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1,2,3‡, René J. F. Melis1,2,4, Marcel G. M. Olde

Rikkert1,2,3, Sebastiaan Overeem5,6, Jurgen A. H. R. Claassen1,2,3

1 Department of Geriatric Medicine, Radboud University Medical Center, Nijmegen, The Netherlands,

2 Radboud Alzheimer Centre, Radboud University Medical Center, Nijmegen, The Netherlands, 3 Donders

Institute for Brain, Cognition and Behaviour, Radboud University, Nijmegen, The Netherlands, 4 Radboud

Institute for Health Sciences, Radboud University Medical Center, Nijmegen, The Netherlands, 5 Sleep

Medicine Center Kempenhaeghe, Heeze, The Netherlands, 6 Biomedical Diagnostics Group, Department of

Electrical Engineering, Eindhoven University of Technology, Eindhoven, The Netherlands

‡ Dual first authorship: The two first authors have contributed equally to the manuscript.

* Lara.Mentink@radboudumc.nl

Abstract

Study objectives

While poor sleep quality has been related to increased risk of Alzheimer’s disease, long-

time shift workers (maritime pilots) did not manifest evidence of early Alzheimer’s disease in

a recent study. We explored two hypotheses of possible compensatory mechanisms for

sleep disruption: Increased efficiency in generating deep sleep during workweeks (model 1)

and rebound sleep during rest weeks (model 2).

Methods

We used data from ten male maritime pilots (mean age: 51.6±2.4 years) with a history of

approximately 18 years of irregular shift work. Subjective sleep quality was assessed with

the Pittsburgh Sleep Quality Index (PSQI). A single lead EEG-device was used to investi-

gate sleep in the home/work environment, quantifying total sleep time (TST), deep sleep

time (DST), and deep sleep time percentage (DST%). Using multilevel models, we studied

the sleep architecture of maritime pilots over time, at the transition of a workweek to a rest

week.

Results

Maritime pilots reported worse sleep quality in workweeks compared to rest weeks (PSQI =

8.2±2.2 vs. 3.9±2.0; p<0.001). Model 1 showed a trend towards an increase in DST% of

0.6% per day during the workweek (p = 0.08). Model 2 did not display an increase in DST%

in the rest week (p = 0.87).
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Conclusions

Our findings indicated that increased efficiency in generating deep sleep during workweeks

is a more likely compensatory mechanism for sleep disruption in the maritime pilot cohort

than rebound sleep during rest weeks. Compensatory mechanisms for poor sleep quality

might mitigate sleep disruption-related risk of developing Alzheimer’s disease. These results

should be used as a starting point for future studies including larger, more diverse popula-

tions of shift workers.

Introduction

Sleep disruption has been associated with higher risks of developing Alzheimer’s disease (AD)

[1–5]. In recent studies, individuals with sleep problems carried a 1.7 (95% CI 1.5 to 1.9) higher

relative dementia risk compared to normal sleepers [6], suggesting that 15% of current AD

diagnoses might be attributable to sleep problems [7]. One of the hallmarks of Alzheimer’s

pathology is the accumulation of amyloid-β, which is a potential mechanistic link between AD

and sleep [8–13]. During wakefulness, amyloid-β builds up in the brain which is hypothesized

to be counteracted during deep sleep in two ways; through improved clearance of accumulated

toxins (such as amyloid-β), driven by the glymphatic system [8–11, 14] or due to an overall

reduced level of synaptic activity in the brain, leading to a decrease in production of waste

products (such as amyloid-β) [13, 15, 16]. The reduced level of brain activity during deep sleep

also leads to less blood flow and more cerebrospinal fluid (CSF) flow, which additionally inten-

sifies clearance of accumulated waste products [12, 17]. These hypotheses indicate how,

through accumulation of amyloid-β, poor sleep could be a causal risk factor for AD.

Indeed, studies reported increased amyloid-β concentration in CSF [18] and an acute

increase of amyloid-β assessed with PET and MRI [19] after one night of sleep deprivation

compared to unrestricted sleep. Selective disruption of deep sleep without affecting other sleep

stages led to a comparable increase in amyloid-β concentration in CSF [20]. Previous studies

mostly investigated acute effects of sleep deprivation, whereas effects of long-term exposure to

poor sleep has not been studied extensively before. The SCHIP study (Sleep-Cognition-

Hypothesis In maritime Pilots) conducted by our group in 2016–2019, hypothesized that long-

term exposure to sleep disruption leads to an increased AD-risk [21]. The maritime pilots

included in the SCHIP study follow work schedules, characterized by one week with irregular

working hours, resulting in a combination of sleep restriction, fragmentation and deprivation,

followed by a rest week with unrestricted sleep. We found that maritime pilots, with an average

of 18 years of irregular and unpredictable work shifts (night & day) did not manifest any AD-

evidence, such as cognitive deficits or brain amyloid-β accumulation [22].

