SLOW
WAVES

Assessing sleep and detrimental effects of sleep disruption on
brain amyloid-β and cognitive function in shift workers

JANA THOMAS



SLOW
WAVES
Assessing sleep and detrimental effects of sleep
disruption on brain amyloid-β and cognitive
function in shift workers

Doctoral Thesis
Jana Thomas

The work described in this thesis was carried out at the Department of Geriatric Medicine (Radboud University Medical Center) and the Donders Institute for
Brain, Cognition and Behavior (Nijmegen, The Netherlands).
The PhD project was in parts funded by ISAO (International Stichting Alzheimer
Onderzoek, now Alzheimer Nederland) grant number: 15040.
Financial support for publication and printing of the thesis is much appreciated and was kindly provided by the department of Geriatrics of the Radboud
University Medical Center, Radboud Alzheimer Center, Alzheimer Nederland
and the NSWO.

Cover photo: Amelia Barklid
Cover design: Joost MF Liebregts
Design lay-out: Joost MF Liebregts & Jana Thomas
Printed by: Gildeprint - www.gildeprint.nl
Printed on: Bio Top paper, FSC Certified & EU Ecolabel
ISBN: 978-94-6419-014-4
Copyright © 2020 Jana Thomas. All rights reserved.
For all published articles, the copyright has been transferred to the respective
publisher. No part of this thesis may be reproduced, stored in a retrieval system,
or transmitted in any form or by any means without written permission from
the author or, when appropriate, from the publisher.

SLOW
WAVES
Assessing sleep and detrimental effects of sleep
disruption on brain amyloid-β and cognitive
function in shift workers

Proefschrift
ter verkrijging van de graad van doctor aan de
Radboud Universiteit Nijmegen
op gezag van de rector magnificus prof. dr. J.H.J.M. van Krieken,
volgens besluit van het college van decanen in het openbaar te verdedigen op
dinsdag 20 oktober 2020
om 16.30 uur precies
door
Jana Thomas
geboren op 26 juli 1990
te Düsseldorf, Duitsland

Promotor
Prof. dr. Marcel G.M. Olde Rikkert

Copromotor
Dr. Jurgen A.H.R. Claassen

Manuscriptcommissie
Prof. dr. Indira Tendolkar
Prof. dr. Barbara Franke
Prof. dr. Peter Paul de Deyn | Rijksuniversiteit Groningen



SLOW
WAVES
Assessing sleep and detrimental effects of sleep
disruption on brain amyloid-β and cognitive
function in shift workers

Doctoral Thesis
to obtain the degree of doctor from
Radboud University Nijmegen
on the authority of the Rector Magnificus prof. dr. J.H.J.M. van Krieken,
according to the decision of the Council of Deans to be defended in public on
Tuesday, October 20th, 2020
at 16.30 hours exactly
by
Jana Thomas
born on July 26th, 1990
in Düsseldorf, Germany

Supervisor
Prof. dr. Marcel G.M. Olde Rikkert

Co-supervisor
Dr. Jurgen A.H.R. Claassen

Doctoral Thesis Committee
Prof. dr. Indira Tendolkar
Prof. dr. Barbara Franke
Prof. dr. Peter Paul de Deyn | University of Groningen



CONTENTS
Chapter 1

Introduction & Sleep Basics..........................................................................................1

Chapter 2
SCHIP Methodology................................................................................................... 17
Sleep-Cognition-Hypothesis In maritime Pilots – What is the effect of long-term
work-related poor sleep on cognition and amyloid accumulation in healthy
middle-aged maritime pilots: Methodology of a case-control study

Chapter 3
The SCHIP study.......................................................................................................... 37
Effects of long-term sleep disruption on cognitive functions and brain amyloid-β
burden: a case-control study

Chapter 4
The BATAVIA study......................................................................................................69
Long-term Occupational Sleep Loss and Post-Retirement Cognitive Decline or
Dementia

Chapter 5
The CRUISE study........................................................................................................89
Shift-work related sleep disruption and the risk of decline in cognitive function:
The CRUISE Study

Chapter 6
The ANCHOR study.....................................................................................................111
Home-EEG assessment of possible compensatory mechanisms for sleep disruption in highly irregular shift workers

Chapter 7
Summary & Discussion..............................................................................................131

Chapter 8
Appendices................................................................................................................ 149
Nederlandse Samenvatting—151 Deutsche Zusammenfassung—157
Acknowledgements—164 About the Author—172 CV | Portfolio—174 List of
publications—176 Research Data Management Statement—177 Radboud
Alzheimer Center Series—178 Donders Graduate School for Cognition and
Neuroscience—182

List of abbreviations
Aβ, Amyloid-β
AD, Alzheimer’s disease
AIC, Akaike Information Criterion
ANCHOR, Assessing Nightly Components Highly Operative to Recovery
ASL, Arterial spin labeling
BATAVIA, Being Awake Throughout Adulthood affects (cognitive) Vitality In
Aging
BIC, Bayesian information criterion
BMI, Body mass index
CANTAB, Cambridge Neuropsychological Test Automated Battery
CBF, Cerebral blood flow
CFQ, Cognitive Failure Questionnaire
CI, Confidence interval
CMO, Commissie Mensgebonden Onderzoek
CRUISE, Cognitions Relationship to Unfrequented and Irregular Sleep Events
CSF, Cerebrospinal fluid
DBP, Diastolic blood pressure
DMN, Default mode network
DST, Deep sleep time
DST%, Deep sleep time percentage
EEG, Electro-encephalography
EDQ, Early Dementia Questionnaire
GCP, Good clinical practice
HADS, Hospital Anxiety and Depression Scale



Hz, Hertz
IQR, Interquartile range
IRB, Institutional review board
MCI, Mild cognitive impairment
MBq, Megabecquerel
MRI, Magnetic resonance imaging
MTT, Multitasking Test
NA, Not applicable
NRA, Number of arousals
NRI, Number of interruptions
OTS, One-Touch Stockings of Cambridge
PAL, Paired Associates Learning
PET-CT, Positron Emission Tomography- Computed Tomography
PFC, Prefrontal cortex
PSG, Polysomnography
PSQI, Pittsburgh Sleep Quality Index
QoL, Quality of life
RAVLT, Rey Auditory Verbal Learning
RTI, Reaction time
RVP, Rapid Visual Information Processing
REM, Rapid eye movement
ROI, Region of interest
SBP, Systolic blood pressure
SCHIP, Sleep Cognition Hypothesis In maritime Pilots

SD, Standard deviation
SEF, Sleep efficiency
SOL, Sleep onset latency
SUVR, Standard uptake value ratio
SWM, Spatial working memory
SWS, Slow wave sleep
TAP, Test of Attentional Performance
TMT, Trail Making Test
TST, Total sleep time
WAIS-IV, Wechsler Adult Intelligence Scale (4th edition)
WASO, Wake after sleep onset
WMS-IV LM, Wechsler Memory Scale (4th edition) Logical Memory



Chapter 1

Photo by Alf van Beem on Wikipedia
12

Introduction & Sleep Basics

CHAPTER 1

Introduction & Sleep Basics
1

Chapter 1

Alzheimer’s disease & amyloid-β
Alzheimer’s disease (AD) is the most common condition of dementia, currently
affecting 36 million people worldwide.1 Thus far, no pharmacological treatment has been found successful to prevent the progression or development of
the disease. Accumulation of the amyloid-beta (Aβ) protein in the brain was
proposed as fundamental initiating pathway for the development of AD 2 in
the amyloid-cascade-hypothesis, introduced in 1992.3 Aβ proteins accumulate outside the brain cells in the extracellular space and form plaques, these
plaques lead to disruption of information processing and eventually result in
AD-typical symptoms, such as memory loss, confusion, mood swings, and sleep
problems.4,5 The amyloid-cascade-hypothesis is still a valid framework and one
of the essential hypotheses for the pathophysiology of AD.6 Besides Aβ accumulation, there are probably many other contributors to the neurodegeneration
of AD patients, which we will briefly discuss later in this thesis. The reason and
positioning of Aβ accumulation within multifactorial AD is not clear yet and
remains a focus of research, complementary to the many ongoing trials based
on the amyloid-cascade-hypothesis.

1

The role of sleep in Alzheimer’s disease
While memory impairment and disorientation are hallmarks of AD, approximately 44% of people living with AD also suffer from some form of sleep
disturbances.7 These include troubles falling asleep, numerous awakenings at
night and difficulties staying awake during the day.7 AD patients furthermore
present decreased slow-wave sleep (SWS), less rapid eye movement (REM)
sleep, more frequent daytime napping compared to age-matched controls
without dementia,7,8 and more sleep fragmentation.9,10 Neurodegeneration in
the sleep-wake regulating areas of the brain was identified as potential cause
of the frequent sleep disturbances among AD patients.7,11,12 However, recent
evidence suggests that poor sleep is not only a symptom or early, preclinical manifestation of AD,12,13 but that poor sleep may also be a risk factor that
contributes to the development of the disease through Aβ accumulation,4,12-15
proposing a bi-directional relationship between poor sleep and AD (Figure 1.1).

2

Introduction & Sleep Basics

1

Figure 1.1 Bi-directional relationship between poor sleep and AD

And indeed, studies have shown that disrupted circadian rhythm,16 sleep-disordered breathing disorders,17 and poor sleep quality specifically increase the
chance of developing AD later in life.11,18-21 Furthermore, people suffering from
insomnia carry a higher AD risk compared to healthy controls.22 It is suggested
that poor sleep increases AD risk with a relative risk (RR) of 1.7, explaining
approximately 15% of cases of AD in the population that might be attributable
to sleep problems.23

But what is the underlying mechanism between poor sleep and AD
risk?
When we take the amyloid-cascade-hypothesis as starting point and look within
its boundaries, there are several possible mechanisms underlying the sleep-AD
linkage. Studies found that the decline in Aβ levels, which normally occurs after
sufficient sleep, was absent after acute total sleep deprivation.14,24 Aβ levels
normally fluctuate over a 24-hour rhythm, where levels rise during wakefulness
and decrease during sleep.4,14,24 A single night of total sleep deprivation already
results in a significant 10% increase of Aβ levels in cerebrospinal fluid (CSF).14
Another study claims that overnight production of amyloid was approximately
30% higher with sleep deprivation, compared to normal sleep.25 The brain
areas most affected by acute sleep deprivation, showing 5% higher amyloid
concentration on PET-CT scans, are the hippocampus and the thalamus,26 which
are also the brain areas first affected by AD neurodegeneration. Interestingly,
selective disruption of slow wave sleep (SWS) alone, without disturbing other
sleep stages, led to comparable overnight differences in CSF Aβ.15 Based on this
3

Chapter 1

evidence, chronic sleep disturbances might lead to higher concentrations of Aβ
in the brain, which increases the risk of accumulation and in turn the risk to
develop AD, thereby suggesting that sufficient sleep, especially SWS,27 leads to
a decrease in Aβ levels.

1

Two hypotheses have been proposed to explain this mechanism. First, it is
important to note that synaptic activity and Aβ levels appear strongly related.5
Every slow wave on an electro-encephalograph (EEG) is a pause in synaptic
activity.28 As a result, less slow waves equal more activity, leading to increased
Aβ levels.4,5,29 More synaptic activity is observed during wakefulness, especially
in frontal and parietal lobes, as well as in the posterior cingulate cortex 5 and
the default mode network (DMN) or other highly interconnected brain areas.29
During sleep however, synaptic activity is reduced, which could result in less
production of waste products and decreased Aβ levels in the brain.29 Therefore,
sleep loss (especially poor SWS) over the course of many years could increase
Aβ concentrations, which in turn could trigger AD-associated neurodegeneration and loss of cognitive function.
Second, the glymphatic system, which was introduced by Nedergaard et al. in
2013,30 is suggested to eliminate soluble waste products from the central nervous
system via intensified exchange of interstitial and cerebrospinal fluids, which
is proposed to clean the brain during sleep.31-33 Clearance of toxic waste from
the brain (including Aβ) through the glymphatic pathway appears more effective during sleep than wakefulness.30-34 During SWS, brain cells are less active
and need less oxygen, leading to less blood flow and thereby allowing more
CSF flow through the brain, which is suggested to wash out accumulated waste
products.34-37 Lower clearance due to less sleep could be a major contributor to
the development of AD due to more Aβ in the brain.
Recent evidence now suggests that tau, the second pathological hallmark of AD, is
related to sleep in a similar manner as amyloid.38 Tau seems to be more strongly
related to severe cognitive decline and behavioral disorders,39-41 whereas subjective cognitive complaints can emerge many years after amyloid started to accumulate.

4
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Figure 1.2 Illustration of hypotheses explaining the different pathways through which poor sleep
could lead to a higher AD risk

Hypothetically, poor sleep might play a role in AD neurodegeneration by influencing the production and/or clearance of the Aβ protein. Other possible mechanisms of AD, such as glucose metabolism, neuro-inflammation, oxidative
stress and others are probably involved as well.42 In all current AD models, it
remains unclear which quantity of sleep loss, in terms of duration and intensity,
is required to increase actual AD risk.

Mixed pathologies
Dementia in old age is in most cases not clearly diagnosed. The majority of
patients present a mixed pathology such as Alzheimer’s disease additionally
to vascular dementia for instance. The relationship between sleep and Alzheimer’s disease therefore might be initiated through a third shared pathway,
since poor sleep is known to have crucial vascular health constraints and
vascular health on the other hand is a relevant determinant of amyloid accumulation in sporadic AD. If vascular health is impaired through poor sleep,
this might intensify the effect of poor sleep alone on AD risk. These and other
factors will be discussed later in this thesis (see general discussion).

5
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Thus far
Observational and epidemiological studies have identified a relationship
between poor sleep and AD risk, but were mostly limited to acute, short-term
effects of sleep disruption assessing sleep deprivation for only one or a few days.
Long-term studies are scarce, limited in duration and sample size, and vary in
methodology and participant selection. The effect of long-term chronic sleep loss
and its effect on AD related cognitive decline and amyloid accumulation has to
our knowledge not been studied before.

1

To fill this gap, this dissertation extends earlier studies by investigating the effect
of long-term sleep loss on cognitive function, consequences for daily living,
amyloid accumulation, and ageing in general.

How to study sleep as isolated risk factor for AD related
processes?
The unique shift-work of maritime pilots in the Netherlands offers a great opportunity to investigate the relationship between long-term sleep disruption and
AD related processes. Maritime pilots work unpredictable and irregular shifts,
resulting in weeks of unrestricted sleep alternating with workweeks. Workweeks
are characterized by disrupted sleep, including:
•
•
•

sleep deprivation: missing a full night of sleep due to work
sleep restriction: a shorter night of sleep
sleep fragmentation: short sleep periods interrupted by calls to work

Figure 1.3 Example of a maritime pilot work schedule. Working hours depend on the time, kind
and quantity of ships, which lead to irregular and unpredictable working hours. A workweek
(usually 7 days) is followed by a rest week (7 days). Working hours in our example are illustrated
in blue blocks.

6
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Sleep disruption is, in this case, caused by external, occupational factors. Due to
the bi-directional nature of the relationship between sleep and AD, poor sleep
could represent an early symptom that precedes the clinical manifestation of AD.
Therefore, it is important to investigate the effect of long-term sleep disruption
in a group that experiences poor sleep caused by an external factor, and not by
an intrinsic sleeping disorder (such as insomnia) which could be AD related. The
maritime pilot cohort is therefore well suited to test the hypothesis that chronic
sleep disruption affects AD-related cognitive decline, amyloid accumulation,
daily living, and ageing in general.

1

Since tau accumulation is more strongly associated with cognitive decline and
behavioral disorders and the maritime pilot cohort seems cognitively healthy,
we decided to not include tau as one of the measurements in our analyses.
Results and insights from this thesis could shed more light on sleep disturbance as one of the modifiable risk factors for AD and might contribute to new
treatment strategies aimed at improving sleep in order to delay or prevent the
progression of the disease. Especially because pharmacological interventions,
attempting to clean the Alzheimer brain from Aβ plaques remained unsuccessful, the focus to treat or prevent the manifestation of AD has to shift towards
non-pharmacological intervention methods focusing on lifestyle factors such
as sleep. Outcomes are of relevance for a broad population of people with AD
risk and people who suffer from sleep disruption or work in irregular shifts.

7
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Focus & Aims of this thesis
The global aim of this thesis is to investigate the potential role of externally
induced, long-term exposure to sleep disruption in AD-related processes and
to gain more knowledge about the mechanisms that underlie the association
between poor sleep and AD-risk. We want to understand more about the longterm consequences of extended exposure to disrupted sleep and its contribution
to AD development. Furthermore, we wish to explore sleep architectures within
the maritime pilot cohort that could be protective for AD related processes.

1

Chapter 2. Methodology of the SCHIP* study design
In chapter two, we propose a framework of the study design in which we wish
to answer the following research question: What is the effect of long-term (>15
years) sleep disruption on cognitive functioning and amyloid-β accumulation?
*SCHIP – Sleep-Cognition-Hypothesis In maritime Pilots

Chapter 3. The SCHIP study: What is the effect of long-term sleep
disruption on cognitive function and amyloid accumulation?
In chapter three we carried out the protocol described in chapter
two to investigate the relationship between extended periods of
sleep disruption and AD related processes. We first focused on
assessing sleep (with polysomnography) in the maritime pilot cohort
in order to rule out any internal sleep disorders. Next, we investigated cognitive
function, carried out at-home EEG sleep measurements and performed amyloid
PET-CT scans in order to measure amyloid deposition in the brain.

Chapter 4. The BATAVIA* study: What is the effect of long-term sleep
disruption on post-retirement cognition, sleep quality, quality of life
and mood?
During the progression of the SCHIP study, questions for the BATAVIA study emerged about the various consequences of chronic poor
sleep for general health, sleep behavior, cognitive function, and
dementia prevalence in a retired maritime pilot cohort. For the BATAVIA study, we recruited a group of retired maritime pilots to investigate outcomes
of externally induced exposure to sleep disruption on beforementioned factors.
*BATAVIA – Being Awake Throughout Adulthood affects Vitality In Aging
8
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Chapter 5. The CRUISE* study: What is the short-term effect of
weeklong sleep disturbances on cognitive function?

1

Furthermore, the direct and acute effect of a maritime pilot workweek on cognitive functioning became an interesting question that
we wanted to explore. We set up the CRUISE study, for which we
recruited a younger (30-50 years) sample of maritime pilots. Maritime pilots were scheduled for cognitive testing immediately after a workweek.
We were able to collaborate with Cambridge Cognition and use their CANTAB
cognitive testing application for this study. *CRUISE – Cognitions Relationship
to Unfrequented and Irregular Sleep Events

Chapter 6. The ANCHOR* study: Examining sleep architecture in
maritime pilots.
Within the last project of this thesis we wanted to investigate the
sleep architecture of maritime pilots. How do they sleep in workweeks compared to rest weeks and are there any AD-protective
factors concerning sleep architecture? Sleep measurements taken
from the SCHIP study (chapter 3) were investigated in more detail to answer
these questions. *ANCHOR – Assessing Nightly Components Highly Operative
to Recovery
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Sleep Basics
While sleep remains a phenomenon not entirely understood by scientists, it is
suggested to promote reactivation of neural circuits in the brain, in which synaptic strengths are rebuilt.43 The function of sleep for the brain and cortical structures lies in consolidation and preservation of synaptic activity that was initially
formed in the waking brain.44 This reorganization in turn triggers the promotion of learning and memory consolidation.45,46 More recently, it was proposed
that sleep also plays a crucial role in cleaning the brain from waste products
that accumulated during wakefulness.30-32,34 Poor sleep on the other hand, can
have crucial consequences on memory related processes, the development of
neurodegenerative diseases (through i.e. accumulation of waste products), and/
or increases the risk of neuroinflammation.47,48

1

Two-process model of sleep
Two processes have been identified to interact with each other in controlling
the balance between wakefulness and sleep. This hypothesis was introduced as
the Two-Process Model of Sleep by Borbély in 1981.49

Figure 1.4 The Two-Proces Model of sleep by Borbély

The two interacting processes are:
1.

2.

10

Process S: the sleep-dependent process, also known as the homeostatic
sleep drive. This drive is internally regulated and increases during wakefulness and declines during sleep.
Process C: the sleep-independent circadian process, also known as the
alerting system or wake drive. This drive is regulated in the brain by
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the hypothalamic suprachiasmatic nucleus (SCN), which is also called
the biological clock. It is synchronized to regular sleep-wake cycles and
fluctuates over a 24h period.50 It rises during wakefulness together with
process S. However, at a certain moment it drops, allowing the onset
of sleep.51 Process C furthermore regulates other hormonal dependent
rhythms throughout the body (such as temperature).52

1

The greatest urge to sleep is experienced when the sleep drive (S) is high and
the alerting system (C) is low. When this homeostasis is disrupted due to shiftwork or jetlag however, the two processes lose their perfect sync and the alerting
signal (C) is too low during moments when alertness is required and too high at
night to allow consolidated periods of sleep.

Sleep stages
Sleep can be divided in non-REM and REM sleep. Non-REM sleep consists of 3
different stages, N1 (light sleep), N2, and N3 (slow-wave-sleep (SWS) or deep
sleep). One full cycle of all stages has a duration of approximately 1.5 hours. Deep
sleep (N3, SWS) is more pronounced in the first half of the night, whereas REM
sleep is more pronounced in the second half of the night (Figure 1.5).

Figure 1.5 Example of a hypnogram illustrating the transition between different sleep stages
throughout a normal night of sleep

The average, healthy population has a mean total sleep time (TST) of approximately 7-8 hours with 20% of deep sleep (N3, SWS).53 In the older population
these means vary, which makes it difficult to generalize.54 It is known, however,
that age is negatively correlated with the percentage of SWS per night (the older
the less SWS), and that elderly require less sleep which leads to less TST and a
greater tendency for light sleep.
11
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Abstract
Background: Evidence indicates a bi-directional relationship between poor
sleep and Alzheimer’s disease (AD). While AD may lead to disruption of normal
sleep, poor sleep in itself may play a causal role in the development of AD by
influencing the production and/or clearance of the amyloid-beta (Aβ) protein.
This led to the hypothesis that extended periods (>10 years) of sleep loss could
lead to Aβ accumulation with subsequent AD related cognitive decline. This
manuscript describes the methodology of the SCHIP study, a case-control study
in maritime pilots that aims at investigating the relationship between prolonged
work-related sleep loss, cognitive function and amyloid accumulation among
healthy middle-aged maritime pilots, to test the hypothesis that prolonged sleep
loss increases the risk of AD-related cognitive decline and neurodegeneration.

2

Methods: Our study sample consists of a group of healthy middle-aged maritime pilots (n = 20), who have been exposed to highly irregular work schedules
for more than 15 years. Maritime pilots will be compared to a group of healthy,
age and education matched controls (n = 20) with normal sleep. Participants
will complete 10 days of actigraphy (Actiwatch 2, Philips Respironics) combined
with a sleep-wake diary. They will undergo one night of polysomnography (PSG),
followed by comprehensive assessment of cognitive function. Additionally,
participants will undergo amyloid PET-CT to measure brain amyloid accumulation and MRI to investigate atrophy and vascular changes.
Analysis: All analyses will be performed using IBM SPSS version 20.0 (SPSS
Inc, Chicago, USA). We will perform independent samples t-tests to compare all
outcome parameters.
Ethics and dissemination: The study protocol was approved by our institutional ethical review board (NL55712.091.16, file number 2016-2337) and will
be performed according to good clinical practice (GCP) rules. Data and results
will be published in 2020.
Key words: Alzheimer’s disease, amyloid accumulation, neurodegeneration,
cognitive function, sleep, sleep deprivation, shift work
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Strengths and limitations of the study
•

2

•
•

•

•

unique cohort of maritime pilots allows prospective assessment
of effects of chronic exposure to irregular maritime pilot work
schedules on cognitive functioning and amyloid accumulation the unique cohort might also be a limitation to the study, because
they might not be fully comparable to the control group
since we include participants up to 60 years old, we have to take
possible aging effects on sleep into account
in addition to imaging techniques (PET-CT and MRI), we will use
sensitive and well-validated neuropsychological tests to measure
different domains of cognitive function (reaction time, visual
memory, executive function, semantic memory and episodic
memory)
we will make use of four different instruments to obtain comprehensive measurements of sleeping patterns (two subjective and
two objective ones)
our results could give rise to new treatment opportunities, that
aim at sleep improvement and management in order to prevent or
reduce amyloid accumulation and in turn delay or even prevent
the development of AD

Background
Alzheimer’s disease (AD) is the most prevalent cause of dementia and currently
affects approximately 36 million people worldwide.1 Thus far, no successful
treatment is available.
One of the major contributors to the neurodegeneration among AD patients is
amyloid-beta (Aβ),2 which the amyloid-cascade hypothesis characterized as the
fundamental initiating pathway for the development of AD.3 The reason why
amyloid accumulates, however, is not clear yet. Recent evidence suggests that
poor sleep might be one of the risk factors for amyloid accumulation and could,
in turn, increase the risk of AD development.4 Studies found that, elderly people
suffering from insomnia are more likely to develop AD, compared to controls
without insomnia.4 Furthermore, disrupted circadian rhythm among otherwise
20
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healthy individuals 5 and sleep-disordered breathing disorders 6 increase the
chance of developing AD later in life. Poor sleep quality specifically has been
shown to increase the risk of AD among older individuals.7-11 A recent meta-analysis of epidemiological studies found that poor sleep increased AD risk and that
approximately 15% of cases of AD in the population might be attributable to
sleep problems.12
2

The effect of acute sleep deprivation on AD has been shown in both rodent and
human studies, that investigated the effect of sleep and sleep deprivation on
Aβ levels. Rodents and humans show fluctuations in Aβ levels over a 24-hour
rhythm, where levels rise during wakefulness and decrease during sleep.13,14
Following acute sleep deprivation, the drop in Aβ levels that would normally
occur after sufficient sleep the following morning, was absent. Based on this
evidence, chronic sleep disturbances might lead to a pronounced accumulation
of Aβ in the brain, which in turn increases the risk to develop AD.
To date, observational and epidemiological studies have identified a relationship between poor sleep and the risk of developing AD. Experimental research
has found that sleep deprivation and Aβ levels are related in both animals and
humans. However, the direct effect of chronic partial sleep deprivation and its
consequences on cognitive functioning, particularly the risk to develop AD later
in life, has not been studied before.
In this article we describe the methodology and the participant cohort of the
SCHIP (Sleep-Cognition Hypothesis In maritime Pilots) study. We designed the
SCHIP study in order to investigate the effect of long-term work-related sleep
loss on cognitive function, structural brain changes, and amyloid accumulation
by using a unique cohort of healthy subjects with highly irregular shift work as
maritime pilots. Because of the bi-directional nature of the relationship between
sleep and AD, in which poor sleep is a symptom of the disease that precedes
the clinical manifestation of AD, but might also be a risk factor that potentially
contributes to the development of the disease, it is especially important to investigate the effects of sleep loss, caused by an external factor (work) and not by an
intrinsic sleeping disorder (such as insomnia) that could be AD-related. Therefore, participants in this study were selected based on their prolonged exposure
to irregular maritime work-schedules. In this maritime pilot group, sleep loss
is characterized as a combination of sleep deprivation, sleep restriction and
sleep fragmentation or disruption. We will refer to these using the umbrella
21
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term ‘sleep loss’ throughout. An example of an individual work schedule from
maritime pilot is shown in Figure 2.1.
Results and insights born from the SCHIP study could shed more light on sleep
disturbance as one of the risk factors to develop AD and contribute to new and
improved treatment strategies. In the SCHIP study, we will investigate whether
maritime pilots perform worse on cognitive assessment in comparison to a
2

healthy control group and whether they have evidence of elevated brain amyloid
concentrations and structural brain changes.

