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a b s t r a c t

Pre-sleep arousal impairs sleep. Therefore, watching suspenseful TV series before sleep is not recom-
mended as they increase arousal. In particular, the consumption of multiple episodes of the same sus-
penseful TV series in one sitting e termed binge-watching e could lead to large increases in
physiological arousal delaying sleep onset. Furthermore, abrupt endings during critical scenes e termed
cliffhangers e result in unfinished story lines, which further increase cognitive arousal and could
negatively impact sleep architecture and the number of awakenings. However, the effects of binge-
watching and cliffhangers on objective sleep parameters are still unknown.

Here we tested in a controlled sleep-laboratory setting whether pre-sleep arousal induced by watching
3e4 episodes of a suspenseful TV series has negative effects on sleep in 50 healthy young participants
(39 females, mean age ¼ 22.62 ± 2.60 (SD)). Watching a neutral TV series served as a control condition,
according to a within-subject design. In one group of participants, the suspenseful TV series ended with a
cliffhanger. In the other group, the same TV series ended where no ongoing action was interrupted. Pre-
sleep arousal was measured both subjectively with the self-reported level of stress and objectively with
the mean heart rate and cortisol level. As expected, suspenseful TV series induced higher cognitive and
physiological pre-sleep arousal than neutral control TV series, with highest values for TV series with
cliffhangers. In spite of the high pre-sleep arousal, participants fell asleep faster after watching the
suspenseful compared with the neutral TV series (F(1,48) ¼ 4.89, p ¼ 0.032, h2 ¼ 0.09). Sleep architecture
and the number of awakenings remained unaffected. However, in the first two sleep cycles, heart rate
was still higher after watching suspenseful TV series (F(1,48) ¼ 6.76, p ¼ 0.012, h2 ¼ 0.12). And only after
cliffhangers, objective sleep quality e measured as the ratio between slow-wave and beta activity during
sleep e was lower than in the other conditions (interaction effect, F(1,48) ¼ 5.05, p ¼ 0.029, h2 ¼ 0.10).

Our results speak against large impairments of pre-sleep watching of multiple episodes of suspenseful
TV series and cliffhangers on sleep quality and architecture. However, unfinished narratives might induce
more subtle changes in oscillatory power during sleep, possibly reflecting ongoing cognitive processing
during sleep.
© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Pre-sleep arousal is a critical factor explaining sleep
iopsychology and Methods,
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disturbances as it extends sleep onset latency, increases wake after
sleep onset and changes sleep architecture (e.g. reduction in slow-
wave sleep (SWS)). Particularly in insomnia patients, high levels of
arousal (sometimes also referred as “hyperarousal”) are strongly
related to the development and maintenance of sleep disturbances
and most theories on insomnia include arousal as central concept
[1e3]. For example, in the “Hyperarousal model of insomnia”,
Riemann et al. [4] describe the development from acute to chronic
insomnia in a framework of interacting components on the
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cognitive-behavioural level and the neurobiological level. In that
model, poor sleep would result from cognitive-emotional processes
that are dysfunctional and over-aroused. Accordingly, when those
cognitive-emotional processes are controlled and functional, for
example in people with high resilience, it allows to benefit from
restorative sleep [5]. Along these lines, pre-sleep arousal includes
physiological and cognitive aspects: Physiological arousal refers to
the sympathetic system leading to somatic changes, e.g., increased
heart rate and cortisol levels. In contrast, cognitive arousal refers to
negative and occupying thoughts like worries and rumination.
Physiological and cognitive arousal interact, but can also occur in
parallel or independent of each other [6e9].

Also in healthy individuals, pre-sleep arousal is suspected to be a
cause for sleeping difficulties, and it is commonly recommended to
avoid arousing activities before bedtime [4,10]. One common pre-
sleep activity in young healthy adults is watching suspenseful TV
series using streaming services. For example, the streaming portal
Netflix offers video on demand and streaming and has over 220
million users worldwide (netflix.com). Streaming services offer a
more flexible way of television and allow the user to watch the
desired content whenever they want [11]. This opportunity has led
to the development of watchingmultiple episodes of a TV series in a
row in one sitting, a phenomenon termed binge-watching [12]. In a
recent survey by Exelmans and Van den Bulck [13], 32% of binge-
viewing participants reported bad sleep quality. Furthermore, a
higher frequencyof binge-viewingwas associatedwith frequency of
insomnia symptoms and increased daytime fatigue. The association
between binge-watching and sleep qualitywasmainly explained by
increases in cognitive arousal after viewingmultiple episodes in one
sitting, possibly due to stronger cognitive involvement in the
storyline. In contrast, physiological arousal was a weaker predictor.
However, no objective sleep data was acquired in this study.

