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13. Key Word

Total sleep deprivation

Sleep restriction

Shiftwork

Neurobehavioral performance impairment
Fatigue

Psychomotor vigilance test

Gene expression biomarkers

14. Distribution Statement
Document is available to the public through the National

Transportation Library: https://ntl.bts.gov/ntl

15. Security Classification 16. Security Classification 17. No. of Pages
(of this report) (of this page) 28
Unclassified Unclassified
June 2025 iv

Comparison Across Multiple Types of Sleep Deprivation




Acknowledgments

The authors would like to acknowledge Dennis Burian, Vicky White, Susan Munster, and
David Hutchings for project design input, Susan Munster for sample inventory and FAA RNA
extractions, Susan Munster and Christopher Tracy for assistance in developing the sequence
mapping pipeline and the study schematic figure, and Lise Rode, Dennis Canfield, and Estrella
Forster for support in study initiation. The authors acknowledge Emily Wycallis, Phoebe
Crosthwaite, Abigail E. Benz, Christian Kabongo, and Lauren E. McKenzie for assistance with
the participant recruitment and screening efforts at Brigham and Women’s Hospital. The
authors acknowledge Jeanne F. Duffy, Melissa A. St. Hilaire, and Shadab A. Rahman for their
input on study design, data collection, or comments on the manuscript.

Funding

This research was funded by the Federal Aviation Administration.

Conflicts of Interest

The authors declare that they have no competing interests, with the exception of
Elizabeth B. Klerman and Charles A. Czeisler as follows.

Dr. Klerman reports: (i) consulting: Circadian Therapeutics, National Sleep Foundation,
Yale University Press; (ii) honoraria: American Academy of Sleep Medicine Foundation, Sleep
Research Society, Sleep Research Society Foundation; (iii) travel support: European Biological
Rhythms Society, Lighten up/EPFL Pavilions, Sante Fe Institute, Sleep Research Society,
Society for Research in Biological Rhythms, World Sleep Foundation; (iv) other: Partner is
founder and CSO of Chronsulting.

Dr. Czeisler reports grants and contracts to Brigham and Women’s Hospital from
Axsome Therapeutics, CDC Foundation, City of San Francisco, Dayzz Live Well, Delta Airlines,
Jazz Pharmaceuticals PLC Inc, Puget Sound Pilots, Regeneron Pharmaceuticals/Sanofi during
the conduct of the study; reports personal fees from Axsome Therapeutics, Associated
Professional Sleep Societies, Bryte Foundation, Clement Law Firm, Institute of Digital Media
and Child Development, Klarman Family Foundation, Law Offices of James L Mitchell, Law
Office of Yolanda Huang, Massachusetts Medical Society, National Council for Mental
Wellbeing, National Sleep Foundation, Puget Sound Pilots, Rabb and Rabb LLC, Stephans Law
firm, Reyes Law Firm, Cloward Trial Lawyers, Haglund Kelley LLP., Adam Dvid Law Firm, Law
offices of James Mitchell, Paul Byrd Law firm PLLC, Smith Lacine LLP, Covington and Burling
LLP, Perdue & kidd, Segal Law Firm, Shaked Law Firm, P.A., Simpson & Simpson, Tencent
Holdings Ltd, Teva Pharma Australia, The Armstrong Firm, PLLC, Vanda Pharmaceuticals Inc,
With Deep, Inc. and Zehl Law Firm, during the conduct of the study; reports research/education
support to Brigham and Women’s Hospital from Abbaszadeh Foundation, Alexandra Drane,
Apnimed, Inc., Avadel Pharmaceuticals, Bryte Foundation, Zoll, lllumination Technology, Casey
Feldman Foundation, Cephalon, DR Capital, Eisai Co., LTD, f.lux Software, LLC, Idorsia
Pharmaceuticals LTD, Mary Ann & Stanley Snider via Combined Jewish Philanthropies,
Harmony Biosciences LLC, Jazz Pharmaceuticals PLC, Inc, Johnson & Johnson, NeuroCare,

June 2025 v
Comparison Across Multiple Types of Sleep Deprivation




Inc., Optum, Peter Brown and Margaret Hamburg, Philips Respironics Inc, Regional Home
Care, ResMed Foundation, San Francisco Bar Pilots, Sleep Number Corp., Stuart F. and Diana
L. Quan Charitable Fund, Summus, Inc., Axsome Theraputics, Takeda Pharmaceutical Co.,
LTD, Teva Pharmaceuticals Industries Ltd, ResMed, Sanofi, Philips, Vanda Pharmaceuticals
and Whoop, Inc., during the conduct of the study; and is the incumbent of an endowed
professorship provided to Harvard University by Cephalon Inc. during the conduct of the study;
report serving as an expert witness in legal cases, e.g., those involving Advanced Power
Technologies, Aegis Chemical Solutions LLC, Amtrak, Bombardier, Inc., Casper Sleep Inc, C&J
Energy Services, Delta Airlines/Comair, Enterprise Rent-A-Car, FedEx, Greyhound Lines, Inc.,
Puget Sound Pilots, Steel Warehouse, FedEx, Greyhound Lines, Product & Logistics Services
LLC, San Francisco Sheriff's Department, Schlumberger Technology Corp., Union Pacific
Railroad, UPS, and Vanda Pharmaceuticals during the conduct of the study; reports having an
equity interest in Vanda Pharmaceuticals, With Deep, Inc, and Signos, Inc. during the conduct of
the study; and reports receiving royalties from McGraw Hill, Massachusetts Medical Society,
and Philips Respironics for the Actiwatch-2 and Actiwatch Spectrum devices during the conduct
of the study. Dr. Czeisler’ s interests were reviewed and are managed by the Brigham and
Women’s Hospital and Mass General Brigham in accordance with their conflict-of-interest
policies.

Author Contributions

HAU conceived of project development, oversaw the project, performed molecular
analyses, and drafted the manuscript with input from MSG (AFRL). SJN and TEN provided
input to study design and data collection; JB modeled neurobehavioral and sleep staging data.
EBK, CAC, RKY, AAP, PS, JMR, and JPS managed human participant data and sample
collection and polysomnography scoring, and provided input on study design. All authors read
and approved this manuscript.

Data Availability

Data analyzed during this study are available in this published article and its
supplementary information files, with additional datasets available online at the National Center
for Biotechnology Information database of genotypes and phenotypes (dbGaP) at
https://www.ncbi.nlm.nih.gov/gap/ under the accession identifier phs003924.v1.p1.

June 2025 Vi
Comparison Across Multiple Types of Sleep Deprivation




Table of Contents

1. INEFOAUCHION ..o 1
B Y 1= 1 o o £ 2
D22 TS 18 T |V I 1= [ | o PP 2
2.2. Sleep and Neurobehavioral Performance Monitoring ................evvuiiiiiiiiiiiiiiiennnnnns 4
2.3. Sample Collection and SEQUENCING .......uuuuuuuiiiii e e e e e e aaas 5
B N g = 1YY= S 5
B T =1 ] L 7
R IS [=T=T ] = To |1 o F PSP P PP PPPPRPPPPN 7
3.2. Neurobehavioral Performance TeSIS ........uuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieieeiveeeeeee e neeeeneeaees 10
3.3. Differential GeNe EXPreSSION.......c.uuiiiiiieiieiiieiiieiieitiieeeeereeaerererrerr e aaeenraenananannnannnnns 12
3.4. Functional Significance and PathWays................uuiiiiiiiiiiiiiiiiiiiiiieiiiieeeeveeneenenneaenes 14
4. DISCUSSION ... 15
S R O] o3 011 o o 0 EERR S 18
G = 1= =T o USSR 19
7. Appendix A. List of Supplementary Onling Fil€S ............uuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiieiiereieeerenneeaane, 25
June 2025 vii

Comparison Across Multiple Types of Sleep Deprivation




List of Figures

Figure 1 Schematic of study design. Overview of schedule for inpatient study day 3—10, with
darker shading indicating scheduled sleep Time In Bed (TIB) and colors reflecting baseline
(green), experimental (purple), and recovery (yellow) study segments.. ............ccccoevvvivvvieeniennnn. 3