In a separate study, we found that retired maritime pilots, who had worked irregular shifts

for approximately 26 years did not show any signs of early dementia or MCI [23]. Neither did

the long-term exposure to irregular shift work result in circadian rhythm disruption, mood

complaints or decreased quality of life after employment [23]. Results of these two studies are

in contrast with earlier studies claiming that sleep loss leads to higher brain amyloid-β concen-

trations and cognitive decline.

In the present study, the ANCHOR study (Assessing Nightly Components Highly Opera-

tive to Recovery), we investigated potential causes for the absence of amyloid-β accumulation

and cognitive dysfunction after long-term exposure to sleep disruption in this specific cohort.
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By using a novel, wearable home-EEG device, we studied sleep architecture of maritime pilots

during and immediately after a workweek. The findings of previous studies led to two hypoth-

eses; first, we hypothesize that maritime pilots are more efficient in generating deep sleep dur-

ing workweeks, leading to higher amounts of relative deep sleep time (DST%) in workweeks,

even though total sleep time (TST) might be limited. We speculate that, in case of increased

efficiency, the higher DST% will continue into the first days of the rest week. Second, poor

sleep during workweeks could be counteracted by high amounts of rebound sleep. In this case,

we expect a higher DST% immediately after the workweek, during the first nights of the rest

week. The possible compensatory mechanisms might indicate whether and how maritime

pilots are able to recover from periods of poor sleep.

Materials and methods

Participants

We used the SCHIP study dataset [21]. The total research population consisted of 19 healthy

male maritime pilots (age range: 48 to 60 years), with an average of 18 years of work-related

sleep disruption. For the purpose of the ANCHOR study, we used data from 10 maritime

pilots. Nine participants had to be excluded for various reasons: development of sleep apnoea

(n = 1); retirement (n = 4); technical issues (n = 2), no data available for rest week following a

workweek (n = 2) (only rest week preceding the workweek).

Dutch maritime pilots guide international ships into their docking positions in Dutch har-

bours and work irregular and unpredictable shifts that depend on the amount and variety of

arriving ships. Working these shifts mostly results in fragmented sleep divided over multiple

sleep sessions per day (24 hours). Sleep disruption in this cohort is defined as a combination of

sleep deprivation (missing a full night of sleep due to work), sleep restriction (a shorter night

of sleep), and sleep fragmentation (short sleep periods interrupted by calls to work). Detailed

information about the maritime pilots and in-/exclusion criteria can be found in the SCHIP

methods paper [21]. The SCHIP study was approved by the institutional review board (IRB)

(CMO Region Arnhem-Nijmegen, NL55712.091.16; file number 2016–2337) and performed

in accordance with good clinical practice (GCP) guidelines and conducted and reported

according to the STROBE guidelines for case-control studies. We obtained written informed

consent from all participants.

Sleep measurements

To obtain subjective measurements of sleep characteristics, participants filled out the Pitts-

burgh Sleep Quality Index (PSQI) with questions regarding bedtimes and wake-up times,

sleep latency, total sleep time, sleep efficiency, and sleep disturbances. The PSQI has a maxi-

mum score of 21, a total score of 5 was used as cut-off point for sleep disturbances and a score

of�7 indicates severe/abnormal sleep behaviour [24]. Participants received the instruction to

fill out the PSQI twice, once with regard to their estimated scores over the workweeks in the

past month and once with regard to their estimated scores over their rest weeks during the

past month.

Home-EEG measurements. To obtain objective sleep measurements, participants were

instructed to wear a dry electrode, single-lead (FpZ-M2) home-EEG device (SmartSleep; Phil-

ips, Eindhoven, The Netherlands) for fourteen consecutive days (7 workdays and 7 days off)

[25, 26]. In total, ten participants wore the home-EEG device. Seven participants wore the

device during two periods and one participant during three periods of a workweek followed by

a rest week. Work-related fragmented sleep resulted in multiple sleep sessions per 24 hours.

The home-EEG device was originally developed to acoustically stimulate slow-wave sleep,
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through automatic EEG-based detection of slow waves in the delta frequency band (0.5–4 Hz).