As streaming services have an interest in keeping viewers
watching, episodes typically have open endings in critical scenes,
leaving the viewers uncertain about how the story will develop. TV
series with such cliffhangers leave audience in full of suspense and
probably further increase cognitive arousal [14]. Unfinished narra-
tives and tasks are known to induce tension for completeness [15]
leading also to enhanced memory for unfinished tasks which is
known as the Zeigarnik Effect [16e18]. As proposed by the
cognitive-emotionalmodel of insomnia (e.g. [1,19]), cliffhangers can
be expected to further impair sleep due to the increased cognitive
arousal produced by the unresolved tension that needs resolution
[20]. However, the effects of cliffhangers on sleep are still unknown.

To fill this important scientific gap, we tested the effects of
binge-watching a suspenseful TV series with or without cliff-
hangers on sleep in healthy young participants in the sleep labo-
ratory. Following Exelmans and Van den Bulck [13], we predicted
that watching a suspenseful TV series will increase pre-sleep
arousal and delay objective sleep onset. In addition, we hypothe-
sized that TV series with cliffhangers further increase pre-sleep
arousal and have a more negative impact on sleep than TV series
without cliffhangers. In particular, according to the cognitive-
emotional model that links cognitive pre-sleep arousal to a
poorer sleep quality [1,19], we predicted that cliffhangers, due to
the unfinished narrative and increased rumination, also impair
ongoing sleep processes (i.e., a higher number of awakenings and
decreased depth of sleep).

2. Methods

2.1. Participants

Sixty-three healthy French-speaking individuals took part in all
sessions of the study. Seven participants were excluded due to
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invalid EEG signals and six had to be excluded due to insufficient
sleep in at least one of the two experimental nights (<6 h). The final
sample consisted of 50 young adults (39 females, mean
age ¼ 22.62 ± 2.60 [mean (M) ± standard deviation (SD)], age
range: 18e28 years).

Participants were recruited through an advertisement on social
media and received 130 CHF for their participation. They were not
taking any sleep-influencing medication and reported no neuro-
logical, psychiatric or sleep-related disorders. None of the partici-
pants was engaged in shift work or had intercontinental flights
within 6 weeks prior to their participation in the study. They were
instructed to avoid alcoholic and caffeinated beverages on experi-
mental days as well as the day before. The local ethics committee of
the University of Fribourg e Internal Review Board of the Depart-
ment of Psychology e and the Cantonal Board of the Canton de
Vaud (CH) approved the study (Project-ID: 2019-449), and all
participants gave written informed consent prior to participating.
The study was conducted in accordance with the Declaration of
Helsinki.

2.2. Design and procedure

We conducted an experiment with one within-subject factor
(suspenseful TV series vs non-suspenseful control TV series) and
one between-subject factor (cliffhanger vs no cliffhanger). Each
participant spent one adaptation night in the sleep laboratory of
the University of Fribourg, which was followed by two experi-
mental nights. On the latter, participants either watched a sus-
penseful TV series (suspense condition) or a non-suspenseful
documentary TV series (control condition), according to a cross-
over design. The order of the two conditions was balanced across
participants. In addition to the within-subject comparison between
the suspenseful TV series and the non-suspenseful control docu-
mentary, the presence of cliffhangers at the end of the TV series was
varied between subjects to test the effects of cliffhangers on sleep.
One group of participants (n ¼ 22) saw the suspenseful TV series
with a cliffhanger at the end (“cliff” group). For the other group of
participants (n¼ 28), the ending of the TV series was interrupted at
a point where the ongoing action had been completed (“no cliff”
group). Participants were randomly assigned to one of the two
groups and blinded regarding the group they were assigned to. The
study was a part of a larger study examining the effects of TV series
and cliffhangers on arousal and other parameters independent of
sleep [21].

Both experimental sessions started at 6.30 p.m. andwere spaced
one week apart from each other. Each session started with the
attachment of electrodes for recordings of electroencephalography
(EEG), electromyography (EMG), electrooculography (EOG), and
electrocardiography (ECG). Afterwards, participants watched the
respective TV series, which included three to four complete epi-
sodes with a total duration of approximately 3 h. In both experi-
mental sessions, participants completed standardised
questionnaires (see Questionnaires section) before and after the
binge-watching session. At four different time-points (before the
start of the viewing session, after two episodes, after the viewing
session and in the morning), saliva samples were collected. After
7.5 h of sleep, participants were woken up. At this point, subjective
sleep quality andmoodwere assessed (see Fig.1A, for a summary of
the experimental design and procedure).

