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Overview

Insomnia Disorder is the second most common mental disorder in Europe.1 At least 7% 
of the general population chronically experiences poor sleep accompanied by daytime 
consequences.2 In spite of its high prevalence, still very little known about its underlying 
causes. The present thesis aims to deepen our knowledge of Insomnia Disorder along the 
four prerequisites for its diagnosis, with a focus on sleep-permissive factors and the everyday 
life environment. This introductory chapter first briefly outlines how the four prerequisites 
for a diagnosis of Insomnia Disorder shape the general aims of the thesis. Subsequently, 
this introduction lists the more specific questions addressed and methods applied in 
each of the chapters. An in-depth discussion on the role of sleep-permissive factors is not 
included in this introduction, because it is extensively covered in the systematic review 
presented in the second chapter.

A first prerequisite for a diagnosis of Insomnia Disorder is that people report difficulties 
initiating or maintaining sleep or early morning awakening.3,4 Typically, the subjective 
perception of a lack of sleep is much worse than would be suggested by simultaneously 
recorded sleep during a night of polysomnography, a phenomenon called misperception.5,6 
Whatever the reasons of the discrepancy between objective sleep duration and subjective 
sleep duration may be, it is clear that people with Insomnia Disorder do not experience the 
time they spend in bed as pleasant. What is less clear, is whether the objective-subjective 
discrepancy of sleep night is equally present at home as in the lab, and consistent across 
nights. A first aim of the present thesis therefore is to evaluate whether we can validly 
assess sleep state misperception in the natural everyday life environment, and if so, to 
subsequently better characterize the night-to-night consistency or variability of the 
discrepancy.

Insomnia Disorder involves more than only complaints about sleep. A second prerequisite 
for a diagnosis of Insomnia Disorder is that people have to experience difficulties with 
enjoying everyday life, as indicated by a large variety of subjective complaints about 
daytime functioning.3,4 The daytime complaints are attributed to the experienced sleep 
problems. Just like the discrepancy between subjective and objective sleep quality 
and quantity, there is a discrepancy between subjective and objective daytime deficits. 
While the daytime complaints are subjectively severe, objective assessments usually fail 
to demonstrate actual performance deficits in people with Insomnia Disorder. Even in 
meta-analyses, it is hard to find consistent performance deficits, and occasional findings 
sometimes even suggest enhanced performance.7 Apparently, people with Insomnia 
Disorder not only fail to enjoy their time in bed, they also fail to enjoy their daytime 
experiences. Concertedly, the consistent nocturnal and daytime discrepancies between 
objective measures and how they are experienced suggest that it may be valuable to 
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closer examine the evaluation of feelings of pleasure in Insomnia Disorder, a second aim 
of the present thesis. 

Attention to a possible deficit in the evaluation of feelings of pleasure, or hedonic 
processing, in Insomnia Disorder may seem a long stretch from what we know of sleep 
regulation. Hedonic processing however touches on a third prerequisite for a diagnosis of 
Insomnia Disorder: that sleep difficulties occur in spite of environmental conditions that 
permit sound sleep. While we have become familiar with the model that sleep is regulated 
by a circadian and a homeostatic process, we have all experienced that good sleep is 
ultimately also dependent on sleep-permissive conditions, like the possibility to lie down 
and close the eyes in a safe and ideally dark environment of comfortable temperature.8 
In other words, we sleep best if we’re both comfortable and not in need - exactly what 
hedonic processing is all about. Surprisingly, no previous study evaluated whether these 
two processes - respectively ‘liking’ and ‘wanting’ - are intact in people suffering from 
Insomnia Disorder.9,10 Adequate hedonic processing seems a requirement for the brain to 
assess whether environmental conditions that permit sound sleep. The third aim of the 
present thesis is therefore to evaluate whether people with Insomnia Disorder are equally 
sensitive to the sleep-permissive conditions of darkness, lying down, and attaining a 
sleep-conductive body temperature.

A final essential part of the diagnosis of Insomnia Disorder, the fourth prerequisite is that 
that the reported difficulties occur at least three times a week for at least three months.3,4 
Clinicians commonly ask people reporting with sleep complaints to retrospectively 
evaluate whether this is the case. This practice may not be optimally accurate, because 
people are likely to search for help only if they suffer most, i.e. if they currently experience 
the worst and most frequent complaints. Their retrospective reports are likely biased by 
their current suffering. Long-term ambulatory monitoring of sleep would thus be of value 
for a more accurate diagnosis by inspection of its development over the last months.

Since a few decades, estimates of multiple nights of sleep have been made with the 
use of actigraphy.11 Actigraphs are small wrist-worn recorders that assess movements and 
store a so-called activity count representing movement intensity, e.g. for every 30 second 
interval.12 Because immobility is a characteristic feature of sleep, algorithms have been 
developed to estimate whether sleep is probable at any time during the time series of such 
intervals with either absence of activity, or activity of a certain number of counts.12 These 
algorithms have been optimized for use in the general population, but only few studies 
addressed their validity to estimate sleep in people suffering from Insomnia Disorder. A 
fourth aim of the present thesis is therefore to optimize the ‘activity count algorithm’ for 
the estimation of sleep in Insomnia Disorder.

However, it should be noted that actigraphs usually record for a few weeks only, and 
would thus fall short of evaluating the full three-month period that is ideally evaluated 
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as part of diagnosing Insomnia Disorder. Recent technological developments have now 
brought us closer to the possibility of recording activity for three months, and in fact 
much longer.13 The smart watches that have become increasingly popular accommodate 
micro electro-mechanical systems (MEMS) accelerometry. If the signal recorded by these 
MEMS could reliably be translated into the so-called activity counts mentioned above, 
algorithms validated for actigraphic estimates of sleep could immediately be applied 
to obtain long-term sleep estimates across different smart watches. A fifth aim of the 
present thesis is therefore to optimize the transformation of MEMS-accelerometry signal 
into activity counts.

Chapter two systematically reviews the association of sleep and alertness with skin 
temperature. Because sleep-permissive factors strongly affect skin temperature, the 
factors might at least partly sort their effect through the established effects of skin 
temperature on vigilance.8 We discuss the nature of the associations, their meaning and 
its potential implications for vigilance regulation and sleep improvement. We stress that 
in addition to the well-known circadian clock mechanism and the homeostatic hourglass 
mechanism,14 sleep-permissive factors gate the effectiveness of signals from the clock and 
hourglass in the actual induction of sleep or maintenance of alert wakefulness. The review 
also discusses what is known about whether sleep deprivation and Insomnia Disorder 
alter the association between skin temperature and the state of vigilance. 

Chapter three evaluates whether people with Insomnia Disorder respond differently to 
sleep-permissive factors than good sleepers do. Three factors commonly associated with 
the initiation of sleep were evaluated: lying down; switching off the lights; and attaining 
a comfortable warm skin temperature profile that is homogeneous across the distal and 
proximal parts of the body. In a strictly controlled lab environment, we manipulate these 
factors to compare how they affect psychomotor vigilance performance, effort to perform 
a task, subjective sleepiness, and cardiac activity in people with Insomnia Disorder and 
controls without sleep complaints.

In chapters four and five, we continue our assessments in the ecologically more valid 
everyday life environment.15 Outdoor levels of sunlight can substantially exceed the 
levels we applied in a controlled lab environment in chapter three.16 Light has been 
reported to affect brain circuits involved in hedonic processing that may also be involved 
in Insomnia Disorder.17,18 One of two major dimensions of hedonic processing that have 
been distinguished has been coined wanting, which can be summarized as being in 
need. The other dimension has been termed liking, which can be summarized as being 
comfortable, pleased and satisfied. The brain circuits involved in these reward dimensions 
is affected by light and altered in Insomnia Disorder.19,20 In chapter four, we first assess 
the feasibility of simultaneous ambulatory assessment of light exposure, wanting and 
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liking in both young and aged people without sleep complaints by the integrated use of 
ecological momentary assessment and small sensors worn on the body.15 In chapter five, 
we subsequently apply the method to evaluate whether people with Insomnia Disorder 
differ from people without sleep complaints with respect to wanting and liking, and the 
sensitivity of these hedonic domains to fluctuations of light intensity that we experience 
in everyday life. 

Chapter six focuses on the long-term assessment of sleep in everyday life. Since a few 
decades, researchers and clinicians have complemented their use of single-night gold 
standard polysomnography with multi-day sleep estimates from actigraphs. Actigraphs 
are small devices worn on the wrist that measure movement and output so-called 
activity counts, which can be processed to estimate the likely presence of sleep.21 Recent 
developments in wearable devices for the consumer market,13 notably smart watches, 
have a high promise for sleep estimates in the general population, because these smart 
watches contain an accelerometer. In chapter six, we address how to best process the 
accelerometry signal of these devices to provide ‘activity counts’ that have been validated 
for sleep estimates.

Chapter seven continues on optimizing long-term assessment of sleep in everyday life. 
The chapter addresses actigraphic assessment of sleep in people with Insomnia Disorder. 
So far, optimization of the parameter settings of the algorithm that estimates the presence 
of sleep from activity counts has mostly taken place in people without sleep complaints. 
It has been noticed that use of these setting may be less accurate in distinguishing sleep 
and wake in patients with Insomnia Disorder than in people without sleep complaints.22 
We therefore simultaneously measure polysomnography and wrist activity to define 
optimally tuned parameters for more reliable actigraphic sleep estimates in people with 
Insomnia Disorder.

Chapter eight utilizes the optimized actigraphic sleep estimates determined in chapter 
seven, to address within-subject night-to-night variability in the discrepancy between 
objective sleep and subjectively experienced sleep known as sleep state misperception.6 
Actigraphy and subjective sleep diaries are collected in everyday life for seven days in 
people with Insomnia Disorder and controls without sleep complaints. We use data-driven 
analysis to evaluate whether there are different subtypes of misperception, defined by 
their profile of average misperception and variability of misperception across nights.

Finally, chapter nine summarizes the findings and discusses how they contribute to our 
knowledge of Insomnia Disorder along the four prerequisites for its diagnosis, within our 
focus of the role of sleep-permissive factors in the everyday life environment.
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Skin temperature, sleep and vigilance

Bart H.W. te Lindert
Eus J.W. van Someren

Handbook of Clinical Neurology 2018; 156:353-365
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A large number of studies showed a close association between the 24-hour rhythms 

in core body temperature and sleep propensity. More recently, studies have 

commenced to elucidate an intriguing association of sleep with skin temperature as 

well. The present chapter addresses the association of sleep and alertness with skin 

temperature. It discusses whether the association could reflect common underlying 

drivers of both sleep propensity and skin vasodilation; whether it could reflect 

efferents of sleep-regulating brain circuits to thermoregulatory circuits; and whether 

skin temperature could provide afferent input to sleep-regulating brain circuits. 

Sleep regulation and concomitant changes in skin temperature are systematically 

discussed and suggest three parallel factors: a circadian clock mechanism, a 

homeostatic hourglass mechanism, and a third set of sleep-permissive and wake-

promoting factors that gate the effectiveness of signals from the clock and hourglass 

in the actual induction of sleep or maintenance of alert wakefulness. The chapter 

moreover discusses how the association between skin temperature and arousal 

can change with sleep deprivation and insomnia. Finally it addresses whether the 

promising laboratory findings on the effects of skin temperature manipulations on 

vigilance can be applied to improve sleep in everyday life.



Skin temperature, sleep and vigilance

2

| 17

Introduction

Szymusiak 23 discussed the long-known association of sleep with the 24-hour rhythm 
in core body temperature. A growing number of studies commenced to elucidate an 
intriguing association of the sleep-wake rhythm with skin temperature as well. Like core 
body temperature, skin temperature shows a diurnal rhythm in synchrony with the rhythm 
in sleep and wakefulness. In fact, the declining part of the circadian rhythm in core body 
temperature is mainly determined by an increase skin blood fl ow. This increase results in a 
higher skin temperature, which facilitates heat loss to the environment 24.

The present chapter addresses the association of sleep with skin temperature in detail. 
For a detailed overview of the functional architecture of the thermoregulatory system, 
see Romanovsky 25. In general, the association between time-varying sleep and skin 

sensing	temperature	
effectua/ng	temperature	changes	

Brain

Body

Skin

Environment

sensing	sleep	pressure	
effectua/ng	sleep	

supine	posture	

sensing	temperature	
vasodila/on	>	skin	blood	flow	>	

skin	warming	

insulated	
microclimate	

2

3

1	

Sleep	Regula6on Thermoregula6on

Figure 1 - Schematic representation of three scenarios on how sleep and skin temperature could 
interact. From top to bottom, the scheme shows the levels of brain, body, skin and environment. 
Sleep regulation and thermoregulation are shown as columns side by side. A fi rst scenario is that a 
common central brain circuit aff ects both sleep and thermoregulation (1). In a second scenario (2), 
sleep-regulating brain circuits would project to thermoregulatory circuits. In the third scenario (3), 
changes in skin temperature - irrespective of whether they are internally or externally generated 
- would provide aff erent input to the brain circuits that regulate sleep and alertness, and aff ect 
their neuronal activity. Note that a sleep-consolidating loop may evolve because two behavioral 
measures that are part of eff ectuating sleep (taking a supine posture and creating an insulating 
microclimate) both enhance skin warming.
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temperature can reflect (a combination of ) three scenarios: first, changes in both variables 
are driven by changes in a common underlying third variable; second, changes in sleep 
drive changes in skin temperature; and third, changes in skin temperature could affect sleep 
(Figure 1). These three scenarios should be considered when evaluating the association of 
sleep with skin temperature. Each of the scenarios generates a different prediction for the 
outcome of experimental studies that manipulate sleep, skin temperature, or both.

The first scenario could occur if the hierarchically most central brain circuits that regulate 
the diurnal timing of sleep would not only top-down affect downstream sleep-effectuating 
circuits, but in parallel as well downstream thermoregulatory circuits. The second scenario 
would mean that sleep-effectuating circuits of the brain would themselves provide direct 
efferents to thermoregulatory circuits and affect their neuronal activity. And finally, the 
third scenario could occur if changes in skin temperature - irrespective of whether they 
are internally or externally generated - would provide afferent input to the brain circuits 
that regulate sleep and alertness, and affect their neuronal activity.

In order to be able to evaluate to what extent each of these three scenarios contributes 
to the association between sleep and skin temperature, the part “Sleep regulation: 
clock, hourglass and gates” first provides a concise overview of how sleep propensity 
and arousal state can be modulated across the 24-hour day by circadian, homeostatic, 
sleep-permissive and wake-promoting factors. The second part “Phenomenology of 
clock-, hourglass- and gate-associated changes in skin temperature” will discuss how skin 
temperature changes in association with changes in these three factors. Subsequently, the 
third part “The link between changes in skin temperature and arousal state” systematically 
discusses the different scenarios of causality between changes in skin temperature and 
changes in arousal state. This chapter closes with two practical parts. The first addresses 
whether disrupted sleep involves an altered link between skin temperature and arousal, 
and the second addresses whether skin temperature manipulations can be applied to 
improve sleep in practice.

Sleep regulation: clock, hourglass and gates

The ease of sleeping at any particular time of the 24-hr day has been proposed to involve 
two processes 14,26-28.

The first process is a circadian (circa=about, dies=day) process ‘C’ that promotes or 
inhibits sleep in a clock-like fashion according to the phase of the ~24 hr cycle 29. The 
central clock of our brain is located in the hypothalamic suprachiasmatic nucleus (SCN) 
and drives many physiological and behavioral rhythms including the promotion of sleep 
during one part of the circadian cycle and wakefulness during the other part. Moreover, 
molecular clock mechanisms are found in every single cell see review by 30. Temperature 
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can affect central and peripheral clock mechanisms 30,31. This is not surprising given the 
fact that the evolution of life on our rotating planet has always occurred in an environment 
with near-24 hr cyclic changes in environmental temperature as a result of heating up by 
radiation from the sun and cooling down during its nocturnal absence.

The second process is a homeostatic process ‘S’ that promotes sleep pressure increasingly 
according to the accumulated time awake in an hourglass-like fashion. While the pressure 
for sleep increases the longer we are awake, it dissipates during sleep. As soon as we wake 
up, the process starts over, like turning an hourglass at every transition between sleep 
and wakefulness 28,32-34. The neurobiological mechanisms underlying the hourglass could 
involve neuronal-activity dependent accumulation of interstitial adenosine 35, of synaptic 
density 36, and of cytokines 37.

Process ‘C’ and ‘S’ account for much of the variance in the probability of being asleep 
or awake at any particular time of day in laboratory conditions, and thus seem necessary 
components for sleep regulation. Less attention has been paid to the question whether 
these components are also sufficient to determine the probability to fall – or stay – asleep 
8. While this may seem to be the case, laboratory conditions hardly ever resemble the 
conditions of everyday life. From an evolutionary perspective, it seems necessary for 
an organism to check whether a few conditions other than appropriate sleep pressure 
according to ‘C’ and ‘S’ have been fulfilled prior to falling asleep. It is not wise to fall asleep 
in the presence of danger, e.g. of predators, or in the presence of scarce opportunities, like 
the presence of food that may be gone after a period of napping or sleep. It is likewise not 
wise to fall asleep in thermoregulatory challenging conditions. Prior to giving in to sleep, 
one would want to make sure that hyperthermia or hypothermia would not occur. This 
third type of gate-like processes has been coined ‘sleep-permissive and wake-promoting 
factors’ 8.

Phenomenology of clock-, hourglass- and gate-associated changes in skin 
temperature

Clock
A circadian modulation of skin temperature regulation has been observed in thermally 
challenging conditions. During the night, humans show less cold-induced peripheral 
vasoconstriction: this seems to start only if core temperature falls below 36.0 ˚C 38,39. In the 
early morning, cold-induced vasoconstriction is restored and may even show its diurnal 
maximal response 40.

A circadian modulation of skin temperature has also been observed in several studies in 
thermal neutral conditions, which do not activate thermoregulatory defense mechanisms 
like shivering or sweating. Both in laboratory animals and in humans, most of the well-
known diurnal rhythm in core body temperature is determined by a diurnal rhythm in 
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skin vasodilation and the consequent skin temperature increase and heat loss, and much 
less by the diurnal rhythm in heat production 24,41-45. The circadian modulation of resting 
state metabolic heat production in young adult humans is only about 17% 24. Under well-
controlled laboratory conditions when people are kept awake, the circadian rhythm in 
distal skin temperature, i.e. the feet, hands and ears, shows a strong amplitude that is out 
of phase with the rhythm in core temperature: low during the day and high at night 24. 
Under those conditions, the circadian pattern of proximal skin temperature has a smaller 
amplitude and varies in phase with core temperature: high during the day and low at 
night. The profi les are shown in Figure 2. 

However, when sleep is normally allowed, both proximal and distal temperature reach 
values that are signifi cantly higher than values seen during wakefulness 42,47,48 (Figure 
3). It is important to note that the diurnal rhythm in skin temperature is not only a 
matter of autonomic thermoregulation, but is also strongly supported by behavioral 
thermoregulation. People use bedding to create a sleeping microclimate of about 34 
˚C 49,50, which is much higher than the usual daytime temperature and even higher than 

Figure 2 - Smoothed average human temperature curves, as measured under constant routine 
conditions for core (upper curve), proximal skin (second curve) and distal skin (lower curve) areas. 
Adapted from Kräuchi et al 24, who kindly provided the data. The fi gure has been presented before 
in 46. Note the nocturnal increase in distal skin temperature, but not proximal skin temperature. The 
latter is in contrast to the habitual nocturnal increase in proximal skin temperature under natural 
sleeping conditions in a microclimate of 34-36˚C, as shown in Figure 3.
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thermoneutrality (± 29 ˚C). This fi nding is important because it suggests that behavioral 
thermoregulation aims at heat preservation during sleep, rather than the heat loss that is 
suggested by the autonomic regulated increased skin blood fl ow. It has been noted that 
increased skin blood fl ow does not necessarily have to be interpreted as an attempt to 
lose heat; it could as well serve maintenance of the skin in its role as a primary barrier in 
host defense 46.

Figure 3 - Example of the profi les of core body temperature (grey line), mean proximal (thick black 
line) and mean distal (thin black line) temperature during three days under natural living conditions 
in a single case. For all temperature curves, outliers surpassing one interquartile distance from the 
Q25 or Q75 for either level or rate of change were excluded, after which missing data were linearly 
interpolated. Also shown are the time spent in bed (grey area) and activity level (black columns, 
arbitrary units from simultaneous actigraphic recording. Note that the marked and simultaneous 
nocturnal elevation of both proximal and distal temperature during the time in bed never occurs 
during wakefulness. During the sleep period, proximal and distal skin temperature diff er minimally 
and are both above 35˚C. During wakefulness, proximal and distal skin temperature diff er most 
of the time and do not exceed 33˚C for any prolonged period of time. Adapted from Van Marken 
Lichtenbelt et al. 51 and presented before in 46.
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In summary, animal and human studies suggest increased skin temperature during 
the phase of the diurnal cycle where most sleep occurs. With respect to the functional 
neuroanatomy underlying the circadian rhythm in skin temperature, it has been shown 
that projections of the SCN to the hypothalamic subparaventricular zone mediate the 
circadian modulation of thermoregulation 52. In addition, a multisynaptic projection to 
the pineal is important for the circadian modulation of skin temperature. Because the SCN 
output to the pineal is diurnally modulated, melatonin is only secreted during the night. 
In humans, circulating melatonin results in a very strong peripheral vasodilation. This heat 
loss-promoting property of melatonin has been estimated to even account for 40% of the 
amplitude of the circadian rhythm in core temperature. The strong effect of melatonin on 
skin blood flow may act both through melatonin receptors in the preoptic area / anterior 
hypothalamus (POAH) and receptors in the vasculature endothelium 53-58. 

Hourglass
Many parents have observed red blushing ears and cheeks in their tired toddlers, and 
have learned to interpret it as a bedtime signal. The observation suggests that sleep 
propensity increases skin blood flow - and thus skin temperature - in the distal skin areas 
that are most strongly involved in the regulation of heat loss because of their richness in 
arteriovenous anastomoses. Another common experience is ‘feeling cold’ after prolonged 
sleep deprivation, as if we are indeed losing too much heat. In contrast to how common 
these observations are, relatively few experimental studies systematically investigated 
how an increase in sleep propensity affects skin temperature under comfortable 
thermoneutral circumstances. Prolonged sleep deprivation studies in rats confirm a 
progressive decline in core body temperature, which occurs in spite of increased food 
intake and energy expenditure 59. Also, it has been reported that sleep-deprived humans 
are more vulnerable to heat loss during cold thermal challenges 60-63.

In contrast, the best-controlled experimental study on the effect of sleep deprivation 
under comfortable thermoneutral circumstances, reported no effect on a heat-loss proxy 
measure calculated as the whole body distal-to-proximal skin temperature gradient (DPG). 
The finding suggested no effect of sleep deprivation on the thermoregulatory system 64. 
It has been suggested however that the lack of effect in this study might have to do with 
keeping the subjects in a semi-supine posture throughout the experiment 65. A supine 
posture is known to facilitate vasodilation in the skin, bringing it near to its maximum and 
allowing only limited headroom for any further increase. In everyday life, sleep deprived 
people will rather try to maintain an upright or sitting posture when trying to resist falling 
asleep. And in such an upright position, thermoregulatory skin blood flow has to compete 
with baroreceptor-mediated blood flow regulation 66: the orthostatic challenge unloads 
baroreceptors, resulting in the baroreceptor reflex that regulates blood flow to prevent 
venous pooling of blood in the lower limbs.
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One experimental study therefore evaluated the effect of sleep deprivation on 
skin temperature, while participants maintained an upright sitting posture 65. Sleep 
deprivation induced an increase in the temperature of the feet. Interestingly, while in well-
rested people the natural fluctuations in the distal temperatures of the feet and hands are 
positively correlated, this association inversed after sleep deprivation. Sleep deprivation 
thus affects the coordination between skin blood flow fluctuations and the baroreceptor-
mediated cardiovascular regulation that prevents venous pooling of blood in the lower 
limbs when there is the orthostatic challenge of an upright posture.

In summary, most studies suggest that distal skin temperature can increase with 
increasing sleep propensity. Insofar as central nervous system accumulation of adenosine 
is involved in the homeostatic sleep propensity process S 67,68, it is of relevance to note that 
pharmacological activation of central adenosine receptors can indeed induce vasodilation 
of skin arterioles and consequently an increase in skin temperature 69. Other than this 
study there is a scarcity on the functional neuroanatomy of how sleep propensity could 
result in skin warming. 

Sleep-permissive and wake-promoting gates
In real life conditions, the circadian and homeostatically driven propensity for sleep 
are implemented only when some crucial conditions are met. The most recognizable 
condition may be that one needs to attain an appropriate posture. If one desires to 
sleep, most of us succeed much better when lying down 70,71 than in an upright posture. 
Alternatively, if one has to stay awake, chances to do so successfully are better with sitting, 
and even more so with standing, as compared to lying down 72-75. A supine position can 
thus be considered a sleep-permissive condition whereas an upright standing posture is 
wake-promoting condition. Other examples of wake-promoting versus sleep-permissive 
conditions are, respectively; a brightly lit versus dark environment 76; being comfortably 
warm versus cold 77,78; being safe versus in danger 79,80; and feeling well versus being in 
pain 81,82 or stressed 83,84. All these conditions alter skin temperature. Skin temperature 
changes with posture 85,86, with environmental light 76,87, with fear 88, with nutritional 
status 89, with pain 90-92 and with stress 93. Interestingly, wake-promoting conditions have in 
common that they tend to be associated with lower skin temperatures. In contrast, sleep-
permissive conditions have in common that they tend to be associated with higher skin 
temperature. If the neuronal circuits that implement the clock and hourglass are sensitive 
to skin temperature, the changes in skin temperature elicited by wake- promoting and 
sleep-permissive conditions may thus (also) indirectly moderate the efficiency by which 
the clock and homeostat manage to initiate or maintain sleep or wakefulness.

In conclusion, clock-, hourglass- and gate-associated changes in skin temperature point 
in the same direction: a higher probability for sleep goes hand in hand with a higher skin 
temperature. The overview above moreover indicates that an increase in skin temperature 
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is not just a consequence of being asleep. Indeed, controlled studies showed that sleep 
initiation follows rather than precedes skin warming by increased skin blood flow 87,94. 
Finally, it can be questioned whether this increase in skin blood flow and skin temperature 
should be interpreted as an autonomic thermoregulatory effort to promote heat loss. 
In fact, sleep-related behaviors suggest the opposite, they are aimed at restricting heat 
loss. Examples include the insulated warm microclimate by means of warm clothing and 
bedding in humans, and behaviors like curling up, huddling and cuddling in animals. 
The next section will address whether activity of sleep-wake regulating neuronal circuits 
affect skin temperature and can in return be modulated by changes in skin temperature.

The link between changes in skin temperature and arousal state

Parallel changes in sleep propensity and skin temperature?
A parallel between sleep and skin warming has been proposed to reflect the fact that a 
major brain region driving skin vasodilation, the POAH, is also of key importance in sleep 
regulation 95. Even at the cellular level, there is an overlap: neurons that are sensitive to 
heat (warm sensitive neurons, WSN) have been shown to also change their firing pattern 
preceding and during sleep. The association between heat loss and preparedness to 
sleep may thus in part reflect a common underlying factor, involving POAH neurons 
with multiple functions: in sleep regulation and in thermoregulation. However, this 
interpretation cannot account for the finding that sleep impairment in POAH-lesioned 
animals can be restored by placing them in a warm environment 96.
Does sleep alter skin temperature?
Sleep, relative to wakefulness, is associated with a redistribution of heat, from the 
core, to the periphery of the body 97. Hypotheses on the causal relation have focused 
disproportionately on the effect of sleep on this redistribution and the arousal state. 
However, the redistribution of heat that coincides with sleep is to a large extent due to a 
change in body position and occurs even when sleep is not allowed 98-100. The contribution 
of sleep to the decline in core temperature can be as small as 10% of the amplitude of 
the core circadian temperature rhythm cf. 45. Moreover, the decline in core temperature 
precedes rather than follows sleep. In rats hypothalamic temperature starts to drop 2 
minutes before the transition from wake to sleep 101. In humans, the diurnal rhythm in 
core temperature starts to decline several hours before sleep onset, and starts to increase 
two to four hours before wake onset 102-104. Heat loss by skin vasodilation, and thus skin 
warming, commences about half an hour before sleep 103. Although skin vasodilation 
was estimated to be 84% higher during sleep than during wakefulness, 30 to 40% of 
the increase occurs already at bedtime 105,106. Indeed, the ease of falling asleep correlates 
best with the amount of heat dissipation preceding sleep 97, in line with the early idea of 
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Magnussen 107,108 that skin warming by peripheral vasodilation indexes ‘Schlafbereitschaft’, 
i.e. the readiness for sleep.

Within sleep, there are some observations that different sleep stages have different 
thermoregulatory profiles. Systemic low vascular resistance seems most marked during 
Slow wave sleep (SWS). Rapid Eye Movement (REM) sleep seems best characterized by an 
impaired homeostatic thermoregulation 109,110. During REM sleep, increased sympathetic-
nerve activity can result in vasoconstriction in the skin. However, during occasional muscle 
twitches that can occur during REM, this sympathetic output drops sharply and leads 
to a release of this vasoconstriction 111. These opposed phenomena result in a marked 
fluctuation in systemic vascular resistance during REM sleep cf. 112.

Can skin temperature affect sleep?
If skin warming by peripheral vasodilation indexes preparedness for sleep so well, is it 
conceivable that activity of thermoreceptors in the skin could feed back to sleep regulating 
circuits in the brain? This possible relationship was suggested by Roberts and Robinson 
113, but received little attention in experimental studies until about a decade ago. The 
brain monitors skin temperature by means of cold and warm receptors that convey their 
information through the thermosensitive afferent pathways 114. However, information 
on skin temperature does not only reach brain areas with a primary involvement in 
thermoregulation, but also brain areas involved in other functions including sleep 
regulation reviewed in 95. Support for an effect of skin temperature on sleep and arousal 
will be discussed more extensively in the next paragraphs.

Skin temperature-sensitive brain areas involved in sleep regulation or expression.
Of the brain areas that are involved in sleep regulation and show sensitivity to changes in 
skin temperature, the POAH stands out. Animal studies showed that mild skin warming 
by means of e.g. a water-perfused wrap, induces firing patterns of POAH neurons 
which resemble those that occur spontaneously during sleep 115-117. Similar congruency 
was found in the posterior hypothalamic area. Other areas where mild skin warming 
elicited sleep-like neuronal activity include the cerebral cortex and midbrain reticular 
formation. Details on the neuroanatomical pathways that could mediate the effect of skin 
temperature on the regulation of sleep and arousal can be found in a previous review 95. 
The conclusion of the overview was that a mild increase in skin temperature could drive 
neurons in several brain areas towards more sleep-like firing patterns. Although many 
of the studies involved animals, activation of a brain area compatible with the POAH by 
means of thermal manipulation has also been shown in in humans 118. Not only subcortical 
effects of mild skin temperature manipulations have been demonstrated in humans. Craig 
et al. 119 showed deactivation of the insula with mild skin warming. This is an interesting 
observation, because the insula represents the cortical area where, if deactivated, the slow 
waves that are typical for deep sleep show the highest probability of being ignited 120.  
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Based on these and other fi ndings a number of observational and experimental studies 
were undertaken to evaluate whether a mild increase in skin temperature within the 
thermoneutral zone might lower the arousal level and promote sleep.

Support for an eff ect of skin temperature on vigilance in humans
Human observational studies that investigated spontaneous induced fl uctuations 
in skin temperature support an association with vigilance, where the latter has been 
operationalized as the ability to initiate or maintain sleep or alert wakefulness, or 
subjective sleepiness. In healthy volunteers, falling asleep is easier if the temperature 

Figure 4 - Schematic representation of how we envision skin temperature may aff ect sleep and wake 
propensity regulation. Both the capacity to initiate or maintain sleep or to perform /performance 
on a sustained attention tasks are compromised at low and high temperatures, because the brain 
will prioritize recruitment of its resources to solve a possibly disadvantageous thermal situation. 
Within a relatively small comfortable thermoneutral zone, there is no need for the brain to activate 
thermoregulatory defense mechanisms. Within this range, small diff erences in skin temperature 
may promote the brain to reach its peaks of vigilance-promoting and sleep-promoting capacities. It 
requires only the assumption that the temperature at which the peaks reach their maximum diff er 
slightly for vigilance-promoting and sleep-promoting capacities. From 8.
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of the skin or bed is in the higher part of the comfortable thermoneutral range 89,97,121.  
The same has been shown for people with cold hands due to Raynaud’s disease or 
vasospastic syndrome 122 and people suffering from narcolepsy 123. When it is undesirable 
to fall asleep, the maintenance of alert wakefulness and high performance is best during 
the troughs of normal fluctuations in distal skin temperature 124, possibly most reliably 
predicted by the temperature of the pinna of the ears 65. Both in demented and non-
demented elderly people, individuals with a higher daytime skin temperature also report 
more daytime sleepiness 125.

In addition to these observational studies, there is stronger, experimental, support 
for an effect of skin temperature on vigilance. Skin temperature can be manipulated 
precisely within the comfortable thermoneutral zone using a water-perfused thermosuit. 
An advantage of the method is that it is possible to perform subtle manipulations that do 
not affect core body temperature. Using this experimental approach, it has been shown 
that very mild cooling, especially of the proximal skin area, enhances sustained task 
performance and the ability to maintain wakefulness 126,127. Very mild skin warming on the 
other hand promoted sleep onset 20,128, slow wave sleep and sleep maintenance 129,130. Of 
note, these effects were not secondary to thermal comfort and could even occur in spite 
of slightly lower thermal comfort in the warmer range of the manipulation 128.

The findings support a causal effect of skin temperature on vigilance. It is important 
to note that all these studies manipulated temperature only within the thermoneutral 
zone. The manipulations thus were not stressful, nor activated thermoregulatory defense 
mechanisms, which would impede both sound sleep and optimal alert performance. 
Figure 4 schematically shows how the thermoneutral skin temperature range that is 
optimal sleep may be slightly higher than the skin temperature range that is optimal for 
alert performance. 

Does disrupted sleep involve an altered link between skin temperature and 
arousal? 

Sleep deprivation
Few studies addressed whether the link between skin temperature and arousal changes if 
sleep is disturbed. As has been mentioned above, enforced sleep deprivation affects the 
coordination between skin blood flow fluctuations of the upper and lower limbs when 
people are exposed to the orthostatic challenge of an upright posture 65. Under these 
conditions, the inverse skin temperature fluctuations of the hands and feet are no longer 
predictive of performance on a sustained attention task, like they were when the same 
people were measured under well-rested conditions. Predictive value for performance 
was only maintained for the temperature fluctuations of the pinna of the ears, which 
represent the most upper arteriovenous anostomose-rich skin area of the body. 



Chapter 228 |

Temperature fluctuations of the pinna of the ears were also associated with fluctuations 
in electroencephalographic (EEG) power in the beta band - suggestive of increased 
effort - and with a longer latency of the event related potential P300 peak in response 
to visual stimuli - suggestive of slower processing 131. Consequently, the ears may be the 
most robust sites for skin temperature measurements in practical applications to predict 
vigilance if the history of sleep debt is unknown.

Insomnia
Other than the name of the disorder suggests, insomnia is very unlike sleep deprivation 
in many ways. Insomnia is a common burden in the general population 132. Insomnia 
Disorder can be diagnosed if subjective problems with initiating sleep, maintaining sleep 
or waking up too early occur at least three nights a week, persist for at least three months 
and are accompanied by at least one form of subjective daytime impairments like fatigue, 
malaise or difficulties with concentration 133. Insomnia is characterized by fragmented 
and sometimes short sleep rather than a complete absence of sleep - although it may 
be experienced like a complete absence of sleep for some. Whereas experimental sleep 
deprivation of good sleepers induces an increasingly irresistible sleep propensity, people 
with insomnia have difficulty falling asleep also during daytime. A similar dissociation was 
reported in studies that use the sustained attention reaction time paradigm that showed 
sensitivity for skin temperature manipulation in several of the studies mentioned above: 
whereas sleep deprivation induces a slowing of reaction times, people with insomnia may 
even be faster than controls without sleep complaints 134. Also in their thermoregulatory 
profile, insomnia differs from sleep deprivation. While sleep deprivation can make people 
sensitive to hypothermia 60, insomnia is rather characterized by a state of generalized 
arousal including hypermetabolism and elevated core body temperature 88.

