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Purpose: Overcoming travel-related sleep disturbances due to motions sensed by our vestibular system could help improve cognitive 
performance and sleep quality in many contexts. However, there is a lack of research that administers controlled motions to understand 
how motion negatively impacts sleep and cognitive performance.
Patients and Methods: In this experiment, nine participants (21–39 years, M = 30.3, SD = 6.76; 3 females) completed a 7-day 
protocol. During nights 1–3, participants wore an Actiwatch and completed sleep diaries at home. On nights 4–7, participants slept in 
the lab with polysomnographic recording equipment on a bed attached to a movement platform and completed a psychomotor 
vigilance test at 07:00AM, 1:00PM, 3:00PM, and 5:00PM. On nights 4 and 5, the bed did not move overnight. On nights 6 and 7, the 
bed was moved upward and downward at 1Hz up to 120 times overnight at levels between 0–100% and 0–600% of each participant’s 
awake perceptual vertical motion threshold, respectively.
Results: Vertical motions significantly increased arousals from sleep (p =0.014) and worsened morning and midday psychomotor 
vigilance (p <0.001). Arousals caused by vertical motions occurred less than natural arousals (p <0.001) and had different spectral 
power (p =0.002). Larger motions strongly and significantly predicted a higher chance of causing arousals (β =0.0016, p <0.001).
Conclusion: These results provide evidence that overnight vertical motions disrupt sleep, lead to arousals that are distinct from 
natural arousals, and result in decreased cognitive performance. Strategies to reduce motion could help mitigate travel-related sleep 
disturbances.

Plain Language Summary: Travel related sleep disturbances are prevalent but poorly understood. The results of this study provide 
evidence that vertical motions disrupt sleep, lead to arousals that are distinct from natural arousals, and result in decreased cognitive 
performance. Strategies to reduce the number and size of vertical motions may help overcome travel-related sleep disturbances. 
However, whether and how motion size, frequency, and direction impact brain processes, sleep, and cognitive performance remain 
critical knowledge gaps. Future studies examining stronger motions administered more frequently to a larger number of participants 
are needed. Further, the topographic and time-frequency EEG profiles of natural and motion related arousals need to be further 
examined to better understand how the brain processes motion during sleep. 
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Introduction
Millions of individuals are at increased risk for health, mood, and memory issues due to sleep disruptions experienced on 
watercraft, aircraft, trains, and automobiles.1–7 Several studies demonstrate that transportation related motions disrupt 
sleep.8–15 Most broadly, across modes of travel poor sleep quality significantly and negatively influences tourist 
experiences.4 Likewise in seafarers who are exposed to environmental factors like noises and motions that cause sleep 
disruptions, a review of 279 maritime accidents showed that fatigue contributed to 16% of critical ship incidents and 33% 
of personnel injuries.1,12 Sleep quantity and quality were also significantly reduced during conditions simulating air travel 
which diminished physical and mental performance and exacerbated markers of fatigue compared to control 
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conditions.16,17 Simulated naval ship motions and vibrations administered during sleep significantly decreased sleep 
efficiency compared to a stationary condition in 100% of participants.9 In crewmen on an offshore oil vessel, sleep 
problems were strongly associated with vessel motions and increased with motion magnitude.10 Horizontal vibrations on 
trains negatively impacted sleep and their negative impact increased with greater vibration amplitude.8,18,19 Body 
position, especially sleeping in the supine position, has also been demonstrated to significantly worsen sleep 
quality.20–22

Despite the substantial negative impacts of sleep disruption, there is a lack of well-controlled research investigating 
how motions negatively impact sleep and cognitive function.11,23,24 Specifically, we found no previous study that looked 
at the deleterious impact of individual motions on sleep quality. Further, while it is clear that some complex motions and 
vibrations disrupt sleep, there is also evidence that other motions like horizontal rocking can improve sleep and next day 
memory performance.25 When participants slept on a mattress that simulated wave motions, sleep efficiency, time in 
NREM sleep, and subjective sleep quality were significantly improved.26 Vibrations at 1Hz have been demonstrated to 
promote more comfortable sleep on train cars.11 Further, closed-loop vibrations significantly reduced waking after sleep 
onset, increased sleep quality, and increased delta power during N3 sleep.27

Although the vestibular system is neuroanatomically positioned to impact sleep, it is unclear how vestibular function 
changes during sleep.23,24,28,29 There are bidirectional connections between vestibular nuclei, orexinergic neurons, and 
the locus coeruleus that are hypothesized to participate in transitioning an organism from awake to asleep.24 The 
vestibular system also has direct connections to the supra-chiasmatic circadian clock that have been demonstrated to 
regulate circadian rhythms.30 In rats with vestibular damage, NREM sleep was decreased and wake time was increased 
compared to controls without vestibular damage.31 In astronauts lack of otolithic input on orexinergic neurons in space 
has been hypothesized to alter transitions in the sleep-wake cycle, decrease sleep time, and exacerbate sleep 
disruptions.24,32 Additionally, chronic vestibular hypofunction is associated with impaired sleep.33 While it is evident 
that vestibular input has substantial impacts on sleep and circadian rhythms, there is a critical lack of knowledge about 
how vestibular function changes during sleep. The majority of incoming visual, auditory, and somatosensory information 
processing is attenuated during sleep, suggesting that vestibular function may also be attenuated.34–39 However, the 
sleeping brain can still detect certain stimuli suggesting that elements of vestibular function could be preserved.34–39 

Adding to the complexity, vestibular acuity differs greatly across individuals – some people can sense very small motions 
and others can only sense larger motions.40,41