2.3. Media content

We used four different TV series selected based on their sus-
penseful content (How to Get Away with Murder, Orphan Black,
Sense8 and The Sinner). In a screening questionnaire, participants

http://netflix.com


Fig. 1. Experimental procedure and manipulation checks. A) Procedure: Healthy young participants watched 3 h of either a suspenseful TV series or a control non-suspenseful
documentary in the evening before sleep in a cross-over design. They were then allowed to sleep for a full night of sleep (7.5 h). For one group of participants, the suspenseful TV
series was ending with a cliffhanger before sleep (“cliff” group; n ¼ 22); for the other group, the suspenseful TV series was manipulated to not end with a cliffhanger before sleep
(“no cliff” group; n ¼ 28). Sleep was measured using polysomnography including 32 EEG channels. B) Mean Heart Rate (HR) in beats per minute (bpm) during the sleep onset
period: in the “cliff” group, participants had a higher HR while falling asleep after watching the suspenseful TV series (dark grey) as compared to the control documentary (light
grey; t(21) ¼ �2.90, p ¼ 0.009); no difference was observed in the “no cliff” group (t(27) ¼ 1.34, p ¼ 0.193). The group � condition interaction was significant (F(1, 48) ¼ 10.55,
p ¼ 0.002). C) Cortisol level after the series: Cortisol values were higher after watching the suspenseful TV series compared with the non-suspenseful control TV series in the “cliff”
group, while the pattern was reversed in the “no cliff” group (F(1, 47) ¼ 4.51, p ¼ 0.039). D) Subjective stress level: participants reported higher stress levels after watching the
suspenseful TV series compared to the non-suspenseful documentary (main effect of condition: F(1, 47) ¼ 20.62, p < 0.001). The highest pre-sleep stress levels were reported after
watching the TV series with the cliffhanger. Means ± Standard Errors of the Means (SEM) are indicated. *: p < 0.05. **: p � 0.01. ***: p � 0.001.
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described their media consumption habits and indicated which TV
series they had already seen. Participants were assigned to one of
the four TV series, making sure that they had not seen it before. In
the control condition, we used a documentary TV series (Islands of
the Future) about neutral energy projects. This documentary TV
series contained no suspenseful content nor cliffhangers and
showed no continuity between the different episodes. All TV series
were presented on a 24-inch computer screen while the partici-
pants were sitting in a chair.

To examine the effects of cliffhangers on sleep, two versions of
the last episode of each selected TV series were created cutting the
narration at a different time point: one version ended abruptly
during a critical scene (“cliff”) and one version was interrupted at a
point where the ongoing action had been completed in order to end
the TV series in a calm situation (“no cliff”). Therefore, the content
of the TV series did not differ between the groups, but the duration
was slightly changed (mean duration overall ¼ 173 ± 2.85 min;
mean duration “cliff” ¼ 173 ± 3.04 min; mean duration “no
cliff” ¼ 172 ± 2.97 min [M ± SD]). From a questionnaire completed
at the end of the TV series, seven items were used to create a
subscale assessing the degree of suspense (see Appendix for the
188
items; Cronbach's alpha ¼ 0.88). According to this score of sus-
pense, the TV series were rated as significantly more suspenseful
than the control documentary (main effect of condition (suspense
vs control): F(1, 47) ¼ 322.04, p < 0.001, h2 ¼ 0.87) for both groups
(“cliff”, “no cliff”). On a scale from 1 (¼ not suspenseful) to 5 (¼ very
suspenseful), the mean score for the control documentary was
2.10 ± 0.48 and the mean score for the TV series all together was
3.85 ± 0.44 [M ± SD] (The Sinner:3.62 ± 0.32; Sense8: 3.80 ± 0.56;
Orphan Black: 4.09 ± 0.39; How to Get Away with
Murder: 3.91 ± 0.34). For more information on the effects of the TV
series and cliffhangers on enjoyment, arousal and intention to
continue watching see Ref. [21].
2.4. Questionnaires

Before entering the study, participants were asked to fill out a
questionnaire including questions on personal information (e.g.,
age, education), personality and habits regarding series consump-
tion and binge-watching (e.g., frequency, number of hours, moti-
vations, identification to characters, etc.).

During the first adaptation night, subjective sleep quality, sleep
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disturbances and chronotype were assessed using the French ver-
sions of the Pittsburgh Sleep Quality Index (PSQI; [22]) and the
Morningness-Eveningness-Questionnaire (MEQ; [23]; [24]).

Mood and stress were assessed before and after the binge-
watching session, as well as in the morning. The questionnaire
used was composed of four different sub-questionnaires: the
Multidimensional Mood State Questionnaire (MDBF; [25]), the
Positive and Negative Affective Schedule (PANAS; [26]), three
questions from the Self-Assessment Manikin (SAM; [27]) and a
stress scale from 0 (¼ totally relaxed) to 100 (¼ highest anxiety ever
felt). In addition, a questionnaire was specifically created for this
study to assess the emotions associated with the series (e.g.
appreciation of the series, identification and attachment to the
characters, transport into the universe of the series, will to continue
watching, etc.; see also [21]). This questionnaire was filled out
directly after watching the TV series. Mood data was missing for
one participant, resulting in a sample size of 49 participants.