How does insomnia affect the link between skin temperature and arousal? A comparative 
study on the effect of mild skin warming and cooling on a sustained attention reaction 
time task suggests an increased sensitivity in people suffering from insomnia 135. On the 
other hand, people suffering from insomnia showed less pronounced effects of mild skin 
temperature manipulation on sleep onset latency 20,126 and on the EEG spectral power 
during sleep 129. Concertedly, these observations suggest that people with insomnia are 
less likely to profit from the effect of optimal skin temperature on sleep, yet more likely to 
experience adverse effects of suboptimal warm skin temperature on performance during 
daytime. The latter is strongly supported by a recent study that used a novel multi-factor 
survey that systematically addresses subjectively experienced thermoregulation and 
thermosensitivity: 240 people suffering from insomnia differed most strongly from 240 
matched controls with the experienced adverse effect of warming up on fatigue 136. Also 
on most other factors queried by this survey, people with insomnia reported to be more 
sensitive. Interestingly, in strong contrast to the apparent high sensitivity to temperature, 
people with insomnia are less likely to discriminate the comforting effect that a nice 
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thermal stimulus can have 20, which may reflect a generalized deficiency in comfort 
sensing 19. The deficiency could involve structural abnormalities in the orbitofrontal 
cortex, a brain area that is essential for the evaluation of thermal comfort 17,137. Several 
structural brain imaging studies indicate that people with a low gray matter density in a 
part of their orbitofrontal cortex are vulnerable to early morning awakening 138, insomnia 
139-141, fragmented sleep 142 and low perceived sleep quality 143.

Can temperature manipulations be applied to improve sleep in practice? 

A final topic to be addressed in the present chapter is whether it is possible to implement 
skin temperature manipulations at home in everyday life to improve sleep in normal 
sleeping conditions. Whereas the well-controlled lab studies applying thermosuits 
demonstrated proof-of-principle, the translation towards a practical application is not as 
easy as it may seem. The use of a regular electrical heating blanket for example was shown 
to actually disrupt sleep 144. A problem with this approach is that it does not only increase 
skin temperature but also core body temperature. It is well known that increasing core 
body temperature is not conductive to sleep. On the contrary, sleep is most easily induced 
and maintained on the downgoing slope of the 24-hr rhythm in core body temperature. 
The key question seems if it would be possible to keep skin temperature in the higher 
range or thermoneutrality, while simultaneously promoting heat loss to cool the core of 
the body.

A first physiological possibility to attain this goal is to use exercise, a hot bath or sauna 
in order to raise core body temperature about three hours prior to sleep. These body 
warming procedures may activate heat dissipation by skin vasodilation and consequently 
skin warming for several hours. Several studies showed that this procedure can improve 
sleep onset, but only about two-three hours after discontinuing the body warming, i.e. 
when core body temperature is back to normal or even lower because skin perfusion 
continues to be elevated 145-155. Unfortunately the restricted interval of increased sleep 
propensity makes this procedure suitable only to facilitate sleep onset and possibly sleep 
quality in the first hours of the night. Other approaches seem necessary to improve sleep 
later on in the night, for example to alleviate the very common complaint of early morning 
awakening that was amenable to improvement in well-controlled lab studies 129.

A second, artificial, possibility to attain the goal to simultaneously mildly warming 
the skin while promoting heat loss to cool the core of the body at any time of the night 
may be possibly by means of a feedback-controlled bed warming system. The bed 
microclimate temperature that the skin is exposed to strongly determines skin blood flow 
and consequently the efficiency of dissipating heat from the skin to the microclimate. 
Studies that slowly warmed the skin showed that there is a critical temperature at 
which skin blood flow dramatically increases 156-158 (Figure 5). If it would be possible to 
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maintain skin temperature just marginally above this critical temperature, heat loss to the 
environment would be promoted without the risk of ‘injecting’ heat from the environment 
back into the bloodstream that would occur at higher microclimate temperatures. Such 
closed loop manipulations may have to be adapted to individual diff erences in the exact 
temperature range where the steep increase in skin blood fl ow occurs. It remains to be 
evaluate whether such systems are indeed feasible, but it seems worth the eff ort of trying 
given the adverse consequences of disturbed sleep 159 and the unmet need of novel and 
better ways to improve sleep.

Figure 5 - Correlation between skin temperature and resting blood fl ow velocity (CBV) in one 
nailfold capillary of a healthy 37-year-old man. Notice the marked increase in CBV occurring at 34 
˚C. Figure and legend text above are after Fagrell and Intaglietta 160, who investigated the eff ect of 
skin warming on skin blood fl ow. The fi gure illustrates that warming the skin to at least 34 ˚C can 
dramatically increase skin blood fl ow and may theoretically improve heat loss to the environment. 
From 8.
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Study objectives
Part and parcel of the diagnosis of Insomnia Disorder (ID) is that sleep difficulties 

occur even in optimal sleep-permissive conditions. We hypothesized that people 

with ID may show insufficient sleep-compatible cognitive and autonomic responses 

to sleep-permissive conditions. 

Methods
Participants were 13 people diagnosed with ID (58.1 ± 6.6 years, 9 female) and 

14 matched controls without sleep complaints (59.2 ± 8.7 years, 9 female). We 

assessed the effect of imposed conditions naturally occurring prior to sleep: lying 

down, a sleep-permissive skin temperature, dimming the light, and closing the 

eyes. Outcome measures were subjective sleepiness, response speed and effort 

during a vigilance task, and heart rate. Mixed effect models estimated effects of 

manipulations on outcomes. 

Results
Lying down lowered response speed and heart rate in ID and controls. During 

the imposed sleep-permissive skin temperature, only controls noticed that its 

task performance required more effort. Only in ID, dimming the light surprisingly 

increased heart rate. Closing the eyes lowered heart rate in controls and more so 

in ID, but still not sufficiently to overcome the inappropriate increase ID showed 

after dimming the light. ID nor controls noticed an effect of any sleep-permissive 

condition on subjective sleepiness.

Conclusions
Overall, ID and controls show comparable sleep-compatible cognitive and 

autonomic responses to sleep-permissive conditions. A notable exception is that 

dim light triggers heart rate acceleration in ID. Since previous work showed that dim 

light also lowers comfort in ID, it might trigger a conditioned expectation of another 

bad night of sleep approaching.
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Introduction

Problems falling asleep or maintaining sleep are highly prevalent in the general 
population161. If these sleep complaints subjectively cause daytime distress, and occur 
three times or more each week for at least three months, and if the complaints cannot 
be attributed to unfavorable sleeping conditions, Insomnia Disorder (ID) may be 
diagnosed4,162. ID ranks second in the list of most common mental disorders in Europe1. 
Cognitive behavior therapy for insomnia ameliorates symptoms and can effectively 
be delivered online163. Unfortunately, treatment effectiveness leaves ample room for 
improvement164, which is hampered by a poor understanding of the mechanisms 
underlying insomnia complaints165.

It would seem logical to search for mechanisms of insomnia within the framework 
of the two-process model sleep regulation, which has a circadian and a homeostatic 
component14. However, surprisingly little support has been found so far for a major 
involvement of malfunctioning of these sleep-regulatory systems. With respect to the 
circadian component of sleep regulation, only a minority of people presenting with 
insomnia complaints try to initiate sleep at a circadian phase that is earlier than found 
in controls166. Other support for a primary circadian dysfunction in a major part of the 
people suffering from insomnia is also lacking—despite support for the reverse, i.e. sleep 
complaints in people with deviating rhythms. Likewise, there is no unequivocal support 
for insufficient functioning of the homeostatic component of sleep regulation. The study 
of homeostasis requires sleep deprivation and assessment of recovery sleep. In an early 
study on sleep deprivation and recovery in insomnia, Bonnet167 concluded that the 
restorative function of sleep operates efficiently in people suffering from insomnia. Since 
then, detailed protocols and analyses to optimally evaluate the homeostatic component 
have been defined, which assess in detail how sleep deprivation alters whole-night 
profiles of EEG slow wave activity168. To our knowledge no comparative studies applying 
such strict protocols and analyses have been reported in insomnia, while findings of 
studies that applied other methods are equivocal169.

Notwithstanding the invaluable contribution of the two-process model to our 
understanding of sleep regulation, the focus on this model may also have obscured the 
fact that there are other sleep-permissive factors than those described by the circadian 
and homeostatic processes. When closing the eyes, the ease of falling asleep depends 
on recent physical and cognitive activities170 and exposures including the intensity and 
spectral composition light171,172. In particular, people fall asleep more easily after closing 
their eyes173, in a dark environment174, in a lying posture74, and with a sleep-permissive 
comfortable skin temperature profile89 (for reviews see8,175). These conditions may bring 
the states of cognition and of autonomic and central nervous system activity closer 
to the state that is optimal for sleep onset. It is conceivable that individual differences 
in the response to sleep-permissive conditions matter for subsequent sleep quality.  
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For example, previous work on electrocardiogram (ECG) indicators of autonomic activity 
after lights out indicated that individual differences in these indicators mattered for the 
ease of falling asleep: people with a stronger decrease in heart rate show a faster sleep 
onset176. 

Surprisingly few controlled studies have investigated cognitive and autonomic 
nervous system responses to a dark environment, a supine posture, and mild skin 
warming in insomnia. Raymann et al. reported some studies on the effects of comfortable 
temperature on sleep and vigilance in insomnia20,177,178. The acute alerting effect of bright 
light has been documented in healthy people179,180 but not in people with ID. One study 
has focused on heart rate variability responses to postural change in people with ID, but it 
only investigated standing versus sitting, not the lying posture characteristic of sleep181. It 
thus remains to be evaluated whether the changes in posture, light, and skin temperature 
related to sleep preparation are equally effective in people with ID to enforce cognitive 
and autonomic nervous system states that are compatible with sleep onset upon closing 
of the eyes.

In the present study, we systematically manipulated posture, light, and temperature 
in people with ID and matched healthy controls without sleep complaints. We assessed 
effects of each of the three factors, and their interactions, on cognitive and autonomic 
nervous system variables of relevance to vigilance. To our knowledge, this is the first 
study to jointly evaluate effects of posture, temperature and light on sleep-permissive 
cognitive and autonomic nervous system states in people with ID and controls without 
sleep complaints.

Methods

Participants
The study was approved by the medical ethics committee of the VU University, Amsterdam. 
Participants were recruited through word of mouth and the Netherlands Sleep Registry182. 
Candidates filled out an online screener followed by a telephone interview. Participants in 
the ID group met the diagnostic criteria of Insomnia Disorder4,162 and reported complaints 
for at least 10 years. The control group included age- and sex-matched volunteers that 
reported to have no sleep difficulties. In addition, the Insomnia Severity Index (ISI)183 and 
Pittsburgh Sleep Quality Index (PSQI)184 were administered during screening. Exclusion 
criteria for all participants were: (1) diagnosed sleep apnea, restless legs syndrome, 
narcolepsy, or other somatic, neurological, or psychiatric disorders; (2) use of sleep 
medication; (3) crossing more than 1 time zone in the 4 weeks prior to the visit to the lab. 
All participants provided written informed consent.

In total, 33 people participated: 18 people with ID (13 female, age range 43–70 y) and 
15 matched healthy controls without sleep complaints (9 female, age range 40–69 y). 
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Six participants (5 with ID and 1 control) could not finish the demanding experimental 
protocol. The remaining 27 participants (13 ID, 14 controls) with complete data were 
included in the final analyses.

Protocol
Participants were instructed to refrain from alcohol and caffeine the evening prior until 
the end of the experiment. The experiment was carried out in a shielded laboratory at 
the Netherlands Institute for Neuroscience (NIN), Amsterdam, The Netherlands, during 
afternoon hours. The protocol consisted of 8 consecutive blocks where posture, light, 
and temperature were manipulated according to a 2×2×2 full factorial design (Figure 1). 
Each block lasted for 30 minutes. Across participants, the sequence of manipulations was 
counterbalanced by a balanced Latin square design to control for first order carry-over 
effects, which have been observed in previous sequential skin temperature manipulation 
studies128. During the first 15.5 minutes of each 30-minute block, participants were allowed 
to use the toilet, given a 60 kcal isocaloric snack and 100 ml of water, and instructed to 
relax and adjust to the new manipulation. Subsequently, a task-battery commenced 
which included a brief psychomotor vigilance task (PVT-B)185, subjective questions about 
sleepiness and effort to perform the task followed by a 3-min eyes-open (EO) resting 
section, and finally a 3-min eye-closed (EC) resting section. The task battery and onscreen 
instructions were implemented in E-Prime 2.0.10.242 (Psychology Software Tools Inc., 
Sharpsburg, PA, USA). Instructions were presented on an LCD display (G246HL Bbid, Acer, 
New Taipei City, Taiwan) 80 cm from the participant and auditory signals were presented 
using small stereo speakers (Z120, Logitech International S.A., Lausanne, Swiss). 

Figure 1 - Schematic representation of the experimental protocol. The eight 30 minute blocks 
represent sequential application of posture, light and temperature manipulations. Stick figures 
represent body posture. Dark and white blocks represent dim and bright lighting respectively. Black 
and white stick figures represent smaller and larger distal-to-proximal gradients respectively. PVT, 
psychomotor vigilance task; KSS, Karolinska Sleepiness Scale; EO, eyes open; EC, eyes closed. 
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Experimental manipulations

Posture, light and temperature manipulations were pre-programmed and run 
autonomously using custom LabView software (National Instruments Corp., Austin, TX, 
USA). 

Posture Manipulation
A computer-controlled wheelchair (C500VS, Permobil AB, Timra, Sweden) was used to 
alternate posture between sitting and supine positions without requiring any physical 
effort from the participants. 

Light Manipulation
Light exposure was manipulated using four large (1.44 m²) light panels consisting of 
twelve 28W fluorescent tubes (Philips Lighting, Eindhoven, The Netherlands). Two panels 
were placed horizontally at the ceiling above and two vertically in front of the participant. 
During the experiment, only the two panels providing indirect light were used (i.e., 
the vertical panels during the supine position, and the horizontal panels during sitting 
position). The bright condition was ~1000 lux and the dark condition was < 2 lux as 
measured at the eye level.

Skin Temperature Manipulation
Skin temperature was manipulated using a water-perfused thermo suit, consisting of a 
long-sleeved shirt, pants, gloves and socks (Allen Vanguard, Ottowa, Canada). Proximal 
(shirt and pants) and distal (gloves and socks) skin temperature was manipulated by 
two separate temperature controlled water-baths (K6KP, Lauda, Lauda-Köningshofen, 
Germany). The temperature of the water was controlled based on PT-100 thermistors at 
the entry to the suit (Omega Engineering Ltd., Manchester, UK), to avoid fluctuations in 
water temperature due to heat loss in the tubing between the baths and the suit. Proximal 
skin temperature was kept stable by controlling the water entering the suit at 30 °C. Distal 
skin temperature was manipulated by alternating the temperature entering the thermo-
suit between 25 and 30 °C. The manipulations thus respectively induced a larger distal-
to-proximal gradient condition and a distal-to-proximal gradient closer to zero, of which 
the latter impedes vigilance65 and facilitates sleep onset.89 Of note, the range of skin 
temperature manipulation was kept within the thermo-neutral zone and did not elicit 
heat loss or cold defense mechanisms such as sweating or shivering.
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Measurements

Manipulation Check: Skin Temperature
The effectiveness of the temperature manipulation was measured with 10 skin thermistors 
(D-S06A neonatal, Exacon Scientific, Roskilde, Denmark) attached to the fingertip of non-
dominant (ND) index finger, the palm of both hands; the ND lower arm (dorsal, halfway 
between elbow and wrist); ND infraclavicular region; at the stomach two cm above the 
navel stomach, the ND mid-thigh at the musculus rectus femoris; the ND mid-calf; the 
palm of both feet. The thermistors were covered with adhesive insulated thermal probe 
covers (ConMed Corp., Utica, USA) and fixed using medical tape (Fixomull, BSN Medical, 
Hamburg, Germany). All temperature signals were multiplexed at 2 Hz (TempMux-1012, 
Braintronics BV, Almere, the Netherlands) into a single channel fed to the physiological 
input box of a Net Amps 300 amplifier (Electrical Geodesic Inc., Eugene, OR, USA), digitized 
at 1000 Hz and later de-multiplexed offline for further analysis. 

Average skin temperature at every site was calculated by de-multiplexing the skin 
temperature signal and averaging across 1 minute intervals. A weighted average was 
calculated for proximal (0.383 x mid thigh + 0.293 x infraclavicular + 0324 x abdomen)128 
and distal (average of palms of both hands, both feet and the fingertip of the left hand) 
skin temperature across the last 6 minutes of each block. The difference between the two 
resulting averages provides the distal-to-proximal skin temperature gradient.

Cognitive Performance: Psychomotor Vigilance
The task battery started with a 3-minute PVT-B measuring sustained attention. Participants 
were instructed to respond as fast as possible to an auditory stimulus by pressing a 
mouse button with the index finger of the dominant hand. The auditory stimuli were 
presented randomly with an inter-stimulus interval of 1-4 seconds. To obtain optimal 
response timing accuracy, the response mouse was modified to send a digital marker 
directly upon button press to the Net Amps 300 amplifier digitized at 1000 Hz. To obtain 
optimally timed event markers of auditory stimuli, an AV-tester (Electrical Geodesic Inc.) 
was attached to the speaker cable and sent a marker to the EEG amplifier at the onset of 
each auditory stimulus. The onset and offset markers in the EEG recording were used to 
calculate reaction times. Reaction times were recorded in msec and values < 100 ms were 
regarded premature responses and removed from the analyses. The remaining individual 
reaction times were inverted to obtain a measure for response speed (1000/RT, s-1) and 
subsequently averaged. One participant performed particularly poor on the PVT-B as 
indicated by a large number of lapses (RT > 355 ms) and an unrealistically high mean 
response speed (>1.5 sec) and was removed from the analyses.
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Subjective Cognition Outcome Measures: Sleepiness and Mental Effort
After the PVT-B task participants rated their subjective sleepiness on the 9-point Karolinska 
Sleepiness Scale (KSS)186 and the effort required to perform the preceding task on a 5-point 
Likert scale. 

Cardiac Autonomic Outcome Measures
Each block concluded with a 3-minute eyes-open (EO) and 3-minute eyes-closed (EC) 
resting state recording. During EO and EC resting sections, participants were instructed 
to resist falling asleep. In addition, in the EO condition, they were requested to fixate at a 
small white plus sign on a black screen. At the end of the eyes open section, an onscreen 
message instructed the participant to close their eyes until they heard a beep. At the end 
of the EC section, an auditory beep indicated that they could re-open their eyes. Eye-
closure was continuously monitored during the experiment via a video camera attached 
to the bottom of the screen facing the participant and confirmed by the absence of eye-
blinks. Electrocardiogram (ECG) was recorded simultaneously from a Polygraphic Input 
Box (Electrical Geodesic Inc.) connected to a Net Amps 300 amplifier (input impedance: 
200 MΩ, A/D converter: 24 bits), using a pair of Ag/AgCl electrodes (Ambu Neuroline 700, 
Ambu A/S, Ballerup, Denmark) placed in accordance with the standard lead II configuration.

We assessed heart rate during the EO and EC resting states as a marker of autonomic 
modulation in response to the manipulation of posture, light and skin temperature187. ECG 
signals were analyzed offline using custom scripts written in Matlab 8.3 (The Mathworks 
Inc., Natick, MA, USA). We computed the mean heart rate during the EO and EC resting 
states. R-waves were automatically detected from the ECG signals using the Pan-
Tomkins algorithm (Pan and Tompkins 1985). All detection results were visually verified, 
and manually corrected when necessary. We excluded R–R intervals that differed from 
neighboring R–R intervals by more than 20% as these were likely to represent ectopy and 
arrhythmic events rather than autonomic regulation. The remaining R–R intervals were 
averaged over the 3-min resting state segments, and then inverted to obtain the mean 
heart rate. 

Statistical Analyses
Mixed-effect regression models were used to estimate whether people with ID differed 
from controls with respect to the effect of changes in posture, light and temperature on 
psychomotor vigilance, subjective sleepiness, mental effort to perform a task, heart rate as 
well as on heart rate in response to eye closure. Models on psychomotor vigilance, subjective 
sleepiness and mental effort accounted for the 2-level hierarchical structure of the data of 
observations per block (j) nested within subjects (k). The model on heart rate accounted 
for the 3-level hierarchical structure of the data with observations during eyes-open and 
eyes-closed (i) nested within a manipulation block (j), nested within subjects (k). Subject 
and block nested within subject (for heart rate only) were specified as random effects. 
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Posture (upright, supine), light (bright, dim), temperature (large DPG, small DPG), eyes 
(open, closed) and group (ID, CTRL) as well as the group-level interactions were added as 
dichotomous coded fixed effects.

Analyses were performed in R188. Mixed effects models were estimated using the 
‘lme4’ package189. The optimal model was found using backward elimination of group-
level interaction effects using the Kenward-Roger approximation. For the final model, all 
residuals greater than 2.5 the SD of the residuals were considered outliers and removed 
from the analysis. Summary statistics and 95% confidence intervals were calculated using 
a bootstrap procedure of 1,000 replications using the ‘boot’ package190,191. Significance 
of the effects of the independent variable on the dependent variable was obtained by 
calculating the fraction of 1,000 bootstrapped log-likelihood ratio (LRT) values that are 
larger or equal to the observed LRT value obtained from comparing the model with and 
without the independent variable. 

Table 1 - Characteristics of participants (mean ± standard deviation).

Control
(n = 14)

Insomnia disorder
(n = 13)

P

Age (y) 59.2 ± 8.7 58.1 ± 6.6 0.45

Sex (female/male) 9/5 9/4 1.00

BMI 25.0 ± 3.5 24.8 ± 3.6 0.72

ISI 4.4 ± 4.1 16.8 ± 4.7 3×10-5

BMI, body mass index; ISI, Insomnia Severity Index. P-values are determined by Fisher exact test for sex and by Wilcoxon rank-
sum tests for the other variables.

Results

Participant characteristics
As shown in Table 1, the two groups did not differ in age, sex, or the body mass index. As 
expected, people with ID reported higher ISI scores than the controls.

Manipulation Check: Skin Temperature
The average distal skin temperature was significantly (P < 2*10^16) lower in the larger 
DPG condition (27.68 ± 0.83 °C for CTRL and 28.06 ± 1.26 °C for ID) than in the smaller DPG 
condition (28.71 ± 0.92 °C for CTRL; 29.28 ± 1.28 °C for ID) and did not differ between groups 
(P = 0.21). The average proximal skin temperature did not differ between the temperature 
conditions (P = 0.10) nor between groups (P = 0.38; 33.27 ± 1.29 °C and 33.33 ± 1.26 °C 
for CTRL; 33.65 ± 0.65 °C and 33.69 ± 0.65 °C for ID in the larger DPG and smaller DPG 
conditions, respectively). As intended by the manipulations, the resulting average distal-
to-proximal gradient was significantly larger (P < 2*10^-16) in the larger DPG condition 
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(-5.60 ± 1.37 °C for CTRL; -5.63 ± 1.30 °C for ID) than in the smaller DPG condition (-4.62 ± 
1.45 °C for CTRL; -4.42 ± 1.31 °C for ID) and did not differ between groups (P = 0.85). 

Cognitive Performance: Psychomotor Vigilance
Response speed on the PVT did not differ between people with ID and controls (P = 
0.14, Table 2) and did not change under the influence of light (P = 0.15) or temperature 
(P = 0.44). A supine posture reduced speed by -0.10 [-0.19; -0.06] (effect estimate [95% 
confidence interval]) responses/s, P = 0.04. 

Subjective Cognition Outcome Measures: Sleepiness and Mental Effort
People with ID showed a trend towards reporting slightly higher sleepiness (P = 0.07), 
but sleepiness did not change in response to any of the experimental manipulations (all 
P > 0.24, Table 2). The effort to perform the PVT did not differ between ID and CTRL (P = 
0.14), and did not change in response to postural (P = 0.21) and light manipulations (P = 
0.78). Inducing a sleep-permissive skin temperature profile made task performance more 
demanding for CTRL (0.28 [0.06; 0.49], P = 0.02), while people with ID did not notice any 
change in effort (temperature x group interaction, -0.33 [-0.64; 0.01], P = 0.04).

Heart Rate
The linear mixed effect model revealed a significant main effect of posture (-2.73 [-3.50; 
-1.97] beats/min, P = 0.001, Table 2, Figure 2A) and eye closure on heart rate (-1.03 [-1.41; 
-0.64] beats/min, P = 0.001, Figure 2B), but no significant main effect of light, temperature 
or group (all P > 0.51). A significant group×light interaction (P = 0.02) revealed that only 
in ID heart rate increased by 1.93 [0.39; 3.46] beats/min in response to dim light (Figure 
2C). A significant group×eye-closure interaction effect (P = 0.001) revealed that there was 
an additional reduction in heart rate in response to closing the eyes in ID of -0.99 [-1.54; 
-0.44] beats/min (Figure 2D), still insufficiently compensating for the increased heart rate 
elicited by dimming the light.
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Table 2 - Estimated effects of posture, light, temperature and insomnia disorder on reaction speed, 
mental effort, subjective sleepiness and heart rate.
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Figure 2 - A) Heart rate is lower in supine posture than in upright posture. B) Dim light increases 
heart rate in people with Insomnia Disorder (ID), but not in people without sleep complaints. C) 
A smaller distal-to-proximal gradient does not affect heart rate. D) Eye closure reduces heart rate 
more in people with Insomnia Disorder than in people without sleep complaints. Asterisks indicate 
significant differences revealed by follow-up tests (*P < 0.05, ** P < 0.01, ***P < 0.001). Error bars 
indicate the 95% confidence intervals of the estimate. CTRL, control; ID, insomnia disorder; DPG, 
distal-to-proximal gradient. 
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Discussion

The present study addressed the hypothesis that people with ID might show insufficient 
sleep-compatible cognitive and autonomic responses when exposed to sleep-permissive 
conditions. We evaluated the effect of imposed transitions that naturally occur prior to 
sleep: lying down, a sleep-permissive skin temperature profile, dimming the light, and 
closing the eyes. For sleep-compatible cognitive and autonomic outcomes, we assessed 
response speed, subjective sleepiness and effort during a task, and heart rate. 

In brief, lying down lowered response speed and heart rate in ID and controls alike. 
Imposing a sleep-permissive skin temperature profile made it more demanding for 
controls, but not people with ID, to perform a vigilance task. Dimming the light surprisingly 
increased heart rate in ID. Closing the eyes lowered heart rate in controls and to a greater 
extent in ID, but still insufficient to compensate for the in appropriate increase in heart 
rate people with ID showed after dimming the light. Neither ID nor controls noticed an 
effect of any of the manipulations on their subjective sleepiness.

We did not find a main effect of group on mean heart rate, which appears to contradict 
the conceptualization of ID as a disorder of 24-h physiological hyperarousal192,193. It could 
be that the current sample size was too small to detect systematic group differences in 
this cardiac autonomic measure. On the other hand, recent systematic reviews indeed 
concluded that 24-h physiological hyperarousal could not be unequivocally supported 
by the literature on cardiac measures in ID194,195. Since we did find significant interactions 
involving the group factor, we suggest that hyperarousal in ID may be more nuanced than 
commonly assumed, such that it only manifests under specific behavioral or ambient 
conditions.

One such condition may be dim light, which elicited a surprising increase in heart 
rate in ID, which suggests that darkness has an alerting rather than comforting effect. A 
recent study using ambulatory light sensors and experience sampling showed that dim 
light also lowers subjective comfort and pleasant feelings in ID in everyday life naturalistic 
circumstances196. Distress in ID could thus be particularly pronounced under low light 
conditions. Our findings appear in line with a previous study reporting a higher heart rate 
in people with ID than in controls in the first minute following lights out197. This difference 
was no longer observed several minutes later in the period immediately before or after 
sleep onset. Unfortunately, the report provided no information on the heart rate prior to 
lights off, which would be necessary to evaluate if an increase in heart rate was elicited by 
dimming of the lights. Since the timing eye closure was also not reported, it’s also not clear 
whether the subsequent reduction in heart rate to levels indistinguishable from good 
sleepers prior to sleep onset was induced by closing of the eyes. A limitation of our own 
study is that it was performed during daytime. Future studies are needed to confirm that 
the inappropriate increase in heart rate also occurs with the habitual dimming of the light 



prior to bedtime. The heart rate increase after dimming the lights might be a conditioned 
anxiety response in anticipation of another bad night. If so, extinction paradigms to 
decondition the inappropriate response might ultimately prove a valuable add-on in the 
treatment of Insomnia Disorder.

While the decrease in heart rate upon eye closure was more pronounced in ID than 
in CTRL, it was still insufficient to completely offset the dim light-induced increase. This 
suggests that a tonic increase in heart rate may persist in the final phase prior to sleep 
onset, and also into sleep because people with ID also show a smaller decrease in heart 
rate during the transition from wake to sleep.195 All in all, our findings and previous reports 
stress the importance for future studies to evaluate autonomic measures in more detail 
along the sequence of sleep-preparatory phases.

We did not find any effects of light manipulation on sleepiness, psychomotor vigilance 
or mental effort in people with ID or in controls. Although the acute alerting effects of 
bright light are now widely recognized, research has shown that such effects may be time-
dependent. Indeed, previous studies often found weak or insignificant effects of bright 
light on vigilance during daytime, as compared to its strong effects during nighttime180,198.

The induction of a sleep-permissive skin temperature profile indeed made it more 
demanding for controls without sleep complaints to perform a sustained attention 
task. People with ID however did not notice any change in the effort it required them to 
perform. This finding is in line with previous studies suggesting that people with ID are 
less aware of the consequences of skin temperature changes on vigilance.8,20,175

The induction of a sleep-permissive skin temperature profile did not affect the actual 
performance on the brief psychomotor vigilance task. The 3-min duration of the B-PVT may 
be too short to detect performance effects of skin temperature manipulations, because 
these effects were shown to become pronounced only with increasing time on task.177 The 
task was sufficiently sensitive though to detect that a supine posture elicited a drop in 
speed. Future studies may want to evaluate whether a supine posture could enhance the 
sensitivity of the PVT to sleep deprivation, for example for use in fit-for-duty tests. 

To conclude, the current study is the first to systematically evaluate whether people 
with ID differ from controls without sleep complaints with respect to sleep-compatible 
cognitive and autonomic responses to sleep-permissive conditions. The findings indicate 
that these responses are largely unaffected in ID. People with ID did however show a 
remarkable heart rate acceleration in response to dimming of the lights, incompatible with 
the normal slowing that accompanies sleep-preparatory behavior. Since previous work 
showed that dim light also lowers comfort in ID,196 future studies addressing ‘darkness-
induced distress’ may aid to the mechanistic understanding and treatment options for 
insomnia.
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Several studies demonstrated effects of light on affect via projections from the 

retina of the eye to the circadian clock or via projections to areas involved in mood 

and reward. Few field studies investigated how naturally fluctuating light levels 

affect positive and negative mood in everyday life, but none addressed two key 

components of the reward system: wanting and liking. To elucidate diurnal profiles 

and immediate effects of dynamically changing light intensity in everyday life, 

subjective wanting and liking were assessed using experience sampling, while 

continuously monitoring environmental illuminance. Using a smartphone and light 

sensors, healthy volunteers (n=27, 14 females, 23.7 ± 3.8 (M ± SD) years of age) were 

probed for one week, nine times a day, to rate positive and negative mood, and six 

novel dedicated questions each on subjective liking and wanting. The multiband 

light spectrum was continuously recorded from sensors worn on the chest and 

intensities were averaged over the intervals between subsequent probes. Mixed 

effect models were used to evaluate how time of day and light intensity modulated 

subjective ratings. A total of 1102 valid observations indicated that Liking and 

Wanting peaked around 6PM and increased, respectively, by 13 ± 4% and 11 ± 4% 

across an individual’s range of experienced light intensities. More traditional mood 

questions were less sensitive to modulation by light intensity. Combined experience 

sampling and environmental monitoring opens up the possibility for field studies 

on light in disorders in which the reward system is highly relevant, like addiction, 

depression and insomnia.
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Introduction

Environmental light affects several behavioral and physiological functions including the 
regulation of sleep, circadian rhythms, body temperature and mood 87,199,200. Several studies 
demonstrate that mood varies across seasons, possibly in association with changes in the 
duration of daylight. The most telling example of mood modulation in relation to light 
exposure is seasonal affective disorder in which a few weeks of daily bright light therapy 
can alleviate the depressive symptoms. Well-controlled studies reported favorable effects 
of prolonged periods of daily light exposure on mood 199,201-204. Mood disorders involve 
major disturbances on the brain reward system 205 and recent studies indicate that the 
activation of the reward circuitry changes with light intensity 206-208.

Traditionally, non-image forming effects of light on the reward system were considered 
to be mediated by circadian clock in the hypothalamic suprachiasmatic nucleus (SCN). 
The SCN receives dense projections from the intrinsically photosensitive Retinal Ganglion 
Cells (ipRGCs) 209. These ipRGCs have the capacity to integrate retinal information on 
environmental light levels and transmit this information to the SCN 210. In turn, projections 
from the SCN to reward brain structures (e.g. ventral tegmental area, lateral hypothalamus) 
provide a pathway that could mediate effects of light on the reward system 211. A more 
direct pathway has emerged as well during the last decades: ipRGCs have functionally 
relevant direct projections to limbic areas involved in the regulation of mood and reward, 
including the lateral habenula, medial amygdala, and periaqueductal grey 209,212-214. 

Studies on the effect of light level on the reward system in humans have mostly been 
confined to the evaluation of mood ratings. Several laboratory studies demonstrated 
acute effects of environmental light level on the evaluation of affect elicited by stimuli 
e.g. 206,207,215. The light level of the stimuli itself has an effect on affect evaluations as well: 
brighter versions of neutral pictures are evaluated more positively than darker versions 
of the same picture 216. Only few studies addressed the effect of light level on mood 
ratings in naturalistic environments 16,217. In a study on social interactions in people with 
mild seasonal mood complaints, high levels of light exposure improved mood, reduced 
quarrelsome behaviors, and promoted more agreeable behaviors 217.

Field studies have however insufficiently addressed the effect of light exposure on two 
major discriminable components of reward processes: liking and wanting 9,10. Liking refers 
to the pleasure component of a reward. Wanting represents the incentive motivation that 
promotes approach toward and consumption of rewarding stimuli. Liking can be subjectively 
experienced as feelings of pleasure or niceness, and wanting as desires for incentives or 
declarative goals, such as looking forward to a meal or a meeting with friends. With respect 
to their representation in the brain, wanting and liking involve partially distinguishable 
brain circuits. Liking and wanting have been studied in the context of anhedonia, 
reward circuitry dysfunctions like depression, eating disorders and addiction 218-221.  
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However, field studies on the immediate effect of dynamically changing light levels on 
these components of the reward system have not been published so far. 

To broaden insight in the effects of light exposure on these key concepts of the reward 
system, the present field study combined ambulatory assessment using wearable sensors 
with the method of Experience Sampling (ES) to assess how naturalistic fluctuations in 
environmental light level affect subjective liking and wanting. Compared to traditional 
retrospective self-reports ES diminishes recall bias and selectivity by capturing current or 
recent behaviors. Furthermore, ecological validity is high compared to lab studies because 
subjective experiences can be described as they occur in the naturalistic environment 222.  
Given their fundamental role in the regulation of reward processes, we evaluated 
subjective wanting and liking in addition to more traditional mood ratings.

Methods

Participants
Volunteers (13 males, 14 females, Mage = 23.7 ± 3.8 years, age range = 18-33 years) were 
recruited by advertisement and word of mouth. An online screening form verified the 
eligibility of candidates to participate in the study. All participants providwed written 
informed consent. Inclusion criteria were an age between 18 and 40 years, self-acclaimed 
good health and working regular office hours. Exclusion criteria were ocular pathology, 
drug abuse, excessive alcohol consumption (>10 glasses per week), use of alertness, 
sleep and thermoregulation-altering medication and any current somatic, psychiatric or 
neurological disorder. This investigation is part of a larger protocol. Participants received 
200 euro after completion of all parts of the protocol. The protocol was approved by the 
Ethics Committee of the VU University and Medical Center and performed in accordance 
with principles of the Helsinki Declaration. A sample size calculation indicated that 20 
participants with 40 repeated observations each would be sufficient to detect a small 
effect size (r = 0.1, α = 0.05) with a power of 0.80 223.

Procedure
Volunteers participated in unconstrained ambulatory assessment in their natural 
environment for seven consecutive days. On the day prior to the start of the ambulatory 
assessment, subjects were introduced to the project, familiarized with the ES on a 
smartphone and with attachment of the light sensors to their clothes.

