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EFFECTS OF ARTIFICIAL DAWN ON SUBJECTIVE RATINGS
OF SLEEP INERTIA AND DIM LIGHT MELATONIN ONSET

Marina C. Giménez,1 Martijn Hessels,2 Maan van de Werken,1

Bonnie de Vries,1 Domien G. M. Beersma,1 and Marijke C. M. Gordijn1

1Department of Chronobiology, Center for Life Sciences, University of Groningen,
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The timing of work and social requirements has a negative impact on performance
and well-being of a significant proportion of the population in our modern society
due to a phenomenon known as social jetlag. During workdays, in the early morning,
late chronotypes, in particular, suffer from a combination of a nonoptimal circadian
phase and sleep deprivation. Sleep inertia, a transient period of lowered arousal after
awakening, therefore, becomes more severe. In the present home study, the authors
tested whether the use of an alarm clock with artificial dawn could reduce complaints
of sleep inertia in people having difficulties in waking up early. The authors also
examined whether these improvements were accompanied by a shift in the melatonin
rhythm. Two studies were performed: Study 1: three conditions (0, 50, and 250 lux)
and Study 2: two conditions (0 lux and self-selected dawn-light intensity). Each con-
dition lasted 2 weeks. In both studies, the use of the artificial dawn resulted in a sig-
nificant reduction of sleep inertia complaints. However, no significant shift in the
onset of melatonin was observed after 2 weeks of using the artificial dawn of 250 lux
or 50 lux compared to the control condition. A multilevel analysis revealed that only
the presence of the artificial dawn, rather than shift in the dim light melatonin onset
or timing of sleep offset, is related to the observed reduction of sleep inertia com-
plaints. Mechanisms other than shift of circadian rhythms are needed to explain the
positive results on sleep inertia of waking up with a dawn signal. (Author correspon-
dence: m.c.gimenez@rug.nl)
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INTRODUCTION

The 24-h sleep-wake cycle is controlled by both circadian and homeo-
static processes (Borbély, 1982; Daan et al., 1984). However, large indi-
vidual differences are found between human subjects in their preferred
(Tonetti et al., 2008) or actual (Horne & Östberg, 1976; Roenneberg
et al., 2003) sleep timing. These differences are referred to as chrono-
types. Chronotypes can be classified as early, intermediate, and late types.
Extreme early types are characterized by going to bed and waking up
early, especially during free days (22:00–06:00 h), whereas late types do
the opposite (04:00–12:00 h), based on Dutch general population data
(Zavada et al., 2005). Nowadays, work and social requirements impose
difficulties, especially for subjects in both extreme ends of the distri-
bution. This misalignment between internal and external timing is
known as social jetlag. The amount of social jetlag correlates significantly
with mental distress, and unhealthy behaviors, such as the tendency to
smoke and to consume alcohol (Wittmann et al., 2006).

Early and late types not only sleep earlier and later, respectively, than
intermediate types, but they also exhibit shifted rhythms in physiological
and psychological parameters (Baehr et al., 2000; Duffy et al., 1999;
Kerkhof & Van Dongen, 1996) as well as in alertness and mood
(Kerkhof, 1998; Kerkhof & Van Dongen, 1996). Subjective alertness and
calculation performance have been shown to cycle in a circadian manner
(Johnson et al., 1992; Monk et al., 1985). As a possible consequence of
the differences in phase, performance in the early hours is especially
impaired in late chronotypes, whereas the opposite occurs in early types.
Impaired performance, confusion, and sleepiness in the early morning
after waking up are states that are experienced by most people to some
extent. This transient period after sleep is known as “sleep inertia” (Åker-
stedt & Folkard, 1997; Dinges, 1990; Tassi & Muzet, 2000). Depending
on sleep timing and sleep phase upon awakening, sleep inertia may differ
(see review of Tassi & Muzet, 2000). However, it seems that the main
factor influencing sleep inertia is the preceding amount of sleep
(Achermann et al., 1995; Jewett et al., 1999). Sleep-inertia severity is
increased under sleep-deprivation conditions (Balkin & Badia, 1988;
Dinges et al., 1985). Subjects getting up early on workdays at their non-
optimal circadian phase and after being sleep deprived during previous
working days may suffer from a combination of detrimental factors
causing severe sleep inertia.

Lack of morning light during winter days may also worsen sleep-
inertia complaints due to the absence of the phase-advancing stimulus of
morning light (Beersma & Daan, 1993; Gordijn et al., 1999; Honma &
Honma, 1988; Khalsa et al., 2003; Minors et al., 1991) and the lack of its
acute alerting effect (Cajochen et al., 2000; Campbell et al., 1995; Rüger
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et al., 2003, 2006). Because of the impact that sleep inertia may have in
our society when high performance and alertness are required in the
early morning, diminishing complaints of sleep inertia is of great interest.

The two studies described here investigate whether it is possible, in a
natural home setup, to reduce sleep-inertia complaints in persons who
have difficulties waking up early by means of an artificial dawn during
the dark winter months. Based on the hypothesis that a late circadian
phase is one of the factors causing these difficulties in waking up in the
morning by later types, it is also tested whether improvements are
accompanied by a shift in the melatonin and/or the sleep-wake rhythm.

