulnerable individuals57,228,322. Still, it 

remains unclear whether baseline differences in specific aspects of sleep such as sleep continuity 

(sleep efficiency, SE; wake after sleep onset, WASO), sleep architecture (slow wave sleep, SWS; 

rapid-eye movement sleep; REM sleep) or spectral activity (slow wave activity; SWA) contribute 

to neurobehavioral resilience. These aspects of sleep relate to different aspects of neurobehavioral 

and cognitive performance under normal sleep conditions35,87,336,337. In particular, SWS and SWA 

may contribute to the restorative function of sleep and therefore, may be protective during 

subsequent exposure to sleep loss. Further, a recent study demonstrated that more SWS during a 

early morning nap during a night of sleep deprivation mitigated sleep loss-related neurobehavioral 

deficits310. Therefore, sleep during exposure to operational stress, in addition to baseline sleep, 

may contribute to neurobehavioral resilience.  

  

Therefore, we aimed to examine whether subjective and behavioral measures of alertness 

reflected distinct aspects of neurobehavioral resilience during exposure to a simulated military 

operational stress (SMOS) protocol. We hypothesized that subjective and behavioral measures of 

alertness would reflect distinct aspects of neurobehavioral resilience. We further explored the 

impact of baseline characteristics, baseline sleep and sleep during the SMOS protocol on 

neurobehavioral resilience across subjective and behavioral measures. Therefore, we aimed to 

determine whether subjective measures of alertness, and behavioral measures of vigilance and 
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perception-action coupling reflected distinct aspects of neurobehavioral resilience during exposure 

to a simulated military operational stress (SMOS) protocol. We hypothesized that subjective and 

behavioral measures would reflect distinct aspects of neurobehavioral resilience. We further 

determined differences in habitual (Pittsburgh Sleep Quality Index, PSQI; Insomnia Severity 

Index, ISI; Epworth Sleepiness Scale, ESS) and baseline sleep (SWS, REM, SWA) between 

resilient and vulnerable individuals defined using different neurobehavioral assessments. We 

hypothesized that individuals with high neurobehavioral resilience measures would demonstrate 

better habitual sleep quality (PSQI), lower daytime sleepiness (ESS), higher sleep continuity, 

higher SWS and SWA at baseline. Lastly, we explored differences in SWS, SWA and REM sleep 

throughout the SMOS protocol between resilient and vulnerable participants.  

7.2 Methods 

7.2.1 Participants 

Active duty and reserve-status military personnel were recruited to complete the 5-day SMOS 

protocol. Participants included in the study were medically-eligible for deployment, had passed 

their most recent annual physical fitness test, endorsed comfort using a M4/M16. Participants were 

excluded if they had a recent musculoskeletal injury that would limit their ability to complete 

physical testing, if they had a recent concussion, if they took medication that impacted their sleep, 

hormone levels or cognitive performance, if they were deemed at high risk for sleep disordered 

breathing, and if they took drugs of abuse (See 166 for additional details) 
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7.2.2 Protocol 

As part of a larger 5-day study examining predictors of cognitive resilience during SMOS, 

participants completed assessments of subjective alertness (POMS), and behavioral measures of 

vigilance (PVT) and perception-action coupling (PACT) at three common timepoints: at baseline 

(22:00) and across two consecutive nights of sleep disruption and restriction (03:45; Figure 13). 

POMS was completed prior to the behavioral measures. PVT and PACT were completed in a 

counterbalanced order. Details of the study protocol have been outlined elsewhere. Briefly, 

participants had 8-hour (23:00 – 07:00) sleep opportunities on Night 0 (adaptation/familiarization), 

Night 1 (baseline) and Night 4 (recovery). On Nights 2 and 3, sleep was restricted and disrupted: 

participants had two 2-hour sleep opportunities (01:00 – 03:00 and 05:00 – 07:00). Participants 

received 100% of their estimated caloric need on Day 0 (familiarization), Day 1 (baseline) and 

Day 4 and received 50% of estimated caloric need on Days 2 and 3. Across all study days 

participants completed extensive cognitive and physical testing.  

 

Figure 13. Timeline of neurobehavioral assessments 
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7.2.3 Profile of Mood States Questionnaire 

The POMS is a 65-item questionnaire that asks participants to rate how well different 

aspects of mood describe their current state on a scale from 0 (not at all) to 4 (extremely)267.  

Subsets of items are then used to generate subscale scores and an overall score reflecting total 

mood disturbance. To examine alertness, primary POMS outcomes included the vigor and fatigue 

subscales. The vigor subscale includes items related to feeling energetic, alert and lively. Scores 

range from 0 to 32 with higher scores indicating more vigor (higher levels of alertness). The fatigue 

subscale includes items related to feeling weary, exhausted and worn out. Scores range from 0 to 

28 with higher sores indicating more fatigue (lower levels of alertness).  

7.2.4 Psychomotor Vigilance Task 

A computer-based version of the 10-minute PVT (PC-PVT 2.0)269 was completed 4 times 

across the protocol: Day 0 (22:00, familiarization) and 1 (22:00, baseline); and Day 2 and 3 

(03:45). Participants were seated upright at the computer and completed responses using their 

dominant hand. At randomly spaced intervals (interstimulus interval = 1 – 10 seconds), red 

numbers appeared on the screen counting up from 0. Participants clicked the mouse key on the 

laptop as quickly as possible after seeing the numbers appear. Primary outcomes of interest 

included reaction time of the slowest 10% of trials (SLOW) and of the fastest 10% of trials (FAST).  

SLOW was selected to provide a measure of lapse severity and FAST was selected to provide a 

measure of optimal performance192. Both measures are sensitive to sleep loss190. 
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7.2.5 Perception-Action Coupling Task 

PACT is a tablet-based assessment of perception-action coupling efficiency and accuracy 

that lasts approximately 15 minutes (384 trials) and is sensitive to one night of total sleep 

deprivation55. During PACT a series of virtual balls and apertures of varying sizes are presented 

on the tablet. Participants made perceptual judgements as to the relative fit between the ball and 

aperture. Participants began with the index finger of their dominant hand placed on a standardized 

starting position on the tablet screen (home button). Upon the appearance of the ball and aperture 

pairing, participants lifted their finger off the home button and move it to the virtual joystick used 

to complete a response. If the ball was judged to be smaller than the aperture, participants swiped 

the virtual joystick towards the top of the tablet, which moved the ball towards the aperture. If the 

ball was judged to be larger than the aperture, participants swiped the joystick down towards the 

bottom of the tablet, which moved the ball away from the aperture. After completing a response, 

participants moved their index finger back to the home button and awaited the next trial. 

Participants were instructed to respond as quickly and accurately as possible. Primary outcomes 

of interest for PACT included the average time to complete a response (RT), lapses (no response 

completed) and incorrect responses. A familiarization trial on PACT was completed on Day 0268. 

Complete results of PACT from the 5-day protocol are detailed elsewhere (Aim 3). 

 

7.2.6 Sleep Outcomes 

At intake, participants completed baseline psychological questionnaires that included 

assessments of habitual sleep disturbances and daytime sleepiness: the Pittsburgh Sleep Quality 
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Index (PSQI), the Insomnia Severity Index (ISI) and the Epworth Sleepiness Scale (ESS). The 

PSQI assesses different aspects of sleep quality from the prior month. The ISI quantifies insomnia-

related sleep disturbances. The ESS assesses typical daytime sleepiness. Across all questionnaires, 

higher scores reflect more sleep disturbances/more daytime sleepiness. 

