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Purpose: Sleep is regulated by homeostatic and circadian factors. In addition, psychological
factors have a strong modulatory impact on our sleep, but the exact underlying mechanisms are
still largely unknown. Here, we examined the role of intentions on subjective and objective sleep
parameters. Young healthy sleepers were instructed to voluntarily either worsen or improve their
sleep. We predicted that participants would be capable of worsening, but not improving, their
sleep compared to a regular sleep condition. In addition, we predicted that the instruction to alter
sleep would lead to a higher discrepancy between subjective and objective sleep variables.
Participants and Methods: Twenty-two healthy students participated in one adaptation
and three experimental nights. Polysomnography and subjective sleep parameters were
measured during all four nights. Participants were instructed to sleep regularly (“neutral”),
better (“good”) or worse (“bad”) than normal, in a counterbalanced order.

Results: The instruction to sleep “bad” increased objective sleep onset latency and the number
of awakings during the night. The effects were stronger on subjective sleep variables, resulting in
a higher sleep misperception in the “bad” condition as compared to the other two conditions. The
instruction to sleep “good” did not improve sleep nor did it affect sleep misperception.
Conclusion: We conclude that intention is sufficient to impair (but not improve) subjective
and objective sleep quality and to increase sleep misperception in healthy young sleepers.
Our results have important implications for the understanding of the impact of psychological
factors on our sleep.
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Plain Language Summary

Sleep is characterized by a reduction in consciousness. Therefore, sleep is seen often as
a biological state that cannot be influenced by our intention. Here we study how that
healthy young sleepers are capable of objectively worsening (but not improving) their
sleep simply by wanting to do so. When participants intended to sleep worse, they
indeed reported a lower sleep quality and objectively had a lower sleep efficiency. In
addition, participants strongly overestimated their induced sleep disturbances, as typi-
cally seen in insomnia patients, and performed worse in a reaction time test in the
morning. In contrast, healthy young sleepers were not capable of further improving
their sleep by wanting to do so. Our results show that our pre-sleep intentions and goals
to manipulate sleep can affect ongoing sleep processes and influence evaluations of our
sleep quality. Our results suggest that psychological process continues to be active
during the state of sleep and can influence biological sleep regulation and maintenance
in spite of the reductions in consciousness.
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Introduction
Sleep is a natural and reversible state of reduced con-
sciousness which is regulated by complex neurobiological
mechanisms and homeostatic processes.' In the case of
disturbed sleep, a wide range of different sleep-inducing
drugs are available which are known to help fall asleep as
well as to maintain it.>~ Based on the increased under-
standing of sleep-regulating neurobiology, new drugs have
been developed and are available to allow a better preser-
vation of the natural sleep architecture,®” in particular with
respect to the restorative stage of slow-wave sleep
(SWS).2?

In addition to the neurobiological aspects of sleep, psy-
chological factors play a critical role in sleep onset and
maintenance. According to the cognitive models of

insomnia, 10,11

insomnia patients tend to strongly worry
about their sleep and about the negative consequences of
not getting enough sleep. This worry might increase attention
for cues that pose a threat to their sleep and increase non-
functional safety behaviors. Together with false beliefs about
sleep, excessive sleep anxiety is presumably a causal factor
for sleep disturbances. In addition, patients with insomnia
can have a strong misperception of their actual sleep quality
resulting in a large subjective-objective discrepancy of sleep
parameters such as sleep onset latency (SOL), number of
awakenings from sleep (NWAK) and time spent awake at
night (WASO).'? According to the hyperarousal model of
insomnia,'® cognitive-psychological factors act in concert
inhibit

Consequently, relaxation of somatic tension and reduction

with biological arousal processes to sleep.
of worries, together with cognitive therapy on sleep beliefs,
are key aspects of cognitive-behavioral therapy for insomnia
(CBT-I)."* CBT-I uses behavioral strategies such as psychoe-
ducation, stimulus control, sleep restriction, and paradoxical
intervention.'*!>

While it seems clear from insomnia research that our
mental activity and thoughts can disturb our sleep, the
basic mechanisms are not fully understood. Importantly,
it is not clear to what extent we can manipulate healthy
sleep intentionally. Intentions are a part of our executive
functions, mainly involving neuronal networks in the pre-

frontal cortex,'®!”

which can have a modulatory top-down
influence on the basic neurophysiological functioning of
our brain. Sleep, when considered as a state of strongly
reduced consciousness, typically appears to be beyond our
cognitive control. Therefore, it is important to examine

whether, and to what extend, healthy participants can

voluntarily influence their sleep. Furthermore, it is highly
relevant to explore the possible mechanisms underlying
the influence of voluntary intentions on sleep. For exam-
ple, participants might be able to alter their biological or
somatic arousal state voluntarily before sleep, which in
turn might affect subsequent sleep. Alternatively, the pos-
sible effects of intention on sleep might depend on mental
activity per se, independently from somatic pre-sleep arou-
sal. In addition, our intention might influence the discre-
pancy between subjective and objective sleep parameters
often seen in insomnia patients.

To test the effect of intentions on sleep, a number of
young healthy participants spent three nights in the sleep
laboratory and were instructed to sleep “as bad as possible”,
“as good as possible” or “as usual”, in a counterbalanced
order. They were instructed to manipulate sleep latency, the
number and duration of awakenings, and sleep depth, accord-
ing to the respective condition. They received no instructions
regarding how they should achieve these manipulations.
Sleep was recorded using a polysomnography setup. As we
expect participants to be able to manipulate sleep intention-
ally, we hypothesized that participants would be able to sleep
worse when asked to do so, as indicated by subjective and
objective sleep parameters. However, because nighttime
sleep in young healthy participants is already close to opti-
mal, we do not expect intentions to make sleep better in our
study, thus the condition to sleep “as good as possible” will
be invariant across sleep parameters compared to the control
condition. We also expect that effects of intentions on sleep
will be larger for subjective as compared to objective
sleep parameters, resulting in a higher subjective-objective
sleep discrepancy. Finally, we will examine the association
between somatic arousal before and after sleep (as measured
by electrocardiography (ECQG)) to test whether sleep changes
induced by intention could be solely explained by changes in
pre-sleep arousal or not.

Participants and Methods

Participants

Twenty-four young healthy students (15 women) with a mean
age of 22.3 + 3.0 [SD] participated in the study. Two partici-
pants were excluded due to the detachment of electrodes
during the night. Participants were recruited through an adver-
tisement and a newsletter for students. They were not on any
night shifts and were asked to keep a regular sleep rhythm.
Participants were no extreme chronotypes for morningness or
eveningness. Based on the German translations of the
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Morningness-Eveningness Questionnaire (D-MEQ'®) four
participants were moderate morningness and four participants
were moderate eveningness types. Participants reported that
they did not suffer from any known sleep disorders, however
they did report a high subjective sleep quality. (Pittsburgh
Sleep Quality Index (PSQI)'® 3.95 + 1.68 [SD]). They were
instructed to abstain from alcoholic and caffeinated beverages
on experimental days as well as the day before the test days.
The local ethics committee of the University of Fribourg
approved the study and all subjects gave written informed
consent prior to participating. This is in accordance with the
declaration of Helsinki. Subjects received either university
course credits or financial compensation of at least 180 CHF
for participating in the experiment. In case of an early drop
out, the payment was provided proportionately.