Methods
Participants
Considering that this study is a proof of principle study, it is not possible to establish the exact effect size of change in cognitive function that we expect to see
between maritime pilots and controls. To account for possible 10% withdrawal,
we chose to have n = 20 participants in each arm.
In order to reach enough power to detect clinically relevant differences regarding the results of the PET-CT scan, we performed a sample size power calculation using G Power (version 3.1.9.3).15 Reported normal values (mean and
standard deviation) for this age group in the literature vary between studies
but are in the order of a mean standard uptake value (SUV) between 0.9 and 1.1
with standard deviations (SDs) in the range of 0.05 – 0.2. We define a relevant
difference between maritime pilots and normal values to be 0.2 or more (an
SUV of 1.3 or higher is considered as abnormal in most studies). This results in
a large expected effect size (>0.8). The precise number of age- and education
matched subjects in the database is not known yet but is estimated to be at least
50 (between 50 and 100). With an alpha of 0.05, with n = 20 our power is 0.95 or
higher (depending on the number of normal subjects). The lower level for power
(0.85) is reached with 13-15 pilots. Based on these calculations, we will aim to
recruit 20 pilots, allowing for drop-out of 5-7 pilots (either due to withdrawal of
consent or artefacts in the PET-CT).
Participants will be recruited within the national organization of Dutch Maritime Pilots (Nederlandse Loodswezen). We selected the maritime pilots as suitable study population because of their unique irregular working schedules.
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They are called to work depending on the number and kind of ships that arrive.
In a typical 7-day work week they have to be available 24 hours per day during
which they can be called several times. This results in multiple divided short
sleep periods over 24 hours during a work week, this is followed by a week off.
An example of a workweek of a maritime pilot is illustrated in Figure 2.1.

2

Figure 2.1 Example maritime pilot working schedule. Working hours indicated in light blue

The responsibility of a maritime pilot is to maneuver large international ships
into their final docking position in the Dutch harbors. This profession carries
high responsibilities and requires accurate knowledge of the dimensions of
the harbor and the ships besides technical knowledge and navigational skills.
Guiding the ships is a time intensive procedure, that can take hours to complete,
which results in irregular working schedules. Maintaining this schedule for
more than 15 years will result in chronic exposure to sleep loss, either due
to partial sleep deprivation (missing a full night of sleep due to work), sleep
restriction (a much shorter night of sleep than normal) or sleep fragmentation
or disruption (short periods of sleep interrupted by calls to work).
We will reach out to the whole maritime pilot community, in order to recruit
pilots who are approximately 50 to 60 years old, with at least 15 years of uninterrupted work history as a maritime pilot. Additional exclusion criteria are the use
of neuro-active medications or psycho-stimulants, consumption of >14 alcoholic
beverages per week, a body mass index of >30kg/m2 and subjective cognitive
complaints (Cognitive Failure Questionnaire (CFQ < 43). For the control group,
we will recruit 20 age, sex and education matched healthy adults with normal
sleep indicated by a score of <5 on the Pittsburgh Sleep Quality Index (PSQI). The
study protocol was approved by our institutional review board (NL55712.091.16,
23
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file number 2016-2337) and will be performed according to good clinical practice (GCP) rules. Inclusion of participants started in August 2018 and we expect
to complete the analysis of all data in August 2020.

Experimental Design
The aim of the SCHIP study is to investigate the relationship between longterm work exposure to irregular work schedules, cognitive function and brain
amyloid accumulation among healthy middle-aged men to test the hypothesis

2

that work-related prolonged sleep loss increases the risk of AD-related cognitive decline and neurodegeneration. In order to test this hypothesis, maritime
pilots will have three visits, controls will have two visits (Figure 2.2). During the
first visit all participants will complete general questionnaires about medical
history, sleeping habits and cognitive state. Approximately 10 days after the first
visit, all participants are invited to the sleep center Kempenhaeghe (Heeze, The
Netherlands) for their second visit. They will arrive at the sleep center at 19.00h
and complete a memory consolidation test (modified ‘Doors Test’) and a test for
attentional performance (TAP 2.3),16 followed by overnight polysomnography
(PSG). Participants get up at their normal wake time and complete neuropsychological assessment after breakfast around 9.00h.
Visit three (maritime pilots only) will be performed at the Radboud university
medical center in Nijmegen (The Netherlands), where participants will undergo
standard amyloid PET-CT to measure brain amyloid accumulation and a 3T-MRI
for co-registration. Participants are scheduled in their week off in order to
prevent short term effects of sleep disruption on brain amyloid concentrations.17
They are instructed not eat or drink anything except from water 3 hours prior
to the scan.

Figure 2.2 Overview experimental design
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Patient and Public Involvement
We recruited healthy volunteers for the SCHIP study, so no patients were
involved in this study.
However, the participants’ organization contacted us due to recent evidence
from the literature on the relationship between sleep and AD. They expressed
their worries about their health and their own risk of developing AD considering
their irregular sleep. They reported feeling very tired at the end of a work week
and speculated that within their group of maritime pilots (including already
retired pilots), cases of dementia occurred more frequently than expected.

2

Participants were also tightly involved in the design, realization and feasibility of the study. For example, they were involved in choosing the technique to
measure amyloid and expressed the preference for a PET-CT scan over cerebrospinal fluid (CSF) measurements of amyloid.
Dissemination of results to participants: Results from the PSG measurements
will be reported only to participants if we find abnormalities such as apnea or
sleeping disorders. This will be done by one of our sleep clinicians via telephone.
Results from the PET-CT scan will be disclosed via telephone by one of our clinicians as well. This is according to the protocol that has been approved by the
local ethical committee. Any incidental findings on the PET-CT and/or MRI will
be disseminated as well.

Sleep Measurements
In order to obtain comprehensive measures of sleeping patterns, we will use
the Pittsburg Sleep Quality Index (PSQI) with questions about average sleeping
behavior, including the report of bedtime, get-up time, sleep latency, total sleep
time, sleep disturbances (pain, breathing etc.) and use of sleep medication. The
maritime pilots will be instructed to fill in the questionnaire twice, once with
regard to a work week and once with regard to a week off. Additionally, all participants are asked to maintain a sleep-wake diary on a daily basis. In this diary
they have to keep track of their bed times, the time it took to fall asleep (sleep
latency), the number of awakenings and their get-up times. Furthermore, they
will receive an accelerometer, the Actiwatch 2 (Philips Respironics; Eindhoven,
The Netherlands), to obtain objective measurements of sleeping behavior. The
Actiwatch is worn around the wrist and automatically measures total sleep time
25
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and number of awakenings during sleep, based on movement. Participants are
instructed to fill in the sleep diary and to wear the Actiwatch for 10 days preceding the second visit. To rule out internal sleeping disorders, all participants
will undergo one night of standard polysomnography (PSG) at the sleep center
Kempenhaeghe (Heeze, The Netherlands).

Cognitive assessment

2

The neuropsychological test battery has been designed to measure the following
cognitive domains, using validated Dutch versions of widely used neuropsychological tests. Episodic memory is assessed using the WMS-IV Logical Memory
and the Rey-Auditory Verbal Learning Test (RAVLT). Working memory and executive function are measured by WAIS-IV Digit Span, Trail Making Test (TMT-A,
TMT-B) and WAIS-IV Digit Symbol Test. Semantic memory and language are
assessed by letter fluency (D-A-T), semantic fluency (animal/profession naming)
and the Boston Naming Test Short Form (BNT).18 Attentional performance is
studied using the alertness test of the Test of Attentional Performance (TAP
2.3).16 This test is conducted twice, once in the evening around 19.00 h and once
in the morning around 9.00 h. In order to test overnight memory consolidation,
a novel paradigm was developed based on the Doors Test, a visual recognition
task developed by Baddely and colleagues 19 and extended using a validated
database of 2000 pictures of doors.20 During the encoding trial, we present
120 pictures of doors that participants are instructed to remember. All targets
(doors) are presented twice in a different, pseudo-randomized order. Targets are
shown for 5 seconds each, separated by a fixation cross presented for 1 second
(Figure 2.3). Approximately 10 minutes after the encoding trial, participants
are presented with 30 of the original doors and 15 distracters (new pictures of
doors, not presented before) that are randomly mixed. During this short-term
recognition trial, the task is to indicate whether the door had been presented
before (oral response ‘yes’) or not (oral response ‘no’). For the long-term delayed
recall, the same procedure is applied in the morning, using the other 90 original
targets, plus 45 new distracters (Figure 2.3). Calculating the hits and false alarms,
we compute the sensitivity (A’) for short-term and for long-term delayed recall
(A’= 0.5 + ((hit-rate – false alarm rate) × (1 + hit rate – false alarm rate))/ (4 × hit
rate × (1 – false alarm rate)).
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Figure 2.3 Memory Consolidation Task Design
A. Example of encoding trials: 120 doors separated by fixation cross; B. Example of short-term
recognition trials (after approx. 10 min) – oral response ‘yes’/’no’ (pressing spacebar to move to
next stimulus), 30 targets and 15 distracters; C. Example of long-term recognition trials (after one
night) - oral response ‘yes’/’no’ (pressing spacebar to move to next stimulus), 90 targets and 45
distracters

Amyloid PET-CT scan with co-registered magnetic resonance imaging
(MRI)
Amyloid PET-CT scans will be performed to measure brain amyloid load.
Participants will be scanned at the Radboudumc department of Radiology and
Nuclear medicine on a PET-CT scanner (Biograph mCT, Siemens, Erlangen,
Germany). Subjects will receive an intravenous bolus of the well-validated PET
tracer 18F-flutemetamol, and static brain images will be acquired from 90-110
min post-injection (frames of 5 mins), as recommended (see SPC; http://www.
ema.europa.eu/docs/en_GB/document_library/EPAR_-Product_Information/
27
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human/002557/WC500172950.pdf). The individual reconstructed PET images
will be co-registered with individual structural T1 MRI scans.
The PET scans will be rated visually as positive or negative by an experienced
nuclear medicine physician for the presence of amyloid depositions typical of
AD. Scores will be expressed as a global SUV, which will be compared against
population normative values, as earlier described.21 For quantitative purposes,
2

grey matter volumes of interest will be defined on the individual MRIs (e.g. frontal brain areas, the precuneus, and hippocampus) as well as for cerebella grey
matter (to assess non-specific uptake). The amyloid burden will be quantified
using the standardized uptake value ratio, since it has been validated that this
analysis method has comparable agreement with full kinetic modeling.22 Brain
MRI will be performed on a 3 Tesla system (Magnetom Trio, Siemens, Erlangen,
Germany). The structural T1-weighted images will be used for co-registration
purposes, and to define grey matter in the volumes of interest. In addition, these
scans will be used to perform volumetric measurements (e.g. of the hippocampus). Also, arterial spin labeling (ASL) will be performed to measure global and
regional cerebral blood flow (CBF), since reduced regional CBF is an early marker
of AD. Individual anatomic MRI scans will be co-registered with the individual
PET scans using the image processing platform FLS (fsl.fmrib.ox.ac.uk) to calculate standard uptake value ratios (SUVR). The PET-CT data will be expressed in
Centiloid units to evaluate our data with historical control data as recently validated by Battle and co-workers.23

Future follow-up visits
Because of insufficient knowledge about the correlation between brain amyloid
accumulation and the actual development of Alzheimer’s disease, we decided
to follow the maritime pilots in a 5-year cycle in order to monitor any cognitive
changes. We will contact them 3 times in total, which leaves us with a maximum
follow-up period of 15 years. At each time point, they will be asked to answer 3
questions online:
1.

Did you develop cognitive complaints over the last 5 years? This question will be further elaborated with the Cognitive Failure Questionnaire
(CFQ). The CFQ is a validated questionnaire that aims at detecting daily
disruptions of cognitive functions. Participants are confronted with 25
statements and have to indicate how often they experience the situation
that is described in the statements with a score between 0 (never) and
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2.
3.

4 (very often).
Were you diagnosed with mild cognitive impairment during the last 5
years? If yes, when and what was the precise diagnosis?
Were you diagnosed with dementia in the past 5 years? If yes, when and
what was the precise diagnosis?

If the answer is ‘Yes’ to one of these questions, we will reach out to the participants for clarification.

2

Statistical analysis
All analyses will be performed using IBM SPSS version 20.0 (SPSS Inc, Chicago,
USA). Statistical significance is set at P < 0.05, with Bonferroni correction for
multiple comparisons when appropriate, combined with reports of effect size
and 95% confidence intervals. All continuous variables will be assessed for
normal distribution by inspection of histograms and the Shapiro Wilk test.
Levene’s test will be used to assess equality of variances. We will perform an
independent samples t-test to compare all outcome parameters. The primary
outcome for cognitive function will be the score on each test respectively adjusted
for age and education. Regarding imaging, the primary outcome measure will
be the visual read of the amyloid PET scans (positive or negative PET). Secondary outcome measurements will be quantitative PET (SUV ratios), brain volume
(MRI), and CBF measurements (MRI-ASL).

Ethics & Dissemination
The study protocol was approved by our institutional review board, CMO
(Commissie Mensgebonden Onderzoek) (NL55712.091.16, file number 20162337) and will be performed according to good clinical practice (GCP) rules.
Written informed consent will be obtained from all participants. We are planning to publish the data and results of the SCHIP study in two or three articles
in 2019 and 2020.

Discussion
In this article we presented the design and methodology of the SCHIP study. The
main aim of the SCHIP study is to investigate the effect of long-term work-related sleep loss on cognition and amyloid accumulation. Since previous studies
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assessed sleep deprivation for only one or a few days, the SCHIP study extends
these studies by investigating the effect of long-term sleep loss on cognitive function and amyloid accumulation. We expect that the maritime pilots have had
long-term (>15 years) exposure to work related sleep loss, because of their work
schedules and that this exposure has led to reduction in SWS. Every slow wave
observed on an electro-encephalography (EEG) is a pause in synaptic activity.24
Synaptic activity and Aβ levels appear strongly related, as Aβ levels increase
due to synaptic activity.25 More synaptic activity is observed during wakefulness,
especially in the default mode network (DMN) or other highly interconnected
brain areas.25 During sleep, synaptic activity is reduced, which could result in
decreased Aβ levels in the brain.25 Therefore, sleep loss (especially poor SWS)
over the course of many years could increase Aβ concentrations, which in turn
could trigger AD-associated neurodegeneration and loss of cognitive function.

2

To test this hypothesis, we will perform extensive cognitive testing, using tests
that are sensitive to subtle decline in episodic memory, which is affected early
in AD. Additionally, amyloid positivity will be measured using amyloid PET-CT
scans in order to explore the effect of work related sleep loss on amyloid concentration in the brain. Cerebral blood flow and cerebrovascular resistance will
be investigated, as reductions in blood flow and increases in resistance occur
early in the Alzheimer disease process.26 Finally, global grey matter volume and
hippocampal volume will be measured.
The unique cohort of maritime pilots will allow the prospective assessment of
prolonged work-related sleep loss and its consequences for cognitive functioning
and amyloid accumulation. The design of the SCHIP study presents a number of
strengths. No other previous investigation has looked into the effect of chronic
partial sleep deprivation on cognition in healthy men to this extent. Since sleep
disorders might also be early symptoms of preclinical AD, it is especially important in this age group to investigate the effect of sleep loss due to an external factor
and not due to intrinsic sleep disorders. Up to this point, all enrolled maritime
pilots do not have internal sleeping disorders and do not use sleep medication, as
confirmed by a general health questionnaire which was filled in upon screening
for participation. Furthermore, we will measure different domains of cognitive
function (reaction time, visual memory, executive function, semantic memory
and episodic memory) using sensitive and well-validated neuropsychological
test batteries. In addition to testing cognitive functions, we will perform brain
imaging to detect amyloid accumulation as potential consequence of sleep
30
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loss. We will make use of four different instruments to get a comprehensive
measure of sleeping patterns, two subjective and two objective ones. The subjective measurements consist of the PSQI and the maintenance of the sleep-wake
diary. The objective assessments include the data from the Actiwatch 2 (Philips
Respironics) in addition to a night of PSG. The data from the Actiwatch can be
compared to the sleep-wake diary entries. These data can then be used to verify
the sleeping behavior of participants, making sure they maintain regularity and
consistency in their sleeping habits.

2

Results of the SCHIP study will give us more insights into the consequences of
long-term work-related sleep loss on cognitive function and amyloid accumulation in an AD related context. Our results could give rise to new treatment
opportunities, that aim at sleep improvement and management in order to
prevent or reduce amyloid accumulation and in turn delay or even prevent the
development of AD.
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Abstract
Background: Recent evidence indicates that disrupted sleep could contribute
to the development of Alzheimer’s disease by influencing the production and/
or clearance of the amyloid-β protein. We set up a case-control study to investigated the association between long-term work-induced sleep disruption, cognitive function, and brain amyloid-β burden.
Methods: 19 male maritime pilots (aged 48-60 years) with chronic work-related
sleep disruption and a sex-, age and education-matched control sample (n = 16,
aged 50-60 years) with normal sleep completed the study. Primary sleep disorders were ruled out with in-lab polysomnography. Additional sleep measurements were obtained at home using actigraphy, sleep-wake logs, and a single-lead
EEG device. Cognitive function was assessed with a neuropsychological test
battery sensitive to early symptomatic Alzheimer’s disease. Brain amyloid-β
burden was assessed in maritime pilots using 18F-flutemetamol amyloid PET-CT.

3

Results: Maritime pilots reported significantly worse sleep quality (Pittsburgh
Sleep Quality Index (PSQI)=8.8±2.9) during workweeks, compared to controls
(PSQI=3.2±1.4; 95% CI 0.01 to 2.57; P = 0.049). This was confirmed with actigraphy-based sleep efficiency (86% ±3.8 vs. 89.3% ±4.3; 95% CI 0.43 to 6.03; P = 0.03).
Home-EEG recordings showed less total sleep time (TST) and deep sleep time
(DST) during workweeks compared to rest-weeks (TST: 318.56 (250.21–352.93)
vs. TST: 406.17 (340–425.98); P = 0.001; DST: 36.75 (32.30–58.58) vs. DST: 51.34
(48.37–69.30); P = 0.005). There were no differences in any of the cognitive
domains between the groups. For brain amyloid-β levels, mean global cortical
standard uptake value ratios of 18F-flutemetamol were all in the normal range
(1.009 ±0.059; 95% CI 0.980 to 1.037), confirmed by visual reads.
Conclusions: Capitalizing on the particular work-rest schedule of maritime
pilots, this study with a small sample size observed that long-term intermittent
sleep disruption had no effect on brain amyloid-β levels or cognitive function.
Keywords: sleep disruption, shift work, Alzheimer’s disease, amyloid-β, cognitive function
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Background
Sleep loss has been associated with increased risk of dementia in later life,
specifically dementia caused by Alzheimer’s disease (AD). In a meta-analysis
of 27 studies with nearly 70.000 participants, sleep loss – mostly defined as
self-reported sleep of <6 hours per night – carried an average relative risk of
1.68 (95% CI 1.45 to 1.86) of developing dementia caused by AD.1 This finding
is relevant, because the etiology of late-onset AD remains unknown and therapeutic options are limited, making sleep a potential target for prevention or
treatment of AD.2,3 The association between sleep loss and AD could be explained
by reverse causality, wherein sleep loss is an early, preclinical manifestation of
Alzheimer’s pathology.4-6 However, the association may also be causal, wherein
sleep loss contributes to the development of the disease. The latter hypothesis
is based on a small number of animal and human studies that have identified
mechanisms that could explain how sleep loss may increase the risk of AD. In
mouse models of genetic and sporadic AD, for example, sleep loss increased
brain amyloid-β accumulation.7-10 In humans, we have previously showed that
a single night of full sleep deprivation impaired the overnight reduction in CSF
amyloid-β, causing 10% higher levels of CSF amyloid-β the next morning.11 Also
in humans, selective disruption of slow wave sleep (SWS), without affecting
other sleep stages, led to a comparable overnight difference in CSF amyloid-β.12
Additionally, acute increases (5%) in PET-amyloid-β levels in the hippocampus
and thalamus were observed after a single night of full sleep deprivation.13 Two
mechanisms have been proposed to explain the relationship between sleep loss
and amyloid-β accumulation. First, the clearance of soluble toxic waste (including amyloid-β) from the central nervous system, characterized by exchange of
interstitial and cerebrospinal fluids through the glymphatic pathway, appears
more effective during sleep than in wakefulness.14-18 Second, the production of
amyloid-β may be increased during wakefulness and reduced during sleep (especially SWS).5,11,17,19,20 These findings have led to the hypothesis that long-term sleep
loss, through repetitive episodes of amyloid-β accumulation, may contribute to
AD. However, evidence from human studies is lacking, and it remains unknown
which quantity of sleep loss, both in terms of duration and intensity, would be
required to raise the risk of developing dementia due to AD.
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The unique work of maritime pilots in the Netherlands offers the opportunity to
study the association between long-term sleep disruption and AD-risk. Maritime
pilots have a work schedule characterized by one week of irregular and unpre40
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dictable working hours, leading to reduced and fragmented sleep, followed by a
rest week with unrestricted sleep. Their sleep disruptions are caused by external,
occupational factors, which reduces the bias of intrinsically caused sleep problems that could represent an early symptom preceding the clinical manifestation
of dementia due to AD (i.e., reverse causality). In this group of maritime pilots,
we sought to explore the effects of long-term, externally induced sleep disruption on cognitive function and brain amyloid-β burden, as biomarker of AD.