Light Assessment
Participants wore two dime-sized RGB multiband light sensors (Dimesimeter, also known 
as Daysimeter-D, Rensselaer Polytechnic Institute, Troy, NY, USA) 224,225. The light sensor 
is optimized to assess light from the blue part of the spectrum, which has the strongest 
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sustained effects on retinal ganglion cells 210. Photopic illuminance and the multiband light 
spectrum were sampled once every minute from the moment they woke up until bedtime 
for seven consecutive days. Each participant received two brooches with an integrated 
sensor. One of the brooches was pinned at chest level on the indoor clothing a participant 
chose to wear on each particular day from the moment they woke up until bedtime. The 
other brooch was pinned on the participant’s outdoor jacket or coat at the same chest 
level and left there for all days this jacket or coat was used. The use of two brooches allows 
for continuous indoor and outdoor assessment: when the brooch on indoor clothing is 
covered by one’s coat or jacket, the signal recorded from the brooch on the coat or jacket 
can be used to estimate environmental light level. Whether a coat is worn or not could be 
assessed from the accelerometry signal integrated in each sensor.

Assessment of Liking and Wanting
Experience Sampling (also known as ecological momentary assessment) was used 
to repeatedly assess momentary subjective liking and wanting. The method was 
implemented using MovisensXS software (Movisens GmbH, Karlsruhe, Germany) installed 
on a smartphone (Nexus 4, LG, Seoul, Korea). Participants were probed 8 times a day at 
quasi-random intervals (ranging from 16 minutes to 3 hours) between 8:00 and 22:00 hr 
and were asked in addition to provide self-initiated input before bedtime.

The assessment of explicit and implicit liking and wanting in humans is an area that is 
under development 218,226-228. Only after we commenced data collection, other work on ES 
related to these domains appeared 229,230. In the absence of existing methods, EVS and MK 
generated items for a comprehensive assessment of the domains of liking and wanting. 
Items were phrased in such a way that it would fit the limited space on a smartphone 
screen. Subjective liking and wanting were surveyed at every prompt by six statements 
each, addressing the dimensions of “taste-smell”, “bodily sensation”, “watching/listening”, 
“social interaction”, “physical activity” and “receiving something”. Participants were asked 
to rate the extent to which each statement applied to them in the period between the 
current and previous alarm, using visual analogue scales (VAS) with end points not and 
very much scaled to 0 and 100 respectively. The statements are shown below: liking (in 
Dutch: “genoot ik van…”) was queried first and immediately followed by questions on 
wanting (in Dutch: “had ik zin in…”).

Since the previous alarm, I enjoyed...
 not   very much
... a taste or smell |-------------------------------------------------------------------------|
... a bodily sensation |-------------------------------------------------------------------------|
... watching or listening |-------------------------------------------------------------------------|
... interactions with other |-------------------------------------------------------------------------|
... physical activity, being busy |-------------------------------------------------------------------------|
... receiving something |-------------------------------------------------------------------------|
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Since the previous alarm, I wanted...
 not   very much
... a taste or smell |-------------------------------------------------------------------------|
... a bodily sensation |-------------------------------------------------------------------------|
... to watch or listen |-------------------------------------------------------------------------|
... to interact with others |-------------------------------------------------------------------------|
... physical activity, to be busy |-------------------------------------------------------------------------|
... to receive something |-------------------------------------------------------------------------|

Assessment of Previously Used Mood Adjectives
In contrast to the prior lack of ES-items addressing liking and wanting items, several 
studies reported positive and negative mood adjectives. To evaluate whether these 
adjectives are differentially sensitive to the effects of light intensity as the new direct 
questions on wanting and liking, we also included the positive and negative mood 
adjectives of the Daytime Insomnia Symptom Scale (DISS) 231. Using the original phrasing 
of the DISS, current positive mood at each momentary assessment was assessed using the 
five DISS items ‘Relaxed’, ‘Energetic’, ‘Calm’, ‘Happy’ and ‘Efficient’. Current negative mood 
was assessed using the five DISS items ‘Anxious’, ‘Stressed’, ‘Tense’, ‘Sad’, and ‘Irritable’.  
Of the scales that have been used for the assessment of positive and negative mood, we 
choose the DISS because of the interest of our group in insomnia. Principal component 
analyses identified the five items each for the positive and negative mood subscales 231. 
The DISS also contains two vigilance-related subscales that were outside of the scope of 
the present investigation.

Preprocessing

Light
Dimesimeter measurements were preprocessed with MATLAB 2014a (MathWorks Inc., 
Natick, Massachusetts, USA). One Dimesimeter was worn on the indoor clothing and 
one on the outdoor clothing. The accelerometry and photopic illuminance signals of the 
two Dimesimeters were synchronized by means of the recorded timestamps and used 
to assess the validity of each light sample. The accelerometry signal was used to assess if 
none, one or both of the devices were worn. The photopic illuminance signal was used to 
assess if the sensor was covered (e.g. by clothing). Visual inspection of the accelerometry 
signals indicated baseline noise in the absence of movements. Values below the baseline 
noise floor were set to zero. Windows of at least 15-minutes without activity were marked 
as periods that the sensor was not worn and excluded from analyses. This interval was 
based on a previous study that demonstrated the virtual absence of periods of immobility 
lasting more than 15 minutes during normal wakefulness 65. Epochs during which no 
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single photopic illuminance value was larger than zero were excluded from analysis 
as well, because they indicate that the sensor was covered. The remaining one-minute 
epochs were considered valid measurements. 

For each valid epoch the light value of either the indoor or the outdoor clothing device 
was selected. If only one of the sensors had a valid measurement, the light measurement 
of the valid measurement was selected. If both sensors simultaneously showed valid 
measurements, the sensor with the maximal photopic illuminance measurement was 
selected. If none of the two devices had valid measurements, the sample was discarded.

The photopic illuminance and accelerometry signals were used only to assess which 
device to choose. All subsequent analyses utilize the co-recorded multiband spectrum. 
The co-recorded multiband spectrum value of each valid photopic illuminance sample 
was nonlinearly transformed into a value between zero and one that represents the 
estimated downstream effect of the light intensity on the circadian system, as derived from 
its effectiveness to suppress melatonin (circadian stimulus, CS 232), hereinafter referred to 
as ‘light intensity’. CS-transformed light intensity values were averaged within each time 
interval between subsequent alarms. Intervals exceeding three hours were discarded. The 
resulting set of averaged CS-transformed light intensity values was used for mixed effect 
regression analyses. 

The CS transformation of multiband spectra linearized the nonlinearly distributed wide 
range of illuminance values. For visualization purposes only, the range of interval CS-
transformed light intensity averages within each participant were assigned to ten deciles, 
and averaged across participants within each decile. The upper panel of Figure 1 shows 
the highly nonlinear decile distribution of photopic illuminance averages, whereas the 
middle panel shows the linearized decile distribution of CS-transformed interval light 
intensity averages.

Liking, Wanting and Positive and Negative Mood Adjectives
For each interval, a Liking and Wanting score was calculated by averaging the six VAS 
ratings in each of the domains assessed by experience sampling at the end of the interval. 
Likewise, for each interval, Positive Mood and Negative Mood scores were calculated 
by averaging the five DISS items of each domain. Intervals with incomplete or ignored 
experience sampling assessments were discarded. 

Statistical Analysis
Mixed-effect regression models were used to evaluate how Liking and Wanting changed 
with time of day and light intensity. Time of day was included in the models because di-
urnal rhythms have been demonstrated in reward behavior and neurophysiology 233 and 
subjective hedonic tone 234. Time-of-day effects were estimated using the equivalent lin-
ear form of a 24-hour cosine curve 235 that combined the sine and the cosine of the time of 
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each interval, defined as the mid time between the current and previous alarm, expressed in 
radians of a 24 hr (2π) cycle where 0 and 2π represent midnight.

In order to be able to discriminate within-subject effects from between-subject effects 
of light intensity on subjective Liking and Wanting, an average CS value was calculated 
for each individual, which was included in the model next to the within-subject-centered 
residual fluctuation around his or her average 236

The 3-level hierarchical structure of variables measured during variably timed intervals 
(i), nested within days (j), nested within subjects (k) was accounted for by using random 
effects for subjects and days nested within subjects to control for the influence of different 
mean ratings associated with these variables (i.e. random intercepts). All analyses started 
with a null model that included the dependent variable and the subjects and days within 
subjects as random factors. Independent variables were added incrementally to see if the 
model improved. Intraclass correlation coefficients (ICC) were calculated for each model 
to understand how much of the variation in the dependent variable could be explained 
by the 3-level hierarchy of the data. 

Mixed-effects models were estimated using the ‘lme4’ package 189 for R version 3.2.4 188. 
Summary statistics and 95% confidence intervals (CIs) were calculated using a bootstrap 
procedure of 10000 replications 190 using the ‘boot’ package 191. P values for regression 
coefficients were obtained by calculating the fraction of 10000 bootstrapped LRT-values 
that are larger or equal to the observed LRT value obtained from comparing the model 
with and without the independent variable. 
Initially fitted models on the effect of time of day and light intensity on subjective Liking, 
Wanting, Positive mood and Negative mood measured over interval i of day j of participant 
k were as follows:

Yijk = ß0jk + ß1 * SineTimeOfDayijk + ß2 * CosineTimeOfDayijk + ß3 * LightIntensitySubjectCenteredijk 
+ ß4 * LightIntensitySubjectAveragek

Where Y is the dependent variable, either Liking, Wanting, Positive mood or Negative 
mood, ß0 is the intercept allowing for random variation over days j and participants k, ß1 

and ß2 are the sine and cosine components of the linear form of a 24-hour cosine curve 
to capture diurnal variation and ß3 and ß4 are the effects of the within-subject-centered 
fluctuations, and average between-subject differences, in light exposure. Note that the 
non-significant subject-averaged light intensity term was omitted from the final reported 
models.
The fitted model for the modulation of light intensity by time of day measured over 
interval i of day j of participant k was as follows:

LightIntensityijk = ß0jk + ß1 * SineTimeOfDayijk + ß2 * CosineTimeOfDayijk
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Where LightIntensityijk is the dependent variable, ß0 is the intercept allowing for random 
variation over days j and participants k, ß1 and ß2 are the sine and cosine components of 
the linear form of a 24-hour cosine curve to capture diurnal variation.

Results

Data were collected for a total of 1701 time points. Incomplete surveys, dismissed or 
ignored by the participant, were discarded (8.8%). Moreover, we discarded all surveys 
for which the interval to the previously completed survey was longer than 3 hrs, i.e. the 
maximal interval between the generated alarms (6.1%), and intervals without valid light 
measurements (18.3%). Two participants had less than 10 valid observations and were 
excluded from all analyses because of probable compliance issues or technical failures 
(0.7%). After fitting the models, outlying data points identified by evaluating the model 
residuals and discarded from the final refitted models 237. Outlying data points were those 
of which the standardized residuals exceeded 2.5 times the standard deviation of the 
residuals (1.2%). The remaining 1102 observations were included in the analyses.

Across all observations of all participants, Wanting ranged from 0 to 96 and Liking from 
0 to 95 out of a possible range of 0-100. Individual response ranges for Wanting and Liking 
spanned from 20 to 64 and from 26 to 79 VAS points respectively. Across all observations 
CS ranged from 0 to 0.74 out of a possible range of 0-1. Individual light intensity exposure 
spanned ranges from 0.33 to 0.72 units of CS.

Modulation of Light Exposure by Time of Day
Time of day significantly modulated light intensity, which peaked at 13:35 hr (Sine 
component: -0.07 ± 0.01 [-0.09, -0.05] (effect estimate ± standard error on the estimate, 
[95% confidence interval]), p = .0001; Cosine component: -0.16 ± 0.01 [-0.17, -0.14], p = 
.0001; Figure 1, bottom).

Table 1 - Fixed Effect Estimates of the Effects of Time of Day and Light Intensity on Subjective 
Wanting and Liking. 

Wanting Liking

M SE 95% CI M SE 95 %CI

Intercept 49.4 11.2 [27.3, 71.6]*** 45.5 9.5 [26.7,64.2]***

sin(TOD) -2.7 0.5 [-3.7, -1.6]*** -4.2 0.7 [-5.4, -2.9]***

cos(TOD) -0.1 0.6 [-1.2, 1.0] 0.9 0.7 [-0.4, 2.3]

LightIntensitysubject-centered 6.5 2.0 [2.7, 10.4]** 9.4 2.4 [4.8, 14.0]***

LightIntensitysubject-average -36.3 39.0 [-114.3, 39.4] -34.6 33.0 [-100.5, 30.1]

Note. Coefficient estimates of the optimal models are expressed as mean, standard error and 95% confidence intervals (CI). TOD 
= Time of day (rad). Time of day was converted to radians, where 24 hours equals 2π (0 and 2π represent midnight). Estimates 
were obtained from the distribution of 10,000 bootstrap replications. *p < .05, **p < .01, ***p < .001.
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Figure 1 - Range of recorded light level values. The upper and middle panels show illuminance 
distributions across ten deciles of the so-called circadian stimulus (CS) value of the illuminance, 
defined within each participant. The upper panel shows the nonlinear increase of illuminance values 
averaged in each decile. The middle panel shows how CS successfully linearizes the distribution 
across deciles of increasing light level. The lower panel shows the averages of the CS values, with 
the mid time of alarm-to-alarm intervals aggregated in two-hour time bins. Error bars indicate 95% 
confidence intervals. The number of observations in each interval is, respectively, 35, 151, 155, 135, 
132, 142, 160, 134, and 60. Too few observations were available between 0:00 and 6:00 hr for useful 
visualization. 
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Modulation of Wanting and Liking by Time of Day and Light Exposure
Time of day significantly modulated Wanting, which peaked at 17:49 hr (Sine component: 
p = .0001; Cosine component: p = .83, Table 1, Figure 2), and Liking, which peaked at 18:50 
hr (Sine component: p = .0001; Cosine component: p = .20). Within-subject variability in 
light intensity significantly affected Wanting (p = .0013, Figure 3) and Liking (p = .0001). 
Between-subject differences in average light exposure intensity did not relate to their 
average Wanting or Liking (p = .38, p = .32, respectively).

Across the range of an individual’s lowest to highest light exposure values, Wanting 
and Liking were estimated to increase, respectively by 11 ± 4% (4-21) (mean ± standard 
deviation (range)) and 13 ± 4% (6-25) of the within-subject observed range in their ratings.

Wanting and Liking yielded ICCs of 0.74 ± 0.05 [0.62, 0.83] and 0.58 ± 0.07 [0.42, 0.69], 
respectively, indicating a larger between-subject than within-subject contribution to the 
variance in Wanting and Liking.

Modulation of Positive and Negative Mood by Time of Day and Light Exposure
Time of day significantly modulated Positive mood, peaking at 14:15 hr (Sine component: 
p = .0012; Cosine component: p = .0001, Table 2) but not Negative mood (Sine component: 
p = .12; Cosine component: p = .13). Within-subject variability in light intensity did not 
significantly affect Positive mood (p = .11) or Negative mood (p = .80). Between-subject 
differences in average light exposure intensity did not relate to their average Positive or 
Negative mood (respectively p = .31; p = .52).

Positive mood and Negative mood yielded ICCs of 0.65 ± 0.06 [0.52, 0.75] and 0.67 ± 
0.06 [0.55, 0.77], indicating a larger between-subject then within-subject contribution to 
the variance in Positive and Negative mood.

Table 2 - Fixed Effect Estimates of the Effects of Time of Day on Positive and Negative Mood. 
Positive mood Negative mood

M SE 95% CI M SE 95% CI

Intercept 64.9 8.2 [48.7, 81.1]*** 16.1 8.9 [-1.5, 33.8]

sin(TOD) -1.5 0.5 [-2.5, -0.5]* 0.9 0.5 [-0.2, 1.9]

cos(TOD) -2.2 0.6 [-3.3, 1.1]*** -0.9 0.6 [-2.0, 0.3]

LightIntensitysubject-centered 3.0 1.9 [0.7, 6.7] -0.4 2.0 [-4.3, 3.4]

LightIntensitysubject-average -30.9 28.5 [-88.1, 25.2] 21.6 31.0 [-40.7, 82.6]

Note. Coefficient estimates of the optimal models are expressed as mean, standard error and 95% confidence intervals (CI). TOD 
= Time of day (rad). Time of day was converted to radians, where 24 hours equals 2π (0 and 2π represent midnight). Estimates 
were obtained from the distribution of 10,000 bootstrap replications. *p < .05, **p < .01, ***p < .001.
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Discussion

Based on the previous findings of direct and indirect projections of the retina of the eyes 
to reward-regulating brain structures, the present study aimed to evaluate immediate 
effects of light intensity on subjectively experienced liking and wanting, two major 
discriminable dimensions of the reward system. The Experience Sampling method was 

Figure 2 - Subjective liking and wanting ratings peak around 18:00-19:00. Average subject-centered 
ratings on Visual Analogue Scales with a total range of 100 for Liking (upper panel) and Wanting 
(lower panel) vary across time of day. Bars summarize the deviation from an individual’s average 
rating (0 on the vertical axis), with the mid time of alarm-to-alarm intervals aggregated in two-hour 
time bins. Both plots show average residual ratings, after correcting for the effects of inter- and intra-
individual differences in light exposure. Error bars indicate 95% confidence intervals. The number of 
observations in each interval is, respectively, 35, 151, 155, 135, 132, 142, 160, 134, and 60. Too few 
observations were available between 0:00 and 6:00 hr for useful visualization. Abbreviations: VAS = 
Visual Analogue Scale.
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used to survey fluctuations in subjective liking and wanting across seven days and their 
relationship with fluctuating ambient light levels assessed using ambulatory monitoring. 
The results indicate that the subjective experience of both liking and wanting increases 
with increasing intensity of environmental light. Moreover, these experiences show a 
diurnal modulation, peaking in the late afternoon / early evening, and suggesting a 
possible circadian control.

To the best of our knowledge, this is the first study demonstrating acute effects 
of naturally occurring variation in light exposure on subjective liking and wanting. 
Importantly, the assessment of these basic properties of the reward system turned out 
to be more sensitive to light exposure than more often assessed mood rating adjectives 
which did not change significantly with varying ambient light levels. Interestingly, negative 

Figure 3 - The intensity of environmental light significantly affects subjective liking and wanting 
ratings. Average subject-centered ratings on Visual Analogue Scales with a total range of 100 for 
Liking (upper panel) and Wanting (lower panel) increase with the level of light exposure. Bars 
summarize the deviation from individual’s average rating (0 on the vertical axis), aggregated in ten 
deciles of increasing light level. Both plots show average residual ratings, after correcting for the 
effects of individual differences in light exposure and time of day. Error bars indicate 95% confidence 
intervals. Abbreviations: VAS = Visual Analogue Scale; CS = circadian stimulus.
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mood did not show a diurnal modulation. Liking can be subjectively experienced as 
feelings of pleasure or niceness, and can thus be seen as a positive mood. Wanting could 
involve positive excitement about a pending event but also a negative restlessness when 
craving for an object of reward. Whereas liking, wanting and mood are distinguishable 
concepts, both with respect to the descriptive psychological constructs as well as to parts 
of the brain involved, they all involve the brain circuits involved in motivation and reward 
processing that receive projections from photosensitive retinal ganglion cells in the eye. 
These limbic areas include the lateral habenula, medial amygdala, and periaqueductal 
grey 209,212-214. It has to be noted that our assessment of explicit mood, wanting and liking 
should not be regarded as covering all aspects of the reward system. Firstly, the surveys 
only address explicit awareness, while liking and wanting also involve implicit processes 
221. Secondly, there are more mood dimensions than just ‘positive’ and ‘negative’. Thirdly, 
the reward system also includes a ‘learning’ component that may also be difficult to assess 
with experience sampling 238. Other methods would have to be developed to address the 
intrinsic and learning aspects of wanting and liking in field studies.

By nature of the domain queried, each of the two new scales is best described as an 
index, and the scales are better called surveys than questionnaires. Questionnaires contain 
a number of items that aim to ask, in different phrasings, about the same underlying 
construct. Its items will therefore intrinsically correlate. This is different for the presented 
new indices for wanting and liking. An index surveys a number of conditions, events or 
experiences that are not necessarily present or changing simultaneously in the same way. 
It may intrinsically even be unlikely that they do so simultaneously in a systematic way. 
This is the case for the presented indices. For example, it is quite unlikely to enjoy, in any 
1.5-hour timeframe, the complete range of experiences of the six dimensions of “taste-
smell”, “bodily sensation”, “watching/listening”, “social interaction”, “physical activity” and 
“receiving something”. For example, one may enjoy pleasant tastes, smells and social 
interaction during a dinner. In another time interval - and unlikely to be the same interval 
- one may rather experience pleasure from listening to music or watching a movie. Again, 
during both these example intervals, it is highly unlikely that one will as well enjoy 
pleasant feelings from e.g. fitness training.

Only few studies addressed acute effects of natural light exposure on mood outside of 
the laboratory environment. These studies used less dynamic sampling strategies 239,240, 
fixed time intervals 241 or events like social interactions 217. The present study aimed to 
circumvent these limitations by using ES with quasi-random sampling while participants 
followed their normal routines, with no manipulations concerning their sleep-wake or 
leisure time.

A first limitation of the present study is that it addressed subjectively experienced liking 
and wanting only, which may or may not match implicit liking and wanting 221. Methods for 
momentary repeated assessment of implicit liking and wanting are however presently not 
available and would require extensive development and evaluation. A second limitation 



Environmental light and time of day modulate subjective liking and wanting

4

| 63   

of the present study is that it did not assess individual differences in functionality of 
the neurobiological substrates that mediate the effect of light on the reward system, to 
evaluate their possible involvement in individual differences in the effect of light and 
time of day on liking and wanting. Indirect indicator variables are available to evaluate 
the functionality of ipRGCs 242,243 and the SCN e.g. 244,245-247. A third and related limitation 
of the present study is that it assessed healthy young adults only. Future studies may 
evaluate how time of day and light levels modulate subjective liking and wanting in the 
aged population, where both retinal and circadian clock functioning become increasingly 
compromised 248,249.

The diurnal peak for subjective liking and wanting occurred in the early evening, 
whereas the diurnal peak intensity of environmental light exposure occurred in the early 
afternoon. These findings indicate additive effects of light intensity and time of day on 
subjective liking and wanting. It remains to be evaluated whether the effect of time of 
day is directly regulated by projections from the SCN to reward-related brain circuits, or 
secondary to, for example, diurnal changes in locomotor activity or body temperature 
that may affect these circuits as well 137,250. As visualized in Figures 2 and 3, and represented 
in the respective regression coefficients, the effect of naturally occurring variation in 
environmental light intensity on liking and wanting is larger than the magnitude of the 
modulation of liking and wanting by time of day.

Light exposure profiles are to some extent related to geographical, seasonal and 
meteorological variables. Several studies investigated the association of mood with 
these variables, of which we here discuss some of the larger recent studies. In a study 
on predominantly women from puberty to advanced age, participants filled out on 
average 14 daily ratings on positive and negative affect 251. The ratings were associated 
with meteorological data on temperature, hours of sunlight without overcast, and mean 
wind power. Multilevel multivariate regression analyses showed that hours of sunlight 
did not affect positive affect, but did reduce negative affect. The study moreover revealed 
strong individual differences in the effects of weather on mood. Individual differences 
were investigated more systematically in almost 500 adolescents and their mothers. They 
filled out a diary on happiness, anxiety, and anger for at least 12 days, distributed over six 
separate weeks in summer and autumn 252. Latent Class Analysis showed different subtypes, 
with markedly different mood response profiles on day-to-day changes in percentage of 
sunshine, average temperature, and hours of precipitation per day. Likewise, differences 
between males and females have been suggested 253. In a study on students, Beecher and 
colleagues 254 reported more mental health distress in students during periods of a short 
day length. O’Hare and colleagues 255 assessed a population sample of older adults and 
found that individual differences in reported depressive symptoms are less in those that 
live in areas with more hours of sunshine. Such effects of long term climate variables could 
however not be confirmed in a population-based study on life satisfaction 253. 
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Based on the relatively low consistency across these and other reported findings, we 
agree with Lucas and Lawless 256, who reviewed ten studies on weather and mood to 
conclude that effects seemed small and contradictory. However, common to all these 
previous studies is that mood was assessed either once, or at most once daily, and that 
meteorological data were supposed to apply in the same manner to each individual living 
in a particular area. In everyday life however, mood fluctuates over the day, as does light 
intensity. Moreover, diurnal light exposure profiles widely differ between subjects and 
days and are also very dependent on indoor light conditions. Our present study differed 
importantly from previous studies in that it included multiple assessments per day, and 
not only of subjective mood, but also of the actual individual light exposure profiles.

A very large body of studies has already pointed out the clinical value of light 
manipulations to ameliorate depressive symptoms, enhance alertness and support 
circadian rhythms. The present study suggests that the simultaneous momentary 
assessment of light, liking and wanting may be used in clinical samples to identify possible 
deficient effects of light on liking and wanting as well as the most vulnerable times of 
the day. Based on such observations one might design better tailored diurnal profiles of 
light interventions, for example to enhance the pleasure of a reward in people with mood 
vulnerabilities, or to rather moderate wanting in those with undesirable craving, as in 
addiction and obesity.

To the best of our knowledge, this is the first study to combine ambulatory monitoring of 
environmental light exposure with experience sampling of subjective liking and wanting. 
The method proved feasible and sensitive, and may provide a useful new tool to evaluate 
abnormalities in diurnal patterns and light sensitivity of subjective liking and wanting in 
disorders in which the systems regulating reward, emotion and stress are highly relevant, 
like addiction, depression and insomnia 138,159,238,257-263. An exciting possibility to address in 
future studies may be to evaluate the effect of timed manipulation of light exposure on 
such abnormalities.



Environmental light and time of day modulate subjective liking and wanting

4

| 65   



5CHAPTER 5



Bright environmental light 
ameliorates deficient subjective 
‘liking’ in insomnia: an experience 
sampling study

Bart H.W. te Lindert*
Jacob Itzhacki*
Wisse P. van der Meijden
Morten L. Kringelbach
Jorge Mendoza
Eus J.W. van Someren
*Authors contributed equally

Sleep 2018; 41:1-13



A
bs
tr
ac
t

Study Objectives
Altered comfort sensing and reduced gray matter volume in the orbitofrontal cortex 

of the brain in people suffering from Insomnia Disorder (ID) suggest compromised 

processes of motivation and hedonia. The Experience Sampling (ES) method was 

used to evaluate whether, in naturalistic conditions, people with ID differ from 

those without sleep complaints with respect to subjective wanting and liking, two 

major dimensions of the reward system. Since light affects brain circuits involved in 

affect and reward, ES was combined with ambulatory monitoring of light intensity 

fluctuations to evaluate their effect on subjective wanting and liking.

Methods
Participants with ID (n=17, 12 females, 56.8 ± 6.5 mean ± standard deviation years 

of age) and matched controls without sleep complaints (n=18, 12 females, 57.0 ± 8.6 

years of age) were probed by a smartphone alarm to log their subjective wanting, 

liking and mood nine times a day for seven days. Using an ambulatory light recorder, 

light intensity exposure was sampled simultaneously and averaged over the intervals 

between subsequent ES alarms. Mixed effect models were used to evaluate how ID 

and varying light intensity affected subjective assessments.

Results
The results indicated significantly lower subjective Liking and Wanting in 
people suffering from ID, particularly at low environmental light intensity. 

Conclusions
Wanting and liking, rather than more commonly used mood adjectives, showed an 

increased sensitivity to detect deficient hedonic and reward processing in insomnia 

during everyday life. Deficient liking may in part be rescued by exposure to bright 

environmental light.
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Introduction

With prevalence estimates that vary around 10%, insomnia is among the most frequent 
complaints in general practice. Insomnia Disorder (ID) is the second-most prevalent mental 
disorder,1 characterized by lasting problems falling asleep or waking up in the night or 
early morning, with subjective repercussions for daytime functioning. Over the past two 
decades, it has been recognized increasingly that symptoms of ID are not limited to sleep 
and involve a round-the-clock state of hyperarousal,264 both subjectively as indexed by 
e.g. tension, irritability, hypersensitivity and behavioral hyper-responsivity, as well as 
objectively as indexed by e.g. fast activity in the sleep and wake electroencephalogram 
(EEG), elevated cerebral glucose metabolism and enhanced cortical excitability.192,193,265-268

Consensus assigns hyperarousal a key role in the pathophysiology of ID. Hyperarousal 
is a multidimensional construct, present around the clock in several behavioral, cognitive 
and electrophysiological assessments next to fragmented sleep.269 Several studies have 
tried to find clues to the underlying mechanisms of hyperarousal.192,193,258,259,270 The general 
tenet is that hyperarousal may result from chronic dysfunctional regulation of emotion, 
stress and reward. For a deeper understanding of the hyperarousal, it would therefore 
seem important to further our insight in the dysfunctional regulation of emotion, stress 
and reward in insomnia. This has for example been pursued using psychometric and 
physiological paradigms,e.g. 258,271 and more recently with magnetic resonance imaging 
studies that linked hyperarousal to suboptimal functioning of a circuit involving the 
orbitofrontal cortex (OFC).259 One of the better recognized OFC functions concerns the 
subjective experience of pleasantness, which has also been called ‘hedonic evaluation’ or 
Liking,17,18 which in controlled lab studies seemed to be compromised in people suffering 
from insomnia.19,20

Liking is one of the two major discriminable dimensions of reward processing, next to 
another dimension that has been coined Wanting.9,10 Whereas Liking refers to the pleasure 
dimension of a reward, Wanting represents the incentive motivation that promotes 
approach toward and consumption of rewarding stimuli. Although both have unconscious 
aspects as well, Liking can be subjectively experienced as feelings of pleasure or niceness, 
and Wanting as desires for incentives or declarative goals.221 Wanting and Liking involve 
partially overlapping and partially discriminable brain circuits and may both contribute to 
anhedonia in psychiatric disorders.221 Although Wanting and Liking may be processed in 
discriminable circuits of the brain, Baumeister272 pointed out that the dimensions do not 
seem entirely orthogonal, i.e. they don’t work independently (but see Kruglanski et al.273 
for a comment on their interrelatedness versus independence).

The first aim of the present study was to complement the relatively scarce functional 
observations of altered ‘hedonic evaluation’ or Liking in laboratory conditions in 
insomnia.19,20 To do so we employed Experience Sampling (ES) study to evaluate whether 
people with ID experience less Liking, in everyday life, under naturalistic conditions. 
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Since their relative contribution to anhedonia may differ across psychiatric disorders, we 
complemented the Experience Sampling survey on subjective liking by similar questions 
about subjective wanting. Compared to traditional retrospective self-reports Experience 
Sampling diminishes recall bias and selectivity by capturing current or recent behaviors. 
Furthermore, ecological validity is high compared to lab studies because subjective 
experiences can be described as they occur in the naturalistic environment.222 Based 
on previous studies suggesting compromised OFC functioning in insomnia (see above 
and Discussion section), and given its involvement in Liking more than in Wanting,17,18 
we expected a particular deficiency in Liking in everyday life in people suffering form ID: 
more so than in Wanting or in more traditional mood adjectives assessment.

A second aim of the present study was to evaluate how the naturalistically occurring 
variation in environmental light exposure affects subjective wanting and liking ratings 
in ID. Recent studies indicate that activation of the reward circuitry changes with light 
intensity,206-208 which is likely to underlie the robust findings of favorable clinical effects of 
bright light on mood.e.g. 199,201-204 Indeed, intrinsically photosensitive retinal ganglion cells 
(ipRGCs), that express the blue-light sensitive photopigment melanopsin and integrate 
information on environmental light intensity, have both direct and indirect projections to 
limbic areas involved in the regulation of mood and reward, including the lateral habenula, 
medial amygdala, and periaqueductal grey.209,212-214 Whereas a handful of studies evaluated 
the effect of clinical application of bright light on sleep complaints in people suffering 
from ID,274-278 studies on the immediate effect of dynamically changing light intensities on 
readouts of the reward system in ID are lacking. We therefore complemented the present 
ES study with wearable sensors for simultaneous ambulatory recording of naturalistic 
fluctuations in environmental light intensity, to assess how they affect subjective liking and 
wanting. Based on previous experimental work showing activation of the reward circuitry 
with bright light, we expected a positive association between naturally fluctuations in 
light intensity and subjective liking and wanting, both in cases and controls.

Methods

Participants
Participants were 17 people suffering from ID and 18 age- and sex-matched controls 
without sleep complaints (Table 1). Volunteers were recruited by advertisement, word of 
mouth and the Sleep Registry182 and were screened using a dedicated online screening 
form followed by a telephone interview to verify their eligibility to participate in the study. 
All participants provided written informed consent. Initially, we searched for participants 
among people suffering from insomnia irrespective of their age. However, it turned out that 
very few of the responders were younger than 40 years of age. This is in accordance with 
the age-related increase in prevalence. Because we aimed for a relatively homogeneous 
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sample with respect to age, we set inclusion criteria between 40 and 70 years of age and 
in addition self-acclaimed good health and working regular office hours. For the ID group 
self-reported sleep onset latency or wake after sleep onset greater than 30 min, and total 
sleep time less than 6.5 hours, for at least 6 months and for more than 3 nights per week at 
the time of intake. Exclusion criteria for all participants were diagnosed ocular pathology, 
drug abuse, excessive alcohol consumption (>10 glasses per week), crossing one or 
more time zones in the month prior to the study, current use of alertness-, sleep-, and 
thermoregulation-altering medication and any currently diagnosed sleep, neurological 
or psychiatric disorders other than ID according to the Sleep Registry implementation 
of the Duke Structured Interview for Diagnosing Sleep Disorders.182,279 Prior to inclusion, 
volunteers were interviewed by telephone to verify the presence (in cases) or absence (in 
controls) of ID according to the third edition of the International Classification of Sleep 
Disorders.280 All participants with ID reported suffering from complaints for more than 8 
years. Group differences with respect to insomnia-related complaints were furthermore 
verified using the 7-item Insomnia Severity Index (ISI) questionnaire183 and the Pittsburgh 
Sleep Quality Questionnaire (PSQI)184 (Table 1). The Munich Chronotype Questionnaire 
(MCTQ)281 was administered to evaluate group differences in midsleep on free days 
adjusted for average sleep need (MSFsc)

282 between ID and controls. Participants received 
monetary compensation after study completion. The protocol was approved by the Ethics 
Committee of the VU University and Medical Center and performed in accordance with 
principles of the Helsinki Declaration.

Table 1 - Characteristics of participants
Control
(n = 18)

Insomnia Disorder
(n = 17)

P

Age (yr) 57.0 ± 8.6 56.8 ± 6.5 0.83

Sex (Female/Male) 12/6 12/5 1

Body Mass Index (kg/m2) 24.4 ± 4.0 24.6 ± 3.6 0.74

ISI  
DIS 
DMS 
EMA

4.4 ± 3.4
0.5 ± 0.7
0.4 ± 1.0
0.4 ± 0.6

17.0 ± 4.6
2.1 ± 1.5
3.2 ± 1.1
2.8 ± 1.1

< 0.0001
< 0.0001
< 0.0001
< 0.0001

PSQI 3.9 ± 1.7 9.9 ± 3.2 < 0.0001

MCTQ (HH:MM) 04:09 ± 00:41 03:15 ± 00:57 0.003

Mean values ± SD (range) are shown. ISI, Insomnia Severity Index; DIS, Difficulty Initiating Sleep; DMS, Difficulty Maintaining 
Sleep; EMA, Early Morning Awakening; PSQI, Pittsburgh Sleep Quality Index; MCTQ, Munich Chronotype Questionnaire. 
DIS, DMS and EMA represent the frequency of the complaint experienced over the last 2 weeks as assessed by the ISI at 
recruitment. 
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Procedure
Volunteers participated in unconstrained ambulatory assessment in their natural 
environment for seven consecutive days. On the day prior to the start of the ambulatory 
assessment, subjects were introduced to the project, familiarized with the usage of a 
smartphone for Experience Sampling (ES) and attachment of the light sensors to their 
clothes.

Light Assessment
Participants received two dime-sized RGB multiband light sensors (Dimesimeter, also 
known as Daysimeter-D, Rensselaer Polytechnic Institute, Troy, NY, USA).224,225 Photopic 
illuminance and the multiband light spectrum were sampled once every minute for seven 
consecutive days. Each sensor was integrated in a brooch. Subjects received two brooches. 
One of the brooches was pinned at chest level on the indoor clothing a participant chose 
to wear on each particular day from the moment they woke up until bedtime. The other 
brooch was pinned on the subject’s outdoor jacket or coat at the same chest level and 
left there for all days this jacket or coat was used. The use of two brooches allows for 
continuous indoor and outdoor assessment: when the brooch on indoor clothing is 
covered by one’s coat or jacket, the signal recorded from the brooch on the coat or jacket 
can be used to estimate environmental light exposure. Whether a coat was worn, could be 
assessed from the accelerometry signal integrated in each sensor.