METHODS

Subjects

Subjects, who were recruited by advertisement at the University of
Groningen and public places, had to have a regular life style consisting of
at least 4 days/wk when they had to rise earlier than on free days. They
completed the Munich Chronotype Questionnaire (MCTQ; Roenneberg
et al., 2003) as part of the selection process. From this questionnaire, data
were obtained on sleep habits on work and free days. Other main selec-
tion criteria, also obtained from this questionnaire, were self-reported
need for ≥60 min after awakening to feel fully alert in the morning and
not to nap. After a general health screening by means of questionnaires,
92 subjects (51 and 41 subjects for Studies 1 and 2, respectively) who did
not suffer from winter depression (Beck Depression Inventory–II, Dutch
version [BDI-II-NL] ≤8; Beck et al., 1996) enrolled in this home study.
Subjects suffering from somatic and/or sleep disorders, or who used
sleep medication or other drugs, were excluded

The study protocol was approved by the Medical Ethics Committee of
the University Medical Center of Groningen, The Netherlands, and con-
formed to international ethical standards (Portaluppi et al., 2008). All sub-
jects signed a written informed consent form prior to their participation.

Study 1

Thirty-six subjects participated in the months of November–December
2006 (sunrise range: 07:32–08:49 h., sunset range: 16:25–17:02 h). The
remaining 15 subjects participated in the months of January–February
2007 (sunrise range: 07:25–08:48 h, sunset range: 16:26–18:09 h).
Although the number of subjects who dropped out was low (n= 3),
several subjects failed to follow the protocol, e.g., not all the questionnaires
were completed for all conditions. Thus, complete data sets for all
measured variables were obtained only from 23 subjects.
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Study 2

Forty-one subjects participated in the months of January–February
2007 (sunrise range: 07:25–08:48 h, sunset range: 16:26–18:09 h). Due to
violation of the protocol complete data sets were obtained only from 23
subjects.

Experimental Design

Instructions to subjects were given personally during a session when
the experimental setup and methods of data collection were explained.
After giving consent, subjects received an artificial dawn wake-up light
with an incandescent 100-W E27 Philips Softtone softwhite 230-V T55
lamp (see Figure 1A for spectral composition) (Philips Wake-up Light;
Philips Consumer Lifestyle, Drachten, The Netherlands) to be used at
home. The increase in light intensity follows an exponential function
where the ratio of the step to the absolute intensity is constant. The very
beginning of the curve follows a linear function starting with 0 lux. Light
intensity increases every 10 ms. The smallest step size is in the order of
0.01 lux, whereas the largest is in the order of 2.5 lux (Figure 1B). The
experiment was conducted during the wintertime to avoid large differ-
ences in exposure to external natural light after waking up between con-
ditions. Two different studies served to test the effects of this home-light
system in subjects with difficulties in waking in the morning.

Study 1

The aim of Study I was to assess whether changes in sleep-inertia
complaints depend on light intensity. Secondly, it was tested if those
changes were accompanied by a phase advance of the biological clock esti-
mated by the dim light melatonin onset (DLMO).

In a home study, a modified wake-up light (modified Philips Wake-
up Light; Philips Consumer Lifestyle) was used by the subjects for 42
days (6 wks). In a within-subject design, the maximum intensity of light
reached during the 30-min dawn signal was varied every 2 wks between 0
lux (control, no dawn signal), 50 lux (medium), or 250 lux (high). The
order of the conditions was randomized between subjects. At the subject’s
defined time, this maximum intensity was reached, and an audible alarm
sounded. To avoid differences in light exposure after waking up between
conditions within subjects, the wake-up light was modified so that light
was turned off automatically when the audible alarm sounded. The
snooze function was disabled.

Each condition lasted exactly 14 days. Within this period, subjects
were free to either use or not use the artificial dawn, depending on
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whether they did or did not need an alarm clock. However, subjects were
instructed to start and end this 14-day period during a working week, so
assessment of the effects of the use of the artificial dawn took place
during a span of structured social routine. On average (± SD) the artifi-
cial dawn was used 11.8± 1.7 days.

Study 2

Study 2 was conducted to investigate the range of light intensities pre-
ferred by people and whether those intensities, in comparison to an

FIGURE 1 Wake-up light characteristics. (A) Irradiance (W/m2) as a function of wavelength (nm) of
the wake-up light set at 250 lux and recorded at 40 cm distance (straight line). Irradiance after the fil-
tering effects of the eyelid (dashed line) derived from Moseley et al. (1988). (B) Light intensity as a
function of time during the 30 min before the alarm (alarm time= 0), for the modified wake-up light
where the light turns off at the time of the alarm. Dark grey circles: 250 lux; light grey triangles: 50
lux; black circles: 0 lux.
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alarm wake-up only (no dawn signal), led to a decrease of sleep-inertia
complaints. A nonmodified artificial dawn wake-up light with the snooze
function available (Philips Wake-up Light; Philips Consumer Lifestyle)
was used for 28 days (4 wks). Subjects were asked to select the intensity
with which they felt most comfortable, ranging from 20 up to 400 lux.
They were asked to determine their preferred intensity within the first 3
days and to retain it for the rest of the experimental condition. In a ran-
domized order, subjects used for 2 wks either the self-selected intensity
(dawn condition) or the 0 lux intensity (control condition, no dawn). As
in Study 1, subjects were free to use or not use the artificial dawn,
depending on their own needs, but were instructed to start and end
the 14-day period during a span of structured social routine. On average
(±SD) the artificial dawn was used 11.5± 2 days.