Methods
Study design
3

The SCHIP study (Sleep Cognition Hypothesis In maritime Pilots) is a case-control study in healthy volunteers under the hypothesis that repeated nights of
sleep loss may contribute to the risk of dementia due to AD by gradually increasing amyloid-β levels. The study took place between December 2016 and May
2019 and was conducted and reported according to the STROBE guidelines for
case-control studies. The timing between measurements was consistent across
all participants. Sample size calculations were performed using G*power 21 and
published previously.22 The study protocol was peer-reviewed and published in
BMJ Open.22

Study population
We included 19 middle-aged (mean age=53; range: 48 to 60 years) men from
the national organization of Dutch maritime pilots (Nederlandse Loodswezen).
The profession of maritime pilots in the Netherlands is almost exclusively (99%)
male. Their profession is characterized by sleep disruptions caused by external, occupational factors, wherein every other week is characterized by sleep
disruption. We recruited maritime pilots with a work history of an average
of 20 years (mean = 19.8; range: 10 to 30 years). Details of the study population and their occupation have been described in our methods paper 22 and
can be found in the additional information file (see Supplementary Material).
Maritime pilots were compared to age-, sex-, and education-matched healthy
volunteers (n = 16; mean age=57; age range: 51 to 62 years) with occupations
comparable in intellectual demand, but with regular working hours (no shift
work). Control participants had normal sleep, confirmed by a Pittsburg Sleep
Quality Index (PSQI) of <5 as well as regular bed times (between 8 p.m. and
41
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midnight), and regular wake-up times (between 5 a.m. and 9 a.m.). Participants
were excluded from taking part in the study if they were using neuro-active
medications, consumed >30 alcoholic beverages per week, had a body mass
index of >30kg/m2, suffered from intrinsic sleeping disorders (i.e. insomnia, REM
sleep behavioral disorder; ruled out by PSG), or, for controls only, if they had
self-reported cognitive complaints (indicated by Cognitive Failure Questionnaire
(CFQ) and general health questionnaire). Vascular health was assessed during
study visits, using a history of health-related events, i.e. high cholesterol, smoking, diabetes, and hypertension in addition to blood pressure measurements
in maritime pilots. Baseline characteristics are listed in Table 3.1, Figure 3.1
provides a study flow chart.
3
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3

Figure 3.1 Flow diagram SCHIP study
Abbreviations: PSQI, Pittsburgh Sleep Quality Index; CFQ, Cognitive Failure Questionnaire;
HADS, Hospital Anxiety and Depression Scale; TAP, Test of Attentional Performance; RBD, REM
sleep behavior disorder; PSG, polysomnography.
a = over the course of the study, four maritime pilots went into retirement, therefore analysis for
the work days is based on the remaining, employed maritime pilots (n = 13).
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Ethical Approval
The SCHIP study was approved by the institutional review board (CMO Region
Arnhem-Nijmegen, NL55712.091.16, file number 2016-2337) and performed in
accordance with good clinical practice guidelines and the world medical associations code of ethics (Declaration of Helsinki). Written informed consent was
obtained from all participants after they received detailed study information.
Participants received a stipend of 50 euros for participating, travel costs were
compensated.

Sleep measurements
We combined several complementary methods to assess sleep quality:

3

PSQI: PSQI was filled out twice by maritime pilots (work- and rest week) and
once by controls.
Actigraphy & sleep log: Accelerometer-based sleep measurements (Actiwatch
2; Philips Respironics, Eindhoven, The Netherlands) in maritime pilots and
controls, for a period of 10 consecutive days. Data was validated with sleepwake diaries. For maritime pilots these days contained a mixture of work- and
rest days. Measurements were taken during the screening phase of the study
(Figure 3.1), before cognitive testing and amyloid PET scans.
Polysomnography (2016/2017): To ascertain that neither maritime pilots nor
controls had intrinsic sleep disorders, we performed full polysomnography (PSG)
in a sleep lab (Kempenhaeghe, Heeze, The Netherlands), registering total sleep
time (TST), sleep stages (N1, N2, N3, REM), wake time after sleep onset (WASO),
sleep efficiency (SEF), and sleep onset latency (SOL). The PSG took place on
Sunday nights during rest weeks for maritime pilots and normal weekend days
for controls, between 2016 and 2017 (Figure 3.1).
Home-EEG (2019): We performed objective measurements of sleep quality
during work- and rest weeks in 13 of the 19 maritime pilots. For this, we used a
novel and innovative device with a dry, single-lead EEG electrode (SmartSleep;
Philips, Eindhoven, The Netherlands).23 This device is a headband that records
EEG signals and can differentiate between light and deep sleep. Furthermore,
it measures total sleep time (TST), sleep onset latency (SOL), number of short
awakenings (<5 minutes awake), and number of arousals (>5 minutes awake).
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Maritime pilots were instructed to wear the headband for 20 consecutive days
(10 workdays and 10 rest days). These measurements took place in 2019, before
the amyloid PET scan (Figure 3.1).

Cognitive assessment
The aim of the cognitive assessment was to explore effects of long-term exposure to sleep disruption in maritime pilots on AD-related cognitive impairment.
Therefore, we applied a cognitive test battery that was designed to detect cognitive dysfunction in preclinical AD.24 Tests focused on episodic memory (Logical
Memory Subtest from the Wechsler Memory Scale – Fourth Edition (WMS-IV LM),
Rey Auditory Verbal Learning Test (RAVLT)), semantic memory and language
(letter and semantic fluency, Boston Naming Test), working memory and executive function (Digit Span subtest from the Wechsler Adult Intelligence Scale –
Fourth Edition (WAIS-IV), Trail Making Test (TMT) part A and B, WAIS-IV Coding),
and attention (Test of Attentional Performance 2.0, TAP). Overnight memory
consolidation was assessed using a novel paradigm based on the Doors Test,25
assessing visual recognition memory after short delay (10 min) and memory
consolidation after long delay (after sleep). An overview about the cognitive
tasks is summarized in the additional information file (see Supplementary
Material) and described in detail in our methods paper.22 Cognitive tests were
performed in the morning following PSG (2016 and 2017).

3

Amyloid PET-CT imaging with 18F-flutemetamol
Brain PET-CT scans were acquired in 2019 (Figure 3.1) in maritime pilots only,
since outcomes can be compared to normative data from the literature. We
used the validated tracer 18F-flutemetamol, 26 a tracer that performs comparable to 11C-PIB.27 Previous studies suggested that CSF and PET measurements
of amyloid-β are in high concordance,28-31 while some suggest that PET is more
powerful and more specific to AD pathology.32,33 Static brain images were
acquired 90-110 minutes post-injection (four frames of 5 minutes) after bolus
injection of approximately 185 MBq 18F-flutemetamol on a Siemens Biograph
mCT. To measure tissue uptake ratios, PET scans of the PET-CT session were
registered to the CT scan of the PET-CT session by rigid body linear registration
with nearest neighbor interpolation using FSL’s FLIRT (FMRIB’s Linear Image
Registration Tool).34-36 CT scans were then registered to the MNI152 2mm skull
template by affine linear registration with a mutual information cost function
and nearest neighbor interpolation using FSL’s FLIRT and by non-linear registra45
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tion using FSL’s FNIRT (FMRIB’s Non-linear Registration Tool).34,37 These transformations were combined to align the PET scan to the MNI152 space in one single
step. Tissue ratio was used as outcome measure, which is equivalent to the standard uptake value ratio (SUVR). The global cortical areas, as well as prefrontal
and temporal cortex and the cerebellum were selected with the MNI152 2mm
cortical atlas. Subsequently mean uptake values of these regions of interest
(ROIs) and the tissue ratio, equivalent to the SUVR, were calculated using the
cerebellum as reference region.38,39 Normal global SUVR in a cognitively healthy
population (aged 30-60) was 1.3 (±0.09),27 comparable to mean SUVR of 1.29 (±0.2)
reported by Thurfjell et al..40 As additional step, all scans were visually rated as
positive/negative for the presence of amyloid-β deposition by an experienced
and trained 41 nuclear medicine physician (JB) using validated criteria.38 In the
original protocol an additional MRI scan was planned for PET-MRI co-registration to allow more detailed regional analyses of amyloid-β uptake.22 Because of
limitations in funding, this could not be performed for this study.

3

Statistical analysis
Statistical analyses were performed using IBM SPSS Statistics for Windows,
version 20.0 (IBM Corp., Armonk, NY, USA). Alpha was set at 0.05 and tested
two-sided. All continuous variables were assessed for normal distribution by
inspection of histograms and the Shapiro-Wilk test. Normally distributed data
are shown as mean ±SD. Not normally distributed data are presented with
median and interquartile ranges (IQR). For primary outcomes of cognitive
assessment, raw test scores were transformed into z-scores for each neuropsychological test. Z-scores were computed in SPSS and were based on mean and
SD of the whole sample. For the other primary outcome measure, amyloid-β
burden, we used the mean global standard value uptake ratio (SUVR) and the
dichotomous visual read of the amyloid PET scans (positive/negative).38 An
independent samples t-test was performed to compare normally distributed
outcome measures between the groups (shown as mean ±SD), not normally
distributed outcome measures were assessed with Mann-Whitney U tests (shown
as median (IQR)). With regard to the home-EEG data, a Wilcoxon signed rank
test was performed to compare deep sleep time (DST) during workweeks to DST
during rest periods.
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Results
After exclusion and drop-out of participants (see Figure 3.1), 19 maritime pilots
and 16 controls completed the study (Figure 3.1, Table 3.1). Maritime pilots
were on average 4 years younger than controls (Table 1; 95% CI -6.139 to -1.716).
Results from the independent t-test did not indicate other differences between
the groups at baseline (Table 3.1). All participants were Dutch, of white European descent, and had the same level of education.
Table 3.1 Baseline characteristics

Characteristics

Controls, n=16

Maritime pilots, n=19

Age, years

57 ±2.9

53 ±3.4

Educational attainment, years

17.4 ±7.3

18 ±0

BMI, kg/m

25.5 ±2.7

25.7 ±2.7

History of Diabetes

0 (0)

0 (0)

SBP, mmHg

NA

148.0 ±16.4

DBP, mmHg

NA

90.16 ±11.7

Medication (‘yes/no’)

2 (10.5)

4 (21.1)

Smoking (‘yes/no’)

3 (15.8)

3 (15.8)

History of hypertension

0 (0)

0 (0)

2

History of high cholesterol

0 (0)

1 (5.3)

CFQ

26.4 ±10.8

29 ±7.8

HADS Anxiety

4.8 ±3

4.0 ±1.7

HADS Depression

3.6 ±2.5

3.7 ±2.7

3

Data is shown as mean ±SD or No. (%) (for normally distributed data). Abbreviations: BMI, Body
Mass Index; SBP, systolic blood pressure; DBP, diastolic blood pressure, CFQ, Cognitive Failure
Questionnaire; HADS, Hospital Anxiety and Depression Scale; NA, not applicable.

Sleep characteristics
PSQI: Maritime pilots reported worse sleep quality on the PSQI compared to
controls, during rest weeks but especially during workweeks (Table 3.2). When
comparing PSQI scores between workweek and rest week within maritime
pilots, results of the t-test revealed that the average PSQI score for workweeks
was almost twice the score for rest weeks, with values exceeding the validated
cut-off point (≥7) for abnormal sleep behavior (Table 3.2).
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Actigraphy: Subjective reports (PSQI) of poor sleep was confirmed by data from
10 days of actigraphy (mix of workdays and rest-days), which indicated more
awakenings and less sleep efficiency in the maritime pilot group compared to
controls (Table 3.2).
PSG (2016/2017): Both maritime pilots and controls had normal sleep patterns,
including normal amount of DST (Table 3.2), ruling out intrinsic sleep disorders
and indicating undisturbed sleep in maritime pilots during rest days.
Table 3.2 Comprehensive sleep characteristics of maritime pilots and controls

Measures
PSG

3

Controls,
n=16

Maritime
pilots, n=19

P-value

TST, min

406 ±44

403 ±51

0.86

N1, min

46 ±18

41 ±14

0.40

N2, min

232 ±36

215 ±36

0.20

DST, min

50 ±25

66 ±28

0.10

REM, min

68 ±17

79 ±17

0.10

WASO, min

61 ±26

53 ±39

0.48

SEF, %

85.8 ±7.1

86.1 ±9.4

0.91

SOL, min

8 ±7

11 ±9

0.32

No. awakenings

33.5 ±11.1

37.8 ±10.3

0.24

SEF, %

89.3 ±4.3

86 ±3.8

0.03*

PSQI
(rest week vs. control)

Overall score

3.2 ±1.4

4.5 ±2.2*

0.049*

PSQI
(workweek vs. control)

Overall score

3.2 ±1.4

8.8 ±2.9**

<0.001**

Actiwatch

Data is shown as mean ±SD (for normally distributed data).
Actiwatch data and PSQI were collected in 2016 and 2017. Actiwatch data was collected for a
period of 10 consecutive days, for maritime pilots these 10 days were a mix of work- and rest
days. PSQI was administered twice for maritime pilots, including one workweek and one rest
week. Abbreviations: PSG, Polysomnography; TST, total sleep time; DST, deep sleep time; REM,
rapid eye movement sleep; WASO, wake after sleep onset; SEF, sleep efficiency; SOL, sleep onset
latency; PSQI, Pittsburgh Sleep Quality Index
* significant at P < 0.05; ** significant at P < 0.001
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Home-EEG (2019): We were able to analyze EEG-based sleep measurements
during work- and rest days in 13 maritime pilots (of the n = 19 maritime pilots,
4 had retired by 2019 when these measurements were scheduled, and could
therefore no longer be measured during workdays; 2 could not be analyzed due
to technical issues) (Figure 3.1). Maritime pilots showed less TST during workweeks compared to rest weeks (Z = -3.18; P = 0.001) as well as less DST during
workweeks compared to rest weeks (Z = -2.83; P = 0.005) (Table 3.3). Based on
the home-EEG measurements, we created hypnograms of one maritime pilot
for a workweek and a rest week, illustrated in Figure 3.2.
Table 3.3 Results from the home-EEG measurements (maritime pilots only)

Measures
Home EEG

Rest week, n=13

Work week, n=13

P-value

TST , min

406.17 (340 – 425.98)

318.56 (250.21 – 352.93)

0.001*

DST†, min

51.34 (48.37 – 69.30)

36.75 (32.30 – 58.58)

0.005*

†

3

Data is shown as median (IQR) (for not normally distributed data).
Home-EEG recordings were performed in 2019 in maritime pilots only using a dry single-lead
EEG device (Philips, Eindhoven, The Netherlands). Abbreviations: TST, total sleep time; DST,
deep sleep time
* significant at P < 0.05
†means calculated based on sleep periods within workweek or rest week respectively
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3

Figure 3.2 Example of a maritime pilots’ sleep schedule.
A. Hypnogram is based on 7 consecutive working days of sleep measurements with a dry electrode single-lead home-EEG device
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3

B. Hypnogram is based on 7 rest days of sleep measurements with a dry electrode single-lead
home-EEG device
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Cognitive assessment
For cognitive assessment, we transformed all raw neuropsychological test scores
into z-scores. Results from the independent t-test did not indicate differences
between maritime pilots and controls on tests of episodic memory (WMS-IV LM
recognition, RAVLT total median). Small differences were observed on semantic
memory and language, in which maritime pilots performed slightly better on
the Boston Naming Test compared to controls. Performance on working memory
and executive function (WAIS-IV, TMT, WAIS-IV Coding), and attention (TAP
2.0) did not differ significantly between the groups. Maritime pilots performed
slightly better on the visual recognition memory after short delay compared to
controls. Long-term memory consolidation, however, did not differ between the
groups. All test scores were within normal age- and education-adjusted ranges
based on available normative data (data not shown). All results can be found
in Table 3.4.

3
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Table 3.4 Results of cognitive assessment and memory consolidation

Measures
WMS-IV

RAVLT

Controls,
n=16
LM I

0.16 ±1.07

LM II

0.29 (-0.93 – 1.01)

LM recognition

0.25 ±1.10

TMT

Fluency

-0.08 ±0.99
0.11 (-0.61 – 0.83)
-0.12 ±0.94

P-value
0.49
0.72
0.29

Total

-0.08 (-0.63 – 0.61)

0.77 (-1.14 – 1.09)

0.41

Del. Recall

-0.08 ±0.76

0.06 ±1.25

0.70

Del.
Recognition

-0.10 ±1.15

0.21 ±0.85

0.37

0.22 (-0.30 – 0.82)

0.41

Sensitivity A’
WAIS-IV

Maritime pilots,
n=19

0.07 (-0.85 – 0.82)

Coding

-0.10 ±0.59

0.21 ±1.26

0.37

Digit span

-0.21 ±0.62

0.23 ±1.24

0.21

Part A

-0.09 ±0.75

-0.06 ±1.15

0.94

Part B

-0.33 (-0.57 – 0.75)

-0.38 (-0.96 – 0.50)

0.24

-0.29 ±1.13

0.78

D-A-T

0.07 ±0.89

Animal

0.38 (-0.88 – 0.73)

0.20 (-0.70 – 0.91)

0.84

Profession

-0.26 ±0.85

0.26 ±1.13

0.14

BNT

Short version

-0.11 (-0.39 – 0.31)

0.20 (0.10 – 0.62)

0.02*

TAP evening

Cued

-0.05 (-0.72 – 0.44)

-0.39 (-0.91 – 0.50)

0.37

Un-cued

-0.05 (-0.87 – 0.89)

-0.17 (-0.76 – 0.45)

0.84

Cued

-0.10 (-0.50 – 0.66)

-0.29 (-0.71 – 0.12)

0.27

Un-cued

-0.13 (-0.63 - 1.09)

-0.40 (-0.74 – 0.33)

0.22

Sensitivity, A’

-0.27 ±0.90

0.46 ±0.58

0.007*

Hits

-0.33 (-1.18 – 0.15)

0.64 (0.15 – 0.64)

0.03*

TAP morning

Visual recognition Short
delay (10 min)

Memory consolidation
Long delay (after sleep)

False alarms

0.19 ±1.06

-0.27 ±0.84

0.16

Sensitivity, A’

-0.08 ±0.95

0.35 ±0.73

0.14

Hits

0.50 (-0.21 – 0.70)

-0.08 (-0.69 – 0.54)

0.20

False alarms

0.15 ±0.90

-0.41 ±0.76

0.06

3

Data is shown as mean ±SD (for normally distributed data) or median (IQR) (for not normally
distributed data). Test results are expressed in z scores. TAP: z-scores are based on median reaction-time. Visual recognition - short-term: assessed approximately 10 minutes after targets were
presented. Memory consolidation after long-term took place after one night of sleep (approximately 10 hours). Abbreviations: WMS, Wechsler Memory Scale, LM, Logical Memory, RAVLT,
Rey Auditory Verbal Learning Test, WAIS, Wechsler Adult Intelligent Scale, TMT, Trail Making test,
BNT, Boston Naming Test, TAP, Test of Attentional Performance
*significant at P < 0.05
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F-flutemetamol PET-CT

18

Amyloid PET scans were administered in maritime pilots only (n = 19, Figure 3.1).
SUVRs in healthy populations were reported as 1.29 (±0.2) 40 and 1.3 (±0.09).27
The global cortical SUVR in maritime pilots was 1.009 (±0.059; 95% CI 0.980 to
1.037), and therefore below normal values for a cognitively healthy population
in this age range.27,40 More specifically, we detected a SUVR of 0.860 (±0.098;
95% CI 0.813 to 0.907) for frontal lobes and a SUVR of 0.996 (±0.06; 95% CI 0.967
to 1.025) for temporal lobes. In addition, all scans were rated negative for the
presence of amyloid-β deposition on visual reading. Figure 3.3 shows examples
of amyloid PET images from two representative participants. There were no
correlations between SUVRs and sleep quality (PSQI overall score and DST (for
rest- and workweeks)).

3

Figure 3.3 Representative transversal slides from 18F-flutemetamol PET scans of two participants. Scans were acquired 90-110 minutes post-injection and show normal subcortical nonspecific uptake in the brain.
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Discussion
We investigated global brain amyloid-β levels and cognitive function in a unique
population experiencing long-term sleep disruption, wherein every other week
was characterized by sleep disruption due to irregular working hours. Our
main finding is that in this relatively small but deeply phenotyped sample, this
intensity and pattern of sleep disruption was not associated with elevated brain
amyloid-β levels, nor with cognitive decline.
In previous studies, a single night of full sleep deprivation, or selective restriction
of deep sleep, and chronic partial sleep fragmentation (rodents only) increased
brain amyloid-β levels.8-13 These observations have fueled the hypothesis that
repeated nights of sleep loss may contribute to the risk of dementia due to AD by
gradually increasing amyloid-β levels. The sample of maritime pilots offered a
unique opportunity to explore if long-term, externally induced sleep disruptions
increase dementia risk in terms of AD-related impaired cognitive function and
amyloid-β burden. Their sleep behavior is characterized by workweeks with
disrupted sleep, alternating with rest weeks of unrestricted sleep. This pattern
was confirmed using a combination of methods: self-reported disrupted sleep
during workweeks was objectified by sleep diaries, actigraphy, and home-EEG
measurements. Relatively normal sleep during rest weeks of maritime pilots
was furthermore confirmed with PSG (compared to controls) and home-EEG
measurements. Moreover, using PSG we were able to exclude intrinsic sleep
disorders in this group, which is important because sleep loss may be an early
manifestation of Alzheimer’s pathology and could lead to a reverse causality association.42,43 To explore possible AD-related impaired cognitive performance, we applied a cognitive test battery that was chosen for its sensitivity
to cognitive changes in early, preclinical AD.24 On all cognitive domains, maritime pilots showed normal cognitive performance, compared not only to the
control group, but also to normative values. This was also the case for overnight
episodic memory consolidation, which is dependent on deep sleep.5,44
We considered that normal cognitive function would not rule out increased
amyloid-β levels, since early stages of amyloid-β accumulation (indicated by PET
or CSF) can have a long asymptomatic stage. Therefore, we performed additional
global brain amyloid-β imaging in maritime pilots. None of the maritime pilots
had evidence of elevated amyloid-β levels, with SUVR values remaining well
below the values established for a healthy population.27,40 In a recent meta-analysis, the estimated prevalence of PET amyloid-positivity in cognitively healthy
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men aged 55–60 years was 13% (95% CI 10.3% to 16%).45 This indicates that our
observation of a prevalence of 0/19 confidently rules out elevated amyloid-β
levels, even considering the relatively small sample size.
What could explain the observed absence of elevated amyloid-β levels or
impaired cognitive function, despite evidence of long-term sleep disruptions?
First, assuming that the hypothesis that sleep disruption may cause AD is correct,
the alternating pattern of a week with unrestricted sleep following a week of
disrupted sleep may be insufficient to cause elevated brain amyloid-β levels.
Either sleep disruption during ≈50% of nights for ≈20 years is insufficient to
affect amyloid-β clearance/production, or the week of normal sleep following a week of sleep disruption provides compensatory reductions in brain
amyloid-β levels. This latter option would then suggest that disrupted sleep
is a modifiable risk factor, and that it may not be necessary to achieve full
normalization of sleep to reduce AD-risk. Whether this can be extrapolated to
the general population is uncertain however. The maritime pilots may, due to
their profession, be better able to compensate normal sleep in their rest weeks.
While most studies link reduced total sleep time (<6 hours) to increased AD
risk,1,20 other work suggests that the risk is specifically linked to reduced deep
sleep.12,17 The maritime pilots had reduced total sleep time during workweeks,
but the home-EEG recordings indicate that they still achieved an average of 37
minutes of deep sleep per sleep period. Therefore, SWS may have been insufficiently impaired to result in abnormal amyloid-β levels. This argument is,
however, not supported by recent work demonstrating that a reduction in total
sleep time, but not SWS, determined the increase in amyloid-β production.20
Second, it is possible that sleep disruption alone is insufficient to increase AD-risk,
but requires the presence of other risk factors, such as impaired glucose metabolism,46 oxidative stress,47 depression,48 or general poor vascular health.49 Our
study population was healthy and had a low vascular risk (Table 3.1).
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Current research on this topic is still in its very early stage, with limited evidence
supporting a causal relationship between sleep loss and risk of AD dementia.
The association between sleep loss and AD may be driven by reverse causality
(sleep loss as an early manifestation of AD), or by a shared common pathway that
causes sleep loss and increases AD risk. There is also recent evidence that found
no association between sleep (subjective sleep quality) and risk of dementia.50
Previous evidence suggesting a link between sleep and AD have been limited to
a small number of studies in rodents and humans, with variations in method56
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ology and study population selection. Furthermore, the human studies focused
on the relationship between poor sleep for a short period of time (1 or 2 nights)
and its effects on amyloid-β (or tau), but have not studied actual development of
AD dementia. Longitudinal studies are available but lack rigorous assessment
of sleep and biomarker evidence of AD. Our study adds information on the
long-term association between poor sleep and AD, combining objective sleep
measures with established biomarkers for AD.

Strengths and Limitations
A strength of the study is the comprehensive assessments of all outcome
measures: cognitive function was assessed with an extensive test battery sensitive to early, preclinical symptoms of AD; sleep was assessed with various
measurements including self-reported but also objectively measured sleep,
implementing innovative techniques for sleep assessments (home-EEG); sleep
disorders were ruled out using PSG; and PET-amyloid imaging was used as a
validated AD biomarker. A further strength is the unique cohort of maritime
pilots, with prolonged and consistent exposure to sleep loss related to their work,
making this a highly valuable population that allowed us to explore poor sleep
as isolated variable in relationship with the risk of AD dementia.
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Our study is limited by the small sample size. Home-EEG measurements were
available in 13 of the 19 maritime pilots. However, outcomes of these sleep
measurements confirmed observations of work-related disrupted sleep based
on PSQI, sleep-wake dairy and actigraphy data in the whole sample, and added
novel data on total and deep sleep time during workweeks and rest weeks. The
uniqueness of the population may also cause bias. Maritime pilots are healthy,
have no cardiovascular risk, and are physically active in their work, factors
that may reduce their AD-risk. They may be resilient to the consequences of
sleep disruption, because they have successfully performed this work for >10
years. One example of such resilience could be their ability to achieve deep
sleep even under conditions of fragmented and restricted total sleep during
workweeks, or their capacity to generate sufficient deep sleep during rest
weeks. Another limitation is that controls, although matched for sex, age, education, and general health might not have been matched entirely with regard to
personality, resilience, physical activity, or cognitive skills/general intelligence.
One could argue that the absence of tau measurements is a limitation, as
recent evidence now also suggests that sleep affects tau in a similar manner
57
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as amyloid-β.51 We did not perform tau measurements because the maritime
pilots had no evidence of cognitive impairment. Since tau pathology is strongly
correlated with cognitive decline,52-54 it is highly unlikely to find evidence of tau
accumulation in subjects with normal cognitive function, even more so when
they are amyloid-negative.
A final limitation is that amyloid-β status was not obtained from the controls.
Instead we compared our outcomes to normative values from the literature,
which were acquired with additional MRI measurements for co-registration of
the amyloid PET-CT scans. Since we used CT to identify global amyloid-β instead
of MRI, this difference in methodology has to be kept in mind when interpreting our results.