Figure 2 Boxplots of scored polysomnography results of time spent in Non-Rapid Eye
Movement (NREM) sleep stages 1, 2, and 3, as well as time in Rapid Eye Movement (REM)
sleep. Individual panels show the baseline night before (A) and two recovery nights after (B, C)
the experimental segment of altered sleep schedule (e.g., sleep loss and/or altered timing)....... 8

Figure 3 Self-reported inpatient sleep duration estimates for each sleep episode opportunity.
For TD participants who lost two nights of sleep during the experimental segment, there are only
7 sleep opportunities. For the others there are 9 sleep episodes, starting with the baseline night
(sleep episode 2). Participants in DR and NR had the same total Time In Bed during each sleep
episode, with daytime (DR) or nighttime (NR) sleep episodes, despite apparent differences in
their self-reported Sleep ESHMALES.. ... ... 10

Figure 4 Psychomotor Vigilance Test (PVT) lapses throughout the study. Number (mean +/- 1
standard error) of PVT lapses greater than 0.5 seconds, from midnight (RCH) between study
days 2 and 3 until discharge on study day 10 every 4 hours during scheduled wake. Data are
shown for each of the four study condition groups: control (CT), daytime sleep restriction (DR),
nighttime sleep restriction (NR), and total sleep deprivation (TD). .........cevveiiiiiiieriiieiiieiiirriinninnns 12

Figure 5 Predicted molecular pathway related to Psychomotor Vigilance Test (PVT) impairment.
Network diagram predicted with QIAGEN Ingenuity Pathway Analysis from a core analysis of
genes differentially expressed relative to PVT lapses from participants in the Total Sleep
Deprivation (TD) group. Orange lines indicate relationships between molecules leading to
activation; yellow lines indicate relationships are inconsistent with the downstream state of the
molecule; gray lines indicate effect not predicted. Green molecules show decreased expression
measurement, red show increased expression, orange indicate predicted activation, and gray
indicate effect NOt prediCted. ..o ———————— 15

June 2025 viii
Comparison Across Multiple Types of Sleep Deprivation




List of Abbreviations

Acronym
BART
BWH
CAMI
CVS
CT
DSST
DR
FAA
FACE
KSS
MRT
NR
PEERS
PSG
PVT
RCH
RNA
STROOP
TIB
TRACK
TD
VAS

June 2025

Abbreviation Explained

Balloon Analog Risk Task

Mass General Brigham/Brigham and Women’s Hospital

Civil Aerospace Medical Institute
Comparative Visual Search
Control

Digit Symbol Substitution Test
Daytime Sleep Restriction
Federal Aviation Administration
Face-Name Task

Karolinska Sleepiness Scale
Matrix Reasoning Test

Nighttime Sleep Restriction
Performance Effort and Evaluation Rating Scale
Polysomnography

Psychomotor Vigilance Lapse
Relative Clock Hour
Ribonucleic Acid

Stroop Color-Word Test

Time In Bed

Unstable Track Assay

Total Sleep Deprivation

Visual Analog Scale

Comparison Across Multiple Types of Sleep Deprivation




1. Introduction

Sleep quality and quantity are integral components of health, well-being, and
performance. Consensus recommendations from the Sleep Research Society and American
Academy of Sleep Medicine suggest a minimum of 7 hours of nightly sleep for adults to optimize
health (Consensus Conference Panel, 2015). Inadequate sleep is associated with multiple
disease and cardiovascular risks, such as hypertension, endothelial dysfunction, cardiac
arrythmias, coronary artery disease, myocardial infarction, and stroke (Baranwal et al., 2023;
Luyster et al., 2012; Makarem et al., 2022; Scott et al., 2023). Adequate sleep is important for
improving individuals’ subjective sense of well-being and mental health (Baranwal et al., 2023;
Chow, 2020; Scott et al., 2021; Weinberg et al., 2016). Numerous studies have documented
associations of sleep with athletic, motor, and neurobehavioral performance (Alhola & Polo-
Kantola, 2007; Diekelmann, 2014; Pilcher & Huffcutt, 1996; Walker et al., 2002; Watson, 2017).

Performance impairments associated with inadequate sleep pose substantial costs to
the global economy and a serious risk of injury and mortality in safety-critical operations such as
transportation. Annual workplace costs from sleep deficiencies have been estimated at $322—
$1967 per employee (Glick et al., 2023), and a loss of $280—-$411 billion to the United States
economy (Hafner et al., 2017). In Canada, evidence suggests that a 5% improvement in sleep
quantity among adults could result in cost-savings of $148 million annually (Chaput et al., 2022).
Beyond financial costs, impaired performance from insufficient sleep in the workplace poses
safety risks. Over a 12-year period, approximately 20% of major United States National
Transportation Safety Board investigations identified fatigue as a significant contributing factor, a
probable causal contributing factor, or a finding across transportation modes (23% in aviation)
(Marcus & Rosekind, 2016). Insufficient sleep quality or quantity can result from a variety of
causes, such as lifestyle choices and work requirements or schedules. Recognition by the
Federal Aviation Administration of the risks to the national aerospace from reduced sleep
quantity or circadian disruption due to shiftwork resulted in a recent external review and
recommended changes to scheduling practices for the agency’s air traffic controllers (Rosekind
et al., 2024).

One of the greatest challenges to managing the risks of inadequate sleep is the varied
response of individuals to sleep loss or altered sleep timing. Two persons with identical sleep
schedules may have different levels of performance impairment. Over the past decades,
studies have demonstrated the potential for heritable, trait-like inter-individual variation in the
response to sleep loss (Czeisler, 2009; Tkachenko & Dinges, 2018; Tucker et al., 2007; Van
Dongen, 2006; Van Dongen et al., 2004). Research has begun to identify molecular variants
potentially associated with inherited susceptibility or resistance to sleep disruption or loss
(Pellegrino et al., 2014; Satterfield et al., 2015). In addition, new lines of research such as the
present study are exploring different types of molecular biological indicators (i.e., molecular
biomarkers) to track current, transient fatigue-related impairment status based on activity levels
of genes. By way of analogy, gene expression levels may change in association with
physiological experiences, much as blood sugar levels may change following meal
consumption. Studies of total sleep deprivation identified candidate ribonucleic acid (RNA)
biomarkers consisting of genes differentially expressed in association with Psychomotor
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Vigilance Test (PVT) attention lapses during sleep loss (Uyhelji et al., 2018; Uyhelji et al., 2023).
A panel-based test of such RNA biomarkers could serve as a metric to guide the monitoring of
fatigue risks in safety-critical operations and help identify fatigue impairment during accident or
incident investigations. In addition to gold-standard polysomnographic evaluations of sleep, the
present study explored RNA gene expression changes associated with a wide range of
objective neurobehavioral performance changes during acute total sleep deprivation, multiple
nights of sleep restriction, and sleep restriction with daytime sleep among healthy adults.

2. Methods

2.1. Study Design

All participants provided written informed consent with Institutional Review Board
approval by Mass General Brigham/Brigham and Women’s Hospital (BWH) and the FAA Civil
Aerospace Medical Institute (CAMI), with protection under an NIH Certificate of Confidentiality
(CC-OD-21-2237).

Intensive outpatient screening of participants was conducted to verify they were healthy,
free of medication and substance use, and abstaining from caffeine and other stimulants.
Recruitment targeted adults 20—45 years old with a body mass index of 18.5-29.9 kg/m?.
Potential participants had a physical exam, review of self-reported medical history, and
psychological screening (Amira et al., 2020); those with reported personal or immediate family
history of psychiatric disorders were excluded. Self-reported habitual sleep durations of 7-9
hours nightly were required, with the exclusion of people with recent frequent night shift work
(e.g., working >3 nights per week between 01:00-06:00 hours within the past 3 months).
Potential participants at higher risk of sleep disorders were not enrolled, based on scores on the
Athens Insomnia Scale (Mustafa et al., 2005; Soldatos et al., 2000), Berlin Questionnaire for
Obstructive Sleep Apnea (Netzer et al., 1999), and a 5-question assessment for Restless Leg
Syndrome. A home sleep test was conducted with a Nox-T3 portable monitor (Nox-T3, Nox
Medical, Reykjavik, Iceland), and potential participants were excluded if results indicated an
apnea-hypopnea index of 215 or a periodic limb movement index 220. Finally, potential
participants representing extreme morning or evening chronotypes were excluded based on
scores <31 (evening type) or 269 (morning type) on the Horne-Ostberg Morningness-
Eveningness Questionnaire (Horne & Ostberg, 1976).