Graphical Abstract
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Changes in sleep stages, arousals, and spectral power are sensitive indexes of brain activity that could help further 
elucidate the role of vestibular function and the impacts of motion during sleep. Human sleep is classified into 4 stages 
according to variations in muscle tone, brain wave patterns, and eye movements.42–44 “Good” sleep typically consists of 
more time spent in deeper stages of sleep, and sleep becomes increasingly disrupted and gets “worse” with more time 
spent awake and in lighter sleep stages.45 Disruptions due to sounds, motions, and other physiological processes have 
been demonstrated to result in changes in both time spent in different sleep stages and their relative proportion across the 
sleep period and could be an effective index of sleep disruption due to motions.1,19,25,26,46 There is also a well-established 
“first-night effect”, where sleeping in a new environment for the 1st time leads to more awake periods and less REM 
sleep because the brain is monitoring unfamiliar surroundings during sleep.47,48

Although changes in sleep stage are scored in 30 second epochs by convention, neural processing related to incoming 
visual, auditory, and somatosensory inputs occur quickly and continuously leading to awake-like brain activity called 
arousals.37–39,49,50 Natural arousals are an intrinsic part of sleep but excessive arousals can cause sleep disruption, 
fragmentation, daytime sleepiness, and other symptoms of fatigue.51–53 Sensory inputs like familiar versus unfamiliar 
sounds or vibrations have been demonstrated to exhibit distinct changes in spectral power during arousals that correlate 
to engagement in separate neural systems.37,38,49,54–65 Examining how spectral power differs during motion-related 
compared to natural arousals could help identify neural correlates of vestibular function during sleep.

Therefore, this experiment was designed to examine the impacts of earth vertical motions (ie, upward and 
downward translations) on sleep stages, arousals, and next day cognitive performance. We hypothesized that, unlike 
the sleep-promoting effects observed with horizontal rocking, earth-vertical translations would be disruptive to sleep 
architecture. Specifically, we predicted a dose-dependent relationship where increasing translation magnitudes would 
result in greater sleep fragmentation and increased time awake. Furthermore, we hypothesized that these sleep 
disruptions would result in measurable impairments in next-day cognitive vigilance and attention. Finally, given that 
the brain processes sensory inputs differently during sleep, we predicted that arousals triggered by motion would 
exhibit distinct spectral power signatures compared to naturally occurring spontaneous arousals, reflecting specific 
vestibular processing.

Materials and Methods
Subjects
Nine participants (21–39 years, M = 30.3, SD = 6.76; 3 females) completed the 7-day protocol after providing written 
consent. Participants were excluded for (i) > 300mg/day caffeine, (ii) >14 drinks/week alcohol, (iii) use of medications 
affecting sleep or vestibular thresholds, or (iv) current tobacco use. Participants also reported no history of neurological, 
psychiatric, vestibular, inner-ear, or sleep-disorders. Procedures were approved by the Naval Medical Research Unit 
Dayton Institutional Review Board (Protocol 2021.0005) in adherence to the Declarations of Helsinki. Participants were 
compensated $450.

Sleep Questionnaires
The Morning-Eveningness Questionnaire (MEQ, Range (16–86), 70 ≥ = “definitely morning types”) assessed partici
pants’ chronotype.66 Daytime activities affecting sleep (eg, caffeine intake, exercise), information about participants’ 
sleep the night prior (eg, onset, duration, awakenings), and information about any perceived motions or motion 
sicknesses overnight were collected using an in-house sleep survey (SS).

Actigraphy
To assess sleep and wake patterns and ensure protocol compliance, participants wore a Phillips Respironics Actiwatch 2 
(Phillips, USA) on their non-dominant hand for 3 days prior to the in-lab portion of the study. Data were collected in 
1-minute epochs, and sleep and wake patterns were scored using standard criteria using Phillips Actiware software 
(Phillips, USA).
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Polysomnography (PSG)
To assess changes in overnight sleep physiology across conditions, each sleep period was recorded using a Grass 
Technologies AS40-Plus amplifier system and TWin (Natus Technologies, USA) acquisition software. Nine electro
encephalography (F4, F4, C3, C4, Cz, O1, O2, M1, M2), 2 electrooculography (right and left ocular canthi), and 2 
electromyography (Chin1, Chin2, ChinZ) electrodes were placed according to standard American Association of Sleep 
Medicine (AASM) guidelines.44,67 PSG data were collected at a sampling rate of 200Hz with a bandpass of 0.1 to 
100 Hz.

The Psychomotor Vigilance Test (PVT)
Alertness was assessed post-sleep at four time points (7:00 AM, 1:00 PM, 3:00 PM, 5:00 PM) using a 10-minute PC- 
PVT (Version 2.0) on a Microsoft Surface Tablet. Participants pressed a screen to stop a reaction time counter; stimuli 
were presented at random intervals (2–12 s).

The Motion Bed
Motion was controlled by a 6 degree of freedom motion platform (MOOG Inc, USA) supporting a king-size mattress 
(Hickory Springs Manufacturing Inc, USA). Single cycles of 1 Hz sinusoidal acceleration were applied along an earth- 
vertical superior-inferior axis by moving the entire bed and were designed to mimic the time course of natural volitional 
head movements.68,69 Earth-vertical motions were chosen because total bilateral loss of the vestibular system increases 
vertical thresholds by over 5000%, indicating that the vestibular system predominantly determines Z-Translation thresh
olds—with other cues (eg, tactile, somatosensory) only contributing for motions that are a much greater magnitude than 
those that are typically sensed reliably by humans with a healthy vestibular system.70 During sleep, 70 dB white noise 
from a fan was provided and motion-related sounds were always maintained below 80 dB.

Awake Vertical Translation Thresholds
To assess what motion magnitude each participant could reliably detect while awake in bed, a psychometric function was fit 
to binary responses from an adaptive two-alternative forced-choice procedure.40,71–74 On day 1 of the study, participants laid 
in bed while awake and were asked to indicate the direction of 100 upward or downward motions using buttons placed in 
their left and right hands. Motions were administered in random directions using a 3-down 1-up staircase procedure that 
followed parameter estimation by sequential testing rules.75 Briefly, each test began with an easily detectable motion, and 
subsequent motions became smaller when participants correctly detected the direction 3 consecutive times or larger when 
participants incorrectly detected the direction once. To control for potential differences in perceptual threshold based on 
body position, each participant repeated the test lying with their left ear down, right ear down, on their back, and on their 
stomach. There were not any significant differences between these 4 different orientations, and therefore the median of all 4 
tests for each participant was calculated as their awake vertical translation threshold (see Table S1 for details).