3

Conclusion
In this study, we tested the hypothesis that prolonged sleep loss increases the
risk of dementia due to AD. We found that a history of work-induced, long-term
sleep disruption was not associated with impairment in cognitive function, nor
with elevated global brain amyloid-β levels, in a group of healthy, middle aged
men. Taking into account the small sample size of our study, our results do not
necessarily refute the hypothesis we intended to test, but neither support it. It
is possible that amyloid-β accumulation during periods with sleep disruption
can be reduced in nights with normal sleep. Alternatively, sleep loss may only
increase AD-risk in combination with other factors. Finally, the association
between sleep loss and AD in epidemiological studies may be driven by reverse
causality. These and other hypotheses have to be tested in future studies.
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Supplementary Material
Details of the study population and their occupation
Maritime pilots from the national organization of Dutch Maritime Pilots (Nederlandse Loodswezen) work in irregular und unpredictable shift-work schedules.
The responsibility of a maritime pilot is to handle large international ships
arriving by sea and to maneuver them into their final docking position in one
of the Dutch harbors. Their work amount is determined by the number and
kind of ships that arrive. Once a ship has arrived, one maritime pilot is sent out
from the harbor to the ship, that is usually still many kilometers away from the
coast line. Once arrived, the maritime pilot boards the ship using a ship ladder
attached to the hull of the ship, and takes over from the captain. Their task then
is to navigate the ship and maneuver it into the final docking position in one of
the Dutch harbors. This profession demands high responsibilities and requires
precise knowledge of the dimensions of the harbor and the ships besides technical- and navigational skills. Furthermore, communication and social skills
additionally to good English proficiency is of advantage in communication with
the international crew on board. Guiding the ships is a time intensive procedure,
that can take hours to complete.

3

In a workweek (usually 7 days) the maritime pilots have to be accessible 24
hours per day during which they can be called several times, depending on the
number of ships that arrive. This schedule leads to multiple divided short sleep
periods and/or shorter general total sleep time over a period of 24 hours during
a workweek. The workweek is followed by a week off with unrestricted sleep.
Maintaining this schedule for many years results in chronic exposure to sleep
disruption, either due to partial sleep deprivation (missing a full night of sleep
due to work), sleep restriction (a much shorter night of sleep than normal) or
sleep fragmentation or disruption (short periods of sleep interrupted by calls
to work).
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Overview Neuropsychological Test Battery
Cognitive domains

Administered test

Episodic Memory

WMS-IV Logical Memory
Rey-Auditory Verbal Learning Test (RAVLT)

Working Memory/
Executive Functioning

WAIS-IV Digit Span
Trail Making Test (A,B)
WAIS-IV Digit Symbol

3

Semantic Memory/
Language

Letter Fluency (D-A-T)
Semantic Fluency (animal/profession naming)
Boston Naming Test (BNT-short form)
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Attention

Test of Attentional Performance (TAP 2.3) – evening
and morning sessions

Visual Recognition

Adjusted version of the Visual Recognition Memory
Doors Test (short term recognition and overnight
memory consolidation)
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Abstract
Background: Recent evidence suggests that poor sleep is a risk factor that
contributes to the development of Alzheimer’s disease (AD). Most studies have
focused on short-term effects of sleep deprivation on cognitive function, whereas
longitudinal studies are limited to self-reported sleep and the risk of later-life
dementia. Because sleep loss could be an early manifestation of neurodegenerative disease, reverse causality in these studies cannot be excluded.
Objective: In this explorative, observational study, we investigated the effects
of extended periods of extrinsically (work-related) caused sleep loss on later-life
cognitive function, early dementia symptoms, and current sleep quality.
Methods: We approached a community of retired male maritime pilots (approx.
n = 500). through a newsletter. We investigated 50 respondents (mean age 71.7
years ± 7.7), with a history of >25 years of work on irregular schedules, which
resulted in extended periods of sleep loss. Validated questionnaires on cognitive complaints (Cognitive Failure Questionnaire [CFQ]), early dementia symptoms (Early Dementia Questionnaire [EDQ]), current sleep quality (Pittsburgh
Sleep Quality Index [PSQI] and sleep-wake diaries), quality of life (QoL, EQ-5D),
and mood (Hospital Anxiety and Depression Scale [HADS]) were administered
by a single investigator (J.T.), who also completed an observer rating of overall
cognitive function.

4

Results: Scores on the CFQ, EDQ, PSQI, EQ-5D, and HADS were within normal
ranges adjusted for age, sex, and education. The observer rating was not indicative of cognitive deficits.
Conclusion: We found no evidence that long-term exposure to work-related
sleep loss had resulted in cognitive decline or early dementia symptoms in this
sample of retired maritime pilots.
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Background
Recently, the relationship between poor sleep and Alzheimer’s disease (AD) has
gained scientific interest. Studies revealed that AD affects areas in the brain
responsible for sleep-wake regulations.1,2 Consequentially, 44% of people with
AD suffer from sleep disturbances.3 These studies found that poor sleep may
not only be a symptom of the disease, but also a risk factor for its development
and may contribute to its manifestation.2,4,5 One of the major contributors to
the neurodegeneration in AD patients is the accumulation of amyloid-beta (Aβ)
proteins in the brain.6
The cause(s) that drive this accumulation remain uncertain. One hypothesis
linking sleep to AD states that amyloid is the main waste product that accumulates during wakefulness due to synaptic activity.7 During sleep, however,
reduced synaptic activity results in a lower production of Aβ.7 Another hypothesis suggests that a glymphatic system is responsible for the elimination of soluble
waste products from the central nervous system, thereby cleaning the brain from
waste products during sleep. Loss of sleep could lead to a reduced glymphatic
clearance of Aβ.8 Through either of these hypotheses, poor sleep could increase
the risk of developing AD by influencing the production and/or clearance of Aβ.
Recent studies support this hypothesis. It was found that one night of full sleep
deprivation increases Aβ levels in cerebrospinal fluid (CSF) by approximately
10%,9 increases plasma Aβ,10 and increases the accumulation of Aβ in the brain
measured with PET-CT.11 Evidence suggests that sleep affects tau, the second
pathological hallmark of AD, in a similar manner as Aβ.12 In addition, vascular
disease may play a role in determining the risk of late-life AD.13 Because poor
sleep increases cardiovascular risk, this may be a third pathway through which
sleep contributes to AD.

4

The studies reported above looked at the short-term effects on biomarkers
of AD. We initiated the BATAVIA (Being Awake Throughout Adulthood affects
(cognitive) Vitality In Aging) study to investigate the effects of exposure to
extended periods of work-related sleep loss on post-retirement cognitive function, dementia symptoms, and sleep quality. Furthermore, we explored the
effects of work-related sleep loss on quality of life (QoL) and mood. We recruited
a cohort of retired maritime pilots, who had been exposed to extended periods
of sleep loss due to irregular and unpredictable work schedules. Sleep loss is
characterized as a combination of sleep deprivation (missing a full night of sleep
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due to work), sleep restriction (a shorter night of sleep), and sleep fragmentation
or disruption (short sleep periods interrupted by calls to work). We will refer to
these under the umbrella term ‘sleep loss’ throughout.
We hypothesized that this group is at an increased risk of developing cognitive
impairment or dementia and that current sleep quality may be disturbed after
long-term chronic sleep loss due to circadian rhythm distortion. These relationships could be more pronounced in participants that have been exposed for a
longer time (greater amount of work years) and less pronounced in participants
with a longer recovery time (greater amount of retirement years).

Methods
Design and Procedure
The BATAVIA study was an explorative study, investigating the effect of prolonged
work-related sleep loss on cognitive decline, early signs of dementia, and sleep
quality. Participants were scheduled for one visit at which they supplied answers
to 6 questionnaires.

4

Participants
We recruited 50 retired, male maritime pilots with work-related sleep loss.
Details about the study population and recruitment can be found in the Supplementary Material (see also www.karger.com/doi/10.1159/000504020). An example of a typical work week is illustrated in Figure 4.1.

Figure 4.1 Example of maritime pilot working schedule. Working hours are indicated in light
blue. Figure has previously been presented in another publication from our group.14
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Measures
A questionnaire about health, medication use, medical history, and the number
of work years and retirement years was created. We further used a series of
well-validated and sensitive questionnaires to collect information about subjective cognitive decline (Cognitive Failure Questionnaire [CFQ]), early dementia
symptoms (Early Dementia Questionnaire [EDQ]), current sleep quality (Pittsburgh Sleep Quality Index [PSQI] and sleep-wake diaries), QoL (EQ-5D), and
mood (Hospital Anxiety and Depression Scale [HADS]). Detailed information
about the questionnaires is summarized in the Supplementary Material. Because
all questionnaires were answered in a self-reporting manner, an observer rating
was completed (OPS) by the investigator with remarks on orientation, practical
skills, and social skills, to assess overall cognitive function of participants.

Statistical Analysis
Analyses were performed using IBM SPSS (SPSS Inc., Chicago, IL, USA). The α
value was set at P < 0.05 and tests were conducted two-sided. Outcomes are
reported as means and standard deviation (± SD). Correlations were performed
using Pearson’s correlation coefficient. Correlations of r < 0.3 were interpreted
as no/weak correlation and were negligible. Only correlations of r > 0.3 are
reported. Significant correlations are reported with 95% confidence intervals
(CI). Confounders were addressed with partial correlation analyses.

4
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Results
Fifty participants completed the study. Of these, 3 completed them digitally as
they lived abroad. No participants were on medication known to influence cognition or sleep, including sleep medication or antidepressants. Baseline characteristics are presented in Table 4.1.
Table 4.1 Baseline characteristics of 50 retired maritime pilots

Characteristics

Retired maritime

Age, years

71.7±7.7

BMI

26.3±3.5

Number of working years

26±3

Number of retirement years

16±8.4

A history of diabetes

0 (0)

Medication (yes/no)

38 (76)

Smoking

1 (2)

A history of hypertension

18 (36)

A history of high cholesterol

13 (26)

Living with family

44 (88)

Living alone

24 (12)

Married

40 (80)

Widower

4 (8)

pilots, n=50

4

Values are expressed as mean ± SD or n (%)

Subjective Cognitive Functioning (CFQ)
All scores on the CFQ were within the normal ranges. The highest sub-score was
observed on the confusion subscale and the lowest on the orientation subscale.
We compared our results to the norms established by Ponds et al. 15 from the
MAAS study (Table 4.2). No significant correlations were found between the
number of working years (exposure to sleep disruptions) and CFQ scores.
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Table 4.2 Results for subjective cognitive functioning assessed with the Cognitive Failure Questionnaire (CFQ)

Measures

Minimum Maximum Mean ± SD

Norm values established
by Ponds et al.15

CFQ Confusion

0

15

6.0±3.2

7.7±3.6

CFQ Social Confusion

1

9

5.0±2.1

5.7±2.4

CFQ Names and Words

1

10

5.2±2.1

5.6±2.1

CFQ Orientation

0

4

1.6±1.3

3.0±1.9

CFQ overall score

7

50

24.6±10.0

31.8±11.1

Values are expressed as mean ± SD

Early Dementia Questionnaire (EDQ)
With 0 as the lowest median score and 3.5 as the highest, all participants
remained below the cut-off median of 8, which indicates that participants don’t
show signs of early dementia. The overall mean score was 1.6 ±1.2. The highest
score on the EDQ was observed on the memory subscale (mean 6.0 ± 2). Concentration was the second highest score (mean 2.3 ± 1.9), followed by emotional
issues (mean 1.6 ± 1.5), and sleep problems (mean 1.5 ± 1.6). Pearson’s correlation
analysis indicated positive correlations between the number of years retired
and physical issues (r = 0.51; P < 0.001; 95% CI 0.39–0.66) and the EDQ overall
score (r = 0.3; P = 0.03; 95% CI 0.02–0.55). However, when controlling for age as
possible confounder, partial correlations remained insignificant. No significant
correlation was found for the number of working years.

4

Sleep: PSQI and Sleep-Wake Diary
Participants had a mean PSQI of 4.0 ± 2.6, which is below the cut-off value of 5,
indicating that they had no sleep problems when examining the overall mean.
Regarding sleep disturbances, 66% (n = 33) scored below, and 34% (n = 17)
scored above the cut-off, with the highest score of 15, reported by 1 participant.
However, no significant correlation was found between the number of working
years and the PSQI, or between the number of years retired (time of recovery)
and the PSQI.
Participants maintained a sleep-wake diary for 10 days. A mean was calculated
for the 3 most relevant variables: sleep onset latency (SOL), total sleep time
(TST), and number of awakenings. Overall, participants did not show anomalies, with a mean SOL of 18 ± 19 min, a mean TST of 7:09 h ± 00:43, and a mean
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of 2 ± 0.9 awakenings per night. Furthermore, no differences were observed
when comparing week-to-weekend rhythms, concerning bedtimes and wake-up
times. The daily intraindividual variation in bedtimes and wake-up times was
also not different; apart from some deviation, most participants did not differ
>2 h in bedtimes and wake-up times. Correlation analyses did not indicate any
association between the amount of working years or years retired and the three
main sleep-wake diary entries.

QoL (EQ-5D) and Mood (HADS)
With a mean of <2 on each subscale, all participants indicated that they experience a good QoL. This was further confirmed by a mean utility score of 0.9 ± 0.1
and a visual analog scale (VAS) score of 81.9 ± 13.1. Slight problems regarding
mobility and pain were the most frequent QoL issues, whereas problems regarding self-care were the least frequent. Correlation analysis indicated a significant
positive correlation between the number of years retired and the overall score
on the EQ-5D (r = 0.4; P = 0.001; 95% CI 0.05 – 0.64), and a negative correlation
between the number of years retired and the utility score (r = -0.4; P = 0.004; 95%
CI -0.6 to -0.25). Again, these correlations were mediated by age, as confirmed
by partial correlation analysis. No correlation was found between the amount
of working years and the EQ-5D.

4

None of the participants had a HADS score above the cut-off. Concerning anxiety, 48 participants (96%) scored within the normal range of 0–7 (mean 2.7 ±
2.2) and regarding depression, 46 participants (92%) scored within the normal
range of 0–7 (mean 2.9 ± 2.4).

Observer Rating (OPS)
The overall mean OPS score was 24.9 ±2.2, suggesting no indications of cognitive dysfunction.

Discussion
We explored the effects of extended exposure to work-related sleep loss on
later-life cognitive health and sleep quality. There were no correlations between
exposure to sleep loss and cognitive complaints or indications for early-stage
dementia, nor did we find negative effects on mood or QoL. Initially, we hypothesized that longer exposure to, and longer recovery from work-related sleep loss
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impacts the prevalence of cognitive complaints. However, with regard to cognitive functioning, all participants scored normally. We detected a broad variation
among CFQ scores, with the lowest score (indicating best performance) on the
orientation subscale, probably related to their former profession as maritime
pilots that required orientation/navigational skills. From the literature, it is
known that approximately 8% of adults aged >65 years suffer from dementia, for
people aged >80 years the prevalence is 25%. Moreover, approximately 10–20%
of people aged >65 years have mild cognitive impairment (MCI). Based on this
prevalence in the general population, our sample could have had an estimated
5–15 participants with MCI or dementia. Since our participants were chronically
exposed to sleep loss, we hypothesized that the prevalence of dementia would
be higher than in the general population. However, with regard to early signs of
dementia, participants scored within the normal ranges and no relationship was
found between the amount of exposure to sleep loss and early signs of dementia.
We discovered an association between the amount of retirement years and the
EDQ which was mediated by age. This indicates that older age correlates with
physical issues and issues regarding memory, concentration, mood, and sleep.
Regarding sleep, we expected that participants who had greater exposure to
long-term sleep loss to still suffer from sleep problems because their circadian
rhythm might have been disrupted. With a mean PSQI of 4, we concluded that
the majority of participants was able to adapt to normal sleeping behavior after
years of exposure to sleep loss. However, 34% of participants scored above the
cut-off for sleep problems; this did not correlate with the amount of exposure to,
or recovery from sleep loss. Rather, this high percentage is common in studies
on older adults, reporting that 16 – 34% of participants without any subjective
sleep complaints have a high PSQI.16 From the sleep-wake diary entries, participants showed regular and normal sleep with little variation, which matched
our PSQI findings. Current sleep quality did not seem to be affected by previous
exposure to work-related sleep loss, indicating that it is possible to recover from
periods of sleep loss.

4

In addition to our primary aim, we explored the effect of long-term work-related sleep loss on QoL and mood. All participants reported having a good QoL.
Older participants indicated more problems concerning mobility, daily activities, and pain. Older age also indicated a lower utility score, which implies a
poorer QoL and more daily complications. However, no correlation was found
between the number of working years and QoL. Furthermore, none of the
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participants reported anxiety or depression. Taking into account that maritime
pilots are trained to be emotionally stable in dangerous situations, this finding
could be a trait specific to our cohort. Interestingly, this trait remained stable
after retirement.
In summary, we found that long-term exposure to work-related sleep loss had
no effects on cognitive function, early dementia symptoms, QoL, or mood. This
is in contrast with earlier epidemiological studies that identified sleep loss as
risk factor for later-life dementia. These studies focused mainly on intrinsic
sleep problems, whereas we focused on extrinsic sleep loss. It is possible that
intrinsic causes of sleep loss drive the relationship with dementia. For example, sleep loss could be a very early symptom of a neurodegenerative disease
that manifests 10–20 years later.1,2 Alternatively, an intrinsic sleep disorder
may be a manifestation of a disease that harbors an increased risk of dementia.
These theories could explain why sleep loss due to an extrinsic cause may not
lead to an increased dementia risk. Arguing against these theories are shortterm studies on acute extrinsic sleep deprivation that have shown associations
with mechanisms underlying dementia.9,17 These studies suggest that sleep loss,
regardless of its cause, is mechanistically linked to pathological processes that
increase dementia risk. Our results may be explained by the hypothesis that,
in the population we studied, the adverse effects of sleep loss during a work
week could be counteracted by rest periods during their week off, when maritime pilots can recover. Our data might suggest that this recovery period of 6
– 7 consecutive nights is sufficient to reverse the possible detrimental effects of
sleep loss on cognitive function and amyloid or tau accumulation. This hypothesis is supported by results from Balkin et al.,18 who proposed that 3 nights of
8 h of sleep are sufficient to restore cognitive functions after 7 nights of partial
sleep deprivation.

4

Limitations and Implications
This study addressed an important question related to the potential of long-term
sleep loss to significantly impact cognitive function. Study limitations were the
short habitual sleep assessment duration (10 days), the small sample size (n = 50),
and the absence of objective measures of sleep. However, through their historical work schedules, which we used in a different study with the same cohort,
we verified that their sleep was indeed impaired during work weeks.14 Even
though our sample was relatively small (approx. 10% of all retired maritime
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pilots in the Netherlands), we achieved a broad variation in age and geographical
location, which should result in a good representation of the retired maritime
pilot population. However, our study involved a highly restricted population
of males in a particular work setting (maritime pilots) who likely developed an
ability to adapt to irregular sleep hours and compensate for this during their
rest weeks; this reduces the generalizability of our results. Furthermore, it is
possible that only cognitively healthy participants responded to the call for
participation. We did receive responses from two retired pilots with dementia
via their spouses, which could indicate that this bias may be limited, but we
were unable to systematically collect information about retired maritime pilots
who suffer from cognitive complaints/dementia. Privacy regulations and ethical considerations limited our options to obtain this information. Therefore, an
exact number of maritime pilots who have developed AD/dementia cannot be
given in the framework of this study. Nevertheless, given the high prevalence of
MCI and dementia in the normal aging population, and the much higher prevalence hypothesized in maritime pilots, it would require a strong selection bias
to obtain a sample of 10% without any cognitive symptoms. Many people with
MCI and mild-stage dementia participate in society, live independently, drive
cars, use the Internet etc., and many are unaware of their diagnosis. This makes
it unlikely that all participants with MCI/dementia would have been unable to
respond to our request to participate. Interviews were performed at or near
participants’ homes, further reducing the obstacle to participate.

4

Conclusion
Overall, this sample of retired maritime pilots reported no cognitive complaints
or early dementia signs. They reported good sleep, a general satisfaction with
their QoL, and stable mood. We found no indications that >25 years of exposure
to work-related sleep loss led to cognitive decline or early dementia symptoms.
Our data furthermore suggest, that it is possible to adapt to a normal sleeping
pattern after years of work-related sleep loss through sufficient and well-timed
rest periods.
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Supplementary Material
Participants
We recruited 50 male retired maritime pilots. Maritime pilots guide large international ships into their final docking position in Dutch harbors. This profession has a unique working schedule leading to irregular/unpredictable working
hours, which, in our group, led to >25 years of irregular sleep. Details of the
maritime pilot occupation are described in previous publications.1 For recruitment, information was sent to all retired maritime pilots through the secretariat of the Dutch Maritime Pilot Association. In total 54 retired maritime pilots
responded and received detailed information. We received responses from two
spouses of retired maritime pilots, reporting early retirement of their husbands
due to cognitive impairment. One was diagnosed with frontotemporal dementia
and died in 2019. The second had dementia (etiology unknown) and lived in a
nursing home. After screening for inclusion criteria, four of the 54 participants
were excluded, due to age and logistical reasons, leaving a total sample of 50.
This sample includes approximately 10% of the whole retired maritime pilot
population and was representative in terms of broad variety in age, location of
employment, and duration of employment.

4

Measures
We used a series of questionnaires to collect information about subjective cognitive decline, early dementia symptoms, current sleep quality, quality of life, and
mood.
Cognitive Failure Questionnaire (CFQ): This questionnaire is used to detect
daily disruptions of cognitive functions. Participants were confronted with 25
statements and had to indicate how often they experienced the situation that is
described in the statements with a score between 0 (never) and 4 (very often),
leading to a maximum score of 100. Normative values for the Dutch population
have been validated in the 2006 Maastricht Aging Study (MAAS), which resulted
in a mean score of 31.1 and a standard deviation (SD) of 11.9 for a normal population (mean age=73.8).2 A score of ≥ 54.9 or higher indicates cognitive problems
(more than 2 SD above the mean). Ponds et al. introduced four validated different subscales within the CFQ: confusion, confusion in social situations, names/
words and orientation.
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Early Dementia Questionnaire (EDQ): The EDQ is a validated questionnaire
that detects early symptoms of dementia. The questionnaire is divided into six
subcategories: memory, concentration, physical issues, emotional issues, sleep,
and other issues. The questionnaire is usually administered twice, once for the
subject and once for the subject’s informant, we used the subject’s questionnaire
only. The maximum score is 60. To measure the presence of dementia-related
symptoms, all subcategory scores were added up and a median was calculated.
A cut-off score of a median of ≥ 8 is indicative of early dementia symptoms.3
Sleep assessments (PSQI, sleep-wake diary): We assessed current sleep quality
to investigate the extend of recovery from exposure to work-related sleep loss.
The PSQI provides information on individual sleeping patterns and sleep related
complaints over the past month. The PSQI is divided into seven subcategories:
sleep quality, sleep latency, sleep duration, sleep efficiency, sleep disturbances,
use of sleep medication, and daytime dysfunction. The maximum score for the
PSQI is 21 and a total score of 5 was used as cut-off to indicate sleep problems
(the higher the score, the more sleep problems are present).4 Complementary to
the PSQI, we included a sleep-wake diary. The diary offers an opportunity to gain
insights in to the different sleep routine habits and the night-to-night differences
in sleep routine, which was not covered by the PSQI. In the diary, participants
kept track of their bed time, subjective total sleep time (TST), wake up time, their
sleep onset latency (SOL), and the number of awakenings they experienced per
night. All participants were instructed to maintain the diary for ten consecutive
days.

