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This thesis discusses the role of sleep in neurodegenerative diseases and related brain 
outcomes, studied from a population perspective. Here I will discuss the main findings 
across studies, and highlight several methodological considerations relevant for inter-
preting our findings.

REVIEW OF FINDINGS

Sleep in the general population

We described self-reported sleep characteristics across all ages using population-based 
cohorts from the Netherlands, investigated their potential determinants and compared 
these sleep characteristics across countries and assessment methods (see Chapter 2.1). 
Using the National Sleep Foundation sleep duration recommendations1 as a benchmark, 
we concluded that most people sleep for an acceptable duration. More importantly, 
sleep complaints or impaired sleep quality were more common than deviations of self-
reported total sleep time from age-appropriate recommendations, across countries. 
Also, sleep characteristics assessed objectively through physiologic data systematically 
differed from subjective assessments.

Focusing on middle-aged and elderly individuals, an increased focus of research and 
public health professionals to increase sleep quality, not only duration,2 seems relevant 
to improve sleep, and potentially related ‘cognitive, physical and emotional health prob-
lems’1 that may arise from poor sleep. However, we found that poor subjective sleep 
quality did not increase the risk of dementia in an elderly population. Recent studies 
showed that treating insomnia symptoms in adults through digital cognitive behav-
ioral therapy for insomnia can reduce mental health problems,3,4 of which application to 
older adults should be further studied. However, findings suggest that sleep problems 
when assessed subjectively are not necessarily related to an increased risk of all-cause 
dementia or Alzheimer’s disease (see Chapter 3.1). This is not to say that ameliorating 
insomnia symptoms, or improving sleep quality, has no value.

Although most persons report a sleep duration deemed acceptable for their age, 
we could not adequately address questions regarding sleep deprivation, sleep debt or 
chronic sleep loss at a population level. These constructs are well not captured by one 
measurement of self-reported sleep characteristics. But more importantly, the discrep-
ancy between self-reported and objective measurements5 indicates that we are prob-
ably looking at more than sleep per se when judging self-reports on a population-based 
scale (also see Methodological considerations, paragraph on ‘Subjective versus objec-
tive measurements’). Sleep characteristics that can be quantified using physiologic data, 
e.g. total sleep time, may be less adequately assessed using subjective, self-reported 
measurements.5,6 It suggests we need to either recalibrate the whole debate to objec-
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tive measures, or shift our focus more towards the constructs that are inherently validly 
measured through subjective appraisal.

Further research should investigate to what extent targeting individuals that report 
extreme durations or time in bed for their age and sex, or certain subgroups as those 
identified in this chapter, may yield improvement in sleep and well-being, and in health 
outcomes.

Sleep and dementia

We found no association of subjective sleep quality, measured with the Pittsburgh Sleep 
Quality Index (PSQI), with the risk of all-cause or Alzheimer’s disease dementia over 13 
years of follow-up (see Chapter 3.1). Moreover, PSQI components, including the often-
investigated parameters of self-reported sleep duration and efficiency, were also not 
related to dementia risk. We discussed that potential biases do not seem to explain our 
negative findings, which are, however, largely inconsistent with meta-analyzed results.7-9 
On the one hand this suggests that chance may have played a role, on the other hand 
meta-analysis authors have cautioned for potential publication bias.7 Interestingly, the 
most recent meta-analysis showed that there was no association of poor sleep with risk 
of cognitive disorders including dementia when the analysis was restricted to longer 
follow-up studies (>10 years). This suggests reverse causation, or the effect of preclinical 
or prodromal dementia on sleep at baseline, may have driven the largely positive results. 
Repeating survival analysis across studies, using our approach of time-stratified analyses 
on individual-level data may be an important next step to assess such effects (see Meth-
odological considerations, paragraph ‘Reverse causation’).

While self-reported sleep quality was not associated with dementia risk, we found a 
relation of having objectively disturbed sleep with increased dementia risk (see Chapter 
3.2). Evidently, subjective and objective measurements of sleep differ. Finding only an 
association using actigraphy-estimated sleep suggests that some disturbances are not 
recognized or not experienced as problematic by participants. Presence of prodromal 
subtle cognitive problems may hinder recognizing poor or short sleep, or contribute 
to downplaying issues with sleep, possibly to avoid further enquiry.10 Yet, we cannot 
exclude that participants or their spouses may be aware of sleep problems relevant to 
dementia risk. Beyond awareness of sleep problems, we could also not determine to 
what extent prioritizing sleep, or negligence of sleep, contributed to increased demen-
tia risk.