Experimental Design and Procedures

The within-subject design included one adaptation and
three experimental nights in the sleep laboratory at the
University of Fribourg with the different conditions:
“bad”, “good” and “neutral” sleep. The procedure of the
three experimental conditions was identical with the
exception of the instructions given to the participants
prior to sleep (see below). The experimenter and the sub-
ject were blind towards the condition until the very
moment before sleeping. The order of the conditions was
randomly assigned and balanced between the subjects.

Participants arrived at the sleep lab and filled in some
standardized questionnaires before the installation of the
polysomnography (PSG including electroencephalogram
(EEG), electromyogram (EMG), electrooculogram (EOG),
electrocardiogram (ECG)). They then completed a memory
task where they learned 40 semantically associated word
pairs (paired associated learning (PAL) task®®) before
going to bed, after which they were instructed to lay in
bed and the instructions for the night were given to them
(“Sleep as well/badly/neutrally as possible”). Eight hours
after lights out, the experimenter woke the participants up.
Directly after getting up, participants filled in standardized
questionnaires (concerning subjective sleep rating, mood),
and completed a psychomotor vigilance test (PVT), as well
as the morning-recall of the PAL. The session ended with the
removal of the PSG (see Figure 1).

Materials

Instructions

Instructions were given orally when participants were
lying in bed and were ready to sleep. The instructions
were as follows:

e “Bad” sleep: participants were instructed to sleep as
bad as possible. They should try to fall asleep as late
as possible (ideally, they should not fall asleep at all),
wake up during the night (and if so, stay awake),
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Figure | Procedure and experimental design. Participants spent one adaptation night and three experimental nights in the sleep lab for a total of four nights, each separated
by one week. Directly before going to sleep and when lying in bed, participants received the instructions to sleep worse than normal (sleep “bad”), better then normal (sleep
“good”) or to sleep as usual (sleep “neutral”). In the “bad” condition, they were asked to willingly decrease sleep quality by falling asleep later, waking up more often, staying
awake longer during the night and sleeping less deep. In the “good” condition, participants were instructed to decrease sleep quality by falling asleep quicker, staying asleep
and sleeping as deeply as possible. No instructions were given regarding how participants could achieve these goals. Participants had to stay in bed in the dark and were not
allowed to get up during the night. Sleep was recorded using a polysomnography setup. Before the instructions, participants filled out questionnaires and performed a word-
pair learning task. After sleep participants filled out questionnaires, performed a psycho-vigilance task (PVT) and retrieved word-pairs learned before sleep.
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sleep less time, and sleep only lightly (enhance the
light sleep).

e “Good” sleep: participants were instructed to sleep as
well as possible. They were instructed to fall asleep
quickly (ideally directly after the experimenter turned
off the light), not wake up during the night (if so,
they should try to fall back asleep fast), sleep as long
as possible (ideally the full 8 hrs) and sleep as deeply
as possible.

e “Neutral” sleep: in the neutral night, participants
were given the following instructions: “This is your
neutral night. Sleep as regularly as possible.”

For all three conditions, participants were instructed to
stay in bed in the darkness. They were not allowed to get
up, read, or access their mobile phones. No additional
instructions were given on how to reach “good” vs “bad”
sleep. The participants were told that if they were able to
sleep better/worse as indicated by the PSG measurements,
they would be rewarded with an additional 25 CHF for
each experimental session. However, at the end of the
experiment, participants received the additional 25 CHF
based on their subjective achievements.

Questionnaires

During the first night, participants filled out a general
questionnaire for health and personal information (for
example related to Body Mass Index, handedness, sex,
experience in a sleep laboratory, or sleep habits) where
the Edinburgh Inventory for Handedness,?' the Pittsburgh
Sleep Questionnaire Inventory'® and a questionnaire for
chronotype'® were used. Additionally, in each session,
participants filled out a general questionnaire with infor-
mation regarding their sleep the previous night as well as
general health, such as consumption of alcohol, caffeine,
drugs, or nicotine. Lastly, they filled out a questionnaire
relative to their mood.?” In the morning, while still lying in
bed, participants were asked to rate their subjective sleep
quality,”® and again, their mood.?> After the last night,
they performed the Harvard Group Scale of Hypnotic
Susceptibility (high suggestibility > 7).%*

Memory Measurement

Episodic memory was tested with a paired-associated
learning (PAL) task.?® Participants learned a list of 40
semantically related word pairs. Each trial started with
the first word of a pair which was presented for 3000ms,
followed by a 500ms blank interval which separated the

single trials. The words were presented in black font on
a white screen via E-Prime (Psychology Software Tools,
Pittsburgh). Each pair was presented only once while the
order was kept constant. Immediately after learning, parti-
cipants were confronted with a cued recall test. Here, they
had to come up with the corresponding word when the first
word was displayed. During the recall test, the word pairs
were presented for an infinite amount of time or until the
participant pressed enter, then the correct answer was
presented straight away for 1000ms followed by a 500ms
blank interval which, again, separated the single trials.
A second recall test followed. In this second recall test,
the participants did not receive any correction or confirma-
tion of the correct word pair; right after filling in the
answer, a 500ms blank interval followed. During recall,
the order of the word pairs differed from the learning
phase but was kept constant across subjects. A third recall
phase took place in the morning. Performance was mea-
sured as the percentage of words recalled in the morning
relative to the amount of words remembered immediately
after learning. Response time was not restricted.

Psychomotor Vigilance Test (PVT)

In the morning participants performed a psychomotor
vigilance test (PVT) which is designed to measure the
effect of sleepiness on vigilance.?> Subjects were asked
to press the space key with their non-dominant hand as
soon as they recognized the millisecond counter on the
screen, which appeared at random intervals. After the
keypress, the reaction time in milliseconds was shown
for 1 s.

Polysomnographic Recordings

To measure sleep, EEG, EMG, EOG and ECG were used.
EEG was recorded using 10 single gold-cap-electrodes
following the 10-20-EEG-system with a sampling rate of
500 Hz. Impedances were kept below 5 kQ. Following the
AASM guidelines, electrodes were referenced against Cz
during recording and then re-referenced to the mastoids
when doing offline analyses. Data were preprocessed with
Brain Vision Analyzer 2.0 (Brain Products GmbH,
Gilching), filtering the data by 0.3-35 Hz following the
guidelines suggested by the American Association of
Sleep.?® Two independent sleep scorers visually scored
sleep in 30 s periods based on derivations F4, C4, O4,
EOG (left and right), and EMG. Stages N1-N3, REM
sleep, and WASO were scored following the AASM-
guidelines.”® Additionally, data were analyzed with an
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automated sleep scoring algorithm (The SIESTA Group
Schlafanalyse GmbH, Vienna). These analyses provide
more insight on microstructural parameters such as arou-
sals and stage shifts.