We used the device for measurement purposes only, without auditory stimulation. The (pro-

prietary) SmartSleep algorithm, based on six-second epochs, differentiates between wakeful-

ness, light sleep, and deep sleep [26, 27]. Deep sleep is detected when the root-mean-square of

the delta frequency band exceeds a certain threshold and when at least six slow waves are

detected in a 20-second window [27]. Even though these sleep stages are calculated based on a

single lead, studies have proven feasibility and validity of sleep staging with the home-EEG

device [26–31]. The data is expressed as the following sleep characteristics: total sleep time

(TST), deep sleep time (DST), wake after sleep onset (WASO), number of arousals and num-

ber of awakenings > 5 minutes. Based on these outcome variables deep sleep time was calcu-

lated as percentage of TST (DST%) as the main outcome variable.

Statistical analysis

Descriptive sleep data. The descriptive sleep data were assessed for normal distribution

by inspection of histograms and the Shapiro-Wilk test. Normally distributed data are shown as

mean ± standard deviation (SD), while not-normally distributed data are shown as median

with interquartile range (IQR). A paired samples t-test was performed to compare PSQI scores

between workweek and rest week. Home-EEG data was analysed using the Wilcoxon signed

rank test to compare number of sleep sessions per day, total sleep time (TST) and deep sleep

time (DST) between workweeks and rest periods. Alpha was set at 0.05 and tested two-sided.

Descriptive data analyses were conducted with IBM SPSS Statistics for Windows, version 20.0

(IBM Corp., Armonk, NY, USA).

Multilevel models. The data had a three-level hierarchical structure, with measurement

days nested within a 10 day measurement cycle that combined a rest week directly following a

workweek, nested within participants. Exploring the fit of increasingly complex models using

deviance statistic [32], Bayesian information criterion (BIC), and Akaike Information Crite-

rion (AIC), we built two multilevel models with DST% as the outcome variable to examine

which of our two hypotheses most plausibly fit the empirical data.

For our first model, regarding greater efficiency to generate deep sleep during the work-

week, we synchronized time on the second day off after a workweek. We fitted a linear spline

model that allows both a shift in level and slope on (before and after) the second day off after a

workweek. The model allowed for a linear change in DST% during the workweek and the first

day of the rest week and an abrupt shift on the second day off with DST% to stay constant for

the remaining rest week (i.e., linear slope constrained to zero, as adding a linear slope did not

improve model fit). To evaluate our second model, regarding rebound sleep after a workweek,

time was synchronized on the last workday. We again fitted a linear spline model, allowing for

both a shift in level and slope in DST% on the last workday. Based on model fit, we iterated

towards a model in which DST% was held constant during the workweek, and allowed to line-

arly change during the rest week. For both models, the intercept was allowed to vary over par-

ticipants (random intercept for participant) and over measurement cycles within participants

(random intercept for measurement cycle nested in participant).

No covariates were added to the models, as all participants are male and of similar age and

education. Multilevel model analyses were performed in R version 3.6.2 [33].

Results

We used data from 10 maritime pilots. All participants had the same, high level of education,

were Dutch, male and of white European descent (Table 1).
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Descriptive sleep data

Maritime pilots (n = 10) report a mean PSQI score of 3.9 (±2.0) for rest weeks and an average

score of 8.2 (±2.2) for workweeks, which was more than twice the score for rest weeks, with

values exceeding the validated cut-off point (�7) for abnormal sleep behaviour (Table 2). The

difference resulted from multiple subcomponents of the PSQI (Table 2). Home-EEG record-

ings calculated per sleep session showed less TST and DST during a workweek compared to a

rest week (Table 2). However, when combining the sleep sessions per day, maritime pilots

reached a similar amount of TST and slightly less DST in a larger number of sleep sessions

during a workweek, compared to a rest week (Table 2). As indicator of improved efficiency to

generate deep sleep, the point estimate for DST% was 3.5% higher during the workweek and

this estimate was close to statistical significance (p = 0.08).

Multilevel model analysis (DST%)

Our first model assessed whether maritime pilots are more efficient in generating deep sleep,

shown by an increase in DST% during the workweek (Fig 1). As shown in Table 3, during the

workweek until the second day of the rest week, DST% increased by 0.6% per day (p = 0.08),

peaking at 17.9% at the second day of the rest week. In the remaining rest week, the DST% was

constant at a level of 1.5% lower than the peak DST% at the second day of the rest week,

though this difference was not statistically significant (p = 0.29). Our second model assessed

whether maritime pilots experienced rebound sleep, with an increase in DST% after their

workweek (Fig 2). In the resulting model, both the lower DST% during the workweek, and the

time-varying DST% during the rest week did not differ, as illustrated in Table 4. In addition,

the model fit statistics (AIC/BIC) for model 1 were lower than for model 2.