Procedure
On night 1 of the study, participants completed the consent process and were oriented to the experimental procedures. 
Afterward, participants were asked to complete the Morningness Eveningness Questionnaire.66 During nights 1–3, 
participants were asked to refrain from napping, to go to sleep at 11:00PM, and to wake up at 7:00AM while wearing 
an Actiwatch and completing sleep surveys (Figure 1A). On nights 4–7 of the study, participants came to the NAMRU-D 
Fatigue Assessment and Countermeasures lab to sleep overnight while completing 4 different conditions, 1 condition on 
each night. On each night, participants arrived at the lab around 9:30PM, had polysomnography (PSG) sensors applied to 
them, and were given an opportunity to sleep from 11:00PM to 7:00AM in the motion bed. In the morning after each 
night, participants went home, were asked to complete a sleep survey, and were given a Microsoft surface tablet to 
complete a Psychomotor Vigilance Test (PVT) at 7:00AM, 1:00PM, 3:00PM, and 5:00PM (Figure 1B).

On night 4, participants completed the acclimation condition (white) to reduce the impacts of the “first night effect” and were 
asked to adapt to sleeping in the lab and motion bed while wearing PSG sensors. On night 5, participants completed the baseline 
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condition (green) and were asked to sleep normally. No movements were applied on the acclimation nor baseline nights. On night 
6, in the 0–100% threshold condition (blue), the entire bed was moved up and down earth-vertically at levels between 0–100% of 
each participant’s individual vertical translation threshold. On night 7, in the 0–600% threshold condition (red), the same 
procedure was applied with movements between 0–600% of each participant’s individual vertical translation threshold 
(Figure 1C). To minimize the impact of any external noises, including those due to bed motion, a fan was run throughout 
each night at a volume of ~ 70 dB.

On nights 6 and 7, trained researchers monitored sleep in real time and administered motions every 3 minutes after the 
participant reached stage 1 sleep. When an arousal or awakening occurred, motion was delayed until the participant fell 
asleep again for at least 5 minutes. Motion size and direction were determined using a 3-down 1-up staircase procedure that 
followed parameter estimation by sequential testing rules.75 Each test began with an undetectable motion, and subsequent 
motions became larger if participants stayed asleep during the motion 3 consecutive times, and motion size was reset to the 
starting level at any sign of awakening due to the motion. The size of motions iteratively increased between 0–100% of each 
participant’s vertical translation threshold on night 6, and between 0–600% of each participant’s vertical threshold on night 7.

Analysis
Statistics were calculated using R and R Studio (Version 4.4.1).76,77 The lme4 and emmeans packages were utilized 

for linear mixed effects models, ANOVAs, and post-hoc pairwise comparisons.78,79 To reduce Type I error and potential 
bias in parameter estimates due to hand selecting models,80–82 candidate models were first compared using likelihood 
ratio testing, Akaike information criteria, Bayesian information criteria and deviance with the “anova” function in 
R. P-values were calculated using Type II ANOVA with Satterthwaite’s approximation method and the lmerTest 
package.78,83 95% confidence intervals were calculated using the Wald method.

All comparisons were performed using the emmeans package. Effect sizes were calculated as Cohen’s d using the 
“eff_size” function, which divides the contrast estimates by the model’s residual standard deviation to provide 
a standardized measure of the magnitude of the predictor relative to the unexplained within-subject variance. Effect 
sizes were then interpreted as small (d = 0.2), medium (d = 0.5), large (d = 0.8), very large (d = 1.2), and huge (d = 2.0) 
following standard benchmarks.84,85

The Psychomotor Vigilance Test (PVT)
One outlier was excluded (performance > 2 SD below the mean). Lapses (> 500 ms) and reciprocal response time were 
compared using separate linear mixed-effect models with fixed effects for condition (acclimation, baseline, 0–100%, 

Figure 1 Experimental Timeline. Schematic of the experimental procedure. (A) On nights 1–3, participants slept at home, wore an Actiwatch, and completed sleep surveys. 
(B) Each night participants slept in the lab on a bed attached to a MOOG motion platform, wore polysomnography overnight (PSG), and completed 4 Psychomotor Vigilance 
Tests (PVTs) throughout the following day at 7AM, 1PM, 3PM, and 5PM. (C) On nights 4 and 5, the bed did not move overnight. On night 6, the bed moved between 0–100% 
of each participant’s vertical motion threshold while they slept. On night 7, the bed moved between 0–600% of each participant’s threshold. White = acclimation condition, 
green = baseline condition, blue = 0–100% of threshold condition, red = 0–600% of threshold condition. 
Abbreviations: PSG, polysomnography; PVT, Psychomotor Vigilance Test; MOOG, 6 degree of freedom motion platform.
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0–600%) and time (7:00AM, 1:00PM, 3:00PM, 5:00PM) plus a random effect for participants. Significant main effects 
were explored with pairwise t-tests.

Sleep Stages and Arousals
PSG data from the baseline night of one participant was missing due to technical errors. Sleep stages and arousals were scored 
in 30 second epochs by trained technicians using standard American Academy of Sleep Medicine criteria.44,86 The number 
and duration of arousals and proportion of sleep spent in each stage were calculated and compared using separate linear mixed 
effect models with fixed effects for sleep stage (time asleep, time awake, NREM 1%, NREM 2%, NREM 3%, REM%), 
condition (acclimation, baseline, 0–100%, 0–600%), the interaction of sleep stage and condition, and random effects for 
participants. To further examine significant main effects, follow up pairwise t-tests compared each condition to the others.