Assessment of Liking and Wanting
Experience Sampling was used to repeatedly assess subjective liking and wanting. The 
method was implemented using MovisensXS software (Movisens GmbH, Karlsruhe, 
Germany) installed on a smartphone (Nexus 4, LG, Seoul, Korea). Participants were 
probed 8 times a day at quasi-random intervals timed between 8:00 and 22:00 hr, and 
were asked in addition to provide input after waking up and before bedtime. The interval 
between subsequent alarms ranged between 16 minutes and 3 hours. Preceding the first 
observation of each day, which was made immediately upon awakening, the subjects 
were asleep with eyes closed, usually in a dark bedroom. Hence the first observation of 
the day lacks variance in prior light exposure and was therefore not considered in the 
present study.

The assessment of explicit and implicit liking and wanting in humans is an area that is 
under development.218,226-228 At the time of completing the design of the present study, 
we were not aware of previous work providing examples of their combined momentary 
assessment within the ES method. An interesting ES study on dieting and self-control of 
eating that was published later did however evaluate wanting (‘desire’) in great detail229 
and an even more recent study on Schizophrenia assessed appraisal of social interaction,230 
a specific example of liking that we included also in our approach. EVS and MK (as an 
expert on hedonia) discussed the domains to be included in a comprehensive assessment 
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of liking, and developed questions for each domain phrased in such a way that it would 
fit the limited space on a smartphone screen and could as well be matched by a similarly 
phrased question about wanting in each domain. We surveyed both subjective liking and 
wanting at every prompt by six statements each, addressing the dimensions of “taste-
smell”, “bodily sensation”, “watching/listening”, “social interaction”, “physical activity” and 
“receiving something”. Participants were asked to rate the extent to which each statement 
applied to them in the period between the current and previous alarm, using visual 
analogue scales with end points “not” and “very much” scaled to 0 and 100 respectively. 
The statements are shown below: liking (in Dutch: “genoot ik van…”) was queried first and 
immediately followed by questions on wanting (in Dutch: “had ik zin in…”).

Since the previous alarm, I enjoyed...
 not   very much
... a taste or smell |-------------------------------------------------------------------------|
... a bodily sensation |-------------------------------------------------------------------------|
... watching or listening |-------------------------------------------------------------------------|
... interactions with other |-------------------------------------------------------------------------|
... physical activity, being busy |-------------------------------------------------------------------------|
... receiving something |-------------------------------------------------------------------------|

Since the previous alarm, I wanted...
 not   very much
... a taste or smell |-------------------------------------------------------------------------|
... a bodily sensation |-------------------------------------------------------------------------|
... to watch or listen |-------------------------------------------------------------------------|
... to interact with others |-------------------------------------------------------------------------|
... physical activity, to be busy |-------------------------------------------------------------------------|
... to receive something |-------------------------------------------------------------------------|

Complementary assessment of more traditional mood adjectives
Whereas ES of liking and wanting has not previously been reported, several ES studies 
made use of positive and negative mood adjectives. It would be interesting to evaluate 
whether direct questions on wanting and liking are as sensitive to detect group differences 
and effects of light intensity as previously used positive and negative mood adjectives. We 
therefore queried at each alarm, and prior to the Wanting and Liking questions, positive 
and negative mood adjectives with relevance to insomnia as described in the Daytime 
Insomnia Symptom Scale (DISS).231 The DISS consists of 19 visual analog scales, which load 
onto four factors labeled Alert Cognition, Sleepiness/Fatigue, Negative Mood and Positive 
Mood. The latter two factors were evaluated here.
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Preprocessing

Light
Dimesimeter measurements were preprocessed with MATLAB 2014a (MathWorks Inc., 
Natick, Massachusetts, USA). The photopic illuminance and accelerometry signals of the 
sensors on the indoor and outdoor clothing were used to assess the validity of each light 
sample. Visual inspection indicated baseline noise in the absence of movements in the 
accelerometry signals. Values below the baseline noise floor were set to zero. Windows 
of at least 15-minutes without activity were marked as periods that the sensor was not 
worn65 and excluded from analyses. Excluded were moreover all epochs without any light, 
indicating that the sensor was most likely covered. The remaining one-minute epochs were 
considered valid measurements. The time series of the two devices were synchronized by 
means of the recorded timestamps. Sample-by-sample selection of light values of either 
indoor or outdoor clothing devices was accomplished as follows:

1)  If only one of the sensors had a valid measurement, the sensor with the valid 
measurement was selected.

2)  If the sensors on the indoor and outdoor clothing each simultaneously showed valid 
measurements, the sensor with the maximal photopic illuminance measurement 
was selected. This accounts for example for the situation in which an open jacket 
folds back to cover the outdoor clothing sensor, exposing the indoor sensor, while 
still selecting the outdoor sensor if a closed jacket covers the indoor sensor.

3)  All other one-minute epochs were discarded.

The photopic illuminance and accelerometry was used only to assess the validity of the 
measurement and to choose which signal to use, but the co-recorded multiband spectrum 
was used for further analysis. The co-recorded multiband spectrum value of each valid 
photopic illuminance sample was nonlinearly transformed into a value between zero and 
one that represents the estimated downstream effect of the light intensity on the circadian 
system, as derived from its effectiveness to suppress melatonin (circadian stimulus, CS232), 
hereinafter referred to as ‘light intensity’. Valid transformed light intensity values were 
averaged within each time interval between subsequent alarms. Intervals exceeding 
three hours were discarded and represented the intervals without valid data (e.g. the 
long interval prior to the first self-initiated ES assessment immediately upon waking). The 
resulting set of valid CS-transformed light intensity values averaged over the time interval 
between subsequent alarms was used for mixed effect regression analyses. 

The CS transformation on light samples effectively linearized the otherwise nonlinearly 
distributed wide range of light illuminance values. For data description and visualization 
purposes only, the range of interval CS-transformed light intensity averages within 
each participant were assigned to ten deciles, and averaged across participants within 
each decile. The upper panel of Figure 1 shows the highly nonlinear decile distribution 
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of untransformed interval illuminance averages, whereas the middle panel shows the 
linearized decile distribution of CS-transformed interval light intensity averages.

Liking, Wanting and complementary more traditional Positive and Negative mood 
adjectives
For each interval, a Liking and Wanting score was calculated by averaging the six visual 
analogue ratings in each of the domains assessed by experience sampling at the end 
of the interval. Likewise, for each interval, a DISS Positive Mood score was calculated by 
averaging the ratings on the five items ‘Relaxed’, ‘Energetic’, ‘Calm’, ‘Happy’ and ‘Efficient’, 
as well as a DISS Negative Mood score from the items ‘Anxious’, ‘Stressed’, ‘Tense’, ‘Sad’, and 
‘Irritable’. Intervals with incomplete or ignored experience sampling assessments were 
discarded. 

Statistical analysis
In order to verify that people suffering from ID and controls did not differ systematically 
with respect to the time of year of assessment, possible group differences in circular 
means and standard deviations was evaluated using a Mardia-Watson-Wheeler test.283

Mixed-effect regression models were used to estimate how subjective Liking, Wanting, 
Positive mood and Negative mood changed with time of day and were affected by 
light intensity during the queried interval. The mixed-effect models accounted for the 
3-level hierarchical structure of the data with a variable number of intervals (i) nested 
within a variable number of days (j), nested within subjects (k). Subject and days nested 
within subjects were specified as random factors to control for their associated intraclass 
correlation (ICC; i.e. random intercept).

Time of day, light intensity, ID, and the interaction effect of ID with light intensity and 
with time of day were included as regressors. Light intensity was added as a random effect 
to account for individual differences in the response to light intensity.

The diagnosis of ID was included as a dichotomous variable with ID coded as 1 and 
control coded as 0.

Time of day was included in the models because diurnal rhythms have been demonstrat-
ed in reward behavior and neurophysiology233 and subjective hedonic tone.234 Time of day 
effects were estimated using the equivalent linear form of a 24-hour cosine curve235 that 
combined the sine and the cosine of the midtime of each interval, expressed in radians where 
24 hour equals 2π and 0 and 2π indicate midnight.

An additional separate model evaluated the modulation of light intensity by time of 
day and ID. 

Intraclass correlation coefficients (ICC) were calculated for each model to understand 
how much of the variation in the dependent variable could be explained by the 3-level 
hierarchy of the data. 
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Multilevel reliability coefficients were calculated to estimate the reliability of between-
person differences and the reliability of within-person time variation of the items of the 
Positive and Negative mood scales of the DISS.284 

Figure 1 - Range of recorded average light intensities in ID (gray bars) and controls (white bars). The 
upper and middle panels show distributions across ten deciles defined within each participant. The 
upper panel shows the nonlinear increase of photopic illuminance values averaged in each decile. 
The middle panel shows how the ‘circadian stimulus (CS)’-transformation linearizes the distribution 
across deciles of increasing intensities. The lower panel shows the within-subject averages of CS-
transformed light intensity values, with the mid time of alarm-to-alarm intervals aggregated in two-
hour time bins. Error bars indicate 95% confidence intervals. The numbers of observations in each 
time interval were, respectively, 34, 162, 117, 105, 88, 105, 118, 98 and 31 for the control participants 
and 63, 141, 110, 109, 103, 99, 119, 115 and 36 for participants suffering from insomnia. Too few 
observations were available between 0:00 and 6:00 hour for useful visualization. There was no group 
difference in overall light exposure (P = 0.57). 
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Circular statistics were estimated using the “circular” package285 and mixed-effects 
models were estimated using the “lme4” package189 for R version 3.2.4.188 The multilevel 
reliability coefficients and the ICCs were estimated using the “psych” package.286 Summary 
statistics and 95% confidence intervals (CI) were calculated using a bootstrap procedure 
of 10,000 replications190 using the “boot” package.191 Significance of the effects of the 
independent variable on the dependent variable was obtained by calculating the 
fraction of 10,000 bootstrapped log-likelihood ratio (LRT) values that are larger or equal 
to the observed LRT value obtained from comparing the model with and without the 
independent variable. 

The initially fitted models for the effect of time of day, light intensity, ID, and the 
interaction effects between ID and light intensity and between ID and time of day on 
subjective Liking, Wanting, Positive mood and Negative mood were as follows. Note 
that the last two non-significant interaction terms were omitted from the final model for 
Wanting and Liking:

Yijk = ß0ijk + ß1 * SineTimeOfDayijk + ß2 * CosineTimeOfDayijk + ß3 * LightIntensityijk + ß4 * IDk + 
ß5 * IDk * LightIntensityijk + ß6 * IDk * SineTimeOfDayijk + ß7 * IDk * CosineTimeOfDayijk

Where:
Y   is the dependent variable, either Liking, Wanting, Positive mood or Negative mood, 

i,j,k subscripts indicate values measured over interval i of day j of participant k;
ß0   is the intercept allowing for random variation over intervals i, days j and 

participants k;
ß1 – ß2  are the sine and cosine components of the linear form of a 24-hour cosine curve 

to capture diurnal variation;
ß3 is the effect of light exposure;
ß4 is the effect of a diagnosis of Insomnia Disorder (ID);
ß5  is the interaction effect describing to what extent ID alters the effects of the 

within-subject-centered fluctuations in light exposure on the dependent variable;
ß6 – ß7  capture the interaction effect describing to what extent ID alters the sine and 

cosine components that model the diurnal variation

The fitted model for the modulation of light intensity by time of day and ID was as follows:

LightIntensityijk = ß0ijk + ß1 * SineTimeOfDayijk + ß2 * CosineTimeOfDayijk
 + ß3 * IDk + ß4 * IDk 

* SineTimeOfDayijk + ß5 * IDk * CosineTimeOfDayijk

Where:
LightIntensityijk is the dependent variable,
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i,j,k subscripts indicate values measured over interval i of day j of participant k;
ß0   is the intercept allowing for random variation over intervals i, days j and 

participants k;
ß1 – ß2  are the sine and cosine components of the linear form of a 24-hour cosine curve 

to capture diurnal variation;
ß3 is the effect of a diagnosis of Insomnia Disorder (ID);
ß4 – ß5  capture the interaction effect describing to what extent ID alters the sine and 

cosine components that model the diurnal variation

Results

We collected a total of 2205 alarms. We discarded any incomplete surveys (dismissed 
or ignored by the participant; 4.4%), those with an excessively long prior time interval 
since the last alarm (>3 hrs, the maximal time between random intervals; 8.3%) and those 
with evidence of the light sensor not being worn (7.3%). The remaining 1764 alarms were 
included in the analysis, indicating that on average 80% of the alarms contained valid 
data.

Assessments were performed across the year and covered all months except for 
January, September and December. The group circular means and standard deviations 
were 11 June ± 69 days in people suffering from ID and 3 June ± 78 days in controls and 
did not differ significantly (Mardia-Watson-Wheeler W = 0.04, P = 0.98).283 

Light exposure
There was no group difference in overall light exposure between ID and controls (P = 0.57; 
Figure 1). Light intensity was on average 0.31 ± 0.01 [0.29 0.34] for ID and 0.29 ± 0.02 [0.25 
0.32] for controls. Diagnosis by Time of Day interaction terms indicated that people with 
ID differed slightly from controls with respect to the timing of their diurnal light exposure 
profile (ID interaction with the Sine component: -0.03 ± 0.01 [-0.05 -0.01] (effect estimate ± 
standard error of the estimate [95% confidence interval), P = 0.012; ID interaction with the 
Cosine component: -0.04 ± 0.01 [-0.06 -0.02], P = 0.001). Light intensity peaked at 13:26 
hour in ID and slightly earlier, at 13:14 hour, in controls.

Wanting and liking
There were highly significant group differences in overall subjective Liking and Wanting 
between ID and controls. People with ID rated significantly lower both on subjective 
Liking (P = 0.001) and on subjective Wanting (P = 0.0004, Table 2). Average Liking was 
34.9 ± 2.3 [30.4 39.4] for ID and 44.6 ± 2.8 [39.0 50.1] for controls. Average Wanting was 
34.1 ± 2.2 [29.8 38.5] for ID and 45.1 ± 2.9 [39.2 50.8] for controls. Diagnosis by Time of Day 
interaction terms indicated that people with ID did not differ from controls with respect to 
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the amplitude or phase of the diurnal 24-hour profiles in Liking or Wanting (all ID·Sine and 
ID·Cosine component terms were 0.26 < P < 0.90). Therefore, these terms were excluded 
from the final mixed effect regression models. Thus, consistent across all participants, time 
of day significantly modulated Liking, peaking at 16:05 hour (Sine component: P < 0.0001; 
Cosine component: P = 0.0003, see Figure 2). Likewise, time of day modulated Wanting 

Figure 2 - Subjective liking and wanting ratings across the day show a peak in the afternoon. 
Subjective ratings on Liking (upper panel) and Wanting (lower panel) vary across time of day in 
participants suffering from ID (gray bars) and controls (white bars). Data are aggregated in two-
hour time bins according to the mid time of the intervals between subsequent alarms. In order 
to be able to visualize time of day effects only, both plots show residual ratings, after adjusting 
for the effects of intensity of circadian stimulus. Error bars indicate 95% confidence intervals. The 
numbers of observations in each time interval were, respectively, 34, 162, 117, 105, 88, 105, 118, 98 
and 31 for the control participants and 63, 141, 110, 109, 103, 99, 119, 115 and 36 for participants 
suffering from insomnia. Too few observations were available between 0:00 and 6:00 hour for useful 
visualization. Mixed effect regression analysis fitting a linearized 24-hour cosine function indicated 
significant diurnal variation in both Liking and Wanting that did not differ between ID and controls, 
respectively peaking at 15:40 hour and 16:05 hour. Abbreviations: VAS = Visual Analogue Scale.
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resulting in a peak at 15:40 hour (Sine component: P < 0.0001; Cosine component: P < 
0.0001). 

A significant ID by light intensity interaction effect (P = 0.04) indicated that variability 
in light exposure significantly affected the experience of Liking only in ID. A similar 
interaction effect could not be found for Wanting (P = 0.09). As visualized in Figure 3, 
controls without sleep complaints remained at average levels of subjective Wanting and 
Liking irrespective of light intensity, whereas higher light intensities partly ameliorated the 

Figure 3 - Higher environmental light intensities partly ameliorate low subjective liking but not 
wanting ratings in insomnia. Average subjective ratings on Liking (upper panel) increase with light 
intensity only in participants suffering from insomnia disorder (gray bars, solid line) but not in 
control subjects (white bars, dashed line). Wanting (lower panel) shows a similar but non-significant 
trend. Bars summarize average ratings, aggregated in ten deciles of increasing CS-transformed 
light intensity ranges defined within each participant. Error bars indicate 95% confidence intervals. 
Abbreviations: VAS = Visual Analogue Scale.
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overall lower subjective Liking but not Wanting in participants suffering from insomnia. 
We moreover evaluated effects of the severity (ISI) and duration (DSISD) of insomnia 
among participants diagnosed with ID. Whereas both Wanting (P = 0.03) and Liking (P = 
0.02) increased significantly with light, the effect of light on Wanting (P = 0.19) nor Liking 
(P = 0.20) was not moderated by severity (ISI*CS interaction). Wanting and Liking were not 
significantly associated with the duration of insomnia, nor was the effect of severity on 
Wanting and Liking (P = 0.10, P = 0.07, P = 0.17 and P = 0.24, respectively). 

Wanting and Liking yielded ICCs of 0.54 ± 0.05 [0.45 0.63] and 0.49 ± 0.05 [0.40 0.58], 
respectively, indicating about equal within-subject and between-subject contributions to 
the variance in Wanting and Liking.

Positive and Negative Mood
There were no differences in overall Positive or Negative mood between ID and controls 
(respectively P = 0.81; P = 0.46). 

Diagnosis by Time of Day interaction terms indicated that people with ID differed from 
controls with respect to the diurnal profile of Positive mood and Negative mood (Table 3, 
Figure 4). Positive mood peaked at 15:14 hour for ID and 12:13 for controls (ID interaction 
with Sine component: P = 0.003; ID interaction with Cosine component: P = 0.37). Likewise, 
time of day modulated Negative mood resulting in a peak at 06:31 hour for ID and 15:33 
for controls (ID interaction with Sine component: P = 0.0001; ID interaction with Cosine 
component: P = 0.97). 

No ID by light intensity interaction effect was present for Positive mood and Negative 
mood (Figure 5, P = 0.14 and P = 0.45, respectively). 

Positive mood and Negative mood yielded ICCs of 0.73 ± 0.04 [0.64 0.81] and 0.62 ± 
0.04 [0.53 0.71], respectively, indicating a larger between-subject than within-subject 
contribution to the variance in Positive and Negative mood. The multilevel reliability 
coefficients for Positive mood and Negative mood are shown in Table 4. The between-
person reliability is higher than the within-person reliability indicating that the scales are 
better at discriminating between-person differences than within-person differences. 



Chapter 582 |

Table 2 - Model estimates of the effects of time of day, light intensity and insomnia disorder on 
subjective wanting and liking. 

Wanting Liking

Fixed Effects β SE CI β SE CI

Intercept 41.6 2.6 [36.5 46.7]*** 41.5 2.6 [36.3 46.7]***

sin(TOD) -4.5 0.5 [-5.6 -3.5]*** -5.5 0.6 [-6.7 -4.4]***

cos(TOD) -3.2 0.7 [-4.6 -1.8]*** -3.0 0.8  [-4.5 -1.5]***

CS 4.5 5.4 [-6.0 15.0] 2.1 5.1 [-7.9 12.1]

ID -14.8 3.7 [-22.3 -7.5]*** -14.0 3.8 [-21.5 -6.6]**

ID · CS 12.4 7.2 [-1.5 26.5] 14.2 6.7 [1.1 27.3]*

Random Effects σ SE CI σ SE CI

Interceptsubject 10.1 1.5 [7.2 13.1] 10.1 1.5 [7.2 13.1]

Interceptsubject/day 6.9 0.5 [5.9 7.8] 6.4 0.5 [5.4 7.4]

CSsubject 18.6 3.0 [12.6 24.2] 16.3 2.9 [10.4 21.9]

Residual 11.8 0.2 [11.4 12.2] 12.9 0.2 [12.4 13.4]

ICC 0.55 0.05 [0.46 0.63] 0.49 0.05 [0.40 0.58]

Mean values ± SE [95% CI] are shown. CS, circadian stimulus; TOD, Time Of Day (rad); ID, Insomnia Disorder. *P < 0.05; **P < 0.01; 
***P < 0.001. For subjective wanting and liking the optimal models are shown. TOD was converted to radians, where 24 hours 
equals 2π. Insomnia Disorder (ID) was included in the model as a dichotomous variable coded as 0 for controls and 1 for cases. 

Table 3 - Model estimates of the effects of time of day, light intensity and insomnia disorder on 
positive and negative mood. 

Positive Mood Negative Mood

Fixed Effects β SE CI β SE CI

Intercept 57.7 3.1 [51.5 63.8]*** 16.5 2.1 [12.3 20.6]***

sin(TOD) -0.2 0.6 [-1.3 0.9] -0.5 0.5 [-1.5 0.5]

cos(TOD) -3.3 0.7 [-4.7 -1.8]*** -0.4 0.7 [-1.8 0.9]

CS 2.5 3.5 [-4.4 9.3] -0.3 2.7 [-5.5 5.0]

ID -0.5 4.5 [-9.2 8.4] -1.1 3.0 [-7.1 5.0]

ID · CS 7.2 4.9 [-2.5 16.8] -2.8 3.7 [-10.1 4.6]

ID · sin(TOD) -2.5 0.8 [-4.0 -1.0]** 3.1 0.7 [1.8 4.5]***

ID · cos(TOD) 0.9 1.0 [-1.1 3.0] 0.05 1.0 [-1.8 2.0]

Random Effects σ SE CI σ SE CI

Interceptsubject 12.7 1.7 [9.5 16.1] 8.3 1.2 [6.2 10.7]

Interceptsubject/day 5.5 0.4 [4.8 6.3] 5.2 0.4 [4.5 5.9]

CSsubject 10.1 2.0 [6.1 13.8] 5.7 1.8 [1.4 8.9]

Residual 8.6 0.2 [8.2 8.9] 7.9 0.2 [7.6 8.2]

Mean values ± SE [95% CI] are shown. CS, circadian stimulus; TOD, Time Of Day (rad); ID, Insomnia Disorder. *P < 0.05; **P < 
0.01; ***P < 0.001. Time of day (TOD) was converted to radians, where 24 hours equals 2π. Insomnia Disorder (ID) was included 
in the model as a dichotomous variable coded as 0 for controls and 1 for cases.
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Figure 4 - The diurnal peak in positive mood and negative mood ratings differ between controls and 
insomnia. Average subject-centered ratings on Positive mood (upper panel) and Negative mood (lower 
panel) vary across time of day in participants suffering from ID (gray bars) and controls (white bars). Data 
are aggregated in two-hour time bins according to the mid time of the intervals between subsequent 
alarms. In order to be able to visualize time of day effects only, both plots show residual ratings, after 
correcting for the effects of CS-transformed light intensity. Error bars indicate 95% confidence intervals. 
The numbers of observations in each time interval were, respectively, 34, 162, 117, 105, 88, 105, 118, 
98 and 31 for the control participants and 63, 141, 110, 109, 103, 99, 119, 115 and 36 for participants 
suffering from insomnia. Too few observations were available between 0:00 and 6:00 hour for useful 
visualization. Mixed effect regression analysis fitting a linearized 24-hour cosine function indicated 
significant diurnal variation in both Positive mood and Negative mood that differed between ID and 
controls. Positive mood peaked at 15:14 hour in ID and 12:13 hour in controls. Negative mood peaked 
at 06:31 hour ID and 15:33 hour in controls. Abbreviations: VAS = Visual Analogue Scale.
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Table 4 – Variance decomposition and between- and within-person reliability estimates of positive 
and negative mood. 

Variance component Positive Mood % Negative Mood %

σ2
PERSON 169 38.1 77 29.7

σ2
TIME(PERSON) 73 16.4 67 25.9

σ2
RESIDUAL 202 45.5 116 44.8

Total 444 100 259 100

RKRN 0.99 0.99

RCN 0.64 0.74

Variance components are presented as absolute values and percentages. σ2
PERSON represents the between-subject variance. 

σ2
TIME(PERSON) represents the within-subject variance. σ2

RESIDUAL represents the error variance. RKRN represents the estimate of 
between-subject reliability, assuming that items are nested within times, which are nested within participants. RCN represents 
the estimate of the nested within-subject reliability.
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Figure 5 - Positive and negative mood ratings of people suffering from insomnia and control 
subjects do not change with more intense environmental light. Average subjective ratings on 
Positive mood (upper panel) and Negative mood (lower panel) do not significantly change with 
light intensity in participants suffering from insomnia disorder (gray bars, solid line) or control 
subjects (white bars, dashed line). Bars summarize average ratings, aggregated in ten deciles of 
increasing CS-transformed light intensity ranges defined within each participant. Error bars indicate 
95% confidence intervals. Abbreviations: VAS = Visual Analogue Scale.
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Discussion

Previous findings suggested that people suffering from insomnia may have a compromised 
hedonic capacity that could involve structural deviations in the orbitofrontal cortex. Based 
on these findings, the present study aimed to evaluate whether, during everyday life, 
people suffering from insomnia differ from those without sleep complaints with respect 
to subjectively experienced liking and wanting, two major dimensions of the reward 
system. Moreover, based on the previous findings of direct and indirect projections of 
the retina of the eyes to reward-regulating brain structures, the second aim of the present 
study was to evaluate immediate effects of light intensity on subjectively experienced 
liking and wanting, and whether possible effects would differ between people suffering 
from insomnia and those without sleep complaints.

The Experience Sampling method was used to survey fluctuations in subjective liking, 
wanting and more commonly used positive and negative mood adjectives across seven 
days. The association of these fluctuations with changing ambient light intensities was 
assessed using ambulatory monitoring. The results indicated that people suffering from 
insomnia experience significantly less liking and wanting than those without sleep 
complaints. Interestingly, some recent brain imaging studies have also found deviations 
in the brain circuitry involved in liking and wanting, or more general, the regulation of 
emotion, stress and reward. Notably, insomnia severity was found to be associated 
with volume reduction in the orbitofrontal cortex (OFC),139-141 a key structure in hedonic 
evaluation (liking). OFC volume was moreover found to be positively associated with the 
ability to maintain or resume sleep in the morning in people without sleep complaints138,287 
and with perceived sleep quality in veterans.143 In elderly people, OFC volume was 
negatively associated with sleep fragmentation142 which is a key characteristic of insomnia 
as well.258,288,289 One study found that OFC volume correlated with the severity of insomnia 
but not with its duration.271 It was therefore suggested that a low volume could indicate 
suboptimal functioning that could contribute to insomnia and hyperarousal.259 Given the 
role of the orbitofrontal cortex in Liking, reduced gray matter volume may be involved in 
the deficient sensing of comfort and other pleasant experiences that has been reported 
before in insomnia in a controlled laboratory study20 as well as during a eyes-closed 
resting state recorded at home.19

In turn, insufficient sensing, integration, and updating of hedonic signals by the 
orbitofrontal cortex can result in an insufficient excitatory output to, and activation 
of, its major projection area, the caudate nucleus, which has an important role in 
dampening cortical arousal.259 Using functional MRI, deficient activation of this ‘brake’ on 
cortical excitability has been demonstrated in insomnia, especially in those with a more 
pronounced OFC volume reduction, and proposed to thus contribute to hyperarousal.259

The deficient wanting and liking in people suffering from insomnia could not be 
attributed to a lower overall average exposure to ambient light intensities, which did 



not differ between cases and controls. Importantly, whereas fluctuations in ambient 
light intensity do not affect the subjective experience of liking and wanting in those 
without sleep complaints, high intensities of ambient light ameliorated the compromised 
experience of liking of people suffering from insomnia. A third finding of the present study 
is that the subjective experience of liking and wanting changes in the course of the day 
and peaks in the late afternoon. This suggests the presence of a diurnal rhythm of liking 
and wanting. A recent laboratory study with a more limited number of time points (10:00, 
14:00 and 19:00 hours) in healthy young males supports the afternoon peak for wanting 
but may have been too sparsely sampled to detect a diurnal rhythm was observed for 
liking.290 Whether the diurnal rhythm of liking and wanting is endogenously driven cannot 
be determined from the present observational field study and remains to be determined 
in well-controlled laboratory studies. A fourth observation of the present study is that 
Experience Sampling of fluctuations in subjective liking and wanting seems more 
sensitive to reveal group differences and effects of light intensity than more commonly 
used positive and negative mood adjectives.

To the best of our knowledge, this is the first study aiming to measure the acute effects of 
natural light exposure on subjective liking and wanting. Only few studies addressed acute 
effects of natural light exposure on mood outside of the laboratory environment. These 
studies used less dynamic sampling strategies,239,240 fixed time intervals241 or were limited 
to specific events like social interactions.217 The present study aimed to circumvent these 
limitations by using quasi-randomly timed Experience Sampling of liking and wanting. 
No manipulations concerning sleep-wake or leisure time schedules were undertaken and 
participants followed their normal routines. 

A first limitation of the present study is that it addressed subjectively experienced liking 
and wanting only, which may or may not match implicit liking and wanting.221 Methods for 
brief repeated ambulatory assessment of implicit liking and wanting are however presently 
not available. A recent lab study however found converging support for an afternoon 
peak in implicit wanting.290 A second limitation of the present study is that it did not assess 
individual differences in functionality of the neurobiological substrates that mediate the 
effect of light on the reward system and may be compromised with advancing age,248,249 to 
evaluate their possible involvement in individual differences in the effect of light and time 
of day on liking and wanting. Indirect indicators are available to evaluate the functionality 
of ipRGCse.g. 242,243,291 and the SCN.e.g. 244,245-247 A third limitation may be that the age-range 
of our sample, which is based on the biased entry of people suffering from insomnia with 
a somewhat advanced age, because of the naturally occurring increased prevalence with 
aging. In order to attain a homogeneous sample, we restricted the age range to 40-70 
years, and targeted matched controls in the same age range. We thus did not specifically 
target a study on aging, rather a case-control study on insomnia.

The diurnal peak for subjective liking and wanting occurred in the middle of the 
afternoon, somewhat later than the early afternoon peak for environmental light 
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exposure. These findings suggests that the effect of light intensity on subjective liking 
and wanting in people suffering from insomnia is additive to the effect of time of day.290,292 
Although the diurnal peak occurs in the middle of the afternoon, Figure 2 reveals that the 
actual rating are lower around this time, suggesting a post-lunch decrement in wanting 
and liking which is more pronounced in controls than in ID. As visualized in Figure 3, even 
under the highest naturally occurring light intensities, the subjective liking and wanting 
of people suffering from insomnia does not match the subjective liking and wanting of 
those without sleep complaints. 

Whereas we have interpreted the findings as supporting a causal contribution of light 
to wanting, liking and mood, a reverse explanation could be considered as well. Possibly, 
if people experience stronger wanting, liking or positive mood, they might be more likely 
to subsequently experience bright light, e.g. by going outdoors. We therefore evaluated 
post-hoc whether this possibility would fit the data better than the model we fitted to 
the data to evaluate the contribution of light to subsequent wanting, liking and mood. 
However, in the models evaluating whether wanting, liking or mood have predictive value 
for subsequent light exposure in addition to the predictive value of light exposure itself 
for subsequent light exposure, only the interaction effects of ID by positive mood (P = 
0.05) and ID by Liking (P = 0.06) were borderline significant, but none of the other main or 
interaction effects (0.30 < P < 0.98). The finding suggests that people with insomnia are 
also somewhat more likely to expose themselves to bright light after they experience a 
more positive mood.

Still, the findings provide further support the importance of naturalistic exposure to 
bright light especially in people with vulnerable sleep. The findings moreover suggest 
that the therapeutic use of bright light on the functionality of the reward system does not 
have to be limited to the treatment of depression. It is well known that the complaints of 
people with insomnia are not limited to their sleep, and the present study provides further 
support for suboptimal functioning of reward processing. 

Some studies in the general population pointed out the importance of naturalistic 
light exposure for those with vulnerable sleep. In a large observational study on workers 
of a transportation company, one third of the 13,000 participants experienced no light 
exposure during working hours and experienced more insomnia than their colleagues 
who were exposed to natural light.293 A similar smaller observational study found similar 
differences with respect to sleep quality but, interestingly, also significantly higher self-
reported vitality and a trend toward higher daytime activity in those with better light 
exposure.294 The latter findings are compatible with that of an activating effect of light 
to motivational systems. Studies in healthy elderly people295 and elderly insomniacs296 
support favorable effects of bright light interventions on well-being and daytime 
functioning also at advanced age. 

Although not considered in the present study, the timing of light exposure may 
be particularly important. A recent study found an association between both higher 
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intensities of nighttime light exposure and lower intensities of morning light exposure 
and weight gain.263 These effects were independent of sleep-wake parameters. Combined 
with a recent finding that hedonic evaluation is an important factor in over-eating, those 
with poor sleep and suboptimal functioning of reward processing may be at an increased 
risk of obesity,297 that might in part be mitigated by bright light exposure. 

In conclusion, by using novel and more sensitive assessment tools, the present study 
indicates relevance during everyday life of previous suggestions of suboptimal reward 
processing in people suffering from insomnia,19,20,259 as well as of previous suggestions 
that light affects the reward circuitry206-208 that could be mediated by projections from 
photosensitive retinal ganglion cells in the eye to limbic areas including the lateral 
habenula, medial amygdala, and periaqueductal grey.209,212-214 Our findings provide further 
support for considering the addition of bright light to a multi-component treatment of 
insomnia.267 





6CHAPTER 6



Sleep estimates using 
microelectromechanical systems 
(MEMS)

Bart H.W. te Lindert
Eus J.W. van Someren

Sleep 2013; 36:781-789



A
bs
tr
ac
t

Study Objectives
Although more affordable than polysomnography, actigraphic sleep estimates have 

disadvantages. Brand-specific differences in data reduction impede pooling of data in 

large-scale cohorts and may not fully exploit movement information. Sleep estimate 

reliability might improve by advanced analyses of 3-axial, linear accelerometry 

data sampled at a high rate, which is now feasible using affordable micro-electro-

mechanical-systems (MEMS). However, it might take a while before these analyses 

become available. To provide ongoing studies with backward compatibility while 

already switching from actigraphy to MEMS accelerometry, we designed and 

validated a method to transform accelerometry data into the traditional actigraphic 

‘movement counts’, thus allowing for the use of validated algorithms to estimate 

sleep parameters.

Design
Simultaneous actigraphy and MEMS-accelerometry recording.

Setting
Home, unrestrained.

Participants
Fifteen healthy adults (23-36 years, 10M, 5F).

Interventions
None.

Measurements
Actigraphic ‘movement counts’/15-seconds and 50 Hz digitized MEMS-accelerometry.

Analyses
Passing-Bablok regression optimized transformation of MEMS-accelerometry signals 

to ‘movement counts’. Kappa statistics calculated agreement between individual 

epochs scored as wake or sleep. Bland-Altman plots evaluated reliability of common 

sleep variables both between and within actigraphs and MEMS-accelerometers. 

Results
Agreement between epochs was almost perfect at the low, medium and high 

threshold (Kappa’s were 0.87 ± 0.05, 0.85 ± 0.06 and 0.83 ± 0.07). Sleep parameter 

agreement was better between two MEMS-accelerometers or a MEMS-accelerometer 

and an actigraph than between two actigraphs. 
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Conclusions
The algorithm allows for continuity of outcome parameters in ongoing actigraphy studies that 

consider switching to MEMS-accelerometers. Its implementation makes backwards compatibility 

feasible, while collecting raw data that, in time, could provide better sleep estimates and promote 

cross-study data pooling.
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Introduction

The detailed analysis of human sleep requires polysomnography (PSG), the simultaneous 
recording of the electroencephalogram (EEG), electrooculogram, electromyogram and 
oftentimes other physiological signals. Although PSG remains the gold standard, the 
procedure is time-consuming and costly. This unfortunately makes it difficult to use PSG 
to quantify sleep in the large-scale cohorts that are for example desirable in twin-sibling 
heritability studies and genome-wide-association-studies (GWAS). 