To reduce the potential for recent outpatient sleep loss to influence study results,
immediately prior to beginning the 10-day inpatient study all participants were asked to
complete at least 1 week with 8 hours of Time In Bed (TIB) each night followed by at least 1
week of 10 hours TIB each night. Adherence was monitored via actigraphy (CamNTech Motion
Watch 8), time-stamped call-ins at bedtime and wake time, and a daily sleep diary.

Participants passing outpatient screening procedures were admitted to the Center for
Clinical Investigation at the Brigham and Women’s Hospital for the inpatient 10-day study.
Throughout the study, the participant lived in a private study room complete with bed, bathroom,
and computers for testing. The study rooms were designed to minimize noise and light from
adjacent areas of the facility and were maintained at temperatures approximately 71-77
degrees Fahrenheit. Fluorescent room lighting targeting intensities <100 lux was controlled by
the investigators with overhead fixtures during scheduled time awake, and all room lights were
turned out during TIB. There were no windows in the study rooms. To minimize external
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influences during the inpatient study, participants were blinded to their group assignment and
knowledge of time of day was restricted, as was access to clocks, the internet, live television or
radio, and contact with non-hospital personnel. After the first two acclimation days with ad lib
meals, meals typically were provided every 4 hours during time awake in accordance with a
weight-maintenance diet based on anticipated caloric need as calculated using the Mifflin St.
Jeor equation (activity factor 1.6) (Mifflin et al., 1990).

A total of 73 participants began the inpatient study, and 59 completed all 10 days.
Participants were randomized without replacement to one of four study conditions that differed
in the experimental segment treatment: a well-rested control with 8 hours TIB nightly (CT, 14
participants), sleep restriction with daytime sleep of 5 hours TIB across 5 days (DR, 16
participants), sleep restriction with 5 hours nighttime sleep (NR, 14 participants) across 5 nights,
and acute total sleep deprivation with no sleep across two nights (TD, 15 participants) (Figure
1). In all four study conditions, participants began with an acclimation segment on the day of
admission (day 1), a nighttime sleep opportunity with 12 hours TIB, a second acclimation day,
and then 8 hours TIB. This was followed by a baseline day (day 3), the experimental segment
(CT, DR, NR, or TD treatment), and finally ending with a recovery segment incorporating 8—10
hours TIB prior to discharge.

All times reported are based on Relative Clock Hour (RCH), with the actual time of
scheduled inpatient study events adjusted for each participant based on the average midpoint of
their outpatient self-reported sleep-wake schedule. Time intervals between scheduled events
were the same for all participants in each of the four condition groups (Additional file 1: Table
$1); for example, neurobehavioral test batteries were scheduled 4 hours apart during time
awake. However, events such as the 08:00 (RCH) blood draw on baseline day 3 might occur at
slightly different real-world actual clock times across participants.

Baseline Experimental Recovery
6 hfrs Nighttime sleep restriction
nighttime s
sleep (NR): 14 participants
Baseline Experimental Recovery
S hgyrs Daytime sleep restriction
daytime -
sleep (DR): 16 participants
Baseline Experimental Recovery Post-Recovery
62 hours Total sleep dgp_rlvatlon
wakefulness (TD): 15 participants
Baseline Experimental Recovery
Control
Day3 Day4 Day5 Dayé Day7 Day8 Day9 D10 (CT): 14 participants

----------------------------------------

G \s@. NI \513.;‘301 g 351,3 B \‘:@.\6&. B \‘313. NP ﬂsﬂ B V\aﬁ\a& B ®

Relative Clock Hour

Figure 1. Schematic of study design. Overview of schedule for inpatient study day 3—10, with
darker shading indicating scheduled sleep Time In Bed (TIB) and colors reflecting baseline
(green), experimental (purple), and recovery (yellow) study segments.
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2.2. Sleep and Neurobehavioral Performance Monitoring

During the night before baseline day 3 and during the two recovery nights after the
experimental segment of DR, NR, and TD conditions (for CT, the final two study nights),
polysomnography (PSG) monitoring was conducted using the Vitaport digital ambulatory EEG
recording system (Vitaport-3, TEMEC Technologies B.V., Heerlen, The Netherlands). The PSG
recording involved electroencephalogram (EEG), bilateral electrooculogram (EOG), chin
electromyogram (EMG; mentalis, submentalis), and two-lead electrocardiogram (ECG). Visual
scoring was conducted by a registered PSG technician following the American Academy of
Sleep Medicine criteria version 2.6 (Berry et al., 2020). In addition, within approximately 5-10
minutes of the conclusion of each TIB sleep opportunity, participants provided self-assessments
of their prior night’s sleep and estimated total sleep duration.

At 4-hour intervals during time awake from baseline day 3 until discharge from the
inpatient study, participants completed an approximately 45-minute computer-based
neurobehavioral performance test battery of objective and subjective tests. Participants
performed approximately 3-5 practice tests during the first two days of acclimation to the
inpatient study (not analyzed), which were intended to reduce learning effects during data
collection days 3—-10. Subjective assessments were conducted using scales such as the
Karolinska Sleepiness Scale (KSS) (Akerstedt & Gillberg, 1990), a 9-point Likert scale of
sleepiness. Another subjective element was the Performance Effort and Evaluation Rating
Scale (PEERS) (Dinges et al., 1992), consisting of responses on a Visual Analog Scale (VAS)
rating their estimate of how well they performed on the neurobehavioral test battery (from
extremely good to poor); how much effort they had to expend; and whether they could have
performed better if they had tried harder. Participants also provided VAS responses on bipolar
visual analog scales rating their feelings of being alert-sleepy, calm-excited, happy-sad, groggy-
clearheaded, and unmotivated-motivated (Monk, 1987).

The neurobehavioral performance test battery also encompassed objective evaluations,
such as the 90-second version of the Digit Symbol Substitution Test (DSST). The DSST gauges
cognitive function by requiring participants to match symbols with corresponding digits (Jaeger,
2018). Another assay was the Stroop color-word test (STROOP) (Stroop, 1992) of executive
functioning or reasoning, during which participants were asked to respond to font color while
ignoring a written word (which spelled one of four colors). Due to the unintentional study
enroliment of one red-green color-blind participant, STROOP data were analyzed in two ways:
once with all four colors omitting this participant, and again for all participants based on only
portions of the test with blue-yellow colors. In another test called the Matrix Reasoning Test
(MRT), problem-solving skills were evaluated on trials of varying difficulty. For this, participants
were required to determine which matrix completes a set of eight other matrices based on 1-3
relational pattern changes or transformations (Raven et al., 1978). Memory and recall were
tested via the Face-name task (FACE), in which participants were asked to recall face-name
pairs presented approximately 33 minutes previously (Maurer et al., 2015). Attention was
assessed with the 10-minute Psychomotor Vigilance Test (PVT) of reaction time, encompassing
measures of the speed of response and lapses (i.e., failure to respond to a stimulus within 0.5
seconds) (Dinges & Powell, 1985). Spatial coordination was assayed with the Unstable Track
assay (TRACK), in which participants attempted to keep a moving cursor in the middle of the
screen between two vertical lines (St. Hilaire et al., 2016). Spatial orientation and response to
feedback stimuli were probed with the Comparative Visual Search (CVS) (Pomplun et al., 2012),
in which participants scanned the computer display for a mismatch between copy or mirror
images consisting of distributions of right and left-oriented triangles. Finally, a risk-taking
assessment was performed with the Balloon Analog Risk Task (BART), during which
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participants were asked to maximize their reward by choosing the number of times to inflate an
animated balloon, potentially increasing their artificial reward with each inflation at the risk of
loss if the balloon popped (Lejuez et al., 2002).