Natural versus Motion-Related Arousals
Arousals were classified as motion-related (motion occurred ≤ 30 sec prior) or spontaneous (all others). Motion-related 
arousals were only scored in the 0–100% and 0–600% conditions. Differences in the number and duration of natural 
arousals were compared using a linear mixed effect model with fixed effects for condition (0–100%, 0–600%). 
Differences in the number and duration of natural and motion related arousals were compared using a model with 
fixed effects for arousal type (natural, motion-related), condition (0–100%, 0–600%), and random effect for 
participants.

All spectral analyses were based on Fast-Fourier Transform of channels F3, F4, C3, C4, O1, and O2 in 10s 
epochs, accurately aligned with the onset of either spontaneous or motion-related arousals.54,87,88 Prior to Fourier 
transformations, the data were band-passed filtered from 0.3 to 35Hz. Filtered data were then Fourier transformed 
in 10s epochs beginning 10 seconds before and 3 seconds after each arousal onset, using standard tapering 
approaches.89 Spectral power was then calculated in the delta (0.5–4 Hz), theta (4–8 Hz), alpha (8–12 Hz), 
sigma (12–15 Hz), and beta (15–30 Hz) frequency ranges. Differences in the spectral power of spontaneous 
arousals were compared across each frequency range using separate linear mixed effect models with fixed effects 
for condition (acclimation, baseline, 0–100%, 0–600%) and a random effect of participant. By definition, motion 
related arousals only occurred during 0–100% and 0–600% nights. Therefore, differences in spectral power for 
natural and motion-related arousals were compared using a linear mixed effect model with fixed effects for 
condition (0–100%, 0–600%) and arousal type (natural, motion-related) plus a random effect of participant.

Arousals and Vertical Translation Thresholds
Since motions were administered using a 3-down 1-up staircase procedure, there were always more small motions 
than large motions in both conditions. Therefore, to examine how translation threshold impacted the likelihood of 
an arousal, a proportion was calculated by dividing the number of arousals by the total number of motions at each 
10% increment of a participant’s vertical motion threshold. For example, if 20 motions at 10% of threshold caused 
0 arousals, the proportion would be 0 whereas if 20 arousals were caused, the proportion would be 1. Upward and 
downward motion effects were compared using a linear mixed effect model with fixed effects for condition 
(0–100%, 0–600%) plus a random effect for participant. A separate linear mixed effect model compared the 
proportion of arousals caused by motions ≤ 100% of threshold in both conditions to motions > 100 of threshold in 
the 0–600% condition. Finally, a linear mixed effect model with fixed effects for motion size and a random effect 
for participant was used to examine the relationship between percent of threshold and arousal proportion.

Results
Participants (30.3 ± 6.76 years) were generally morning and intermediate types (59.1 ± 11.54) and were able to reliably 
detect 4.19 (3.33–5.26) cm/s motions while lying down awake in bed on average.
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Sound Levels Across Motion Sizes
Sound levels were consistent for the 0 to 24 cm/s velocity magnitudes used in this study ranging from 69 dB unweighted sound 
pressure level (SPL) without motions to 79 dB SPL for the largest motions. For the majority of motions (ie, >10 cm/s), the 
sound level was relatively constant - varying between 73- and 79-dB SPL (Figure 2).

The Psychomotor Vigilance Test (PVT)
Including time and condition as main effects significantly improved model fit over the null model (χ2 (3) = 15.03, 
p =0.002) and the condition only model (χ2 (3) = 17.14, p <0.001), but the inclusion of a time and condition interaction 
did not significantly improve the model fit (χ2 (9) = 9.15, p =0.423). Therefore, the more parsimonious time and 
condition model was used to analyze lapses and reciprocal reaction times.

For lapses, there was a significant main effect of both time (F(3114) = 5.73, p =0.001) and condition (F(3114) = 5.83, 
p <0.001). Follow up comparisons across time indicated that there were more lapses at 7:00AM compared to 1:00PM and 
3:00PM (Figure 3A and Table 1). Follow up comparisons across condition indicated that there were more lapses 
following the 0–600% condition compared to the acclimation and baseline conditions (Figure 3A and Table 1).

For reciprocal reaction times, there was also a significant effect of both time (F(3114) = 6.56, p <0.001) and condition 
(F(3114) = 3.04, p =0.031). Follow up comparisons across time indicated that reciprocal reaction times were higher at 
7:00AM compared to 1:00PM and 3:00PM. There was marginal evidence that reciprocal reaction times were also greater 
at 7:00AM than 5:00PM (Figure 3B and Table 2). Post-hoc pairwise comparisons across condition revealed that while 
differences between Baseline and 0–100% conditions did not reach statistical significance, they represented a medium 
effect size. A similar trend was observed for the Baseline and 0–600% conditions (Figure 3B and Table 2).

Sleep and Arousals
Including condition alone did not significantly improve model fit (χ2 (3) =0.003, p =0.99) but the inclusion of sleep stage 
resulted in a highly significant improvement over the null model (χ2 (2) = 962.46, p <0.001). Including a condition and 
sleep stage interaction significantly improve the model (χ2 (15) = 41.10, p <0.001), suggesting that the impact of 

Figure 2 Sound Levels Across Motion Sizes. Mean and standard deviation of sound levels collected using an in-ear microphone at motion sizes ranging from 0, 30 
centimeters per second.
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conditions varied depending on the sleep stage being analyzed. Therefore, the interaction model was used to analyze 
condition related changes in sleep stages.

The proportion of time spent in different sleep stages significantly differed (F(5, 186) = 4375.0, p <0.001), reflecting 
the inherent differences in the time spent in various sleep stages. There was not any main effect of condition (F(3186) = 
0.109), suggesting that the total amount of sleep stages combined did not differ significantly between conditions. 
However, the impact of condition was dependent on the sleep stage being analyzed (F(15,186) = 2.68, p =0.001).