Besides sleep, we also investigated actigraphy-estimated 24-hour activity rhythms in 
relation to risk of dementia, identified as a knowledge gap in Chapter 2.2.11-13 We found 
no relation of fragmented or unstable 24-hour activity rhythms with incident dementia 
or Alzheimer’s disease. Yet, we found associations of a phase advance of sleep with inci-
dent dementia only in the next 2 years of follow-up, and of a stronger association of an 
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earlier ‘lights out’ time with incident dementia in short versus longer follow-up durations. 
These findings suggest that underlying neurodegeneration, or concomitant behavioral 
or neuropsychiatric disease features disturb the 24-hour activity rhythm closely before 
the diagnosis, not vice versa. This is not in line with prevailing interpretations of mostly 
cross-sectional data in previous reviews.11-13 We feel repeated studies similar to ours are 
necessary. Also, future studies may consider investigating determinants of ‘lights out’ 
time as a novel indicator of dementia risk, with the objective to determine whether this 
symptom is indicative of behavior choices or of underlying circadian disruption.14

We discussed which neurobiological correlates may potentially confound the as-
sociations of actigraphy-estimated nighttime wakefulness and higher risk of dementia, 
especially Alzheimer’s disease (see Chapter 3.2). Here, I provide a brief background for 
one potentially important factor hypothesized to have a bidirectional relation with sleep 
disturbances: Disease-related neurodegenerative pathology.

Alzheimer’s disease is characterized pathologically by plaques of beta-amyloid and 
tau neurofibrillary tangles. When Alzheimer’s disease is clinically diagnosed, patients 
(or relatives) often also report sleep or circadian disturbances. Such disturbances are 
not only a consequence of the disease but have been hypothesized to independently 
contribute to development of progression or the disease.11-13,15-17 Studies have especially 
focused on the role of sleep, and extended wakefulness, in beta-amyloid metabolism. 
Animal studies show that beta-amyloid concentrations in interstitial fluid fluctuate with 
sleep and wake.18 Sleep has been hypothesized to drive beta-amyloid clearance,19 while 
wakefulness drives beta-amyloid production through neuronal activity.20,21 Human 
observational and experimental studies mostly confirm this regulatory role of sleep on 
beta-amyloid concentrations,22-28 and also sleep’s role in regulating concentrations of 
pathological tau proteins relevant to Alzheimer’s disease pathogenesis.29-33 The relation 
of sleep disturbances with Alzheimer’s disease pathology is likely bidirectional.15

Against this background, determining an association of sleep with incident neurode-
generative disease requires accounting for neurodegenerative pathology at baseline to 
obtain unbiased results. We discussed the possibility of such confounding (see Chapter 
3.2), and addressed it by investigating the cross-sectional relation of sleep with biomark-
ers of neurodegenerative disease (see Chapter 4.1). Interestingly, we found that sleep 
and biomarkers were unrelated. This seemed unattributable to poor validity of our bio-
markers measurements, as another recent study in our cohort found that higher NfL and 
lower Ab-42 in plasma were associated with an increased risk of all-cause dementia and 
Alzheimer’s disease in non-demented individuals.34 We do not know to what extent our 
plasma-based measurements may have not picked up small, strategic neurodegenera-
tive changes in sleep-wake regulating regions in brainstem and prefrontal regions.16,35,36 
Further research may focus on such local lesions using neuroimaging methods. Never-
theless, findings suggests that neurodegenerative pathologies including those related 
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to Alzheimer’s disease were not likely a confounder, or a mediator, of the association of 
actigraphy-estimated sleep disturbances with dementia risk. Thus, at the same time, to 
explain the link between sleep disturbances and dementia risk we feel it is warranted to 
look beyond Alzheimer’s disease pathology.16 After all, beta-amyloid and tau pathology 
are not sufficient37 causes for developing clinical Alzheimer’s disease dementia.38,39 Also, 
other pathophysiological processes in the brain play a role in dementia,32,40 that may also 
disturb sleep. Interestingly, some of these processes have also been described to occur 
as a consequence of disturbed sleep, e.g. excitotoxic activity or hyperexcitability, neuro-
inflammation, DNA damage, oxidative stress, or impaired glucose metabolism.41-46 This 
overlap argues that we further investigating these factors as potential confounders, or 
mediators, of the link of sleep disturbances with risk of dementia in the general popula-
tion.

This thesis further studied two such neurobiological correlates. We first determined 
sleep’s relation with glymphatic functioning as indicated by the structural appearance 
of the perivascular space on magnetic resonance imaging (MRI; see Chapter 4.2). Similar 
to findings for plasma biomarkers, we found no consistent associations of poor sleep 
with higher perivascular space burden on MRI. Contrary to findings from the small num-
ber of previous studies on this topic, we found an association of higher sleep efficiency 
with higher perivascular space count in the centrum semiovale, i.e. an association in 
the opposite direction. Results could be explained by, among others, perivascular space 
count indicating brain physiological aspects beneficial to sleep, and we suggest further 
study of this surprising finding.