Subjective sleep quality was measured in the morning with the
sleep quality subscale of the SF-A/R [28] which consists of four
indices assessing problems in the initiation and maintenance of
sleep, early awakenings with inability to return to sleep and general
sleep characteristics. This sleep quality subscale assesses if char-
acteristics of good sleep quality are absent (score ¼ 1) or strongly
present (score ¼ 5). Items from the question “How did you sleep
last night?”were also independently analysed: deep, good, relaxed,
agitated, uniformly, calm, and ample. Those items were rated on a
scale from 1 (¼ not at all) to 5 (¼ very much) (see also [29]). In
addition, subjective sleep onset latency (SOL), subjective wake after
sleep onset (WASO), subjective number of awakenings (NWAK)
were also analysed. Data for subjective sleep quality was missing
for 5 participants, resulting in a sample size of 45 participants in
this analysis.

At the end of the experiment, participants were asked about the
aim of the study and their understanding of the concept of “binge-
watching” in an open question format.

2.5. Cortisol

The production of the cortisol hormone can be used as a phys-
iological indicator for arousal, as it is thought to result from the
experience of mild psychological stressors [30,31]. Level of cortisol
was measured via saliva samples using salivette collection tubes
(Sarstedt AG, Sevelen, Switzerland). In both experimental sessions,
saliva samples were taken before the start of the TV series (sample
1, used as baseline sample), after two episodes of the TV series
(sample 2), at the end of the TV series (sample 3) and in the
morning directly after waking up (sample 4) (see Fig. 1A). After the
saliva collection, salivettes were stored in the fridge at 5 �C for two
days maximum and then sent to a laboratory for analysis. Level of
salivary cortisol are reported in nmol/l (nanomole per litre).
Cortisol data was missing for one participant, resulting in a sample
size of 49 participants for this analysis.

2.6. Polysomnographic recordings and analysis of sleep architecture

Electroencephalographic (EEG) data was recorded using a 32-
channels Easycap Net (Easycap GmbH, Herrsching) with a Brai-
nAmp amplifier (Brain Products, Gilching, Germany), at a sampling
rate of 500 Hz. The 32 used channels were the following, based on
the international 10e20 system: Fp1, Fp2, F3, F4, C3, C4, P3, P4, O1,
O2, F7, F8, T7, T8, P7, P8, Fpz, AFz, Fz, Cz, CPz, Pz, FC1, FC2, FC5, FC6,
CP1, CP2, CP5, CP6, M1, M2. FCz was used as a physical reference
and AFz as a ground electrode. Two electrodes were used to collect
electrooculographic (EOG) data, three chin electrodes were used to
collect electromyogram (EMG) data and two electrodes for
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electrocardiogram (ECG) data. Impedances were kept below 20 kU.
Following the AASM guidelines [32], electrodes were re-

referenced to the mastoids for offline analysis and sleep scoring.
Data was pre-processed with BrainVision Analyzer 2.2 (Brain
Products, Gilching, Germany), using standard filter settings sug-
gested by the AASM (e.g. EEG 0.3e35 Hz). For sleep analysis, an
automated and validated sleep scoring algorithm was used (The
SIESTA Group Schlafanalyse GmbH, Vienna; [33]). The algorithm
provides the analysis of sleep according to standard AASM criteria.
In addition, it provides a microstructural analysis of sleep including
arousal indices and an analysis of stage shifts from different sleep
stages.

The analyses of objective sleep parameters were carried out on
the total sleep time (TST) as well as on the first two sleep cycles, as
we were expecting the pre-sleep manipulation would mainly
impact the first half of the night [34,35].

2.7. Analysis of sleep cycles

A cycle analysis was performedwith the SleepCycles package for
R [36] which follows the criteria of Feinberg and Floyd [37]. These
criteria separate NREM and REM periods. A NREM period (NREMP)
starts with N1 with a minimal duration of 15 min. NREMP with a
duration longer than 120 min excluding waketime can be split in
two parts. Those periods can include waketime but no epochs of
REM sleep. An epoch of REM sleep following a NREMP starts a REM
period (REMP) automatically when it is longer than 5 min. The first
REMP is an exception as its duration can be less than 5 min. A new
cycle starts with the first N3 episode following a phase of more than
12 min with any other stage than N3 [38e40]. For each cycle, the
amount of N1, N2, N3, REM andWASO was calculated as well as the
duration of each cycle.

2.8. Analysis of spectral power

EEG data was pre-processed using BrainVision Analyzer 2.2
(Brain Products, Gilching, Germany). Data was filtered using a high
(0.1 Hz) and low-pass (40 Hz) filter with an additional notch filter at
50 Hz and re-referenced to the averaged mastoids. Only the data
from the first two cycles was analysed, segmented for NREM-REM
sleep (N2, N3, REM).