Measurements

Sleep-Inertia Duration and Severity, Well-Being, and Sleep
Parameters

Sleep inertia was characterized by means of subjective ratings, both
prospectively and retrospectively. Sleep-inertia duration was defined as
the amount of time required per subject to feel fully awake. An evaluation
form was developed for the purpose of assessing general well-being.
Several parameters, i.e., wake-up quality, easy rising, energetic feeling,
mood after waking up, social interactions, concentration, and pro-
ductivity, relevant to describe general well-being and often used in chron-
obiological studies, were assessed (Norden & Avery, 1993). For each
parameter a 1 to 10 rating was obtained, 1 being very bad and 10 being
excellent. Sleep-inertia duration and general well-being were assessed ret-
rospectively at the end of every 2-wk period.

The Karolinska Sleepiness Scale (KSS), an often-used questionnaire
that has been validated against electroencephalographic (EEG) par-
ameters (Åkerstedt & Gillberg, 1990; Kaida et al., 2006), was completed
daily 5 and 30 min after rising. The KSS ranges from 1 to 9; the higher
the reported value the greater the sleepiness. These values were used as
a prospective measurement of sleep-inertia severity, i.e., how sleepy the
person felt within the first 30 min when the feelings of sleep inertia are
common (Tassi & Muzet, 2000). The Groningen Sleep Quality Scale
(GSQS; Leppämäki et al., 2003) was also completed daily 30 min after
awakening. The GSQS ranges from 0 to 14; the higher the value, the
poorer the sleep quality.

Sleep timing, i.e., bedtime, sleep onset, alarm time, sleep offset, and
get-up time, was recorded daily. This allowed us to check for a regular
sleep-wake schedule and to record the timing of the artificial dawn. For
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the present study, sleep offset is of particular interest due to its sensitivity
to the phase-advancing effects of morning light (Gordijn et al., 1999).

The sleep diaries, including both prospective and retrospective
measurements, were returned to the investigators at the end of every 2-
wk condition. In this way, subjects did not have access to their estimations
made in previous conditions.

Melatonin

In Study 1, subjects collected saliva samples at home at the end of
every 2-wk condition to assess whether changes in sleep-inertia com-
plaints were accompanied by a shift of the dim light melatonin onset
(DLMO). Saliva samples were collected hourly starting 5 h before sub-
ject’s habitual bedtime and continued for 1 h after it. In total, saliva
samples were collected at seven timepoints per experimental condition.
Subjects were carefully instructed about the requirements of collecting
saliva. No chocolate, bananas, artificially colored sweets, coffee, or black
tea were allowed during measurements. Eating and drinking were
restricted to 15 min after the collection of saliva, and 45 min before each
sample subjects were instructed to rinse their mouths with water.
Brushing teeth with toothpaste was not allowed. Subjects were also asked
to expose themselves to as little light as possible by keeping the curtains
closed, using only small light bulbs, and wearing sunglasses inside, com-
mencing 1 h before the first sample was taken. Watching TV was allowed
at a distance of ≥2 m. Postural changes were not allowed during the 10-
min period before and during saliva collection.

Saliva was collected using Sarstedt Salivettes with a cotton swab
(Sarstedt B.V., Etten-Leur, The Netherlands). Samples were stored at 4°C
until sent to our lab (the period between collection and arrival in the lab
was ≤1 wk). Once the samples arrived, they were stored at −20°C.
Melatonin concentration was assessed by radioimmunoassay (RIA) (RK-
DSM; Bühlmann Laboratories AG, Siemens Medical Solutions
Diagnostics, Breda, The Netherlands). All samples from one individual
were analyzed within the same series.

Data Analysis

Sleep-Inertia Duration and Severity, Well-Being, and Sleep
Parameters

Depending on their obligations, subjects were free to choose when to
use the artificial dawn alarm clock. The analysis of the subjective ratings
was conducted only for those days when subjects used the alarm clock. In
order to avoid possible bias, data analysis was conducted on those subjects
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who completed all of the three conditions for all the measured variables
(n= 23). To check for robustness of the data, it was assessed whether the
general pattern for each particular parameter remained if data of all
available subjects were included.

Melatonin

The limit of detection for the RIA was 0.3 pg/mL, with an intraassay
variation of 6.7% at a low melatonin concentration (mean= 1.5 pg/mL,
n= 30) and 6.5% at a high melatonin concentration (mean= 15 pg/mL,
n= 30). Interassay variation was 12.2% at low melatonin concentration
(mean= 2.1 pg/mL, n= 15) and 19.7% at high melatonin concentration
(mean= 17.5 pg/mL, n= 16).

The DLMO was used as a phase marker. To avoid differences in the
DLMO between subjects due to variation in total amount of melatonin
production, melatonin levels were normalized within subjects to the
maximum value attained during any condition. DLMO was defined as
the clock time when the melatonin values crossed a threshold of 15% of
the maximum concentration. This value was chosen on the basis of a fre-
quency analysis of percentage melatonin. It was the timepoint when
changes in melatonin concentration became apparent (after 15% melato-
nin concentrations only increased up to their maximum and then started
to decrease). DLMO was determined by linear interpolation between the
last sample with a lower concentration and the first sample with a higher
concentration than the threshold value.