Discussion

We examined sleep architecture of maritime pilots in their natural environment using home-

based EEG measurements during their workweek and rest week. We explored two hypotheses,

one: maritime pilots compensate for poor sleep with increased efficiency in generating deep

sleep during workweeks; and two: maritime pilots compensate work-related sleep disruption

with excessive rebound sleep in rest weeks. Our results indicate that increased efficiency of

Table 1. Baseline characteristics.

Characteristics

n 10

Age, years 51.6 ±2.4

Time of shift work, years 18.4 ±3.9

BMI, kg/m2 25.8 ±2.2

SBP, mmHg 141 ±15.9

DBP, mmHg 89.7 ±11.9

Medication use (yes) 3 (30)

Smoking (yes) 2 (20)

History of hypertension 0 (0)

History of high cholesterol 1 (10)

History of diabetes 0 (0)

Data are shown as mean ± SD or Number (%).

Abbreviations: BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure.

https://doi.org/10.1371/journal.pone.0237622.t001
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generating deep sleep during workweeks is a more likely compensatory mechanism than

rebound sleep after workweeks.

In general, maritime pilots report worse sleep quality during workweeks (PSQI) compared

to rest weeks, which was confirmed by home-EEG data, showing significantly less TST and

absolute DST per sleep session (Table 2). However, multiple sleep sessions are observed in a

typical workday. These combined sleep sessions add up to TST and DST slightly lower com-

pared to a day off. This indicates that maritime pilots, while they subjectively experience poor

sleep quality, still reach a comparable TST and DST in fragmented sleep sessions over the

course of a workday.

The model describing hypothesis 1 represented a better fit with the data and showed a trend

towards deeper and thus improved sleep quality. Looking at DST%, we observed a trend

towards an increase of 0.6% per day during the workweek, starting with a DST% of 13.8%, rising

up to 17.9% in the beginning of a rest week. Even though a 0.6% increase per day does not seem

very high, it thereby slowly reaches normal DST% (17.9%). Combined with, on average, a signif-

icantly higher DST% in workweeks, we suggest that our data lend more support to hypothesis 1.

In this group of maritime pilots, the compensatory mechanism to counteract sleep disrup-

tion of any form (deprivation, fragmentation, restriction) may lie in the ability to become

more efficient in generating deep sleep during a workweek. This could explain earlier findings

in this cohort [22, 23] of absence of AD-related cognitive decline or amyloid-β accumulation

which have been proposed to be linked to poor sleep [8, 12, 13, 15].

Table 2. Sleep characteristics.

Workweek Rest week P-value

n 10 10

PSQI

PSQI, total score 8.2 ±2.2 3.9 ±2.0 <0.001

PSQI, subjective sleep quality 1.4 ±0.5 0.7 ±0.5 0.001

PSQI, sleep latency 1.7 ±0.7 1.0 ±0.7 0.03

PSQI, sleep duration 1.5 ±0.7 0.3 ±0.7 0.001

PSQI, sleep efficiency 0.9 ±0.3 0.1 ±0.3 <0.001

PSQI, sleep disturbances 1.2 ±0.4 1.2 ±0.4 1.00

PSQI, sleep medication 0.2 ±0.6 0.1 ±0.3 0.34

PSQI, daily dysfunction 1.3 ±0.8 0.6 ±0.5 0.03

Home-EEG measurements

Number of sleep sessions per day 1.3 (1.1–1.8) 1.0 (1.0–1.0) 0.03

WASO, min 30.2 (21.3–42.8) 30.4 (24.9–52.9) 0.65

Number of arousals 29.1 (21.3–30.8) 34.1 (29.1–37.9) 0.005

Number of awakenings� 5 minutes 1.2 (0.8–2.4) 1.2 (0.5–3.0) 0.80

Average TST per sleep session, min 295.0 (221.5–359.9) 407.6 (343.0–424.8) 0.005

Average DST per sleep session, min 38.1 (31.1–61.5) 53.55 (49.9–68.3) 0.013

Average DST% per session 16.3 (12.8–18.5) 15.6 (12.3–18.9) 0.96

Average TST per day, min 409.1 (369.3–432.3) 419.2 (370.0–428.3) 1

Average DST per day, min 58.3 (50.5–70.3) 65.9 (51.1–73.6) 0.19

Average DST% per day 21.9 (20.2–23.6) 18.4 (13.5–21.4) 0.08

Average DST% per day, time synchronized on second day of rest week 20.6 (19.0–23.73) 17.4 (12.5–22.1) 0.13

Data are shown as mean ±SD or median (IQR).