During the SMOS protocol, sleep was monitored each night using polysomnography 

(Compumedics Grael 4K PSG:EEG amplifier, Charlotte, NC) involving a standard 10-20 AASM 

montage that included: F3/4, C3/4, O1/2, M1/2, 2 EOG, 3 submentalis EMG, ground and reference 

at Fpz. Sleep staging was performed by certified sleep technicians according to AASM 

guidelines74. Power spectral analysis was used to extract spectral outcomes. Briefly, raw EEG data 

were digitized (256 Hz), filtered (0.3 – 30 Hz; 60 Hz), decimated and band-limited to 64 Hz after 

which a Fast Fourier Transform was performed and artifacts were removed using validated 

algorithms271,272. Primary outcomes of interest included measures of sleep continuity (sleep 

efficiency, SE; wake after sleep onset, WASO), sleep architecture (SWS, REM), and sleep depth 

(slow wave activity; SWA). Sleep measures from baseline and from the sleep opportunities 

immediately prior to sleep disruption neurobehavioral assessment were used.  

7.2.7 Defining Resilience 

To define participants as resilient or vulnerable to SMOS on each outcome measure of 

interest, a 2-step decision-making process was used (Figure 14). Tertile splits were conducted at 2 

levels. First tertile splits were performed on the average mood or performance across both sleep 

disruption periods for each study outcome. Participants in the tertile corresponding to low 

performers/reduced alertness were classified as vulnerable at this stage. For the subset of 

participants in the two tertiles corresponding to moderate and high performance/alertness, a second 
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tertile split was performed on the average change from baseline across both sleep disruption 

periods for each study outcome. Participants in the tertile corresponding to greater reduction in 

alertness from baseline (classified as unstable performers in Fig. 14) were classified as vulnerable. 

Participants in the two tertiles corresponding to minimal reductions (or an increase) in 

performance/alertness were classified as resilient. Through this two-step approach, participants 

classified as resilient had to demonstrate not only high overall performance and alertness during 

periods of sleep disruption but also had to maintain performance and alertness relative to baseline. 

In this way, the two-step approach allowed us to provide a more comprehensive definition of 

neurobehavioral resilience and vulnerability across each study outcome. 

 

 

 

Figure 14: Flowchart of resilience definition process. Sample sizes for 1/RT displayed in flowchart, final sample 

sizes for each measure included in table 
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7.2.8 Statistical Analysis 

All statistical analyses were performed in SPSS (Version 25, IBM, Armonk, NY) and R 

(Version 4.0). To assess normality, histograms were visually examined and Shapiro-Wilk tests 

were performed. Due to high skewness, reciprocal transformations of PACT RT and PVT SLOW 

were performed. Further, NREM spectral data was log-transformed.  

To examine successful group allocation, differences in average sleep disruption 

performance and average change from baseline were examined using independent samples t-tests. 

T-tests were also used to examine differences in baseline performance between groups.  To 

examine whether POMS, PVT and PACT outcomes assessed similar aspects of neurobehavioral 

resilience, Cohen’s kappa coefficient and percent agreement between the different resilience 

groups were calculated. If a kappa coefficient > 0.6, reflecting substantial agreement between 

groups, was found between different measures then measures were considered to capture 

overlapping aspects of neurobehavioral resilience. If kappa coefficients were < 0.6 for different 

measures then these measures were considered to capture different aspects of neurobehavioral 

resilience. Kappa values were interpreted as follows: no agreement (< 0), slight (.01 - .20), fair 

(.21 - .40), moderate (.41 - .60), substantial (.61 - .80) and almost perfect (.81 – 1.00) agreement338.  

To examine the influence of baseline factors and sleep on different aspects of 

neurobehavioral resilience, t-tests and ANOVA were performed. T-tests were used to examine 

differences in habitual sleep questionnaires (PSQI, ISI, ESS) and baseline sleep EEG measures. 

To explore the impact of sleep during SMOS on neurobehavioral resilience, 2x2 (Resilience Group 

X Study Day) ANOVA were performed examining differences in sleep EEG measures from nap 

1s (prior to the sleep disruption testing periods) between the resilient and vulnerable groups for 

each measure. 
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7.3 Results 

7.3.1 Sample Characteristics 

The final sample used for analysis included 49 participants (11 Women) for whom we had 

complete neurobehavioral and sleep data. Participants were 26.6 ± 5.8 years old and were 

predominantly from the Army. Participants were generally healthy sleepers (PSQI: 3.8 ± 2.5; ISI 

= 4.3 ± 3.6) with minimal complaints of daytime sleepiness (ESS: 5.5 ± 2.4). The racial ident ity 

of the sample was: white (n = 34, 69.4%), Black or African American (n = 11, 22.4%), Asian (n = 

1, 2.0%), Multiracial (n = 1, 2.0%), and Undisclosed (n = 2, 4.1%). Further, 4 participants (8.2% 

of the sample) identified as Hispanic or Latino. 

 

7.3.2 Resilience Group Allocation 

Confirming successful group allocation, resilient and vulnerable groups for each measure 

differed in average alertness/performance during sleep disruption periods and in average change 

from baseline (Table 10). To further understand whether there we inherent differences in alertness 

and performance capabilities of different groups, we examined differences in baseline 

neurobehavioral function between resilient and vulnerable groups for each measure. Significant 

differences in baseline outcomes were found for fatigue and PVT FAST (Table 10). Resilient 

groups displayed lower baseline fatigue and lower PVT FAST (faster optimal PVT performance). 

No other significant baseline differences were found.  
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Table 10. Differences in baseline and average sleep disruption performance and in average change from 

baseline between resilient and vulnerable participants defined by each neurobehavioral outcome. 

  Baseline Average Disruption Average Change 

  t p t p t p 

POMS Vigor 0.484 .630 -2.108 .041 -3.644 <.001 

 Fatigue 2.354 .024 6.846 <.001 4.211 <.001 

PVT SLOW -0.771 .445 -7.804 <.001 -5.545 <.001 

 FAST 2.885 .006 7.381 <.001 5.077 <.001 

PACT 1/RT -0.407 .686 -4.509 <.001 -5.109 <.001 

 Lapse 1.679 .105 6.562 <.001 5.389 <.001 

 Incorrect 1.981 .058 6.125 <.001 3.829 .001 

Abbreviations: POMS = Profile of Mood States; PVT = Psychomotor Vigilance Task; PACT = Perception-action 

coupling task; SLOW = 1/slowest 10% of PVT reaction times; FAST = fastest 10% of PVT reaction times  

 

 

7.3.3 Overlap in Neurobehavioral Resilience and Vulnerability across Neurobehavioral 

Measures 

Examination of Cohen’s kappa coefficients revealed limited agreement between 

classification of resilient and vulnerable groups across different neurobehavioral outcomes (Table 

11). Moderate agreement (.4 - .6) was observed for PACT lapses with PACT 1/RT, PACT incorrect 

responses and PVT SLOW. Moderate agreement was also observed between PVT SLOW and PVT 

FAST. Fair agreement (.2 - .4) was observed for POMS vigor with PACT 1/RT and PVT outcomes. 