Analysis of the EEG Data

For sleep analysis, we used the SleepTrip toolbox?’ for
Matlab (Mathworks, Natick). Data were preprocessed with
Brain Vision Analyzer 2.0 (Brain Products GmbH,
Gilching) before spectral analysis. We calculated the aver-
age power of oscillatory activity in different frequency
bands: slow-wave activity (SWA) (0.5-4.5 Hz), theta
activity (4.5-8 Hz), alpha activity (8—11 Hz), slow spin-
dles (11-13 Hz), fast spindles (13—15 Hz) and beta activity
(15-30 Hz). In addition, we calculated the ratio between
SWA and beta activity as this measure is associated with
objective sleep quality.”®° Data from lights off in the
evening to lights on in the morning were analyzed, seg-
mented for NREM sleep (N2 and N3 sleep) and REM
sleep.

Analysis of Sleep Cycles

A cycle analysis was performed using Matlab (Mathworks,
Natick). The first cycle started with sleep onset. A cycle
ends when a REM episode is not followed by another
REM episode for 15 mins. For each cycle, we calculated
the amount of N1, N2, N3, REM, and WASO as well as
the duration of each cycle.

Analysis of ECG

ECG (electrocardiogram) analysis was carried out using
Kubios HRV Premium 3.2.0 (Kubios Oy, Kuopio).
Therefore, the ECG signal for pre-sleep (lights off to the
first stage of N1) and the whole night (lights off to lights on)
was exported in EDF+-format using BrainVisionAnalyzer
Version 2.0 (Brain Products GmbH, Gilching). Kubios
HRV Premium offers an automatic artifact correction
based on the RR series (the interval between two
R-signals) to eliminate ectopic beats and artifacts in unfil-
tered data.’' Afterwards, data were analyzed in a time and
frequency domain and subsequently used for the calculation
of the mean heart rate (mean HR measured in beats
per minute) which served as an index for physiological
arousal.>® Furthermore, Kubios provides an index to ana-
lyze the tone of the parasympathetic nervous system (PNS)
and sympathetic nervous system (SNS). We used the PNS-
and SNS-indexes to evaluate an appropriate measure for
physiological stress. The PNS-index is a PNS tone index

based on mean RR whereas the SNS-index is an SNS tone
index to evaluate stress which is based on Mean HR.!

Statistical Analysis

According to our experimental manipulation before sleep
(see section “Instruction’), our main outcome variables
were subjective and objective sleep quality, SOL, WASO,
NWAK and sleep depth. For each of these main outcome
variables, a separate repeated-measures analysis of var-
iance (ANOVA) with the within-subject factor condition
(“bad”,
a separate analysis, we used a 2x3 Analysis of Variance

“good”, and ‘“neutral”) was calculated. In
with the within-subject factors “type of parameter” (sub-
jective vs objective) and condition (“bad”, “good”, and
“neutral”) for the five main outcome variables. In addition,
we report Pearson’s correlation coefficient (r) for the
strength of association between these objective and sub-
jective sleep parameters.

In exploratory analyses we analyzed further sleep para-
meters, vigilance, sleep-associated memory consolidation,
and heart rate variability (HRV) using an ANOVA for
repeated measures with the within-subject factor condition
(“bad”, “good”, “neutral”). For oscillatory power during
NREM and REM sleep, we used a 3x2x3 ANOVA for
repeated measurements using the factors “condition” (bad,
good, neutral), “hemisphere” (left, right) and “topography”
(frontal, central, parietal). And we report Pearson’s corre-
lation coefficient (r) for the strength of association
between sleep parameters and vigilance.

Post-hoc paired t-tests with a Bonferroni correction were
conducted in case of significant main effects or interaction
effects. We set the level of significance to p < 0.05 and
reported effect sizes (n?) only for significant data. Data
were analyzed using IBM SPSS Statistics 25 (IBM Corp.,
Armonk) and R Studio (RStudio Team, Boston). Results are
presented as means + standard errors of the mean (SEM).

Data Availability
Datasets analyzed during the current study are available
online on https://osf.io/asz94/.

Results

Subjective Sleep Parameters

According to the instructions, our primary outcome vari-
ables were subjective sleep quality, subjective SOL, sub-
jective WASO, subjective NWAK, and subjective sleep
depth. All subjective variables were measured with the

SFA-R questionnaire.23
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In accordance with our hypothesis, participants were
able to subjectively worsen, but not to improve their sleep.
In the “bad” sleep condition, participants rated their sleep
quality in the morning as worse (16.23 + 0.98, scale from
7 to 35, higher values indicating better sleep quality)
compared to the “good” (25.05 + 1.20), and “neutral”
conditions (24.55 + 1.11) (repeated-measures ANOVA
with the factor condition (“bad”, “good”, “neutral”), F(2,
20) =24.55, p < 0.001, n? = 0.71, see Figure 2A, Table 1).
Post-hoc pairwise comparisons confirmed that with the
instruction to sleep “bad” participants rated their sleep
quality significantly worse as compared to the “neutral”
and “good” conditions (both p < 0.001). “Good” and
“neutral” conditions did not differ significantly (p > 0.50).

We observed a similar pattern for SOL, WASO,
NWAK and sleep depth (see Figure 2B-E, for post hoc
pairwise comparisons).

Objective Sleep Parameters

As was reported for subjective sleep parameters, on the
objective level participants were able to worsen but not to
improve their sleep by simply wanting to do so. Similar to

the subjective ratings, our primary outcome variables for
objective sleep parameters were sleep efficiency (taken as
objective measure of sleep quality), SOL, WASO, NWAK
and amount of SWS in minutes (taken as objective mea-
sure of sleep depth).

As predicted and in line with the subjective measures
of sleep quality, participants who were instructed to sleep
“bad” showed a reduced sleep efficiency with 93.67 +
0.97% compared to 97.45 + 0.57% in the “neutral” condi-
tion and 96.91 £ 0.66% in the “good” condition (F(2,42) =
12.69, p < 0.001, n* = 0.377). Post-hoc pairwise compar-
isons confirmed that there was a significant reduction of
sleep efficiency in the “bad” condition compared to both
the “neutral” (p < 0.001) and “good” (p = 0.004) condi-
tions. The latter two conditions did not differ (p > 0.20, see
Figure 2F and Table 1).

We observed the same pattern for objective SOL, as people
took roughly 15 mins longer to fall asleep when they were
asked to sleep “bad” (see Figure 2G and Table 1). In addition,
they increased their NWAK: in the “bad” sleep condition
participants awoke 8.05 + 0.87 times, whereas they woke up
only 4.73 + 0.65 times in the “neutral” condition and 5.68 +

Subjective Sleep Parameters
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Figure 2 Effects of instructions on subjective and objective sleep parameters. On the subjective level, after being instructed to sleep “bad” (black bars), participants
reported (A) to sleep worse (sleep quality), (B) took more time to fall asleep (sleep onset latency (SOL)), (C) spent more time awake after sleep onset (WASO), (D) woke
up more often (NWAK) and (E) slept less deep (sleep depth) as compared to the night with the instruction to sleep good (white bars) and as compared to the night without
specific instructions (“neutral”, grey bars). The instruction to sleep “good” (white bars) did not alter subjective evaluations of sleep. For objective sleep parameters, the
instruction to sleep “bad” (F) reduced sleep efficiency as an objective measurement for sleep quality, (G) extended SOL and (1) increased the NWAK during the night as
compared to the night without instructions (“neutral”). No effect was observed for WASO (H) and the time spent in SWS (J). Again, no effect occurred after the instruction
to sleep “good”. Means * standard errors of the mean are indicated. Significant pair-wise comparisons from post hoc tests are indicated by **p < 0.01. **p < 0.001.