4

Quality of Life (EQ-5D): The EQ-5D is a validated quality of life scale. It is divided
into five subcategories: mobility, self-care, daily activities, pain/discomfort, and
emotional state (anxiety and depression). The score on each subcategory ranges
between 1 (no discomfort) to 3 (much discomfort). The maximum score on each
subcategory is 3, which indicates low quality of life. After completion of the questions, a profile was created in which all scores from each category were represented. A score like 11111 for instance, indicates no subjective health problems.
Furthermore, a utility score was calculated, ranging from 1 (no discomfort) to
-0.33 (high discomfort). This score was composed by distracting certain numbers
for each profile score unequal to 1. A score < 0 indicates a health state worse than
death.5 The EQ-5D also includes a scale (VAS scale) from 0% to 100% on which
participants mark their state of health, with 0% being the worst possible health
status and 100% being the best possible health status.5
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Hospital Anxiety and Depression Scale (HADS): The HADS is a well-validated
questionnaire that measures states of anxiety and depression within a clinical
setting. It has been proven a valid instrument for detecting the severity of those
states. Within the HADS, participants indicated how often they encountered
anxiety or depressive emotions over the last week. The maximum score for each
component is 21. A score of 0 – 7 is normal, whereas a score of ≥11 indicates
severe mood problems.6		
Observer Rating (OPS): We used the OPS to monitor reliability of the participant’s subjective questionnaire entries, because participants may underestimate
their health-related problems, especially participants with a cognitive disorder.
The OPS was primarily developed to investigate the fitness to drive of the older
population with possible indications of early dementia.7 It includes observations
about participants’ orientation, practical skills, and social skills (OPS, developed
by the Neuropsychology department at the University of Groningen, 2000). These
three domains are affected first in dementia. Every domain of the OPS includes
three questions. Questions related to forgetfulness, confusion, and disturbed
orientation are examined in the orientation category. Slowing of reaction time,
troubles with everyday actions, and neglected appearance is examined in the
practical skills category and distraction, inappropriate personal contact, and
divergent self-assessment is enclosed in the social skills category. For each item
a score between 1 and 3 was given. A score of 1 indicates problems, 2 means
doubtful, and 3 implies no problems at all. A score between 3 and 9 was scored
for each category indicating problems on each item (score of 3) or no problems
at all (score of 9). We used a study that was conducted in a Dutch population 7
as guidance for interpreting the OPS scores. In the Withaar study, participants
almost had the same mean age (74.3 years, SD = 5.02) and scored a mean of 26.7
(SD = 0.95) on the OPS score. Withaar et al. used a cut-off point of ≥24 points to
indicate no abnormalities.

4
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Abstract
Acute total sleep deprivation and partial sleep deprivation have negative impacts
on cognitive performance. Studies in subjects, who regularly experience sleep
loss, however, are rare and often restricted to examination of internal sleeping
disorders. To address this issue, we set up a pilot study to explore the effects
of a week characterized by sleep disruption on cognitive functioning, using a
case-control setting in a maritime pilot group with chronic exposure to intermittent extrinsic, work-related sleep disruption. Twenty maritime pilots (aged 30-50)
were compared to sex-, and education-matched controls with normal sleep behavior, from the same age-range. We assessed subjective and objective cognitive
function, including attention, psychomotor speed, memory, and executive function using the Cambridge Neuropsychological Test Automated Battery (CANTAB).
While we were able to confirm poorer sleep in maritime pilots and subjective
complaints in some cognitive domains, we did not find objective cognitive deficits in the maritime pilot group compared to controls without sleep disruption.
This could suggest that in this group of healthy, young maritime pilots, exposure to sleep disruption resulted in some subjective cognitive complaints, but
objective deficits of cognitive function were not detected in comparison with
a non-pilot control group. However, given the small sample size, the absence
of an effect, does not exclude the possibility that sleep disruption could result
in cognitive deficits in general. Therefore, our findings have to be confirmed
in future prospective studies with a larger sample size and matched controls,
regarding age, education, and work history.
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Background
Sleep deprivation is associated with a higher risk of cardiovascular
diseases, increased chances of accidents,1 and has a negative effect on
mood and cognitive function. 2-6 More specifically, poor sleep has been
shown to decrease attention, learning, memory, and executive function.3,6,7
Sufficient sleep, especially deep sleep, on the other hand, might facilitate cognitive function and the generation of memory consolidation. 8,9
Brain regions affected by sleep deprivation are the superior parietal lobe,
bilateral occipital lobe, thalamus,7 and the prefrontal cortex (PFC),2 and its
interconnectivity,10 which are important for planning, cognitive control,
visuospatial perception, memory, reasoning, personal goal setting, and
higher order cognitive processes.7,11 As a result, one night of acute total
sleep deprivation is sufficient to slow reaction times and worsen attention, working memory, decision making, and short-term memory.12,13
Several nights of sleep restriction to 6 hours or less can lead to cognitive deficits
that resemble the cumulative effects of two nights of total sleep deprivation.14
These studies focused on acute, short-term effects of sleep deprivation in experimental settings. In contrast, studies in subjects who regularly experience sleep
loss are scarce, mostly limited in duration and vary in methodology and participant selection.13,15 Such studies are furthermore often restricted to the internal nature of sleep disruption, such as sleeping disorders like insomnia, apnea,
and REM sleep behavioral disorders.16-18 These sleeping disorders might share
common pathways, in which poor sleep is a symptom of an underlying disease
that might cause the detrimental effects on health in general, rather than poor
sleep alone being a risk factor.

5

We set up the CRUISE study (Cognitions Relationship to Unfrequented and Irregular Sleep Events) to study the effects of external (work-induced) sleep disruption on cognitive functioning in healthy adults (aged 30 to 50 years). To do so, we
recruited a unique population of Dutch maritime pilots. Maritime pilots work
irregular shifts, resulting in weeks of normal sleep alternating with workweeks
characterized by disrupted sleep with periods 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). This group is
therefore well suited to test the hypothesis that sleep disruption may lead to
deficits in cognitive function. We hypothesize that this specific work-schedule
of weeklong sleep disruptions leads to poor sleep that might facilitate deficits in
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cognitive function. Testing this hypothesis is of relevance for a broader population of people who suffer from sleep disruption or work in irregular shifts. To test
cognitive function of the maritime pilot cohort, we made use of the Cambridge
Neuropsychological Test Automated Battery (CANTAB) including tests of attention and psychomotor speed (RTI, RVP), working memory (SWM) and episodic
memory (PAL), and executive function (MTT, OTS).

Methods
Participants
We recruited 20 male maritime pilots (30-50 years old) from the national organization of Dutch maritime pilots (‘Nederlandse Loodswezen’) who had an
average employment time of 10.9 years ±3.5 (range: 5 -16 years). The inclusion
of men only was due to the fact that maritime pilots in the Netherlands are
almost entirely men. The task of a maritime pilot is to guide large international
ships into Dutch harbors. They exclusively work irregular shifts, in which working hours depend on the number and kind of ships that arrive. Working these
unpredictable and irregular shifts results in fragmented and shorter sleep over
a period of 24 hours for seven consecutive days, which is followed by a week
off. More details about the study population have been reported in previous
publications.19,20 In addition, we recruited 20 control participants (30-50 years
old), matched on sex and educational attainment. Controls had an average of
19.5 ±1.96 years of education which is comparable to the 18 ±0 years of education the maritime pilots completed. Controls were employed in various different professions, comparable in cognitive demand with the maritime pilots, for
example in academic environments. All controls however had normal sleep
(self-reported). All enrolled participants had a body mass index of 18-35 kg/m2,
did not use neuro-active medication, and were physically healthy (self-report).
Controls did not report any cognitive deficits, indicated by a general health questionnaire and examination of medical history.

5

Ethical approval
The CRUISE study was approved by the institutional review board (CMO Region
Arnhem-Nijmegen, file number 2017-3950) and performed according to good
clinical practice (GCP) guidelines. The study took place from November 2018
until August 2019. Written informed consents were obtained from all partici93
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pants after they received detailed study information. Participants did not receive
a stipend for taking part in the study.

Design
The CRUISE study is an observational case-control study. All participants were
scheduled for one visit to fill out five questionnaires about general health, cognitive state, sleep, quality of life (QoL), and mood. After completing the questionnaires, they underwent cognitive testing of approximately 1 hour. The maritime
pilot group was scheduled for the first day off after a workweek to measure the
short-term effect of sleep disruption of the preceding workweek on cognitive
functions.

Questionnaires
Pittsburgh Sleep Quality Index (PSQI) & sleep-wake diary: The PSQI provides
information on individual sleep-related dysfunctions and general sleep behavior.
The questionnaire was divided into six subcategories: sleep quality (SQ), sleep
latency (SOL), total sleep time (TST), sleep efficiency (SEF), sleep disturbances,
and daytime dysfunction. For the maritime pilot group, we administered the
questionnaire twice, regarding a rest week and a workweek. The control group
completed the questionnaire once with regard to a normal week. Scores on the
subcategories were added up. The PSQI has a maximum 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 behavior.21 Additionally to the PSQI and to get a comprehensive measure of day-to-day variation in sleep behavior, participants were
instructed to maintain a sleep-wake diary for 10 days.

5

General Information Questionnaire: This questionnaire assessed medical
background, medication use, alcohol and smoking behavior. Additionally, working schedule and working years for maritime pilots were recorded.
Cognitive Failure Questionnaire (CFQ): The CFQ measures the burden of daily
subjective cognitive errors. Participants answered 25 statements, indicating
how often they experience certain cognitive errors on a scale from 0 (never) to
4 (very often). The scores were summed, resulting in a maximum score of 100
and a minimum score of 0. Normative values for the Dutch population have
been reported, with a mean of 32.8 and a standard deviation (SD) of 11.2 for
a normal population (mean age=45.5 ±4.1).22 There is no evidence for an age
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dependent effect on the CFQ,22 we can therefore interpret the results without
constraint. A score of 55.2 was used as cut-off for severe cognitive complaints
(>2 SDs above the mean).
RAND-36 (QoL): The RAND-36 is a validated questionnaire for QoL and health
status assessment. It contains nine different subscales, with variations in minimum and maximum scores: functional state (min. 10, max. 30), social functioning (min. 2, max. 10), physical restraints (min. 4, max. 8), emotional restraints
(min. 3, max. 6), mental health (min. 5, max. 30), vitality (min. 4, max. 24), pain
(min. 11 max. 60), general health (min. 5 max. 25), and change in health (min. 1,
max. 5). Items are transformed to calculate a scale score that ranges from 0–100.
The higher the scale score, the better the health status and QoL. Standardized
age norms have been established for different age groups, we used age-adjusted
(35-44 years) normative data to interpret our results (data not shown).
Hospital Anxiety and Depression Scale (HADS): The HADS is a well-validated
questionnaire that measures mood disorders related to anxiety and depression.
Participants indicated how often they experience certain emotions or behaviors
related to emotional distress. The HADS contains 7 items for depression and 7 for
anxiety. The maximum score for each component is 21. A score of 0–7 is interpreted as normal, whereas a score of ≥11 indicates severe mood problems.23,24
5

Neuropsychological Assessment (CANTAB)
To assess cognitive function, we chose tests from the validated CANTAB test
battery (Cambridge Cognition) that were sufficiently sensitive to detect cognitive differences between maritime pilots and controls.25-28 CANTAB is a well validated battery of tests relatively robust to ceiling effects due to its digital nature
in which difficulty levels can adjust to participants performance. CANTAB has
been proven to be a valid tool for the assessment cognitive functions of healthy
individuals.29,30 Tests focused on attention and psychomotor speed (RTI, RVP),
working memory (SWM) and episodic memory (PAL), and executive function
(MTT, OTS) since these seem to be addressing some of the functions most affected
by sleep deprivation effects.31
Reaction Time (RTI): The RTI task measures attention, that is, reaction times
for motor and mental responses. During the task, circles (one for the simple task
and five for the five-choice mode) are shown on top of the screen in which a
random yellow light appears. Participants have to hold a button on the bottom
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of the screen and release it to select the circle above in which they detected the
yellow light as fast as possible and then return their finger to the hold button.
Outcome measures include simple median reaction time (SMDRT), five-choice
median reaction time (FMDRT), and error scores (SES, FES).
Spatial Working Memory (SWM): The SWM test is a measure of visuospatial
working memory. Participants have to search for a yellow token that is hidden
in one of the boxes, placed at different locations on the computer screen through
process of elimination. The number of boxes increases during the task depending on the level of difficulty (max. 12 boxes). Outcome measures include total
errors (TE), errors due to selecting boxes that have already been found to be
empty (WE) or reopening boxes that contained a token already (BE).
Paired Associates Learning (PAL): The PAL test assesses visual episodic memory.
Participants are presented with boxes on the screen in which different visual
patterns are shown one by one. After the encoding phase, the different patterns
are shown in the middle of the screen and participants have to select the box
in which the pattern was previously presented. Outcome measures include the
total number of errors adjusted for the level of difficulty (TEA).
Rapid Visual Information Processing (RVP): The RVP test measures response
sensitivity under time pressure. The task is to detect target sequences of digits.
Participants are confronted with digits from 2 to 9 one-by-one in a pseudo-randomized order and have to press a button in the center of the screen as quickly as
possible when they detect a target sequence. Outcome measures include a sensitivity score (A’) calculated using the number of hits, false alarms and omissions.

5

Multitasking Test (MTT): The MTT measures the ability to ignore task irrelevant information, as part of executive function. An arrow is presented on either
side of the screen pointing in either direction (right, left). Participants have to
pay attention to either the side of the screen where the arrow appears or to
the direction of the arrow (indicated by SIDE or DIRECTION on the screen), by
pressing a button on the left or right corner on the screen respectively. Outcome
measures include the total correct and incorrect response (TC, TIC), the incongruency cost (congruent trials vs. incongruent trials, ICOST), and median reaction latency (LMD).
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One-Touch Stockings of Cambridge (OTS): The OTS test assesses spatial planning and working memory, as part of executive function. The screen is divided
into 2 displays, presented in a way that resembles stockings or socks. In the
upper display, 3 colored balls are presented, forming a pattern. The task is to
copy the pattern by selecting the number of steps necessary to move the balls
in the lower half of the screen. Outcome measures include the number of problems that are solved on first choice (PSFC) and the mean of choices needed for
correction (MCC).

Statistical Analysis
Statistical analyses were performed using IBM SPSS Statistics for Windows,
version 20.0 (IBM Corp., Armonk, NY, USA). Alpha was set at 0.05. All outcomes
were tested for normal distribution by inspection of the Shapiro-Wilk test and
visual inspection of histograms. Independent samples t-tests were performed
to compare outcome measures that were normally distributed between maritime pilots and controls. Normal data are presented as mean ± SD. For data that
were not normally distributed, we performed Mann-Whitney U tests, for which
the data are reported as median and interquartile ranges (IQR). A Bonferroni
correction was applied for analyses from the CANTAB to correct for multiple
comparisons. Using 15 different outcome variables, a P < 0.003 was considered
significant (Table 5.4). To adjust for age as possible confounder for CANTAB
outcomes we ran a bivariate correlation analysis using Pearson’s correlation
coefficient.

5

Results
Twenty maritime pilots and 20 controls completed the study. Controls were on
average 7 years younger than maritime pilots (Table 5.1; 95% CI -10.35 to -3.85;
P < 0.001). No other differences were found between the groups in baseline
characteristics (Table 5.1). All participants were Dutch and had the same level
of educational attainment.
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Table 5.1 Baseline characteristics

Measures

Controls, n=20

Maritime Pilots, n=20

Age, years

36.5 ±5.71

43.6 ±4.36

Educational attainment, years

19.45 ±1.96

18 ±0

BMI

23.17 ±2.24

25.23 ±2.37

History of diabetes

0

0

History of hypertension

0

0

Medication use

4 (20)

1 (5)

Smoking

1 (5)

1 (5)

Habitual caffeine intake, p/d

2.9 ±2.47

4.6 ±2.64

Data are shown as mean ±SD or number (%)

Sleep
There were no significant differences between controls’ PSQI scores and maritime pilots’ rest week PSQI scores. However, when comparing the PSQI scores
of a workweek (maritime pilots) to the scores of controls, maritime pilots had a
significantly higher overall score, indicating more sleep complaints (Table 5.2).
Furthermore, the average overall PSQI score for workweeks was almost twice
as high as the score for rest weeks in maritime pilots, with values exceeding the
validated cut-off point for abnormal sleep behavior (≥7) (Table 5.2). Results from
the PSQI thus confirm impaired sleep during workweeks for maritime pilots
while indicating normal sleep during rest weeks (Table 5.2).

5
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Table 5.2 PSQI differences between workweek for maritime pilots and normal week for controls
and between rest weeks and work weeks for maritime pilots

Measures
PSQI

PSQI

Controls,
n=20

Maritime
Pilots, n=20

P-value

SQ

1 (0 – 1)

1 (1-2)

0.02*

SOL

1 (0-1)

1 (0-2)

0.15

TST

0 (0-0)

1 (1-2)

<0.001**

SEF

0 (0-0)

1 (1-1)

<0.001**

sleep disturbances

1 (1-1)

1 (1-1)

0.67

daily dysfunction

1 (0-1)

1.5 (1-2)

0.007*

Overall

3 (2-4)

7 (6-9)

<0.001**

Rest week

Workweek

SQ

1 (0-1)

1 (1-2)

0.001*

SOL

0 (0-1)

1 (0-2)

0.02*

TST

0 (0-0)

1 (1-2)

<0.001**

SEF

0 (0-0)

1 (1-1)

<0.001**

sleep disturbances

1 (1-1)

1 (1-1)

0.08

daily dysfunction

0.5 (0-1)

1.5 (1-2)

0.001*

Overall

3 (1.25-4)

7 (6-9)

<0.001**

Data are shown as median (IQR). Abbreviation: PSQI, Pittsburgh Sleep Quality Index, SQ, sleep
quality, SOL, sleep onset latency, TST, total sleep time, SEF, sleep efficiency
*significant at P < 0.05; **significant at P < 0.001

5

The 10-day sleep-wake diary entries contain a mixture of workdays and rest
days for the maritime pilots. A mean was calculated for the three most relevant
variables: sleep onset latency (SOL), total sleep time (TST), and number of awakenings. Maritime pilots reported significantly less TST compared to controls (381
min ±59 vs. 443 ±24; P < 0.001), further confirming the PSQI results. Of the total
40 participants, 2 controls and 2 maritime pilots did not complete the diaries
and were therefore excluded from the analyses.

Questionnaires
All test scores on the CFQ, RAND-36, and HADS were within normal ranges based
on available normative data adjusted for participants age and education (data
not shown). Maritime pilots reported slightly more cognitive complaints on the
CFQ compared to controls and reported more depressive symptoms on the HADS,
while scoring slightly higher (better) on the mental health subscale (RAND-36)
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(Table 5.2). Furthermore, controls reported better physical functioning on the
RAND-36 than maritime pilots (Table 5.3).
Table 5.3 Results of questionnaires

Measures
CFQ

Rand-36

HADS

5

Controls, n=20

Maritime Pilots, n=20

P-value

Overall

22.5 (20.25-26.75)

34 (29.25-36.75)

0.004*

Confusion

4.65 ±2.80

6.9 ±3.24

0.03*

Social confusion

5.1 ±2.49

6.3 ±2.60

0.15

Names and words

5 (5-6)

7.5 (6-8.75)

<0.001**

Orientation

1 (0.25-2)

2 (1-3)

0.07

Physical functioning

100 (100-100)

95 (95-100)

0.02*

Social functioning

100 (87.5-100)

100 (87.5-100)

0.59

Physical restriction

100 (100-100)

100 (100-100)

0.62

Emotional restriction

100 (75.03-100)

100 (100-100)

0.07

Mental Health

80 (62-88)

88 (80-88)

0.03*

Vitality

68.25 ±12.70

69.24 ±11.48

0.80

Pain

100 (89.8-100)

100 (89.8-100)

0.62

General Health

82.5 ±13.13

77.45 ±15.13

0.27

Health change

50 (50-50)

50 (50-75)

0.32

Anxiety

4.35 ±2.48

3.8 ±2.86

0.52

Depression

2 (1-3.75)

3 (2-5.75)

0.04*

Data are shown as median (IQR) or mean ±SD. Abbreviations: PSQI, Pittsburgh Sleep Quality
Index, CFQ, Cognitive Failure Questionnaire, HADS, Hospital Anxiety and Depression Scale
*significant at P < 0.05; **significant at P < 0.001

Cognitive Testing
For maritime pilots, cognitive assessment was administered approximately 26
hours ±10.7 after the end of their last shift. One maritime pilot had to be excluded,
because cognitive testing was administered after his vacation, resulting in more
than 10 days between the last shift and testing.
Overall, in the group of maritime pilots we did not find differences on tests
of attention and psychomotor speed (RTI, RVP), memory (SWM), and executive function (MTT, OTS) (Table 5.4). Maritime pilots performed slightly better
on the spatial working memory (SWM) task, expressed in less total error (TE)
scores and less between error (BE) scores compared to controls (Table 5.4), but
these differences were not statistically significant after correction for multiple
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comparisons. Results from the correlation analysis remained insignificant. We
found no correlation between participants age and CANTAB results, suggesting
that the age difference between the two groups did not affect the outcomes of
cognitive assessment.
Table 5.4 Results of cognitive assessment presented in raw scores

Measures
RTI

Controls, n=20

Maritime Pilots, n=19

P-value

SMDRT

330.9 ±26.2

326.7 ±21.6

0.59

FMDRT

372.0 ±31.5

361.3 ±30.1

0.29

SES

0 (0-.75)

0 (0-0)

0.25

FES

0 (0-0)

0 (0-0)

0.37

TE

7 (1-9)

1 (0-6)

0.03*

BE

6.5 (1-9)

1 (0-6)

0.03*

WE

0 (0-0)

0 (0-0)

0.96

PAL

TEA

5.5 (0.25-8.75)

6 (4-11)

0.20

RVP

A’

0.95 (0.93-0.96)

0.93 (0.91-0.96)

0.46

MTT

TC

157.5 (155.25-159)

158 (157-159)

0.67

TIC

2 (1-3)

1 (1-3)

0.51

ICOST

56.1 ±35.7

81.4 ±50.3

0.08

LMD

615.1 ±90.83

615.4 ±55.8

0.99

PSFC

13 (11-13.75)

13 (11-14)

0.61

MCC

1.3 ±0.2

1.2 ±0.18

0.72

SWM

OTS

5

Data are shown as mean ±SD or median (IQR). Abbreviations: RTI, reaction time, SMDRT, simple
median reaction time, FMDRT, five-choice median reaction time, SES, simple error score, FES,
five-choice error score, SWM, spatial working memory, TE, total errors, BE, between errors, WE,
within errors, PAL, paired association learning, TEA, total errors adjusted, RVP, rapid visual information processing, A’, sensitivity (A-prime), MTT, multitasking test, TC, total correct, TIC, total
incorrect, ICOST, incongruency cost, LMD, median response latency, OTS, one-touch stockings of
Cambridge, PSFC, problems solved on first choice, MCC, mean choice to correct
*significant at P < 0.05; **P < 0.003 (corrected for multiple comparison)

Discussion
We explored whether exposure to sleep loss, in this case defined as effects of a
week with work-related sleep disruption, resulted in cognitive deficits in a group
of maritime pilots. We found that the cohort of maritime pilots reported some
subjective cognitive complaints, but did not score worse on objective cognitive
assessment compared to the control group.
Results of the PSQI and the sleep-wake diaries confirmed worse sleep quality
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and less TST in maritime pilots compared to controls and worse sleep quality
during workweeks of the maritime pilots compared to rest weeks.
Regarding the questionnaires, maritime pilots reported more cognitive
complaints (CFQ) and mood problems (HADS), without exceeding clinically
relevant cut-off points. While the differences where subtle, these questionnaires
were administered after a workweek for maritime pilots and might reflect mood
and complaints during that week, which could explain the higher amount of
tense feelings. The higher (better) scores of maritime pilots on mental health on
the QoL questionnaire (RAND-36) first seemed contradictory with findings from
the HADS, however the RAND-36 is not bound to a specific time (workweek/rest
week), but rather reflects general satisfaction with life. Controls reported better
physical functioning than maritime pilots, which could be due to less confrontation with physically challenging situations, which maritime pilots encounter
more often on a daily basis than controls.
Based on studies claiming that cognitive function, especially memory consolidation, depends on generating sufficient deep sleep and that poor sleep may
impair cognitive function,3,5,9 we initially hypothesized that sleep disruption
would lead to worse episodic memory, slowing of reaction times, or inaccuracy
on cognitive assessment. While maritime pilots are exposed to poorer sleep
quality, we did not observe worse performance compared to controls on any of
the cognitive tests (attention, psychomotor speed, memory, executive function).
Cognitive assessment was administered on the first day off after a workweek
for maritime pilots, making sure that the recovery period between the end of
the last shift and cognitive assessment would not exceed 48 hours. This decision
was based on findings from the literature, suggesting that the effect of partial
sleep deprivation is restored after two to three nights,1,32 and that sleep restriction of 4-5 hours for seven consecutive nights is restored after two nights of 10
hours of sleep.33 Our participants followed a 7-7 schedule in which a seven-day
workweek is followed by a seven-day rest period. According to the literature,
the maritime pilots would need two nights of 10 hours of sleep over a 48-hour
period to restore baseline cognitive functions.33 By administering the cognitive
assessment within approximately 26 hours after the last shift, we reduced the
possibility that full recovery of cognitive function would obscure any cognitive
deficits related to the workweek with sleep deprivation.