Fair agreement was also observed for PVT FAST with PACT lapses and incorrect responses and 

for PVT SLOW with POMS fatigue and PACT 1/RT. No/slight agreement was observed for 

fatigue with all PACT and PVT outcomes (except SLOW) and for vigor with PACT incorrect 

responses and lapses. PACT 1/RT also had no/slight agreement with incorrect responses and PVT 

FAST.  In summary, the highest levels of agreement were observed between behavioral tasks but 
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this agreement varied depending across outcome measures. Further, low levels of agreement were 

observed between subjective and behavioral outcomes especially with fatigue.  

 

 

Table 11. Kappa coefficient for agreement and percent agreement between neurobehavioral resilience groups 

classified using outcomes from different neurobehavioral domains 

 

  POMS PACT PVT 

  Vigor Fatigue 1/RT Incorrect Lapse Slow Fast 

POMS 
Vigor  .146 (S) .334 (F) -.002 (N) .125 (S) .309 (F) .146 (F) 

Fatigue 57.1%  .063 (S) .100 (S) .140 (S) .265 (F) .020 (S) 

PACT 

1/RT 67.3% 53.1%  .232 (F) .517 (M) .389 (F) .145(S) 

Incorrect 49.0% 55.1% 61.2%  .462 (M) .427 (M) .264 (F) 

Lapse 55.1% 57.1% 75.5% 73.5%  .468 (M) .304 (F) 

PVT 
Slow 65.3% 63.2% 69.4% 71.4% 73.5%  .510(M) 

Fast 57.1% 51.0% 57.1% 63.3% 65.3% 75.5%  

POMS = Profile of Mood States; PACT = Perception-action coupling task; PVT = Psychomotor vigilance task; RT = 
response time; SLOW = 1/slowest 10% of PVT reaction time; FAST = fastest 10% of PVT reaction time;                

S = no/slight agreement; F = fair agreement; M = moderate agreement 

 

7.3.4 Differences in Habitual and Baseline Sleep between Resilient and Vulnerable 

Participants 

No significant differences in habitual sleep or sleepiness on the PSQI, ISI or ESS were 

found between resilient and vulnerable groups for any neurobehavioral measure (Table 12). 

Differences in baseline sleep EEG measures were found for the POMS but not for the PVT or 

PACT (Table 13). For Vigor, the resilient group had significantly less baseline SWS and SWA 
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than the vulnerable group (Table 13; Figure 15). For Fatigue, the resilient group had significantly 

more baseline REM than the vulnerable group (Table 13; Figure 15).  

 

Table 12. Differences in habitual sleep and sleepiness between resilient and vulnerable groups defined using 

different neurobehavioral measures 

 PSQI ISI ESS 

 t p t P t p 

Vigor 0.905 .370 -0.208 .836 -0.406 .687 

Fatigue 1.278 .208 1.186 .242 1.150 .256 

SLOW 0.243 .809 -0.278 .782 0.487 .628 

FAST 1.192 .239 0.691 .493 -0.315 .755 

1/RT 1.001 .322 0.916 .364 0.698 .488 

Incorrect -1.578 .121 0.261 .795 1.699 .096 

PSQI = Pittsburgh Sleep Quality Index; ISI = Insomnia Severity Index; ESS = Epworth Sleepiness Scale; SLOW = 

1/slowest 10% reaction time; FAST = fastest 10% reaction time; RT = response time 

 

 

Table 13. Differences in select baseline sleep parameters between resilient and vulnerable participants 

defined by each neurobehavioral 

  SE (%) WASO (min) SWS (%) REM (%) SWA 

  t p t p t p t p t p 

POMS Vigor 0.243 .809 -0.883 .382 2.146 .037 -1.134 .264 2.059 .046 

 Fatigue -0.533 .597 -0.211 .833 1.400 .168 -2.448 .018 -0.227 .821 

PVT SLOW 0.809 .423 -0.383 .704 1.861 .069 -1.081 .319 1.101 .277 

 FAST 1.397 .170 -1.302 .199 0.111 .912 -0.552 .584 -0.108 .914 

PACT 1/RT -0.222 .825 0.444 .659 -0.215 .855 0.676 .503 -0.558 .580 

 Lapse -0.640 .526 0.626 .536 -0.684 .497 0.658 .514 -1.580 .122 

 Incorrect -0.844 .404 1.428 .162 0.691 .493 0.255 .800 0.243 .809 

Abbreviations: SE = sleep efficiency; WASO = wake after sleep onset; SWS = slow wave sleep; REM = rapid-eye 

movement sleep; SWA = slow wave activity; POMS = Profile of Mood States; PVT = Psychomotor Vigilance Task; 

PACT = Perception-Action Coupling Task; SLOW = reciprocal transformation of the slowest 10% of PVT reaction 

times; FAST = fastest 10% of PVT reaction times; RT = PACT response time 
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Figure 15.Differences in baseline sleep between resilient and vulnerable participants defined by POMS Vigor 

and Fatigue 

7.3.5 Differences in Sleep throughout SMOS between Resilient and Vulnerable Participants 

Significant group*day interaction effects were found for PVT SLOW (F = 4.15, p = .047, 

n2p = .081), PVT FAST (F = 6.08, p = .017, n2p = .115), and PACT 1/RT (F = 6.81, p = .012, n2p 

= .127) on WASO. For PVT, resilient groups had more WASO on Day 2 but did not differ in 

WASO on Day 3 than the vulnerable groups (Table 14; Figure 16). For PACT, groups did not 

differ between days but WASO in the resilient group decreased across days while WASO in the 

vulnerable group increased. No other significant group*day effects were found. As expected, due 

to consecutive nights of sleep restriction, significant effects of day were found for SE, SWS, and 

REM which all increased from Day 2 to Day 3 (Table 14). A significant effect of group was found 

only for the POMS vigor resilience groups on SWA (F =5.139, p = .028, n2p = .099); the resilient 

group had less SWA than the vulnerable group across both days (Table 14; Figure 17). 
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Table 14. Changes in sleep architecture and NREM spectral activity across consecutive days of sleep 

disruption, results from 2*2 ANOVA (group*day) 