We also determined the association of sleep with brain functioning measured with 
resting-state fMRI (see Chapter 4.3). This method probes the functional organiza-
tion of the brain and may represent subtle global or regional brain changes possibly 
relevant to neurodegeneration.47-49 We found that longer total sleep time, measured 
with polysomnography and also actigraphy, was associated with a lower BOLD-signal 
amplitude, driven by prefrontal brain regions. The significance of this finding to risk of 
neurodegenerative disease remains unclear, although it seems limited as the absolute 
amount of actigraphy-estimated total sleep time was not associated with dementia risk 
(see Chapter 3.2).

Together, the neurobiological correlates investigated in chapter 4 could not explain 
the relation of actigraphy-estimated poor sleep with increased dementia risk (see 
Chapter 3.2). Further study of neurobiological correlates potentially confounding or 
mediating the sleep-dementia link is needed to learn what sleep characteristics, if any, 
contribute to risk of dementia in middle-aged and elderly persons.
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Sleep and Parkinson’s disease

We found that poor sleep quality and short sleep duration increase the risk of Parkin-
son’s disease only in the first 2 years of follow-up, but not thereafter (see Chapter 3.3). 
Analyses over repeated measurements of sleep showed that a deterioration of sleep, i.e. 
a shortening of duration and a decrease in quality, was related to developing Parkin-
son’s disease. These observations are congruent with sleep being a prodromal feature 
of Parkinson’s disease. This interpretation also fits with neuropathological findings in 
the model proposed by Braak and colleagues, stating the involvement of sleep-wake 
regulating brain regions before onset of motor symptoms.50-53

We could not determine if specific sleep disorders drove our findings. Rapid eye move-
ment sleep behavior disorder (RBD) may be considered a likely candidate as it occurs 
in around 30% of patients around diagnosis54,55 and is highly specific to developing 
Parkinson’s disease or related synucleinopathies.56 Yet, current limited evidence sug-
gests persons with RBD in the general population do not report their sleep as shorter 
or poorer than otherwise healthy individuals,57 and may even report longer sleep du-
rations. If, however, RBD precedes Parkinson’s disease by over a decade, it could be 
involved in higher baseline levels of self-reported sleep duration and quality that make 
for steeper declines in these constructs when prodromal disease sets in. Alternatively, 
obstructive sleep apnea (OSA) has also been reported to precede Parkinson’s disease in 
registry-based studies.58 We feel further study of the involvement of OSA in the etiology 
of Parkinson’s disease, and as driver of our findings is warranted based on several ob-
servations. First, the etiology of obstructive respiratory events strongly involves factors 
related to the airways, and not only central nervous system integrity. It may therefore 
be less susceptible to potential reverse causation effects than other sleep disorders in 
its relation to risk of neurodegenerative disease. Second, sequelae of OSA may poten-
tially impact Parkinson’s disease and its pathological features.59,60 Third, a meta-analysis 
showed that OSA may be less prevalent in early Parkinson’s disease cases versus con-
trols,61 which seems incongruent with Parkinson’s disease as the primary cause of OSA. 
This has been attributed to increased rigidity in the upper airway reduces sleep-related 
collapse and obstructive events around the time of diagnosis.58 However, most studies 
reporting a link of OSA and incident Parkinson’s disease are registry-based studies which 
may be prone to diagnostic bias,58 supporting the need for population-based prospec-
tive cohort studies implementing multimodal ascertainment of Parkinson’s disease.

Further research into the role of sleep disturbances as marker of prodromal Parkinson’s 
disease, or as potential risk factors to disease development seems warranted. To this 
end, population-based, prospective cohort studies such as the Rotterdam Study, that 
implement aforementioned ascertainment for incident disease as well as measurement 
of endophenotypes such as gait or symptoms of brady- or hypokinesia or rigidity, may 
well complement findings from cohort with individuals with RBD. Future studies may 
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also want to determine to what extent our results are generalizable to patients with 
early-onset Parkinson’s disease.

METHODOLOGICAL CONSIDERATIONS

Sleep seems to be a highly variable phenomenon between persons and over time (see 
Chapter 2.1).1,62 As hinted on in the ‘General introduction’ of this thesis, how normal we 
think sleep is contrasts sharply with how poorly we understand sleep in terms of its 
causes and consequences. This lack of knowledge is what makes sleep an interesting 
topic to study, especially in a population-based setting. At the same time, this inherently 
involves making several assumptions, some of which are not explicitly mentioned in the 
discussion sections of each chapter. The focus of this thesis was mainly on determining 
sleep’s consequences. Here I further discuss sleep’s neurobiological underpinnings and 
measurements, and how these are relevant to interpret the link with risk of neurodegen-
erative disease.