Statistics

The use of the artificial dawn was expected to reduce sleep-inertia
duration and severity in comparison with the non–dawn simulation con-
dition (0 lux), as well as to improve well-being and sleep quality.
Nonparametric tests were conducted due to the non-normal distribution
of the sleep-inertia variables. In Study 1, one-tailed Friedman tests were
conducted to assess the main effects of condition, the main effects of
time, and the interaction between both. In order to have an approach
conceptually similar to a repeated-measures analysis of variance (ANOVA)
(a test generally used to deal with this type of design), data were treated
as follows. Data were averaged over conditions to investigate the main
effect of time, and data were averaged over time to investigate the main
effect of condition. After finding a significant main effect, comparisons
between conditions were performed. In Study 2, a one-tailed Wilcoxon
test was conducted. All tests were performed with α= .05

The use of the artificial dawn was expected to advance the DLMO
and/or sleep offset. A repeated-measures ANOVA was used to test for
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significant differences in DLMO and sleep timing between conditions in
Study 1. The effects of the use of the artificial dawn in Study 2 as well as
sleep timing were tested by means of a paired t test.

To determine the role of DLMO and sleep offset as an alternative or
additionally to the main effects of light on sleep-inertia duration, a multi-
level analysis was conducted by means of MLwiN software (Centre of
Multilevel Modeling, Institute of Education, London, UK). The following
model equation was used:

Sleep-inertia duration = β0ij + β1ij × condition+ β2ij ×DLMO+ β3ij

× sleep offset

where β0 represents the model intercept, β1 the main effect of condition,
β2 the effect of DLMO (only tested in Study 1), and β3 the effect of the
timing of sleep offset. βs correspond to the slope of the correlations
between the y and x variables. The model takes into account the hierar-
chy of the protocol consisting of i = conditions nested in j= subjects.
The regression coefficients were tested with a z-test.

RESULTS

Subjects

The average mid-sleep time on free days (MSF) has been used to
define chronotype (Roenneberg et al., 2003). The MSF observed among
the 46 subjects (21 males/25 females, average age± SD: 30± 11 yrs) who
completed all conditions was on average (±SD) 04:56 h± 49 min and
05:04 h± 1:06 h for Study 1 and Study 2, respectively. Mid-sleep on
workdays (MSW) was on average (±SD) 03:15 h± 41 min and 03:38 h±
48 min for Study 1 and Study 2, respectively. Social jetlag, defined as
the difference between mid-sleep on free and workdays, was on average
(±SD) 1:40 h± 56 min (Study 1) and 1:26 h± 39 min (Study 2), being
relatively long. On average (±SD), subjects awoke 2:09 h± 50 min later
on free days.

Sleep-Inertia Duration and Severity, Well-Being, and Sleep
Parameters

Study 1

Sleep-inertia duration was estimated retrospectively as the amount of
time needed to feel fully awake. Overall, a significant effect of condition
was found (n= 23, χ2= 6.844, p< .05). Further analysis revealed a signifi-
cant reduction of sleep-inertia duration of 19.7 min between the control
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and 250-lux conditions (n= 23, z=−2.311, p< .01), and a smaller, but
significant, reduction of 8.9 min between the 250-lux and 50-lux
conditions (n= 23, z=−2.030, p< .05). A 10.8-min difference, although
not statistically significant, was found between the 50-lux and control con-
ditions (n= 23, z=−0.769, p= .22) (Figure 2A). When considering the
maximum number of subjects, the significant effect of condition
remained (n= 33, χ2= 7.600, p< .05). Although differences in sleep-

FIGURE 2 Sleep-inertia duration. Mean± SEM values of subjective sleep-inertia duration measured
as the amount of minutes needed to feel fully awake after waking up. A significant effect of the artifi-
cial dawn was found in both studies. Study I (A): significant 19.7-min and 8.9-min decreases were
found between the 250 lux and the 0 lux (control) conditions, and between the 250-lux and 50-lux
conditions, respectively. Study II (B): a significant 24.8-min decrease was found between the artificial
dawn (self-selected intensities) and 0-lux (control) conditions.
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inertia duration became a bit shorter (15.8 min, 8.8 min, and 7.1 min
between 250 and 0 lux, 250 and 50 lux, and 50 and 0 lux, respectively),
the statistical significances between conditions remained the same
(z=−2.612, −2.228, and −0.628, p< .005, p< .05, and p= .26 for the
differences between 250 and 0 lux, 250 and 50 lux, and 50 and 0 lux,
respectively).

Sleepiness scores obtained 5 and 30 min after waking up by means of
the KSS were used as an estimation of sleep-inertia severity (Table 1). A
significant main effect of time was found. Sleepiness was reduced 30 min
compared to 5 min after waking up for all conditions considered together
(n= 23, z=−4.197, p< .001). This change over time represents the
expected reduction of sleep inertia in the period shortly after waking up.
A significant effect of condition was also found (n= 23, χ2= 10.783, p<
.001). Further comparisons between conditions showed a significant
reduction in sleep-inertia severity by the 50-lux condition compared to
the control condition (n= 23, z=−2.220, p< .05) and compared to the
250-lux condition (n= 23, χ=−1.780, p< .05). No differences were
found between the 250-lux and control conditions. There was no signifi-
cant interaction between condition and time (n= 23, χ2= 2.264, p= .32).
The significant main effects of time and condition remained for the
maximum number of subjects that completed the questionnaires (n= 42,
z=−5.646, χ2= 8.491, p< .001, p< .005 for time and condition, respect-
ively). Again, only the 50-lux condition was significantly different from
the control condition (n= 42, z=−1.888, p< .05).