  Group*Day Group Day 

  F p n2p F p n2p F p n2p 

Vigor SE (%) 1.47 .231 .030 0.20 .658 .004 7.96 .007 .145 

WASO (min) 1.05 .310 .022 <0.001 .979 <.001 0.20 .655 .004 

SWS (%) <0.01 .966 <.001 3.41 .071 .068 9.03 .004 .161 

REM (%) 0.29 .594 .006 1.22 .275 .025 3.32 .079 .064 

 SWA <.001 .995 <.001 5.14 .028 .099 5.24 .027 .100 

Fatigue SE (%) 0.44 .512 .009 0.91 .345 .019 7.79 .008 .142 

WASO (min) 0.65 .423 .014 0.20 .657 .004 0.20 .656 .004 

SWS (%) 0.01 .921 <.001 2.89 .095 .058 9.03 .004 .161 

REM (%) 0.07 .789 .004 0.13 .720 .021 3.22 .079 .064 

 SWA <.001 .992 <.001 .03 .876 .001 5.24 .027 .100 

PVT SLOW SE (%) 2.09 .155 .043 1.24 .271 .026 8.06 .007 .146 

WASO (min) 4.15 .047 .081       

SWS (%) 1.60 .212 .033 2.76 .103 .055 9.34 .004 .166 

REM (%) 2.91 .094 .058 0.67 .417 .014 3.41 .071 .068 

 SWA 0.17 .686 .004 1.29 .261 .027 5.26 .026 .101 

PVT FAST SE (%) 3.75 .059 .074 3.26 .077 .065 8.33 .006 .151 

WASO (min) 6.08 .017 .115       

SWS (%) 3.16 .082 .063 0.01 .904 <.001 9.64 .003 .170 

REM (%) 3.09 .085 .062 0.17 .677 .004 3.42 .071 .068 

 SWA 0.10 .757 .002 0.02 .893 <.001 5.25 .026 .101 

PACT 1/RT SE (%) 1.28 .263 .027 1.00 .321 .021 7.93 .007 .144 

WASO (min) 6.81 .012 .127       

SWS (%) 0.79 .378 .017 1.95 .169 .040 9.19 .004 .163 

REM (%) 0.21 .652 .004 0.99 .323 .021 3.23 .079 .064 

 SWA 0.01 .921 <.001 .20 .656 .004 5.25 .027 .100 

PACT Lapses SE (%) 0.40 .531 .008 0.60 .443 .013 7.78 .007 .142 

WASO (min) 3.53 .066 .070 0.03 .852 .001 0.21 .647 .005 

SWS (%) 0.03 .857 .001 0.89 .350 .019 9.04 .004 .161 

REM (%) 1.42 .239 .029 0.87 .357 .018 3.31 .075 .066 

 SWA 0.02 .898 <.001 1.71 .197 .035 5.246 .027 .100 

PACT Incorrect 

Responses 
SE (%) 0.21 .648 .004 0.18 .677 .004 7.75 .008 .142 

WASO (min) 0.78 .382 .016 0.19 .662 .004 0.20 .656 .004 

SWS (%) 1.54 .221 .032 0.08 .780 .002 9.33 .004 .166 

REM (%) 1.41 .240 .029 0.96 .332 .020 3.31 .075 .066 

 SWA 1.10 .300 .023 <0.01 .963 <.001 5.37 .025 .102 

SE = Sleep efficiency; WASO = wake after sleep onset; SWS = slow wave sleep; REM = rapid eye movement 

sleep; SWA = slow wave activity, 0.5 – 4 Hz 
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Figure 16: Difference in wake after sleep onset (WASO) across two nights of sleep disruption between resilient 

and vulnerable groups defined using PVT and PACT outcomes. SD displayed 

 

 

 

 

Figure 17: Differences in slow wave activity (SWA) between resilient and vulnerable groups defined using 

POMS Vigor. SD displayed 
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7.4 Discussion 

We examined whether different neurobehavioral assessments (POMS, PVT, PACT) 

consistently defined participants as resilient or vulnerable to SMOS based on both absolute values 

during sleep disruption and average change from baseline. Limited agreement in resilience 

classification between different neurobehavioral assessments demonstrated that POMS, PVT and 

PACT assess distinct aspects of neurobehavioral resilience. As such, neurobehavioral resilience is 

highly task-specific. That subjective and behavioral measures of alertness such as POMS and PVT 

reflect distinct aspects of alertness and neurobehavioral function has been widely suggested across 

normal sleep conditions and during periods of sleep loss57,327,329,339. The current study extends 

these findings by finding that POMS and PVT reflected distinct aspects of neurobehavioral 

function/resilience from PACT. Further, the lack of agreement in resilience classification across 

the PVT and PACT highlights that measures of vigilance and perception-action coupling reflect 

distinct aspects of neurobehavioral resilience despite both requiring timely reactions/responses. 

Differentiating PVT and PACT is the context in which participants are required to react: during 

PVT participants respond the same way to each stimulus presentation but during PACT 

participants must respond differently depending on the action possibilities provided by that visual 

information. This additional perceptual challenge likely contributed to the lack of agreement 

between the PVT and PACT. Importantly, this lack of agreement suggests that participants who 

maintain the ability to react quickly (PVT) during exposure to SMOS do not necessarily maintain 

the ability to respond appropriately (PACT).  

An additional finding that further highlighted the task-specific nature of neurobehavioral 

resilience was the limited agreement across measures from the same neurobehavioral assessments. 

That vigor and fatigue resilience groups only demonstrated fair agreement was consistent from 
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recent work from Casale and colleagues231. It has been suggested that vigor and fatigue reflect 

distinct constructs of subjective alertness; vigor may be more related to sleepiness while fatigue 

reflects physical weariness186,231. Further, while agreement within behavioral tasks was higher than 

agreement between tasks, this agreement remained below .6, our a prori threshold for defining 

overlapping resilience groups. Therefore, when identifying resilient and vulnerable individuals in 

operational settings, it is important to consider what measures of neurobehavioral function are 

most important and relevant within that particular context and for that particular population.  

Additional important findings from this study involve a potential role of sleep in different 

aspects of neurobehavioral resilience. Baseline sleep differed between resilient and vulnerable 

participants for the subjective, but not the behavioral, measures. Participants who maintained 

higher levels of vigor across the SMOS exposure had lower SWS and SWA at baseline. Further, 

these resilient participants for vigor had lower SWA across SMOS. We had hypothesized more 

SWS and SWA would contribute to higher levels of resilience due to the role of these sleep 

parameters in the restoration and enhancement of alertness and neurobehavioral function36,336. 

Conversely, our results demonstrate that higher SWS and SWA may reflect an increased 

vulnerability to sleep loss, at least as characterized by vigor. SWS and SWA reflect homeostatic 

sleep need; participants with more SWS and SWA may have had greater inherent sleep need and 

therefore, were more affected by the loss of sleep during the SMOS protocol153,340. This finding is 

consistent with work finding more SWA was related to greater vulnerability to sleep loss defined 

using an assessment of working memory340 (but see310).  

Differences in baseline sleep were also related to fatigue. Resilient participants, defined by 

POMS fatigue, had more REM sleep at baseline than vulnerable participants. REM sleep plays a 

role in emotional memory consolidation, sensorimotor integration during development and may 
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contribute to perceptual processing/recovery104,136,137,140. More so than the other neurobehavioral 

measures, fatigue may reflect general weariness related to the high cognitive and physical loads 

throughout the study. A role of baseline REM sleep in the ability to adapt and better handle these 

stressors is an intriguing possibility but the mechanistic underpinnings contributing to the 

relationship between fatigue and REM sleep observed here warrant further investigation.  

Interestingly, WASO throughout exposure to SMOS, during the sleep opportunities 

immediately prior to neurobehavioral assessment, differed in participants classified as resilient and 

vulnerable across different behavioral measures: PVT SLOW, FAST and PACT 1/RT. Across all 

three measures, WASO on Day 2 in resilient groups was higher than in vulnerable groups but no 

differences were found on Day 3. This change across days was caused by decreases in WASO in 

the resilient groups between days. WASO provides a measure of sleep fragmentation and may 

relate to differences in arousal. A reduced sensitivity to SMOS in resilient participants may have 

presented as higher WASO, as participants with reduced sleep need were less able to maintain 

consolidated sleep, especially on the first night of sleep restriction. Still, the clinical 

meaningfulness of group differences in WASO remains unclear. Between resilient and vulnerable 

groups across the different measures WASO only differed by ~2 minutes. While differences in 

WASO were statistically significant, it is unclear to what extent these differences reflected true 

differences in sleep need.  

There are several limitations that must be addressed. First, the study was conducted in military 

personnel and may not be generalizable to civilian populations. Second, while PVT and PACT 

order was counterbalanced, POMS was completed first in every neurobehavioral test battery. 