submit your manuscript

986

Dove

Nature and Science of Sleep 2020:12


http://www.dovepress.com
http://www.dovepress.com

Dove

Combertaldi and Rasch

Table | Sleep Parameters for the Three Conditions (Subjective and Objective)

Bad Good Neutral F-Test
M i SEM M it SEM M t SEM
Subjective Sleep Parameters
Sleep Quality 20.28 + 0.592 24.833 £ 0.77 24.547 + 0.61 24.253%*
SOL [min] 52.27 + 351 17.64 £ 3.44 14.02 + 2.97 53.988*+*
WASO [min] 39.55 + 8.04 9.09 + 2.04 10.55 * 3.66 11.273%%
NWAK 341 £0.18 2.16 £ 0.23 2.05 + 0.21 20.573%#*
Sleep Depth 2.14 £ 0.15 359+0.17 373 +£0.19 47.5| FF*
Objective Sleep Parameters
Sleep Efficiency [%] 93.67 + 0.97 96.91 + 0.66 97.45 + 0.57 12.09%%*
SOL [min] 29.75 + 446 1477 + 3.14 1221 £ 2.75 12.864*++*
WASO [min] 13.84 + 2.28 1525 + 4.12 9.89 + 2.34| 1.126
NWAK 8.05 + 0.87 5.68 + 0.95 4.73 £ 0.65 6.98%*
NWAK + Movements 16.46 = 1.60 10.68 + 1.20 1141 = 111 10.34%+¢
Duration per Awakening [min] 1.63 + 0.38 1.59 + 0.47 1.23 + 0.30 0.40
NI [min] 34.89 + 3.96 39.52 +3.15 33.61 +2.53 1.68
N2 [min] 211.73 £ 6.20 231.61 £7.32 234.80 + 6.49 4.57*
N3 [min] 82.18 £ 6.05 89.09 + 6.89 84.80 + 5.61 1.05
REM [min] 97.89 + 428 88.30 + 4.70 100.02 + 4.25 3.05
Move [min] 3.16 + 0.81 221 £ 06l 2.55 + 0.61 1.60
NI [%] 7.83 + 0.87 847 + 0.67 7.20 £ 0.53 2.02
N2 [%] 4771 £ .14 49.69 £ 1.53 50.37 + 1.35 1.46
N3 [%] 18.46 = 1.29 19.11 + 1.50 1824 + 1.25 0.35
REM [%] 22.11 £ 0.92 18.92 £ 0.97 21.43 £ 0.88 4.77*
Move [%] 0.71 £0.18 046 +0.13 054 £0.13 2.28
WASO [%] 3.16 £ 0.54 335092 2.13 £ 051 2.55
TST [min] 443.68 £ 97.86 465.98 + 101.70 466.00 + 102.66 8.98%k*
SWS Latency [min] 16.77 £ 5.97 17.00 £ 4.80 17.00 £ 5.33 0.0l
REM Latency [min] 7834 £ 1.71 97.64 + 33.37 82.93 +2.03 2.14
Memory
Encoding (evening) 32.77 £ 1.06 32.86 = 1.05 31.18 £ 0.88 2.362
Recall (morning) 31.86 + 1.08 31.64 = 1.21 30.05 £ 0.97 2.698
Consolidation [%] 97.22 + 0.97 95.98 + 1.34 96.40 + 1.53 0.508
Vigilance (Morning)
Reaction Time (RT) 368.12 + 12.14 33242 +7.52 34248 +7.79 7.9947%%*
Reactions 77 £ 0.55 76.27 + 0.66 77.36 + 0.58 0.834
Errors 1.5+ 892 12 £0.38 1.27 £ 0.40 1.409

Notes: Subjective parameters are based on subjective ratings in the SF-A-R%, Objective values are based on polysomnographic recordings. Non-rapid eye movement
(NREM)-sleep, stage I, 2, and 3 sleep (NI, N2, N3), rapid eye movement sleep (REM), waketime after sleep onset (WASO), total sleep time (TST), sleep onset latency
(SOL), slow-wave sleep latency (SWS latency), REM sleep latency (REM latency) are all measured in minutes [min] and the percentages indicate parietal percentage of TST
[%]. For memory, numbers indicate absolute or relative values of correctly recalled words that were presented in the evening (learning phase with first recall) and in the
morning (retrieval phase with second recall). Consolidation refers to the difference in performance between learning and retrieval phases. For vigilance, the reaction time
(RT), the number of reactions, and amount of errors during the 10 minutes of the psychomotor vigilance task (PVT) were measured. Values are means * standard error of
mean (SEM). * Indicates p < 0.05 and ** indicates p < 0.01 *** indicates p < 0.001

0.95 times in the “good” condition (F(2,42) = 6.98, p = 0.002,
n* = 0.249 (see Figure 2I). This difference was even more  able to influence the objective time spent awake (WASO, F

In contrast to our expectations, instructions were not

pronounced when movements were included in the number of  (2,42) = 1.03, p > 0.30, see Figure 2H, Table 1) or the
awakenings (F(2,42) = 10.34, p < 0.001, n* = 0.330, see  objective depth of sleep (sleep stage N3 F(2,42) = 1.05,
Table 1). p = 0.358, see Figure 2J, Table 1).
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Table 2 Arousals and Stage Shifts

Neutral Bad Good F-Test
M t SEM M t SEM M = SEM
Arousal
Arousals in TST 159.10 £ 28.37 159.19 £ 25.10 167.95 + 28.80 1.81
Arousals in NREM 141.57 + 24.79 139.48 + 23.24 153.10 + 29.69 2.86
Arousals in REM 17.52 + 7.42 16.71 + 5.46 14.86 + 3.71 1.67
Arousal Index (TST) 20.86 + 3.65 21.86 + 3.51 22.17 + 3.66 1.18
Arousal Index NREM 24.07 £ 3.63 25.21 £3.72 25.37 £ 3.97 |
Arousal Index REM 104 + 3.69 10.51 £ 292 9.90 £+ 241 0.26
Stage shifts from any sleep stage to
Wake 10.10 + 2.84 13.76 + 2.18 10.90 + 1.96 5.24%*
NI 42.52 + 7.64 43.86 + 7.42 4571 £9.17 1.18
N2 55.48 + 10.91 54.86 + 9.60 57.38 + 13.09 0.45
N3 19.67 £ 6.11 18.10 + 2.84 18.76 + 5.67 0.44
REM 7.76 £ 131 7.86 £ 1.53 6.71 £ 0.87 1.33

Notes: Analysis with an automatic sleep scoring algorithm (The SIESTA Group Schlafanalyse GmbH, Vienna) providing the number of arousals, an arousal index and stage
shifts. Number of arousals as well as the arousal index were analyzed for total sleep time (TST), non-rapid eye movement as well as rapid eye movement sleep (REM).
Further stage shifts from any sleep stage to wake and to NREM-sleep, stage |, 2, and 3 sleep (NI, N2, N3) are shown. Values are means # standard error of mean (SEM). **