2.3. Sample Collection and Sequencing

Whole blood consisting of a 2.5 mL draw was collected into PAXgene® Blood RNA tubes
(BD Biosciences Catalog No. 762165) during inpatient study days 3—10, totaling approximately
26-31 timepoints per participant. For all participants blood draws began in the morning of
inpatient study day 3 (baseline segment) at 08:00 (RCH) (Additional file 1: Table S1). For CT
participants, draws continued every 4 hours during time awake through 16:00 (RCH) prior to
departure on day 10. For TD participants, blood draws continued during time awake through
20:00 (RCH) on study day 7 (recovery segment), followed by single timepoint morning blood
draws at 08:00 (RCH) on study days 8-10. For NR and DR participants, blood draws continued
every 4 hours during time awake for study days 3-4, 6, and 8-10. Blood was not drawn during
study days 5 and 7 for NR and DR participants. For all participants, after each draw the
PAXgene® Blood RNA tube was gently inverted by hand 10 times, allowed to sit at room
temperature for approximately 6 hours, frozen at -20 degrees Celsius for approximately 25
hours, and then transferred to -80 degrees Celsius until extraction. Blood draws were taken via
intravenous lines immediately following the neurobehavioral performance test battery and
(typically) preceding a meal. Study staff were trained such that in the rare event of a failed
collection with the intravenous line draw, the blood draw could be attempted again with a
butterfly needle (not analyzed).

Total ribonucleic acid (RNA) was extracted from PAXgene® Blood RNA tubes by either
the FAA Civil Aerospace Medical Institute (CAMI) or the Baylor College of Medicine Human
Genome Sequencing Center (Baylor). Extractions by CAMI were performed on approximately
three samples per participant (roughly ten percent) for periodic quality checks of sample
material prior to submission of the remaining sample set to Baylor. Timepoints for CAMI
extractions were selected in a stratified pseudo-random fashion. The CAMI extractions were
conducted on the QlAcube Connect with an automated spin-column approach using the
PAXGene Blood miRNA kit (Qiagen 763134), with final RNA elution into nuclease-free water.
The remaining samples were extracted by Baylor using the Chemagic Prime Total RNA Blood
4k kit (PerkinElmer, catalog #CMG-1484) and the Magnetic Bead technology Chemagic Prime 8
platform. Baylor prepared libraries from all RNA (i.e., both samples extracted by Baylor and
CAMI) using the lllumina TruSeq Stranded Total RNA with Ribo-Zero Globin kit, followed by
sequencing targeting 100 million forward plus reverse 150 base pair paired-end reads, as
previously described (Uyhelii et al., 2023). Sequences were analyzed by CAMI, as described
below.

2.4. Analyses

Phenotypic data exploration involved the generation of plots in CRAN R versions 4.3.3
and R version 4.4.1 (R Core Team, 2024), with ggplot2 version 3.5.1 (Wickham, 2016), and
model runs to test for associations with the study condition groups. For metrics in the 45-minute
neurobehavioral performance test battery, linear models were run with the ImerTest package
(Kuznetsova et al., 2017) version 3.1-3 command ‘Imer’ if qg-plots showed an approximately
normal distribution (default settings, with fit by REML and t-tests using Satterthwaite’s method).
Otherwise generalized linear models in the Ime4 package version 1.1-35.5 (Bates et al., 2015)
were run with the glmer command using Gamma (continuous) or Poisson (count) distributions,
log link, default settings, and fit by maximum likelihood (Laplace Approximation). Other
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packages used included psych package version 2.4.6.26 (Revelle, 2024), tidyverse version
2.0.0 (Wickham et al., 2019), gtools version 3.9.5 (Warnes et al., 2023), dplyr (Wickham et al.,
2023), and optimx 2023-10.21 (Nash & Varadhan, 2011). Models contained a random term for
the participant and fixed terms for the study condition group as well as for the cumulative
number of hours since midnight (RCH) at the outset of baseline study day 3. This cumulative
hours covariate was centered and scaled with the ‘scale’ command to improve model
convergence. In addition, sleep staging data from scored polysomnographic recordings were
assessed using CRAN R versions 4.3.3 and stats package (R Core Team, 2024), along with the
ImerTest package (Kuznetsova et al., 2017), Ime4 (Bates et al., 2015), gtools version 3.9.5
(Warnes et al., 2023) data.table version 1.16.0, dplyr (Wickham et al., 2023), tidyverse version
2.0.0 (Wickham et al., 2019), MplusAutomation version 1.1.1 (Hallquist & Wiley, 2018), lavaan
version 0.6-18 (Rosseel, 2012), psych package version 2.4.6.26 (Revelle, 2024), and stats
package version 4_4..3.3. Specifically, MANOVA tests were performed to test for differences
among condition groups in the percentage of time spent in Rapid Eye Movement (REM) sleep
and in Non-Rapid Eye Movement (NREM) sleep stages 1, 2, and 3 during the baseline and first
two recovery nights.

In addition to phenotypic analyses, transcriptomic sequences were analyzed. De-
multiplexed fastq.gz raw RNA sequence files underwent quality checks using FastQC v0.12.1
(Andrews, 2010) and multigc v.1.14 (Ewels et al., 2016), and mapping against the T2T-
CHM13v2.0 reference genome
(https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_009914755.1) (Nurk et al., 2022) to
generate expression counts at the gene level, with cloud pipeline execution by the Department
of Transportation — Secure Data Commons using Amazon Linux platforms. This pipeline
involved the use of CutAdapt v4.3 for the removal of the lllumina TruSeq adapters from raw
reads, discarding sequence reads shorter than 50 bases, and trimming low-quality bases with
the flag --nextseq-trim=20 (Martin, 2011). Trimming was followed by paired-read alignment
using STAR v.2.7.10b with read length set to 150 bases during the generation of genome
indices, and the —outMultimapperOrder Random flag for random output of multimapping reads
(Dobin et al., 2012). Subsequently, featureCounts v2.0.5 was used for strand-specific paired-
read generation of expression counts (Liao et al., 2013). Chimeric fragments aligned to different
chromosomes were discarded by setting the -C flag, and the -d 50 flag was used to reinforce 50
bases as a minimum read length.

Gene expression models largely used default settings, with exceptions specified below,
using the limma v. 3.60.4 package of CRAN R v. 4.4.1. Genes with low expression were filtered
out (i.e., models only analyzed genes that had at least 1 count per million in as many samples
as there were participants), followed by trimmed mean of M values normalization (Robinson &
Oshlack, 2010). Linear modeling of each gene was conducted with the voom approach (Law et
al., 2014), specifically using the function voomLmFit and the Benjamini and Hochberg method to
generate False Discovery Rate (FDR) adjusted P-values for multiple testing. Genes were
identified as differentially expressed if models yielded an FDR<0.05 for the factor of interest.

In all gene expression linear models, participant was encoded as a random effect by
specifying participant as a blocking variable, and all other terms were additive fixed effects. The
cumulative number of hours since midnight (RCH) at the outset of baseline study day 3 (without
centering or scaling) was encoded as a numeric covariate in an effort to account for the
potential effects of increasing duration at the inpatient facility and repeat test administration.
Based on principal component plots suggesting impacts of biological sex and RNA extraction
method, these elements were incorporated in models with binary factor terms (male or female,
FAA or Baylor). Models were run once on all 59 participants with a factor term to differentiate
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study groups (CT, DR, NR, TD), and again separately on each condition group with a dataset
limited to the 14—16 participants in the group. In each model the final term of interest was either
hours of wakefulness or a single neurobehavioral performance metric from the 45-minute test
battery encoded as a covariate (e.g., PVT lapses). Hours of wakefulness was defined as a
count of the total number of scheduled hours of wakefulness since the last TIB sleep episode
ended (e.g., for an assay at noon, if the participant’s most recent TIB ended at 08:00 RCH it was
considered 4 hours of wakefulness). Each neurobehavioral performance metric (and hours of
wakefulness) was modeled separately. Running separate models on each neurobehavioral
performance metric of interest on all 59 participants and again separately on each of the four
condition groups could be criticized as a form of multiple testing. However, the approach was
taken in this exploratory study to allow comparisons of genes differentially expressed relative to
the neurobehavioral performance factor of interest in all versus just one sleep condition (CT,
DR, NR, or TD) and to maximize the possibility of discovering biomarker candidates.

Finally, gene lists were submitted to QIAGEN Ingenuity Pathway Analysis for a Core
Analysis — Expression Analysis (Kramer et al., 2014) to explore molecular pathways and
functions. Log2 fold-change values from limma models were used as the data type expression
log ratio in Ingenuity Pathway Analysis and selected as the measurement type for Core Analysis
runs. All genes passing the low-expression cutoff in limma (=1 count per million in as many
samples as participants) were used as the background reference set, and an FDR<0.05 for the
neurobehavioral factor of interest (e.g., PVT lapses) was selected as the filter cutoff to identify
the foreground differentially expressed list. Settings were left at default, except for limiting
species to mammals and excluding endogenous chemicals from interaction networks.