5
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What could explain our findings? First, it is suggested that sleep loss affects stage
2 and rapid-eye-movement sleep but not slow wave sleep,1 which could explain
why maritime pilots did not show signs of memory disruption, which in the long
run appears to be more closely associated with slow wave sleep.8 Second, in a
meta-analysis of a total sample of 1,932 individuals, sleep loss is suggested to
have the largest effect on mood but the smallest effect on motor tasks,4 which
might be one of the reasons why maritime pilots did not perform significantly
worse on reaction time tasks. Third, the extent to which sleep loss affects cognitive functions depends on several aspects, such as age, gender,13 and the extent
of compensatory mechanisms.2 It is possible that maritime pilots have developed excellent compensatory mechanisms for their sleep loss, since they have
to accurately execute their job while being sleep disrupted most of the times.
These compensatory mechanisms could include either sufficient deep sleep
during workweeks, due to efficient sleeping skills that have been developed over
the course of their employment years, or excessive rebound sleep in rest periods after workweeks as compensatory for the disruption of deep sleep during
workweeks. Belenky et al. accentuate this suggestion by claiming that the brain
is able to adapt to chronic sleep restriction sufficient enough to stabilize performance.34 These compensatory mechanisms may be pre-existing, as self-selection
is likely to have occurred in maritime pilots who have been working for years.
However, since the CRUISE study is a pilot study, the absence of a short-term
effect of sleep disruption on cognitive functions in our study does not exclude
the possibility that sleep disruption could result in cognitive deficits in general.

5

One of the strongest limitations of our study is the small sample size (n = 40),
which reduces the power to identify cognitive effects related to poor sleep.
However, one could argue that if much larger samples are needed to detect
statistically significant, but very small differences, the clinical relevance of these
findings is debatable. Regardless, future prospective studies should extend this
study by recruiting larger samples to clarify the effect of sleep disruption on
cognitive function.
Our study is further limited by the self-reported sleep assessment and the fact
that we did not control caffeine intake right before administering cognitive tests.
Participants were allowed to consume their normal amount of coffee. Routine
intake was slightly higher in maritime pilots compared to controls (Table 5.1).
Furthermore, the maritime pilot group and controls were not precisely matched
for age: controls were on average 7 years younger and therefore could theoreti103
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cally have performed better on cognitive tests, even though there is no evidence
for an effect on CANTAB results in this age range. However, we did not find any
group differences in cognitive performance in our study, indicating that this
potential confound might not have affected our results. Another limitation is the
unique group of maritime pilots, which might have led to a selection bias. Maritime pilots are professionally trained to perform under difficult and stressful
conditions. Controls, although matched for sex and education, might not have
been matched entirely with respect to for example personality, resilience, or
cognitive skills/general intelligence. In future studies with the maritime pilots,
a longitudinal study design should be considered with specific quantification of
chronic and acute sleep disruption with highly matched controls, regarding age,
general intelligence, and especially work environment. For example, a control
group of airline pilots with normal sleep could be an interesting match. In
theory, it is possibly that maritime pilots started on a higher cognitive level and
their occupation-related sleep disruption brought them down to the level of the
control participants. However, long-term effects of sleep on cognitive function is
likely to take longer and manifest in older age. Moreover, the control group was
highly educated as well with an average of almost 20 years of education. Another
approach to test the effect of work-related sleep disruption on cognitive functions would have been a within-subjects, repeated-measures approach in which
larger samples of maritime pilots are tested after a rest week and a workweek
to observe an actual decline in cognitive functions after a workweek compared
to a rest week. The results obtained after a rest week could then be compared to
controls performance to measure the long-term effect of sleep disruption, ideally
by recruiting maritime pilots with varying durations of exposure. By applying
such a design, we would be able to model both, individual levels of acute sleep
disruption and effects of extended exposure to the shift-work schedules.

5

Strengths of our study are the use of well-validated and sensitive cognitive tests
for the assessment of work-related cognitive distortion regarding the domains
known to be disturbed in early stages of cognitive decline. Furthermore, we
made sure that maritime pilots had minimal recovery time between the end of
their last shift and cognitive assessment.
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Conclusion
In this group of healthy maritime pilots, we found that exposure to intermittent weeks characterized by sleep disruption led to small subjective cognitive
complaints. However, we were unable to show that it led to objective deficits of
cognitive performance. These findings must be interpreted in the context of the
limitations of our study as discussed previously. The effect of sleep disruption on
cognitive decline remains complex and future studies should extend this pilot
study by recruiting larger samples and focus on investigating the relationship
under different research designs.

5
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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 investigate 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).
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
populations of shift workers.

6

Keywords: Rebound sleep, slow-wave sleep, sleep architecture, shift work,
amyloid-β, Alzheimer’s disease, wearable electronic devices
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Background
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 intensifies 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 longterm 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

6

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
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Life (QoL) after employment.23 Results of these two studies are in contrast with
earlier studies claiming that sleep loss leads to higher brain amyloid-β concentrations and cognitive decline.
In the present study, the ANCHOR study (Assessing Nightly Components Highly
Operative 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. 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 hypotheses; first,
we hypothesize that maritime pilots are more efficient in generating deep sleep
during 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.

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).

6

Dutch maritime pilots guide international ships into their docking positions in
Dutch harbours 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). 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 institu115
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tional 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.

Sleep measurements
PSQI: To obtain subjective measurements of sleep characteristics, participants
filled out the Pittsburgh 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 maximum 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 The PSQI was filled out separately for a rest week
and for a workweek.
Home-EEG measurements: To obtain objective sleep measurements, participants were instructed to wear a dry electrode, single-lead (FpZ-M2) home-EEG
device (SmartSleep; Philips, Eindhoven, The Netherlands) for twenty consecutive
days (10 workdays and 10 days off).25,26 Some participants wore the home-EEG
device during two periods of work days and rest days. Work-related fragmented
sleep resulted in multiple sleep sessions per 24 hours. The home-EEG device was
originally developed to acoustically stimulate deep sleep, through automatic
EEG-based detection of slow waves (0.5-4 Hz), however we used the device for
measurement purposes only, without auditory stimulation. The SmartSleep
algorithm, based on 6 second epochs, differentiates between wakefulness, light
sleep, and deep sleep.26,27 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.26,28-30 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 number of awakenings > 5 minutes. Based on
these outcome variables deep sleep time was calculated as percentage of TST
(DST%) as the main outcome variable.

6

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
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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 session 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 (maximum two per participant),
nested within participants. Exploring the fit of increasingly complex models
using deviance statistic,31 Bayesian information criterion (BIC), and Akaike
Information Criterion (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 workweek, 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 linearly
change during the rest week. For both models, the intercept was allowed to vary
over participants (random intercept for participant) and over measurement
cycles within participants (random intercept for measurement cycle nested in
participant).

6

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
3.6.2.32
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Results
We used data from 10 maritime pilots. All participants had the same level of
high education, were Dutch, male and of white European descent (Table 6.1).
Table 6.1 Baseline characteristics

Measures

n=10

Age, years

51.6 ±2.4

Employment time, years

18.4 ±3.9

BMI, kg/m

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)

2

Data are shown as mean ± SD or Number (%). Abbreviations: BMI, body mass index; SBP, systolic
blood pressure; DBP, diastolic blood pressure

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 6.2).
6

Home-EEG recordings calculated per sleep session showed less TST and DST
during a workweek compared to a rest week (Table 6.2). 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 6.2). 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).
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Table 6.2 Sleep characteristics obtained with home-EEG measurements

Measures

Workweek, n=10

Rest week, n=10

P-value

Number of sleep sessions per
day

1.3 (1.1–1.8)

1.00 (1.0–1.0)

0.03*

PSQI

8.2 ±2.2

3.9 ±2.03

<0.001**

WASO, min

30.2 (21.3–42.8)

30.38 (24.9–52.9)

0.65

Number of awakenings < 5
minutes

29.1 (21.3–30.8)

34.08 (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)

53.6 (49.9–68.3)

0.013*

Average DST% per session

16.4 (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. –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 behavior); WASO,
wake after sleep onset; TST, total sleep time; DST, deep sleep time
*significant at P < 0.05; **significant at P < 0.001

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 (Figure 6.1).
As shown in table 6.3, 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 (Figure 6.2). 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 6.4. In addition, the model fit statistics (AIC/BIC) for
model 1 were lower than for model 2.

6
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Table 6.3 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 – 0.6 (0.3)
day 2 of rest week

0.08

Difference in DST% during remaining rest
week

0.29

-1.5 (1.4)

Abbreviations: AIC, Akaike Information Criterion; BIC, Bayesian Information Criterion; DST%,
relative deep sleep time
*significant at P < 0.05; **significant at P < 0.001
Table 6.4 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
*significant at P < 0.05; **significant at P < 0.001

6
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Figure 6.1 Model 1: Efficiency in generating deep sleep. Orange line indicates predicted model
values, individual participant data is shown in dark blue

6

Figure 6.2 Model 2: Rebound sleep after workweek. Orange line indicates predicted model values,
individual participant data is shown in dark blue

121

Chapter 6

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 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 6.2). However,
multiple sleep sessions are observed in a typical workday. These combined sleep
sessions add up to TST and DST slightly lower compared 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
significantly higher DST% in workweeks, we suggest that our data lend more
support to hypothesis 1.

6

In this group of maritime pilots, the compensatory mechanism to counteract
sleep disruption 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
Borbély and colleagues proposed that deep sleep specifically is enhanced after
sleep deprivation,33 which could explain our findings. Ferrara and colleagues
showed that relative deep sleep is increased after deep sleep disruption, with122
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out any increase in total sleep time, hypothesizing that a fixed amount of deep
sleep per night is required rather than sleep duration alone.34 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 previous 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 measure sleep architecture
during sleep disruption, which has not been feasible in previous studies 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).
However, they concluded that shift workers tend to compensate for sleep loss
with rebound sleep during free time.35 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 measured. Combined with additional subjective measures of sleep quality, we were able to comprehensively
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 investigate whether their sleep architecture may be fundamental to this resilience.

6

The study is limited by the small sample size (n = 10). However, since part of the
participants performed multiple measurement cycles of a rest week following
a workweek, we were able to include 19 measurement cycles in our analysis.
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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 wearable 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. Lastly, this research is a secondary
analysis of the SCHIP study, where we were limited to the maritime pilot group
in the Netherlands, who agreed to participate in this extensive study.21

Implications
We discovered some implications for the use of subjective versus objective sleep
measurements. 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.36 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 confirm 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 37 to investigate compensatory mechanisms
and consequences of poor sleep for the development of neurodegenerative
disease and health outcomes in general. For future research, we would therefore
recommend to set up longitudinal studies, with inclusion of larger populations
of shift workers, as our hypothesis for possible compensatory mechanisms is of
importance for a broad population.

6
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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 fragmented. The specific intensity and intermittent pattern of
sleep disruption in combination with coping mechanisms of the maritime pilot
cohort might be protective against detrimental 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
populations of shift workers.

6
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Chapter 7

Main topic
The main goal of this thesis is to explore long-term effects of externally-induced
sleep disruption on cognitive function, general sleep quality, and brain amyloid
accumulation in different groups of maritime pilots. We want to extend previous
studies in this field, that were limited to acute, short-term effects of sleep disruption in order to generate conclusive knowledge and identify the role of sleep
disruption as modifiable risk factor in the development of Alzheimer’s disease.

Summary of hypotheses and main findings
Observations from previous studies showed that poor sleep could be one of
the risk factors for AD-related processes through either less clearance or more
production of amyloid-β during extended periods of wakefulness.1-5 These and
other studies (see introduction) fueled the hypothesis that sleep disruption (especially disruption of Slow Wave Sleep (SWS)) over the course of many years could
increase amyloid-β concentrations, which, among other processes, such as oxidative stress, impaired glucose metabolism etc. (discussed later in this chapter)
could trigger AD-associated neurodegeneration and loss of cognitive function.
Repeated nights of sleep disruption, as seen in our maritime pilot cohort, may
contribute to the risk of AD by gradually increasing amyloid levels.

What is the effect of long-term sleep disruption on cognitive function
and amyloid accumulation?
In chapter 2 and 3 the SCHIP study (Sleep-Cognition-Hypothesis In maritime
Pilots) is discussed, in which we looked at the effect of long-term sleep disruption on cognitive function and amyloid accumulation in a group of middle-aged
(n = 19, age range: 50-60 years) maritime pilots. First, we hypothesized that
maritime pilots would show fragmented sleep and less SWS during workweeks,
which was confirmed, as maritime pilots reported and showed a decline in
sleep quality during workweeks (assessed with PSQI, actigraphy, and at-home
EEG sleep measurements) compared to age- and education matched controls
and compared to their own rest weeks. During rest periods, however, maritime
pilots show normal sleep (indicated by PSG data and at-home EEG data). We
concluded that the maritime pilots are able to generate sufficient amounts of
deep sleep (SWS) when given the time and circumstances to do so. The enhanced
SWS during rest weeks might also indicate compensatory mechanisms for previ-
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ous poor sleep during workweeks. This is a hypothesis that we further explored
in chapter 6.
Maritime pilots further underwent extensive cognitive testing. We expected
them to perform worse than controls, especially on cognitive domains disturbed
in AD early on, such as episodic memory. However, we did not find any differences between the groups regarding the cognitive domains we examined. Standard polysomnography (PSG) took place the night before cognitive testing,
during a week off for the pilots and a normal weekend day for the controls. We
observed higher amounts of SWS among the maritime pilot cohort compared
to controls. The difference in SWS could explain the unimpaired performance
of the maritime pilots on cognitive assessment. Spending more time in SWS, in
which the brain is less active (synaptic activity pause), might lead to a boost in
memory consolidation and therefore to good cognitive performance in the shortterm. In the long term, sufficient amounts of SWS, regardless of fragmented sleep
and shorter total sleep time (TST) during workdays, could still lead to sufficient
cleaning of amyloid and a lowering of brain amyloid levels.
Before we analyzed or interpreted the outcomes of sleep measurements (at-home
EEG) and cognitive testing, we hypothesized that long-term work-related sleep
disruption would lead to elevated amyloid levels, as proposed earlier. However,
none of the (19) amyloid PET-CT scans showed signs of elevated amyloid levels,
indicated by standard uptake value (SUV) ratios of far below 1.56. A SUV ratio
of >1.56 indicates increased amyloid PET tracer uptake and therefore more
aggregation of amyloid in the brain, normal values vary around an SUV ratio of
1.29. This could suggest that the amount of SWS during rest periods is of great
importance to counteract detrimental, short-term effects of sleep disruption on
amyloid accumulation.

Since the SCHIP study cohort was relatively young, we were
wondering what the consequences of long-term exposure to workrelated sleep disruption would be in an older cohort?

7

In chapter 4 we present the BATAVIA study (Being Awake Throughout Adulthood affects Vitality In Aging), for which we recruited an older (>60 years)
group of retired maritime pilots (n = 50) to investigate the effects of long-term,
extended periods of work related sleep disruption on post-retirement cognition,
sleep quality, mood, and quality of life.
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We hypothesized that longer exposure to, and longer recovery from, work-related sleep loss affects cognitive function and quality of life, as well as sleep
quality in general. In the population that was studied, however, we found no
correlations between more than 25 years of work-induced sleep disruption and
early signs of dementia, cognitive decline or poor quality of life compared to
what we expected in this age group.
With regard to general sleep quality (assessed with PSQI and sleep-wake diaries),
the majority of our participants was able to readjust to a natural, regular sleep
behavior after more than 25 years of work-related irregular sleep and former
exposure to external sleep disruption, does not seem to affect post-retirement
sleep quality, indicating that it is possible to recover from periods of sleep loss.

But what are the acute consequences of work-related sleep
disturbances on cognitive function?
In chapter 5 the CRUISE study (Cognitions Relationship to Unfrequent and
Irregular Sleep Events) is discussed, in which we investigated the consequential
effects of a workweek characterized by sleep disruption on cognitive function in
a younger (30-50 years) maritime pilot cohort (n = 20). Studies have shown that
sleep disruption in the short term could negatively affect cognitive function,6
while deep sleep on the other hand, enhances generation of memory consolidation.7 Based on these and other studies, we hypothesized that a week with
externally-induced sleep disruption would lead to deficits in memory, slowing
of reaction time, and/or more errors in cognitive assessment.
While we found great differences between PSQI scores and outcomes of the
sleep-wake diaries, indicating that maritime pilots report worse sleep quality
and less total sleep time (TST) compared to controls and their own rest weeks,
maritime pilots did not perform worse than controls on tests of attention and
psychomotor speed, memory, or executive function. Thus, while maritime
pilots reported some subjective cognitive complaints and sleep issues, they did
not show any acute objective deficits of cognitive performance compared to a
control group. The direct consequences of weeklong sleep disruptions on cognitive decline however remain complex and future studies should recruit bigger
samples for more power to extend and confirm our findings.
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What do all the different maritime pilot groups have in common? Their
sleep schedules. What does it look like?
In chapter 6 the ANCHOR study (Assessing Nightly Components Highly Operative to Recovery) is described, in which we examined the sleep architecture of
the SCHIP maritime pilot cohort over the course of a workweek and a rest week.
In order to do so, sleep measurements from the SCHIP study were used. These
sleep measurements were carried out with the home EEG-device (SmartSleep,
Philips), which can measure sleep with the help of one EEG electrode and can
differentiate between awake, light sleep and deep sleep.
Subjectively, the maritime pilots report worse sleep quality during workweeks
(PSQI) compared to rest weeks, which was confirmed by home-EEG sleep
measurements, showing less total sleep time and less deep sleep time. Deep sleep
time percentage (DST%), however, appears to increase from approximately the
third work day onwards. DST% then continues to increase until the beginning
of the rest week. The maritime pilots therefore seem to be able to sleep more
effectively, even if the duration of the shift-related sleep disruption increases.
This indicates that even with less TST and fragmented sleep conditions (workweek) the maritime pilots are able to cope and become very efficient in generating deep sleep, indicating that they have developed excellent compensation
strategies. This could also explain the absence of brain amyloid accumulation
and the overall cognitive fitness of this cohort regardless of their intermittent
sleep disruptions.
Outcomes of the ANCHOR study also point to a difference in subjectively experienced sleep quality and objectively measured sleep quality, which should be
taken into account for future sleep research studies.

Methodological consideration
The unique group of maritime pilots offered an opportunity to measure poor
sleep as isolated variable, since sleep disruptions were of external nature, and
maritime pilots were healthy and free of other known risk factors for AD, such
as smoking, cardiovascular disease, obesity, and physical inactivity. We looked
at different age groups to test different hypotheses with the main goal of identifying the role of long-term sleep disruption in AD-risk.
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To our knowledge (at this time of writing), we are part of a small minority of
researchers examining long-term effects of external sleep disruption, while
most research in this field is limited to acute short-term effects. It is important
to look at long-term consequences to identify the role of sleep in AD, because
AD is a complex disorder 8,9 that develops due to repeating factors aggregating
over a longer period of time and that does not emerge over one or two nights.
Furthermore, long-term partial sleep deprivation is much more common in
the normal population than total sleep deprivation, therefore our research is
of greater significance for a larger population. Due to the bi-directional relationship between poor sleep and AD (see introduction for more detail) in which
sleep disorders might also be early, preclinical symptoms of AD,10-12 it is especially
important to investigate the effect of sleep disruption due to an external factor
(work-related). Through full polysomnography (PSG) we were able to confirm
the absence of internal sleep disorders in our study cohorts.
In all our studies, we applied comprehensive measurements. First, we used
well-validated neuropsychological tests and questionnaires, sensitive to preclinical symptoms of AD. Second, sleep was measured with various measurements,
including self-reported (PSQI, sleep-wake diary), but also objectively measured
sleep (PSG, Actiwatch, home-EEG), thereby implementing new innovative techniques for sleep assessments (home-EEG measurements). Third, the home-EEG
measurements of sleep were of great importance for our study cohort to gather
reliable and comprehensive sleep data for workdays/worknights, which otherwise would not have been possible to examine (no option for full PSG during shift
work). Last but not least, amyloid-PET imaging was used as validated measurement of biomarkers of AD which was rated visually additionally to standard
uptake value ratio (SUVR) determination.
The maritime pilot cohort is unique due to their exposure to irregular and
unpredictable sleeping patterns and their ambition to maintain this rhythm
for a longer period of time. The uniqueness of this study group is also one of the
limitations of this thesis. Although we purposely selected the maritime pilots
due to their work-induced sleep disruption, they are a group of trained professionals, who can perform under difficult and stressful circumstances. Therefore,
we might argue that the control groups were not matched carefully enough
regarding personality, general intelligence or resilience. The maritime pilots
could be more resilient to the effects of sleep disruption or are able to cope more
efficiently with poor sleep quality and quantity due to the fact that they have
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successfully performed this work for years with adequate daytime functioning.
Over the years they might have developed an ability to achieve deep sleep even
under conditions of fragmented and restricted total sleep during workweeks as
suggested in chapter 6. However, by selecting this unique population as study
group, we were able to oversee some important factors that could have influenced our results. The maritime pilots share the same unique personality, they
all have the same socio-economic status, physical activity and are relatively
healthy on a vascular level. More about these factors will be discussed in detail
later in this chapter.
Although we achieved broad variation in location and age within the study
groups, which should result in a good representation of the cohort, our studies
were further limited by the relatively small total sample sizes. Bigger sample
sizes were preferred, but not feasible due to the limited number of pilots, their
irregular shift work and the limited free time of the maritime pilots to engage
in research activities.
In hindsight, the decision to apply a case-control design may have been suboptimal, due to the uniqueness of the cohort and the difficulty in matching control
groups. Controls, although matched for sex and education, might not have been
matched entirely with regard to personality, resilience, work history, work
environment, or cognitive skills/general intelligence. In future studies with
the maritime pilots, a longitudinal study design should could be considered
with specific quantification of chronic and acute sleep disruption with highly
matched controls. Another approach could be a within-subjects, repeated-measures design. Larger samples of maritime pilots could be tested on several
time points (after rest weeks and workweeks), with baseline data on cognition
and amyloid levels, to observe an actual decline in cognitive functions and an
increase in amyloid levels. The results obtained after a rest week could then
also be compared to the controls’ performance to measure the long-term effect
of sleep disruption. By applying such designs, we would be able to model both,
individual levels of acute sleep disruption and effects of extended exposure to
the shift-work schedules.
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What do we know now? - Alternative explanations
In summary, the maritime pilot cohort shows:
•
•
•
•
•
•

no cognitive deficit (long-term & short-term)
subjective sleep complaints during workweeks
normal/enhanced sleep during rest periods
no elevated brain amyloid levels
no signs for early dementia, mood disturbances, or decreased quality of
life in older age
compensatory skills to ensure adequate deep sleep under difficult conditions (workweek)

Potential explanations for our findings
The specific intensity and pattern of sleep disruption in the population we
studied might be one of the key explanations for our outcomes. The alternating
pattern of a week with disrupted sleep followed by a week with unrestricted
sleep, in combination with compensation mechanisms, could explain the
observed absence of brain amyloid-β and the overall cognitive health of the
maritime pilots. The period of unrestricted sleep might have been sufficient to
reduce possible elevated brain amyloid-β levels back to normal. In addition, the
pilots have developed excellent compensation strategies to generate enough
deep sleep during workweeks. This could suggest that it may not be completely
necessary to achieve full normalization of sleep to reduce AD risk. Home-EEG
recordings indicate that the maritime pilots still achieved a fair amount of
deep sleep given the shorter TST and sleep fragmentation during a workweek
(Chapter 6). SWS in this case may have been insufficiently disturbed to result
in elevated brain amyloid levels or cognitive decline. Alternatively, sleep loss
in our cohort could have affected other sleep stages, for instance sleep stage 2,
instead of stage 3 (SWS) 13 and therefore did not impair cognitive function, but
rather other domains. The extent to which sleep loss affects cognitive functions
is further influenced by several aspects, such as age, gender,14 and the extent
of compensatory mechanisms.15 These compensatory mechanisms, which we

7

discovered in the ANCHOR study (Chapter 6), may have been developed over
the years to ensure sufficient deep sleep during workweeks to successfully carry
out their work.
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Beyond the amyloid cascade hypothesis
Sleep disruption as single factor might be insufficient to cause elevated brain
amyloid levels, but requires a synergy with other risk factors. Thus, poor sleep
may increase AD risk only when it’s combined with other risk factors. This idea
has also been proposed by Wensink et al. in 2014 in a different framework.16
They called it the causal pie model, which is made up of various component
causes. All component causes must be fulfilled to result in a specific outcome
(in our case, development of AD). Hence, the effect of a component cause on a
certain outcome depends on the presence of the remaining component causes in
the causal pie model.16 The relationship between sleep disruption and AD could
therefore be intensified by shared pathways that influence both, sleep and AD
risk. Alternatively, the association between sleep loss and AD could be explained
by reverse causality, in which intrinsic causes of sleep loss are pre-clinical symptoms of a neurodegenerative disease that manifests years later and influences
AD and sleep. These theories could explain why sleep loss due to an extrinsic
cause (e.g. shift-work), and poor sleep alone may not lead to an increased AD
risk and may also be compensated partly by other means of a healthy lifestyle
(such as physical activity, a healthy diet, no smoking etc.).
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We created a causal loop diagram (Figure 7.1) to illustrate possible shared pathways, that could intensify the relationship between sleep and AD risk.

Figure 7.1 Causal loop diagram illustrating possible shared pathways, that could intensify the
relationship between sleep and AD risk

There are three kinds of connection in this causal loop diagram:
1.

2.

3.

7

Shared pathways (orange connections): Factors that have a direct influence on both (sleep and AD), and could intensify the relationship between
poor sleep and AD.
Loops (illustrated as light blue): Factors that increase AD risk but are also
stimulated by poor sleep. And therefore, might have an indirect effect
on sleep, acting on AD.
Bi-directional (illustrated as dark blue dashed line): Other interconnections that are bi-directional and might have indirect effects on the relationship between all factors, which could turn the relationship between
poor sleep and AD into a vicious circle.