A step up in cost-efficacy, yet a step down in precision, was realized with the introduction 
of actigraphy, the recording of wrist movements with a small solid state recorder, e.g. 
298,299,300 Given the association between prolonged immobility and sleep,301 actigraphy is 
considered a reasonably reliable and valid alternative method to estimate sleep-wake 
patterns.11 In the days that actigraphy was developed, miniature solid state memory for 
data storage was of very limited capacity. Therefore, the detected acceleration signal is 
usually pre-processed to store a single ‘count’ value per epoch, usually per 30 seconds 
or per minute. Moreover, linear three-dimensional accelerometers were quite bulky and 
costly, so that manufacturers usually resorted to mono-axial pressure sensitive piezo 
elements, e.g. with a lever connected to it, yielding a nonlinear acceleration response and 
some between-device variability. Still, acceptably valid sleep estimates could be derived 
by algorithms acting on the recorded ‘counts’, e.g. 299,302,303, although it has been argued 
whether sensitivity and specificity are acceptable in people suffering from disorders 
like insomnia304-306 or Parkinson’s disease.307-309 Actigraphy does not provide the detailed 
information on sleep that PSG gives, but also has a number of advantages over PSG. First, 
the unobtrusive character of actigraphy makes it tolerable to uncooperative patients, 
e.g. 310,311,312 Second, the possibility to record for multiple days or even weeks, has opened 
up the possibility to quantify between-day sleep variability patterns and to obtain more 
representative sleep estimates than can be obtained with one or at most only a few nights 
of PSG.313,314 Unfortunately, the pooling and integration of actigraphic data from several 
cohorts, as is for example considered necessary for GWAS studies where actigraphy can 
be of great value,315 is obstructed by brand-specific differences in instrumentation, data 
reduction and scoring algorithms.316 

These limitations may be overcome with the help of recent advances in micro-
electronics. Accelerometers integrated in micro electro-mechanical systems (MEMS) 
have become widely available, thanks to their mass production for use in mobile devices 
like smart phones, games and tablet computers. This provides the opportunity for long 
term recording of raw triaxial linear accelerometry signals at high sample rates in SI units, 
rather than brand-specific actigraphy ‘count’ signals extracted from non-linear uni-axial 
accelerometers, opening up the possibility to compare and pool data from any brand. 
Although accelerometers with good linearity have been applied in actigraphs,317 the long-
term high-resolution sampling of 3-dimensional linear accelerometers has only become 
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available with MEMS. Importantly, as is the case for EEG, reproducible algorithms for pre-
processing and analysis and later re-analysis of raw signals can be published and used.

Affordable MEMS-accelerometers for long term recordings have become available and 
shown valid to estimate energy expenditure.318 At present, several larger cohort studies 
and follow-up studies use the traditional ‘activity count’ type of actigraphs. The necessity 
of continuity of outcome measures may impede researchers to switch to the newer 
type and attain possible other advantages of the more precise movement assessment. 
The continuity problem would be solved with a valid method to convert the MEMS-
accelerometry signal into the traditional ‘counts’. This would subsequently allow for the 
use of the very same validated algorithms to estimate sleep parameters from ‘activity 
counts’ and thus provide backward compatibility in long-term follow-up studies and 
cohort studies.

Therefore, the aim of the present study is to provide an optimized conversion of the raw 
accelerometry signal into ‘counts’ as stored in one of the most commonly used actigraphs, 
the Actiwatch (Cambridge Neurotechnology Ltd., Cambridge, UK and Mini Mitter, 
Respironics Inc., Bend, Oregon, USA). Subsequently, the performance of the generated 
‘counts’ in estimating sleep parameters will be evaluated by comparing them with sleep 
parameter estimates obtained from the simultaneously worn actigraphs. Finally, the 
reliability of MEMS-accelerometry recorders as compared to traditional actigraphs will be 
evaluated by comparing sleep estimate agreement between two MEMS-accelerometers, 
two actigraphs, and a MEMS-accelerometer and an actigraph.

Methods

Subjects
Fifteen volunteers (10 males, 29.7 ± 3.9 years [23-36], M ± SD [range]) were recruited 
by advertisement and word of mouth. All participants stated to be in good health and 
worked on regular office times. As part of a larger protocol, the study was approved by the 
Ethics Committee of the VU University and Medical Center. 

Actigraphs and MEMS-accelerometers
Traditional actigraphic ‘count’ recordings were obtained using the Actiwatch (Cambridge 
Neurotechnology Ltd., Cambridge, UK and Mini Mitter, Respironics Inc., Bend, Oregon, 
USA). MEMS-accelerometry signals were obtained using the Geneactiv recorder 
(ActivInsights Ltd., Kimbolton, UK). 

The Actiwatch contains an acceleration-responsive piezo-electric sensor with a range of 
±5g and a sensitivity of ≥ 0.01g. Sensitivity to motion is greatest when the wrist is moved 
along the palmar-dorsal axis, less in the radial-ulna axis and least when the wrist moves 
parallel to the long axis of the radius and ulna. This generates an intrinsic nonlinearity, 
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which is furthermore amplified by the use of a lever to amplify the force on the piezo-
electric sensor. The Actiwatch applies a 3-11 Hz analogue band-pass filter prior to digital 
sampling at 32 Hz and a resolution of about 25 ‘counts’ per g. The signal is converted online 
to a summary ‘count’ measure by taking the peak value of each second and summing 
them up across the epoch length. The present investigation used 15 second epochs, the 
best available time resolution on the Actiwatch.

The Geneactiv accelerometer contains a tri-axial MEMS-accelerometer with a range 
of ±8g and a sensitivity of ≥ 0.004g. It records both motion-related and gravitational 
acceleration and has a linear and equal sensitivity along the three axes. The x-axis of the 
Geneactiv corresponds to the radial-ulna axis, the y-axis to the long axis of the radius 
and ulna and the z-axis to the palmar-dorsal axis. Therefore, the z-axis of the Geneactiv 
corresponds to the most sensitive axis of the Actiwatch. The sampling frequency of the 
Geneactiv was set at 50 Hz.

Procedures
Each subject participated in an overnight home recording from 18:00 hr to 9:00 hr the 
next day. Subjects kept a sleep log of their sleep-wake schedule, including Bed time, Lights 
out time, Final wake time and Get up time. No instructions were given with regard to their 
sleep pattern. All recordings were obtained within five weeks (week 29-34, 2011). For each 
recording, subjects wore two Geneactives and two Actiwatches simultaneously on the 
non-dominant wrist. Prior to each recording, two Geneactives and two Actiwatches were 
randomly selected from a pool of six Geneactives and a pool of six Actiwatches. To optimize 
synchronization, the same PC was used to initiate all devices sequentially. Synchronization 
was verified by cross-correlation analysis of the time series and synchronization was 
corrected using the optimal lag if required. The two Geneactives and two Actiwatches 
devices were tightly attached to a 28mm x 69mm x 1mm rigid plastic strip (Figure 1). 
The strip was oriented parallel to the long axis of the forearm. Due to the shape of the 
devices, both Actiwatches were attached to the medial (ulnar) side of the strip whereas 
the Geneactives were placed on the lateral (radial) side. The devices lay directly on the 
dorsal surface of the wrist underneath the strip. The device pairs were placed side-by-side 
on the wrist, and randomly assigned to the more proximal (Prox) and more distal (Dist) 
location. Thus, a distal pair of one Actiwatch and one Geneactiv was placed as close as 
possible to the hand, and the other pair was placed immediately proximal to that.

Data conversion steps
As a first step in order to obtain a transfer function that converts raw Geneactiv acceler-
ometry data into Actiwatch counts, accelerometry data were pre-processed according to 
the technical specification of the Actiwatch. Thus, only the palmar-dorsal (z) axis of the 
Geneactiv was used for analysis as it corresponds to the most sensitive axis of the Acti-
watch. Subsequently, a band-pass filter (3-11 Hz, Butterworth, order 5) was applied, which 



Sleep estimates using microelectromechanical systems (MEMS)

6

| 97   

removed most of the acceleration signal caused by rotations in the gravitational field.319 

The signal was then rectified and divided into 128 bins between 0 and 5 g, such that a 
value of 25 corresponds to approximately 1 g. Within each second the peak values were 
detected and summed to obtain one ‘count’ value per 15-second epoch. 

An initial investigation of the similarity of Actiwatch counts and Geneactiv-derived 
counts indicated that the latter were seldom zero for the intervals where corresponding 
Actiwatch counts were zero. This indicated that a higher sensitivity or higher noise floor 
was present in the Geneactives. An optimized threshold thus had to be introduced to 
correct for this noise floor, which was accomplished as follows. First, Actiwatch epochs 
were converted to a binary score. All epochs containing any activity (counts ≥ 1) were 
scored as 1 and all immobility epochs scored as 0. Similarly, for the Geneactiv all epochs 
with activity above a given threshold were scored as 1, or 0 if below this threshold. The 
optimal threshold was defined as the threshold at which there was a minimal absolute 
difference between the binary scores of both devices. The mean optimal threshold across 
all Geneactiv recordings of all subjects was subtracted from each epoch and negative 
counts/epoch were set to zero.

Figure 1 - A photo of the setup showing the proximal and distal pairs of Actiwatches (indicated by 
the solid red arrows) and Geneactivs. The pairs are interconnected by a rigid plastic strip. The axis of 
the Geneactiv (dashed white arrows) are plotted in the distal device. The most sensitive axis of the 
Actiwatch (solid white arrow) is identical to the z-axis of the Geneactiv.

Y

X

Zproximal distal
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Figure 2 - A) Scatterplot of Actiwatch-given and Geneactiv-derived counts/epoch from the distal 
recording of a single subject after applying the initial pre-processing steps, before matching the 
sensitivity of the devices according to the Passing-Bablok regression equation (solid line). The line 
of unity, i.e. x = y (dotted line) highlights the difference in sensitivity between Actiwatch counts 
and Geneactiv counts after the initial data conversion steps. B) Bland-Altman plot of Actiwatch and 
Geneactiv counts/epoch after the cross-validation transfer function has been applied. The 95% 
Limits of Agreement (dashed line) were estimated using a square root regression for half-normally 
distributed data (±5.99*sqrt(mean counts/epoch).322
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Optimization of the transfer function
Figure 2A shows that pre-processing steps identical to the manufacturer’s specification 
of those taken in the Actiwatch firmware, still resulted in substantially smaller Geneactiv 
estimated counts per epoch as compared to the Actiwatch counts. To correct for this 
proportional difference, non-parametric Passing-Bablok regression was used to obtain 
the optimal regression equation to convert the Geneactiv counts/epoch into Actiwatch 
counts/epoch.320,321 The Passing-Bablok method has fewer assumptions regarding the 
distribution of the data than ordinary least-squares regression. It allows for imprecision in 
both the reference method (Actiwatch) and the comparison method (Geneactiv), and it is 
not biased strongly by outliers. For each subject, regression coefficients were calculated 
between the counts of both distal devices (i.e. GeneactivDist and ActiwatchDist) and 
both proximal devices (i.e. GeneactivProx and ActiwatchProx), resulting in 2 x 15 (2 x 
N) regression equations (ActiwatchCount = slope x GeneactivCount + intercept). All 
coefficients were estimated over an equal number of 15-second epochs (3600), i.e., the 
whole recording period from 18:00 until 9:00 on the next day.

Cross-validation 
Preliminary analyses indicated that the regression slopes for signals recorded at the 
proximal part of the wrist were significantly larger than regression slopes for signals 
recorded at the distal part of the wrist. Therefore, the N Passing-Bablok equations were 
independently cross-validated for the proximal and distal locations using the K-fold 
approach (‘leave-one-out’).323 The mean slope and intercept were calculated over the 
slopes and intercepts of the equations of N-1 Geneactiv-Actiwatch pairs of recordings 
(training pairs). The equation was subsequently applied to convert Geneactiv to Actiwatch 
counts for the excluded pair of Geneactiv-Actiwatch recordings (validation set). The 
resulting counts were rounded to the nearest integer. Subsequently, actigraphic sleep 
parameters were calculated from this series of counts and compared to those obtained 
from the corresponding Actiwatch data. This was repeated N times, such that data from 
each device pair was used as a validation set once.

Evaluation of performance of derived ‘counts’ to estimate sleep parameters
To test the practical applicability of the conversion steps, the algorithm used by the 
Actiwatch software was applied to the derived Geneactiv ‘counts’ to estimate sleep 
parameters (Table 1). The Actiwatch software uses a validated algorithm to classify 
an epoch as either sleep or wake:302,303 first, the activity in each epoch is re-scored by 
weighting of activity in the surrounding 2 minute period. For each 15 second epoch the 
re-scored activity is calculated as follows:

A0 = 0.04E-(8-5) + 0.2E-(4-1) + 4E0 + 0.2E+(1-4) +0.04E+(5-8)
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Where A0 is the total re-scored activity for the 15 second epoch of interest; E0 is the activity 
in the scored epoch; En is the activity in the epochs 2 minutes before (E-8 to E-1) and after 
(E+1 to E+8) the scored epoch. If A is less or equal to a predefined threshold (A ≤ T) the epoch 
is scored as sleep, otherwise the epoch is scored as wake (A > T). Estimates of the most 
commonly used sleep parameters, listed in Table 1, were calculated using the low (T = 20 
counts), default medium (T = 40 counts) and high threshold setting (T = 80 counts).

Statistical analyses
The agreement between individual epochs being scored as wake or sleep by the 
algorithm was quantified using Cohen’s Kappa statistic.324,325 Agreement between all-
night sleep parameter estimates derived from Actiwatch counts versus Geneactiv-
derived count estimates was visually inspected with Bland-Altman (mean-difference) 
plots.326,327 For each Bland-Altman plot, the assumption of normality of the differences 
was statistically evaluated using the Shapiro-Wilk test. Due to the half-normal distribution 
of counts/epoch, the 95% Limits of Agreement (LOA) in Figure 2B were calculated using 
regression on the square root of the average counts.322 Spearman rank correlation analysis 
between the differences and the means was used to test for constant or proportional bias 
throughout the measurement range. Inference of the population mean regression slope 
and the 95% confidence interval was obtained by applying the bootstrap method. 1000 
new mean regression slopes were obtained by resampling with replacement from the 
original dataset of 15 regression slopes. The confidence intervals were estimated using 
the bias corrected and accelerated percentile method.328 

The a priori criterion set to allow for the conclusion of adequate performance, the 
variance between MEMS- and actigraph-derived sleep estimates should ideally be 
smaller than or equal to the variance between sleep estimates derived from two different 
exemplars of the same actigraph type. 

Actiwatch and Geneactiv data were uploaded to the computer using respectively the 
Actiwatch Activity & Sleep Analysis software (version 5.08, Cambridge Neurotechnology 
Ltd., Cambridge, UK) and the Geneactiv PC software (version 1.0, ActivInsights Ltd., 
Kimbolton, UK). Data pre-processing, Passing-Bablok regression, cross-validation, 
bootstrapping and calculation of Cohen’s Kappa statistic and sleep parameters were all 
performed off-line using custom written Matlab programs (The Mathworks Inc., Natick, 
Massachusetts, USA). Statistical analyses were conducted using SPSS 18 (SPSS Inc., 
Chicago, Illinois, USA).
Results

Sleep log
The sleep logs indicated that Bed times ranged from 21:30 PM to 00:31 AM and Lights out 
times from 21:45 PM to 00:31 AM. Final wake time and Get up times ranged from 05:30 AM 
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to 8:45 AM and 05:45 AM to 9:00 AM, respectively. The average Time in bed was 481 ± 56 
min (mean ± SD).

Data conversion performance
After the Geneactiv z-axis signal had been band-pass filtered, binned and converted to 
15 s epochs, the derived ‘counts’/epoch were converted to binary scores to correct for 
offset. The optimum threshold at which there was a minimal absolute difference between 
the binary scores of both proximal devices and distal devices was, M = 18 derived 
counts/epoch (range = [17 19] and [17 18] respectively). After subtracting this offset 
from all epochs, a linear relation between Actiwatch and Geneactiv counts/epoch was 

Table 1 - Definition of sleep parameters
Time in bed (TIB) Time between Bed time and Get up time.

Sleep start The time associated with the first epoch of a 10-minute period of immobility starting 
from Lights out time. Within the immobility period 1 epoch of activity was allowed. 

Assumed sleep period (ASP) Time between Sleep start and Final wake time.

Sleep onset latency (SOL) Time between Lights out time and Sleep start.

Total sleep time (TST) The number of epochs within the Assumed sleep period scored as sleep multiplied by 
the epoch length. 

Wake after sleep onset (WASO) The number of epochs within the Assumed sleep period scored as wake multiplied by 
the epoch length. 

Sleep efficiency (SE) The ratio of Total sleep time to Assumed sleep time multiplied by 100.

Number of wake bouts
(#WB)

The number of continuous blocks of length ≥ 1 epoch(s) in which each epoch is 
scored as wake, in the Assumed sleep period.

Mean wake bout time
(MWBT)

Wake after sleep onset divided by the Number of wake bouts.

Number of sleep bouts
(#SB)

The number of continuous blocks of length ≥ 1 epoch(s) in which each epoch is 
scored as sleep, in the Assumed sleep period.

Mean sleep bout time
(MSBT)

Total sleep time divided by the Number of sleep bouts.

found (Figure 2A). Despite applying the Actiwatch pre-processing specifications to the 
Geneactiv raw signals, each Geneactiv-derived counts/epoch was substantially smaller 
than its corresponding Actiwatch-given counts/epoch. 

Linear Passing-Bablok regression was used to calibrate the Geneactiv counts/epoch to 
Actiwatch counts/epoch. The mean slopes of the Passing-Bablok regressions (Actiwatch 
= slope*Geneactiv + intercept) of the 15 proximal device pairs and 15 distal device pairs 
were 3.30 ± 0.19 and 3.07 ± 0.30, respectively, which were significantly different (0.23 ± 
0.25; 95%CI [.09; .36]; t(14) = -3.526, p = .003). The intercept was 0 for all 30 regressions due 
to the high number of zero counts in the data (2385 ± 249 and 2477 ± 229, for Actiwatch 
and Geneactiv respectively), which is in agreement with expectation for sleep data. After 
the regression conversion was applied, the counts/epoch of the Geneactiv were similar 
to those of the Actiwatch (Figure 2B). Some non-linearity was observed for >250 counts/
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epoch, which did not affect sleep-wake classification because all epochs with such high 
activity will be scored as wake anyway. 

Table 2 – Percentage of epochs rated as congruent (diagonal) and incongruent (off-diagonal) by 
Actiwatch and the Geneactiv at the medium threshold.

MEMS scores sleep MEMS scores wake

Actiwatch scores sleep 91.6 ± 3.3% 1.0 ± 0.4%

Actiwatch scores wake 1.0 ± 0.6% 6.4 ± 2.9%

Data are presented as mean ± SD, averaged across all subjects and distal and proximal placements.

Agreement of scoring an epoch as sleep or wakefulness and of sleep parameter 
estimates
Bootstrapping the mean and confidence intervals of the slope resulted in a mean of 
3.30 95%CI [3.20; 3.40] and 3.07 95%CI [2.95; 3.26] for the proximal and distal slopes 
respectively. The agreement of individual epochs being scored as either sleep or wake 
was almost perfect at all three thresholds (Table 2).329 When averaged across subjects and 
distal and proximal placement, Kappa’s were (mean ± SD [range]): 0.87 ± 0.05 [0.75 0.94], 
0.85 ± 0.06 [0.71 0.92] and 0.83 ± 0.07 [0.65 0.93], for the low, medium and high threshold, 
respectively.

Statistical testing and visual inspection of the Bland-Altman plots revealed one 
outlier. This was due to a substantial difference in the estimation of sleep onset latency 
(SOL) between 2 Actiwatch devices within the same subject (subject 6). This outlier 
subsequently also affected normality of the differences in the Bland-Altman plots of Total 
sleep time (TST), Sleep efficiency (SE), Wake after sleep onset (WASO) , mean Wake bout 
time (MWBT) and mean Sleep bout time (MSBT). It moreover increased the LOA in favor 
of the newer assessment device (i.e. between-MEMS variance would be smaller than 
between-actigraph variance). Inspection of the time series of Actiwatch counts revealed 
that two extra activity peaks postponed the estimation of Sleep start in one Actiwatch by 
13 minutes. Although this stresses the need for reliable estimation of sleep onset latency, 
the error was due to a limitation of the sleep scoring algorithm rather than due to the 
conversion algorithm per se. Therefore, a conservative approach was taken and the outlier 
was excluded from the Bland-Altman plots and not used in the estimation of the mean 
bias and LOA of the differences. 

After removal of the outlier, SOL differences were still not normally distributed. However, 
the majority of the differences were equal to zero and transformation of the data did not 
result in normality. Therefore, the estimated LOAs for SOL should be interpreted with 
caution. The removal of the outlier resulted in normality of the differences of all other 
sleep parameters and therefore reliable estimates of the LOA (Figure 3).
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A non-significant Spearman rank correlation between the differences and means of all 
the Bland-Altman plots confirmed that the bias was uniform throughout the measurement 
range. At the medium (default) threshold, the bias between two Actiwatch devices was 
similar to the bias between two Geneactiv devices for SOL, TST, WASO, SE, MWBT and 
MSBT (Figure 3). 

Only the LOAs of SOL and MSBT were larger between two Geneactiv devices than 
between two Actiwatch devices, but as stated previously, the LOA of SOL should be 
interpreted with caution. For all other sleep parameters, the LOAs obtained by two 
Geneactiv devices were smaller than the LOAs obtained by two Actiwatch devices (Table 
3). This indicated more congruent sleep parameter estimates from two Geneactiv devices 
at two different sites than from two Actiwatch devices at two different sites. The algorithm 
was also applied using the low and high threshold (data not shown). As sensitivity 
increased from the high to the low threshold, both the bias and the LOAs increased in 
magnitude, irrespective of the device. Nevertheless, at all thresholds agreement between 
2 Geneactiv devices was better than between 2 Actiwatch devices for all sleep estimates, 
except for SOL and MSBT. 

Discussion

The aim of the study was to investigate whether MEMS-accelerometers could replace 
actigraphs to obtain sleep parameter estimates. Although this may seem a rather trivial 
question at first sight, a confirmative answer would have important consequences for sleep 
research in the present era of large-scale pooled-cohorts GWAS studies. First, because 
MEMS-accelerometers store the raw and linear acceleration signals, it would become 
feasible to pool data from different cohorts measured with different brands of MEMS-

Table 3 – Summary of bias and 95% Limits of Agreement of the Bland-Altman plots in Figure 3. 

Geneactiv-Actiwatch
ActiwatchProx-
ActiwatchDist

GeneactivProx-
GeneactivDist

Sleep onset latency
(min)

-.37 [-2.32; 1.59] -.29 [-1.39; -.82] -.30 [-2.26; 1.65]

Total sleep time
(min)

1.19 [-7.05; 9.43] 2.77 [-5.74; 11.28] 2.39 [-2.62; 7.40]

Wake after sleep onset (min) -0.82 [-8.85; 7.21] -2.48 [-10.62; 5.66] -2.09 [-6.39; 2.22]

Sleep efficiency 
(%)

.20 [-1.64; 2.03] .55 [-1.33; 2.44] .48 [-.52; 1.48]

Mean wake bout time (min) .02 [-.16; .19] -.04 [-.22; .15] -.04 [-.15; .07]

Mean sleep bout time (min) .70 [-1.27; 2.67] .41 [-.41; 1.23] .31 [-.87; 1.50]

Bias and 95% Limits of Agreement of the Bland-Altman plots of Sleep onset latency, Total sleep time, Wake after sleep onset, 
Sleep efficiency, Mean wake bout time and Mean sleep bout time estimated using the medium threshold. The bias is the mean 
difference between measurements by the two devices. The 95% Limits of Agreement define the range between which 95% of the 
differences between measurements by the two devices will lie. The smaller the LOA, the better the repeatability of the device.
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Figure 3 - Bland-Altman (mean-difference) plots for Sleep onset latency, Total sleep time, Wake 
after sleep onset, Sleep efficiency, Mean wake bout time and Mean sleep bout time estimated using 
the medium threshold of the sleep scoring algorithm. Differences (∆) between two measurements 
by two devices are plotted against the average of the two measurements. The bias (dotted line) is 
the mean difference between all measurements by the two devices. The 95% Limits of Agreement 
(dashed lines) define the range between which 95% of the differences between measurements by 
the two devices will lie. The smaller the Limits of Agreement, the better the agreement between two 
different devices (between comparison), or between two identical devices (within comparison). The 
left Bland-Altman plots show the difference in sleep parameter estimation between both proximal 
and both distal recordings of the two different types of devices (i.e. GeneactivProx-ActiwatchProx 
and GeneactivDist-ActiwatchDist). These Bland-Altman plots include two recordings per subject, 
thus the 95% Limits of Agreement were adjusted for repeated measures.326 The middle and right 
Bland-Altman plots show the differences between proximal and distal recording within the same 
type of device. Please note the difference in the scaling of the axes.

0 25 50 75 100
−4
−2

0
2
4

∆  S
le

ep
 o

ns
et

 la
te

nc
y

(m
in

)

Geneactiv−Actiwatch

0 25 50 75 100
−4
−2

0
2
4

mean Sleep onset latency (min)

ActiwatchProx−ActiwatchDist

0 25 50 75 100
−4
−2

0
2
4

GeneactivProx−GeneactivDist

350 400 450 500 550

−10
−5

0
5

10

∆  
To

ta
l s

le
ep

 ti
m

e
(m

in
)

350 400 450 500 550

−10
−5

0
5

10

mean Total sleep time (min)
350 400 450 500 550

−10
−5

0
5

10

5 15 25 35 45

−10
−5

0
5

10

∆  
W

ak
e 

af
te

r s
le

ep
 o

ns
et

(m
in

)

5 15 25 35 45

−10
−5

0
5

10

mean Wake after sleep onset (min)
5 15 25 35 45

−10
−5

0
5

10

90 92 94 96 98
−4
−2

0
2
4

∆  
S

le
ep

 e
ffi

ci
en

cy
(%

)

90 92 94 96 98
−4
−2

0
2
4

mean Sleep efficiency (%)
90 92 94 96 98

−4
−2

0
2
4

0.2 0.4 0.6 0.8 1

−0.2
−0.1

0
0.1
0.2

∆  M
ea

n 
w

ak
e 

bo
ut

 ti
m

e
(m

in
)

0.2 0.4 0.6 0.8 1

−0.2
−0.1

0
0.1
0.2

mean Mean Wake bout time (min)
0.2 0.4 0.6 0.8 1

−0.2
−0.1

0
0.1
0.2

6 8 10 12 14
−4
−2

0
2
4

∆  M
ea

n 
sl

ee
p 

bo
ut

 ti
m

e
(m

in
)

6 8 10 12 14
−4
−2

0
2
4

mean Mean Sleep bout time (min)
6 8 10 12 14

−4
−2

0
2
4



Sleep estimates using microelectromechanical systems (MEMS)

6

| 105   

accelerometers, in contrast to the problematic pooling of data obtained with different 
brands of actigraphs. Furthermore, a successful conversion algorithm would make it 
feasible for ongoing long-term cohort or follow-up studies to switch from actigraphs 
to MEMS-accelerometers without compromising backwards compatibility. Finally, the 
availability of the raw linear acceleration signal can be of use for those studies where the 
traditional data-reduction and analysis steps do not yield reliable sleep estimates, e.g. 
in infants;330 different algorithms can be applied to the stored raw data as they become 
available.

In order to design and optimize an algorithm to make MEMS-accelerometers mimic 
actigraphs, their raw acceleration signal was converted to ‘movement counts’ which 
were subjected to the algorithm used by the Actiwatch software to obtain sleep 
estimates. Systematic comparisons were made on simultaneous recordings of sets of two 
Actiwatches and two MEMS-accelerometers. The results indicate that the congruency of 
sleep estimates obtained from two different MEMS-accelerometer devices was better 
than the congruency of sleep estimates obtained from two different exemplars of the 
same type of actigraph. Therefore, most of the disagreement between the Geneactiv and 
the Actiwatch could be attributed to poor reliability, i.e. poor congruence between two 
exemplars of the same type of Actiwatch.326, p148-149 The transformation algorithm allows 
MEMS-accelerometers to be used interchangeably with traditional actigraphs, because 
the 95% Limits of Agreement for sleep parameter estimates obtained using a MEMS-
accelerometer device versus those obtained using a traditional actigraph was equal or 
better than the 95% Limits of Agreement for sleep parameter estimates obtained using 
two exemplars of the same type of actigraph. 

Very few studies have addressed the between-device reliability of traditional actigraphs 
by simultaneously using two exemplars and comparing the sleep parameter estimates 
generated by the two. Benson et al.331 compared sleep parameter estimates generated by 
the simultaneously worn Mini-Motion Logger and Actiwatch during 2 non-consecutive 
sleep recordings. These devices differ with respect to hardware, data reduction algorithms 
and scoring algorithms. Unfortunately, no duplicate recordings were made to evaluate 
the agreement between two different exemplars of the same device type. The authors 
reported no significant differences between the two types of devices at low and medium 
sensitivity setting (i.e. respectively a high and a medium threshold). However, at high 
sensitivity (i.e. a low threshold) the devices differed significantly on TST, WASO and SE. The 
present results show a similar trend of increasing bias and variance as the threshold was 
lowered. 

An interesting observation was that recordings with devices placed more distally 
on the wrist yielded lower TST and SE and higher WASO than recordings with devices 
placed more proximally on the wrist. Considering that only the palmar-dorsal axis was 
analyzed and the larger radius (43 mm) relative to the elbow and shoulder joint, higher 
accelerations are expected in the distal recording. Higher accelerations result in higher 
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counts, likely more epochs with counts beyond the threshold for sleep and thus increased 
wake detection (WASO), which subsequently decreases TST and SE. Given that small 
differences in arm length affect sleep estimates, future algorithms based on more sensitive 
raw accelerometry might consider arm length as an additional variable. 

The weight of the Geneactivs (2x 16 gram), the Actiwatches (2x 17.5 gram), the plastic 
strip and the straps was 89 gram in total. Thus, the weight of our validation set-up is more 
than the weight of a single actigraph. However, adding 89 grams induces an increase of 
only 2-3% to the intrinsic weight of the arm and hand.332,333 At least in our young and healthy 
population, this appears insufficient to considerably affect the accelerations brought 
about by the upper arm and shoulder muscles. It should be noted that the cumulative 
weight of the validation setup is comparable to the weight of the first commercially 
available actigraphs. If cross-validation would be pursued within populations suffering 
from severe muscle atrophy, the issue would require careful consideration. 

Bootstrap analyses on subsamples of our population indicated that follow-up studies can 
reliably estimate regression coefficients in a sample of 13 (or more) subjects (Appendix A). 

In conclusion, the present study optimized and validated a data-processing algorithm 
that makes it possible to pool and exchange data obtained with one of the most 
frequently used actigraphs and data obtained with any of the much more affordable 
MEMS-accelerometers. If anything, more reliable sleep parameter estimates could be 
obtained from MEMS-accelerometers than from actigraphs, because the former show less 
variability between different exemplars of the same type of device. The demonstration 
of validity has strong implications for sleep research. Because MEMS-accelerometers can 
be produced at a fraction of the cost of actigraphs, large-scale assessment of cohorts in 
e.g. GWAS studies will become feasible. The algorithm provided even makes it feasible 
for ongoing cohort studies to switch from actigraphy to MEMS-accelerometry while 
maintaining backwards compatibility. To aid in the transition from older Actiwatches to 
newer MEMS-accelerometry devices, the conversion steps presented in this study were 
integrated in a Matlab program with a graphical-user-interface. The program can be 
obtained from the authors and allows the user to analyze the data in a similar manner as 
the Actiwatch Activity & Sleep Analysis software.

It should be noted that the conversion algorithm presented here applies to a healthy, 
adult population and is specific for the Actiwatch. Because MEMS record raw accelerometry 
signals, similar algorithms can be designed for other types of actigraphs that obtain ‘counts’ 
by manufacturer specific pre-processing steps. This results in the further advantage that 
MEMS recordings can be made compatible with different brands and types of actigraphs.

The availability of the original raw acceleration signals will not only make it easy to pool 
data obtained with different brands of MEMS-accelerometers, but also to explore new 
ways to optimize movement-based sleep estimates. Future studies that combine video 
monitoring, polysomnography and MEMS-accelerometry can be used to further validate 
MEMS-accelerometry for sleep-wake discrimination. The possibility for in depth analysis 
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of the 3-dimensional acceleration signal might improve the sensitivity and specificity 
of movement-based sleep estimates. It would moreover be interesting to investigate 
whether the three-dimensional raw acceleration signal could be exploited to design 
and validate algorithms to discriminate movements that are specific to sleep stages. 
For example, not only eye movements,334 but also limb movements335 during rapid eye 
movement sleep, have been noted to be of a different quality than wake movements. 
In addition, the availability of the DC-signal may be of use for the detection of the 
prolonged maintenance of a supine position which would make the cumbersome and 
oftentimes unreliable logs of bedtime and get-up time superfluous. It may furthermore 
be used to discriminate gross body movements and postural changes from mere wrist 
movements and thus improve the estimate of sleep quality.336 Further improvements of 
the sleep estimates might be feasible by combining the acceleration signal with other 
physiological signals, for example skin temperature.46,124,337 The availability of affordable 
MEMS-accelerometers may herald a new era of valid, reliable and feasible large-scale field-
based assessment of objective sleep estimates.

Appendix A
For future cross-validation and optimization studies, the number of subjects required to 
get a sufficiently precise estimate of the conversion regression slope should be considered. 
In order to provide an indication based on our data, we applied bootstrapping to subsets 
of the original dataset of 15 regression slopes. For each sample of size N (between 3 and 
15 subjects) we created 1000 new datasets of N regression slopes by sampling, with 
replacement, from the original dataset of 15 regression slope coefficients. The intercepts 
of the regressions were all zero and therefore excluded from the analysis. For each of these 
1000 datasets the mean slope was calculated. Subsequently, the mean and standard 
deviation (standard error of the mean; SEM) of all 1000 means was calculated and plotted 
against the sample size (Figure 4). Beyond 13 subjects the reduction in SEM with every 
additional subject appears minimal, indicating that 13 (or more) subjects should be 
sufficient to get a reliable estimate of the mean regression slope. 
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Figure 4 - Mean and standard error of the mean (SEM) of the proximal (A) and distal (B) regression 
slopes plotted against sample size. Please note the difference in the range of the vertical axes.
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Study Objectives
Actigraphy is a useful tool to estimate sleep, but less accurate in distinguishing sleep and wake in 

patients with Insomnia Disorder (ID) than in good sleepers. Specific algorithm parameter settings 

have been suggested to improve the accuracy of actigraphic estimates of sleep onset and nocturnal 

sleep and wakefulness in ID. However, a direct comparison of how different algorithm parameter 

settings affect actigraphic sleep estimates has been lacking. This study aimed to define optimal 

algorithm parameter settings for actigraphic estimates of polysomnographic sleep features in 

people suffering from ID and matched good sleepers.

Methods
We simultaneously recorded actigraphy and polysomnography (PSG) without sleep diaries during 

208 overnight sleep laboratory stays of people with ID (N = 58) and matched controls without sleep 

complaints (CTRL; N = 56). We analyzed the epoch-by-epoch agreement, cross-validation errors and 

Bland-Altman plots of actigraphic estimates of common all-night sleep features using 150 different 

algorithm parameter settings.

Results
Epoch-by-epoch agreement between actigraphy and PSG was moderate for both ID and controls. 

Optimal parameters to estimate sleep features differed between ID and controls. The bias and 

limits of agreement of the Bland-Altman plots were nearly identical between ID and controls for all 

common all-night sleep features except total sleep time.

Conclusions
This systematic evaluation shows that within ID or controls, actigraphic estimates of polysomnographic 

sleep features are relatively robust and do not change significantly across a wide range of parameter 

settings. One specific parameter setting is provided that provides optimal estimation of sleep onset 

and nocturnal sleep across ID and controls.
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Introduction

Insomnia Disorder (ID) is the second most common mental disorder in 
Europe1 and characterized by subjective reporting of difficulty initiating 
or maintaining sleep or early morning awakening despite adequate 
opportunity for sleep and resulting in daytime impairment.3,4 Objective 
estimates of sleep features are not required for the diagnosis of ID per se, 
but are considered valuable in the clinic when patients do not respond 
to cognitive behavioral therapy for insomnia, or when sleep features 
are required over prolonged periods.22 In such cases, actigraphy could 
provide a more feasible and cost effective method than the gold standard 
polysomnography (PSG) to assess sleep features.22 
Actigraphy is the continuous recording of movements, usually of the wrist. 
Actigraphy can be used for many purposes, like estimating physical activity, 
diurnal activity rhythms, the severity of disordered movement and sleep. 
Depending on the purpose, valid application requires optimization of the 
recording and processing of the movement signal.308,314 We here address the 
important question as to how best use actigraphy to estimate sleep in ID. 

The application of actigraphy in sleep research is based on the fact that 
prolonged periods of immobility are more likely to occur during sleep than 
during wakefulness. Actigraphy discriminates wake from sleep based on 
the movement of a limb, but cannot discriminate between different sleep 
stages. Actigraphy therefore only allows for the calculation of all-night sleep 
features like total sleep time (TST), sleep onset latency (SOL), wake after 
sleep onset (WASO) and sleep efficiency (SE). 