Multidimensionality of sleep

Sleep is a complex process or state, involving the orchestrated activity of diverse neu-
ronal populations across the entire brain.50,63,64 The dominant model for understanding 
how sleep and wake fluctuate at a systems level is the two-process model: Sleep depends 
on an interaction between a sleep homeostatic process and a circadian timing process.65 
Sleep homeostasis compensates sleep loss with extra sleep, operates throughout the 
brain and is indicated by slow-wave activity on the sleep electroencephalogram. Cir-
cadian timing is characterized at a cellular level by expression of proteins that inhibit 
their own production, fluctuating with a period of about 24-hours.11 The master clock 
in the hypothalamic suprachiasmatic nucleus integrates circadian rhythms throughout 
the body.66 Various brain nuclei and projections throughout the brainstem, frontal lobe 
and limbic system, using different neurotransmitter and hormonal systems, effectuate 
aforementioned processes.50

The approach to study this intangible process is ‘multidimensional’, reflected by the 
variety of levels, neurobiological to psychological, or characteristics on which sleep is 
measured.63 Sleep can be appreciated through e.g. subjective appraisal, lack of move-
ment, or slow-wave activity on electro-encephalography, all of which can estimate the 
same quantifiable characteristics such as total sleep time.63 In line with this multidimen-
sionality, we measured sleep using self-report, actigraphy in combination with diaries, 
or polysomnography, or a combination of these where deemed possible or appropriate.

Please note that our population-based measures were largely not designed to diagnose 
participants with sleep disorders, or in a larger sense, to identify persons with disordered 
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or deficient sleep versus ‘normal’ sleep (the ‘tip of the iceberg’ of sleep disturbances). 
Analogously, we studied sleep characteristics on a continuous scale, assuming that this 
conveyed information on subclinical but relevant abnormal sleep. Also, we assumed 
that our single measurements were to some extent stable over time and thus indicative 
of chronic exposure to a certain level of normal/abnormal, or good/poor, sleep.

Subjective versus objective measurements

Subjective measurements of sleep have been preferred in large-scale studies for their 
ease of administration and low costs. In general, subjective appraisal is inherently valu-
able as it expresses well-being. In sleep research, such measures are also relevant as 
they may drive seeking healthcare, and signal sleep problems that matter to individuals. 
Objectively measured sleep can only explain a part of the subjective appraisal of sleep’s 
quality.67,68 The role of subjective evaluation in sleep medicine, for example in insomnia 
diagnosis and treatment,69 is, and remains, important regardless of increasing techno-
logical advances.

Yet, subjective quantification of sleep characteristics such as total sleep time may sub-
stantially differ from those obtained by methods taking physiological measurements, 
e.g. actigraphy.6,70 This disagreement itself could of course be of interest, e.g. to assess 
insomnia severity.67 Nevertheless, disagreement between methods is not random and 
may introduce bias.6,71 If we are primarily interested in studying e.g. total sleep time, 
a characteristic best quantified physiologically, use of self-reported total sleep time 
means it will be misclassified and as such may introduce bias and hamper etiological 
inference. This issue is eloquently voiced by Bianchi and colleagues, who also highlight 
that using self-reported total sleep time increases the potential for confounding by 
unknown factors leading to systematically over- or underestimated total sleep time.5 
Especially cognition should be considered here. The importance of cognitive processes 
for reporting sleep is well illustrated by a study showing consistent differences for dif-
ferent constructs according to using a direct or indirect method of querying sleep.72 
Cognitive impairment may further reduce the validity of self-reporting sleep (see 
discussion of Chapter 3.1), possibly so that persons with lower cognitive functioning 
overstate their actigraphy-estimated sleep duration,6 and patients with Alzheimer’s 
disease underreport problematic sleeping in the face of evidently poor sleep estimated 
with actigraphy.10 Besides cognition, affective factors are also relevant, as self-reported 
total sleep time is inextricably linked to mood.6,73,74 Health-related factors as discussed 
by researchers from the Sleep Heart Health Study are also important to consider.75

We encountered inaccuracy in self-reporting time-related sleep characteristics in 
our meta-analysis (see Chapter 2.1), where up to 10% of individuals in some cohorts 
reported longer total sleep time than their time spent in bed. Moreover, this disagree-
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ment in methods determined the difference in findings with regard to dementia risk in 
this thesis (see Chapters 3.1 and 3.2).