From the variables selected to assess general subjective well-being,
waking-up quality, easy rising, energetic feelings, mood, social inter-
actions, and productivity were significantly improved in the artificial
dawn condition compared to the control condition (n= 23, χ2 for all vari-
ables between 6.677 and 12.030; both 50 and 250 lux, p< .05). No sig-
nificant differences were observed between the two light intensities
(Figure 3A). When considering the maximum number of subjects, the
parameters social interactions, concentration, and productivity were no

TABLE 1 Summary data on sleep-inertia severity

Assessment/Condition 0 lux 50 lux 250 lux Average per timepoint

5 min after rising 7.07± 0.26 6.83± 0.23 6.92± 0.23 6.94± 0.21a

30 min after rising 5.36± 0.28 4.97± 0.21 5.19± 0.22 5.17± 0.22b

Average per condition 6.22± 0.26∗ 5.89± 0.12§ 6.06± 0.21∗

Note. Data are the average± SEM sleepiness ratings as obtained by the Karolinska Sleepiness Scale
(KSS).

a,bSignificantly different from each other ( p< .001).
∗ ,§Significantly different from each other ( p< .001).
No significant interaction was found between condition and time ( p= .32).

Effects of Artificial Dawn on Sleep Inertia 1229

C
hr

on
ob

io
l I

nt
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
U

ni
ve

rs
ity

 o
f 

G
ro

ni
ng

en
 o

n 
08

/2
3/

10
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



longer significantly different when the artificial dawn condition was com-
pared to the control (n= 33, χ2 between 3.022 and 3.639; p= .16, p=
.10, and p= .11, respectively). The pattern remained the same for the
other variables.

Sleep quality (GSQS) was relatively good in all conditions (n= 23,
average± SEM: 3.4± 0.2, 3.6± 0.3, and 3.2± 0.3 for the 0-, 50-, and
250-lux conditions, respectively). No significant effects resulted from the
use of the artificial dawn alarm clock at any of the intensities compared to
the control condition (n= 23, χ2= 1.826, p= .2). No significant differ-
ences were observed when considering the maximum number of subjects
(n= 42, average± SEM: 3.4± 0.3, 3.5± 0.2, and 3.4± 0.2 for the 0-, 50-,
and 250-lux conditions, respectively).

FIGURE 3 General well being. Mean± SEM values for subjective ratings on different parameters to
assess general well-being after waking up. A significant improvement in waking up quality, easy
rising, energy, and mood was found in Study I by the use of the artificial dawn at any light condition.
Black, dark grey, and light grey columns represent the control, 50-lux, and 250-lux conditions,
respectively. (A). A further improvement in social interactions, concentration, and productivity was
found in Study II when the artificial dawn (self-selected intensities, light grey columns) condition is
compare to the 0 lux (control, black columns) condition (B).
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Bedtime and sleep offset did not differ significantly between con-
ditions (average± SD: bedtime: 0 lux= 22:44 h± 46 min, 50 lux=
23:11 h± 56 min, 250 lux= 23:13 h± 52 min; sleep offset: 0 lux=
07:09 h± 42 min, 50 lux= 07:22 h± 58 min, 250 lux= 07:04 h± 43 min;
F= 2.512, p= .105). Exposure to the artificial dawn always occurred
during the dark span before sunrise, and its timing was not significantly
different between conditions. The artificial dawn signal started on
average (±SD) at 06:41 h± 44 min for 0 lux, 06:30 h± 49 min for 50 lux,
and 06:41 h± 45 min for 250 lux (F= 0.502, p= .613)

The multilevel analysis confirmed the significant main effect of con-
dition on the reduction of sleep-inertia duration (β1 estimate: −0.08±
0.04 min/lux, p< .05). In addition, sleep offset was negatively and signifi-
cantly related to sleep-inertia duration (β3 estimate: −10.57± 5.33 min/h,
p< .05), indicating that the later people awoke the less they suffered from
sleep inertia. The multilevel analysis revealed no effect of DLMO on the
observed sleep-inertia duration (β2 estimate: 6.03± 4.68 min/h, p= .2).

Study 2

In this study subjects, chose their own individually preferred light
intensity. The chosen light intensities ranged between 120 and 400 lux.
On average, when considering the advised 40 cm distance to the artificial
dawn alarm clock, the chosen light intensity was 264.7± 85.8 lux. The
median light intensity was 280 lux.

Sleep-inertia duration, measured as the time needed to feel fully
awake, was significantly decreased by 24.8 min in the dawn compared to
the control condition (Figure 2B; n= 23, z=−2.827, p< .001). The
effects on sleep-inertia duration remained when considering the
maximum number of subjects available for this analysis (n= 25,
z=−3.138, p< .001) and amounted to a difference of 25.8 min.

Sleep-inertia severity was estimated by means of the KSS at 5 and
30 min after waking up (Table 2). A significant main effect of time was
found. Sleepiness was lower after 30 min compared to 5 min after waking
up (n= 23, z=−4.199, p< .001). The use of the artificial dawn at a self-
selected intensity significantly reduced the complaints of sleep-inertia
severity (n= 23, z=−2.566, p< .005). There was no significant inter-
action between condition and time (n= 23, z=−1.620, p= .1). The
overall effects of time and condition were still present when considering
the maximum number of subjects (n= 26, z=−4.459 and −3.055, p<
.001 and p< .001 for time and condition, respectively).