Table 1 Lapse Results

Comparison Estimate (SE) t-Ratio (df) P value Cohen’s d

7:00AM, 1:00PM 2.24 (0.63) 3.56 (114) 0.003 0.89 (L)

7:00AM, 3:00PM 2.17 (0.63) 3.44 (114) 0.004 0.86 (L)

7:00AM, 5:00PM 1.00 (0.63) 1.58 (114) 0.392 0.40 (M)

1:00PM, 3:00PM −0.07 (0.63) −0.14 (114) 0.999 −0.03 (S)

1:00PM, 5:00PM −1.24 (0.63) −1.97 (114) 0.204 −0.49 (M)

3:00PM, 5:00PM −1.17 (0.63) −1.86 (114) 0.251 −0.47 (M)

Acclim., Baseline 0.60 (0.63) 0.95 (114) 0.777 0.23 (S)

Acclim., 0–100% −0.84 (0.63) −1.34 (114) 0.539 −0.34 (S)

Acclim., 0–600% −1.88 (0.63) −2.98 (114) 0.018 −0.75 (M)

Baseline, 0–100% −1.44 (0.63) −2.29 (114) 0.106 −0.57 (M)

Baseline, 0–600% −2.47 (0.63) −3.93 (114) <0.001 −0.98 (L)

0–100%, 0–600% −1.03 (0.63) −1.64 (114) 0.361 −0.41 (S)

Notes: Estimates, standard error, test statistics, p values, and effect sizes for follow up compar
isons across time and condition. Bold = significant, Italics = trending. 
Abbreviations: Acclim., Acclimation; SE, standard error; df, degrees of freedom. S, small effect; 
M, medium effect; L, large Effect.

Figure 3 The Psychomotor Vigilance Test (PVT). Bar charts comparing means and standard errors of reciprocal reaction times and lapses across time and condition. (A) 
Lapses. (B) Reciprocal Reaction Time. White = acclimation, green = baseline, blue = 0–100% of threshold, red = 0–600% of threshold. 
Abbreviations: PVT, Psychomotor vigilance test; Mean (1/RT), reciprocal reaction time.
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Follow up comparisons for each sleep stage across conditions indicated that time asleep was decreased following the 
0–100% condition and 0–600% condition compared to the acclimation condition (Figure 4A and Table 3). There was also 
marginal evidence that time asleep was lower following the baseline condition compared to the acclimation condition, 
and lower following the 0–100% condition compared to the baseline condition (Figure 4A and Table 3). Notably, while 
the comparisons between 0–100% and Baseline and between Baseline and Acclimation were marginally significant, they 
exhibited large effects, indicating reductions in time asleep.

Table 2 Reciprocal Reaction Time Results

Comparison Estimate (SE) t-Ratio (df) P value Cohen’s d

7:00AM, 1:00PM −0.17 (0.05) −3.55 (114) 0.003 −0.88 (L)

7:00AM, 3:00PM −0.20 (0.05) −4.08 (114) <0.001 −1.02 (L)

7:00AM, 5:00PM −0.12 (0.05) −2.51 (114) 0.063 −0.62 (M)

1:00PM, 3:00PM −0.02 (0.05) −0.52 (114) 0.953 −0.13 (S)

1:00PM, 5:00PM −0.05 (0.05) −1.04 (114) 0.727 −0.26 (S)

3:00PM, 5:00PM −0.08 (0.05) −1.56 (114) 0.404 −0.39 (S)

Acclim., Baseline −0.02 (0.05) −0.49 (114) 0.961 −0.12 (S)

Acclim., 0–100% −0.09 (0.05) 1.90 (114) 0.231 0.48 (S)

Acclim., 0–600% −0.09 (0.05) 1.82 (114) 0.269 0.45 (S)

Baseline, 0–100% −0.12 (0.05) 2.40 (114) 0.084 0.60 (M)

Baseline, 0–600% −0.11 (0.05) 2.31 (114) 0.102 0.58 (M)

0–100%, 0–600% −0.01 (0.05) −0.09 (114) 0.999 −0.02 (S)

Notes: Estimates, standard error, test statistics, p values, and effect sizes for follow up 
comparisons across time and condition. Bold = significant, Italics = trending. 
Abbreviations: Acclim., Acclimation; SE, standard error; df, degrees of freedom. S, small effect; 
M, medium effect; L, large Effect.

Figure 4 Sleep and Arousals. Bar charts comparing means and standard errors of time asleep, time awake, and arousals across conditions. (A) Time asleep. (B) Time awake. 
(C) Arousals. White = acclimation condition, green = baseline condition, blue = 0–100% of threshold condition, red = 0–600% of threshold condition.
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Time awake was also significantly greater following the 0–100% condition compared to the acclimation condition 
(Figure 4B and Table 3). While pairwise comparisons between the 0–100% and 0–600% conditions and between the 
Baseline and 0–100% condition did not reach the traditional p<0.05 threshold for frequentist significance, both 
comparisons exhibited large effect sizes indicating increases in the time awake. There were not any other significant 
differences between conditions for any sleep stage (p values >0.75).

For the number of arousals, including condition significantly improved model fit over the null model (χ2 (6) = 
11.71, p =0.008) and was therefore used to analyze differences in the number and duration of arousals. The number 
of arousals significant differed across conditions (F(3,24) = 4.34, p =0.014). Follow up comparisons indicated that 
there were more arousals following the 0–600% condition compared to the baseline condition (Figure 4C and 
Table 3). There was also marginal evidence, and large effect sizes, which suggested there were more arousals 
following the 0–100% condition than the baseline condition, and that there were more arousals following the 
acclimation condition compared to the baseline condition (Figure 4C and Table 3). There were not any significant 
differences in the duration of arousals across conditions (F(3,23.4) =0.94, p =0.438). Sleep stage summary statistics 
are included as supplemental material (Table S2).