Some researchers respond to these inherent limitations of self-reported sleep data by 
carefully discussing these challenges, while others advocate we radically stop querying 
self-reported total sleep time.5 We discussed possible biases and, where possible, used 
more objective methods to quantify sleep. Also, not knowing what determines these 
self-reported measures precludes actionable, preventive interventions to benefit public 
health when studying these measures (see paragraph “From sleep epidemiology to 
prevention”).76

Reverse causation

Alzheimer’s disease, the most common form of dementia, and Parkinson’s disease 
are degenerative diseases hypothesized to be present long before diagnosis can be 
made.52,53,77 Prospective cohort studies using structured repeated assessments show 
that subtle cognitive or motor deficits are already appreciable for up to a decade 
before the diagnosis in patients versus controls.78-80 Besides typical disease-related 
characteristics, more non-specific neuropsychiatric symptoms may also be present in 
this prediagnostic phase, such as depressive symptoms,78,81,82 or physical inactivity for 
Alzheimer’s disease.83,84 When such factors are investigated as potential risk factors 
for incident dementia in non-demented individuals followed up over time, they may 
temporally precede a dementia diagnosis and be labeled a risk factor when truly there 
is no causal relation. Instead, the temporal relation is causal but reversed, which can 
also be thought of as confounding by the underlying pathological processes. Sleep is 
also subject to this phenomenon. Neurodegenerative pathology may directly influence 
brain regions that generate or propagate sleep,36,85,86 or may affect sleep and 24-hour 
activity rhythms through other prodromal or non-specific symptoms or signs, e.g. physi-
cal inactivity, apathy, decreased light exposure.

We examined potential reverse causation by stratifying analyses on follow-up time, 
simulating premature study endings. We restricted follow-up to the first e.g. 2 years after 
baseline, censoring all at-risk participants, and then incrementally increased follow-up  
from 2 years towards the duration of the overall follow-up, simulating shorter-duration 
studies within our own study. We did not exclude the first years of follow-up, selecting 
persons on not getting the outcome for the first e.g. 2 years, which has been described 
to potentially lead to selection bias.87 We assumed that a decrease in strength of effect 
sizes with increasing follow-up time indicates preclinical or prodromal disease disturb-
ing sleep at baseline (see Chapter 3.3).

This analytical approach to reverse causation seems worthwhile to pursue in an 
individual-participant data framework on sleep and incident dementia, as done by oth-
ers,83 to tease out to what extent studies suffer from reverse causation.7-9 Importantly, 
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stratifying existing studies on median total follow-up time as previously performed7,9 is 
a less sensible approach to examine potential reverse causation, as single risk estimates 
averaged over long study follow-up may still be driven only by a strong relation in the 
first few years of follow-up.

Please note that aforementioned approach to detect reverse causation only shows a 
temporal relation, and cannot prove reverse causation. This means that a typical pat-
tern indicating reverse causation does not prove the absence of any causal effect of 
the exposure on the outcome. The exposure may also be a step in a multistage process 
that harms only in a certain opportune window. Evidence for such a multistage process, 
requiring accumulation of several sequential pathological ‘hits’, may be found in inci-
dence data in prospective cohorts for dementia.88 Also, a temporal relation indicative of 
reverse causation does not exclude the possibility of confounding of the relation of the 
exposure and risk of the outcome by genuine, unknown risk factors.

From sleep epidemiology towards prevention or treatment

Epidemiological studies not only aim to provide quantifiable insight into the etiology of 
disease but also to contribute information to prevent disease. This second step should 
be highlighted to show that identifying risk factors does not necessarily allow taking 
preventive action.89 A difference between the two can be identified within the potential 
outcomes framework, or counterfactual framework, of causal inference.90 The difference 
is that the sleep exposures studied by epidemiologists may differ from what is reason-
ably intervened upon to change that exposure.

Take the following example: Reducing high BMI may seem like a reasonable objective 
in public health. Yet, different interventions to reduce BMI tackle different underlying 
biological processes. Examples include giving lifestyle advice, prescribing diets, per-
forming bariatric surgery, but also amputating a limb.91,92 Amputation seems effective to 
reduce BMI, yet everybody would agree it would not reduce risk of cardiovascular out-
comes or mortality. Why not? Clearly, the underlying biological substrates of increased 
BMI, its directly identifiable upstream causes, increase the risk, not necessarily BMI itself. 
Considering BMI as risk factor for mortality still lacks the actionable information needed 
to inform public health policies.