A recent meta-analysis of the literature on the validity of actigraphy in ID22 
showed that actigraphic estimates were not always reliable enough, and for 
example failed to detect intervention effects on sleep that were established 
by PSG. The inconsistent validity of actigraphic sleep feature estimates 
may be explained by several factors including the technical specification 
of the device, the location of the device, the acquisition settings used, 
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clinical features of the population being studied, setting rest interval and data acquisition 
procedures, and the algorithm used.22 

The actigraphy algorithm allows for flexible parameter tuning to improve estimation of 
sleep onset and sleep-wake discrimination. Sleep-wake discrimination can be tuned by 
changing the wake sensitivity threshold (WST) above which recorded activity is scored 
as wake. Sleep onset estimation can be tuned by changing the duration of the duration 
of consecutive immobility or estimated sleep required to define sleep onset. The optimal 
settings for sleep-wake discrimination may not necessarily be the optimal settings for 
sleep onset estimation and may moreover differ between populations.

Default parameters are frequently used to obtain actigraphic sleep feature estimates 
in ID.338-340 Several studies have evaluated parameter settings other than the default 
configurations. In line with the principle that ID patients may lie still in bed while being 
awake, a low WST showed better concordance with PSG in elderly women with ID.341 One 
study suggested that a low WST resulted in the best concordance between actigraphy 
and PSG sleep features, but no data were presented to support the hypothesis.342 In 
chronic obstructive pulmonary disease (COPD) patients with comorbid ID, the default 
immobility period duration (PD) of 10 minutes with a very low WST was found to best 
match simultaneously recorded PSG features.343 In a large sample of ID and good sleepers, 
actigraphic sleep feature estimates obtained with a low WST best discriminated between 
ID and good sleepers, but no simultaneous PSG was recorded.344 In contrast, a high WST 
was found to be most sensitive in a young adults with ID.345 

In most studies, the required duration of immobility to mark sleep onset was either 
not reported339,342,344 or was set to the default of 10 minutes.341,345 Some studies evaluated 
how the reliability of the actigraphic estimate of sleep onset changed across a range of 
immobility PDs. As compared to 5 and 15 minutes, the 10 minutes immobility requirement 
resulted in optimal sleep onset estimation in COPD patients with ID.343 In other populations 
the influence of the duration of the immobility period on sleep onset has been evaluated 
using several shorter and longer durations (3 to 20 minutes). A shorter 5-min period of 
immobility resulted in the best sleep onset estimation in adult obstructive sleep apnea 
(OSA) patients,346 while medium to longer periods (10 to 20 minutes) were optimal in 
children and adolescents with and without OSA.347,348

To the best of our knowledge, no study has evaluated a wide range of algorithm 
parameters to optimize sleep onset estimation and sleep-wake discrimination in ID and 
controls using simultaneously recorded PSG and actigraphy. Therefore, the aim of the 
study was to find the optimal parameters to derive sleep feature estimates from actigraphy 
as compared to PSG in ID and matched good sleepers using a wide range of algorithm 
parameter settings while keeping all other factors constant. 

Methods
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Participants
To evaluate the agreement of actigraphic estimates of common sleep features with 
their gold-standard polysomnographic assessment, we recorded actigraphy and 
polysomnography (PSG) simultaneously during several studies in our sleep laboratory.349,350 
The studies were approved by the ethics committee of the VU University Medical Center, 
Amsterdam, the Netherlands. Participants were recruited through advertisement and the 
Netherlands Sleep Registry (https://www.sleepregistry.org).351 Screening was performed 
using online questionnaires, a structured interview, and by telephone, and included the 
Insomnia Severity Index (ISI).183 All participants provided written informed consent. The 
inclusion criteria for the insomnia disorder (ID) group (n = 58, age range 21–69 years) 
conformed to the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition,162 
International Classification of Sleep Disorders, Third Edition,280 and Research Diagnostic 
Criteria for Insomnia Disorder352 as well as an ISI score of at least 10. The control (CTRL) 
group included age- and sex-matched volunteers (n = 56, age range 22–70 years) that 
reported to have no sleep difficulties by phone, confirmed by an ISI score less than 
10. Exclusion criteria for all participants were: (1) diagnosed sleep apnea, restless legs 
syndrome, narcolepsy, or other somatic, neurological, or psychiatric disorders; (2) use 
of sleep medications within the last 2 months including the recording days. Participants 
showing signs of sleep apnea or restless legs during laboratory PSG assessments were 
not included in the selected 114 participants. Table 1 summarizes the demographic 
characteristics and ISI scores of the sample.

Table 1 – Demographics and polysomnographic sleep features (Mean ± Standard Deviation). 

Characteristic
Control
(n = 56)

Insomnia disorder
(n = 58)

p

Sex, female/male 39/17 44/14 .53

Age, years 43.2 ± 15.0 47.8 ± 14.0 .087

ISI 2.5 ± 2.5 16.8 ± 3.8 < 0.0001

TIB, minutes 482.1 ± 47.6 473.2 ± 66.1 .29

SOL, minutes 12.1 ± 15.9 16.9 ± 17.1 .008

TST, minutes 429.0 ± 47.7 392.8 ± 83.3 .0004

WASO, minutes 32.0 ± 24.9 52.4 ± 47.3 .002

SE, % 89.1 ± 6.8 82.4 ± 14.6 .0003

ISI = Insomnia Severity Index; TIB = Time in bed; SOL = sleep onset latency; TST = total sleep time; WASO = wake after sleep 
onset; SE = sleep efficiency. Group differences were tested using the Fisher’s exact test for Sex and the Wilcoxon rank-sum test 
for all other variables. Bold font highlights significant group differences.



Optimizing actigraphic estimates of polysomnography sleep features in Insomnia Disorder

7

| 115   

Protocol
People with ID and matched CTRL completed one or two consecutive nights of PSG and 
actigraphy in a laboratory setting. On the recording days, participants were asked to 
refrain from alcohol and drugs, as well as to limit consumption of caffeinated beverages 
to a maximum of two cups, which were allowed only before noon. The lights-out time 
and lights-on time for each participant was self-chosen according to individual habitual 
bedtime and did not significantly differ between the two groups (mean ± standard 
deviation: ID = 23:23 ± 00:42, CTRL = 23:27 ± 00:41 hours, p = .61 and ID = 07:16 ± 01:03, 
CTRL = 07:29 ± 00:42 hours, p = .16, respectively). 

Polysomnography
Polysomnography was recorded in each participant using a 256-channel LTM HydroCel 
Geodesic Sensor Net and a Polygraphic Input Box (Electrical Geodesic Inc., Eugene, 
Oregon, United States), connected to a Net Amps 300 amplifier (input impedance: 200 
MΩ, A/D converter: 24 bits). All PSG recordings were visually scored offline by experienced 
scorers (JRR and OK) blind to the participants’ group classification. Scoring of sleep stages 
was based on signals obtained from six electroencephalogram leads (electrode # 36, 224, 
72, 173, 116, 150 of the HydroCel Geodesic Sensor Net, approximately equivalent to F3, 
F4, C3, C4, O1, O2, respectively, in the 10–20 system) and two electro-oculogram leads (1 
cm below the left and above the right outer canthi) referenced to linked mastoids and one 
bipolar chin electromyogram channel. Each 30-second epoch was scored as one of stages 
wake (W), stage 1 (N1), stage 2 (N2), stage 3 (N3), or REM (R), according to the American 
Academy of Sleep Medicine (AASM) manual.353 The PSG recording was started at lights 
off and stopped at lights on. To calculate epoch-by-epoch agreement of sleep and wake 
between PSG and actigraphy, PSG epochs rated as N1, N2, N3 or R were marked as sleep 
and epochs rated as W were marked as wake.

Actigraphy
Actigraphy was recorded using a microelectromechanical system (MEMS) accelerometer 
(Geneactiv, ActivInsights Ltd., Kimbolton, UK) at a sampling frequency of 50Hz. The 
Geneactiv recorder contains a tri-axial MEMS-accelerometer with a range of ± 8 g and 
a sensitivity of ≥ 0.004 g and records motion-related and gravitational acceleration. 
Data were uploaded to a PC using Geneactiv PC software (version 1.0, ActivInsights Ltd., 
Kimbolton, UK).

Temporal alignment
Optimal alignment of PSG and actigraphy was obtained by cross-correlating the binary 
coded sleep-wake signal from polysomnography with the binary coded mobile-immobile 
actigraphy signals.
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Algorithm parameter settings

Sleep-wake discrimination 
So-called ‘activity counts’ were obtained using a validated method354 adapted to 30-second 
epochs. Subsequently, each epoch was classified as either sleep or wake: the activity in 
each epoch is rescored by weighing activity in the surrounding 2-min period. For each 
30-sec epoch the activity was weighted as follows: 302,303

A0 = 0.04E-(4-3) + 0.2E-(2-1) + 4E0 + 0.2E+(1-2) + 0.04E+(3-4)

Where A0 is the total rescored activity for the 30-sec epoch of interest; E0 is the activity 
in the scored epoch; En is the activity in the four epochs before (E-4 to E-1) and after (E+1 
to E+4) the scored epoch. If A0 is less or equal to a predefined WST (Table 2, A0 ≤ WST) the 
epoch is scored as sleep, otherwise the epoch is scored as wake (A0 > WST). Sleep-wake 
discrimination was evaluated across a range of WSTs (T = 10 to 100 counts in intervals of 
10), where 20, 40 and 80 counts are commonly denoted as the default low, medium and 
high WSTs.302

Table 2 – Algorithm parameters.
Setting Description

Immobile-mobile algorithm Calculates sleep onset based on the presence of movement or no movement, 
independently of the sleep–wake discrimination. Sleep onset was defined using the 
first immobile period after bedtime of at least N minutes with no more than one epoch 
containing any movement. The first epoch of this period was classified as sleep onset. 
Therefore, this sleep parameter was not influenced by the wake sensitivity threshold (WST). 

Sleep-wake algorithm Calculates sleep onset based on sleep–wake discrimination. Sleep onset was defined 
using the first sleep period after bedtime of at least N minutes with continuous 
sleep. The first epoch of this period was classified as sleep onset. Therefore, this sleep 
parameter is influenced by the WST. 

None Sleep onset is not estimated and equal to bedtime. 

Period duration (PD) The duration of the period in minutes used to estimate sleep onset. 

Wake sensitivity threshold (WST) The threshold above which activity is scored as wake. The threshold is applied after the 
counts have been smoothed with a moving window algorithm.

Epoch-by-epoch agreement
Actigraphy epochs were classified as True Sleep (TS), False Sleep (FS), True Wake (TW), 
and False Wake (FW) based on their agreement with corresponding PSG epochs (Table 3). 
Based on these classifications, the accuracy, sensitivity, specificity, positive predictive value 
(PPV or precision), negative predictive value (NPV, Table 4) and Cohen’s kappa statistic 
were calculated at each WST to quantify epoch-by-epoch agreement.324,325 Agreement, 
sensitivity, and specificity indicate the proportions of all epochs correctly classified as 
wake or sleep by actigraphy compared to PSG. PPV and NPV indicate the proportion of 
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sleep or wake epochs, respectively, correctly classified by actigraphy. Cohen’s kappa (κ) 
indicates agreement beyond what can be expected by chance alone. 

Sleep onset estimation
Sleep onset defines the beginning of the assumed sleep period (ASP, Table 5). Sleep 
onset can either not be estimated (none), or estimated by choosing one of two different 
methods: immobile-mobile and sleep-wake discrimination (Table 2). The immobile-mobile 
algorithm as implemented in the Actiware software searches for the first immobility 
period duration (PD) of X minutes after bedtime with no more than one epoch containing 
any activity count. The outcome only depends on the chosen parameter X. In contrast, 
the sleep-wake algorithm searches for the first PD of X minutes of continuous estimated 
sleep after bedtime. The outcome therefore depends on both the chosen parameter X and 
the WST chosen to define wake. Ignoring sleep onset estimation (none) means the ASP is 
equal to the period between lights off and lights on. To evaluate the effects of different 
parameter settings, sleep onset was estimated based on 3-, 5-, 10-, 15- and 20-minute PDs 
and at 10 equidistant WSTs between 10 and 100.

Table 3 - Confusion matrix used in the calculation of agreement measures.
Polysomnography

Actigraphy Sleep Wake

Sleep True Sleep (TS) False Sleep (FS)

Wake False Wake (FW) True Wake (TW)

Table 4 - Formulas and description of the agreement measures.

Measure Formula Description

Accuracy
𝑇𝑇𝑇𝑇 + 𝑇𝑇𝑇𝑇

𝑇𝑇𝑇𝑇 + 𝑇𝑇𝑇𝑇 + 𝐹𝐹𝑇𝑇 + 𝐹𝐹𝑇𝑇 × 100 

Percentage of all epochs correctly detected as wake or 
sleep by actigraphy.

Sensitivity 𝑇𝑇𝑇𝑇
𝑇𝑇𝑇𝑇 + 𝑇𝑇𝑇𝑇 + 𝐹𝐹𝑇𝑇 + 𝐹𝐹𝑇𝑇 × 100 

Percentage of all epochs correctly detected as sleep by 
actigraphy.

Specificity 𝑇𝑇𝑇𝑇
𝑇𝑇𝑇𝑇 + 𝑇𝑇𝑇𝑇 + 𝐹𝐹𝑇𝑇 + 𝐹𝐹𝑇𝑇 × 100 

Percentage of all epochs correctly detected as wake by 
actigraphy.

PPV 𝑇𝑇𝑇𝑇
𝑇𝑇𝑇𝑇 + 𝐹𝐹𝑇𝑇 × 100 

Percentage of PSG sleep epochs correctly detected as 
sleep by actigraphy.

NPV 𝑇𝑇𝑇𝑇
𝑇𝑇𝑇𝑇 + 𝐹𝐹𝑇𝑇 × 100 

Percentage of PSG wake epochs correctly detected as 
wake by actigraphy.

TS = True sleep; TW = True wake; FS = False sleep; FW = False Wake; PPV = Positive predictive value; NPV = Negative predictive value; 
PSG = polysomnography.
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Sleep feature calculation
Estimates of the most commonly used sleep features, sleep onset latency (SOL), total 
sleep time (TST), wake after sleep onset (WASO) and sleep efficiency (SE, Table 5), were 
calculated using 150 different configurations using 10 WSTs (10 to 100 at intervals of 
10), 5 PDs (3, 5, 10, 15 and 20 minutes) and 3 sleep onset settings (sleep-wake, immobile-
mobile and none). Analyses of sleep features were performed using custom scripts written 
in MATLAB 8.3 (The Mathworks Inc., Natick, Massachusetts, United States; https://github.
com/btlindert/actant-1). 

Algorithm parameter tuning 
Algorithm parameter tuning was performed separately for ID and CTRL. From each of the 
separate ID and CTRL datasets, 20% of the data were randomly selected and set apart as a 
holdout sample for final validation. In the remaining data, still separately for ID and CTRL, 
five-fold cross-validation was used to find the algorithm parameter settings that resulted 
in the best agreement between PSG and actigraphy. In each of the five folds, a grid search 
on 80% of the training data defined the algorithm parameter combination that resulted 
in the closest match between actigraphic and PSG sleep feature estimates. These settings 
were then applied to the remaining 20% validation fold to obtain the mean absolute error 
(MAE) between PSG and actigraphic estimates SOL or TST. The MAE was calculated as:

Where MAE is the sum of the absolute differences in sleep features (SOL or TST) obtained 
from PSG (PSG) and actigraphy (Actigraphy) for every night (i) averaged over all nights (n) 
of simultaneously recorded PSG and actigraphy. 

The mean and standard error of the MAE were calculated across the 5 folds and will 
be denoted as ‘Validation MAE’. The configuration that was optimal in the five folds was 
used to evaluate performance in the 20% holdout test sample for final validation and the 
resulting MAE will be denoted as ‘Test MAE’. 

Optimal parameter set across Insomnia Disorder and controls
In situations where the diagnosis of ID is not yet known or changes over time, a single 

configuration that achieves optimal results across ID and CTRL is valuable. We evaluated if 
the results allowed for a common optimal parameter set to be defined across ID and CTRL. 
The optimal parameter set for ID and CTRL was applied to all measurements to calculate 
all-night sleep feature agreement.

Sleep feature agreement
The agreement between all-night PSG-derived sleep features and corresponding 

actigraphic sleep feature estimates obtained using the optimal parameters across ID and 

MAE  =  
∑n

i=1 PSGi − Act igraphyi

n
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CTRL was visually inspected with Bland-Altman (mean-difference) plots.327 For each plot, 
ordinary least squares (OLS) regression was used to test and correct for proportional or 
constant bias throughout the measurement range.355 Heteroskedasticity of the differences 
throughout the measurement range was evaluated with a Breusch Pagan test on the 
residuals of the OLS. If the variance of the differences was proportional to the mean, the 
limits of agreement were modified using the slope of the OLS on the residuals multiplied 
by 1.96*(pi/2).355

Statistical analyses
Data preprocessing and calculation of the agreement statistics and all-night sleep 
parameters were performed offline using custom-written MATLAB programs (The 
Mathworks Inc., Natick, Massachusetts, USA). All other statistical analyses were conducted 
using R.188 

Results

Epoch-by-epoch agreement
We calculated epoch-by-epoch agreement at all WSTs across the PSG recording (Table 
6). Overall, a higher WST increased the accuracy, sensitivity and NPV but attenuated the 
specificity and PPV. These results are partially explained by the large proportion of sleep 
epochs compared to wake epochs and thus the likelihood that an epoch is sleep is much 
higher than the likelihood that it is wake.325 Cohen’s kappa statistic accounts for this by 
calculating the agreement beyond what can be expected by chance. Both for ID and CTRL 

Table 5 - Description of sleep parameters.
Setting Description

Time in bed (TIB) Time between bedtime and get-up time.

Sleep onset The time associated with the onset of sleep using either the immobile-mobile 
or sleep-wake algorithm.

Assumed sleep period (ASP) Time between sleep onset and final wake time.

Sleep onset latency (SOL) Time between lights out and sleep onset.

Total sleep time (TST) The number of epochs within the assumed sleep period scored as sleep 
multiplied by the epoch length.

Wake after sleep onset (WASO) The number of epochs within the assumed sleep period scored as wake 
multiplied by the epoch length.

Sleep efficiency (SE) The ratio of total sleep time to assumed sleep period multiplied by 100.
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a WST of 20 provided the highest Cohen’s kappa (0.47 ± 0.15, 0.44 ± 0.15, respectively), 
which is considered a moderate agreement.329

Optimal parameters to estimate Sleep Onset Latency
Actigraphic estimates of SOL and TST were calculated using 150 different configurations 
using 10 WST (10 to 100 at intervals of 10), 5 PDs (3, 5, 10, 15 and 20 minutes) and 3 sleep 
onset settings (sleep-wake, immobile-mobile and none) across 208 complete overnight 
observations of simultaneous polysomnography and actigraphy. For each configuration, 
the test MAE between actigraphy and PSG was calculated for SOL (Figure 1) and TST 
(Figure 2) and separately for ID and CTRL. 

For both ID and CTRL, SOL estimation was generally better at higher WSTs and shorter 
to medium PDs irrespective of the algorithm used. The mean validation MAE was lower 
in CTRL than in ID for each combination of parameters, indicating better estimation of 
actigraphy estimated sleep features in CTRL than in ID. In contrast, the SE was lower in ID 
than in CTRL, indicating more reliable differences in SOL between actigraphy and PSG are 
obtained in ID. 
In CTRL, the best estimation of SOL resulted in a validation MAE of 8.9 ± 2.1 minutes (mean 
± standard error) and was achieved using the immobile-mobile algorithm with a PD of 10 
minutes, confirming the validity of the default parameters in the Actiware software (Figure 
1 A). The results were confirmed in the test set with a test MAE of 11.6 minutes, in line with 
the fact that validation error was trained on more data and was likely to underestimate 
the test error.

In ID, the best estimation of SOL resulted in a validation MAE of 11.7 ± 0.8 minutes and 
was achieved using the sleep-wake algorithm with a PD of 5 minutes and a WST of 40 
(Figure 1B), which is a 18% improvement compared to the default parameters. The test 
MAE was 11.2 minutes. For both CTRL and ID the magnitude of the test MAEs were relatively 
large compared to the median SOL obtained from PSG (9 and 13 minutes, respectively). 
Interestingly, the immobile-mobile algorithm, which is the frequently used default setting 
in the Actiware software, resulted in higher validation MAEs in ID, suggesting common 
use of suboptimal settings for the actigraphic estimation of sleep onset in ID.

Optimal parameters to estimate Total Sleep Time 
TST estimation was better in CTRL than in ID irrespective of the type of algorithm used. 
In ID, the sleep-wake algorithm, a PD of 10 minutes and a WST of 40 achieved the lowest 
validation MAE at 29.1 ± 3.4 minutes (Figure 2A). In CTRL, the optimal configuration to 
estimate TST was the sleep-wake algorithm, a PD 20 minutes and a WST of 90 for CTRL 
with a validation MAE of 16.5 ± 2.1 (Figure 2B). The test MAEs were 26.7 and 29.9 minutes 
for ID and CTRL, respectively. The optimal parameters in this study are higher than usually 
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reported in the literature. For CTRL, TST estimation would benefit from a higher WST and 
a longer PD, compared to the commonly used default WST of 40 and PD of 10 minutes. 

Figure 2C shows that if reliable estimates of lights off and lights on can be reliably 
obtained (e.g. from video) and TST is the sole variable of interest, negligible improvement 
in TST estimation is obtained by estimating sleep onset. 

Optimal parameter set across Insomnia Disorder and controls
In situations where the diagnosis of ID is not yet known or changes over time, it would 
be valuable to have a single configuration that achieves optimal results across ID and 
CTRL. As shown above, actigraphic estimates have lower precision in ID than in CTRL and 
the loss of precision as a result of suboptimal parameter selection is greater in ID than in 
CTRL. Therefore, a single optimal configuration would consist of the optimal parameters 
for ID: the sleep-wake algorithm, a PD of 5 minutes and a WST of 40. These parameters 
achieve optimal results for SOL and near optimal results for TST in ID. These parameters 
also achieve near optimal results in CTRL while the absolute errors are still substantially 
smaller than those obtained in ID. 

Figure 1 - The mean absolute error (MAE) and standard error (SE) of the difference between sleep 
onset latency (SOL) from polysomnography and estimated using all actigraphy configurations. The 
MAE is plotted against the period duration with separate lines indicating different wake sensitivity 
thresholds (WST, grey scale) used to estimate sleep onset using the immobile-mobile algorithm (A) 
and the sleep-wake algorithm (B). Since the WST does not influence the immobile-mobile algorithm 
(A), identical results are obtained at all WSTs and plotted as a single line. Results are plotted separately 
for Insomnia Disorder (ID, triangles) and matched good sleepers (CTRL, circles). Please note that the 
legend only labels 5 out of the plotted 10 WSTs.
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Figure 2 - The mean absolute error (MAE) and standard error (SE) of the difference between 
polysomnographic total sleep time and total sleep time estimated using actigraphy, across 
parameter configurations. The MAE is plotted against the wake sensitivity threshold with separate 
lines indicating different period durations (PD) used to estimate sleep onset and using the immobile-
mobile algorithm (A), the sleep-wake algorithm (B) or no algorithm to estimate sleep onset (C). 
Since PD only influences sleep onset estimation, identical results are obtained for each PD when 
sleep onset estimation is ignored (C) as indicated by a single line. Results are plotted separately for 
Insomnia Disorder (ID, triangles) and matched good sleepers (CTRL, circles).
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Bland-Altman plots
Using the single optimal set of parameters for both ID and CTRL mentioned above, we 
visually inspected the agreement of SOL, TST, WASO and SE between actigraphy and PSG 
using Bland-Altman plots (Figure 3). The bias of actigraphic estimates of SOL is negligible 
for short SOL. However, actigraphy increasingly underestimates longer SOLs, even by 
more than half an hour for a SOL of an hour. In addition to the large bias at increasing SOL, 
the estimates also become less reliable indicated by a widening of the LOAs. Similar to 
SOL, WASO bias is near zero for very small WASO, but actigraphy underestimates WASO by 
as much as 100 minutes for a WASO greater than 200 minutes. Consequently, actigraphy 
only slightly overestimates SE’s above 90% but strongly overestimates lower SE’s; by as 
much as 20% at an average SE of 60%. The LOA strongly increases with lower SE’s. 

In CTRL, the actigraphic bias of TST was negligible and the LOA was constant across 
the entire measurement range. In ID, actigraphy underestimated TST below a TST of 425 
minutes with an average bias of 50 at 250 minutes, but instead overestimated TST above 
425 minutes with a bias of 25 minutes at 550 minutes. The reliability of the estimate 
improved at higher TST, as indicated by narrowing of the LOAs.
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Figure 3 - Bland-Altman (mean-difference) plots for sleep onset latency (top), total sleep time, 
wake after sleep onset and sleep efficiency (bottom) estimated with the across-group optimal 
sleep-wake algorithm, a window period of 5 minutes and a wake sensitivity threshold of 40. 
Differences between polysomnography and actigraphy are plotted against the average of the two 
measurements for Insomnia Disorder (ID; triangles) and matched good sleepers (CTRL; circles). The 
bias (dotted lines) is the mean difference between all measurements. The 95% limits of agreement 
(LOA; dashed lines) define the range between which 95% of the differences between measurements 
of polysomnography and actigraphy will lie. The smaller the LOA, the better the agreement between 
both measurements. The bias and LOAs are plotted separately for ID (black) and CTRL (grey). Please 
note the difference in the scaling of the axes.
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Discussion

The aim of the present study was to define the optimal parameters to derive sleep feature 
estimates from actigraphy as compared to PSG in ID and matched good sleepers. Previous 
studies have evaluated the tuning of algorithm parameters to improve the estimation of 
sleep features using actigraphy.341-348 These studies evaluated a limited range of parameter 
settings, and did not include the sleep-wake algorithm for sleep onset estimation, nor 
cross-validated the suggested optimal parameters. To overcome these limitations, we 
here performed a comprehensive evaluation of a wide range of parameters. We moreover 
also included the sleep-wake algorithm for sleep onset estimation, and cross-validated the 
optimal parameters in an independent sample.

The current findings indicate that sleep-wake discrimination and sleep onset estimation 
was worse in ID than in CTRL, and that parameters can be chosen better than current defaults 
to improve the quality of the estimates within specific populations, especially within ID.

The commonly used default immobile-mobile algorithm with a PD of 10 minutes achieved 
optimal sleep onset estimation in good sleepers and sub-optimal results in ID. 338-341,343,345  
In ID, optimal validity for sleep onset estimation can be achieved by using the sleep-wake 
algorithm, using a 5-minute PD and WST of 40. This setting has not commonly been 
reported in the literature, suggesting common use of sub-optimal parameters in studies 
on insomnia.341,345 A shorter PD of 5 minutes has previously been found to be optimal for 
sleep onset estimation in OSA patients, if applied within the immobile-mobile algorithm.346

Our present findings are also in line with the notion that ID are more likely than controls 
to be awake while lying still in bed. Therefore, a lower, more sensitive WST may be required 
for ID. Indeed, a WST of 40 was optimal for TST estimation in ID compared to a WST of 
90 in CTRL. The WST for ID is however higher than the very low (10-20) WSTs previously 
suggested,341-344 and WST for CTRL is higher than the default (40) used sometimes used in 
CTRL and ID,339 yet close to the WST of 80 used in young adults with ID.345

The optimal parameters for estimation of SOL and of TST were very similar in ID. In CTRL 
however, optimal estimation of SOL required quite different parameters than for the 
optimal estimation of TST. A single parameter configuration that achieves optimal features 
in ID, and near optimal features in CTRL, can be used in studies where the diagnosis of ID 
is uncertain or changes over time, for example as the result of intervention. To achieve 
optimal results within a CTRL sample, each feature could be obtained using a different set 
of parameters. A single set of parameters will result in a trade-off of better estimates of 
some sleep features and worse estimates of other sleep features.

Optimal estimates of sleep features could be obtained across a range of parameter 
configurations. Within this range, cross-validation errors remained within one standard 
error of the optimal configuration (Figures 1 and 2). This suggests that use of parameter 
configurations within this range will minimally affect the accuracy of sleep feature 
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estimates, and that it is reasonably safe to pool data across studies that applied different 
parameter configurations. 

Despite the fact that sleep estimates can benefit from optimization of parameter 
configuration, the agreement between PSG and actigraphy is still only moderate at best, 
and limits of agreement are relatively wide. A recent meta-analysis of the literature on 
the validity of actigraphy in ID22 provided confidence limits for acceptable differences 
between actigraphy and PSG when actigraphy is used in clinical care decisions. The limits 
were based on the confidence interval (CI) of the differences between actigraphy and PSG 
across multiple studies, rather than the absolute difference. Consistent differences with a 
small CI suggest reliable actigraphic estimated sleep features compared to PSG. 95% CIs 
of mean differences between actigraphy and PSG of 40 minutes for TST, 30 minutes for 
SOL, 30 minutes for WASO and 5 % for SE were considered acceptable for use in clinical 
care decisions. A review of the studies revealed that for TST and SOL, but not WASO and SE, 
the 95% CI were small enough to prove reliable estimates compared to PSG. 

Innovative technology assessing other behavioral or physiological signals may be 
required to achieve better sleep-wake discrimination, let alone differentiation between 
sleep stages. Substantial discrepancies between actigraphy and PSG in some individuals 
at higher WASO12 and lower TST, suggest actigraphy may benefit from the individual 
tuning of parameters, but such implementation may be impractical because it requires 
polysomnography.

Some limitations deserve mention. First, it should be noted that the agreement 
between sleep features may be higher than in real-life applications, due to the fact that 
lights off and lights on were defined by our investigator-initiated start and end of the 
PSG recording. In ambulatory conditions the estimation of lights off and lights can be 
supported by sleep diaries or light sensors. Additional studies that simultaneously assess 
ambulatory PSG and actigraphy would be required to evaluate the validity of diary and 
light sensors in defining lights off and lights on times in the field. Second, our study design 
did not allow us to evaluate the performance of the algorithms to estimate sleep end. Sleep 
onset and sleep end estimation use nearly identical algorithms (with the exception that 
for immobility, instead of one, two epochs with any movement are commonly allowed). 
Studies that simultaneously assess PSG and actigraphy while allowing unrestricted wake 
up times would be required to evaluate how the currently defined optimal parameter 
settings perform in estimating sleep end.

In conclusion, the current study defined optimal parameter settings for actigraphic 
estimation of polysomnographic sleep features in ID and good sleepers. We did so by 
evaluating a wide range of parameters, by systematically locating in-sample optimal 
settings, and by validating these optimal settings in independent holdout samples. The 
results suggest that actigraphic estimates can be improved by use of optimized parameter 
settings. Optimized settings will aid to the precision of sleep estimates in the increasingly 
available large sets of actigraphic data obtained from ubiquitous wearable devices.13
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Study Objectives
People with Insomnia Disorder (ID) tend to underestimate their sleep duration 

compared to polysomnography or actigraphy, a phenomenon known as paradoxical 

insomnia or sleep state misperception (SSM). Previous studies suggested that night-

to-night variability could be an important feature differentiating subtypes of SSM. 

This study aimed for a data-driven definition of SSM subtypes revealed by multiple 

sleep features including night-to-night variability. 

Methods
We assessed features describing the mean and dispersion of misperception and 

objective and subjective sleep duration from 7-night diary and actigraphy recordings 

of 181 people with ID and 55 people without sleep complaints. A minimally collinear 

subset of features was submitted to Latent Class Analysis (LCA) for data-driven 

subtyping. 

Results
LCA revealed three subtypes, best discriminated by three of five selected features: an 

individual’s shortest reported subjective sleep duration, and the mean and standard 

deviation of misperception. These features were on average 5.4, -0.0, and 0.5 hours 

in one subtype accommodating the majority of good sleepers; 4.1, -1.4 and 1.0 hours 

in a second subtype representing the majority of ID; and 1.7, -2.2 and 1.5 hours in a 

third subtype representing a quarter of ID and hardly any good sleepers. Subtypes 

did not differ on an individual’s objective sleep duration mean (6.9, 7.2 and 6.9 hours) 

and standard deviation (0.8, 0.8 and 0.9 hours). 

Conclusion
Data-driven analysis of naturalistic sleep revealed three subtypes that markedly 

differed in misperception features. Future studies on underlying mechanisms 

and treatment may benefit from subtyping SSM to explain variance caused by 

heterogeneity. 
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Introduction

Insomnia Disorder (ID) is the second most common mental disorder in Europe.1 The 
disorder is characterized by subjective reporting of difficulty initiating or maintaining 
sleep or early morning awakening despite adequate opportunity for sleep, accompanied 
by daytime impairment.3,4 People with ID have a tendency to overestimate their sleep 
onset latency (SOL) and underestimate their total sleep time (TST) when compared to 
simultaneous objective estimates of sleep recorded by polysomnography (PSG)5,6,356 or 
actigraphy.357,358 This negative discrepancy between objectively measured and subjectively 
experienced sleep was referred to as sleep state misperception (SSM) in earlier versions 
of the International Classification of Sleep Disorders (ICSD) and renamed to paradoxical 
insomnia in the third edition of the ICSD.4,6 Good sleepers on the other hand, tend to 
accurately estimate their sleep or overestimate their sleep.288,359,360

No consensus has been reached on whether “sleep-state misperception” or “paradoxical 
insomnia” represents a separate subtype of insomnia, or rather represents a symptom that 
varies along a dimensional continuum.6 One study comparing sleep diary to PSG in ID 
and good sleepers found misperception across a continuum of which only 23% of good 
sleepers underestimated their total sleep time by no more than 50 minutes, while 43% 
of ID underestimated their sleep by up to 200 minutes. Similarly, overestimation was no 
more than 100 minutes for good sleepers, but up to 200 minutes in ID.288 Several studies 
have found distinct subtypes using data-driven techniques. One laboratory study found a 
bimodal distribution in the absolute misperception as well as the relative misperception 
index (MI; misperception divided by objective sleep time) derived from polysomnographic 
recordings and sleep diaries.359 The bimodal distribution was indicative of a group of 
ID with very high levels of misperception, distinctly different from the remaining ID in 
whom misperception ranged from overestimation to moderate underestimation. Another 
laboratory study found that misperception only occurred in ID with normal sleep duration 
(³ 6 hours) but not in those with short sleep duration (< 6 hours).361 

Most studies to date have compared sleep diaries to PSG across 1 or 2 nights. 
The variability of sleep duration and misperception observed across multiple nights 
may however contain important information not captured during a few nights or 
by averaging.314,362-364 As much as 54% of the variance in MI has been attributed to the 
individual (within subject) variance of misperception across 7 nights.363 Another study 
found larger variability in the misperception of people with sleep complaints than those 
without sleep complaints, indicating that the variability itself may be an important factor 
discriminating between good sleepers and those with ID.364

Using hierarchical clustering on observations across two laboratory and two home PSG 
assessments of misperception, Means, Edinger, Glenn, Fins 5 found four clusters in the 
misperception of ID and three clusters in the misperception of good sleepers. The majority 
of people with ID were allocated to a cluster characterized by slight underestimates of sleep 
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time and a second cluster with reasonably accurate sleep time estimates. The remaining 
ID were allocated to two clusters, one characterized by substantial underestimation 
of sleep and the other by an overestimation of sleep duration. The majority of normal 
sleepers were allocated to a cluster characterized by consistently accurate perception of 
their sleep duration and another cluster characterized by a consistent overestimation of 
sleep duration. The third cluster of normal sleepers had a ‘random’ pattern of under- and 
overestimates during lab and home nights. 

To the best of our knowledge, no study has evaluated whether the night-to-night 
variability of multiple sleep features derived from actigraphy and sleep diaries across 
multiple nights in a home environment can better reveal misperpection subtypes. 
Therefore, we aimed to describe the subjective and objective sleep duration, and 
misperception, across a large sample of ID and good sleepers obtained across up to 7 
nights in their home environment and evaluate the presence of subtypes using a data 
driven evaluation of statistical features obtained from sleep diaries and actigraphy. 

Methods

Participants
To evaluate the discrepancy between objective and subjective sleep duration we 
retrospectively analyzed actigraphy and sleep diaries collected during several studies in 
our sleep laboratory.349,365,366 All studies were approved by the ethics committee of the 
VU University Medical Center, Amsterdam, the Netherlands. Participants were recruited 
through advertisement and the Netherlands Sleep Registry (https://www.sleepregistry.
org).351 Screening was performed using online questionnaires, a structured interview and 
by telephone, and included the Insomnia Severity Index (ISI).183 All participants provided 
written informed consent. Participants of multiple studies were included in the current 
dataset only once. The inclusion criteria for the insomnia disorder (ID) group (n = 181, 
age range 22–69 years) conformed to the Diagnostic and Statistical Manual of Mental 
Disorders, Fifth Edition,3 International Classification of Sleep Disorders, Third Edition,4 

Research Diagnostic Criteria for Insomnia Disorder352 and an ISI score ≥10. The control 
(CTRL) group included age- and sex-matched volunteers (n = 55, age range 22–70 years) 
that reported to have no sleep difficulties by phone and had an ISI score ≤9. Additional 
inclusion criteria were the availability of at least 5 consecutive nights of actigraphy and 
matching complete sleep diaries. Table 1 summarizes the demographic characteristics of 
the included participants and their ISI scores.
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Table 1 – Participant demographics (Mean ± Standard Deviation). 