Table 3 Sleep Stage and Arousal Results

Sleep Stage Comparison Estimate (SE) t-Ratio (df) P value Cohen’s d

Time Asleep Acclim., Baseline 17.78 (7.37) 2.41 (179) 0.078 1.17 (L)

Time Asleep Acclim., 0–100% 35.16 (7.37) 4.92 (178) <0.001 2.32 (VL)

Time Asleep Acclim., 0–600% 14.12 (7.37) 1.98 (178) 0.200 0.93 (L)

Time Asleep Baseline, 0–100% 17.37 (7.37) 2.36 (179) 0.089 1.14 (L)

Time Asleep Baseline, 0–600% −3.66 (7.37) −0.50 (179) 0.960 −0.24 (S)

Time Asleep 0–100%, 0–600% −21.03 (7.37) −2.94 (178) 0.019 −1.39 (VL)

Time Awake Acclim., Baseline −9.50 (7.37) −1.29 (179) 0.570 −0.63 (M)

Time Awake Acclim., 0–100% −26.38 (7.37) −3.69 (178) 0.002 −1.74 (VL)

Time Awake Acclim., 0–600% −10.17 (7.37) −1.42 (178) 0.486 −0.67 (M)

Time Awake Baseline, 0–100% −16.87 (7.37) −2.29 (179) 0.104 −1.11 (L)

Time Awake Baseline, 0–600% −0.67 (7.37) −0.091 (179) 0.999 −0.04 (S)

Time Awake 0–100%, 0–600% 16.21 (7.37) 2.27 (178) 0.110 1.07 (L)

Arousals Acclim., Baseline 27.00 (11.1) 2.43 (24) 0.099 1.15 (L)

Arousals Acclim., 0–100% −2.89 (11.1) −0.26 (24) 0.993 −0.12 (S)

Arousals Acclim., 0–600% −10.67 (11.1) −0.96 (24) 0.773 −0.45 (S)

Arousals Baseline, 0–100% −29.89 (11.1) −2.69 (24) 0.058 −1.27 (VL)

Arousals Baseline, 0–600% −37.67 (11.1) −3.39 (24) 0.012 −1.60 (VL)

Arousals 0–100%, 0–600% −7.78 (11.1) −0.70 (24) 0.896 −0.33 (S)

Notes: Estimates, standard error, test statistics, p values, and effect sizes for follow up comparisons of stages across 
conditions. Bold = significant, italics = trending. 
Abbreviations: Acclim., Acclimation; SE, standard error; df, degrees of freedom. S, small effect; M, medium effect; L, 
large Effect; VL, very large effect.
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Natural versus Motion-Related Arousals
Including condition alone did not significantly improve model fit (χ2 (1) =0.51, p =0.474), and while a direct comparison 
was not possible as the models were not nested, the inclusion of arousal type resulted in a highly significant improvement 
over the null model (χ2 (3) = 30.08, p <0.001) and a lower AIC (327.27 vs 297.19 respectively). Adding a condition and 
arousal type interaction did not further improve the model (χ2 (6) =0.91, p =0.339), suggesting that the number of 
arousals differed by arousal type but remained stable across conditions. Therefore, the arousal type model was selected to 
compare the number and duration of natural and motion-related arousals. This analysis indicated that there were 
significantly more natural arousals than motion-related arousals (F(1,26) = 49.51, p <0.001, cohen’s f = 1.38) and that 
the duration of natural and motion-related arousals was not significantly different (F(1,34) =0.84, p =0.364, cohen’s 
f =0.16)(Figure 5A).

For natural arousals, spectral power significantly differed across conditions in the sigma band with a large effect size 
(Figure 5B and Table 4). Marginal effects of condition were observed in the alpha, theta, beta, and delta frequency bands 
(Figure 5B and Table 4). While pairwise comparisons in the sigma band only reached marginal significance, very large 
effect sizes suggested higher sigma power during the acclimation night compared to the other conditions (acclimation vs 
baseline: p =0.064, d = 1.23; acclimation vs 0–100%: p =0.069, d = 1.23; acclimation vs 0–600%: p =0.100, d = 1.14). 
There were not any significant differences between the other conditions (p values >0.989).

Figure 5 Natural versus motion-related arousals. Bar charts comparing means and standard errors of the number and duration of motion-related and natural arousals. 
(A) Number and duration of arousals. (B) Plot comparing spectral power of natural arousals across conditions. (C) Plot comparing spectral power of natural versus and 
motion-related arousals during to 0–100% and 0–600% conditions. Blue = 0–100% of threshold condition, red = 0–600% of threshold condition, solid line = motion- 
related, dotted line = natural, grey = acclimation condition, green = baseline condition.

Table 4 Spectral Power Results for Natural Arousals

Frequency Factor F df num df den P value Cohen’s f [95% CI]

Delta Condition 2.40 3 23.64 0.093 0.55 [0.00, inf]

Theta Condition 2.68 3 23.27 0.071 0.59 [0.00, inf]

Alpha Condition 3.01 3 23.15 0.051 0.62 [0.00, inf]

Sigma Condition 3.35 3 23.24 0.036 0.66 [0.12, inf]

Beta Condition 2.58 3 23.09 0.078 0.58 [0.00, inf]

Note: ANOVA results for the spectral power of natural arousals. Bold = significant, Italics = trending. 
Abbreviations: df num, numerator degrees of freedom; df den, denominator degrees of freedom; inf, infinity.
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When comparing natural and motion-related arousals, delta and theta power were significantly higher during natural 
arousals compared to motion-related arousals (Figure 5C and Table 5). There was also marginal evidence that alpha and 
beta power were higher during natural arousals compared to motion-related arousals (Figure 5C and Table 5).