As discussed earlier, sleep is a process involving various neurobiological and neu-
rotransmitter systems, and is pragmatically measured across multiple dimensions. 
Analogous to the BMI example, this suggest a potential for a disconnect between 
observational exposures and potential interventions. Let’s pretend that we performed 
the perfect observational study on the relation of actigraphy-estimated sleep with de-
mentia risk, and found an association of short total sleep time with increased dementia 
risk. How do we then increase total sleep time, and will this reduce dementia incidence? 
Pharmacological interventions, typically sedative hypnotics, may not necessarily mimic 
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naturalistic sleep.93 Interventions such as cognitive behavioral therapies are designed 
to address dysfunctional thoughts or behaviors regarding sleep. This may renormalize a 
short total sleep time, yet problematic cognition or behavior may have not necessarily 
been the problem underlying short total sleep time. Moreover, behavioral changes to 
increase sleep, i.e. deciding to get more sleep, is only indirectly achieved by extending 
sleep opportunity in the hopes of getting more sleep.

Even if we studied an exposure that was more clearly defined in terms of the underly-
ing biology, e.g. slow-wave sleep, there may still be a disconnect between observational 
exposure and potential interventions. Pharmacological interventions that enhance 
slow-wave activity and therefore slow-wave sleep, may differ in other effects that differ-
entially relate to the outcome under study.94 Specifically enhancing slow-wave activity 
during sleep may also be achieved through waking activities (meditation, cognitive ac-
tivity, physical activity), sensory stimulation during sleep (acoustic, olfactory, vestibular 
stimuli), or non-invasive transcranial electromagnetic stimulation.95 Interestingly, these 
different interventions are also associated with a better performance on cognitive tasks,95 
even in older adults,96 supporting a key role for slow-wave activity or sleep in cognition 
and providing a basis for targeted treatment or prevention of cognitive impairments.

A more thorough understanding of the neurobiological determinants of sleep may 
help to design interventions towards preventative action. This does however not pre-
clude that appropriate interventions may have a different effect than what was derived 
from observational studies.97

Identifying a risk factor in observational studies is a process of reasonably excluding 
biases and chance and then accepting that whatever remains is the causal relation of 
that exposure with your outcome. Aforementioned example suggests that not only is 
short total sleep time not defined well enough in terms of its corresponding interven-
tion, but that this lack of specificity in its definition is hampering our ability to know to 
what extent our association is unconfounded.92 This principle seems to apply not only to 
total sleep time but to a number of sleep exposures in epidemiological studies, includ-
ing ours. It is therefore important to stress that current sleep epidemiological findings 
should be considered more an important first step than research efforts lacking action-
able information. Epidemiologists advocating the use of well-defined interventions in 
the potential outcomes framework are in my opinion advocating pragmatism, and as 
such may understand that current population-based studies pragmatically investigate 
sleep through feasible measures first. If no relation exists, valuable resources are better 
invested elsewhere.

Threats to validity of sleep findings

Several threats, or biases, may have affected the validity of the findings in this thesis. 
These concern confounding, selection bias, and information bias as threats to interval 
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validity, and limited generalizability. We tried to account for these potential biases in the 
analysis phase, or discussed them, per chapter. Here, I want to briefly highlight the issues 
of confounding, and generalizability.

Confounding indicates that a third factor, a cause of both the exposure and outcome, 
distorts their relation.98 Confounding in observational research is ubiquitous. Recogniz-
ing the potential for confounding, trying to reduce confounding or at least discuss the 
potential for confounding based on someone’s expert knowledge is a prerequisite in any 
attempt to produce methodologically sound results.99 Selection of potential confound-
ers was informed on literature where possible.98 Further studies on what determines our 
population-based measures of sleep, especially brain determinants, seems important to 
improve adequate control for confounding in future.

The importance of recognizing potential confounding in observational sleep research 
is illustrated by an example focused on the rare, neurodegenerative disease Fatal Fa-
milial Insomnia (FFI). This disease involves abnormal folding of the brain’s own prion 
proteins, related to a specific genetic polymorphism in the gene encoding prion protein. 
It is characterized by a progressive, severe lack of sleep, and patients often die within a 
year of diagnosis. One thus observes a lack of sleep linked to a high mortality rate. While 
sleep disturbance can certainly impact health and well-being, and may contribute to an 
increased risk of dying, the apparent association of sleep disturbance in FFI with high 
mortality is likely confounded by the underlying neurodegenerative process. Sleep dis-
turbances in FFI are therefore not proof that a lack of sleep is life-threatening in humans.

As a rule of thumb, one should be very critical in interpreting observational associa-
tions as causal. This is especially important as aforementioned example may lead families 
of patients with FFI to believe that treating sleep disturbances may have prolonged the 
life of their loved one, for which currently no evidence exists. I find this an interesting 
example as it featured in the popular book on sleep “Why We Sleep” by Matthew Walker 
published in 2017,100 which evoked criticisms in the form of blogs on social media,101,102 
and a sportsman-like response by the author.103 It is also of personal interest as I have 
been in personal contact with patients with prion disease and their families, during my 
work as physician for the Dutch National Prion Registry. Having witnessed how espe-
cially family members deal with scarce information available on these severe disorders, 
I find it all the more important that the information on possible treatments is accurate.