Data was segmented in 30s epochs of NREM-REM sleep (N2, N3,
REM) based on the results of the sleep scoring. Then, data was
segmented into equally sized segments of 2048 data points (4s)
with 102 points overlapping. Artefacts were rejected automatically,
and three criteria were used to select the segments to keep: (1) a
maximum difference in EMG activity <150 mV in both EMG chan-
nels, (2) a maximum voltage step in all EEG channels <50 mV/ms,
and (3) a maximum difference in EEG activity <500 mV in all EEG
channels. The number of removed segments were manually
checked for each artefact rejection step. Based on the number of
removed segments, heavy EMG artefacts were identified and
dropped if necessary. An automatic artefact rejectionwas chosen to
have standardised criteria for all data sets, although it does not
guarantee that small artefacts are correctly rejected. To ensure the
quality of the artefact rejection, each data set was also visually
checked. Moreover, the criteria for the automatic artefact rejection
used in the present study have already been used and proved
efficient in our previous studies (e.g. [29,41,42]). We used the
SleepTrip toolbox [43] for Matlab (Mathworks, Natick) to calculate
the average power values (mV2) for different frequency bands:
slow-wave activity (SWA; 0.5e4.5 Hz), theta activity (4.5e8 Hz),
alpha activity (8e11 Hz), slow spindles (11e13 Hz), fast spindles
(13e15 Hz) and beta activity (15e30 Hz) in the main EEG channels
(F3, F4, C3, C4, P3, P4, O1, O2) (see [44]). In addition, we calculated
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the ratio between SWA and beta activity as this measure is asso-
ciated with objective sleep quality [42,45]. Data was further ana-
lysed using Rstudio version 1.4.1717.

2.9. Analysis of ECG

Electrocardiogram (ECG) was analysed using Kubios HRV Pre-
mium 3.4.3 (Kubios, Oy, Kuopio). The ECG signal for pre-sleep (from
LightsOff to the first signs of N1) and for the first two cycles were
exported in EDF þ format using BrainVision Analyzer Version 2.2
(Brain Products GmbH, Gilching). Kubios HRV Premium offers an
automatic artefact correction based on the RR series (the interval
between two R-signals) to eliminate ectopic beats and artefacts in
unfiltered data [46]. Data was then analysed in a time and fre-
quency domain and subsequently used for the calculation of the
mean heart rate (mean HR measured in beats per minute [bpm])
which served as an index for physiological arousal [47]. Further-
more, Kubios provides an index to analyse the tone of the para-
sympathetic nervous system (PNS) and sympathetic nervous
system (SNS). Those two indices were used to evaluate an appro-
priate 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 [46].

2.10. Statistical analyses

Statistical analyses were performed using Rstudio version
1.4.1717. Data are presented as means ± standard errors. All vari-
ables were analysed using repeated-measures analysis of variance
(rmANOVA) including the within-subject factor condition (sus-
pense, control) and the between-subjects factor group (cliff, no
cliff). For oscillatory power during sleep, the within-subject factors
hemisphere (left, right) and topography (frontal, central, parietal,
occipital) were added when applicable (SWA, SW/Beta ratio).
Exploratory post-hoc tests for interactions and main effects con-
sisted of uncorrected paired Student's t-tests. In case of statistically
significant results, effect sizes are reported with partial eta squared
(h2; small effect: h2 � 0.06; medium effect: >0.06e0.14; large ef-
fect: �0.14) for main effects and interactions and Cohen's d for t-
tests (small effect: d � 0.2; medium effect: >0.2 - 0.8; large effect:
�0.8).

Associations were explored using Pearson product-moment
correlations. The level of significance was set to p � 0.05.

2.11. Data availability

Datasets analysed for the current study are available online on
https://osf.io/3stgh/.