Whether task order impacted our ability to identify meaningful relationships between sleep during 

SMOS and resilience across behavioral measures is unknown but must be considered.  Lastly, 
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sleep history prior to beginning the study may have differed between participants. While sleep 

history may not impact all aspects of neurobehavioral resilience the inter-individual differences in 

sleep history may have impacted sleep and performance throughout SMOS.  

In conclusion, neurobehavioral resilience is highly task-specific and varies across measures of 

alertness, fatigue, vigilance and perception-action coupling. Not only do subjective and behavioral 

measures of neurobehavioral function reflect distinct aspects of resilience but different behavioral 

measures of reaction time also reflect distinct aspects of resilience. Vigilance (PVT) and 

perception-action coupling (PACT) are distinct elements of function that contribute differently to 

neurobehavioral resilience. Understanding how vigilance and perception-action coupling relate to 

aspects of operational performance is imperative to developing fatigue risk prediction batteries.  

Further, higher inherent sleep need may contribute to lower vigor across exposure to operational 

stress but behavioral measures of neurobehavioral function may be less sensitive to baseline sleep. 
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8.0 Summary and Future Directions 

We aimed to examine the impact of SMOS on sleep and perception-action coupling 

performance. Additionally, we examined relationships between sleep and different aspects of 

performance, both at baseline and throughout exposure to SMOS. In doing so, several key findings 

emerged: 1) sleep demonstrated trait-like behavior across SMOS exposure but this trait-like 

behavior varied based on trauma exposure and psychological resilience (Aim 1); 2) the ability to 

maintain performance despite SMOS exposure may be dependent on time-of-day (Aim 3); 3) 

differences in sleep may impact operational performance and neurobehavioral resilience, 

specifically, SWA may be a marker of vulnerability to SMOS (Aim 2 and 4); and 4) 

neurobehavioral resilience presents in a highly task-specific manner (Aim 4), which has practical 

considerations, especially when making operationally-meaningful predictions regarding fatigue 

risk. 

Robust individual differences in responses to SMOS were found for sleep spectral 

parameters across nights (Aim 1). This finding confirms and extends prior work demonstrating the 

trait-like nature of sleep. However, a novel extension of prior work was that this trait-like nature 

of sleep was less robust in participants with lower psychological resilience and higher trauma 

exposure.  Whether inter-individual differences in sleep and in changes in sleep across SMOS had 

functional implications was an intriguing possibility. Consequently, we next examined the 

operational relevance of inter-individual differences in sleep (Aim 2). Higher daytime sleepiness 

and higher frontal SWA, in addition to lower �̇�𝑂2𝑝𝑒𝑎𝑘 , predicted worse baseline physical 

performance. Importantly, these sleep parameters did not predict change in physical performance 

across days or marksmanship accuracy, at baseline or across days. However, a factor 
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compromising our ability to identify relationships between baseline sleep and changes in 

operational performance may have been the high stability of operationally-relevant performance 

outcomes across days (ICC > .6). Trait-like differences in physical performance during operational 

stress have been suggested and may have contributed to the high stability of performance observed 

in the current study. Further, the findings from the current study, and additional work from this 

same study288, demonstrate that participants were generally able to maintain physical performance 

despite exposure to SMOS. An intriguing possibility is that the high stability of spectral sleep 

parameters across days may have contributed to the high stability in performance across days as 

well. Consistent relationships between baseline SWA and physical performance were observed 

across days; high performers consistently had lower SWA than low performers.  

Of note, while minimal changes in operational performance were observed across SMOS, 

performance was assessed during typical waking hours. Time-of-day related variations in physical 

and sensorimotor performance have been observed previously318,341,342. Further, exposure to sleep 

loss may exacerbate time-of-day related variation in performance194. Consistent with this prior 

work, we demonstrated time-of-day related changes in performance across SMOS. During typical 

waking hours (18:00 and 22:00) participants were able to maintain or improve perception-action 

coupling performance across days (Aim 3). Conversely, at 04:00, when participants typically 

would have been sleeping, perception-action coupling performance deteriorated across days. This 

finding not only demonstrates that perception-action coupling behaviors may be impaired during 

overnight operations but also demonstrates the cumulative effects of sleep loss and time-of-day on 

performance. Within operational settings where individuals may be exposed to multiple nights of 

restricted sleep, these cumulative effects of sleep loss may contribute to pronounced impairments 
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in operational tasks that rely on perception-action coupling, which could have implications for 

overall operational efficiency and safety.  

Pronounced individual differences in SMOS (and sleep loss) related performance 

decrements have been widely observed. Therefore, while deficits in perception-action coupling 

performance were observed at 04:00 across the whole sample, we sought to further examine 

individual differences in neurobehavioral resilience defined using different perception-action 

coupling outcomes (Aim 4). Further, we examined the relationship between neurobehavioral 

resilience defined using perception-action coupling outcomes with neurobehavioral resilience 

defined using subjective assessments of alertness and behavioral assessments of vigilance. A lack 

of agreement in participants defined as resilient using the different neurobehavioral assessments 

highlighted that neurobehavioral assessments of subjective alertness, vigilance and perception-

action coupling reflect different aspects of neurobehavioral resilience. This task-specific nature of 

neurobehavioral resilience has implications for fatigue prediction and identification. Namely, the 

neurobehavioral underpinnings of operational tasks most relevant for a particular individual must 

be considered when deciding which assessments to use for fatigue monitoring. 

A final important finding from this work was that SWA may be a biological marker of 

increased vulnerability to SMOS (Aim 2 and Aim 4). Higher baseline SWA was related to both 

worse baseline TMT performance and lower neurobehavioral resilience defined using POMS 

Vigor. Higher SWA during the sleep opportunities prior to sleep disruption periods also predicted 

lower neurobehavioral resilience defined using POMS Vigor. Collectively, these findings 

demonstrate that participants with higher SWA had worse overall physical performance, had lower 

vigor and greater decreases in vigor than participants with lower SWA. Individuals with greater 

sleep need, indexed by higher SWA, may be more vulnerable to operational stress and sleep loss 
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in particular. Whether fatigue countermeasures such as strategic naps, physical activity or caffeine 

can mitigate the higher vulnerability of these individuals is an important area of future research. 

Further, additional work is needed to better understand the observed relationship between REM 

sleep and neurobehavioral resilience defined using POMS Fatigue. The fatigue subscale of POMS 

may reflect physical aspects of weariness more so than the vigor subscale which captures more 

behavioral and psychological aspects of alertness. As recent work has suggested a role of REM 

sleep in muscle recovery, the relationship between REM sleep and the ability to withstand high 

physical loads is intriguing.  

Overall, while SWA appeared to indicate increased vulnerability to SMOS across physical 

performance and subjective alertness, habitual sleep quality did not protect against SMOS-related 

performance decrements. Military personnel were largely able to maintain physical performance 

and perception-action coupling performance during typical waking hours despite SMOS exposure. 