Abbreviations: PSQI, Pittsburgh Sleep Quality Index (�5 indicates sleep disturbances,�7 indicates severe/abnormal sleep behaviour; WASO, wake after sleep onset;

TST, total sleep time; DST, deep sleep time.

https://doi.org/10.1371/journal.pone.0237622.t002
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Borbély and colleagues proposed that deep sleep specifically is enhanced after sleep depriva-

tion [34], which could explain our findings. Ferrara and colleagues showed that relative deep

sleep is increased after deep sleep disruption, without any increase in total sleep time, hypothe-

sizing that a fixed amount of deep sleep per night is required rather than sleep duration alone

[35]. However, Borbély and Ferrera assessed sleep after total sleep deprivation and selective

deep sleep disruption specifically, while we examined sleep architecture during longer periods

of sleep disruption. By applying a home-EEG device, which has not been implemented in pre-

vious sleep studies, our findings offer more insights into compensatory mechanisms while

sleep is disturbed, instead of after sleep disruption has taken place. Thus, we were able to mea-

sure sleep architecture during sleep disruption, which has not been feasible in previous studies

Fig 1. Model 1 –efficiency in generating deep sleep. The x-axis indicates consecutive days, with days -4 to 0 representing the workweek and days 1 to 5

representing the rest week. Red line illustrates predicted model values, individual participant data is shown in black.

https://doi.org/10.1371/journal.pone.0237622.g001

Table 3. Model 1: Increased efficiency to generate deep sleep.

Model fit AIC BIC

846.9 864.3

Fixed effects B (SE) p-value

Average DST% at day 2 of rest week 17.9 (1.7) <0.001

Linear increase in DST% during workweek–day 2 of rest week 0.6 (0.3) 0.08

Difference in DST% during remaining rest week -1.5 (1.4) 0.29

https://doi.org/10.1371/journal.pone.0237622.t003
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due to the nature of sleep assessment. The difference in methodology for sleep assessment,

therefore, makes it challenging to compare outcomes of our studies to these of Borbély and

Ferrera. Nevertheless, our findings can further be related to sleep actigraphy outcomes from

Korsiak and colleagues. They discovered that the daily (24 hours) TST during shift-work was

similar to the TST during free time, due to more napping during shift-work, as we have also

observed in the maritime pilot cohort (i.e. fragmented sleep sessions over a 24h-period). How-

ever, they concluded that shift workers tend to compensate for sleep loss with rebound sleep

Fig 2. Model 2 –rebound sleep after workweek. The x-axis indicates consecutive days, with days -4 to 0 representing the workweek and days 1 to 5

representing the rest week. Red line illustrates predicted model values, individual participant data is shown in black.

https://doi.org/10.1371/journal.pone.0237622.g002

Table 4. Model 2: Rebound sleep after workweek.

Model fit AIC BIC

847.4 864.8

Fixed effects B (SE) p-value

DST% at switch between work- and rest week 16.9 (1.5) <0.001

Constant DST% during workweek -1.6 (1.1) 0.16

Linear increase in DST% during rest week -0.1 (0.4) 0.87

Abbreviations: AIC, Akaike Information Criterion; BIC, Bayesian Information Criterion; DST%, relative deep sleep

time.

https://doi.org/10.1371/journal.pone.0237622.t004
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during free time [36]. This effect was not confirmed in our study: we found no evidence of

rebound sleep.

Strengths & limitations

The ANCHOR study is one of the first studies to examine home-EEG based sleep data,

recorded in a home setting for a longer period of time. The use of wearables in a home-setting,

instead of polysomnography (PSG) in a sleep laboratory, allowed us to gain insights in sleep

patterns during normal workweeks and rest weeks, which otherwise could not have been mea-

sured. Combined with additional subjective measures of sleep quality, we were able to compre-

hensively measure sleep to illustrate the sleep architecture of maritime pilots. The maritime

pilot group is a very unique population, as they seem to be more resilient to sleep disruption,

evidenced by the fact that they successfully performed their job for approximately 18 years.

Their overall (cognitive) health and externally induced sleep disruption allowed us to investi-

gate whether their sleep architecture may be fundamental to this resilience.