Figure 3B shows the subjective measurements of well-being. Use of
the artificial dawn lead to an improvement of all variables (n= 23, z
values between −2.194 and −3.265, all p< .05) except “social
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interactions” (n= 25, z=−1.414, p= .08). The results remained the same
when calculated over the maximum number of subjects.

In Study 2, sleep quality was also relatively good in both conditions
(mean± SEM: 3.6± 0.3 and 3.1± 0.3 for the control and artificial dawn
conditions, respectively). Sleep quality did not significantly improve with
the use of the artificial dawn (z=−1.543, p= .06). When considering the
maximum number of subjects, the observed tendency becomes signifi-
cant. The use of the artificial dawn improved, although to a small extent,
the quality of sleep (n= 26, average± SEM: 3.7± 0.3 and 3.1± 0.3 in the
experimental and control conditions, respectively, z=−1.844, p< .05).

Bedtime did not differ significantly between conditions (average±
SD: 0 lux= 23:13± 1:19 h versus artificial dawn= 23:37 h± 57 min).
Sleep offset was earlier in the artificial dawn condition (average± SD:
artificial dawn= 07:22 h± 55 min versus control= 07:32 h± 1:07 h, p<
.05). Exposure to the artificial dawn occurred always during the dark
before sunrise, and the timing did not differ significantly between con-
ditions. The artificial dawn signal started on average (± SD) at: 06:59 h±
51 min (0 lux) and 06:47 h± 41 min (artificial dawn).

Multilevel analysis confirmed the significant main effect of condition
on sleep-inertia duration. Use of the artificial dawn reduced sleep-inertia
duration (β1 estimate: −24.74± 10.25 min/lux, p< .05). Although sleep
offset was earlier in the artificial dawn condition, when added to the
model the timing of sleep offset did not contribute significantly to the
observed sleep-inertia duration (β2 estimate: 0.5± 5.38 min/h, p= .93).

Melatonin

Saliva samples were received from 41 subjects. However, nine subjects
either did not produce complete data sets (n= 5) or the expected pattern
in melatonin levels was not found (n= 4), suggesting these subjects did
not follow the protocol. The curves were either completely flat with
mostly zeros, started at high levels and became lower with time (opposite

TABLE 2 Summary data on sleep-inertia severity

Assessment Condition 0 lux Artificial dawn Average per timepoint

5 min after rising 6.85± 0.18 6.43± 0.25 6.64± 0.12a

30 min after rising 5.26± 0.23 4.69± 0.23 4.98± 0.21b

Average per condition 6.05± 0.18∗ 5.56± 0.22§

Note. Data are the average sleepiness ratings as obtained by the Karolinska Sleepiness Scale (KSS)±
SEM.

a,bSignificantly different from each other ( p< .001).
∗ ,§Significantly different from each other ( p< .001).
No significant interaction was found between condition and time ( p= .1).
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direction), or fluctuated rather randomly crossing the DLMO criterion
value repeatedly. Only those 23 subjects who completed the subjective
ratings on sleep inertia and well-being were included in the analysis.
Figure 4 shows the average normalized melatonin curves for the three
conditions. The average DLMO did not differ significantly between the
three conditions (average DLMO± SD: 0 lux= 21:23 h± 58 min; 50
lux= 21:25 h± 52 min; 250 lux= 21:23 h± 57 min; F= 0.039, p= .49).
Time-of-year (first period in November/December, second period in
January/February) when the samples were collected had no significant
effect on the DLMO (between-subject comparison: F= 0.083, p= .77) or
on the effect of the artificial dawn on the DLMO (F= 0.387, p= .68).

DISCUSSION

By definition, sleep inertia is a severe subjective feeling of sleepiness
and grogginess upon awakening (Tassi & Muzet, 2000); therefore,
human subjects are the best models to investigate how these symptoms
can be affected. In the present home study, we assessed the effects of the
artificial dawn on sleep inertia in healthy subjects. Home studies may
have disadvantages because of the absence of direct control over con-
ditions and measurements. However, it constitutes a natural setup to
assess the potential effects of this artificial dawn system in the way it will
ultimately be used. Being a light device available on the market, studying

FIGURE 4 Melatonin profiles. Average melatonin profiles± SEM for the three conditions. DLMO±
SD measured at 15% level (dotted line) showed no significant differences between conditions. Average
DLMO (± SD) was 21:23 h± 58 min for the control condition, 21:25 h± 52 min for the 50-lux con-
dition, and 21:23 h± 57 min for the 250-lux condition.
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its effects is of great relevance. In addition, the results of the present two
studies provide insight on the awakening process.

For this purpose, subjects who suffered from sleep inertia were
selected. The average MSF of the participating subjects was ∼29 min later
than the average found for an age-matched group of the Dutch popu-
lation (Zavada et al., 2005). This can easily be understood by the fact that
the later the chronotype, the more difficult it becomes to wake up early
during workdays (Roenneberg et al., 2003). By waking up after being
sleep deprived due to previous working days and after a relatively short
sleep, late chronotypes are particularly prone to severe symptoms of sleep
inertia during the early hours of the day. Therefore, although we did not
choose for late chronotypes, due to our selection criteria, i.e., ≥60 min
needed to feel fully awake, later chronotypes are overrepresented in our
sample.