To what extent these aspects of performance could be maintained across more chronic exposures 

to operational stress must be addressed in future research. Additionally, whether sleep plays a more 

prominent role in different aspects of neurobehavioral resilience across more chronic stress 

exposures must also be further examined. Finally, future research examining the interplay and 

relationships between different aspects of neurobehavioral resilience and operationally-relevant 

aspects of performance is required to better understand aspects of neurobehavioral function that 

contribute to operational performance. Further, this future research would inform the development 

and implementation of fatigue risk batteries to predict and identify operationally-relevant changes 

in fatigue risk within operational settings. 
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Appendix A Abbreviations 

ACC Accuracy on the perception-action coupling task 

CD-RISC Connor Davidson Resilience Inventory Scale 

EEG Electroencephalography 

EMG Electromyography 

EOG Electrooculography 

ESS Epworth Sleepiness Scale 

EST Engagement Skills Trainer-3000; marksmanship 

FAST Fastest 10% of reaction time on the psychomotor vigilance task 

HTHR High trauma, high resilience group 

HTLR High trauma, low resilience group 

ICC Intraclass correlation coefficient 

ISI Insomnia severity index 

IT Initiation time; time to move the joystick during the perception-action coupling task 

LTHR Low trauma, high resilience group 

LTLR Low trauma, low resilience group 

MT Movement time on the perception-action coupling task 

N1 Stage 1 sleep 

N2 Stage 2 sleep 

NREM Non-rapid eye movement sleep 

PACT Perception-action Coupling Task 

POMS Profile of Mood States 

PSQI Pittsburgh Sleep Quality index 

PSTD Post-traumatic stress disorder 

PVT Psychomotor Vigilance Task 

REM Rapid-eye movement sleep 

RPE Ratings of perceived exertion 

RT Response time; overall time to complete a response during the perception-action coupling task 

RXT Reaction time; time to lift finger off the home button during the perception-action coupling task 

SE Sleep efficiency  

SLOW Reciprocal transformation of slowest 10% of reaction times on the psychomotor vigilance task 

SMOS Simulated military operational stress 

SWA Slow wave activity; 0.5 – 5 Hz 

SWS Slow wave sleep; stage 3 sleep 

THQ Trauma History Questionnaire 

TMT Tactical mobility test; physical performance 

TST Total sleep time  

VO2 Peak oxygen intake during an incremental maximal treadmill test 

WASO  Wake after sleep onset 
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Appendix B Supplementary Material for Aim 1 

Table 15. Intraclass correlation coefficients of sleep architecture and NREM spectral activity across the 

SMOS protocol 

  

 

  
8-hour Nap 1 Nap 2 2-hour All 

  

SE (%) .392 (.176 - .573) .314 (.092 - .509) .548 (.258 - .727) .371 (.246 - .505) .378 (.275 - .496) 
N1 (%) .628 (.268 - .801) .584 (.366 - .733) .401 (.098 - .618) .327 (.186 - .475) .433 (.309 - .561) 
N2 (%) .649 (.487 - .768) .587 (.369 - .736) .444 (.233 - .615) .381 (.258 - .514) .302 (.175 - .441) 

SWS (%) .867 (.723 - .930) .422 (.210 - .597) .503 (.287 - .667) .173 (.017 - .359) .209 (.062 - .381) 
REM (%) .253 (.014 - .463) .191 (-.065 - .403) .235 (.036 - .448) .032 (-.009 - .092) .047 (.005 - .108) 

Total C3 .931 (.891 - .957) .592 (.410 - .729) .784 (.636 - .870) .473 (.265 - .642) .551 (.379 - .692) 
 F3 .933 (.859 - .965) .590 (.409 - .727) .763 (.603 - .857) .435 (.221 - .614) .526 (.351 - .672) 

Delta C3 .928 (.885 - .955) .701 (.555 - .806) .691 (.503 - .810) .514 (.215 - .712) .616 (.388 - .766) 
(Abs.) F3 .940 (.887 - .966) .640 (.467 - .765) .659 (.456 - .789) .463 (.207 - .657) .565 (.370 - .714) 
Theta C3 .948 (.803 - .979) .698 (.538 - .807) .908 (.771 - .956) .741 (.553 - .849) .790 (.646 - .875) 
(Abs.) F3 .912 (.651 - .965) .692 (.535 - .802) .878 (.724 - .938) .704 (.480 - .830) .755 (.600 - .852) 
Alpha C3 .972 (.952 - .983) .935 (.854 - .967) .932 (.879 - .961) .882 (.765 - .936) .901 (.830 - .942) 
(Abs.) F3 .960 (.902 - .980) .931 (.877 - .960) .942 (.862 - .971) .860 (.702 - .927) .883 (.792 - .933). 
Sigma C3 .959 (.934 - .975) .827 (.732 - .890) .892 (.831 - .932) .828 (.763 - .882) .866 (.818 - .907) 
(Abs.) F3 .953 (.916 - .973) .931 (.888 - .958) .903 (.846 - .940) .896 (.852 - .931) .913 (.878 - .941) 
Beta C3 .847 (.764 - .903) .800 (.693 - .872) .749 (.623 - .838) .725 (.633 - .805) .750 (.673 - .821) 

(Abs.) F3 .806 (.700 - .878) .821 (.721 - .888) .762 (.633 - .849) .725 (.631 - .807) .737 (.655 - .813) 
Delta C3 .926 (.880 - .954) .821 (.723 - .886) .457 (.246 - .626) .448 (.222 - .630) .574 (.398 - .712) 
(Rel.) F3 .942 (.898 - .966) .530 (.334 - .683) .610 (.431 - .742) .480 (.321 - .624) .563 (.439 - .680) 
Theta C3 .929 (.858 - .961) .902 (.795 - .948) .584 (.404 - .722) .593 (.292 - .769) .690 (.496 - .812) 
(Rel.) F3 .936 (.840 - .969) .895 (.814 - .939) .748 (.618 - .838) .664 (.401 - .810) .746 (.589 - .845) 
Alpha C3 .950 (.921 - .969) .832 (.740 - .893) .664 (.505 - .779) .662 (.465 - .791) .745 (.616 - .835) 
(Rel.) F3 .962 (.939 - .977) .904 (.847 - .940) .758 (.634 - .844) .753 (.611 - .846) .812 (.725 - .877) 
Sigma C3 .910 (.859 - .944) .831 (.734 - .894) .507 (.302 - .666) .446 (.161 - .656) .544 (.317 - .709) 
(Rel.) F3 .940 (.904 - .963) .762 (.638 - .847) .577 (.387 - .719) .465 (.200 - .662) .572 (.373 - .721) 
Beta C3 .874 (.801 - .921) .795 (.686 - .869) .572 (.360 - .722) .525 (.291 - .696) .608 (.439 - .737) 
(Rel.) F3 .871 (.785 - .922) .747 (.618 - .837) .548 (.319 - .709) .469 (.247 - .645) .553 (.390 - .690) 

Almost perfect stability = Yellow shading; Substantial stability = Green shading; Moderate stability = Blue shading; Fair 
stability = Grey shading; Slight stability = unshaded; SE = sleep efficiency; N1 = stage 1 sleep; N2 = stage 2 sleep; SWS = slow 
wave sleep; REM = rapid eye movement sleep; Abs. = absolute spectral activity; Rel = relative spectral activity 
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Appendix B.1 Sleep architecture across simulated military operational stress based on 

different levels of trauma exposure and resilience 

Repeated measures ANOVA were performed to examine differences in sleep architecture 

parameters across the SMOS protocol in 4 groups: low trauma, high resilience; low trauma, low 

resilience; high trauma, high resilience; and high trauma, low resilience. As expected, all sleep 

architecture parameters varied across time due to differences in timing and sleep opportunity 

(Table S2). However, no significant group x time interaction effects or main effects of group were 

found for any sleep architecture parameter (p > .05).  