Arousals, Motion Direction, and Motion Size
Including condition alone significantly improved fit over the null model (χ2 (1) = 7.81, p =0.005). However, neither 
adding direction (χ2 (1) =0.17, p =0.683) nor an interaction of condition and direction (χ2 (1) = 1.97, p =0.161) as fixed 
effects further improved the model. These results suggest that the proportion of arousals significantly differed across 
conditions, but this effect was consistent regardless of the direction. Therefore, the condition model was used to analyze 
changes in the proportion of arousals by direction. This analysis indicated that the proportion of arousals was higher 
during the 0–600% condition than the 0–100% condition (F(1,26) = 8.72, p =0.007, cohen’s f =0.58, Figure 6A).

Figure 6 Arousals, Motion Directions, and Motion Size. Bar charts comparing means and standard errors in the average proportion of arousals across motion direction, 
type, and condition and a scatterplot depicting the relationship between percent of threshold and the proportion of arousals. (A) Arousals by condition and motion 
direction. Blue = 0–100% of threshold condition, red = 0–600% of threshold condition, solid line = downward motions, dotted line = upward motions. (B) Arousals by 
condition and percent threshold. Grey = ≤ 100% of threshold motions, red = > 100% of threshold motions. (C) Arousals by percent threshold.

Table 5 Spectral Power Results Comparing Natural and Motion-Related Arousals

Frequency Factor F df num df den P value Cohen’s f [95% CI]

Delta Condition 2.61 1 25 0.119 0.32 [0.00, inf]

Theta Condition 1.24 1 25 0.275 0.22 [0.00, inf]

Alpha Condition 0.15 1 25 0.699 0.08 [0.00, inf]

Sigma Condition 0.05 1 25 0.816 0.24 [0.00, inf]

Beta Condition 0.01 1 25 0.912 0.02 [0.00, inf]

Delta Type 12.58 1 25 0.002 0.71 [0.34, inf]

Theta Type 10.14 1 25 0.004 0.64 [0.27, inf]

Alpha Type 2.92 1 25 0.010 0.34 [0.00, inf]

Sigma Type 1.40 1 25 0.248 0.05 [0.00, inf]

Beta Type 3.14 1 25 0.088 0.35 [0.00, inf]

Notes: ANOVA results comparing natural and motion-related arousals. Bold = significant, Italics = trending. 
Abbreviations: df num, numerator degrees of freedom; df den, denominator degrees of freedom; inf, infinity.
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Including motion type significantly improved fit over the null model (χ2 (2) = 21.36, p <0.001) and analysis with this model 
indicated that the proportion of arousals significantly differed across motion types (F(2,16) = 16.58, p <0.001, cohen’s f = 1.44). 
Follow up comparisons indicated a significantly greater proportion arousals for > 100% motions compared to ≤ 100% motions 
during both 0–600% condition (t(16) = 5.08, p <0.001, d = 2.40) and 0–100% condition (t(16) = 4.89, p <0.001, d = 2.30). There 
were not any significant differences between the proportion of arousals between ≤ 100% motions during the 0–600% compared 
to 0–100% conditions (t(16) = −0.197, p =0.979, d = −0.09) (Figure 6B).

Including motion magnitude alone significantly improved model fit over the null model (χ2 (1) = 74.33, p <0.001), but 
the addition of a random slope for motion magnitude did not further improve model fit (χ2 (2) = 1.06, p =0.590). These 
results suggest that while motion magnitude significantly influenced the proportion of arousals, this effect was consistent 
across participants. Therefore, the random intercept model was used to analyze whether motion magnitude influenced the 
proportion of arousals. As predicted, larger motion magnitude significantly predicted a higher proportion of arousals (β 
=0.0016, SE = 0.0001, t(213.3) = 9.42, p <0.001). The 95% confidence interval for the effect of motion magnitude also 
did not include zero [0.0013,0.0020]. The marginal R2 =0.276 indicated that motion magnitude alone accounted for 
27.6% of the variance in arousal proportion while the conditional R2 =0.328 showed that the total model, including the 
random effect of participant, explained 32.8% of the variance (Figure 6C).

Discussion
Travel-related sleep disturbances due to sounds and motions diminish sleep quality, health, and cognition. There is 
a critical need for experiments that use experimentally controlled motions to understand the effects of sounds and 
motions on sleep and cognitive performance. The results of this study demonstrate that 1 Hz earth-vertical (upward and 
downward) motions administered during sleep significantly disrupt next day cognitive performance, lead to arousals with 
brain activity that is different from natural arousals, and disrupt sleep more as the motions were larger. Implementing 
strategies to minimize the number and magnitude of vertical movements during sleep may mitigate the economic and 
health detriments caused by travel-related sleep disturbances.

Increased lapses and reciprocal reaction times following overnight sleep with motions demonstrate that earth vertical 
motions disrupt next day cognitive performance. Disrupted sleep has been demonstrated to impair human 
performance.90–92 Following sleep deprivation and circadian disturbance, studies reliably show alterations in attention, 
vigilance, executive function, emotional reactivity, memory formation, decision making, and judgement.93 However, it is 
not clear whether all tasks and cognitive functions are affected by sleep disruption equally.90 For example, sleep 
disruption degrades performance on complex cognitive tasks less than simple tasks.90,93 In this study, sleep disruptions 
due to motion decreased attention and vigilance, but potential effects on memory remain untested.

Further, it is unclear whether different types of sleep disruptions affect performance equally. Health and memory 
detriments related to sleep disruptions are thought to be related to increased activation of the sympathetic nervous system 
and hypothalamic-pituitary-adrenal axis, and motion-related arousals could increase sympathetic activation more com
pared to natural arousals.94–97 Changes in sleep composition, circadian changes, and increases in the number of arousals 
have all been demonstrated to impair performance.90–93 During arousals, metabolism and oxygen consumption coin
cidently increase the production of carbon dioxide and cortisol.94 Further, brain activity during arousals has been 
demonstrated to change across sensory modalities of sounds, smells, and nociceptive inputs.49,50,54–58,61,63,98–100 

Therefore, while additional neuroscientific studies will be required, there is strong evidence to suggest that arousals 
related to different sensory modalities like motions or sounds during sleep could negatively affect next day brain function 
in different ways. The results of this study demonstrate that sleep disruptions related to motion decrease levels of 
attention and vigilance the day following the sleep disruptions.