In the present study, as expected, sleep inertia was shown to decrease
with time (Achermann et al., 1995; Jewett et al., 1999; Wertz et al., 2006).
Moreover, also in accordance with previous studies in people suffering
from winter depression (Avery et al., 2002) and subsyndromal winter
depression (Norden & Avery, 1993), exposure to a 30-min artificial dawn
signal before the alarm sounded led to lower subjective ratings of sleep
inertia and to improvement of general well-being. Interestingly, self-
selected intensities in combination with lights-on at the time the alarm
went off (Study 2) led to an even larger decrease of sleep-inertia com-
plaints. Light intensity, however, cannot explain the strengthening of the
results. In Study 2, the chosen intensity (264.7 lux on average) was rather
similar to the high light intensity used in Study 1 (250 lux). Persistence of
light after the alarm went off, on the other hand, could explain this
finding. Light is known to have direct activating and alerting effects both
at night and during the daytime (Cajochen, 2007; Cajochen et al., 2000;
Campbell et al., 1995; Phipps-Nelson et al., 2003; Rüger et al., 2006).
Waking up in a dark in contrast to an illuminated room might increase
subjective ratings of sleep inertia.

All retrospective and longitudinal measurements of sleep inertia
showed an improvement in the artificial dawn condition. The congruency
between these analyses is generally interpreted as supporting evidence of
the findings. A dose-response relationship for the different light intensi-
ties, however, was only visible for the sleep-inertia duration measure-
ments. Although measured on a daily basis, this suggests that the KSS
might have not been sensitive enough to detect dose-dependent changes
in sleep-inertia severity. The KSS is limited to a restricted range of values
(Åkerstedt & Gillberg, 1990). In measuring sleep-inertia duration, on the
other hand, there is more freedom to select for the number of minutes
needed to feel fully awake, which could allow for more sensitive measure-
ments. Similarly, no significant differences were detected between the
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50- and 250-lux conditions in the assessment of well-being. These results,
together with the larger effect found in the second study in which sub-
jects were asked to find their preferred intensities, seem to indicate that
the mere presence of light does lead to beneficial results. Preferred inten-
sities were ∼250 lux, and although this intensity might not be necessarily
needed to reduce the symptoms, the duration of sleep inertia after
waking up was shortened with higher intensities.

Most studies conducted with dawn simulators were developed as an
alternative to bright-light treatment for seasonal affective disorders
(SADs). Interestingly, it has been shown that a simulated dawn was more
effective than a square-wave, bright-light stimulus (light-on/lights-off) in
treating SAD patients (Avery et al., 2001; Terman & Terman, 2006). This
suggests that light exposure before consciously waking up exerts some
effect that cannot be achieved even with exposure to bright light after
awakening. The mechanism by which artificial dawn signals might work
could be related to the gradual increase of light intensity, allowing for a
gradual wake up in contrast to lights-on/lights-off. It has been shown that
an abrupt wake up can negatively influence sleep inertia (Dinges, 1990;
Dinges et al., 1985). Although we did not test the effects of lights-on/
lights-off, most participating subjects experienced the artificial dawn
during the winter mornings in a positive way. When subjects were asked
for an internal evaluation to compare the use of the artificial dawn alarm
clock with their normal alarm clock, by means of a 1 to 5 scale (1 = worse
and 5= better), 27% chose 5, 45% chose 4, 19% chose 3 (no difference),
6% chose 2, and 3% chose 1. Because the major part of the exposure to
the natural dawn signal occurs while sleeping, with eyelids closed
(Beersma et al., 1999), an alternative (or complementary) mechanism by
which dawn signals could exert an effect is due to the transmittance
characteristics of the eyelids; only light of longer wavelengths is trans-
mitted (Ando & Kripke, 1996; Moseley et al., 1988). During the past
decade a new photoreceptor key in nonvisual responses called the intrin-
sically photosensitive retinal ganglion cells (ipRGCs) was discovered
(Berson et al., 2002; Hattar et al., 2002). Interestingly melanopsin, the
photopigment found in the ipRGCs, shows two states: the 11-cis-retinal
state (rhodopsin, R state) and the all-trans-retinal state (metarhodopsin, M
state). Under broadband natural or artificial light exposure, these two
states exist in equilibrium. However, under monochromatic light
exposure, it was shown that whereas especially short wavelengths initiated
the phototransduction cascade (from R to M), long wavelengths could
restore responsiveness by regeneration of the M to the R states (Melyan
et al., 2005; Mure et al., 2009). The light intensities used in Mure et al.’s
study to drive the M state back to the R state were quite high. Exposure
to long wavelengths during dawn after a full night of darkness, however,
could shift the equilibrium of the M and R states to a higher sensitivity
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for short wavelengths after waking up or even before, during the regular
arousals that occur during sleep (Gordijn et al., 1999). More studies on
how different mono- and polychromatic light sources can modulate mela-
nopsin-dependent nonvisual responses are needed.

A limitation of our study is the lack of performance measurements
during the sleep-inertia period. In a laboratory study by our group using
the same device during 1 day, similar improvements of sleepiness, but no
clear effects on a simple reaction time or addition task, were found (Van
de Werken et al., 2010). In future field studies, it would be interesting to
test whether other measures of sleep inertia, for instance more complex
reaction-time performance, grip strength, or cognitive functioning, are
improved with the long-term use of the artificial dawn. We cannot
exclude a placebo effect of the use of the artificial dawn to explain the
improvements in subjective ratings (Eastman, 1990). In studies using
light, subjects are always aware of the treatment. However, neither the
existence of dose-response effects nor extra measurements can ever rule
out the possibility of a placebo effect underlying the observed differences.