 

Table 16. Sleep architecture parameters across time in participants with different levels of trauma exposure 

and resilience 

 

 Interaction Time Group 

 F p 𝑛𝑝
2 F p 𝑛𝑝

2 F p 𝑛𝑝
2 

SE (%) 1.045 .408 .053 7.221 <.001 .114 1.425 .245 .071 

N1 (%) 0.498 .903 .026 18.724 < .001 .251 0.225 .878 .012 

N2 (%) 0.817 .610 .042 33.371 < .001 .373 0.574 .634 .030 

SWS (%) 0.994 .447 .051 171.054 < .001 .753 0.574 .635 .030 

REM (%) 0.322 .978 .017 137.806 < .001 .711 0.882 .456 .045 

SE = sleep efficiency; N1 = stage 1 sleep; N2 = stage 2 sleep; SWS = slow wave sleep; REM = rapid eye 

movement sleep 
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Appendix B.2 Examination of differences in sleep stability related to PSQI scores 

 

Figure 18. Intra-class correlation coefficients (ICC) of sleep architecture, absolute and relative NREM spectral 

activity across 8-hour sleep opportunities, nap 1 and nap 2 in good (PSQI < 5) and poor (PSQI ≥ 5) sleepers 

 

The stability of relative sigma activity across 8-hour sleep opportunities was significantly 

lower in poor sleepers than good sleepers. No other significant differences were observed.   
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Appendix B.3 Stability and Robustness of Absolute and Relative Spectral Activity at F3 

across exposure to simulated military operational stress 

 

 

Figure 19. Intra-class correlation coefficients (ICC) of absolute NREM 

spectral and relative NREM spectral activity at F3 across different sleep 

opportunities during a simulated military operational stress protocol 

 

95% confidence intervals displayed. ICC values are consistent with those reported at C3 with the 

exception of relative delta activity during nap 1 which demonstrated near perfect stability at C3, 

but only moderate stability at F3. This difference may be related to the frontal predominance of 

delta activity changes across sleep manipulations. 
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Appendix B.4 Examination of robustness of sleep stability across groups with different 

levels of resilience and trauma exposure 

 

Figure 20. Intra-class correlation coefficients (ICC) of sleep architecture, absolute and relative NREM 

spectral activity across 2-hour sleep opportunities and all sleep opportunities across groups with different 

levels of trauma exposure and resilience 

 

 

No significant differences were observed between groups for any sleep parameters.   
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Appendix B.5 Examination of differences in sleep stability related to age 

 

Figure 21. Intra-class correlation coefficients (ICC) of sleep architecture, absolute and relative NREM spectral 

activity across 8-hour sleep opportunities, nap 1 and nap 2 across older (age ≥ 25.3 years) and younger (age < 

25.3 years) participants 

 

No significant differences in sleep stability were observed between groups. 
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Appendix C Aim 2 Supplemental Information 

Appendix C.1 Initial Examination of Univariate Relationships between Baseline 

Factors/Sleep and Baseline Performance          

Prior to performing lasso regressions, an initial inspection of univariate relationships between 

baseline characteristics, habitual sleep and baseline sleep EEG measures with baseline operational 

performance were examined. Individual predictors were regressed on operational performance 

outcomes using random intercept models (lme package). To provide an initial examination of the 

impact of outliers on statistical relationships between sleep and physical performance, we 

examined the aforementioned univariate relationships in samples with (n = 54) and without (n = 

45) outliers included (Table S1).  

         Lasso regressions were also performed using samples with and without outliers included. 

When outliers were included in the sample, the lasso regression identified sex, VO2, ESS, central 

sigma, and frontal theta and beta activity as informative predictors. Similar to the model when 

outliers were removed, most of the variance explained by the model could be attributed to VO2; 

better aerobic fitness (higher VO2) predicted better overall TMT performance. Further higher 

daytime sleepiness on the ESS predicted worse TMT performance regardless of whether outliers 

were included or not. However, the rest of the identified predictors differed between models. When 

outliers were included, higher central sigma, frontal theta and frontal beta activity predicted worse 

TMT performance. Further, men were predicted to have better performance. These relationships 

were not identified when outliers were removed.  
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Appendix C.2 Differences in sleep between high and low physical performers across the 

SMOS protocol 

         To examine relationships between physical performance and sleep across the SMOS protocol, 

repeated measures ANOVA were performed to examine differences in sleep across the 6 sleep 

opportunities throughout the study between high and low performers. High and low performers on 

the TMT were identified using a median split of baseline performance. Baseline TMT performance 

was used to define groups due to the high stability (ICC = .940) of TMT performance across days. 

No significant group*sleep opportunity interaction effects were observed. A significant effect of 

group was found for SWS, REM, and frontal SWA (Table 16). High performers on the TMT had 

lower SWS than low performers (Figure 18). Further, high performers had more REM sleep than 

low performers across the SMOS protocol.  
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Table 17. Differences in sleep architecture and NREM spectral activity across the SMOS protocol between 

high and low performers on the TMT 

 

  Group*Bout Group Bout 

  F p n2p F p n2p F p n2p 

Sleep 

Architecture 
SE (%) 2.076 .069 .046 0.875 .355 .020 5.956 <.001 .122 

N1 (%) 1.291 .269 .029 0.268 .607 .006 11.570 <.001 .212 

N2 (%) 1.528 .182 .034 0.625 .434 .014 23.118 <.001 .350 

 SWS (%) 0.237 .946 .005 5.599 .023 .115 116.525 <.001 .730 

 REM (%) 1.469 .201 .033 6.161 .017 .125 97.699 <.001 .694 

Central SWA 1.307 .262 .030 6.472 .015 .131 48.698 <.001 .532 

 Theta 2.124 .064 .047 3.467 .069 .075 31.030 <.001 .420 

 Alpha 2.875 .015 .063       

 Sigma 1.135 .343 .026 0.154 .696 .004 1.753 .124 .039 

 Beta 0.745 .590 .017 3.355 .074 .072 1.253 .285 .028 

Frontal SWA 0.978 .432 .023 10.864 .002 .201 43.423 <.001 .507 

 Theta 1.187 .316 .027 4.269 .045 .090 29.439 <.001 .411 

Alpha 1.113 .355 .026 0.893 .350 .020 29.811 <.001 .414 

Sigma 0.758 .581 .018 0.047 .829 .001 2.157 .060 .049 

Beta 1.279 .274 .029 2.016 .163 .045 1.159 .330 .027 

TST = total sleep time; SE = sleep efficiency; N1 = stage 1 sleep; N2 = stage 2 sleep; SWS = slow wave sleep; 

REM = rapid eye movement 
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Figure 22. Sleep architecture parameters across exposure to simulated military operational stress in high and 

low TMT performers 
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Appendix D Aim 3 

Pairwise comparisons for PACT outcomes where significant Day*Time interaction effects 

were found are presented below. 