Indicates p < 0.0l

The exploratory analysis of total sleep time also showed
a reduced sleep time in the “bad” condition (F(2,42) = 8.98,
p =0.001, n* = 0.30, see Table 1). Note that differences in
SOL directly affect total sleep time in our study, as all
participants were awakened after exactly 8 hrs of time in
bed. After correcting for differences in SOL, total sleep time
did not differ between conditions (F(2,42) = 1.39, p > 0.20).
Explorative analysis on other sleep parameters did not reveal
any significant differences for N1, movement time, SWS
latency and REM latency sleep (all p > 0.10). In contrast,
time spent in stage N2 sleep was significantly shorter in the
“bad” condition (211.73 + 6.20 mins) as compared to the
“neutral” (234.80 = 6.49 mins) and “good” (231.61 + 7.32
mins, F(2,42) = 4.57, p = 0.016, n*> = 0.18) conditions.
However, this effect was, again, fully explained by an
increase in SOL of 20 min the “bad” condition (p < 0.60,
after correction for SOL). Interestingly, REM sleep appeared
to be shorter in the “good” condition (88.30 £ 4.70 mins) as
compared to “neutral” (100.02 = 4.25 mins) and “bad” con-
ditions (97.89 + 4.28 mins). The effect only reached
a statistical trend (p = 0.058), but was statistically significant
when considering the percentage of REM sleep relative to
total sleep length (F(2,42) = 4.77, p = 0.014, 1* = 0.19). This
effect cannot be explained by SOL as the effect was still
present after correcting for differences in SOL between the
conditions (F(2.42) = 7.63, p = 0.001, n* = 0.27; see Table 1

for an overview).

We also considered microstructural parameters such an
arousal index and the amount of stage shifts between the
different sleep stages. Results of the arousal index analysis
are shown in Table 2. Additionally, we analyzed the stage
shifts between different sleep stages and showed
a significant effect of the condition on the shifts from
any sleep stage to wake (F(2, 40) = 5.24, p = 0.010, n* =
0.21) but not between the sleep stages. Post hoc compar-
ison confirmed significantly more stage shifts from any
sleep stage to wake in the “bad” (13.76 + 2.18) compared
to the “neutral” (10.10 + 2.84) condition. The other con-
ditions did not differ (all p > 0.27).

We also analyzed whether the type of instruction
before sleep influenced the cyclic structure of sleep. The
amount of cycles was of 4.36 + 0.12 over all participants
and in each condition (“bad”: 4.36 + 0.19; “good”: 4.36 +
0.23; “neutral”: 4.36 £ 0.19). It did not differ for the three
conditions (F(2,20) = 0, p = 1.00). Also, the mean duration
of the first four cycles was not affected by the different
instructions before sleep (for further information see sup
plementary material Table S1).

Effect of Pre-Sleep Instructions on Oscillatory Power
During NREM and REM Sleep

In addition to sleep architecture, we also analyzed the effects
of intentions on oscillatory power in different frequency
bands (slow-wave activity (SWA), theta, alpha, slow spin-
dle, fast spindle and beta band). We observed no significant
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main effects of the factor condition (bad, good, neutral) on
oscillatory power during NREM sleep (all p > 0.10).
Furthermore, no significant interaction was found for the
factor “condition” with the factors “hemisphere” (left,
right), “topography” (frontal, central, parietal), or both (all
p = 0.085). Moreover, regarding the ratio between power in
the SWA band and beta band, which is considered an indi-
cator of objective sleep quality, no effects nor interactions
with the factor condition were observed (p > 0.085). Also,
during REM sleep we did not find any main effects or
interactions with the factor condition (p > 0.27, for an over-
view see supplementary material Table S2).

Comparing Objective and Subjective

Sleep Parameters

Participants generally overestimated the time it took them to
fall asleep as well as the time they spent awake during the
night. The degree of overestimation was largest in the “bad”
condition: participants reported an SOL of 52.27 + 3.51 min,
whereas they actually fell asleep after 29.75 + 4.46 min,
resulting in an overestimation of ca. 23 min. In contrast, they
only overestimated SOL by 5 and 2 min in the “good” and
“neutral” conditions, respectively (main effect subjective vs
objective SOL: F(20, 1) = 54.08, p < 0.001, n2 = 0.73;
interaction with condition: F(19, 2) = 11.62, p = 0.001, *
= 0.55). Similarly, in the “bad” condition participants

reported having spent 39.55 £ 8.04 min WASO, whereas
the actual time spent awake was of 13.84 + 6.18
mins (overestimation of ca. 26 min). In contrast, overestima-
tion of WASO was only 5 min in the “good” condition and
less than 1 min in the “neutral” condition (main effect
subject vs objective WASO: F(20,2) = 7.75, p = 0.003, n°
= (.44; interaction with condition, F(20,2) =4.83, p=10.019,
n® = 0.33). Thus, the degree of overestimation was larger in
the “bad” condition as compared to the “good” and “neutral”
conditions (see Table 1).

In spite of the high overestimation of SOL in the
“bad” condition, subjective estimates of SOL were still
positively and significantly correlated with the objective
measure of sleep onset (Pearson’s r = 0.58, p = 0.004;
see Table 3). Also, in the “good” condition, subjective
and objective SOL were moderately to highly correlated
(r=0.64, p = 0.001). Only in the “neutral” condition no
significant or positive correlation was observed between
these two measurements (r = 0.23, p > 0.30). WASO
was not significantly correlated in any of the three con-
ditions (“bad”: r = 0.14, p > 0.50, “good”: r = 0.31, p >
0.17, “neutral”: r = 0.27, p > 0.23). In addition, objec-
tive NWAK was negatively correlated with subjective
sleep quality (r = —0.56, p = 0.004) and sleep depth (r =
—0.65, p < 0.001) in the “neutral” condition (see
Table 3).

Table 3 Correlation Between Objective and Subjective Sleep Parameters

Objective Sleep Parameters
SE SOL WASO NWAK Depth (N3)
Subjective Sleep Parameters Bad Sleep Quality -0.059 0.067 -0.203 -0.108 0.05
SOL -0.58** 0.58** 0.19 -0.09 0.183
WASO 0.115 -0.13 0.142 0 0.099
NWAK 0.376 -0.36 0.222 0.24 -0.256
Depth 0.02 -0.015 -0.274 -0.35 0.24
Good Sleep Quality 0.192 -0.189 -0.183 -0.35 -0.051
SOL -0.64%* 0.64** 0.07 0.22 -0.284
WASO -0.162 0.16 0.305 0.079 0.028
NWAK -0.283 0.28 0.294 0.197 0.066
Depth 0.23 -0.229 0.039 -0.413 0.124
Neutral Sleep Quality 0.221 -0.221 -0.257 -0.555%* 0.209
SOL -0.233 0.232 0.1 0.357 0.04
WASO -0.181 0.176 0.266 0.221 -0.101
NWAK -0.26 0.258 0.485* 0.256 -0.242
Depth 0.341 -0.34 -0.109 -0.653** 0.094