Regarding generalizability, studies embedded in the Rotterdam Study were based on 
predominantly individuals from European descent, with a middle-to-high income.104 We 
found that subjective appraisal of sleep was poorer in the US compared to the Nether-
lands and the UK (see Chapter 2.1). Interestingly, meta-analyses on the relation of mostly 
self-reported sleep characteristics with dementia and Alzheimer’s disease risk showed 
that results obtained from European studies were similar to those from North-American 
studies.7,9 Nevertheless, cross-cultural heterogeneity in the social timing of sleep and 
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its role in daily life,105 especially in aged individuals studied in this thesis, may limit the 
generalizability of our findings.

IMPLICATIONS

Clinical

We aimed to study sleep’s role in the etiology of neurodegenerative disease, in a 
population-based setting, and studied sleep mostly in otherwise healthy individuals. 
Therefore, findings have limited implications for patients and healthcare professionals. 
Nevertheless, several points may be of clinical interest.

First, descriptive sleep data from our meta-analysis provides a data-driven view on ex-
tremes in sleep, e.g. through percentile curves, which may be used as an evidence-based 
starting point to actively screen for underlying sleep disorders. Cut-offs are applicable to 
the general population, and further evaluation of their accuracy and overall usefulness 
in more selected populations, e.g. patients visiting a general practitioner with a sleep 
complaint or something related, or visiting a sleep clinic, should be performed.

Our data show that sleep complaints are common, especially with increasing age in 
older adults, providing a potential target for sleep improvement at the population level. 
At the same time, the same data can be interpreted as sleep problems being something 
‘normal’. If indeed sleep complaints, after evaluation by a healthcare professional, are 
not in need of further diagnostic tests or therapeutic interventions, our data could be 
used to reassure individuals with sleep complaints that their problems are common.

Second, dementia patients and their families can be informed that poor sleep in late 
life is associated with an increased risk of dementia, or vice versa, that poor sleep may 
precede a diagnosis of dementia by years. This may not necessarily be reflected in sub-
jective appraisal of sleep, although we did not investigate whether in retrospect sleep 
problems may be recognized. Also, our results show that typical changes in 24-hour 
activity rhythms that may constitute prodromal dementia features are an advance in 
sleep phase and earlier bedtime. Explaining these disease-related changes to patients 
and loved ones may help them gain a sense of understanding of, and therefore perhaps 
control over, the very serious problems they are faced with.

Third, patients with Parkinson’s disease with questions regarding sleep could be 
informed that having more sleep complaints and reporting a shorter sleep duration are 
prodromal features of the disease that may occur on average at least two years before 
a diagnosis.

Although we could not reasonably show relations of sleep and incident outcomes 
that indicate a causal effect, optimizing sleep and circadian rhythms seem reasonably 
inexpensive secondary treatment goals, that matter to patients or caregivers. Enquiring 
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about perceived sleep problems seems warranted, for which Dutch healthcare profes-
sionals may find the structured NHG-standaard approach useful.106

Public health

Our meta-analysis results show what is ‘normal’ for different sleep characteristics, dif-
ferent from the expert recommendations of the US National Sleep Foundation about 
what constitutes ‘good’ sleep. This provides an alternative, more pragmatic benchmark 
for future sleep studies. Our findings show that sleep complaints are common and not 
necessarily explained by aberrant sleep times. An association of more insomnia symp-
toms with above-normal time in bed suggests a place for interventions to reduce the 
time in bed as used in insomnia disorder treatment, i.e. non-pharmacological, cognitive-
behavioral interventions. Education is a key part of such interventions, so large-scale 
education of the public seems at first glance a potentially efficacious route to try and 
shift the population distribution of insomnia symptoms. Debunking false myths about 
sleep that have public health sleep significance107 may be part of that approach. Pos-
sibly, as mentioned above, providing state-of-the-art cognitive behavioral therapy for 
insomnia via digital channels may provide a scalable alternative to effectively reduce 
insomnia complaints and related mental health problems.3,4

Important caveats that should be kept in mind is that digital health interventions may 
not reach elderly persons, especially the more vulnerable, cognitively impaired persons 
who are expected to have substantial benefit.108,109 Nevertheless, use of smartphone in 
elderly persons seems to be on the rise, at least in the Netherlands,110 and with it may 
come increased openness to engage with digital health solutions. Also, an important 
caveat in any attempt to communicate the importance of sleep to the general public is 
that attention to sleep equals worry about sleep, which is bad for sleep.