The study is limited by the small sample size (n = 10), which has impacted the statistical

power of our results. However, the sample size was fixed, as this report pertains to a secondary

analysis of the SCHIP study, where we were limited to the maritime pilot group in the Nether-

lands, who agreed to participate in that extensive study [21]. However, since part of the partici-

pants performed multiple measurement cycles of a rest week following a workweek, we were

able to include 19 measurement cycles in our analysis. Although we consider the home-EEG

measurements a strength of our study, a trade-off was made between a wearable EEG-device

that collects limited data and a full PSG, which requires a laboratory environment. The wear-

able device is a single-lead EEG measurement device with an automated algorithm to calculate

sleep staging. Raw data is deleted after each session due to limited storage space and daily

retrieval of raw data is not feasible for logistical reasons. Therefore, data is limited compared to

PSG, but allows to study sleep architecture over time in participants’ natural environment.

Implications

We discovered some implications for the use of subjective versus objective sleep measure-

ments. While the maritime pilots complained about worse sleep quality (self-reported in

PSQI), objective measurements of sleep did not fully confirm this. The discrepancy between

objectively and subjectively measured sleep is a well-known issue [37]. Our findings imply that

sleep fragmentation is highly relevant for the overall subjective impression of sleep quality.

However, detrimental health effects seem unlikely if normal TST and DST can be obtained in

multiple sessions, assuming a sufficient level of general health. Still, future studies need to con-

firm our results and test whether they are generalizable to a larger population. With wearable

devices, such as the home-EEG device, large-scale studies in home-settings are now possible

[38] to investigate compensatory mechanisms and consequences of poor sleep for the develop-

ment of neurodegenerative disease and health outcomes in general. For future research, we

would therefore recommend to set up longitudinal studies, with inclusion of larger popula-

tions of shift workers, as our hypothesis for possible compensatory mechanisms is of impor-

tance for a broad population.

Conclusion

Maritime pilots seem to be more efficient in generating deep sleep when it is most required

and might start compensating for sleep loss during the workweek itself, where sleep is still frag-

mented. The specific intensity and intermittent pattern of sleep disruption in combination

with coping mechanisms of the maritime pilot cohort might be protective against detrimental
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effects of sleep disruption, such as AD related accumulation of amyloid-β and/or cognitive

dysfunction. Results of this study need to be confirmed in future longitudinal studies with

comprehensive home-EEG sleep measurements including larger samples and different popula-

tions of shift workers.
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5. Bokenberger K, Sjölander A, Aslan AKD, Karlsson IK, Åkerstedt T, Pedersen NL. Shift work and risk of

incident dementia: a study of two population-based cohorts. European journal of epidemiology. 2018;

33(10):977–87. https://doi.org/10.1007/s10654-018-0430-8 PMID: 30076495

6. Winer JR, Mander BA. Waking up to the importance of sleep in the pathogenesis of Alzheimer disease.

JAMA neurology. 2018; 75(6):654–6. https://doi.org/10.1001/jamaneurol.2018.0005 PMID: 29532083

7. Bubu OM, Brannick M, Mortimer J, Umasabor-Bubu O, Sebastião YV, Wen Y, et al. Sleep, cognitive

impairment, and Alzheimer’s disease: a systematic review and meta-analysis. Sleep. 2016; 40(1):

zsw032.

8. Xie L, Kang H, Xu Q, Chen MJ, Liao Y, Thiyagarajan M, et al. Sleep drives metabolite clearance from

the adult brain. Science (80-). 2013; 342(6156):373–7. Epub 2013/10/19. https://doi.org/10.1126/

science.1241224 PMID: 24136970; PubMed Central PMCID: PMC3880190.

9. Nedergaard M. Garbage truck of the brain. Science (80-). 2013; 340(6140):1529–30. https://doi.org/10.

1126/science.1240514 PMID: 23812703

PLOS ONE The ANCHOR study

PLOS ONE | https://doi.org/10.1371/journal.pone.0237622 December 31, 2020 10 / 12

https://doi.org/10.1212/WNL.0000000000004373
https://doi.org/10.1212/WNL.0000000000004373
http://www.ncbi.nlm.nih.gov/pubmed/28835407
https://doi.org/10.3233/JAD-190160
https://doi.org/10.3233/JAD-190160
http://www.ncbi.nlm.nih.gov/pubmed/31104028
https://doi.org/10.1212/WNL.0000000000004171
http://www.ncbi.nlm.nih.gov/pubmed/28679595
https://doi.org/10.1111/j.1532-5415.2010.03288.x
https://doi.org/10.1111/j.1532-5415.2010.03288.x
http://www.ncbi.nlm.nih.gov/pubmed/21391952
https://doi.org/10.1007/s10654-018-0430-8
http://www.ncbi.nlm.nih.gov/pubmed/30076495
https://doi.org/10.1001/jamaneurol.2018.0005
http://www.ncbi.nlm.nih.gov/pubmed/29532083
https://doi.org/10.1126/science.1241224
https://doi.org/10.1126/science.1241224
http://www.ncbi.nlm.nih.gov/pubmed/24136970
https://doi.org/10.1126/science.1240514
https://doi.org/10.1126/science.1240514
http://www.ncbi.nlm.nih.gov/pubmed/23812703
https://doi.org/10.1371/journal.pone.0237622