Notes: Correlations were calculated separately for “bad”, “good” and “neutral” conditions for subjective (measured by SF-A-R?*: Sleep quality, sleep onset latency (SOL),
wake time after sleep onset (WASO), numbers of awakenings (NWAK) and sleep depth) and objective sleep parameters (Sleep quality = sleep efficiency (SE), SOL, WASO,
NWAK, depth = sleep stage N3 in minutes). * Indicates p < 0.05 and ** Indicates p < 0.01
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Memory Consolidation and Vigilance

In our study, we also tested whether the instructions to
sleep “good”, “neutral” or “bad” could affect memory
consolidation during sleep and vigilance the next morn-
ing. Pre-sleep instructions did not affect overnight mem-
ory formation differentially (F(2, 18) = 0.508, p > 0.60).
However, the pre-sleep instruction to sleep “bad” resulted
in slower reaction times in the Psychomotor Vigilance
Test (PVT) directly after waking up. Two participants
were excluded because of the high amount of errors (>3
SD). Vigilance (as indicated by reaction time) was sig-
nificantly lower after sleep in the “bad” condition (368.12
+ 12.14 ms) as compared to the “neutral” (342.48 + 7.79
ms) and “good” conditions (332.42 + 7.52 ms, F(2,42) =
7.99; p = 0.001, n* = 0.25 see Figure 3, for post hoc
tests). In an exploratory analysis, we examined whether
the decreased vigilance after the “bad” night, as com-
pared to the “neutral” night, could be explained by dif-
ferences in subjective or objective sleep parameters.
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Thus, we correlated the difference in reaction time on
the PVT task between “bad” and ‘“neutral” conditions,
with the difference in sleep parameters between the “bad”
and “neutral” conditions. Interestingly, neither any objec-
tive nor any subjective sleep parameters correlated with
the decrease in reaction time in the “bad” condition
(corrected for “neutral”) (all p > 0.10; see Table 4).
When calculating the difference between “good” and
“neutral” conditions, we observed several correlations
with subjective but not objective sleep parameters: the
difference in reaction time correlated with differences in
subjective ratings of sleep quality (r = —0.627, p = 0.002)
and with the feeling after waking-up (r = —0.572, p =
0.005) between the two conditions. As positive differ-
ences in sleep quality ratings (eg, better sleep quality in
“good” vs “neutral” conditions) are predictive for a more
negative difference in reaction times (eg, fast reaction
time in “good” vs “neutral” conditions), negative correla-
tions are to be expected.

B Bad
210
©
3
g
Q.
8 o
(,) L] * a8
g s : 8 - .
© Y .
3] e f .
‘&-10
3
(%)
<
-50 -25 0 25 50
A Vigilance [ms]
C Good

r=-0.58*

o

A Subjective Sleep Quality
o

-50 -25 0 25 50
A Vigilance [ms]

Figure 3 Effects of the instructions to change sleep quality on morning vigilance. (A) The instruction to sleep “bad” increased reaction in the psychomotor vigilance test
(PVT) as compared to the “good” and “neutral” night (main effect condition p = 0.001). Post-hoc tests revealed a significant difference between “bad” and “good”
instructions (p = 0.034) but not between “bad” and “neutral” (p = 0.11) or “good” and “neutral” (p > 0.46). Means * standard errors of the mean are indicated. (B) The
overall increase in reaction time in the PVT in the “bad” condition (corrected for performance in the “neutral” condition) was not correlated with any of our main subjective
or objective sleep parameters (see Table 3). (C) In the “good” condition, the change in reaction (corrected for the neutral condition) correlated negatively with the change
in subjective sleep between good and neutral sleep conditions. The direction of the correlation were expected, as better sleep correlated with faster reaction times and
better vigilance. * indicates p < 0.05. ***|ndicates p < 0.001.

990 submit your manuseript Nature and Science of Sleep 2020:12

Dove


http://www.dovepress.com
http://www.dovepress.com

Dove

Combertaldi and Rasch

Table 4 Correlation of Vigilance with Subjective and Objective
Sleep Parameters

Vigilance A Bad A Good A Bad A Good

Subjective Sleep Objective Sleep

A Sleep Quality 0.092 —0.627+ 0.030 —0.008
A SOL —0.047 —0.289 0.009 0.009
A WASO —0.065 0.133 —0.034 0.309
A NWAK 0.081 0.169 —0.044 0.413%*
A Sleep Depth —0.058 —0.194 0311 0.201

Notes: Correlations were calculated separately for the “good” and “bad” condi-
tions. All parameters are corrected for the values obtained in the neutral condition
(A Bad: “bad” — “neutral” and A Good: “good” — “neutral”, respectively). **
Indicates p < 0.01. ***Indicates p < 0.001.

Table 5 Correlation of Heart Rate with Subjective and Objective
Sleep Parameters

Heart Rate [bpm] | A Bad A Good A Bad A Good

Subjective Sleep Objective Sleep

A Sleep Quality 0.193 0.013 0.012 0.283
A SOL 0.029 —0.262 0.011 —0.278
A WASO —0.112 | —0.304 0.245 0.453*
A NWAK —0.017 | 0.154 0.085 0.244
A Sleep Depth 0.085 0.029 —0.037 | 0313

Notes: Correlations were calculated separately for the “good” and “bad” condi-
tions. All parameters are corrected for the values obtained in the neutral condition
(A Bad: “bad” — “neutral” and A Good: “good” — “neutral”). * Indicates p < 0.05.

Heart Rate and Heart Rate Variability

Before Sleep

As the instruction to sleep “bad” had a clear negative impact
on subjective and objective sleep parameters, we examined
whether the difference in physiological arousal before fall-
ing asleep could explain these changes. First, we analyzed
average heart rate before falling asleep (from lights off to
the first sign of sleep (N1)). Surprisingly, participants had
the lowest heart rate before sleep in the “bad” condition
(65.99 bpm + 1.05) as compared to the other conditions
(“good” = 69.73 + 1.34; “neutral” = 67.16 = 1.21). This
decrease in heart rate reached a statistical trend (F(2,39) =
2.52, p=0.097, 1> = 0.03). Regarding heart rate variability,
neither of the indexes for activity of the sympathetic tone
(SNS index) nor for the parasympathetic tone (PNS index)
were affected by the pre-sleep instructions (both p > 0.30).
No significant correlations between heart rate/heart rate
variability and any subjective or objective sleep parameters
were observed (all p > 0.05). However, one exception to this
is found in the differences in heart rate between the “good”
and “neutral” conditions as they were positively correlated

with the difference in objective WASO (r = 0.453, p =
0.017, see Table 5).

Subjective Reports How Participants
Manipulated Their Sleep

Participants reported different methods in order to manipu-
late their sleep according to the pre-sleep instructions. To
subjectively affect their sleep in a negative way, most parti-
cipants reported trying to keep their eyes open (7 reports), to
do exercises with fingers, legs or arms (2 reports) or to lie in
an uncomfortable sleep position (4 reports). With regard to
mental strategies that were implemented to sleep “bad”,
participants reported generally activating their thinking
(12 reports), thinking about their planning and their to-do-
list for the next day/week (8 reports) and thinking about
negative/sad events (6 reports). One participant mentioned
that he got upset about not falling asleep and another one
recited a poem.