Future research

Designing future sleep research focused on etiology of neurodegenerative diseases may 
be well informed by thinking about the most optimal observational study, with infinite 
resources at our disposal, that may be performed to support causal claims.

Ideally, we would need a large-scale (10,000+ participants) cohort study, that from 
midlife onwards111 repeatedly measures sleep with polysomnography and actigraphy, 
measure state-of-the-art, disease-related brain markers (CSF, blood, non-invasive 
neuroimaging), combined with continuous follow-up to diagnose neurodegenerative 
disease. Imaging approaches may focus on specific sleep-regulatory nuclei such as the 
locus coeruleus,112-114 which shows Alzheimer’s disease-related tau pathology early in 
life,35,115 and may play a role in RBD, a sleep disorder specific to development of alpha-
synucleinopathies.116 Functional imaging approaches would need to ensure simulta-
neous vigilance/sleep measurement, e.g. by combining fMRI/EEG to properly assess 
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sleep’s role in functional changes of the brain across time.117 Measuring from mid-life 
onwards may help establish a potential window of opportunity for preventive action.118 
Polysomnography must include a screening approach to further evaluate persons with 
possible RBD. Data analysis may include implementing causal inference methods, e.g. 
g-methods to deal with unmeasured confounding and time-varying confounding,119 or 
a 4-way decomposition analysis to deconstruct the potential interaction and mediation 
of sleep with Alzheimer’s disease pathology on risk of dementia.120,121

Unfortunately, this sleep study will remain a dream. Until then, we need to investigate 
both determinants as well as consequences of sleep in the general middle-aged and 
elderly population. Important avenues to pursue are linking brain structure and func-
tion to objective sleep and 24-hour activity rhythm characteristics, and leverage genetic 
data to establish the biological basis of our sleep measures, for which there is increasing 
attention.122 Both approaches are probably best executed in collaboration, such as the 
ENIGMA consortium for sleep neuroimaging studies, or setting up new collaborations 
to achieve large sample sizes for much-anticipated genome-wide associations studies 
on objective sleep and 24-hour activity rhythm phenotypes. Understanding the link of 
sleep and dementia may also be better achieved by using Mendelian randomization,123 
or leveraging genetic risk scores, to assess the associations of genetic correlates of 
certain sleep characteristics with dementia risk and vice versa. Using repeated measures 
of sleep to investigate what determines trajectories of sleep in aging will help elucidate 
relevant underlying factors in the context of slowly progressive neurodegenerative dis-
eases. Yet, most importantly, one of the key first steps towards better understanding the 
potential causal role of sleep disturbances in dementia is to account for disease-related 
neuropathological factors. Our approach using plasma-based biomarkers is an example 
of a feasible design to study this in large, population-based samples.

Besides pragmatic studies on the risk of neurodegenerative disease and related neuro-
biological correlates, several assumptions regarding the relation of sleep and Alzheimer’s 
disease pathology should also be addressed. These mostly concern the translation of 
laboratory findings to a ‘real world’ setting. For example, it is unclear how effects of acute 
sleep deprivation on pathology relate to the often less severe but chronic disturbances 
observed in real-life. For example, a 5-day chronic sleep restriction regime differed from 
acute sleep deprivation in microglia activation in mice,44 and the history of sleep may be 
carried forward and help determine behavioral performance days later.124 It is therefore 
unclear if a) chronic disturbances equate repeated acute disturbances, i.e. repeatedly 
elevate beta-amyloid levels, and if b) this leads to higher rates of plaque deposition, and 
if c) this leads to accelerated cognitive and functional deterioration. Acute excesses of 
beta-amyloid may also be adequately removed from interstitial or cerebrospinal fluid 
compartments,125 and partial sleep deprivation in humans to 5 nights of 4 hours did not 

16 Erasmus Medical Center Rotterdam



elevate beta-amyloid isoforms or other biomarkers of detrimental processes in cerebro-
spinal fluid or plasma.126,127

Population-based studies may also provide insights into how sleep determines 
Alzheimer’s disease pathology over time. Yet, so far only one study determined lon-
gitudinal changes in amyloid deposition.128 Authors reported that excessive daytime 
sleepiness in non-demented individuals increased amyloid deposition over 2.2 years 
on average. Potential confounding was discussed but not yet taken into account in the 
analyses.

CONCLUSION

We conclude that sleep complaints are common in elderly persons, more so than an 
inadequate sleep duration. Poor sleep was associated with incident neurodegenerative 
disease. In the case of self-reported sleep quality and duration in relation with Parkinson’s 
disease, patterns of associations suggest that poor sleep is a prodromal feature of the 
disease, whereas in the case of actigraphy-estimated nighttime wakefulness preceding 
all-cause dementia and Alzheimer’s disease, the link seemed not explained by known 
potential confounders.
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