3. Results

From an initial 37,933 inquiries, 73 participants were admitted to the 10-day inpatient
study, and after attrition a total of 59 completed the study (Additional file 2: Figure S1,
Additional file 3: Table S2).

3.1. Sleep Staging

There was no significant effect of the study condition group on the percentage of time in
Rapid Eye Movement (REM) sleep nor in Non-Rapid Eye Movement (NREM) sleep stages 1, 2,
or 3 during the baseline night (MANOVA, Wilks P-value=0.83) (Additional file 4: Table S3,
Figure 2). After the experimental segment, there was a significant difference by group during
the first night of recovery sleep (P=5.47e-07), with subsequent univariate ANOVA results
showing significant differences for NREM sleep stage 1 (P=0.003), NREM sleep stage 3
(P=3.62e-07), and REM sleep (P=0.006), but not NREM sleep stage 2 (P=0.99) sleep. Tukey’s
post hoc tests of the first recovery night did not yield significant differences between any of the
treatment groups (DR, NR, TD) and the control (CT) group for either NREM sleep stage 1 or
REM sleep. Tukey’s tests of NREM sleep stage 3 revealed a significant decrease in the DR
relative to CT (P=0.039) and an increase in TD relative to CT (P=0.0037), but no significant
difference in the NR from CT (P=0.999). For the second recovery night, the study group yielded
an overall effect (Wilks P-value=0.016), but only the NREM sleep stage 3 (P=0.019) and REM
sleep (P=0.039) had significant study group effects in univariate ANOVA analyses. Tukey’s post
hoc tests on the second recovery night only showed a significant difference from the CT group
in the NREM sleep stage 3 analysis of DR from CT (P=0.012), with less time in NREM sleep
stage 3 by DR relative to CT participants.
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Figure 2. Boxplots of scored polysomnography results of time spent in Non-Rapid Eye
Movement (NREM) sleep stages 1, 2, and 3, as well as time in Rapid Eye Movement (REM)
sleep. Individual panels show the baseline night before (A) and two recovery nights after (B, C)
the experimental segment of altered sleep schedule (e.g., sleep loss and/or altered timing).

Both the study condition group and the sleep episode significantly influenced the self-
reported estimate of sleep duration. Linear mixed models were generated in Ime4 package
version 1.1-35.5 with participant as a random effect. Sequentially adding terms with Chi-square
model comparisons indicated significant effects of the study condition group (P=0.008) and
study sleep episode (P=5.73E-12) on the self-estimated sleep duration. The NR group reported
a decrease in their estimated sleep duration from baseline to experimental inpatient sleep
episodes on nights 3-7, as expected due to the decrease in TIB from 8 to 5 hours during the
experimental segment. During this experimental segment, the DR group self-report estimates
often exceeded their 5 hours of actual TIB (Figure 3).
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Figure 3. Self-reported inpatient sleep duration estimates for each sleep episode opportunity.
For TD participants who lost two nights of sleep during the experimental segment, there are only
7 sleep opportunities. For the others there are 9 sleep episodes, starting with the baseline night
(sleep episode 2). Participants in DR and NR had the same total Time In Bed during each sleep
episode, with daytime (DR) or nighttime (NR) sleep episodes, despite apparent differences in
their self-reported sleep estimates.

3.2. Neurobehavioral Performance Tests

Generalized linear models with an intercept, random term for the participant, fixed term
for the study condition group with CT as the reference, and fixed term for the cumulative number
of hours into the study yielded significance for the condition group in relation to several
neurobehavioral performance test battery metrics (Additional file 5: Table S4).
Neurobehavioral performance test metrics that yielded a significant (P<0.05) effect for the DR
study group encompassed PVT (with lapses, the square root transform of lapses, or the mean
reciprocal reaction time as an endpoint), the overall number of correct responses in the
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STROORP test (based on either all four colors or just blue-yellow tests), and the two KSS tests
conducted at both the start and end of the neurobehavioral battery (Figure 4, Additional file 2:
Figures S2, S3). Only the two KSS tests resulted in P<0.05 for the NR group. Results
indicated the TD group experienced the greatest impact of the study protocol on their
neurobehavioral performance, with significant impacts on PVT metrics (P<0.05 for lapses or the
square root transform of lapses as an endpoint but not the mean reciprocal reaction time), VAS
responses for both groggy-clearheaded and alert-sleepy, the overall number correct for blue-
yellow tests of STROOP and several metrics based on tests of all four colors and just blue-
yellow colors (reaction time for neutral, inhibited, and facilitated tests), the initial and final self-
ratings of performance on the PEERS test, initial and final KSS, the results of the FACE assay
for both percentage and number correct, the number correct on the DSST, and the adjusted
response time for mirror trials in the CVS test (i.e., the average reaction time of mirror trials
divided by the number of correct mirror trials). In summary, the KSS was significantly related to
the DR, NR, and TD study conditions, but other tests only were significantly related to one (e.g.,
certain PEERS and VAS responses) or none (e.g., TRACK, MRT, and BART) of the study
condition groups.
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Figure 4. Psychomotor Vigilance Test (PVT) lapses throughout the study. Number (mean
+/- 1 standard error) of PVT lapses greater than 0.5 seconds, from midnight (RCH) between
study days 2 and 3 until discharge on study day 10 every 4 hours during scheduled wake. Data
are shown for each of the four study condition groups: control (CT), daytime sleep restriction
(DR), nighttime sleep restriction (NR), and total sleep deprivation (TD).

3.3. Differential Gene Expression

A total of 1,619 PAXgene blood draws were attempted from participants who completed
the 10-day inpatient study (15 TD participants with 27 timepoints, 14 CT with 31 timepoints, 14
NR with 26 timepoints, and 16 DR with 26 timepoints). After the removal of timepoints with
failed sample or data collection and those with too few sequence reads per sample (see
Methods), a total of 1,572 successfully sequenced RNA samples were used for differential
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expression analyses across all 59 participants. Raw counts of mapped reads per library (mean
+/- 1 standard error) were 37.5 million (+/- 0.3 million).

Thousands of genes were differentially expressed relative to hours of wakefulness.
When replacing the hours of wakefulness term with a metric from the 45-minute
neurobehavioral performance test battery, the number of differentially expressed genes
(FDR<0.05) varied widely depending on the specific test metric and the study condition group(s)
analyzed (Additional file 6: Table S5; Additional file 7-11: Table S6). For some tests there
were no differentially expressed genes in any study group (e.g., BART metrics, percent correct
in DSST, and the number correct in MRT beginning and intermediate level trials). For the
STROORP test, the number of differentially expressed genes varied widely depending on the
specific STROOP test endpoint. For PVT there was differential gene expression in tests of all
and each individual study group for PVT lapses, transformed lapses, and the mean reciprocal
reaction time, except for the PVT lapses metric for the CT and NR groups.

From each of the 10 neurobehavioral performance test categories (e.g., PVT), one
metric was selected (e.g., number of PVT lapses) for comparison of the number of differentially
expressed genes (Additional file 12: Table S7A). Based on this, a total of 39 genes were
differentially expressed (FDR<0.05) in at least half of the 10 neurobehavioral performance tests
for one or more of the study group comparisons (ALL, CT, DR, NR, TD) (Additional file 12:
Tables S7B and S7C). For the analysis of all 59 participants, a handful of genes were
differentially expressed in at least 5 of the 10 tests: A-Kinase Anchoring Protein 5 (AKAPS),
Epiregulin (EREG), Golgi Associated Kinase 1B (GASK1B), and Ubiquitin Conjugating Enzyme
E2 J1 (UBE2J1) (Figures S4-S7). Of these, AKAP5 and EREG were significantly related to five
of the neurobehavioral tests in DR participants, and UBE2J1 was significant in six of the tests
for TD participants (Additional file 12: Tables S7C). For any of the participant groups (ALL,
CT, DR, NR, or TD), 89% or more of the instances of differential expression represented cases
where a gene was significant for only one or two of the neurobehavioral performance test
metrics.