Characteristic
Control
(n = 55)

Insomnia Disorder
(n = 181)

p

Sex, female/male 39 / 16 140 / 41 0.37

Age, years 46.4 ± 15.1 50.5 ± 12.0 0.11

ISI 2.3 ± 2.5 16.8 ± 3.4 <0.0001

ISI = Insomnia Severity Index. Bold font highlights significant differences.

Protocol
People with ID and matched CTRL were asked to complete 7 nights of actigraphy and 
sleep diaries at home. Ninety-two nights with missing or incomplete data, from 49 people 
with ID and 11 controls were removed from the data set. All remaining 1540 observations 
were included in the analyses. Actigraphy analyses were performed using custom scripts 
written in MATLAB 8.3 (The Mathworks Inc., Natick, Massachusetts, United States; https://
github.com/btlindert/actant-1). All other analyses were performed using R.188

Actigraphy
Actigraphy was recorded using a microelectromechanical system (MEMS) accelerometer 
(Geneactiv, ActivInsights Ltd., Kimbolton, UK) at a sampling frequency of 50 Hz and 
uploaded to a pc using Geneactiv PC software (version 1.0, ActivInsights Ltd., Kimbolton, 
UK). Activity counts were calculated using a validated method354 and objective Total Sleep 
Time (oTST) was estimated using the so-called sleep-wake algorithm with parameter 
settings that were specifically optimized for ID, including a window of 5 minutes, and a 
wake sensitivity threshold of 40.367

Sleep diaries
The consensus sleep diary368 was completed daily on paper or online.351 For every 
individual night, the subjective Total Sleep Time (sTST) was calculated by subtracting the 
subjectively reported Sleep Onset Latency (SOL) and Wake After Sleep Onset (WASO) from 
the period between lights out and final wake time. 

Sleep and misperception features
Misperception of total sleep time (mTST) was calculated for each individual night as the 
sTST from actigraphy minus the oTST obtained from the sleep diary, resulting in negative 
values for the underestimation of sleep. In addition to this absolute measure, we also 
computed the relative misperception index (MI).359 Across the seven days, the calculated 
within-subject measures of centrality and dispersion in oTST, sTST, mTST were the mean, 
median, standard deviation (SD), minimum, maximum and the mean square of successive 
differences (MSSD)369 using the ‘psych’ R package.286 The MSSD is twice the variance for 
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sequences of random data, but smaller for sequences of data with a sequential order and 
a positive autocorrelation.

Feature selection
Considerable interdependence may exist between the features.370 We therefore used 

the Goldbricker method from the ‘networktools’ R package371,372 to select a subset of 
features optimized to have minimal collinearity for use in subsequent unsupervised 
latent class analysis. The Goldbricker method calculates for each pair of features whether 
they correlate to the same degree with other variables. If these correlations are highly 
similar, the pair may redundantly be measuring the same construct and one of the 
features in the pair should be removed to avoid collinearity. Results of the Goldbricker 
method depend on two parameters: the minimal percentage of significantly different 
correlations and the minimal correlation evaluated. We used a threshold of 75%, i.e. a pair 
of features should have significantly different correlations with 75% of the other features. 
We accepted minimal correlations of .25. For every collinear pair, we choose to include the 
computationally simpler variable (e.g. SD instead of MSSD).

Latent Class Analysis

Model estimation
We used latent class analysis (LCA, implemented in the Latent GOLD software 

package)373,374 for a data-driven evaluation of the presence of subtypes in profiles of 
objective and subjective sleep. Both ID and controls (n = 236) were included in the analysis. 
The characteristics were entered as continuous variables and evaluated using the default 
settings of Latent GOLD. 373

We determined the most probable number of subtypes by stepwise increasing the 
number of subtypes, and selecting the model that minimised the Bayesian information 
criterion (BIC).374 Importantly, to obtain a robust solution we used 5-fold cross-validation, 
which splits the sample into 5 folds. For each possible number of classes, the model was 
trained on a training set consisting of 4 of the 5 folds (80% of the data) and subsequently 
applied on the hold-out test set (20% of the data) to calculate the BIC. This was repeated 
across all 5 combinations of training and test sets. The number of classes with the lowest 
mean BIC across the 5 independent test sets was chosen as the most robust solution.

Model evaluation
Using the model with the most probable number of subtypes, we classified participants 

to one of the subtypes and evaluated the misclassification error by the median posterior 
class-membership probabilities and the classification error. Each participant has a posterior 
probability to belong to each of the subtypes, which together sum to one. Participants 
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are assigned to the subtype for which this posterior probability is highest. The median 
posterior class-membership probability indicates the certainty with which participants are 
assigned to a specifi c subtype. The classifi cation error is an estimation of the proportion of 
participants that are misclassifi ed across all subtypes. 

Model assumptions were evaluated using the bivariate residual. LCA assumes each pair 
of features to be statistically independent within a subtype. To evaluate this assumption, 
the residual relation among scores of two features within a class is estimated (called the 
bivariate residual). When the bivariate residual is substantially larger than 1, this indicates 

Figure 1 – The mean and range of misperception for each individual derived from up to 7 
ambulatory nights of actigraphy and sleep diaries. Both Inomnia Disorder (ID, black) and good 
sleepers are plotted (CTRL, grey). The density plots summarise the group distribution of subject 
average misperception. 
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model misfit.375 Mean values for each of the features in a subtype (i.e. class centroids), 
subtype size and explained variance were calculated for the final model. 

Results

Misperception was observed across a continuum. Figure 1 shows the distribution 
of individual night discrepancies between objectively measured and subjectively 
experienced sleep for both ID and CTRL. While good sleepers tended to accurately 
estimate or overestimate their sleep, the distribution was shifted leftward in ID, indicating 
that they were more likely to perceive the time spent asleep as shorter than suggested by 
actigraphy.

The Goldbricker method selected a set of five features that best covered the variance in 
the data while minimizing collinearity between features: the mean oTST, the SD of oTST, the 
shortest sTST, the mean mTST and the SD of mTST. Of note, three of the variables concern 
within-subject variability across days, providing strong support for our contention that 
night-to-night variability could be an important feature differentiating subtypes.

Figure 2 – Misperception of sleep across 7 ambulatory nights for individuals assigned to each of 
the 3 classes derived from the Latent Class Cluster Analysis. Individual traces of misperception 
are plotted for people with Insomnia Disorder (ID, black) and good sleepers (CTRL, grey). Mean 
misperception (dashed lines) and ±SD (dotted lines) derived from the LCA model.

−2

−1

0

1

2

3

4

5

6

7

mean objective TST SD objective TST shortest subjective TST mean misperception SD misperception

D
ur

at
io

n 
(h

ou
rs

)

subtype 1
subtype 2
subtype 3



Sleep estimates reveal three types of sleep misperception

8

| 137

Including these fi ve features in the LCA with fi ve-fold cross validation, indicated that a 
model with 3 latent classes had the lowest BIC. This three-subtype model explained 81.7% 
of the variance and a classifi cation accuracy of 92% (the estimated classifi cation error was 
8%). Posterior class-membership probabilities were high across all subtypes at (median 
[range]) 0.99 [0.59 – 1.00], 0.96 [0.42 – 1.00] and 1.00 [0.45 – 1.00] for subtypes 1, 2 and 3 
respectively. 

On average, subtype 1 can concisely be characterized as getting 6.9 hours of actigraphically 
estimated sleep, varying across days with an SD of 0.8 hours, and subjectively estimating 
their sleep duration to be no less than 5.4 hours (Figure 2). The average misperception of 
subtype 1 is 0.0 hours and varies across days with a SD of 0.5 hours (Figure 3). A minority 
of people with ID (22%) and the majority of good sleepers (87%) showed this profi le.

On average, subtype 2 can be characterized as getting 7.2 hours of actigraphically 
estimated sleep, varying across days with an SD of 0.8 hours, and subjectively estimating 
their sleep duration to be no less than 4.1 hours. The average misperception of subtype 
2 is -1.4 hours and varies across days with a SD of 1 hour. Half of the people with ID (49%) 
and a small number of good sleepers (9%) showed this profi le. On average, subtype 3 can 

Figure 3 – Characteristic features for individuals in each subtype. Mean ± 95% confi dence interval 
calculated across all individuals assigned to each subtype using Latent Class Cluster Analysis. TST, 
total sleep time; SD, standard deviation.
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be characterized as getting 6.9 hours of actigraphically estimated sleep, varying across 
days with an SD of 0.9 hours, and subjectively estimating their sleep duration to be no 
less than 1.7 hours. The average misperception of subtype 3 is -2.2 hours and varies across 
days with a SD of 1.5 hours. A minority of people with ID (29%) and a minority of good 
sleepers (4%) showed this profile.

Among people with ID, the three subtypes were not distinguished by age or severity 
of insomnia (Table 2). Among CTRL, the three subtypes were not distinguished by age, 
while the severity of insomnia was lowest in type 1 and highest in type 3. The subtypes 
of misperception were equally distributed within recently discovered insomnia subtypes  
(p = 0.83, Supplemental Table 1).376

Table 2 – Latent Class Analysis cluster demographics for Insomnia Disorder and good sleepers 
(Mean ± Standard Deviation). 

Characteristic Subtype 1 Subtype 2 Subtype 3 P

ID

Subtype size 40 (22%) 89 (49%) 52 (29%)

Sex, female/male 25 / 15 73 / 16 42 / 10 0.043

Age, years 48.2 ± 11.5 50.5 ± 12.0 52.2 ± 12.1 0.28

ISI 15.9 ± 11.5 17.2 ± 3.4 17.0 ± 3.8 0.15

CTRL

Subtype size 48 (87%) 5 (9%) 2 (4%)

Sex, female/male 34 / 14 5 / 0 0 / 2 0.045

Age, years 46.2 ± 15.4 43.2 ± 11.6 58.5 ± 16.3 0.48

ISI 2.0 ± 2.3 3.6 ± 2.7 6.5 ± 0.7 0.014

ID = Insomnia Disorder. CTRL = control. ISI = Insomnia Severity Index. Bold font highlights significant differences.

Discussion

This study aimed for a data-driven definition of SSM subtypes revealed by multiple sleep 
features including night-to-night variability. To do so, we calculated subjective, objective 
and misperception features of sleep obtained from seven nights of sleep diaries and 
actigraphy in a large sample of people with ID and good sleepers. A data-driven and 
robust solution was pursued by using the Goldbricker method for feature selection and 
Latent Class Cluster Analysis (LCA) with cross-validation.

Our findings indicate that misperception of sleep and the objective and subjective 
features of sleep occur across a continuum, which is in line with previous studies.6 However, 
data-driven analysis revealed three categorically distinguishable subtypes in the profiles 
(or fingerprints) of these features. Importantly, two of the three most distinguishing 
features concern within-subject differences across days, providing strong support for our 
contention that night-to-night variability is an important feature differentiating subtypes.
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Subtypes were best discriminated by three features; an individual’s shortest reported 
subjective sleep duration, and the mean and standard deviation of misperception. These 
features were on average 5.4, 0.0, and 0.5 hours in one subtype accommodating the 
majority of good sleepers; 4.1, -1.4 and 1.0 hours in a second subtype representing the 
majority of ID; and 1.7, -2.2 and 1.5 hours in a third subtype representing a quarter of ID 
and hardly any good sleeper. Subtypes did not differ on the remaining two features, which 
were an individual’s mean (6.9, 7.2 and 6.9 hours) and standard deviation 0.8, 0.8 and 0.9 
hours) of the actigraphically estimated objective sleep duration.

The results confirm previously reported findings that the majority of good sleepers are 
able to accurately perceive their sleep.288,359,360 The results also confirm that the majority 
of ID persistently underestimate their sleep,5,6,359 but that overestimation of sleep occurs 
occasionally in a minority of ID (Figure 1).377 Note that we do not interprete misperception 
as ‘false perception’. On the contrary, we think that it is more likely that traditional 
assessment by PSG and actigraphy of sleep fall short in detecting ongoing mental activity 
during sleep,36-37 that can be indiscriminable from the experience of being awake.38

Several studies have defined subtypes by manually splitting groups based on data 
inspection. Using the MI as a discriminating factor a previous study359 defined two 
subtypes of misperception in ID: one with high misperception and another class with a 
range of misperception. Our data-driven approach confirms the presence of a subtype 
with extreme misperception consisting predominantly of ID, but revealed three instead of 
two subtypes. Like the MI, our final feature set included oTST as well as mTST. This confirms 
that including oTST, either as part of MI (i.e. mTST/oTST) or as a separate variable captures 
variability not accounted for by the other variables, although it remains unclear if it results 
in better discrimination between subtypes than mTST alone.

Objective TST was previously used in a study as a distinguishing factor to a priori split ID 
into groups with short sleep (<6h) and normal sleep (>6h) resulting in two subtypes.361 The 
group with objective short sleep duration, displayed no misperception or overestimation 
of sleep and the group with objective normal sleep, displayed clear misperception of 
sleep. In contrast to their study, our findings indicated that the subtype with maximal 
misperception had the shortest sleep duration (subtype 3), while the subtype with 
moderate misperception had the longest sleep duration (subtype 2). However, it should 
be noted that sleep duration of differed by no more than 17 minutes, and averaged 
around 7 hours of sleep in all subtypes. 

An unsupervised hierarchical clustering analysis on observations across two laboratory 
and two home assessments of misperception,5 found four clusters in the misperception 
of ID and three clusters in the misperception of good sleepers. The majority of people 
with ID were allocated to a cluster characterized by slight underestimates of sleep time 
and a second cluster with reasonably accurate sleep time estimates. The remaining ID 
were allocated to two clusters, one characterized by substantial underestimation of sleep 
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and the other by an overestimation of sleep duration. The majority of normal sleepers 
were allocated to a cluster characterized by consistently accurate perception of their 
sleep duration and another cluster characterized by a consistent overestimation of 
sleep duration. The third cluster of normal sleepers had a ‘random’ pattern of under- and 
overestimates during lab versus home nights. 

In line with their findings5 most of the ID in the present study could be allocated 
to classes with minimal or moderate misperception and a smaller group with quite 
severe misperception. We did not find a separate cluster of people overestimation of 
misperception, although we observed its occurrence in individuals, mostly of subtype 
1. The majority of the good sleepers were assigned to a class with no misperception on 
average.

It has been suggested that greater night-to-night variability in misperception is observed 
in adults with sleep complaints compared to adults without sleep complaints. Indeed, 
our findings confirm that greater night-to-night variability is observed in ID compared to 
good sleepers. However, within the ID group there appears to be no relationship with the 
severity of complaints as measured by the ISI across the three subtypes.

Although most individual traces of misperception appeared random across the 7 
nights, some individuals showed increasing or decreasing trends in misperception across 
several nights. Studies looking at the variability of sleep over time may therefore want to 
include more than 7 nights to elucidate if the patterns are truly random or contain some 
oscillatory pattern, which may not be captured by the 7 nights included in the present 
study.

In conclusion, the current study revealed three subtypes in the mean and dispersion of 
misperception and objective and subjective sleep duration of ID and good sleepers. We 
did so by evaluating a wide range of features derived from multiple ambulatory nights of 
actigraphy and sleep diaries. The results suggest that sleep diaries and ambulatory objective 
measurements of sleep can be used to assign good sleepers and ID to one of the classes 
with a high certainty. The findings may help to understand the unexplained considerable 
individual variability in treatment response. If the three misperception subtypes respond 
differentially to cognitive behavioural and pharmacological interventions, subtyping 
brings us one step closer to personalized medicine. 
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Supplementary Table 1 – Contingency table of the distribution of misperception subtypes within 
recently discovered Insomnia Disorder subtypes (N =168). 

Subtype 1 Subtype 2 Subtype 3

ID subtype 1 5 11 8

ID subtype 2 17 35 17

ID subtype 3 2 4 6

ID subtype 4 9 18 12

ID subtype 5 5 14 5

ID = Insomnia Disorder. CTRL = control. 
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The present thesis aimed to deepen our knowledge of insomnia along the four prerequisites 
for its diagnosis, with a focus on sleep-permissive and everyday life environmental factors. 
The possible involvement of alterations in the perception of these factors and sensitivity 
to these factowrs has not received much attention in previous work. The reason for this 
ignorance may be that it seems more logical for a sleep disorder to first pursue underlying 
mechanisms in sleep-wake regulation itself. 

The two-process model of sleep–wake regulation consists of a circadian and homeostatic 
process.14,26,27 The circadian process refers to the central clock located in the hypothalamic 
suprachiasmatic nucleus which drives many physiological and behavioural rhythms 
including the promotion of sleep during the night and wakefulness during the day.29 The 
homeostatic process refers to the accumulation of sleep pressure during wakefulness 
and its dissipations during sleep for which roles have been assigned to adenosine,35 an 
increase in synaptic density during wakefulness,378 and cytokines.37

Whereas the value of the two-process model is undisputed, there may be more to 
sleep in real life. Wakefulness and sleep are associated with characteristic environments 
and behaviors, including light and darkness, high and low temperatures, and mobility 
and immobility. These factors, if correctly aligned, are either ‘sleep-permissive’ or ‘wake-
promoting’, and may interfere with sleep and wakefulness if misaligned.8 Other factors that 
may interfere with the ability to fall asleep are environmental temperature,8 danger,79,80 
pain,81,82 or stress.83,84 A special role may be assigned to skin temperature as it changes with 
all of the above.8 

The ability to sense a comfortable and pleasant sleep-permissive environment may 
therefore be crucial for the initiation and maintenance of sleep. Deficient sensing of 
comfort and other pleasant experiences has been reported in association with insomnia, 
both during controlled laboratory conditions20 as well as during a eyes-closed resting state 
recorded at home19. A key region involved in the subjective experience of pleasantness, 
called hedonic evaluation or liking, is the orbitofrontal cortex (OFC).17,18 A volume reduction 
in the OFC has been found to be associated with insomnia severity.139-141 OFC volume was 
moreover found to be positively associated with the ability to maintain or resume sleep 
in the morning in people without sleep complaints138,287 and with perceived sleep quality 
in veterans143. 

Along liking, wanting is the second major discriminable dimensions of reward 
processing.9,10 Wanting represents the incentive motivation that promotes approach 
toward and consumption of rewarding stimuli. We sleep best if we’re comfortable and 
not in need. However, people with insomnia do not experience sound sleep in spite of 
an adequate environment and opportunity for sleep - it is even a prerequisite for the 
diagnosis.3,4 The present thesis addressed whether insomnia may involve insufficient 
objective effects and/or inadequate subjective perception of sleep-permissive factors. 
Additionally, it addressed whether insomnia may involve altered perception of wanting 
and liking. 
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Two other prerequisites for a diagnosis of Insomnia Disorder are the subjective reporting 
of poor sleep and difficulties with daytime functioning. Interestingly, both the nocturnal 
and daytime complaints usually do not match objective measures of respectively sleep 
and performance, once more suggesting some alterations in perception in people 
with insomnia.3,4 Whereas people without sleep complaints tend to accurately estimate 
their sleep duration,288,359,360 people with Insomnia Disorder usually report less sleep 
than indicated by the sleep EEG.5,6,356-358 This negative discrepancy between objectively 
measured and subjectively experienced sleep is referred to as sleep state misperception. 
To date, no consensus has been reached on whether misperception represents a separate 
subtype of insomnia, or rather represents a symptom that varies along a dimensional 
continuum.6 The present thesis addressed this question by extensively assessing 
misperception in everyday life. To do so first required validation and optimization of the 
assessment of objective sleep estimates in everyday life. 

Overview of findings

In chapter 1 we introduced the aims of the present thesis along the four prerequisites for 
the diagnosis of Insomnia Disorder namely 1) subjective reporting of difficulty initiating or 
maintaining sleep or early morning awakening, 2) accompanied by daytime impairment, 
3) occurring despite an adequate environment and opportunity for sleep, and 4) occurring 
at least three times a week for a least three months.3,4

With regard to the subjective reporting of sleep difficulties, the first aim of the present 
thesis was to assess the discrepancy between subjectively reported and objectively 
recorded sleep in the natural everyday life environment, and to better characterize the 
night-to-night consistency or variability of this discrepancy.
With regard to experienced daytime complaints, the second aim of this thesis was to 
examine whether Insomnia Disorder involves altered wanting and liking - two fundamental 
aspects of the reward system. We evaluated both the overall subjective experienced 
wanting and liking, and how they respond to changes in environmental light exposure.

With regard to an adequate environment for sleep, the third aim of the present thesis 
was to evaluate whether people with Insomnia Disorder are equally sensitive to the sleep-
permissive conditions of darkness, lying down, and attaining a sleep-conductive body 
temperature.

With regard to the assessment of sleep over prolonged periods in the home environment, 
the fourth and fifth aims of this thesis were to first optimize the transformation of wrist 
acceleration signals into actigraphic activity counts and to subsequently optimize the 
‘activity count algorithm’ for the estimation of sleep in Insomnia Disorder. 

In chapter 2, we introduce, review and discuss sleep-permissive and wake-promoting 
factors that directly modulate the effectiveness of sleep-wake regulation. We highlighted 
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the importance of the association between skin temperature and sleep and how this 
association changes with sleep deprivation and Insomnia Disorder. 

In chapter 3, we investigated whether people with insomnia respond differently than 
controls to the sleep-permissive conditions of lying down, dimming the lights, attaining 
a sleep-conductive body temperature, and closing the eyes, which we systematically 
manipulated. As outcome measures, we assessed subjective, physiological, and behavioral 
performance variables previously found to be associated with the transition from wake to 
sleep. Specifically, we assessed subjective sleepiness, response speed and effort during 
a vigilance task, and heart rate. The results indicate that people with Insomnia Disorder 
and controls show largely comparable sleep-compatible cognitive and autonomic 
responses to sleep-permissive conditions. One notable exception was that people with 
Insomnia Disorder showed a remarkable heart rate acceleration in response to dimming 
of the lights, incompatible with the normal slowing that accompanies sleep-preparatory 
behavior. The finding might indicate a conditioned anxiety response in anticipation of 
another bad night. 

In chapter 4, we investigated the direct effects of light in a naturalistic environment 
on two major components of the reward system, namely wanting and liking. Subjectively 
experienced wanting and liking were repeatedly assessed using a method called 
experience sampling and complemented with simultaneous measurements of light 
exposure. In the sample of young adults, liking and wanting increased after exposure to 
more intense light, even when accounting for the intrinsic diurnal modulation of both 
measures. Diurnal peaks for subjective liking and environmental light exposure occurred 
at different timings, supporting the interpretation that light and circadian modulation are 
independent factors affecting wanting and liking. 

In chapter 5, we investigated whether people with Insomnia Disorder differ from people 
without sleep complaints with respect to the direct effects of light on wanting and liking, 
using the methodology for assessment in a naturalistic environment that we developed 
in chapter 4. Within the sample of middle-to-old-aged adults, we found that people with 
Insomnia Disorder experience significantly less wanting and liking compared than people 
without sleep complaints. Deficient liking in ID was particularly pronounced under low 
intensity light conditions and in part rescued by exposure to bright environmental light. 
In people without sleep complaints neither wanting nor liking was affected by light 
intensity. The findings could on the one hand be interpreted as indicating that people 
with Insomnia Disorder have a deficit in the evaluation of subjective affect, which is partly 
restored by momentary exposure to bright environmental light. On the other hand, an 
equally likely inverse interpretation could be that a darker environment, which normally 
signals preparation for sleep, triggers a state of disliking in people with insomnia, possibly 
conditioned to the dim light-triggered expectation of another bad night of sleep.

In chapter 6, we validated a method to transform accelerometry data into the 
traditional actigraphic movement counts to allow for the use of validated algorithms 
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to estimate sleep features. We simultaneously measured actigraphy and accelerometry 
using two devices for each. We replicated the calculation of movement counts from 
accelerometry, using information about the on-device processing of traditional 
actigraphs. Subsequent analysis of the reliability of sleep variables both between and 
within actigraphs and accelerometers revealed that reliability between accelerometers 
or between an accelerometer and an actigraph was higher than between two actigraphs. 
The method thus provides on-going and future studies with a reliable method to switch 
from traditional actigraphy to accelerometry, without loss of validity of traditional sleep 
scoring algorithms. 

In chapter 7, we extended the validity of the method developed in chapter 6 to the 
algorithm used to score sleep in Insomnia Disorder and people without sleep complaints. 
We assessed the effect of a wide range of actigraphy algorithm settings on epoch-by-
epoch and all-night sleep feature agreement between wrist-worn accelerometry and 
simultaneously recorded gold standard polysomnography. The results indicate that 
actigraphic estimates of sleep can be improved in people with Insomnia Disorder. The 
optimal settings differed between Insomnia Disorder and good sleepers. Within people 
with Insomnia Disorder or good sleepers, actigraphic estimates of sleep features are 
relatively robust and do not change significantly across a wide range of parameter 
settings. A single configuration can be recommended for better accuracy in Insomnia 
Disorder with minimal loss of accuracy in people without sleep complaints. 

In chapter 8, we applied the method developed in chapter 6 and the optimal settings 
derived in chapter 7, to assess objective and subjective sleep and their discrepancy in 
a large sample of people with Insomnia Disorder and good sleepers in their natural 
environment. Using a data-driven approach, we found three subtypes which were best 
discriminated by increasing levels of misperception and its night-to-night variability. One 
subtype with minimal misperception and variability accommodated the majority of good 
sleepers. A second subtype with more misperception and variability accommodated the 
majority of people with Insomnia Disorder. The third subtype revealed the highest levels 
of misperception and its variability and accommodated a quarter of people with Insomnia 
Disorder but hardly any good sleepers.

The results confirmed earlier reports that most good sleepers accurately perceive 
their sleep, while most people with ID systematically underestimate their sleep. While 
misperception of sleep occurred along a continuum, multivariate assessment revealed 
distinct clusters to which both good sleepers and people with Insomnia Disorder could be 
assigned with high probability. Two of the most distinguishing features quantified night-
to-night variability, providing support for the importance of considering variability in the 
assessment of objective and subjective sleep in Insomnia Disorder in everyday life.
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Implications and future perspectives

Difficulties initiating and maintaining sleep 
We found that a majority of people with Insomnia Disorder underestimate their sleep, 
and do so with such a substantial night-to-night variability it that it could be relevant 
for the first diagnostic criterion of Insomnia Disorder. The three aspects of self-reported 
sleep difficulties, namely difficulty initiating sleep, maintaining sleep and early morning 
awakening concertedly determine the subjectively experienced total sleep duration. 
Subjective sleep duration is an essential variable in cognitive-behavioral therapy for 
insomnia (CBTi), the preferred treatment of ID. CBTi which consists of cognitive therapy, 
stimulus control, sleep restriction, sleep hygiene and relaxation.379 The efficacy of 
treatment and adherence to sleep restriction are both based on sleep diaries to assess 
bedtimes, sleep onset time, wake after sleep onset, total sleep time and sleep efficiency.379 
Accurate reporting of sleep on a night-by-night basis is thus a crucial aspect of not only the 
diagnosis, but also of treatment implementation and the evaluation of its effectiveness. 
People with ID however tend to underestimate their total sleep time. Therefore, our first 
aim was to assess this discrepancy in more detail. The findings in chapter 8 indicate that 
misperception occurs along a continuum but varies greatly from night-to-night. We 
found three subtypes that were best discriminated by their misperception of sleep, but all 
obtained near equal amounts of objective sleep.

We found that in three quarters of people with ID, their subjectively experienced sleep 
duration is less than the sleep duration suggested by actigraphic estimates of sleep 
duration. The discrepancy is severe in a third of these people, a subtype which may be 
called paradoxical insomnia.4 Recently, misperception has been shown to decrease 
in response to CBTi,380 a finding confirmed by our own preliminary analyses.366 The 
underlying subjective improvement of sleep as a result of treatment has been linked 
to a “sleep diary-keeping effect”, which may overcome biases in retrospective memory, 
mistakes of averaging, or alleviate subjective complaints through a reduction of sleep-
related anxiety.6

In another quarter of people with Insomnia Disorder, the subjective experienced 
sleep duration was indistinguishable from the sleep duration experienced by people 
without sleep complaints. This quarter of people with Insomnia Disorder may not have 
a discrepancy between the subjectively experienced sleep duration and the actigraphic 
estimate of sleep duration. Rather, the problem may be a discrepant perception of how 
insufficient their sleep is. This discrepancy may stem from recall bias over a period of 
several months, a need for a greater amount of sleep, or a dysfunctional belief about 
the required amount of sleep, leading to subjectively experienced disturbed sleep in the 
presence of an intact perception of sleep. Dysfunctional beliefs are targeted as part of the 
cognitive therapy of CBTi.379,381
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Overall the results indicate the value of adding a week of objective measurements of 
sleep using actigraphy to the common use of sleep diaries prior to treatment and during 
sleep restriction. Assessment for as little as a week is sufficient to evaluate the subjective-
objective sleep duration discrepancy and the subjective perception of how insufficient 
their sleep is. Further research is needed to elucidate if this information is valuable to 
specifically target dysfunctional beliefs or misperception as part of treatment and if this 
improves treatment results or satisfaction.

The wide range of severity and night-to-night variability of misperception also suggests 
that subjective and objective estimates of sleep may be used to improve upon the 
prerequisite of 3 nights per week for a period of 3 months to reduce heterogeneity in the 
diagnosis of insomnia. 

Daytime complaints
Discrepancies between the subjective perception and objective estimates apply not only to 
sleep, but equally well to daytime complaints, broadly defined as concerning “impairment 
in social, occupational, educational, academic, behavioral or other important areas of 
functioning”.3 Actual testing of cognitive performance very rarely finds any objective 
deficit. The consistent nocturnal and daytime discrepancies between objective measures 
and how unpleasant they are experienced led us to closer examine hedonic processing 
in insomnia: the second aim of the present thesis. In chapters 4 and 5 we specifically 
evaluated hedonic evaluation. First of all, the studies show the feasibility and value of 
evaluating hedonic processing in everyday life using experience sampling in combination 
with environmental measurements. As hypothesized, hedonic evaluation, or liking, was 
affected in ID. The deficit was however not as bad if they had just exposed themselves 
to bright light. Or, looking at the findings from a different perspective along the light-
dark axis, the evaluation of pleasantness worsened with lower levels of light exposure. For 
people with insomnia, a dimly lit environment thus had the inverse of a sleep-permissive 
effect by impeding feeling pleasant and comfortable. Interestingly, a physiological inverse 
sleep-permissive effect of darkness was also found in chapter 3. In a well-controlled 
experimental set-up, switching off the light elicited an increase in heart rate in people 
with ID, which was not observed in matched controls without sleep complaints. It’s an 
understatement that an increase in heart rate is not commonly associated with a relaxed 
or sleep promoting state. Future studies are needed to evaluate whether an inverse sleep-
permissive effect of darkness is specific to a subtype of ID, and whether it is present from 
the onset of insomnia or rather develops with long-term persistence of ID. It is conceivable 
that persistent ID can lead to a learned anxiety response to darkness signaling another 
bad night of sleep. We could not address this question in our studies, which only included 
people that suffered from ID for more than 10 years already. The inverse sleep-permissive 
response may be targeted more specifically as part of the relaxation exercises prior to 
sleep in CBTi.
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Our findings also underscore the importance of light exposure in Insomnia Disorder. 
Light therapy has been used successfully in the treatment of ID, with improvements in 
sleep quality as well as sleepiness, alertness, fatigue and insomnia symptoms.382 Light 
therapy can be used to phase-shift the circadian rhythm through morning or evening light 
exposure or to enhance the amplitude of the endogenous rhythm of the clock and thus 
promote downstream enhancement of 24-hour rhythms in physiology and behaviour 
including sleep. 

Our findings suggest that some of the daytime complaints may improve with whole-day 
bright light exposure. Continuous light measurements in combination with experience 
sampling of a wide range of subjective complaints can be used to reveal which daytime 
complaints respond best to a brighter environment. Follow-up experimental studies 
remain necessary to evaluate the causal effect of light on daytime complaints. Ideally, 
future studies should evaluate if increased light exposure throughout the day, rather than 
just in the morning, can be used to directly ameliorate insomnia complaints, or boost 
effects of CBTi.

Adequate conditions for sleep
The third aim of the present thesis was to evaluate whether people with Insomnia 
Disorder are equally sensitive as controls without sleep complaints to the sleep-permissive 
conditions of darkness, lying down, and attaining a sleep-conductive body temperature. 
In chapter 2 we discussed how sleep-permissive conditions all seem to promote skin 
blood flow. The review highlighted the possible contribution of the resulting increase in 
skin temperature to the favorable effects of the sleep-permissive conditions. Chapter 3 
describes a controlled lab study to investigate whether people with insomnia respond 
differently than controls to the sleep-permissive conditions of darkness, lying down, 
and attaining a sleep-conductive body temperature. As outcome measures, we assessed 
subjective, physiological, and behavioral performance variables previously found to be 
associated with the transition from wake to sleep. We found that people with ID reported 
significantly higher levels of sleepiness than people without sleep complaints, but did not 
differ on the overall level of any of the other measures assessed. People with ID also did 
not differ significantly from people without sleep complaints with respect to most of their 
responses to sleep-permissive conditions, except for their heart rate response to darkness. 
In response to darkness, people with ID increased their heart rate in response to dim light 
and only reduced heart rate upon eye closure to a level obtained by good sleepers in dim 
light with the eyes still open. Limitations of the study are that it was performed during 
daytime and that most of the assessments were made during eyes open. The findings may 
therefore not necessarily translate to the normal bedtime, when the declining core body 
temperature and increasing level of melatonin may modulate the effects of darkness, lying 
down, and attaining a sleep-conductive body temperature on sleep onset. It may prove 
useful for a better understanding of insomnia to study heart rate responses in more detail 
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in everyday life while simultaneously monitoring sleep-permissive signals and objective 
sleep indices.

Complaints are experienced at least 3 times a week, for more than 3 months
The fourth and fifth aims of this thesis were to optimize long-term ambulatory monitoring 
of sleep to allow for a more accurate diagnosis by inspection of the development of 
objective and subjective sleep estimates, and their discrepancy, across months. To do 
so, we optimized the transformation of the accelerometry signal into activity counts 
and subsequently optimized the ‘activity count algorithm’ for the estimation of sleep in 
Insomnia Disorder. We used the optimized actigraphic data processing along with online 
assessed sleep diaries to assess the occurrence and irregularity of objective and subjective 
sleep estimates, and their discrepancy.

Traditionally, each actigraph brand is accompanied by its own proprietary, black-box, 
software to pre-process the data and estimate sleep. Open source software packages for 
actigraphy, like the R package GGIR,383 are needed to overcome the dependence on device 
specific algorithms, data processing and proprietary software to facilitate cross device 
pooling of data and facilitate the analysis of sleep in large scale, cross-center genome-
wide association studies.384 Moreover, recent developments in the assessment of sleep 
without the need for sleep diaries to define the timing of lights out and final awakening 
are very promising,385 because the lack of validity of sleep diary for actigraphy in Insomnia 
Disorder is one of the reasons actigraphy is not being used in a clinical setting. Therefore, 
it is highly recommended to evaluate the automated ‘lights out and final awakening’ 
detection algorithm in Insomnia Disorder.

In chapter seven we optimized parameters of a common algorithm for the estimation 
of sleep in ID, for use in population-based studies. Surprisingly few studies have evaluated 
how sleep estimates are affected by the choice of parameter settings other than the 
default settings of the commercial software. The few studies that did evaluate effects of 
parameters setting, did so only within the default algorithm, ignoring the possibility that 
other algorithms might perform better. We demonstrated that a less common algorithm 
turned out to strike the best balance between achieving optimal sleep estimates in ID and 
minimally affecting the accuracy of sleep estimates in people without sleep complaints. 