10. Jessen NA, Munk ASF, Lundgaard I, Nedergaard M. The glymphatic system: a beginner’s guide. Neu-

rochem Res. 2015; 40(12):2583–99. https://doi.org/10.1007/s11064-015-1581-6 PMID: 25947369

11. Iliff JJ, Wang M, Liao Y, Plogg BA, Peng W, Gundersen GA, et al. A paravascular pathway facilitates

CSF flow through the brain parenchyma and the clearance of interstitial solutes, including amyloid β.

Sci Transl Med. 2012; 4(147):147ra11–ra11. https://doi.org/10.1126/scitranslmed.3003748 PMID:

22896675

12. Fultz NE, Bonmassar G, Setsompop K, Stickgold RA, Rosen BR, Polimeni JR, et al. Coupled

electrophysiological, hemodynamic, and cerebrospinal fluid oscillations in human sleep. Science (80-).

2019; 366(6465):628–31.

13. Kang DW, Lee CU, Lim HK. Role of sleep disturbance in the trajectory of Alzheimer’s disease. Clinical

Psychopharmacology and Neuroscience. 2017; 15(2):89. https://doi.org/10.9758/cpn.2017.15.2.89

PMID: 28449556

14. Slats D, Claassen JA, Verbeek MM, Overeem S. Reciprocal interactions between sleep, circadian

rhythms and Alzheimer’s disease: focus on the role of hypocretin and melatonin. Ageing Res Rev.

2013; 12(1):188–200. https://doi.org/10.1016/j.arr.2012.04.003 PMID: 22575905

15. Ju Y-ES, Lucey BP, Holtzman DM. Sleep and Alzheimer disease pathology—a bidirectional relation-

ship. Nature reviews Neurology. 2014; 10(2):115. https://doi.org/10.1038/nrneurol.2013.269 PMID:

24366271

16. Lucey BP, Hicks TJ, McLeland JS, Toedebusch CD, Boyd J, Elbert DL, et al. Effect of sleep on over-

night cerebrospinal fluid amyloid β kinetics. Ann Neurol. 2018; 83(1):197–204. https://doi.org/10.1002/

ana.25117 PMID: 29220873

17. Smith AJ, Verkman AS. The “glymphatic” mechanism for solute clearance in Alzheimer’s disease:

game changer or unproven speculation? The FASEB Journal. 2017; 32(2):543–51.

18. Ooms S, Overeem S, Besse K, Rikkert MO, Verbeek M, Claassen JA. Effect of 1 night of total sleep

deprivation on cerebrospinal fluid β-amyloid 42 in healthy middle-aged men: a randomized clinical trial.

JAMA neurology. 2014; 71(8):971–7. https://doi.org/10.1001/jamaneurol.2014.1173 PMID: 24887018

19. Shokri-Kojori E, Wang G-J, Wiers CE, Demiral SB, Guo M, Kim SW, et al. β-Amyloid accumulation in

the human brain after one night of sleep deprivation. Proceedings of the National Academy of Sciences.

2018; 115(17):4483–8. https://doi.org/10.1073/pnas.1721694115 PMID: 29632177

20. Ju Y-ES, Ooms SJ, Sutphen C, Macauley SL, Zangrilli MA, Jerome G, et al. Slow wave sleep disruption

increases cerebrospinal fluid amyloid-β levels. Brain. 2017; 140(8):2104–11. https://doi.org/10.1093/

brain/awx148 PMID: 28899014

21. Thomas J, Ooms S, Verbeek M, Booij J, Rijpkema M, Kessels RPC, et al. Sleep-Cognition Hypothesis

In maritime Pilots, what is the effect of long-term work-related poor sleep on cognition and amyloid accu-

mulation in healthy middle-aged maritime pilots: methodology of a case–control study. BMJ Open.