We hypothesized that the possible improvements in subjective ratings
of sleep inertia could have been due to a shift towards a more optimal
phase of the circadian system. Although exposure to the artificial dawn
occurred during the advance portion of the phase response curve (PRC),
∼9:22 h after the DLMO (Khalsa et al., 2003), no significant differences
were found in the DLMO between conditions. One could argue that this
lack of detection is due to the resolution of our saliva sampling frequency
(one sample/h). However, because we were not able to detect even a
trend, this is unlikely to be the case. An alternative possibility is that
exposure to evening light prohibited a phase advance. Although season
was not a factor, there was no difference in effects on the DLMO between
the darker first period and the maybe somewhat more evening light-con-
taining second period, exposure to artificial light in the evening could,
indeed, have prevented a phase advance to occur. Nevertheless, the main
question whether a phase shift accompanies an improvement of sleep
inertia can still be answered with “no,” irrespective of the reason that no
phase advance was observed. Earlier studies found a shift in the DLMO
after exposure to an artificial dawn signal (Danilenko et al., 2000;
Terman et al., 1989). The discrepancy with these studies can be easily
explained by the differences in the experimental setup, in the light inten-
sities used, and/or in the duration of the artificial dawn signal. In our
study, light was not only in the low range of intensities (Zeitzer et al.,
2005), but it was also shifted to the long wavelength range of the visible
spectrum. It has been extensively shown that the circadian system is more
sensitive to short wavelengths (Brainard et al., 2001; Cajochen et al.,
2005; Lockley et al., 2003; Revell et al., 2005, 2006; Thapan et al., 2001).
Higher intensities of long wavelengths of light could have shifted the
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DLMO (Hanifin et al. 2006; Zeitzer et al. 1997), but they may also lead to
undesired earlier wakefulness. The present study shows that an improve-
ment in sleep inertia is possible without a shift of the onset of the melato-
nin rhythm. This leads to the conclusion that shifts in the underlying
rhythms are not a prerequisite to obtain an improvement in waking up
by an artificial dawn signal. A possible shift in the offset of the melatonin
rhythm or suppression in the early morning was not measured. It could
be hypothesized that morning light induces a larger phase advance in
the offset than in the onset of the melatonin rhythm (Illnerová &
Sumová, 1997; Warman et al., 2003; Wehr et al., 2001). This effect,
however, is thought to be transient and only present during the first days
after morning light. In the present study, the artificial dawn effects on
DLMO were assessed after 2 wks. A shift in morning decline is not
expected in the absence of a shift in the onset. Furthermore, a possible
suppression of melatonin by the artificial dawn signal was not expected.
The dawn signal occurred during the last 30 min of sleep before waking
up, more than 9 h after the DLMO, when the synthesis of melatonin is
most likely already turned off (Lewy et al., 1999). The possible effects of
the unmodified wake-up light (Study 2) on melatonin profile and sup-
pression were not tested. Interestingly, it was found that the timing of
sleep offset was earlier. The earlier sleep offset occurred after the alarm
went off. Exposure to light prior to the alarm, therefore, was not longer
in Study 2 compared to Study 1. By means of a multilevel analysis, the
effects of DLMO and sleep offset on sleep-inertia duration were tested as
an alternative or additional effect to the effects of the artificial dawn treat-
ment. Although the DLMO asserts no significant effect on the reduction
of sleep inertia, sleep offset related negatively. This indicates that the
later the sleep offset, the lower the suffering from sleep inertia. This is
understandable in view of our relatively late chronotypes, who will suffer
less from sleep inertia the later they wake up. The use of the artificial
dawn, however, did not affect the timing of sleep offset. In Study 2,
although sleep offset was earlier, the multilevel analysis revealed no effect
of it on the duration of sleep inertia.

Taken all together, only the artificial dawn treatment is responsible
for the reduction of sleep-inertia complaints. The activating effects of
light have been shown to be present both during the night and daytime,
indicating that melatonin suppression may not necessarily be a prerequi-
sit to assert the effect (Cajochen et al., 2000; Campbell et al., 1995;
Phipps-Nelson et al., 2003; Rüger et al., 2003, 2006). We hypothesize
that this is the most likely mechanism by which complaints are reduced.
In a recent review, Vandewalle and co-authors (2009) concluded that
several brain structures, especially the thalamus, might play a key role in
the light-induced changes in alertness and cognitive functioning. It
would be interesting to measure the effects of an artificial dawn on brain
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activity shortly after waking up. A wide range of physiological changes
accompanies the waking-up process in the morning, such as heat dissipa-
tion (Kräuchi et al., 2004), awakening cortisol response (Edwards et al.,
2001), and changes in EEG spectrum (Tassi et al., 2006). The immediate
effects of artificial dawn on these aspects were tested in the study of Van
de Werken and co-authors (2010) under laboratory-controlled conditions.
A faster decline in distal skin temperature after waking up and an
increase in the number of arousals during the last 30 min of sleep have
been shown to be related to a reduction in sleep inertia. These mechan-
isms, rather than a shift of circadian rhythms, may explain the positive
effects of a dawn signal on sleep inertia.

CONCLUSION

Both studies clearly show that artificial dawn during the last 30 min of
sleep exerts beneficial effects on subjective ratings of sleep inertia.
However, as tested in the present study, no significant shifts in DLMO
were observed. The artificial dawn signal, although not capable of having
circadian effects, is hypothesized to assert an effect on physiological pro-
cesses at waking up by activating/alerting the system.
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