3. Results

3.1. Manipulation check: effects of suspenseful TV series and
cliffhangers on pre-sleep arousal

We first analysed whether our manipulation of TV series con-
tent (suspenseful TV series vs. non-suspenseful control documen-
tary) resulted in the desired differences on pre-sleep arousal. On
the objective level, we analysed themean HR during the sleep onset
period (from LightsOff to the first sign of N1) and the level of
cortisol measured after watching the TV series. Regarding HR, only
the cliffhanger group exhibited a higher HR after watching the
suspenseful TV series (63.17 ± 1.45 bpm) during the sleep onset
period, compared to the control condition (58.77 ± 1.27 bpm;
t(21) ¼ �2.90, p ¼ 0.009, d ¼ 0.46). No difference was observed in
the “no-cliff” group (59.56 ± 0.91 bpm vs. 60.95 ± 1.01 bpm;
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t(27) ¼ 1.34, p ¼ 0.193, d ¼ 0.21) (see Fig. 1B). The interaction con-
dition (series vs control) x group (cliff vs no-cliff) was significant
(F(1, 48) ¼ 10.55, p ¼ 0.002, h2 ¼ 0.18). The main effect conditionwas
not significant (p ¼ 0.197). For cortisol measures after the end of TV
series watching, a significant interaction between condition and
group was again observed: Cortisol values were higher after
watching suspenseful TV series comparedwith non-suspenseful TV
series in the cliffhanger group, while the pattern was reversed in
the group without cliffhangers (F(1, 47) ¼ 4.51, p ¼ 0.039, h2 ¼ 0.09).
The main effects were not significant (both p-values >0.434, see
Fig. 1C). For the three other cortisol samples, no main effect nor
interaction effect were found (all p-values > 0.120). On the sub-
jective level, participants rated their level of stress on a scale from
0 (¼ totally relaxed) to 100 (¼ highest anxiety ever felt). Partici-
pants reported higher stress levels after watching the suspenseful
TV series compared to the non-suspenseful documentary (respec-
tively 26.29 ± 2.77 vs 15.49 ± 1.72, main effect of condition: F(1,
47) ¼ 20.62, p < 0.001, h2 ¼ 0.30). Highest pre-sleep stress levels
were reported after watching the TV series with the cliffhanger
(32.05 ± 3.39), which significantly differed from stress ratings after
watching the non-suspenseful documentary (16.32 ± 1.77,
t(21) ¼�3.98, p < 0.001, d¼ 0.83). In the groupwithout cliffhangers,
the difference was also significant (t(26) ¼ �2.36, p ¼ 0.026,
d ¼ 0.53). The interaction between the factors condition and group
showed a statistical trend (F(1, 47) ¼ 3.51, p ¼ 0.067, h2 ¼ 0.07, see
Fig. 1D), indicating that the difference between the suspenseful TV
series and the control tended to be bigger in the “cliff” group than in
the “no cliff” group. Thus, our manipulation was successful: binge-
watching a suspenseful TV series resulted in significantly increased
objective arousal in the “cliff” group and subjective arousal in both
the “cliff” and “no-cliff” group before sleep. In addition, cliffhangers
tended to increase pre-sleep arousal on the subjective and objective
level (see Table 1).

3.2. Subjective sleep parameters

Next, we analysed whether the increased arousal before and
during sleep caused by binge-watching a suspenseful TV series
resulted in impaired subjective sleep quality. In contrast to our
expectations, and despite the observed increases in pre-sleep
arousal after watching suspenseful TV series, we observed no sig-
nificant impairment of subjective sleep quality (SQ) (all p-values >
0.266, see Fig. 2A). No significant effects were found on the other
subjective measures (e.g. subjective sleep onset latency (SOL; see
Fig. 2B), wake after sleep onset (WASO) and the number of awak-
enings (NWAK); all p-values > 0.231; see Table 1). Additional
exploratory analyses revealed that participants felt that their sleep
was more agitated after watching a suspenseful TV series ending
with a cliffhanger, which was not the case in the “no cliff” group
(group x condition: F(1, 43) ¼ 4.25, p¼ 0.045, h2 ¼ 0.09) (see Fig. 2C).
No effects were found on the other self-assessment of how they
slept (e.g., deep, good, relaxed, uniformly, calm, ample; all p-values
> 0.154).

3.3. Objective sleep parameters

Also on the objective level, the results did not confirm our initial
hypothesis. Watching suspenseful TV series before sleep did not
significantly decrease sleep efficiency (all p-values > 0.181; see
Fig. 2D). For WASO and NWAK as well, no significant differences
were observed (all p-values > 0.545, see Table 1).

For objective SOL, the results even showed an opposite pattern
compared to our expectation: after watching a suspenseful TV se-
ries, participants fell asleep faster (11.67± 1.36min) comparedwith
the non-suspenseful documentary (15.64 ± 1.97 min; main effect

https://osf.io/3stgh/


Table 1
Values and analyses on Total Sleep Time.