To affect sleep positively, participants mentioned using
relaxation techniques such as breathing techniques, medi-
tation and mind-clearing (“do not think at all”), as well as
muscle relaxation (11 times) and finding a comfortable and
relaxing position to sleep in. In addition, participants men-
tioned thinking about positive memories and positive
situations six times. Another strategy used by various
participants was the active generation of sleep-related

LR I3

thoughts (eg, “fall asleep fast”, “sleep as usual” (as they

knew they were healthy sleepers) or “fall asleep”™).

Discussion

Our results support the previously mentioned prediction
that intention can decrease sleep quality but not improve it
in healthy young participants. On the subjective level, all
of our five primary outcome measures (sleep quality, SOL,
WASO, NWAK, and sleep depth) show this pattern of
results. On the level of objective sleep parameters, three
out of five primary outcome values (SE, SOL, and
NWAK) also support this pattern of results, whereas no
effects of voluntary sleep manipulation were observed for
WASO and the amount of SWS.

As we examined sleep in young healthy participants,
their sleep during the night was already very good without
having to provide them with any instructions: on average
they had a high sleep efficiency (over 97%), they fell asleep
after 12 mins and had only 2% WASO during the total of 8
hrs of sleep. Average sleep stage duration and sleep stage
distribution also were in the normal range. As this sleep
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pattern is close to optimal sleep, there is probably not much
room for improvement of sleep simply by wanting to do so.
To achieve good sleep, participants reported using breathing
or relaxation techniques as well as thinking positive
thoughts. Still, these techniques did not produce any further
improvement in sleep. However, most of these techniques
need a certain degree of training, a reason which may help
explain why our physiological parameters of sleep showed
no changes.” For example, oscillatory power during the
night — and particularly SWA, which is an important mea-
sure of the homeostatic component of sleep — was not
altered by our experimental manipulation, which might be
interpreted as evidence that the sleeping brain is regulated
mainly in a physiological manner.***® However, as sleep
was close to optimal, our null finding does not imply that
these techniques or intentions in general, are ineffective in
improving sleep. We can only conclude that intention can-
not further improve very good sleep in healthy young parti-
cipants. In patients with insomnia, relaxation techniques
have been shown to improve some aspects of sleep.’’ >’
In addition, the anticipation of receiving a treatment or
a medication thinking that it will help sleep (known as the
“placebo” effect) can improve subjective and also some
objective sleep variables in persons with disturbed
sleep.***? Also in healthy sleeper, sleep improvements
(extension of SWS and increases of SWA) are possible for

example, using music,””* hypnotic suggestions,***’

or
rocking bed movements).*°

Some participants also reported that they generated
sleep-related thoughts (eg, “fall asleep fast”), which is in
line with a paradoxical negative rebound.'? Previous stu-
dies have suggested that wanting to fall asleep, prolongs

4749 a5 the inten-

sleep latency and impairs sleep quality,
tion to fall asleep fast can generate cognitive arousal
which impairs sleep. Conversely, insomnia patients can
profit from the paradoxical instruction “to try to stay
awake”.” In our study, we did not find any evidence for
a strong impairing effect of the intention to sleep “good”
on sleep in young healthy participants on our primary
outcome measure.

However, in our exploratory analysis, during the “sleep
good” night the percentage of REM sleep was significantly
reduced and occurred descriptively (but not significantly)
later, as compared to the other two conditions. The exact
role of REM sleep for “good” vs “bad” sleep is not clear.
From research in depressive participants, an earlier onset
of REM sleep and more REM sleep has been associated
with stronger depressive symptoms, and a reduction in

REM sleep has been suspected to be beneficial for treat-
ment outcomes.’®>* However, whether less REM sleep is
beneficial for emotional regulation in healthy participants
is not clear. As participants were also not instructed to
manipulate REM sleep, the reason and impact of the
reduction of REM sleep after the instruction to sleep
“good” remains elusive but may be interpreted as an
impairment of sleep.

In contrast to the “good” condition, the instruction to
sleep “bad” clearly impaired sleep quality both on the level
of subjective but also objective sleep parameters. Thus,
healthy participants are able to impair their sleep intention-
ally. Participants were particularly capable of extending the
time it took them to fall asleep. Importantly, they were not
allowed to get up, but they had to lie in bed in the darkness
without any distraction (eg, reading, video, social media,
etc.). Thus, they had to stay awake only using their intention
as a way of affecting their sleep. As for the strategies used,
they reported keeping their eyes open, actively generating
(negative) thoughts and planning activities for the next day.
Objectively, by using these strategies they managed to stay
awake 17 mins longer on average, compared to the “neu-
tral” night. While this is a robust and reliable extension of
SOL by intention, the additional time of 17 mins is also not
very much, and an SOL of 30 mins in total is probably still
in the normal range. Thus, in healthy sleepers, sleep pres-
sure is strong enough to override intentions and induce
sleep within 30—45 mins, although some subjects were
able to stay awake for 75 mins.

In addition to SOL, participants instructed to sleep
“bad” were capable of increasing the NWAK as well as
the number of shifts from any sleep stage to wake. On the
other hand, they were not capable of increasing WASO.
This finding is particularly important as it shows that the
intention to sleep “bad” was still active while the participant
was sleeping, resulting in an increased drive to wake up
from the sleep state but not to stay awake as much as
possible. The fact that one’s brain can automatically and
gradually prepare to wake up because one was asked to
wake up as much as possible during the night, falls in line
with an individuals’ ability to program their awakenings at
a scheduled time (such as in the case of an alarm). This is
indicated by increases in plasma concentration of adreno-
corticotropin during the sleep period before the expected
awakening, although sleep stages remained unchanged in
this study.>® Thus, in spite of the strongly reduced con-
sciousness during sleep, our intentions and goals, which
are activated during wakefulness before going to sleep,
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remain active during the sleeping state and can influence the
sleep state itself. In both the “bad” and “good” conditions,
sleep should be affected by our intention. Intentions are part
of our executive functions, which are mainly located in the
prefrontal cortex (PFC). While the neurobiological mechan-
isms of intentions are not completely clear, it is widely
assumed that they are capable of modulating activity and
sensitivity in other brain areas (top-down-regulation). For
example, the intention to execute motor movements typi-
cally alters motor-related brain activity before the actual

3637 Intentions and plans “to do

initiation of the movement.
something” in the future are typically conceptualized as
prospective memories.’®* *® In addition, intentions can
remain active over long periods (eg, “go to the post office
tomorrow at 3 pm”). These “prospective memories” rely on
prefrontal brain areas, but also involve other memory-
related brain areas, in particular the parietal lobe (eg,
precuneus).®’ Thus, we assume that the formation of the
intention “to sleep worse” or “to sleep better” - based on the
PFC — will have top-down influences on the balance
between wake-promoting arousal systems and sleep-
promoting GABAergic inhibitory systems of our brain (e,
flip-flop switch model of sleep and wake-promoting brain
regions).®® The top-down influence of the intention will be
most influential during the phase of falling asleep, because
consciousness is still present during this period. However,
together with reduced consciousness during the sleep per-
iod, the intention might remain active and have a top-down
influence on sleep-maintaining systems. Similar to other
prospective memories, this continued influence during
sleep might involve memory-related brain areas and
mechanisms. Our result suggests that the prospective mem-
ory system maintains its function also during the sleep state.
The intentions set before sleep are continuously maintained
and activated in our prospective memory system throughout
sleep. Alternatively, one could speculate that future plans
set before sleep are stored as memory representations in the
brain. As memories have been shown to be reactivated
during certain sleep stages,®* it might be possible that future
plans are also repeatedly and spontaneously reactivated
during sleep. For declarative types of memory, evidence
indicates that information acquired before sleep is sponta-
neously and repeatedly reactivated during SWS and possi-
bly also during NREM sleep stage 2.°> On a conceptual
level, the instruction to sleep “bad” could also be regarded
as a new memory acquired before sleep, which might then
be reactivated during sleep alongside other memories.
When reactivated, this plan to sleep “bad” and “wake up

during the night” could affect the ongoing sleep process,
thereby resulting in an increased number of awakenings
during sleep as well as more shifts from any sleep stage to
wake. However, this explanation requires further empirical
support.