Recent technological developments suggest potential for the use of ubiquitous 
consumer sleep technology in the assessment of sleep, although none have been 
cleared for the diagnosis of sleep disorders.13 Nonetheless, advanced analytical methods 
may be applied to the long-term measurement of accelerometry, complemented with 
the simultaneous measurements of the environment (e.g. light, temperature, humidity) 
and physiology (e.g. heart rate, skin temperature) to improve the assessment of ID 
or the estimation of sleep stages.386 A recent study achieved reasonable sleep stage 
classification using features derived from movement, breathing and heart rate variability 
in good sleepers.387 More research is needed to evaluate the classification accuracy in 
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people with ID. Deep learning may be interesting in this regard, with its ability to extract 
features at several levels of measurement. Features derived over months (e.g. persistent 
sleep disturbances 3 times a week for at least 3 months), weeks (wake-rest periods, day-
to-day variability314), nights (sleep features, fragmentation) and sleep stages (heart rate 
variability, movement, breathing) can then be used to either improve, at the micro level, 
the classification of sleep stages or, at the macro level, the diagnosis of Insomnia Disorder. 
The current thesis has contributed to a better appreciation of the diagnostic criteria of 
Insomnia Disorder and how they can be assessed in everyday life.
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Summary

Insomnia Disorder affects approximately 7% of the general population. The diagnosis is 
based on four prerequisites: 1) subjective reporting of difficulty initiating or maintaining 
sleep or early morning awakening, 2) accompanied by subjectively experienced daytime 
impairment, 3) occurring despite an adequate environment and opportunity for sleep, 
and 4) occurring at least three times a week for a least three months.

The prerequisites implictly assume that people provide valid self-reporting on the 
severity and frequency of sleep complaints across long periods, that they have a correct 
perception of an adaquate sleep environment and subsequent intact sleep-preparatory 
physiological and cognitive responses, and that they adequately perceive daytime 
functioning and its response to environmental changes. Current literature however points 
at a deviant perception of sleep in some people with disturbed sleep, while little research 
has addressed the physiological or cognitive response to sleep-permissive conditions in 
people with Insomnia Disorder.

Therefore, in chapter 1 we introduced the aims of the present thesis along the four 
prerequisites for the diagnosis of Insomnia Disorder.

With regard to the subjective reporting of sleep difficulties, the first aim of the present 
thesis was to assess the discrepancy between subjectively reported and objectively 
recorded sleep in the natural everyday life environment, and to better characterize the 
night-to-night consistency or variability of this discrepancy.

With regard to experienced daytime complaints, the second aim of this thesis was to 
examine two outputs of the reward system in Insomnia Disorder, which are fundamental 
to mood and behavior, and affected by the potent daytime wake-promoting properties 
of light.

With regard to an adequate environment for sleep, the third aim of the present thesis 
was to evaluate whether people with Insomnia Disorder are equally sensitive to the sleep 
promoting conditions of darkness, lying down, and attaining a sleep-conductive body 
temperature.

With regard to the assessment of sleep complaints over prolonged periods in the home 
environment, the fourth and fifth aims of this thesis were to optimize the transformation 
of the accelerometry signal into activity counts and to subsequently optimize the ‘activity 
count algorithm’ for the estimation of sleep in Insomnia Disorder. 

In chapter 2, we introduced, reviewed and discussed sleep-permissive and wake-promoting 
factors that directly affect the effectiveness of sleep-wake regulation. We highlighted 
the importance of the association between skin temperature and sleep and how this 
association changes with sleep deprivation and Insomnia Disorder. 
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In chapter 3, we investigated whether people with insomnia respond differently than 
controls to the sleep-permissive conditions of darkness, lying down, and attaining a 
sleep-conductive body temperature, which we systematically manipulated. As outcome 
measures, we assessed subjective, physiological, and behavioral performance variables 
previously found to be associated with the transition from wake to sleep.
The results indicated that people with Insomnia Disorder have largely identical responses 
to these manipulations as good sleepers. People with Insomnia Disorder did however show 
a remarkable heart rate acceleration in response to dimming of the lights, incompatible 
with the normal slowing that accompanies sleep-preparatory behavior, which may 
indicate a conditioned anxiety response in anticipation of another bad night. 

In chapter 4, we investigated the direct effects of light on two major components of the 
reward system, namely wanting and liking, in a naturalistic environment. Subjectively 
experienced wanting and liking were repeatedly assessed using a method called experience 
sampling and complemented with simultaneous measurements of light exposure. Liking 
and wanting increased after exposure to more intense light, even when accounting for 
the intrinsic diurnal modulation of both measures. Diurnal peaks for subjective liking and 
environmental light exposure occurred at different timings, supporting the interpretation 
that that light and circadian modulation are independent factors affecting wanting and 
liking. 

In chapter 5, we investigated whether people with Insomnia Disorder differ from people 
without sleep complaints with respect to the direct effects of light on wanting and liking, 
using the methodology for assessment in a naturalistic environment that we developed 
in chapter 4. We found that people with Insomnia Disorder experience significantly less 
wanting and liking compared than people without sleep complaints across, when exposed 
to similar levels of light intensity. Deficient liking in ID was predominantly observed 
under low intensity light conditions and may in part be rescued by exposure to bright 
environmental light. In people without sleep complaints neither wanting nor liking was 
affected by light intensity. The findings could on the one hand bet interpreted as indicating 
that people with Insomnia Disorder have a deficit in the evaluation of subjective affect, 
which is partly restored by momentary exposure to bright environmental light. On the 
other hand, an equally likely inverse interpretation could be that a darker environment, 
which normally signals preparation for sleep, triggers a state of disliking in people with 
insomnia, possibly conditioned to the expectation of another bad night of sleep.

In chapter 6, we validated a method to transform accelerometry data into the traditional 
actigraphic movement counts to allow for the use of validated algorithms to estimate sleep 
features. We simultaneously measured actigraphy and accelerometry using two devices 
for each. We replicated the calculation of movement counts from accelerometry, using 
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information about the on-device processing of traditional actigraphs. Subsequent analysis 
of the reliability of sleep variables both between and within actigraphs and accelerometers 
revealed that reliability between accelerometers or between an accelerometer and 
an actigraph was higher than between two actigraphs. The method thus provides on-
going and future studies with a reliable method to switch from traditional actigraphy to 
accelerometry, without loss of validity of traditional sleep scoring algorithms. 

In chapter 7, we extended the validity of the method developed in chapter 6 to the 
algorithm used to score sleep in Insomnia Disorder and people without sleep complaints. 
We assessed the effect of a wide range of actigraphy algorithm settings on epoch-by-
epoch and all-night sleep feature agreement between wrist-worn accelerometry and 
simultaneously recorded gold standard polysomnography. The results indicate that 
actigraphic estimates of sleep can be improved in people with Insomnia Disorder. The 
optimal settings differed between Insomnia Disorder and good sleepers. Within people 
with Insomnia Disorder or good sleepers, actigraphic estimates of sleep features are 
relatively robust and do not change significantly across a wide range of parameter 
settings. A single configuration can be recommended for better accuracy in Insomnia 
Disorder with minimal loss of accuracy in people without sleep complaints. 

In chapter 8, we applied the method developed in chapter 6 and the optimal settings 
derived in chapter 7, to assess objective and subjective sleep and their discrepancy in 
a large sample of people with Insomnia Disorder and good sleepers in their natural 
environment. Using a data-driven approach, we found three subtypes which were best 
discriminated by increasing levels of misperception and its night-to-night variability. The 
results confirmed earlier reports that most good sleepers accurately perceive their sleep, 
while most people with ID systematically underestimate their sleep. While misperception 
of sleep occurred along a continuum, multivariate assessment revealed distinct clusters to 
which both good sleepers and people with Insomnia Disorder could be assigned with high 
probability. Two of the most distinguishing features quantified night-to-night variability, 
providing support for the importance of considering variability in the assessment of 
objective and subjective sleep in Insomnia Disorder in everyday life.

In conclusion, we found that a majority of people with Insomnia Disorder underestimate 
their sleep, and do so with such a substantial night-to-night variability it that it could 
be relevant for the first diagnostic criterion of Insomnia Disorder. We also observed that 
people with ID do not respond differently to wake or sleep promoting factors than good 
sleepers, with the exception of a deviant cardiac response to dim light. This deviant 
response to dim light was subsequently observed as diminished liking in everyday life, 
which was ameliorated by prior exposure to bright light. Finally, the subjective reporting 
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of the frequency and duration of sleep complaints can be complemented with long-term 
recordings of actigraphy. 

Currently, the diagnosis of Insomnia Disorder is highly heterogenetic and largely based 
on subjective reports. Our findings indicate that it is valuable and feasible to complement 
subjective reports with objective measurements to potentially reduce heterogeneity in 
the diagnosis of ID. The findings point to a possible role for bright light in the treatment 
of people with ID that show deviant responses to dim light, both prior to sleep onset as 
well as during everyday life. It may be one of the much-needed new routes to ameliorate 
daytime impairments and improve quality of life of those suffering from insomnia. 
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Samenvatting

Ongeveer 7% van de bevolking leidt aan slapeloosheid. De klinische diagnose wordt 
gesteld op basis van vier zelfgerapporteerde criteria, namelijk 1) problemen bij het in slaap 
vallen, doorslapen of vroegtijdig ontwaken, 2) vergezeld door klachten overdag, 3) die 
optreden ondanks een adequate slaapomgeving en voldoende gelegenheid tot slapen, 
en 4) die ten minste drie keer per week gedurende ten minste drie maanden voorkomen.
De criteria veronderstellen impliciet dat mensen met slapeloosheid de ernst en 
frequentie van slaapklachten over langere periodes correct rapporten, dat ze een 
optimale slaapomgeving correct waarnemen en hierop adequaat reageren door middel 
van fysiologische en cognitieve reacties die slaap bevorderen, en dat ze dagelijks 
disfunctioneren correct waarnemen en adequaat reageren op klachten-verminderende 
omgevingsinvloeden. De huidige literatuur suggereert echter dat slapelozen hun 
slaapduur vaak onderschatten en niet per se slechter presteren op cognitieve taken. 
Er is echter nog weinig tot geen onderzoek gedaan naar het effect van slaap- of waak-
bevorderende factoren op fysiologische of cognitieve reacties bij slapelozen.

In hoofdstuk 1 introduceerden we daarom de doelstellingen van dit proefschrift aan de 
hand van de vier criteria voor de diagnose van slapeloosheid.

De eerste doelstelling van dit proefschrift had betrekking op de zelf-rapportage van 
slaapproblemen. Het doel was om de discrepantie, of misperceptie, tussen subjectief 
gerapporteerde en objectief gemeten slaap in de thuisomgeving beter te kwantificeren 
en de nacht-tot-nacht variabiliteit van misperceptie beter te karakteriseren.

De tweede doelstelling van dit proefschrift had betrekking op de ervaren klachten 
overdag en had als doel om twee aspecten van het beloningssysteem te onderzoeken 
bij slapelozen. Beide aspecten zijn van fundamenteel belang voor stemming en gedrag, 
en worden beïnvloed door blootstelling aan daglicht dat sterke waak-bevorderende 
eigenschappen kent.

De derde doelstelling van dit proefschrift had betrekking op het waarnemen van een 
adequate slaapomgeving. Het doel was om te evalueren of mensen met slapeloosheid 
even gevoelig zijn als goede slapers voor de slaap-bevorderende invloed van duisternis, 
liggen, huidtemperatuur en het sluiten van de ogen. 

De vierde en vijfde doelstellingen van dit proefschrift hadden betrekking op de 
beoordeling van slaapklachten over langere periodes in de thuisomgeving. Hiervoor 
wilden we het omzetten van op de pols gemeten versnellingssignalen naar traditionele 
geïntegreerde bewegings-‘counts’ optimaliseren om vervolgens het ‘counts’ algoritme te 
optimaliseren voor het schatten van slaap bij slapelozen.

In hoofdstuk 2 introduceerden, beoordeelden en bespraken we slaap-faciliterende 
en waak-bevorderende factoren die direct de effectiviteit van slaap-waak regulatie 
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beïnvloeden. We benadrukten het belang van de associatie tussen huidtemperatuur en 
slaap en hoe deze associatie verandert met slaaptekort en slapeloosheid.

In hoofdstuk 3 hebben we onderzocht of mensen met slapeloosheid anders reageren 
dan goede slapers op slaap-faciliterende omstandigheden zoals duisternis, liggen en het 
bereiken van een slaap-gerelateerde huidtemperatuur en het sluiten van de ogen. Terwijl 
we deze omstandigheden systematisch manipuleerden evalueerden we de invloed 
hiervan op subjectieve, fysiologische en gedragsvariabelen die eerder in verband zijn 
gebracht met de overgang van waak naar slaap.

De resultaten lieten zien dat mensen met slapeloosheid en goede slapers grotendeels 
vergelijkbaar reageren op deze manipulaties. Slapelozen vertoonden echter een 
opmerkelijke hartslagversnelling als reactie op schemering, onverenigbaar met de normale 
vertraging voorafgaand aan slaap, wat mogelijk kan wijzen op een geconditioneerde 
angstreactie in anticipatie van wederom een nacht met verstoorde slaap.

 
In hoofdstuk 4 hebben we de directe effecten van daglicht op twee belangrijke 
componenten van het beloningssysteem, namelijk ‘wanting’ (verlangen) en ‘liking’ 
(genieten), onderzocht in het dagelijks leven. ‘Wanting’ en ‘liking’ werden herhaaldelijk 
zelf gerapporteerd met behulp van ‘experience sampling’ (het afnemen van vragenlijsten 
op een telefoon) en aangevuld met gelijktijdige metingen van lichtblootstelling. ‘Liking’ 
en ‘wanting’ namen toe na blootstelling aan intenser licht, zelfs wanneer rekening werd 
gehouden met het intrinsieke verloop over de dag van beide. ‘Liking’ en lichtblootstelling 
piekten op verschillende tijdstippen, en ondersteunen de interpretatie dat licht en 
intrinsieke modulatie onafhankelijke factoren zijn die ‘wanting’ en ‘liking’ beïnvloeden.

In hoofdstuk 5 hebben we onderzocht of slapelozen verschillen van mensen zonder 
slaapklachten wat betreft de directe effecten van licht op ‘wanting’ en ‘liking’. We maakten 
gebruik van het in hoofdstuk 4 ontwikkelde meetprotocol. Slapelozen ervaren aanzienlijk 
minder ‘wanting’ en ‘liking’ dan mensen zonder slaapklachten wanneer ze worden 
blootgesteld aan vergelijkbare lichtintensiteit. Verminderde ‘liking’ werd bij slapelozen 
voornamelijk waargenomen bij weinig licht en het tekort was minder na blootstelling aan 
intenser omgevingslicht. Bij mensen zonder slaapklachten werden ‘wanting’ en ‘liking’ 
niet beïnvloed door lichtblootstelling. De resultaten kunnen op twee manieren worden 
geïnterpreteerd. Een mogelijke interpretatie is dat slapelozen minder ‘wanting’ en ‘liking’ 
ervaren en dat dit gedeeltelijk kan worden hersteld door tijdelijke blootstelling aan fel 
omgevingslicht. Een even waarschijnlijke omgekeerde interpretatie is dat een donkere 
omgeving, die normaal gesproken de voorbereiding op slaap aangeeft, een toestand van 
spanning veroorzaakt bij mensen met slapeloosheid, mogelijk geconditioneerd door de 
vrees van wederom een slechte nachtrust.
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In hoofdstuk 6 hebben we een methode gevalideerd om op de pols gemeten 
bewegingssingaal om te zetten naar traditionele geïntegreerde bewegings-‘counts’, 
zodat reeds gevalideerde algoritmen kunnen worden gebruikt om de slaap te schatten. 
Hiervoor hebben we dubbele metingen uitgevoerd met twee traditionele actigrafen en 
twee accelerometers. We repliceerden het omzetten van accelerometrie naar ‘counts’ met 
behulp van informatie over de verwerking van accelerometrie naar ‘counts’ in een actigraaf. 
De daaropvolgende analyse van de betrouwbaarheid van slaapmaten tussen en binnen 
actigrafen en accelerometers liet zien dat de betrouwbaarheid tussen accelerometers 
of tussen een accelerometer en een actigraaf hoger was dan tussen twee actigrafen. 
Daardoor biedt onze methode lopende en toekomstige studies een betrouwbare manier 
om over te stappen van traditionele actigrafie naar accelerometrie, zonder verlies van 
validiteit van veelgebruikte algoritmen om slaap te schatten.

In hoofdstuk 7 hebben we de in hoofdstuk 6 ontwikkelde methode geëvalueerd en 
geoptimaliseerd voor gebruik bij zowel slapelozen en mensen zonder slaapklachten. We 
vergeleken het effect van een breed scala aan algoritme instellingen op de overeenkomst 
tussen waak-slaap classificatie per epoch en slaapmaten over de gehele nacht tussen 
een aan de pols gedragen accelerometer en gelijktijdig gemeten gouden standaard 
polysomnografie. De resultaten lieten zien dat het schatten van slaap met behulp van 
accelerometers kan worden verbeterd. De optimale instellingen verschilden tussen 
slapelozen en goede slapers. Bij zowel slapelozen als goede slapers zijn de schattingen 
van slaap relatief robuust en veranderen niet significant over een breed scala aan 
instellingen. Een specifieke configuratie wordt aanbevolen voor een nauwkeurigere 
schatting bij slapelozen die tevens leidt tot een minimaal verlies aan nauwkeurigheid bij 
mensen zonder slaapklachten.

In hoofdstuk 8 gebruikten we de in hoofdstuk 6 en 7 geoptimaliseerde methoden 
en instellingen om objectieve en subjectieve slaap en de discrepantie tussen beide te 
beoordelen in een grote steekproef van slapelozen en goede slapers. Een data-gedreven 
aanpak liet zien dat er drie subtypen zijn in de mate van misperceptie en in de nacht-
tot-nacht variabiliteit er van. De resultaten bevestigden eerdere rapporten dat de meeste 
goede slapers hun slaap vrij nauwkeurig inschatten, terwijl de meeste slapelozen hun slaap 
systematisch onderschatten. Terwijl misperceptie van slaap over een continuüm optreedt, 
liet multivariate data-analyse verschillende clusters zien waaraan zowel goede slapers als 
slapelozen met grote waarschijnlijkheid konden worden toegewezen. Twee van de meest 
onderscheidende kenmerken waren gerelateerd aan nacht-tot-nacht variabiliteit. Deze 
bevinding onderstreept het belang van het meenemen van nacht-tot-nacht variabiliteit 
bij de beoordeling van objectieve en subjectieve slaap bij slapeloosheid.
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Concluderend hebben we geconstateerd dat een meerderheid van de slapelozen hun 
slaap onderschatten, en met zo’n grote nacht-tot-nacht variabiliteit dat het relevant 
zou kunnen zijn voor het eerste diagnostische criterium van slapeloosheid. We hebben 
ook vastgesteld dat slapelozen niet opvallend anders reageren dan goede slapers op 
factoren die waak of slaap bevorderen, met uitzondering van een hartslagversnelling in 
schemering of duisternis. Deze afwijkende reactie op weinig licht werd vervolgens ook 
waargenomen als verminderde ‘liking’ in het dagelijks leven.

Momenteel mist de grotendeels op retrospectieve zelf-rapportage gebaseerde diagnose 
slapeloosheid de heterogeniteit die we in ons onderzoek vonden. Onze studies laten 
zien dat het waardevol en haalbaar is om zelfrapportage aan te vullen met objectieve 
metingen. De gevonden subtypen kunnen gebruikt worden om onverklaarde variantie 
door heterogeniteit binnen de diagnose van slapeloosheid te verminderen. De 
bevindingen wijzen op een mogelijke rol voor helder licht bij de behandeling van 
slapelozen die afwijkende reacties vertonen op schemering of duisternis, zowel vóór het 
in slaap vallen als overdag. Het kan een van de broodnodige nieuwe manieren zijn om het 
dagelijks functioneren en de kwaliteit van leven te verbeteren van mensen die lijden aan 
slapeloosheid.
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List of abbreviations

ASP   Assumed sleep period

AASM  American academy of sleep medicine

ASP  Assumed sleep period

BIC   Bayesian information criterion

BMI   Body mass index

CBTi  Cognitive-behavioral therapy for insomnia

CBV  Capillary blood flow

CI  Confidence interval

COPD  Chronic obstructive pulmonary disease

CS  Circadian stimulus

CTRL Controls without sleep complaints

DC  Direct current

DIS   Difficulty initiating sleep

DISS  Daytime insomnia symptom scale

DMS  Difficulty maintaining sleep

DPG  Distal-to-proximal skin temperature gradient

DSISD Duke structured interview for sleep disorders

EC   Eyes closed  

ECG  Electrocardiogram

EEG   Electroencephalography

EMA  Early morning awakening

EO   Eyes open  

ERC   European research council

ES  Experience sampling

FS   False sleep 

FW  False wake 

GWAS Genome-wide association study

ICC   Intraclass correlation

ICSD  International classification of sleep disorders

ID  Insomnia disorder

ISI  Insomnia severity index

KSS   Karolinska sleepiness scale

LCA   Latent class analysis

LCD  Liquid crystal display

LOA  Limits of agreement

LRT   Log-likelihood ratio test

M   Mean 
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MAE Mean absolute error

MCTQ Munich chronotype questionnaire

MEMS  Microelectromechanical system

MI  Misperception index

MRI  Magnetic resonance imaging

MSBT Mean sleep bout time

MSSD Mean square of successive differences

mTST Misperception of total sleep time

MWBT Mean wake bout time

ND   Non-dominant

NIN   Netherlands institute for neuroscience

NPV  Negative predictive value

OFC  Orbitofrontal cortex

oTST Objective total sleep time

PD   Immobility or sleep period duration

POAH  Preoptic area /anterior hypothalamus

PPV  Positive predictive value

PSG   Polysomnography

PSQI Pittsburgh sleep quality index

PVT   Psychomotor Vigilance Task

REM  Rapid eye movement

RGB  Red, blue, green

RT   Reaction time

#SB  Number of sleep bouts

SCn   Suprachiasmatic nucleus

SD  Standard deviation

SE  Sleep efficiency or standard error of the estimate

SEM  Standard error of the mean

SI  International system of units

SOL  Sleep onset latency

SSM  Sleep state misperception

sTST  Subjective total sleep time

STW  Stichting technologie en wetenschap

SWS  Slow wave sleep

TIB  Time in bed 

TOD  Time of day 

TS   True sleep 

TST  Total sleep time

TW  True wake 

VAS  Visual analogue scale
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WASO Wake after sleep onset

#WB  Number of wake bouts

WSN  Warm sensitive neurons

WST  Wake sensitivity threshold



   187   

Author affiliations

Tessa F. Blanken

Department of Sleep and Cognition, Netherlands Institute for Neuroscience, an institute of the 

Royal Netherlands Academy of Arts and Sciences, Amsterdam, The Netherlands

Kim Dekker

Department of Sleep and Cognition, Netherlands Institute for Neuroscience, an institute of the 

Royal Netherlands Academy of Arts and Sciences, Amsterdam, The Netherlands

Jacob Itzhacki

Department of Sleep and Cognition, Netherlands Institute for Neuroscience, an institute of the 

Royal Netherlands Academy of Arts and Sciences, Amsterdam, The Netherlands

Institute of Cellular and Integrative Neurosciences CNRS-UPR3212, University of Strasbourg, 

Strasbourg, France

Morten L. Kringelbach

Department of Psychiatry, Warneford Hospital, Oxford, United Kingdom

Center for Music in the Brain (MIB), Aarhus University, Denmark

Oti Lakbila-Kamal

Department of Sleep and Cognition, Netherlands Institute for Neuroscience, an institute of the 

Royal Netherlands Academy of Arts and Sciences, Amsterdam, The Netherlands

Bart H.W. te Lindert

Department of Sleep and Cognition, Netherlands Institute for Neuroscience, an institute of the 

Royal Netherlands Academy of Arts and Sciences, Amsterdam, The Netherlands

Wisse P. van der Meijden

Department of Sleep and Cognition, Netherlands Institute for Neuroscience, an institute of the 

Royal Netherlands Academy of Arts and Sciences, Amsterdam, The Netherlands

Institute of Cellular and Integrative Neurosciences CNRS-UPR3212, University of Strasbourg, 

Strasbourg, France

Center for Chronobiology, Psychiatric Hospital of the University of Basel, Basel, Switzerland

Jorge Mendoza

Institute of Cellular and Integrative Neurosciences CNRS-UPR3212, University of Strasbourg, 

Strasbourg, France



188  

Jennifer R. Ramautar

Department of Sleep and Cognition, Netherlands Institute for Neuroscience, an institute of the 

Royal Netherlands Academy of Arts and Sciences, Amsterdam, The Netherlands

Eus J.W. van Someren

Department of Sleep and Cognition, Netherlands Institute for Neuroscience, an institute of the 

Royal Netherlands Academy of Arts and Sciences, Amsterdam, The Netherlands

Department of Integrative Neurophysiology, Center for Neurogenomics and Cognitive 

Research, Amsterdam Neuroscience, VU University Amsterdam, The Netherlands 

Department of Psychiatry, Amsterdam Neuroscience, Amsterdam UMC, VU University, 

Amsterdam, The Netherlands

Rick Wassing

Department of Sleep and Cognition, Netherlands Institute for Neuroscience, an institute of the 

Royal Netherlands Academy of Arts and Sciences, Amsterdam, The Netherlands

Sleep and Circadian Research Group, Woolcock Institute of Medical Research, University of Sydney, 

Camperdown, NSW, Australia

Yishul Wei

Department of Sleep and Cognition, Netherlands Institute for Neuroscience, an institute of the 

Royal Netherlands Academy of Arts and Sciences, Amsterdam, The Netherlands

Ysbrand D. van der Werf

Department of Anatomy and Neurosciences, Amsterdam Neuroscience, Amsterdam UMC, VU 

University, Amsterdam, The Netherlands



   189   

List of publications

te Lindert BHW, Wei Y, van der Meijden WP, Ramautar JR, van Someren EJW. Cognitive and 

autonomic responses to sleep-permissive conditions in Insomnia Disorder. Under review 2019.

te Lindert BHW, Blanken TF, van der Meijden WP, Wassing R, Ramautar JR*, van Someren 

EJW*. Actigraphic multi-night home-recorded sleep estimates reveal three types of sleep 

misperception in Insomnia Disorder and good sleepers. Under review 2019.

te Lindert BHW, van der Meijden WP, Wassing R, Lakbila-Kamal O, Wei Y, van Someren EJW*, Ramautar 

JR*. Optimizing actigraphic estimates of polysomnography sleep features in Insomnia Disorder. 

Under review 2019.

Koolhaas C, Kocevska D, te Lindert BHW, Erler N, Franco O, Luik A, Tiemeier H. Objectively measured 

sleep and body mass index: a prospective bidirectional study in middle-aged and older adults. 

Sleep Med 2019; 57:43-50 

Roelen A, van Dijk H, Mohrmann F, Boland E, te Lindert BHW, Bruijel J, van der Meijden WP, van 

Someren EJW. Pilot Fatigue Measurement Research. Civil Aviation Authority 2019.

te Lindert BHW, van Someren EJW. Skin temperature, sleep and vigilance. Handb Clin Neurol 2018; 

156:353-365.

Wei Y, Ramautar JR, Colombo MA, te Lindert BHW, van Someren EJW. EEG microstates indicate 

heightened somatic awareness in insomnia: Toward objective assessment of subjective mental 

content. Front Psychiatry 2018; 9:395.

van der Meijden WP, te Lindert BHW, Ramautar JR, Wei Y, Coppens JE, Kamermans M, Cajochen C, 

Bourgin P, van Someren EJW. Sustained effects of prior red light on pupil diameter and vigilance 

during subsequent darkness. Proc Biol Sci 2018; 285:1883.

Itzhacki J*, te Lindert BHW*, van der Meijden WP, Kringelbach ML, Mendoza J, van Someren EJW 

(2018) Environmental light and time of day modulate subjective liking and wanting. Emotion 

2019; 19:10-20.

te Lindert BHW*, Itzhacki J*, van der Meijden WP, Kringelbach ML, Mendoza J, van Someren EJW. 

Bright environmental light ameliorates deficient subjective ‘liking’ in insomnia: an experience 

sampling study. Sleep 2018; 41:1-13.



190  

Benjamins JS, Migliorati F, Dekker K, Wassing R, Moens S, Blanken TF, te Lindert BHW, Sjauw Mook 

J, van Someren EJW. Insomnia heterogeneity: Characteristics to consider for data-driven 

multivariate subtyping. Sleep Med Rev 2017; 36:71-81.

Hammerschlag AR, Stringer S, de Leeuw CA, Sniekers S, Taskesen E, Watanabe K, Blanken TF, Dekker 

K, te Lindert BHW, Wassing R, Jonsdottir I, Thorleifsson G, Stefansson H, Gislason T, Berger K, 

Schormair B, Wellmann J, Winkelmann J, Stefansson K, Oexle K*, van Someren EJW*, Posthuma 

D*. Genome-wide association analysis of insomnia complaints identifies risk genes and genetic 

overlap with psychiatric and metabolic traits. Nat Genet 2017; 11:1584-1592.

Wei Y, Ramautar JR, Colombo MA, Stoffers D, Gomez-Herrero G, van der Meijden WP, te Lindert 

BHW, van der Werf YD, van Someren EJW. I keep a close watch on this heart of mine: Increased 

interoception in insomnia. Sleep 2016; 39:2113-2124.

Bruijel J, van der Meijden WP, Bijlenga D, Dorani F, Coppens JE, te Lindert BHW, Kooij J, van Someren 

EJW. Individual differences in the post-illumination pupil response to blue light: Assessment 

without mydriatics. Biology 2016; 5:34.

van Someren EJW, Dekker K, te Lindert BHW, Benjamins JS, Moens S, Migliorati F, Aarts E, van der 

Sluis S. The Experienced Temperature Sensitivity and Regulation Survey. Temperature 2015; 

3:59-76.

van der Meijden WP, van Someren JL, te Lindert BHW, Bruijel J, van Oosterhout F, Coppens JE, 

Kalsbeek A, Cajochen C, Bourgin P, van Someren EJW. Individual differences in sleep timing 

relate to melanopsin-based phototransduction in healthy adolescents and young adults. Sleep 

2016; 39:1305-1310.

van der Meijden WP, te Lindert BHW, Bijlenga D, Coppens JE, Gómez-Herrero G, Bruijel J, Kooij JJS, 

Cajochen C, Bourgin P, van Someren EJW. Post-illumination pupil response after blue light: 

Reliability of optimized melanopsin-based phototransduction assessment. Exp Eye Res 2015; 

139:73-80.

te Lindert BHW, van Someren EJW. Affordable sleep estimates using micro electro-mechanical 

systems (MEMS) accelerometry. Sleep 2013; 36:781-789.

Romeijn N, Raymann RJ, Møst E, te Lindert BHW, van Der Meijden WP, Fronczek R, Gómez-Herrero 

G, van Someren EJW. Sleep, vigilance, and thermosensitivity. Pflügers Archiv Eur J Physiol 2012; 

463:169-176.

* Authors contributed equally



   191   

Dankwoord

Bij deze wil ik iedereen bedanken die een bijdrage heeft geleverd aan het tot stand komen 
van dit proefschrift. 

Beste Eus, ik wil je bedanken voor het vertouwen, het geduld en de kennis die jij me hebt 
gegeven. Hierdoor kon ik op eigen wijze de verschillende aspecten van het onderzoek 
ontdekken. Ook heb jij mij de gelegenheid geboden mijn sterke kanten steeds verder 
te ontwikkelen. Dank hiervoor! Ik heb genoten van de vele jaren dat ik onderdeel heb 
mogen zijn van jouw onderzoeksgroep. 

Beste Jennifer, ik wil je bedanken voor alle steun die je mij hebt gegeven. Jij leerde mij de 
fijne kneepjes van gedegen onderzoek doen. Aan onze Politico dialoog voeg ik een regel 
toe: Bart has left the building!

Beste collega’s en ex-collega’s, dankzij jullie heb ik met veel plezier op het Nederlands 
Herseninstituut gewerkt. Wisse, ik heb genoten van de vele uren die we spendeerden aan 
het bouwen van prototypes, het analyseren van data en het oplossen van kerstpuzzels. 
Kim, jouw daadkracht en organiserend vermogen werkten inspirerend en ik maak er graag 
nog een laatste keer gebruik van. Tessa, met jou was het bespreken van een analytische 
methode, of het debuggen van code, altijd leerzaam en gezellig. Nico, dit proefschrift 
is onlosmakelijk met jou verbonden. Niet alleen zorgde je ervoor dat ik me direct thuis 
voelde in de groep, je leerde mij ook de basisbeginselen van temperatuuronderzoek 
doen. Ik waardeer het enorm dat je mij een decennium later weer uitzwaait. German, 
you showed me coding. The speed at which you got to the core of a problem and then 
matter-of-factly stated the, to me not so obvious, solution never ceased to amaze me. 
Diederick, ik zal de rest van mijn leven profijt hebben van het feit dat je me voorstelde 
aan een pinguïn. Tom, Jeanne, Jessica, Laura, Glenn, Desi, Sjors, Savannah, Oti, Yi-Shu, 
Rick, Inge, Julie, Marije, Simon, Yoshiyuki, Teodora, Rebecca, Jeffrey, Michele, Yvon, 
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Filippo, Aad, Pauline, Gert Jan, Roland, Rolf en Floor. De dagen, avonden en nachten in 
het lab, de conferenties, het gezamelijk koffie halen: jullie maakten het de moeite waard. 
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Ik wil mijn excuses aanbieden aan de heren van de mechatronica en electronica afdelingen 
van het Hersensinstituut. Jullie harde werk is gereduceerd tot slechts een paragraafje 
in hoofdstuk 3. Ruud, jij liet mij zien waartoe de afdeling mechatronica in staat was. Je 
hebt menig quick ‘n dirty ontwerp van anderen moeten aanpassen, maar altijd met een 
glimlach. Zonder jouw hulp waren er ongelukken gebeurd. Dirk, vanuit het niets schreef 
je een software pakket dat alles, en meer, deed dan waar ik om had gevraagd. Het heeft 
mij daarna nooit in de steek gelaten. Sjak, na maanden zwoegen om een ‘bartefact’ te 
verwijderen, liet jij mij zien dat een oplossing nooit ver weg is; gewoon twee draadjes 
omwisselen. Ik weet nog steeds niet hoe het kan, maar ik profiteerde ervan. Ronald, 
Martin, Rinus, Joop, Stephen, Hans en John, dank voor het te pas en te onpas plunderen 
van jullie voorraden.

Ton en Anand, jullie stonden aan de wieg van dit traject, dank voor jullie technische 
ondersteuning. Roy, Tim, Martin, Dmitri, Els en Luc dankzij jullie kon ik optimaal gebruik 
maken van de bij Philips aanwezige kennis en kunde. Anke, dank voor alle NeuroSIPE 
bijeenkomsten. Ik denk met veel plezier terug aan de dagen op de Veluwe.

Marco, Maarten, Maarten, Adriaan en Benjamin, jullie deur staat altijd open en bij tijd 
en wijle liep ik ‘m plat. Jullie oplossingen voor mijn problemen waren leerzaam en gezellig. 

Henk, Edzard, Alfred, Michiel, Noortje en Rui, jullie passie voor de luchtvaart werkte 
aanstekelijk en jullie kennis verhelderend. Ik werp tegenwoordig altijd even een blik in de 
cockpit voor een vlucht.

Veel studenten hebben mij ondersteund gedurende het onderzoek. Jessica, Brit, Josien, 
Lina, Jesminne, Jeske en Liz. Jullie hebben zelfstandig grote delen van het onderzoek 
overgenomen en zonder jullie steun was ik waarschijnlijk nu nog bezig geweest. Jullie 
hebben alle deelnemers kunnen overtuigen dat wat we ze aandeden wel mee viel. Hoewel 
ik dat betwijfel; het invullen van eindeloos veel vragenlijsten, het volgeplakt worden met 
sensoren en vervolgens een dag lang opgesloten zitten in een donkere, stille kamer is niet 
voor iedereen weggelegd. Vrijwilligers, hartelijk dank, jullie inzet en toewijding was de 
basis van dit proefschrift.

Ik wil de leden van de lezerscommissie bedanken voor hun constructieve commentaar, 
waardoor dit proefschrift op belangrijke punten is verbeterd.

Vrienden en familie, het is dan eindelijk zover! Jullie hoeven niet meer te vragen wanneer 
het nou eindelijk een keer klaar is. We kunnen het nu over iets anders hebben. Ma, pa en 
Gea, jullie hebben me altijd gesteund, ook toen het wat minder ging en er wat oppeppers 
nodig waren. Dank! Rinske, Esther, Nick, met jullie is het altijd gezellig. Het is fijn, maar 
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zeker niet vanzelfsprekend, om aan een half woord genoeg te hebben. Piet, Corinne, 
Danny, Marcella en Lemmy; bij jullie voel ik me altijd welkom en kan ik mezelf zijn. 

Lieve Mirjam, Oscar en Josephine, als er personen zijn die niet mogen ontbreken dan 
zijn jullie het. Jullie maken me bewust van wat er echt belangrijk is in het leven. Jullie 
maken me gelukkig. Ik wil bij jullie blijven tot de laatste bladzijde van mijn boek.