STEAP4 metalloreductase (STEAP4) was among the genes differentially expressed
relative to PVT lapses in the TD group. This gene also was shown to be associated with PVT
lapses during total sleep deprivation in two prior studies: a total RNA sequencing study in
collaboration with the Naval Medical Research Unit-Dayton (NAMRU-D, placebo 8 timepoint
study run) (Uyhelji et al., 2023), and a microarray analysis in collaboration with Washington
State University (WSU) (Uyhelji et al., 2018) (Additional file 2: Figure S8). Other differentially
expressed genes reported in the present study that also were related to PVT lapses in the WSU
report encompassed EFHD2, AQP9, LITAF, MSL1, CXCR1, KCNJ15, FLOT1, and ELOVLS5.
Altogether 59 genes were related to PVT lapses in the TD group of this study and the NAMRU-
D study (placebo 8 timepoint study run) (Additional file 13: Table $8). To further the
comparison, a similar modeling approach to that used in the NAMRU-D study was applied to the
present TD group dataset, with use of the R package edgeR version 4.2.1 to generate
generalized linear models of the counts data with a negative binomial distribution without log
transformation (rather than the present study’s linear modeling approach). For these models,
fixed effects were incorporated for the individual participant, PVT lapses, RNA extraction (by
FAA or Baylor), and two terms to capture cyclical rhythms: cyc1 = sin(2 * pi * hour /2 4), and
cyc2 = cos(2 * pi * hour / 24), where hour was 0 (midnight), 4 (04:00), 8 (08:00), 12 (noon), 16
(16:00), or 20 (20:00) (RCH) based on timing of the blood draw. This resulted in a decrease
from 59 to 39 differentially expressed genes related to PVT lapses during total sleep deprivation
detected in both the NAMRU-D and the present study, of which all but two also were
differentially expressed in the present study with the original linear modeling approach. A few of

June 2025
Comparison Across Multiple Types of Sleep Deprivation




those genes were significantly related to at least five of the neurobehavioral tests in the original
models of the TD group for the present study: Acyl-CoA Synthetase Long Chain Family
Member 1 (ACSL1), CDC42 Effector Protein 3 (CDC42EP3) (Additional file 2: Figure $12),
MIR3945 Host Gene (MIR3945HG), Phospholipase B Domain Containing 1 (PLBD1), and
UBE2J1. Based on the original models for the present study, the gene STEAP4 was
significantly differentially expressed relative to not only PVT (TD group only, endpoints of mean
reciprocal reaction time, lapses, and square root transformed lapses), but also to hours of
wakefulness (ALL, CT, and DR comparisons), to the initial KSS (ALL, DR, and NR) and final
KSS (DR), the initial PEERS ratings of effort and performance (NR group), the TRACK losses
(NR group), and VAS ratings of sleepy-alert and of groggy-clearheadedness (ALL, DR, NR).

3.4. Functional Significance and Pathways

Based on the expected functions of molecules and their interactions from literature,
Ingenuity Pathway Analysis interpretations of genes differentially expressed relative to
neurobehavioral performance test scores revealed functions related to inflammation and the
immune system. For genes differentially expressed relative to PVT lapses in the TD participant
group, two of the top canonical pathways were neutrophil degranulation (P-value 4.46E-17) and
pathogen-induced cytokine storm signaling pathway (P-value 9.26E-09). Many of the upstream
regulators based on an upstream analysis were cytokines, such as Tumor Necrosis Factor
(TNF) (P-value 1.49E-08). In the DR group, which was associated with far fewer differentially
expressed genes for PVT lapses, TNF still appeared as an upstream regulator (P-value 4.27E-
02). Among the many networks predicted for the TD group based on genes related to PVT
lapses was one centered on Extracellular Signal-Related Kinases 1/2 (ERK1/2), and involved
differentially expressed genes AKAPS, CXCR1, and LITAF as well as predicated activation of
the Hypoxia Inducible Factor 1 (HIF1) complex containing members Aryl Hydrocarbon Receptor
Nuclear Translocator (ARNT) and Hypoxia Inducible Factor 1 Subunit Alpha (HIF1A) (Figure 5).
This network has associations with cellular assembly and organization, cellular movement, and
skeletal and muscular system development and function. Another network with functions in
cellular movement, lipid metabolism, and small molecule biochemistry centered on the AKT
family, consisting of members AK71, AKT2, and AKT3.
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Figure 5. Predicted molecular pathway related to Psychomotor Vigilance Test (PVT)
impairment. Network diagram predicted with QIAGEN Ingenuity Pathway Analysis from a core
analysis of genes differentially expressed relative to PVT lapses from participants in the Total
Sleep Deprivation (TD) group. Orange lines indicate relationships between molecules leading
to activation; yellow lines indicate relationships are inconsistent with the downstream state of
the molecule; gray lines indicate effect not predicted. Green molecules show decreased
expression measurement, red show increased expression, orange indicate predicted activation,
and gray indicate effect not predicted.

4. Discussion

This study expands current understanding of the human response to sleep loss and
altered timing of sleep, demonstrating effects on PSG-scored sleep stages, subjective
assessments of sleep, neurobehavioral performance impairment, and molecular gene
expression. In addition to identifying reproducible biomarker candidates related to attention
impairment (i.e., PVT lapses) during total sleep deprivation, the current report expands the
candidate pool to genes associated with impairment on multiple neurobehavioral performance
tests. The simulated shiftwork group (DR) with 5 hours of daytime sleep opportunities across 5
days had scores on certain neurobehavioral performance tests such as the PVT of similar or
greater magnitude than the acute total sleep deprivation (TD) group, a group that experienced
two nights of total sleep loss (Figure 4, Additional file 5: Table S4). A caveat to attributing
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such findings to sleeping during the day and circadian disruption is that the DR group began the
experimental segment with both decreased quantity and altered timing of sleep in order to
accommodate the experimental intervention schedule. Participants were kept awake from
06:45am (RCH) on baseline day 3 until their next Time In Bed opportunity starting at 09:45am
(RCH) on study day 4, a duration of 27 hours. Some night shiftworkers may choose to rest
(e.g., nap) prior to beginning night shiftwork, which would decrease their sleep loss. Yet in the
present study, the intervention schedule of the DR group mimics what may occur for a night
shiftworker transitioning from nighttime sleep on a day off to daytime sleep following the first
night shift. The protocol reflects sleep loss associated with the first night shift of a sequence,
which may be a common experience for night shiftworkers (Barger et al., 2024; Santhi et al.,
2007).

While average neurobehavorial test performance in the DR group often returned to
baseline levels after the short 5-hour TIB opportunity during the experimental segment, it
showed substantial deviations during subsequent time awake likely reflecting both wake-
dependent and circadian impacts (Figure 4). Polysomnographic recordings and subjective self-
assessments indicated an effect of both TD and DR study conditions on sleep stages. As
reviewed in (Orzel-Gryglewska, 2010), an increase in slow-wave sleep is expected during the
rebound or recovery sleep following sleep deprivation. This is congruent with the current study
PSG recordings, in which the TD group showed a decrease in NREM sleep stage 1 and an
increase in NREM sleep stage 3 on the first recovery night (Figure 2, Additional file 4: Table
S3). Effects for the DR group continued into the second recovery night. Whereas DR
participants received the same sleep opportunity during the experimental segment as the NR
group, the DR group notably subjectively overestimated their time asleep during these 5 days
(Figure 3), with average values typically exceeding 6 hours. In contrast, the NR group
generally reported estimates closer to their actual allowed 5-hour TIB (Figure 3).
Notwithstanding the study’s limitations, these findings are consistent with the potential for
altered sleep timing and circadian disruption during shiftwork to both alter physiology and impair
self-assessment (Bermudez et al., 2016).

Overall, results suggest the TD group generally exhibited the most impairment on
neurobehavioral performance tests (Additional file 5: Table S4), but impacts varied among
specific tests with substantial impacts also seen for DR participants. For example, the mean
number of overall correct responses on STROOP assays (blue-yellow tests only) dropped to the
lowest rates for the DR group (Additional file 2: Figure S3). As previous studies have shown
(Lo et al., 2012), observed impacts of sleep loss or altered timing may differ depending which
aspect of neurobehavioral performance is investigated. During the first few neurobehavioral
assessments after awakening, participants in the DR group self-reported sleepiness on the KSS
at near-baseline levels. They subsequently showed dramatic increases in self-rated sleepiness,
with their pre-sleep 07:15-08:00 (RCH) neurobehavioral assessments on average rising to
values near the peak for the TD group during acute total sleep deprivation (Additional file 2:
Figure S2). Areview of more objective metrics, such as PVT lapses (Figure 4), also suggests
that the simulated shiftwork DR group may experience neurobehavioral performance deficits
comparable to acute total sleep deprivation.