2019; 9(6):e026992. https://doi.org/10.1136/bmjopen-2018-026992 PMID: 31248923

22. Thomas J, Ooms SJ, Mentink LJ, Booij J, Olde Rikkert MGM, Overeem S, et al. Effects of long-term

sleep disruption on cognitive function and brain amyloid-β burden: a case-control study. Alzheimer’s

Research & Therapy. 2020; 12(1):101. https://doi.org/10.1186/s13195-020-00668-5 PMID: 32847615

23. Thomas J, Overeem S, Claassen JA. Long-term occupational sleep loss and post-retirement cognitive

decline or dementia. Dement Geriatr Cogn Disord. 2019; 48(1–2):105–12. https://doi.org/10.1159/

000504020 PMID: 31726459

24. Buysse DJ, Reynolds CF III, Monk TH, Berman SR, Kupfer DJ. The Pittsburgh Sleep Quality Index: a

new instrument for psychiatric practice and research. Psychiatry Res. 1989; 28(2):193–213. https://doi.

org/10.1016/0165-1781(89)90047-4 PMID: 2748771

25. Mahadevan A, Garcia-Molina G. SmartSleep: quantifying slow wave activity enhancement. In: Sleep

and Respiratory Care P, Monroeville, PA, United States, editor. 2017.

26. Garcia-Molina G, Tsoneva T, Neff A, Salazar J, Bresch E, Grossekathofer U, et al., editors. Hybrid in-

phase and continuous auditory stimulation significantly enhances slow wave activity during sleep. 2019

41st Annual International Conference of the IEEE Engineering in Medicine and Biology Society

(EMBC); 2019: IEEE.

27. Garcia-Molina G, Tsoneva T, Jasko J, Steele B, Aquino A, Baher K, et al. Closed-loop system to

enhance slow-wave activity. Journal of neural engineering. 2018; 15(6):066018. https://doi.org/10.

1088/1741-2552/aae18f PMID: 30215604

28. Papalambros NA, Santostasi G, Malkani RG, Braun R, Weintraub S, Paller KA, et al. Acoustic enhance-

ment of sleep slow oscillations and concomitant memory improvement in older adults. Front Hum Neu-

rosci. 2017; 11:109. https://doi.org/10.3389/fnhum.2017.00109 PMID: 28337134

PLOS ONE The ANCHOR study

PLOS ONE | https://doi.org/10.1371/journal.pone.0237622 December 31, 2020 11 / 12

https://doi.org/10.1007/s11064-015-1581-6
http://www.ncbi.nlm.nih.gov/pubmed/25947369
https://doi.org/10.1126/scitranslmed.3003748
http://www.ncbi.nlm.nih.gov/pubmed/22896675
https://doi.org/10.9758/cpn.2017.15.2.89
http://www.ncbi.nlm.nih.gov/pubmed/28449556
https://doi.org/10.1016/j.arr.2012.04.003
http://www.ncbi.nlm.nih.gov/pubmed/22575905
https://doi.org/10.1038/nrneurol.2013.269
http://www.ncbi.nlm.nih.gov/pubmed/24366271
https://doi.org/10.1002/ana.25117
https://doi.org/10.1002/ana.25117
http://www.ncbi.nlm.nih.gov/pubmed/29220873
https://doi.org/10.1001/jamaneurol.2014.1173
http://www.ncbi.nlm.nih.gov/pubmed/24887018
https://doi.org/10.1073/pnas.1721694115
http://www.ncbi.nlm.nih.gov/pubmed/29632177
https://doi.org/10.1093/brain/awx148
https://doi.org/10.1093/brain/awx148
http://www.ncbi.nlm.nih.gov/pubmed/28899014
https://doi.org/10.1136/bmjopen-2018-026992
http://www.ncbi.nlm.nih.gov/pubmed/31248923
https://doi.org/10.1186/s13195-020-00668-5
http://www.ncbi.nlm.nih.gov/pubmed/32847615
https://doi.org/10.1159/000504020
https://doi.org/10.1159/000504020
http://www.ncbi.nlm.nih.gov/pubmed/31726459
https://doi.org/10.1016/0165-1781%2889%2990047-4
https://doi.org/10.1016/0165-1781%2889%2990047-4
http://www.ncbi.nlm.nih.gov/pubmed/2748771
https://doi.org/10.1088/1741-2552/aae18f
https://doi.org/10.1088/1741-2552/aae18f
http://www.ncbi.nlm.nih.gov/pubmed/30215604
https://doi.org/10.3389/fnhum.2017.00109
http://www.ncbi.nlm.nih.gov/pubmed/28337134
https://doi.org/10.1371/journal.pone.0237622


29. Ong JL, Patanaik A, Chee NI, Lee XK, Poh J-H, Chee MW. Auditory stimulation of sleep slow oscilla-

tions modulates subsequent memory encoding through altered hippocampal function. Sleep. 2018; 41

(5):zsy031. https://doi.org/10.1093/sleep/zsy031 PMID: 29425369
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