 

Table 18. Pairwise comparisons of differences in response time across different PACT administrations 

 

Day Time Day Time β SE t df p 

1 1800 1 22:00 -0.026 0.013 -1.935 181.3 .590 

  2 04:00 0.038 0.017 2.271 80.7 .372 

   18:00 0.020 0.014 1.435 143.1 .882 
   22:00 -0.064 0.015 -4.293 74.4 .002 

  3 04:00 0.059 0.017 3.519 80.4 .019 

   18:00 -0.033 0.014 -2.311 130.2 .343 

   22:00 -0.077 0.015 -4.973 72.8 <.001 

 22:00 2 04:00 0.064 0.016 3.918 82.3 0.005 

   18:00 0.046 0.015 3.090 75.0 0.066 

   22:00 -0.038 0.014 -2.799 143.1 0.125 

  3 04:00 0.085 0.017 5.162 81.7 <.001 

   18:00 -0.007 0.015 -0.467 72.8 .999 

   22:00 -0.051 0.014 -3.564 130.2 .015 

2 04:00 2 18:00 0.019 0.015 1.217 118.5 .951 
   22:00 0.102 0.015 6.886 123.2 < .001 

  3 04:00 0.021 0.013 1.643 196.0 .780 

   18:00 -0.071 0.017 -4.342 70.7 .001 

   22:00 -0.115 0.016 -7.207 71.7 <.001 

 18:00 2 22:00 -0.084 0.013 -6.240 181.3 <.001 

  3 04:00 0.040 0.015 2.599 73.5 .205 

   18:00 -0.053 0.013 -4.100 196.0 .002 

   22:00 -0.097 0.014 -6.893 95.3 <.001 

 22:00 3 04:00 0.124 0.015 8.227 74.2 <.001 

   18:00 0.031 0.014 2.171 93.7 .433 

   22:00 -0.013 0.013 -1.011 196.0 .985 

3 04:00 3 18:00 0.093 0.015 6.079 118.5 <.001 
   22:00 0.137 0.015 9.188 123.2 <.001 

 18:00 3 22:00 -0.044 0.013 -3.276 181.3 .034 
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Table 19. Pairwise comparisons of differences in movement time across PACT administrations 

Day Time Day Time β SE t df p 

1 1800 1 22:00 0.045 0.085 0.526 280 .999 

  2 04:00 0.195 0.093 2.084 180 .487 

   18:00 0.226 0.093 2.419 180 .280 

   22:00 -0.160 0.093 -1.713 180 .738 

  3 04:00 0.364 0.105 3.454 137 .020 

   18:00 0.038 0.105 0.358 137 >.999 

   22:00 -0.138 0.105 -1.312 137 .926 

 22:00 2 04:00 0.150 0.093 1.604 180 .801 

   18:00 0.181 0.093 1.940 180 .587 

   22:00 -0.205 0.093 -2.193 180 .415 

  3 04:00 0.319 0.105 3.028 137 .070 

   18:00 -0.007 0.105 -0.069 137 >.999 

   22:00 -0.183 0.105 -1.738 137 .722 

2 04:00 2 18:00 -0.031 0.085 -0.367 280 >.999 

   22:00 0.355 0.085 4.160 280 .001 

  3 04:00 0.169 0.093 1.814 219 .673 

   18:00 -0.157 0.093 -1.691 219 .751 

   22:00 -0.333 0.093 3.581 219 .012 

 18:00 2 22:00 -0.387 0.085 -4.527 280 <.001 

  3 04:00 0.137 0.093 1.477 219 .865 

   18:00 -0.189 0.093 -2.028 219 .526 

   22:00 -0.364 0.093 -3.918 219 .004 

 22:00 3 04:00 0.524 0.093 5.633 219 <.001 

   18:00 0.198 0.093 2.128 219 .457 

   22:00 0.022 0.093 0.238 219 >.999 

3 04:00 3 18:00 0.326 0.085 3.819 280 .005 

   22:00 0.502 0.085 5.878 280 <.001 

 18:00 3 22:00 -0.176 0.085 -2.059 280 .504 
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Table 20. Pairwise comparisons of differences in correct responses across different PACT administrations 

         

Day Time Day Time β SE t df p 

1 1800 1 22:00 -0.006 0.010 -0.576 277 .999 

  2 04:00 0.012 0.010 1.194 197 .957 

   18:00 0.025 0.010 2.505 280 .234 

   22:00 0.007 0.010 0.705 277 .999 

  3 04:00 0.052 0.010 4.985 197 <.001 

   18:00 -0.002 0.010 -0.175 280 >.999 

   22:00 -0.007 0.010 -0.750 277 .998 

1 22:00 2 04:00 0.018 0.011 1.690 182 .752 

   18:00 0.030 0.010 3.071 277 .059 

   22:00 0.013 0.010 1.286 280 .935 

  3 04:00 0.058 0.011 5.374 182 <.001 

   18:00 0.004 0.010 0.401 277 >.999 

   22:00 -0.002 0.010 -0.175 280 >.999 

2 04:00 2 18:00 -0.012 0.010 -1.170 197 .962 

   22:00 0.005 0.011 0.511 182 .999 

  3 04:00 0.039 0.010 4.018 280 .002 

   18:00 -0.014 0.010 -1.359 197 .912 

   22:00 -0.045 0.011 -1.851 182 .648 

2 18:00 2 22:00 -0.018 0.010 -1.790 277 .689 

  3 04:00 0.027 0.010 2.621 197 .185 

   18:00 -0.026 0.010 -2.680 280 .160 

   22:00 -0.032 0.010 -3.245 277 .035 

2 22:00 3 04:00 0.045 0.011 4.195 182 .002 

   18:00 -0.009 0.010 -0.879 277 .912 

   22:00 -0.014 0.010 -1.461 280 .648 

3 04:00 3 18:00 0.054 0.010 5.150 197 <.001 

   22:00 0.059 0.011 5.534 182 <.001 

3 18:00 3 22:00 -0.006 0.010 -0.576 277 .999 
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Table 21. Pairwise comparisons of differences in lapses across PACT administrations 

Day Time Day Time β SE t df p 

1 1800 1 22:00 0.142 0.076 1.873 392 .633 

  2 04:00 -0.154 0.076 -2.037 392 .518 

   18:00 -0.176 0.076 -2.317 392 .334 

   22:00 0.218 0.076 2.882 392 .096 

  3 04:00 -0.377 0.076 -4.966 392 <.001 

   18:00 0.081 0.076 1.065 392 .979 

   22:00 0.210 0.076 2.770 392 .128 

 22:00 2 04:00 -0.296 0.076 -3.910 392 .003 

   18:00 -0.318 0.076 -4.190 392 .001 

   22:00 0.077 0.076 1.010 392 .985 

  3 04:00 -0.519 0.076 -6.839 392 <.001 

   18:00 -0.061 0.076 -0.808 392 .997 

   22:00 0.068 0.076 0.897 392 .993 

2 04:00 2 18:00 0.021 0.076 0.280 392 >.999 

   22:00 -0.373 0.076 -4.920 392 <.001 

  3 04:00 -0.222 0.076 -2.929 392 .085 

   18:00 0.235 0.076 3.102 392 .053 

   22:00 0.364 0.076 4.807 392 <.001 

 18:00 2 22:00 0.394 0.076 5.200 392 <.001 

  3 04:00 -0.201 0.076 -2.649 392 .170 

   18:00 0.256 0.076 3.382 392 .022 

   22:00 0.386 0.076 5.087 392 <.001 

 22:00 3 04:00 -0.595 0.076 -7.849 392 <.001 

   18:00 -0.138 0.076 -1.818 392 .670 

   22:00 -0.009 0.076 -0.113 392 >.999 

3 04:00 3 18:00 -0.457 0.076 -6.031 392 <.001 

   22:00 -0.587 0.076 -7.736 392 <.001 

 18:00 3 22:00 0.129 0.076 1.705 392 .743 
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