Differentially expressed genes associated with neurobehavioral performance impairment
varied with the specific neurobehavioral performance metric and also depending on the
participant condition group (Additional file 6: Table S5; Additional file 7-11: Table S6): all
59 participants (ALL), control (CT), daytime restricted sleep (DR), nighttime restricted sleep
(NR), and total sleep deprivation (TD). No biomarker candidates were found associated with
risk-taking behavior as measured with the BART test. However, there were 22 differentially
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expressed genes relative to PVT lapses in tests of ALL participants, 73 for the DR group, and
952 for the TD group. For spatial orientation as probed with the TRACK test, by far the greatest
number of biomarker candidates occurred for the NR group, with 2,085 differentially expressed
genes. A small fraction of genes such as AKAPS were differentially expressed relative to
multiple neurobehavioral test metrics and participant groups (Additional file 12: Table S7),
which indicates the potential for developing a generic panel of biomarker genes to detect an
overall state of fatigue-related impairment. While such genes could be pleiotropic, a
mechanistic understanding and an evaluation of whether the expression patterns represent
causal vs. correlative relationships between molecular changes and fatigue-related
neurobehavioral performance requires further research. Most genes were uniquely differentially
expressed relative to specific neurobehavioral test metrics or participant subsets. Hence if a
more tailored approach is desired for detecting specific forms of fatigue-related impairment, in
recognition that different occupations or aspects of well-being may warrant closer monitoring of
distinct aspects of neurobehavioral performance, such tailoring may be possible using the
genes that only respond to certain conditions or neurobehavioral performance metrics. For
example, the PLBD1 gene may be a better indicator of acute sleep loss than altered sleep
timing or restriction, given its detection in multiple neurobehavioral performance metrics within
TD but not DR or NR participants. Expression of PLBD1 also may be a possible biomarker for
left ventricular dysfunction (Vanhaverbeke et al., 2019).

In general, the relation between gene expression and fatigue-related neurobehavioral
performance impairment appears complex. Many genes are known to be rhythmic in their
expression and may even serve as indicators of circadian phase (Laing et al., 2017; Moéller-
Levet et al., 2013). In the present study, some of the genes differentially expressed relative to
neurobehavioral impairment metrics also appeared to exhibit a rhythmic pattern of expression in
baseline conditions, that upon visual inspection may be altered in the sleep intervention groups
DR, NR, and TD (Additional file 2: Figures S5, S7, S8, S9). This supports prior work in which
a clustering analysis of genes related to PVT lapses showed a profile congruent with circadian
rhythm disruption during an experimental segment of total sleep deprivation (Uyhelji et al.,
2018). Such findings could reflect a mechanism whereby sleep loss or altered timing causes
altered gene expression, and detection of the genes as related to neurobehavioral impairment is
due to independent, concurrent effects of sleep loss on gene expression and on the impairment
metric. Causal biomarkers would be invaluable for advancing mechanistic insights, but for the
purpose of developing surrogate metrics for fatigue-related neurobehavioral performance
impairment, a panel of strongly correlated biomarkers may be equally useful as causal
indicators.

Understanding of causal vs. correlative relationships is beyond the scope of the current
study, but functional roles of the genes identified as differentially expressed does support validity
of the findings and may lend to development of hypotheses for future studies. Core analyses
run in Ingenuity Pathway Analysis of genes differentially expressed relative to PVT lapses in the
TD group resulted in a predicted network centered on the Extracellular Signal Related Kinase
(ERK) genes (Figure 5), which functions as reviewed in (Ode & Ueda, 2020) as sleep-
promoting kinases. Core analyses of PVT-associated genes in both TD and DR participant
groups indicated upstream regulatory roles for Tumor Necrosis Factor (TNF), congruent with
literature suggesting a role of this molecule and more generally inflammation and the immune
response in cognitive deficits and sleep regulation (Shaw et al., 2024; Zielinski & Gibbons,
2022). There is reported evidence that a sequence variant in the gene TNFa is associated with
inherited resistance to PVT impairment during total sleep deprivation (Satterfield et al., 2015).
Another molecule of particular interest is the gene STEAP4, which was found in this study and
two prior works in association with PVT lapses during total sleep deprivation (Uyhelji et al.,
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2018; Uyhelji et al., 2023). This gene, also known as STAMPZ2, has been implicated in the
inflammatory response and atherosclerosis (ten Freyhaus et al., 2012). Potentially, STEAP4
could be involved in the previously identified association between insufficient sleep and
increased risk of cardiovascular disease (Baranwal et al., 2023; Luyster et al., 2012; Makarem
et al., 2022; Scott et al., 2023). Furthermore, in the present study the gene AKAPS5 was
associated with multiple neurobehavioral performance test metrics. This gene is transcribed
and translated to generate a scaffolding protein, with roles as a signal integrator and impacts on
long-term synaptic plasticity(Diering, 2023; Sanderson & Dell'Acqua, 2011). Investigations of
such genes and their molecular pathways may yield pharmacological targets for developing
countermeasures to the effects of sleep loss, or new understanding of ways in which sleep loss
impacts health and cognition.

Limitations exist for this study, one being the small number of participants per study
condition group. The study does not include analyses of melatonin and does not explicitly
model circadian rhythms, which are known to affect sleep, neurobehavioral metrics, and gene
expression. Running separate statistical analyses for gene expression related to multiple
neurobehavioral performance test outcomes on all 59 participants, and again separately on
each of the four study condition groups, may risk false positive results from multiple testing.
The risk was accepted for this biomarker study because the aim was to identify potential genes
of interest for further validation work, and thus false positives were deemed more acceptable
than missing candidate biomarkers. All genes with FDR<0.05 for one or more neurobehavioral
performance tests, and particularly the objective tests rather than KSS, PEERS, and VAS
scales, could be considered candidate biomarkers of fatigue-related neurobehavioral
performance impairment. Further work is needed to validate the findings.

5. Conclusion

The current study identifies biomarker candidate genes for monitoring neurobehavioral
performance impairment from reduced quantity or shifted timing of sleep. Some genes such as
STEAP4 were previously identified in association with PVT lapses during total sleep deprivation,
suggesting the biomarker findings are reproducible. The discovery of AKAP5 gene expression
changes in relation to multiple neurobehavioral performance metrics may be of particular
interest. The gene has a significant role in memory-related brain circuits, and has been
proposed as a target for precision medicine and pharmacology towards treatment of
neurological ilinesses (Flerlage et al., 2025). The present study advances prior work by
identifying new candidates across multiple assays of neurobehavioral performance, and extends
the type of sleep loss from acute total sleep deprivation to also incorporate sleep restriction and
altered timing of sleep (daytime versus nighttime sleep). Self-reported estimates of sleep
timing, sleep staging with polysomnography data, neurobehavioral performance assessments,
and transcriptomics all indicate effects of both reducing quantity and altering timing of sleep.
Altogether these data provide a more comprehensive understanding of the impacts of sleep
loss. Molecular assessments may one day be a useful tool to augment impairment monitoring
and risk management practices, and may be particularly useful in cases such as postmortem
accident investigation as a novel approach to infer the potential for fatigue-related impairment.
In addition to furthering the goal of identifying candidate molecular indicators for fatigue-related
neurobehavioral performance impairment, the study provides a wealth of data for future
investigations. Indeed, the thousands of timepoints of physiological and neurobehavioral data
collected may augment efforts to better understand the ramifications of adequate sleep for
safety and well-being. Next steps could involve the use of advanced big data analytics and
machine learning to aid biomarker and sleep health discoveries.
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7. Appendix A. List of Supplementary Online Files

Additional file 1:

Table S1A. Schedule for CT participants, indicating TIB sleep opportunities, 45-minute
periods for neurobehavioral performance test batteries, meals, and whole blood
collection into PAXgene® RNA blood tubes. Practice assays and ad lib meals on
acclimation days 1-2 are not shown. Times are Relative Clock Hours.

Table S1B. Schedule for DR participants, indicating TIB sleep opportunities, 45-minute
periods for neurobehavioral performance test batteries, meals, and whole blood
collection into PAXgene® RNA blood tubes. Practice assays and ad lib meals on
acclimation days 1-2 are not shown. Times are Relative Clock Hours.