Cliffhangers No cliffhangers Main effect of condition Interaction effect

Suspense Control Suspense Control F p h2 F p h2

Subjective Sleep Parameters
Sleep Quality 3.52 ± 0.11 3.64 ± 0.11 3.68 ± 0.11 3.77 ± 0.07 1.27 .266 .03 0.04 .836 <.01
SOL [min] 19.21 ± 1.85 21.32 ± 2.11 18.85 ± 1.70 18.65 ± 1.63 0.23 .634 .01 0.49 .488 .01
WASO [min] 12.63 ± 1.91 10.79 ± 1.73 7.50 ± 1.70 8.08 ± 1.54 0.13 .720 <.01 0.94 .337 .02
NWAK 1.53 ± 0.16 1.47 ± 0.19 1.38 ± 0.19 1.58 ± 0.16 0.14 .707 <.01 0.26 .610 .01
Sleep Depth 3.68 ± 0.15 3.53 ± 0.17 3.77 ± 0.16 3.92 ± 0.13 0.01 .905 <.01 0.70 .409 .02
Sleep Agitation 2.47 ± 0.14 2.00 ± 0.19 1.85 ± 0.16 2.19 ± 0.17 0.00 >.999 <.01 4.25 .045* .09
Objective Sleep Parameters
Sleep Efficiency [%] 94.67 ± 0.49 93.81 ± 0.38 93.82 ± 0.59 93.02 ± 0.74 1.84 .181 .04 0.00 .961 <.01
SOL [min] 10.00 ± 1.29** 15.32 ± 1.74 12.98 ± 1.41 15.89 ± 2.17 4.89 .032* .09 0.44 .509 .01
WASO [min] 14.00 ± 1.92 12.61 ± 1.25 14.73 ± 1.96 15.52 ± 1.80 0.01 .931 <.01 0.30 .584 .01
N1 [%] 7.38 ± 0.58 6.66 ± 0.37 7.28 ± 0.58 7.62 ± 0.52 0.07 .799 <.01 1.11 .298 .02
N2 [%] 40.95 ± 0.95 40.08 ± 0.73 39.20 ± 1.22 39.10 ± 1.21 0.25 .616 .01 0.19 .661 <.01
N3 [%] 30.12 ± 1.10 31.62 ± 1.11 34.10 ± 1.47a 32.08 ± 1.63 0.26 .610 .01 3.60 .064a .07
REM [%] 21.55 ± 0.64 21.65 ± 0.65 19.42 ± 0.63 21.20 ± 0.72 1.77 .190 .04 1.14 .291 .02
TST [min] 422.77 ± 2.21 422.05 ± 1.74 420.89 ± 2.86 418.61 ± 1.74 0.27 .603 .01 0.06 .801 <.01
SWS Latency [min] 17.57 ± 1.10 17.32 ± 1.32 14.63 ± 1.25 15.98 ± 1.36 0.14 .711 <.01 0.21 .650 <.01
REM Latency [min] 92.50 ± 5.18 96.91 ± 4.29 96.41 ± 6.41 97.70 ± 6.37 0.14 .709 <.01 0.05 .828 <.01
Arousals
Arousals in TST 136.23 ± 10.29 137.05 ± 9.15 139.11 ± 9.27 128.64 ± 8.89 0.74 .392 .02 0.77 .384 .02
Arousals in NREM 122.45 ± 10.33 123.77 ± 8.69 126.82 ± 8.95 117.71 ± 8.62 0.52 .473 .01 0.68 .412 .01
Arousals in REM 13.77 ± 1.06 13.27 ± 1.12 12.29 ± 1.40 10.93 ± 1.34 0.34 .561 .01 0.06 .801 <.01
Arousal Index (TST) 19.40 ± 1.47 19.46 ± 1.27 19.92 ± 1.33 18.61 ± 1.32 0.59 .446 .01 0.55 .463 .01
Arousal Index NREM 21.80 ± 1.65 22.34 ± 1.50 22.54 ± 1.58 21.59 ± 1.62 0.08 .782 <.01 0.47 .495 .01
Arousal Index REM 9.31 ± 0.71 8.92 ± 0.79 9.13 ± 1.13 7.30 ± 0.71 1.19 .281 .02 0.42 .519 .01

Notes: Subjective parameters are based on subjective ratings in the SF-A/R [28]. Objective values are based on polysomnographic recordings. Non-rapid eye movement sleep
(NREM), stage 1, 2, 3 sleep (N1, N2, N3), rapid eye movement sleep (REM), wake after sleep onset (WASO), total sleep time (TST), sleep onset latency (SOL), slow wave sleep
(SWS) latency, REM sleep latency are measured in minutes [min] and percentages indicate parietal percentage of TST [%]. Analysis with an automatic sleep scoring algorithm
(the SIESTA Group Schlafanalyse GmbH, Vienna) provides the number of arousals and arousal indexes. The number of arousals as well as the arousal indexes were analysed for
total sleep time (TST), NREM and REM sleep. Values are Means (M) ± Standard Error of Mean (SEM). * indicates p � 0.05, ** indicates p � 0.01, *** indicates p � 0.001, a

indicates p � 0.09. Significant results are highlighted in bold. h2 represent the effect sizes where a value below or equal to 0.2 reflects a small effect, a value between 0.2 and
0.14 reflects a medium effect, and a value above 0.14 represents a large effect.
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condition: F(1, 48)¼ 4.89, p¼ 0.032, h2¼ 0.09). At a descriptive level,
participants in the “cliff” group even had the shortest SOL in the
suspenseful TV series condition (10.00 ± 1.29 min), although the
interaction was not significant (p ¼ 0.509, see Fig. 2E and Table 1).