Generally, our results show that the instructions to
sleep “bad” do not only affect SOL but also ongoing
sleep processes after sleep onset. These findings are in
line with the result that the instruction of an early wake-
up time in the morning induces a preparation of a wake
response 2—3 hrs before the actual time of awakening.>”
As follows, this is in consonance with anecdotal reports
that people tend to wake up before their alarm clock or
hours before an important wake-up time (eg, due to catch-
ing a flight).

The effects caused by the instruction to sleep “bad”
cannot be explained by increases in physiological arousal
before or during sleep. It might have been possible that the
participants extended their sleep onset by voluntarily increas-
ing their physiological arousal level while lying in bed.
However, heart rate analysis during the period of falling
asleep provided no support for this claim. In fact, heart rate
even tended to be lower in the “bad” condition as compared
to the other two conditions. Thus, a psychological explana-
tion for the decreases in sleep quality is more likely.

The decreased sleep quality after the instruction to
sleep “bad” affected behavioral performance in the morn-
ing and decreased measures of vigilance. Interestingly, the
individual difference in decreased vigilance after the “bad”
night could not be explained neither by differences in
subjective nor objective sleep parameters. Thus, it remains
unclear which sleep parameter exactly contributes to the
reduction in vigilance. The significant correlation in the
“good” condition raises the suspicion that reaction time in
the PVT might be particularly influenced by the subjective
evaluation of one’s own sleep quality. However, as this
correlation is not present in the “bad” condition, the
increase in reaction time cannot be explained by partici-
pants’ impression that they have slept worse.

SOL, WASO and NWAK were generally overestimated
in the subjective reports as compared to the objective para-
meters, but these parameters on the subjective level corre-
lated positively with the same parameters on an objective
level, with small to medium effect sizes. Interestingly, the
instruction to sleep “bad” caused a higher subjective-
objective discrepancy as compared to the “good” and “neu-
tral” condition. As scientists are aware of the effects of
a reward-related task (ie, receiving money as compensation
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for good performance), one could speculate that participants
rated their sleep worse in the “bad” condition because they
wanted to fulfill the expectations of the experimenter who
asked them to sleep “bad”. However, this kind of demand
characteristic should equally affect subjective and objective
ratings in the “good” condition. Here, no evidence of the
same participants fulfilling the experimenter’s expectations
was detectable in the data. Therefore, we consider the role
of demand characteristics for the subjective sleep ratings as
minor. Especially because we showed that differences exist
between objective and subjective sleep parameters.
A higher discrepancy between objective and subjective
sleep parameters is an important symptom in subtypes of

12,64

insomnia patients, and a decrease of this discrepancy is

related to improvements in insomnia symptoms.®>°°
A recent pilot study suggests that the subjective opinion of
one’s own sleep length and quality can have an even stron-
ger impact on feelings of tiredness and impaired cognitive
performance the next day when measured as objective sleep
parameters.®” Our results show that the simple instruction to
sleep “bad” can strongly increase the discrepancy between
objective and subjective sleep parameters, while the same
person shows a much lower discrepancy when he or she
expects his or her sleep to be normal or even good. This
finding highlights the possibility that our perception of
sleep largely depends on our psychological goals and inten-
tions related to our sleep, and less on changes of objective
parameters during sleep (see eg,®®).

While our study clearly shows that intentions are cap-
able of influencing sleep in healthy participants, objective
changes in sleep parameters, in particular, remain rather
small. For example, we did not observe any effects of the
sleep instructions on power in the SWA band, which we
already know has been implicated in the process of
homeostatic regulation of sleep. This result shows that
a major part of objective sleep is regulated by physiologi-
cal mechanisms that are beyond our intentional control.
Our results also suggest that intentional processes cannot
explain previous reports on the extension of SWS and the
increase in SWA by means of more subconscious inter-
ventions (eg, placebo effects,’” music,”>’° hypnotic
suggestions**). Thus, the sole instruction of sleeping
“good”, “bad” or “neutral” is not enough to find large
effects on objective sleep architecture.

Limitations
Although our study design was already complex, we are
aware that three nights are not sufficient to verify all relevant

points of our hypothesis. Among others, one limitation
regards our study design: we only used three experimental
nights. In particular, an additional night without any instruc-
tions would have been important to estimate whether our
“neutral” instruction could also alter, or at least influence,
sleep. As a second point, the criteria of absence of sleep
disorders in our recruiting process (only healthy sleepers
are recruited to participate in this non-clinical trial) was
only confirmed by the PSQL'® This questionnaire is used
as an instrument to assess self-reported sleep quality and does
not allow to identify sleep disturbances or insomnia based on
proper diagnostic criteria. Additional tests for sleep disorders
were not conducted nor was sleep history assessed through-
out our participants. However, the very high sleep efficiency
renders sleep disorders in our sample rather unlikely. Another
limitation of our study is that participants may have reached
a ceiling effect in different sleep parameters, such as sleep
efficiency, resulting in high values in all conditions.
Therefore, discrimination between participants in the differ-
ent conditions was unfeasible, thus the expected improve-
ment when trying to sleep better than normal was not
possible. The lack of changes in different sleep parameters
may be due to a partially sleep-restricted population resulting
from the instruction to get up at 7 am on the day of the
experiment. For higher clinical relevance, future studies
should systematically examine the influence of intentions
on sleep in participants with sleep disturbances.

Conclusion

In sum, here we have shown that intentions can impair, but
not improve healthy sleep. Thus, bad sleep can be the
result of our intention to sleep “bad”. Furthermore, the
intention to sleep “bad” increases the discrepancy between
subjective and objective sleep parameters, resulting in
a stronger overestimation of the SOL, WASO and
NWAK as compared to the other two instructions.
Furthermore, participants were also capable of extending
their sleep onset and increasing their NWAK on an objec-
tive level. Thus, the goal to sleep “bad” was still active
during the sleep state and resulted in a disturbance of the
sleep process, suggesting that goals and intentions are
relevant for maintaining a stable sleep state. While the
simple instruction to sleep “good” was not enough to
further improve sleep, recent studies conducted in our
laboratory show that the amount of SWS can be extended
by using more subconscious techniques, such as hypnotic
suggestions.***> Taken together, our intentions, thoughts
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and imagination are important influencing factors of our

subjective and objective sleep quality.
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