Table S1C. Schedule for NR participants, indicating TIB sleep opportunities, 45-minute
periods for neurobehavioral performance test batteries, meals, and whole blood
collection into PAXgene® RNA blood tubes. Practice assays and ad lib meals on
acclimation days 1-2 are not shown. Times are Relative Clock Hours.

Table S1D. Schedule for TD participants, indicating TIB sleep opportunities, 45-minute
periods for neurobehavioral performance test batteries, meals, and whole blood
collection into PAXgene® RNA blood tubes. Practice assays and ad lib meals on
acclimation days 1-2 are not shown. Times are Relative Clock Hours.

Additional file 2: Supplementary figures 1-9.

Figure S1. CONSORT diagram of participant recruitment, ending with the number of
participants that completed each of the four study condition groups: control (CT),
daytime sleep restriction (DR), nighttime sleep restriction (NR), and total sleep
deprivation (TD). Initially potential participants were directed to an online questionnaire,
followed by participant online and in-person based screening procedures. Participants
who passed screening criteria were admitted to the inpatient study.

Figure S2. Mean (+/- 1 standard error) of Karolinska Sleepiness Scale scores from
midnight at the outset of baseline study day 3 through the end of the 10-day inpatient
study, reflecting the initial Karolinska Sleepiness Scale towards the beginning of each
~45-minute neurobehavioral test battery. All times are Relative Clock Hour (RCH).

Figure S3. Mean (+/- 1 standard error) of the number of correct responses on blue-
yellow tests only for the STROOP results. Scores are shown from midnight at the outset
of baseline study day 3 through the end of the 10-day inpatient study. All times are
Relative Clock Hour (RCH).

Figure S4. Mean (+/- 1 standard error) logz counts per million gene expression, based
on normalized libraries, for the gene AKAPS. All times are Relative Clock Hour (RCH),
showing study day 3 through the end of the 10-day inpatient study.

Figure S5. Mean (+/- 1 standard error) log, counts per million gene expression, based
on normalized libraries, for the gene EREG. All times are Relative Clock Hour (RCH),
showing study day 3 through the end of the 10-day inpatient study.
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Figure S6. Mean (+/- 1 standard error) log> counts per million gene expression, based
on normalized libraries, for the gene GASK1B. All times are Relative Clock Hour (RCH),
showing study day 3 through the end of the 10-day inpatient study.

Figure S7. Mean (+/- 1 standard error) log> counts per million gene expression, based
on normalized libraries, for the gene UBEZ2J1. All times are Relative Clock Hour (RCH),
showing study day 3 through the end of the 10-day inpatient study.

Figure S8. Mean (+/- 1 standard error) log> counts per million gene expression, based
on normalized libraries, for the gene STEAP4. All times are Relative Clock Hour (RCH),
showing study day 3 through the end of the 10-day inpatient study.

Figure S9. Mean (+/- 1 standard error) log> counts per million gene expression, based
on normalized libraries, for the gene CDC42EP3. All times are Relative Clock Hour
(RCH), showing study day 3 through the end of the 10-day inpatient study.

Additional file 3:

Table S2. Demographics and information for participants who completed the 10-day
inpatient study. Values for the Apnea Hypopnea Index (AHI) and Periodic Leg
Movement (PLM) index were generated from scoring home sleep test results.

Additional file 4:

Table S3. Scored polysomnography results per sleep episode, based on 30-second
epochs. See the worksheet tab Descriptino of Variables for a description of column
headers.

Additional file 5:

Table S4. List of neurobehavioral performance test battery variables and P-values for
model terms of the intercept; treatment study condition groups of DR, NR, and TD; and
cumulative hours since midnight (RCH) between study days 2-3 (start of baseline) into
the 10-day inpatient study. For a description explaining the meaning of variable terms,
see worksheet tab Description of Variables.

Additional file 6:

Table S5. Number of genes differentially expressed (FDR<0.05) for the neurobehavioral
performance test battery noted in the column header. For a description of
neurobehavioral performance test battery tests and endpoints, see worksheet tab
Description of Variables.

Additional file 7:

Table S6A. List of FDR values for each gene tested, with respect to the noted
neurobehavioral test battery endpoint and participant condition group ALL. If an FDR is
not available (e.g., genes with too few counts in a given participant category, an NA is
listed. See the Description of Variables for the meaning of column headers
(neurobehavioral test battery endpoints). Each row represents a gene (NCBI Gene
Symbol). Genes with FDR<0.05 are considered significantly differentially expressed for
the neurobehavioral test battery in the column header and participant group.
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Additional file 8:

Table S6B. List of FDR values for each gene tested, with respect to the noted
neurobehavioral test battery endpoint and participant condition group CT. If an FDR is
not available (e.g., genes with too few counts in a given participant category, an NA is
listed. See the Description of Variables for the meaning of column headers
(neurobehavioral test battery endpoints). Each row represents a gene (NCBI Gene
Symbol). Genes with FDR<0.05 are considered significantly differentially expressed for
the neurobehavioral test battery in the column header and participant group.

Additional file 9:

Table S6C. List of FDR values for each gene tested, with respect to the noted
neurobehavioral test battery endpoint and participant condition group DR. If an FDR is
not available (e.g., genes with too few counts in a given participant category, an NA is
listed. See the Description of Variables for the meaning of column headers
(neurobehavioral test battery endpoints). Each row represents a gene (NCBI Gene
Symbol). Genes with FDR<0.05 are considered significantly differentially expressed for
the neurobehavioral test battery in the column header and participant group.

Additional file 10:

Table S6D. List of FDR values for each gene tested, with respect to the noted
neurobehavioral test battery endpoint and participant condition group NR. If an FDR is
not available (e.g., genes with too few counts in a given participant category, an NA is
listed. See the Description of Variables for the meaning of column headers
(neurobehavioral test battery endpoints). Each row represents a gene (NCBI Gene
Symbol). Genes with FDR<0.05 are considered significantly differentially expressed for
the neurobehavioral test battery in the column header and participant group.

Additional file 11:

Table S6E. Table S6E. List of FDR values for each gene tested, with respect to the
noted neurobehavioral test battery endpoint and participant condition group TD. If an
FDR is not available (e.g., genes with too few counts in a given participant category, an
NAis listed. See the Description of Variables for the meaning of column headers
(neurobehavioral test battery endpoints). Each row represents a gene (NCBI Gene
Symbol). Genes with FDR<0.05 are considered significantly differentially expressed for
the neurobehavioral test battery in the column header and participant group.

Additional file 12:
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Table S7A. List of FDR values for each gene relative to one endpoint for each of the
distinct neurobehavioral performance tests, for a given participant subset: ALL 59
participants, or those in the control (CT), daytime sleep restriction (DR), nighttime sleep
restriction (NR), or total sleep deprivation (TD) group. For a description of
neurobehavioral performance test endpoints, see worksheet tab Description of
Variables.

Table S7B. List of the number of times each tested gene was significantly differentially
expressed relative to one endpoint of the distinct neurobehavioral performance tests.




Values represent a count of the number of times the gene was significantly differentially
expressed (FDR<0.05) for a given participant subset: ALL 59 participants, or those in the
control (CT), daytime sleep restriction (DR), nighttime sleep restriction (NR), or total
sleep deprivation (TD) group. For a description of neurobehavioral performance test
endpoints, see worksheet tab Description of Variables.

Table S7C. List of genes significantly differentially expressed relative to at least 5 distinct
neurobehavioral performance test assays. Values represent the number of times the
gene was counted as significant (FDR<0.05) for a given participant subset: ALL 59
participants, or those in the control (CT), daytime sleep restriction (DR), nighttime sleep
restriction (NR), or total sleep deprivation (TD) group. For a description of
neurobehavioral performance test endpoints, see worksheet tab Description of
Variables.

Additional file 13:

Table S8. Significance (FDR<0.05) values for gene expression relative to PVT lapses in
the NAMRU-D study by Uyhelji et al. 2023, the current study with the original linear
modeling approach using limma voom, and the current study re-run with a negative
binomial distribution in edgeR similar to the NAMRU-D approach. Only genes tested in

all 3 approaches and with a significant value (FDR<0.05) in the NAMRU-D study are
shown.
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