Less time asleep, more time awake, and more arousals during nights with motion demonstrate that earth vertical 
motions disrupt sleep. Converging neuroanatomical and behavioral evidence strongly suggest that vestibular function 
significantly impacts sleep and circadian rhythms.23,24,28–31 The results of this study provide novel evidence that 1Hz 
earth vertical motions disrupt sleep. Further, a strong and significant positive relationship between the probability of an 
arousal and motion magnitude demonstrate that larger motions disrupt sleep more than weaker motions.
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The vestibular system is thought to impact sleep through neural connections to brain areas vital to sleep and alertness 
like the suprachiasmatic nucleus, locus coeruleus, and orexinergic neurons.23 The activity of vestibular neurons varies in 
response to motion stimuli across direction, size, and speed.23,28,41,101,102 For example, upright horizontal and rocking 
motions predominantly involve the utricular otolith organs whereas up and down vertical motions predominantly involve 
the saccular otolith organs.23,28,103,104 Differences in the neuroanatomical and functional correlates that underly proces
sing horizontal and vertical motions could be a potential mechanism underlying whether motions during sleep are 
beneficial or detrimental. Further understanding how vestibular function impacts sleep disruption could be valuable for 
identifying strategies to maximize beneficial motions and minimize detrimental motions during sleep.

Although this article only tests 1 Hz motions, easy and cost-effective strategies such as changing the orientation of 
a naval ship during rough seas could help transform disruptive vertical motions caused by waves to beneficial horizontal 
rocking motions from the same waves. Since sleep disruption increased with increasing motion magnitude, other 
strategies to reduce motion magnitude, such as motion dampening beds or navigating vehicles to environments that 
cause less motion, may be helpful to mitigate sleep disruptions. Additional studies will be required to determine whether 
and how motion magnitude, frequency, and direction impact brain processes, sleep, and cognitive performance. Further, 
additional studies will be required to determine appropriate countermeasures like pharmacotherapies or motion-reducing 
beds that can reduce the impacts of motion related sleep disruptions and resultant cognitive disruptions.

Differences in number and spectral power demonstrate that natural and motion-related arousals are distinct from each 
other. The neural correlates of vestibular perception during sleep remain unclear.23,24 During sleep the flow of most 
sensory neural activity related to sounds, smells, and visual inputs is inhibited through activity in the thalamus.39 

However, sensory inputs like sounds and smells have been demonstrated to elicit different cognitive responses and 
impact long-term memory retention – in some cases participants can even learn new words while asleep.34,39,105,106 

Spectral power has been demonstrated to change in response to different sounds and smells, and can be a reliable index 
of underlying neural processes like alertness and cognitive processing.36–38,51,54,58,87,99 Here, decreased delta and theta 
activity during motion-related compared to natural arousals could indicate greater vigilance and brain processing during 
motion-related arousals. While there is strong evidence that vestibular inputs would be salient inputs for processing 
during sleep, additional neuroimaging studies are needed to examine the impacts of different motions of sleep 
disturbances and changes in brain activity. Quantifying sleep disturbances and spectral changes related to vestibular 
processing during sleep could index underlying neural processes and future topographic and time-frequency studies will 
be needed.

Limitations
The results of this study should be considered in light of three main limitations. First, the sample size of 9 participants 
was relatively small. However, despite the limited number of participants, the effect sizes observed were large and 
statistically significant, suggesting that the impact of vertical motion on sleep disruption is robust. As well, an a priori 
power analysis for a within-subject ANOVA with alpha set to.05, desired power set to.95, and a medium effect size of.45 
determined that 8 participants would be required (G*Power 3.1).

Second, the order of motion conditions (0–100% followed by 0–600%) was not counterbalanced across participants to 
ensure that participants could tolerate moderate stimuli before being exposed to the higher motion magnitudes. 
Consequently, it is possible that participants habituated to the motions over time, potentially dampening the observed 
effects on the 0–600% nights. Additionally, sleep disruption on the 0–100% nights could have led to recovery sleep on 
the 0–600% nights. Furthermore, sleep quality decreased from acclimation to baseline, diverging from the traditional 
“First Night” effect. Speculatively, elevated sleep pressure upon study entry may have facilitated a sleep rebound during 
the acclimation night, masking initial environmental novelty. Conversely, the baseline night may have been impacted by 
anticipatory vigilance or sensitization to the discomfort of the equipment, a phenomenon consistent with the “night 
watch” hemispheric asymmetry observed in novel sleep environments.48 Future studies should utilize a randomized and 
counterbalanced design to disentangle the effects of motion magnitude from potential habituation or sensitization.

Third, although the motion device and fan providing white noise created a loud sleeping environment, sound levels 
only varied by ~10 dB between the smallest and largest motions. Notably, the proportion of arousals increased 
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significantly with motion magnitude even when sound levels were near-constant. This indicates that the physical size of 
the earth-vertical translation, not the noise produced by the motion device during the applied translation, was the primary 
cause of the arousals.

Conclusion
In conclusion, this study demonstrates that 1 Hz earth-vertical (ie, upward and downward) motions disrupt sleep and 
next-day attention and vigilance. These motions induce arousals characterized by unique spectral power signatures 
distinct from natural arousals, suggesting a specific neural response to vestibular input during sleep. Furthermore, the 
disruption is dose-dependent, with larger motions causing greater sleep fragmentation. These findings highlight the 
critical need for strategies to mitigate vertical motion in travel environments — such as motion-dampening technologies 
or altering vehicle orientation — to preserve human health and cognitive function.
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