Vascular health: Evidence has shown that poor sleep has various negative
effects on general cardiovascular health.13 Short (less than 5 hours) and long
sleep duration (more than 9 hours) increases the risk of coronary events,17 while
short duration is additionally associated with higher incidents of cardiovascular diseases.18 Poor vascular health in turn is a known relevant risk factor for
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amyloid accumulation in AD pathology.19
Depression: Several studies suggest that depression is a risk factor for the
development of AD,20,21 whereas other studies suggest that depression might be
an early symptom of the disease rather than a risk factor.22 In any way, there
is a high comorbidity between AD and depression,23 that seems to have a bi-directional nature.24 Additionally, people with depression have increased risks
of various sleep disorders,23 including insomnia, narcolepsy, sleep disordered
breathing and restless leg syndrome.24
Exercise could be another factor that influences both, AD and sleep. Evidence
shows that physical exercise reduces dementia risk.23,25-28 On the other hand, poor
physical health could contribute to decreased sleep quality.29
Glucose metabolism: Recently, impaired glucose metabolism was associated
with increased AD risk.30 People with diabetes seem to have a higher AD risk 31
due to insulin resistance, which disturbs efficient brain glucose metabolism. Cells
basically starve due to non-efficient production of energy from glucose.30 On the
other hand, it has been shown that people with diabetes also suffer from sleep
problems due to unregulated blood sugars and metabolic changes in the body.30
In turn, sleep is furthermore important to maintain a stable glucose metabolism
32
and sleep disorders might contribute to the development of Type 2 diabetes.32
Oxidative stress is closely related to glucose metabolism.33 It promotes amyloid
accumulation and is therefore another player in AD pathology.34,35 Furthermore,
oxidative stress might emerge due to metabolic disturbances which in turn are
related to poor sleep as well.33,36
Within the framework of this thesis, the above mentioned shared pathways are
only briefly discussed, but should be taken into account while looking at general
lifestyle factors for AD risk. Shared pathways could intensify the relationship
between any risk factor and AD development.
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Clinical and scientific implications & future research
Clinical implications
Within our studies, we did not identify long-term sleep disruption as risk factor
for AD. However, sleep could still be a potential target for intervention studies
to prevent or delay AD-related neurodegeneration in populations at increased
AD risk. Next steps could include attempts to enhance deep sleep for people in
early stages of brain amyloid elevation (without subjective cognitive complaints)
to observe potential recovery after sleep intervention. Deep sleep interventions
could also be used for patients with cognitive complaints (i.e. at the memory
clinic) to increase memory consolidation and to break through the bi-directional
relationship of poor sleep and AD. Furthermore, the home-EEG measurements
that were used in this thesis might be convenient in different populations, to
collect comprehensive measurements of sleep in specific settings where it might
not be possible to conduct full PSG. Furthermore, more attention should be paid
to sleep as relevant lifestyle factor in general, because poor sleep might well be
an important player for not only AD-related processes, but also several different health outcomes, due to its shared pathway with other health related issues.

Scientific implications & future research
Since investigations of long-term effects of extrinsic sleep loss on cognitive function and amyloid accumulation are scarce, further research is needed in other
populations to confirm and extend our findings and clarify the role of sleep as
isolated risk factor for AD development. Future studies should be implementing
at-home sleep measurements (based on EEG) to get comprehensive, objective
and reliable sleep measurements.
Whether increased levels of brain amyloid-β following sleep disruption can be
reduced by normal sleep, however, is still unknown. It would be interesting
to gather baseline measurement of brain amyloid-β after sleep disruption to
see if acute amyloid accumulation actually occurs and to administer a second
amyloid-scan after deep sleep stimulation, to observe if amyloid is cleared.
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Furthermore, we could examine which sleep architecture is most important for
this process to be successful and find the most crucial sleep marker for recovery of sleep disruption in AD. The role of sleep in AD-related cognitive decline
could be further unraveled, using an intervention approach in which we would
stimulate sleep in a group of patients with mild cognitive impairment (MCI) to
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see whether sleep stimulation has a positive impact on cognitive function. In
an ideal longitudinal study we could make an attempt to include all relevant
risk factors mentioned earlier (causal loop diagram, page 140). In light of the
diagram and the causal pie model 16 various component causes could be involved
in the risk assessment of lifestyle factors for the development and/or progression of Alzheimer’s disease. Examining more underlying factors at once could
shed more light on the interplay between the component causes and the actual
risk of the single components.
The maritime pilot cohort (SCHIP study) will be taking part in longitudinal
follow-up studies examining cognitive functions on several time points (every
5 years) to look at progression of possible cognitive decline. Furthermore, maritime pilots will be invited to the Radboud University Medical Center again to
undergo extensive MRI studies. Since reduced cerebral blood flow (CBF) is also
a marker of AD, we will examine CBF characteristics (assessed with arterial
spin labeling (ASL)), grey matter volume in frontal brain areas, precuneus and
hippocampus, and general vascular health, since various studies have shown
that next to amyloid accumulation (amyloid cascade hypothesis), other processes
in the brain, play a role in Alzheimer’s disease pathology.

Conclusion
The hypotheses that long-term sleep disruption would lead to early cognitive
decline, brain amyloid accumulation and/or poor life outcomes (in terms of
quality of life, general sleep quality, and mood) which were based on previous
studies, examining short-term effects, were not confirmed in this thesis. While
maritime pilots report serious subjective sleep complaints, the detrimental effect
of sleep disruption on cognitive function and amyloid accumulation was absent
in the three studies (SCHIP, CRUISE, BATAVIA) that focused on this relationship,
independent of age, cognitive examination, and group size.
What could explain our findings is the intermittent pattern of work-related
sleep disruption, which is unique to our cohort. In addition, the pilots show
exceptional compensatory skills during less TST and fragmented sleep (workweek). Therefore, sleep disruption in the population we studied is not continuous, which could indicate that detrimental effects of chronic externally-induced
sleep disruption on amyloid accumulation and AD-related cognitive decline can
be compensated for.
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The statement that ‘poor sleep’ is a risk factor for the development of AD
should therefore be handled with caution, especially if we look at it in
isolation. First, a clear definition of poor sleep is required: Is it externally induced or intrinsic? Is it continuous or not? What kind of sleep
disruption are we looking at (deprivation, fragmentation, loss etc.)?
Poor sleep as isolated factor might not increase actual AD-risk, while less deep
sleep in addition to other risk factors (genetics, unhealthy lifestyle etc.) might
still play a role in AD-related processes.
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Nederlandse Samenvatting
De ziekte van Alzheimer
De ziekte van Alzheimer is de meest voorkomende vorm van dementie en beïnvloedt op dit moment 36 miljoen mensen wereldwijd. Tot nu toe is er weinig hoop
voor succesvolle medicamenteuze behandeling van de ziekte. Opstapeling van
het eiwit, amyloid-β, in de hersenen is volgens de amyloid-cascade hypothese één
van de redenen voor de ontwikkeling en progressie van de ziekte van Alzheimer.
Het eiwit stapelt buiten de hersencellen op en vormt in hogere concentraties
plaques. Deze plaques leiden tot verstoring van informatieverwerking en uiteindelijk tot de Alzheimer-typische symptomen zoals geheugenverlies, verwarring,
stemmingsklachten en slaapproblemen.

Slaap en de ziekte van Alzheimer
Hoewel geheugenklachten en verwarring kenmerkend zijn voor de ziekte van
Alzheimer, lijdt ongeveer 44% van de patiënten ook aan slaapstoornissen. Alzheimerpatiënten hebben moeite om in slaap te vallen, ontwaken ‘s nachts vaak
waardoor ze overdag vaker gaan dutten en daardoor weer minder diep slapen in
de nacht. Afname van zenuwcelstructuren of -functies, waaronder het afsterven
van zenuwcellen (Neurodegeneratie) in de hersengebieden die verantwoordelijk
zijn voor slaap- en waak-regulatie, is mogelijk de oorzaak voor veelvoorkomende
slaapstoornissen bij Alzheimerpatiënten. Recent onderzoek suggereert echter
dat slechte slaap niet alleen een symptoom of preklinische uiting is van de
ziekte, maar dat slechte slaap ook een risicofactor kan zijn die bijdraagt aan de
ontwikkeling van de ziekte. Studies hebben gevonden dat mensen na één nacht
zonder slaap (slaap deprivatie) meer van het eiwit (amyloid-β) in hun hersenen
hadden zitten, vergeleken met mensen die wel geslapen hebben. Hoe langer
men wakker is, zo stijgt ook de amyloid concentratie in de hersenen. Het lijkt
er dus op dat slechte slaap en de ziekte van Alzheimer elkaar versterken in een
vicieuze cirkel (zie ook pagina 3 - 5).
Eerdere studies hebben al een verband aan kunnen tonen tussen slechte slaap en
een verhoogd risico op de ziekte van Alzheimer. Met name een tekort aan diepe
slaap speelt hierbij een rol. Studies hebben laten zien, dat de diepe slaapfase het
belangrijkst is voor het wel of niet opstapelen van amyloid, omdat tijdens deze
slaapfase minder amyloid geproduceerd wordt óf de hersenen meer gereinigd
worden van alle afvalproducten die er overdag zijn opgestapeld. Slaapverstoring
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die opbouwt in de loop van vele jaren, zou dus tot een hoger amyloid concentratie in de hersenen leiden en op die manier het risico voor Alzheimer-gerelateerde neurodegeneratie verhogen en achteruitgang van cognitieve functies
versnellen. Eerdere studies waren echter beperkt tot de acute effecten van slaap
deprivatie en daardoor dus gericht op korte termijneffecten (1 of 2 nachten
zonder slaap). Langetermijn studies in tegendeel, zijn schaars en beperkt in
duur van slaapverstoring, steekproefomvang en variëren in methodologie en
selectie van deelnemers. Het doel van mijn proefschrift is daarom het effect van
langdurige slaapverstoring op Alzheimer-gerelateerde cognitieve achteruitgang,
amyloid opstapeling en veroudering in het algemeen verder in kaart te brengen. Zo kunnen we testen of herhaalde episodes van slaapverstoring bijdragen
aan een verhoogd risico voor het verkrijgen van de ziekte van Alzheimer. Dit
hebben wij gedaan met hulp van drie verschillende studies bij drie groepen van
loodsen (mensen die grote schepen in de Nederlandse havens navigeren) die
door hun onregelmatige werk te maken hebben met langdurige slaapverstoring
(meer over deze proefpersonen is te vinden op pagina 6 - 7 & hoofdstuk 2).

Resultaten
In hoofdstuk 2 en 3 wordt de SCHIP studie beschreven (Sleep-Cognition-Hypothesis In maritime Pilots). Binnen de SCHIP studie hebben wij gekeken naar
het effect van langdurige, werk gerelateerde slaapverstoring op cognitieve functies en opstapeling van amyloid-β in de hersenen bij een groep van 19 loodsen
van middelbare leeftijd (50 - 60 jaar oud). Ten eerste hebben wij geobserveerd
dat loodsen tijdens werkweken meer gefragmenteerde slaap en minder diepe
slaap laten zien (gemeten met PSQI, actigrafie en EEG-slaapmetingen thuis).
Uitkomsten van het neuropsychologisch onderzoek (NPO) laten echter zien
dat de loodsen niet slechter presteren dan de controlegroep. Op basis van de
langdurige slaapverstoring in deze groep hadden wij verwacht dat de loodsen
verhoogde amyloid concentraties in hun hersenen zouden hebben, echter waren
alle (19) PET-CT scans negatief en vertoonden dus geen tekenen van verhoogd
amyloid concentraties. Deze resultaten kunnen te maken hebben met de voldoende hoeveelheid diepe slaap tijdens de rustperioden en kunnen erop wijzen
dat deze rustperioden cruciaal zijn voor het herstellen van de effecten van
slaapverstoring op amyloid opstapeling. Tijdens de rustperioden laten de loodsen namelijk een normaal slaappatroon zien (gemeten met hersengolf-slaapmetingen (EEG) thuis en polysomnografie in het slaap lab in Kempenhaeghe).
Hieruit kan worden geconcludeerd, dat de loodsen in staat zijn om voldoende
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diepe slaap te generen als ze de tijd en omstandigheden ervoor hebben. De
goede slaap gedurende rust periodes kan ook een indicatie zijn voor compensatiemechanismen voor voorafgaande slechte slaap (tijdens de werkweek), deze
hypothese hebben we verder onderzocht in hoofdstuk 6.

Omdat de groep loodsen van de SCHIP studie relatief jong was,
vroegen wij ons af wat de gevolgen van langdurige blootstelling aan
werk-gerelateerde slaapverstoring zouden zijn in een oudere groep
loodsen.
In hoofdstuk 4 beschrijf ik de BATAVIA-studie (Being Awake Throughout
Adulthood affects Vitality In Aging), voor welke wij een oudere groep (>60
jaar) gepensioneerde loodsen gerekruteerd hebben. Binnen de BATAVIA-studie
hebben wij gekeken naar het effect van langdurige blootstelling aan werk-gerelateerde slaapverstoring op denkvermogen (cognitie), slaapkwaliteit, stemming
en levenskwaliteit. We verwachtten dat langere blootstelling aan, en minder
herstelling van werk-gerelateerde slaapverstoring, invloed zou hebben op cognitie, levenskwaliteit en slaapkwaliteit in het algemeen. In de populatie die wij
onderzocht hebben, werd echter geen verband gevonden tussen meer dan 25
jaar blootstelling aan werk-gerelateerde slaapverstoring en vroege symptomen
van dementie, cognitieve tekorten of slechte levenskwaliteit. Met betrekking tot
slaapkwaliteit, heeft de meerderheid van onze proefpersonen zich aangepast
aan een normaal slaap-waak gedrag na meer dan 25 jaar blootstelling aan onregelmatige werk- en slaaptijden.

Maar wat zijn dan de acute gevolgen van werk-gerelateerde
slaapverstoring op cognitieve functies?
In hoofdstuk 5 wordt de CRUISE-studie beschreven (Cognitions Relationship to
Unfrequent and Irregular Sleep Events), waarin we de gevolgen van een werkweek, gekenmerkt door slaapverstoring, op cognitieve functies in een jongere
(30-50 jaar) groep van loodsen onderzocht hebben. Recente studies hebben
aangetoond dat slaapverstoring op korte termijn negatieve effecten kan hebben
op cognitieve functies, terwijl diepe slaap het opslaan van herinneringen juist
verbetert. Op basis van deze studies verwachtten wij dat een werkweek met
slaapverstoring zou leiden tot achteruitgang in geheugen, vertraging van reacties of het maken van meer fouten. Hoewel de loodsen veel slaap klachten en
enkele subjectieve cognitieve klachten rapporteren tijdens een werkweek verge-
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leken met de controlegroep, presteren zij niet slechter op cognitieve tests. Men
kan daarom concluderen dat er ondanks enkele subjectieve cognitieve klachten
en slaapklachten geen sprake is van acute objectieve cognitieve tekorten zijn.
De relatie tussen slaapverstoring en cognitieve klachten blijft echter complex
en toekomstige studies zouden grotere groepen moeten werven om onze resultaten uit te breiden of te bevestigen.

Wat hebben alle cohorten gemeen? Hun slaappatroon. Hoe ziet dat
eruit?
In hoofdstuk 6 wordt de ANCHOR studie beschreven (Assessing Nightly
Components Highly Operative to Recovery), waarin wij gekeken hebben naar
de slaaparchitectuur van de loodsen gedurende een werkweek en een rustweek. Hiervoor hebben we de slaapmetingen uit de eerste studie (SCHIP-studie)
gebruikt. Deze slaapmetingen werden uitgevoerd met het SmartSleep-apparaat van Philips, dat slaap kan meten met behulp van een EEG-elektrode en
onderscheid kan maken tussen waken, lichte slaap en diepe slaap. We hebben
gevonden dat het percentage diepe slaaptijd toe te nemen lijkt gedurende een
werkweek, beginnend rond de derde werkdag. Het percentage diepe slaap blijft
dan stijgen tot aan ongeveer de tweede dag van de vrije week. De loodsen lijken
dus effectiever te kunnen slapen naarmate slaapverstoring toeneemt in duur
of frequentie. Dit geeft aan dat de loodsen uitstekende compensatiestrategieën
hebben ontwikkeld, aangezien zij voldoende diepe slaap kunnen halen, zelfs
onder gefragmenteerde slaapomstandigheden (werkweek). Dit zou eventueel
ook de afwezigheid van amyloid opstapeling in hun hersenen en de algehele
cognitieve fitheid van dit cohort kunnen verklaren.

Conclusie
De hypothese dat langdurige verstoring van slaap zou leiden tot vroege cognitieve achteruitgang en opstapeling van amyloid in de hersenen en/of slechte
kwaliteit van leven en slechte slaapkwaliteit is niet bevestigd in dit proefschrift.
De hypothesen waren gebaseerd op eerdere studies die het korte termijneffect van slaap deprivatie hebben onderzocht. Terwijl de loodsen in onze studies subjectieve slaapklachten rapporteerden, was het schadelijke effect van
slaapverstoring op cognitie en amyloid opstapeling afwezig in alle drie studies
die we hebben uitgevoerd.
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patroon van slaapverstoring bij de loodsen, gekenmerkt door een werkweek
met slaapverstoring gevolgd door een week rust. Bovendien laten de piloten
zien dat ze zelfs tijdens de werkweek compensatiemaatregelen nemen. De slaapstoornis is daarom niet continu. Dit kan erop wijzen dat de schadelijke effecten
van langdurige slaapverstoring kunnen worden gecompenseerd. We moeten
dus voorzichtig zijn met het identificeren van slechte slaap als een van de risico
factoren voor de ziekte van Alzheimer, vooral als we het geïsoleerd bekijken.
Slechte slaap alleen is misschien geen risicofactor maar kan in combinatie met
andere risico factoren (genetica, levensstijl, bloeddruk, vasculaire gezondheid
etc.) nog steeds een rol spelen in Alzheimer gerelateerde processen.

Wat weten wij nu?
De loodsen hebben:
•
•
•
•
•
•

geen cognitief tekort (op lange en korte termijn)
wel subjectieve slaapklachten (vooral tijdens een werkweek)
normale slaap tijdens rust periodes
geen opstapeling van amyloid
geen tekenen van vroege dementie, stemmingsklachten, of verlaagd
levenskwaliteit op oudere leeftijd
compensatiestrategie ontwikkeld om onder moeilijke omstandigheden
(werkweek) voldoende diep te kunnen slapen

Mogelijke verklaringen voor onze bevindingen
De specifieke intensiteit en het uniek patroon van slaapverstoring in de populatie (loodsen) die wij hebben bestudeerd is mogelijk de belangrijkste verklaring
voor wat we gevonden hebben. Het afwisselende patroon van een werkweek
met verstoorde slaap gevolgd door een week met onbeperkte slaap in combinatie met de compensatiestrategieën van de loodsen tijdens een werkweek,
kan het ontbreken van amyloid-β opstapeling en het gebrek aan cognitieve
tekorten verklaren. De periode van onbeperkte slaap kan voldoende zijn geweest om mogelijk verhoogd amyloid in de hersenen weer af te breken naar een
normaal level. Daarnaast hebben de loodsen dus excellente compensatie strategieën ontwikkeld waardoor ze zelfs tijdens werkweken voldoende diepe slaap
generen. Dit zou betekenen dat het misschien niet nodig is om slaap volledig te
normaliseren om het risico op Alzheimer te verminderen. Slaapmetingen thuis
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tijdens kortere totale slaap tijd (TST) en slaapfragmentatie tijdens een werkweek. De diepe slaap is daarom wellicht onvoldoende verstoord geweest om te
resulteren in verhoogd opstapeling van amyloid of cognitieve achteruitgang.
De mate waarin slaapverlies cognitieve functies beperkt is verder beïnvloed
door verschillende aspecten zoals leeftijd, geslacht, en de mate van compensatiemechanismen. Deze compensatiestrategieën, die we in de ANCHOR-studie
(hoofdstuk 6) hebben ontdekt, kunnen de loodsen in de loop der jaren hebben
ontwikkeld, zodat ze tijdens de werkweken diep genoeg kunnen slapen om hun
werk succesvol ui te kunnen voeren.
Slaapverstoring als enkele factor kan dus onvoldoende zijn om het Alzheimer
risico te verhogen, maar verlangt een combinatie met andere risicofactoren. De
relatie tussen slaapverstoring en de ziekte van Alzheimer kan wellicht worden
versterkt door gedeelde paden die zowel slaap als ook Alzheimer beïnvloeden
(zie ook pagina 139-141). Het verband tussen slechte slaap en Alzheimer kan
verder worden verklaard door omgekeerde causaliteit, waarbij intrinsieke
oorzaken van slaapstoornissen preklinische symptomen zijn van een neurodegeneratieve ziekte die zich jaren later manifesteert en Alzheimer én slaap
beïnvloedt. Deze theorieën kunnen verklaren waarom slaapverlies door een
extrinsieke oorzaak (ploegendienst) en slechte slaap alléén (zoals bij de loodsen)
niet tot een verhoogd Alzheimer-risico leid.

Wetenschappelijke implicaties & toekomstig onderzoek
Omdat onderzoeken naar de lange termijneffecten van extrinsieke slaapverstoring op cognitieve functies en de opstapeling van amyloid schaars zijn, is verder
onderzoek in andere populaties nodig om onze bevindingen te bevestigen en
uit te breiden om uiteindelijk de rol van slaap als geïsoleerde risicofactor voor
Alzheimer gerelateerde processen te verduidelijken.
De loodsen (SCHIP-studie) gaan in de toekomst nog deelnemen aan longitudinale
vervolgstudies waarin cognitieve functies op verschillende tijdstippen (om de 5
jaar) worden onderzocht om de voortgang van mogelijke cognitieve achteruitgang te bekijken. Omdat uit verschillende studies bekend is dat er ook andere
processen in de hersenen een rol spelen bij de ziekte van Alzheimer dan alleen
de amyloid opstapeling willen wij bovendien de loodsen opnieuw uitnodigen
naar het Radboudumc om uitgebreide MRI-onderzoeken te ondergaan voor
verder onderzoek naar cerebrale kenmerken, hersenvolume en algemene

8

vasculaire gezondheid.
156

Appendices

Deutsche Zusammenfassung
Die Alzheimer Krankheit
Die Alzheimer-Krankheit ist die häufigste Form der Demenz und betrifft derzeit
36 Millionen

Menschen weltweit. Bisher gibt es wenig Hoffnung auf erfolgreiche
pharmakologische Behandlungen der Krankheit. Die Ansammlung des Proteins
Amyloid-β im Gehirn ist nach der Amyloid-Kaskaden-Hypothese einer der Hauptgründe für die Entwicklung und das Fortschreiten der Alzheimer-Krankheit.
Das Protein reichert sich außerhalb der Gehirnzellen an und bildet in höheren
Konzentrationen Plaques. Diese Plaques führen zu einer Störung der Informationsverarbeitung und letztendlich zu den typischen Alzheimer-Symptomen
wie Gedächtnisverlust, Orientierungslosigkeit, Stimmungsschwankungen und
Schlafstörungen.

Schlaf und Alzheimer
Obwohl Gedächtnisbeschwerden und Orientierungslosigkeit für die Alzheimer-Krankheit charakteristisch sind, leiden etwa 44% der Patienten auch an
Schlafstörungen. Alzheimer-Patienten haben Schwierigkeiten beim Einschlafen
und wachen nachts häufig auf, wodurch sie tagsüber mehr schlafen und nachts
weniger tief schlafen. Ein Absterben der Nervenzellen (Neurodegeneration), in
den für die Schlaf- und Wachregulierung verantwortlichen Hirnregionen kann
die Ursache für die häufigen Schlafstörungen bei Alzheimer-Patienten sein. Jüngste Forschungsergebnisse legen jedoch nahe, dass schlechter Schlaf nicht nur ein
Symptom oder eine frühe präklinische Manifestation der Krankheit ist, sondern
dass schlechter Schlaf auch ein Risikofaktor sein kann, der zur Entwicklung der
Krankheit beiträgt. Studien haben gezeigt, dass Probanden nach Schlafentzug
(eine Nacht) höhere Konzentrationen des Proteins (Amyloid-β) im Gehirn zeigten,
verglichen mit Probanden die die Nacht durchschliefen. Mit zunehmendem
Wach-sein steigt auch die Amyloid Konzentration im Gehirn. Es scheint also,
dass sich schlechter Schlaf und Alzheimer in einem bidirektionalen Teufelskreis
gegenseitig verstärken (siehe auch S. 3-5).
Rezente Studien haben bereits einen Zusammenhang zwischen Schlafstörungen
und einem erhöhten Alzheimer-Risiko bewiesen. Dabei spielt insbesondere der
Tiefschlaf eine Rolle. Studien haben ebenfalls gezeigt, dass diese Schlafphase
für die Anreicherung von Amyloid-β am wichtigsten ist, da während dieser
Schlafphase weniger Amyloid produziert wird oder das Gehirn von allen Abfall-
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produkten (wie z.B. Amyloid) befreit wird. Schlafstörungen über viele Jahre
könnten demzufolge zu höheren Amyloid-β Konzentrationen im Gehirn führen
und damit das Risiko für Alzheimer-bedingte Neurodegeneration erhöhen und
somit auch den Verlust von kognitiven Funktionen verursachen. Diese Studien
beschränkten sich jedoch auf akute Auswirkungen von Schlafentzug und konzentrierten sich auf kurzfristige Auswirkungen (1 oder 2 Nächte Schlafentzug).
Im Gegensatz dazu sind Langzeitstudien rar und eingeschränkt durch die Dauer
der Schlafstörung die untersucht wurde und die Methodik und Rekrutierung
der Probanden in den verschiedenen Studien. Die Auswirkungen von langfristigem Schlafverlust auf Alzheimer-bedingte kognitive Defizite und die Amyloid-β
Anhäufung wurden unseres Wissens bisher noch nicht untersucht.
Ziel meiner Dissertation ist es daher, die Auswirkungen von langfristigem, durch
Schichtdienst beeinflussten unregelmäßigem Schlaf auf kognitive Funktionen,
Amyloid-β Akkumulation und das allgemeine Altern weiter zu untersuchen,
um zu testen, ob wiederholte Episoden von arbeitsbedingten Schlafstörungen
zu einem erhöhten Alzheimer Risiko führen. Wir haben dies mit Hilfe von drei
verschiedenen Studien in mehreren Gruppen von Hafen-Lotsen durchgeführt,
die aufgrund ihrer unregelmäßigen Arbeit mit langfristigen Schlafstörungen zu
kämpfen haben (detaillierte Informationen zu den Probanden siehe S.6-7
& Kapitel 2).

Zusammenfassung & Resultate
In Kapitel 2 und 3 wird die die SCHIP-Studie (Sleep-Cognition-Hypothesis
In maritime Pilots) beschrieben. In der SCHIP-Studie untersuchten wir die
Auswirkungen von langfristigen, arbeitsbedingten Schlafstörungen auf kognitive Funktionen und die Anhäufung von Amyloid-β im Gehirn bei einer Gruppe
von Lotsen (n = 19) mittleren Alters (50 - 60 Jahre). Es zeigte sich, dass Lotsen
während der Arbeitswochen mehr fragmentierten Schlaf und weniger tiefen
Schlaf haben (gemessen mit PSQI, Aktigraphie und EEG). Die Ergebnisse der
neuropsychologischen Untersuchung zeigen jedoch, dass die Lotsen nicht
schlechter abschneiden als die Kontrollgruppe (Probanden ohne Schlafverlust).
Aufgrund der langfristigen Schlafstörungen erwarteten wir, dass die Lotsen
erhöhte Amyloid-β Konzentrationen in ihrem Gehirn aufweisen würden. Jedoch
waren alle (n = 19) amyloid PET-CT-Scans negativ und wiesen keine Anzeichen
für erhöhte Amyloid Konzentrationen auf. Diese Ergebnisse haben möglicherweise mit der ausreichenden Menge an Tiefschlaf während der Ruhezeiten der
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Lotsen zu tun und können darauf hinweisen, dass diese Ruhezeiten von entscheidender Bedeutung für die Erholung und Wiederherstellung der Auswirkungen
von Schlafstörungen auf die Amyloid-β Ansammlung sind. Während der Ruhezeiten zeigen die Lotsen nämlich ein normales Schlafmuster (gemessen mit EEG
und Polysomnographie im Schlaflabor). Daraus lässt sich schlussfolgern, dass
die Lotsen in der Lage sind, genügend Tiefschlaf zu erzeugen, wenn sie die Zeit
und die Möglichkeit dazu bekommen. Der gute Schlaf während der Ruhezeiten
kann auch ein Hinweis auf Kompensationsmechanismen für vorhergehenden
schlechten Schlaf (während der Arbeitswoche) sein. Wir haben diese Hypothese
in Kapitel 6 weiter untersucht.

Da die Probanden-Gruppe der SCHIP-Studie relativ jung war, fragten
wir uns, was die Konsequenzen einer langfristigen Bloßstellung an
arbeitsbedingten Schlafstörungen in einer älteren Gruppe Lotsen
sind.
Kapitel 4 wird die BATAVIA-Studie beschrieben (Being Awake Throughout
Adulthood affects Vitality In Aging), für welche wir eine ältere Gruppe (> 60
Jahre) pensionierter Lotsen rekrutiert haben. In der BATAVIA-Studie haben wir
die Auswirkungen einer langfristigen Bloßstellung an arbeitsbedingte Schlafstörungen auf kognitive Funktionen (frühzeitige Symptomen von Demenz),
Schlafqualität, Stimmung, Lebensqualität und das Altern im Allgemeinen untersucht. In der Gruppe die wir untersucht haben, wurde kein Zusammenhang
zwischen > 25 Jahren arbeitsbedingten Schlafstörungen und frühen Symptomen
von Demenz, kognitiven Defiziten oder schlechter Lebensqualität gefunden. In
Bezug auf die Schlafqualität, hat die Mehrheit unserer Probanden nach mehr
als 25 Jahren unregelmäßiger Arbeits- und Schlafzeiten sich wieder an das
normale Schlaf-Wach-Verhalten anpassen können und zeigt sich, dass die lange
Bloßstellung an arbeitsbedingte Schlafstörungen keinen Einfluss auf die spätere
Schlafqualität (in höherem Alter) zu haben scheint.

Aber welche akuten Auswirkungen haben arbeitsbedingte
Schlafstörungen auf kognitive Funktionen?
In Kapitel 5 wird die CRUISE-Studie beschrieben (Cognitions Relationship to
Unfrequent and Irregular Sleep Events), in der wir die akuten Auswirkungen
einer durch Schlafstörungen gekennzeichneten Arbeitswoche auf kognitive
Funktionen in einer jüngeren (30-50 Jahre) Gruppe von Lotsen untersucht
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haben. Jüngste Studien haben gezeigt, dass Schlafverlust kurzfristig negative
Auswirkungen auf kognitive Funktionen haben kann, während Tiefschlaf die
Speicherung von Erinnerungen geradezu verbessert. Basierend auf diesen Studien erwarteten wir, dass eine Arbeitswoche mit unregelmäßigem Schlafverhalten zu einer Verschlechterung des Gedächtnisses und/oder einer Verzögerung
der Reaktionen führen würde. Obwohl die Lotsen während einer Arbeitswoche
über viele Schlafbeschwerden und einige subjektive kognitive Beschwerden
berichteten, schneiden sie bei den kognitiven Tests nicht schlechter ab als die
Kontrollgruppe.
Man kann daher die Schlussfolgerung ziehen, dass trotz einiger subjektiven
kognitiven Beschwerden und Schlafbeschwerden, keine akuten objektiven
kognitiven Defizite auftreten. Die Beziehung zwischen Schlaf und kognitiven
Beschwerden bleibt jedoch komplex und zukünftige Studien sollten größere
Gruppen an Probanden untersuchen, um unsere Ergebnisse zu erweitern oder
zu bestätigen.

Was haben alle Gruppen gemeinsam? Den Schlaf. Wie sieht der
eigentlich genau aus?
In Kapitel 6 wird die ANCHOR-Studie beschrieben (Assessing Nightly Components Highly Operative to Recovery). Hierfür haben wir uns die Schlafarchitektur der Lotsen während einer Arbeitswoche und einer Ruhewoche angesehen.
Hierzu wurden Schlafmessungen aus der ersten Studie (SCHIP-Studie) benutzt.
Diese Schlafmessungen wurden mit dem SmartSleep Gerät der Firma Philips
durchgeführt, welches durch Hilfe einer EEG Elektrode Schlaf messen und unterscheiden kann zwischen wach sein, leichtem Schlaf und Tiefschlaf. Wir haben
herausgefunden, dass der Prozentsatz der Tiefschlafzeit während einer Arbeitswoche ab ungefähr dem dritten Arbeitstag zuzunehmen scheint. Der Prozentsatz steigt dann weiter an bis ungefähr zum zweiten freien Tag der Woche.
Es zeigte sich, dass die Lotsen scheinbar in der Lage sind, effektiver zu schlafen,
selbst wenn die Dauer der Schichtarbeits-bedingten Schlafstörungen zunimmt.
Dies weist darauf hin, dass die Lotsen exzellente Kompensierungs-Strategien
besitzen, weil sie möglicherweise auch unter fragmentierten Schlafbedingungen (während der Arbeitswoche) ausreichend tief schlafen können, was auch
das Fehlen der Amyloid-β Akkumulation und die allgemeine kognitive Fitness
dieser Gruppe erklären könnte.
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Schlussfolgerungen
Die Hypothese, dass anhaltende arbeitsbedingte Schlafstörungen zu einem
frühen kognitiven Defizit und einer Akkumulation von Amyloid-β im Gehirn
und/oder einer schlechten Lebensqualität und einer schlechten Schlafqualität führen, wurde in dieser Dissertation nicht bestätigt. Unsere Hypothesen
basierten auf früheren Studien, in denen die kurzfristigen, akuten Auswirkungen von Schlafentzug untersucht wurden. Obwohl die Lotsen über subjektive
Schlafbeschwerden berichten, konnten wir in unseren Studien die schädlichen
Auswirkungen von langfristigen, durch Schichtarbeit beeinflusste Schlafstörungen auf kognitive Funktionen und Amyloid-β Akkumulation nicht beweisen.
Was unsere Ergebnisse allerdings erklären könnte, ist das abwechselnde Muster
der Schlafarchitektur der Lotsen, welches gekennzeichnet ist durch eine Arbeitswoche mit Schlafstörungen, gefolgt von einer Ruhe-Woche. Zusätzlich zeigen
die Lotsen, dass sie auch während der Arbeitswoche bereits Kompensierungsmaßnahmen treffen. Die Schlafstörung ist daher nicht kontinuierlich und
könnte darauf hindeuten, dass die schädlichen Wirkungen einer Langzeitschlafstörung ausgeglichen werden können durch Kompensierungsmechanismen
und Aufholen des Tiefschlafes nachdem die Schlafstörung aufgetreten ist. Wir
müssen also vorsichtig sein, wenn wir schlechten Schlaf als einen der Risikofaktoren für die Alzheimer-Krankheit identifizieren, insbesondere wenn wir ihn
isoliert betrachten. Schlechter Schlaf allein ist möglicherweise kein Risikofaktor, kann aber in Kombination mit anderen Risikofaktoren (Genetik, Lebensstil,
Blutdruck, Gefäßgesundheit usw.) immer noch eine Rolle bei Alzheimer-Erkrankungs-Prozessen spielen.
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Was wissen wir jetzt?
Die Lotsen zeigen:
•
•
•
•
•
•

keine kognitiven Defizite (langfristig und kurzfristig)
subjektive Schlafbeschwerden (insbesondere während einer Arbeitswoche)
normalen Schlaf während der Ruhezeit
keine Anreicherung von Amyloid-β
keine Anzeichen einer frühen Demenz, Stimmungsschwankungen oder
einer verminderten Lebensqualität in höherem Alter
Kompensierungs-Strategien, um unter schwierigen Bedingungen (Arbeitswoche) einen angemessenen Tiefschlaf zu gewährleisten

Mögliche Erklärungen für unsere Ergebnisse
Die spezifische Intensität und das Muster der arbeitsbedingten Schlafstörung
in der Probanden-Gruppe (Lotsen), die wir untersucht haben, ist wahrscheinlich die wichtigste Erklärung für unsere Resultate. Das abwechselnde Muster
einer Arbeitswoche mit Schlafstörungen, gefolgt von einer Woche mit uneingeschränktem Schlaf in Kombination mit den Kompensierungsmechanismen
der Lotsen während der Arbeitswoche, könnte die fehlende Anhäufung von
Amyloid-β und das Fehlen kognitiver Defizite erklären. Die Zeit des unbegrenzten Schlafes kann durchaus ausreichend gewesen sein, um möglicherweise
erhöhtes Amyloid-β im Gehirn auf ein normales Niveau abzubauen. Darüber
hinaus haben die Lotsen hervorragende Kompensationsstrategien entwickelt,
wodurch sie auch während der Arbeitswochen ausreichend Tiefschlaf erzeugen
können. Dies würde bedeuten, dass es nicht erforderlich ist, den Schlaf vollständig zu normalisieren um das Alzheimer-Risiko zu verringern. Schlafmessungen
(EEG) während einer Arbeitswoche zeigen, dass die Lotsen auch bei kürzerer
Gesamtschlafzeit und Schlaffragmentierung noch genügend Tiefschlaf erreichen.
Der Tiefschlaf war daher möglicherweise nicht ausreichend gestört, um zu einer
erhöhten Anhäufung von Amyloid oder zu kognitiven Beschwerden zu führen.
Inwieweit Schlafverlust die kognitiven Funktionen einschränkt, wird weiterhin von verschiedenen Aspekten wie Alter, Geschlecht und dem Ausmaß bzw.
der Fähigkeit Kompensationsmechanismen zu entwickeln, beeinflusst. Diese
Kompensierungsstrategien, die wir in der ANCHOR Studie (Kapitel 6) entdeckt
haben, haben die Lotsen möglicherweise im Laufe der Jahre entwickelt, damit
sie auch während der Arbeitswochen ausreichend tief schlafen können um
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erfolgreich ihre Arbeit ausführen zu können.
Schlechter Schlaf als einzelner Faktor reicht daher möglicherweise nicht aus
um das Alzheimer-Risiko zu erhöhen, erfordert jedoch ein Zusammenspiel
mit anderen Risikofaktoren. Die Beziehung zwischen Schlaf und der Alzheimer-Krankheit kann daher möglicherweise intensiviert werden, durch Faktoren
die sowohl den Schlaf als auch das Alzheimer-Risiko beeinflussen (siehe S.
139-141). Der Zusammenhang zwischen Schlafstörungen und Alzheimer kann
auch durch umgekehrte Kausalität weiter erklärt werden, bei der die intrinsischen Ursachen für Schlafstörungen präklinische Symptome einer neurodegenerativen Erkrankung sind, die sich Jahre später manifestiert und Alzheimer
und Schlaf betrifft. Diese Theorien können erklären, warum Schlafverlust aufgrund einer äußeren Ursache (Schicht-Arbeit) und schlechter Schlaf allein (wie
bei den Lotsen) nicht zu einem erhöhten Alzheimer-Risiko führen.

Wissenschaftliche Implikationen & zukünftige Forschung
Da Studien zu den Langzeiteffekten des extrinsischen Schlafverlustes auf kognitive Funktion und Amyloid-β Akkumulation rar sind, sind weitere Studien
in anderen Populationen erforderlich, um unsere Ergebnisse zu bestätigen
und/oder zu erweitern um Schlaf als isolierten Risikofaktor für die Alzheimer
Entwicklung zu klären.
Die Lotsen (SCHIP-Studie) werden zukünftig an Follow-Up-Studien teilnehmen,
in denen kognitive Funktionen zu unterschiedlichen Zeitpunkten (alle 5 Jahre)
untersucht werden, um den Fortschritt eines möglichen kognitiven Rückgangs
festzustellen. Da verschiedene Studien gezeigt haben, dass neben der Amyloid
Anhäufung (Amyloid-Kaskaden-Hypothese), auch andere Prozesse im Gehirn
eine Rolle bei der Alzheimer-Krankheit spielen, werden wir die Lotsen erneut
in das Radboudumc einladen, um sich umfangreichen MRT-Untersuchungen
zu unterziehen zur weiteren Erforschung der zerebralen Eigenschaften, des
Gehirnvolumens und der allgemeinen Gefäßgesundheit.
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vragen en jouw advies op al mijn stukken. Als iemand dit boek helemaal heeft
gelezen dan ben jij het wel. Dankjewel dat je ondanks de hele krappe deadline
met mij aan dit boek gewerkt hebt, ondanks de bloed, zweet en tranen (vooral
van mijn kant) hebben we er echt iets tofs van gemaakt! Op naar het volgende
avontuur!<3
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Thank you for the meaningful collaboration
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About the Author
Jana is passionate about helping
people. With her interest in brain
related disorders, she wants to
find out where diseases originate
and is keen to help people live and
cope with the consequences. The
combination of health care and
research drives her. She goes all
the way for her visions and goals
with perseverance until she and
the people around her are satisfied, a trait that characterizes her
in professional and personal life.
Ever since she moved to the Netherlands, she is constantly making new experiences, expanding her comfort zone and is eager to gain more knowledge every
day. A toolkit that she continues to expand to reach her goals. A good dose of
humor (despite her German origins) ensures that she always has a positive attitude and outlook on life.
Jana was born in Benrath, Düsseldorf, located in the West of Germany on the
26th of July in 1990. She grew up in a small village called Baumberg and finished
pre-university education at the Otto-Hahn Gymnasium in Monheim in 2010.
While searching for the right study program, Jana went to the Netherlands to
discover more possibilities. After an open day at Maastricht University she fell
in love with the country and the town Maastricht. So, she went abroad, learned
the language and started studying Psychology in Dutch at Maastricht University.
During the Bachelor, she received the propodeuse for her first year. In 2013 she
went abroad to Aarhus, Denmark, for the Maastricht Research Based Learning
(MARBLE) project at Aarhus University Hospital, where she conducted research
about the effect of oxytocin on social interaction. She published a paper as coauthor about this project in 2016. Jana then extended the Bachelor with a Master in
Neuropsychology, also at Maastricht University. During her Masters she wanted
to explore clinical work and research and decided to do a combined internship
at Adelante, a rehabilitation clinic for people with acquired brain injury (ABI).
During this internship she enjoyed working with patients and was fascinated
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by the work of the clinical neuropsychologists and their research projects. She
conducted her own research with patients from the clinic about the role of
personality on experiencing everyday challenges after ABI. During her Master
she learned a lot about the brain and was especially fascinated by the aging brain
and Alzheimer’s disease. After finishing her Masters, she wanted to do a PhD
to further elaborate on brain research and Alzheimer related processes. While
she was orienting herself for interesting PhD positions, she got in touch with
Jurgen Claassen and came to the Radboud University Medical Center in Nijmegen for a chat and a coffee. After this chat she was invited to work on a project as
research assistant at the Radboudumc. She worked as research assistant for one
year in which she collected data for the SCHIP study, investigating the effect of
chronic sleep disruption on Alzheimer-related cognitive functions and amyloid
accumulation. This led to the start of her PhD project, Jana was able to create a
PhD position for herself for 2.5 years. During her PhD she was supervised by dr.
Jurgen Claassen and prof. dr. Marcel Olde Rikkert.
In the nearby future, she will hopefully be able to partly work as postdoc at the
Radboudumc, where she would be involved in follow-up studies of her PhD projects and new sleep and Alzheimer related studies for which she is now trying
to generate necessary funding. She is also learning to become a clinical neuropsychologist for which
she started working as
neuropsychologist at
Archipel Zorggroep in
Eindhoven.
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CV | Portfolio
Courses		
MAY 2019

Scientific Writing

DEC 2018

Management for PhD students

AUG 2018

Case Control Studies @ Erasmus Summer School

JUN 2018

Analytic Storytelling

JUN 2018

BROK

APR 2018

Mindfulness voor promovendi

FEB 2018

Scientific Integrity

Disseminations and conferences
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JUL 2020

Alzheimer’s Association International Conference (AAIC), REMOTE
Poster presentation & oral pitch ‘Long-term effects of work-related sleep
disruption on cognitive function and brain amyloid concentration’

NOV 2019

SLAAP Conference, Ermelo, NL
Oral pitch presentation & poster presentation ‘Long-term effects of
work-related sleep disruption on cognitive function and brain amyloid
concentration’

APR 2018

Society for Light Treatment and Biological Rhythms (SLTBR), Groningen,
NL
Poster presentation ‘The effects of long-term sleep disruption on AD risk
in maritime pilots’

MAR 2018

Update @ Kempenhaeghe, Heeze, NL
Invited oral presentation ‘Sleep deprivation and Alzheimer’s disease
pathology’

NOV 2017

SLAAP, Ermelo, NL
Poster presentation & jury decision for oral pitch about the SCHIP study

JUL 2017

Alzheimer’s Association International Conference (AAIC), London, UK
Poster presentation ‘The effect of chronic poor sleep on cognition of
healthy, middle aged men’

MAY 2017

Swiss Society for Sleep Research, Sleep Medicine & Chronobiology
(SSSSC), Lugano, Switzerland
Invited oral presentation ‘Sleep deprivation and Alzheimer’s pathology’
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Other activities
2020		
		

Presentation about mastering a PhD at the Radboudumc during the 		
Introduction day for new personnel

2019-2020

Chair of research meeting (OZB) of the department

2019-2020
		

Participating in the ‘Meet-your-PhD week’ for first year bachelor 		
students and supervision thereof

2019		

Assisting with peer review for scientific journal

2019		

Supervision of students for grant proposal project

2019		

Shadowing a maritime pilot

2019		

Attending brain surgery at Radboudumc - shadowing a brain surgeon

2018-2019

Supervision of interns – medical students & psychology students

Collaborations
2017		

Cambridge Cognition, CANTAB application for the CRUISE study

2016-2020

Sleep lab Kempenhaeghe for SCHIP study sleep measurements

2019-2020

Philips SmartSleep headband for sleep measurements of the SCHIP study

2016-2020
		

Nederlandse Loodswezen for participant recruitment and data collection
location

Prizes & Certificates
2020		

NWO open call xs application

2019		

LOGO certificate

2018		

BROK certificate

2017 		

Piet Visser Posterprijs (Poster at SLAAP conference)

2017		

Alzheimer Nederland Travel Grant (AAIC)

2015 		

Basisaantekeningen Psychodiagnostiek (BAPD)

2013

MARBLE certificate

2012		

Propodeuse

2011

NT2 Staatsexamen Nederlands
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Research Data Management Statement
Results of the studies described in this thesis are based on human studies, which
were conducted according to and in compliance with the good clinical practice
guidelines and the code of ethics of the world medical association (Declaration of Helsinki). All studies were approved by the institutional review board
(IRB) (CMO Arnhem-Nijmegen). All participants were informed about the study
purposes beforehand and signed written informed consent forms for taking
part in the studies. Data collection and management of the studies described in
this thesis are based on the FAIR principles, to improve Findability, Accessibility,
Interoperability and Reuse of data. Individual research codes for each participant assured privacy protection of all our participants. The key files for these
codes are stored separately to the research data dossiers.
Data derived from questionnaires were imported into the Castor EDC database,
which is a locked electronic dossier database for research data. Amyloid PET-CT
scans were taken at the Radboudumc department for Radiology and Nuclear
Medicine and stored as patient data in the patients’ medical record database
(Epic). From Epic, the data was exported to the analysis program Osirix DICOM
viewer for visual analysis and to FSL (FMRIB) for SUVR calculations. Subsequently the data was stored on the secured Radboudumc department specific
drive. Data from the SmartSleep device was stored on the device itself, retrieved
with a secured program and digitally stored on the Radboudumc department
specific drive. Only researchers involved in the study were given access to this
server.
Raw study data is further archived according to the guidelines of the Radboud
University Medical Center Geriatrics department and will be preserved up to 15
years after termination of each study individually. Digital files of this study data
and analyses of the study data is stored on the K-drive of the Radboud University
Medical Center department server: K\Afgesloten projecten\Sleep (Jana Thomas).
This server is only accessible upon official request. Researchers or collaborators
that are interested in reviewing this data are welcome to contact the head of the
department Marcel Olde Rikkert (Marcel.OldeRikkert@radboudumc.nl) or the
authors of the studies directly.
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Donders Graduate School for Cognition and Neuroscience
For a successful research institute, it is vital to train the next generation pf young
scientists. To achieve this goal, the Donders Institute for Brain, Cognition and
Behavior established the Donders Graduate School for Cognitive Neuroscience
(DGCN), which was officially recognized as a national graduate school in 2009.
The Graduate School covers training at both Master’s and PhD level and provides
an excellent educational context fully aligned with the research program of the
Donders Institute.
The school successfully attracts highly talented national and international
students in biology, physics, psycholinguistics, psychology, behavioral sciences,
medicine and related disciplines. Selective admission and assessment centers
guarantee the enrolment of the best and most motivated students.
The DGCN tracks the career of PhD graduates carefully. More than 50% of PhD
alumni show continuation in academia with postdoc positions at top institutes worldwide, e.g. Stanford University, University of Oxford, University of
Cambridge, UCL London, MPI Leipzig, Hanyang University in South Korea,
NTNU Norway, University of Illinois, North Western University, Northeastern
University in Boston, ETH Zürich, University of Vienna etc. Positions outside
academia spread among the following sectors: specialists in a medical environment, mainly genetics, geriatrics, psychiatry and neurology. Specialists in a
psychological environment, e.g. as specialist in neuropsychology, psychological
diagnostics or therapy. Positions in higher education as coordinators or lecturers.
A smaller percentage enters business as research consultants, analysts or head
of research and development.; Fewer graduates stay in a research environment
as lab coordinators, technical support or policy advisors. Upcoming possibilities
are positions in the IT sector and management position in pharmaceutical industry. In general, the PhD graduates almost invariably continue with high-quality
positions that play an important role in our knowledge economy.
For more information on the DGCN as well as past and upcoming defenses please
visit: http://www.ru.nl/donders/graduate-school/phd/
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