Regarding overall sleep architecture, we observed no significant
effect of watching a suspenseful TV series on TST or percentage of
N1, N2, or rapid eye-movement (REM) sleep relative to the TST.
Only for slow-wave sleep (SWS), the percentage of SWS (relative to
the TST) appeared to be lower in the TV series condition with
cliffhanger (30.12 ± 1.09%) compared to the control condition
(31.62± 1.11%). The opposite pattern occurred in the “no cliff” group
(suspense: 34.10 ± 1.47%; control: 32.08 ± 1.63%). This effect tren-
ded in the expected direction (F(1, 48) ¼ 3.60, p ¼ 0.064, h2 ¼ 0.07)
(see Fig. 2F and Table 1). Interestingly, this interaction effect was
significant when focussing on the first two sleep cycles (our main
analysis window for sleep oscillations; F(1, 48) ¼ 6.31, p ¼ 0.015,
h2 ¼ 0.12). Post-hoc pairwise comparison revealed that only the
difference in the “no cliff” group was significant (t(27) ¼ �2.14,
p ¼ 0.041, d ¼ 0.41), but not in the “cliff” group (p ¼ 0.16) (see
Fig. 3A and Table 2). SWS latency and REM latency and the cyclic
structure of sleep remained unaffected by our manipulation (all p-
values > 0.18).We also did not observe any effects of suspenseful TV
series on the number of arousals during sleep (see Table 1).

3.4. Effect of cliffhangers on arousal and oscillatory power during
sleep in the first two sleep cycles

Aswatching suspenseful TV series affected heart rate (HR) in the
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period of falling asleep, we examined HR also during the first two
sleep cycles (our main time window of analysis for the sleep os-
cillations; mean duration ¼ 198.98 ± 7.01 min, see Table 2). During
the first two sleep cycles in the “cliff” group, HR was significantly
higher (60.11 ± 1.24 beats per minute (bpm)), compared with the
control documentary (56.89 ± 0.98 bpm; t(21) ¼ �2.54, p ¼ 0.019,
d ¼ 0.41). The difference was not significant in the “no cliff” group
(t(27) ¼ �0.94, p ¼ 0.357, d ¼ 0.12) (see Fig. 3B and Table 2). How-
ever, the interaction showed only a statistical trend (F(1, 48) ¼ 3.27,
p ¼ 0.077, h2 ¼ 0.06), while the main effect of condition was sig-
nificant (F(1, 48) ¼ 6.76, p ¼ 0.012, h2 ¼ 0.12). Thus, arousal differ-
ences caused by watching a suspenseful TV series were maintained
during the first half of sleep and tended to be the highest for par-
ticipants who watched a suspenseful TV series ending with a
cliffhanger.

In addition to sleep architecture, we analysed the effects of
watching suspenseful TV series with or without cliffhangers on
oscillatory power in different frequency bands (slow-wave activity
(SWA; 0.5e4.5 Hz), theta (4.5e8 Hz), alpha (8e11 Hz), slow spindle
(11e13 Hz), fast spindle (13e15 Hz) and beta band (15e30 Hz)). We
observed lower power after watching a suspenseful TV series vs.
non-suspenseful control in the “cliff” group in SWA, theta and alpha
frequency bands, while this was not the case in the “no cliff” group
(see Table 2): For these three frequency bands, the interaction be-
tween the factors condition and group were significant (SWA: F(1,
48) ¼ 4.27, p ¼ 0.044, h2 ¼ 0.08; theta (F(1, 48) ¼ 7.80, p ¼ 0.007,
h2 ¼ 0.14; alpha (F(1, 48) ¼ 7.47, p ¼ 0.009, h2 ¼ 0.13). In the other
frequency bands (beta, slow spindles, fast spindles), the interaction



Fig. 2. Subjective and Objective Sleep Parameters after watching a suspenseful TV series (dark grey) or a non-suspenseful control documentary (light grey) in “cliff” and “no cliff”
groups. Subjective parameters are based on subjective ratings in the SF-A/R [28]; objective values are based on polysomnographic recordings. A) Subjective Sleep Quality (SQ):
subjective SQ was not impaired after watching suspenseful TV series (all p-values >0.266). B) Subjective Sleep Onset Latency (SOL) in minutes: no significant changes were
observed (all p-values >0.488). C) Subjective Sleep Agitation Score: a more agitated sleep was reported after watching a suspenseful TV series in the “cliff” group, while this was
not the case in the “no cliff” group (Interaction: F(1, 43) ¼ 4.25, p ¼ 0.045). D) Objective Sleep Efficiency (SE; %): watching suspenseful TV series before sleep did not significantly
decrease SE (all p-values >0.181). SE represents the percentage of time spent asleep while in bed (the amount of time spent asleep (in minutes) is divided by the total amount of
time in bed (in minutes)). E) Objective Sleep Onset Latency (SOL) in minutes: participants fell asleep faster after watching a suspenseful TV series compared to the non-
suspenseful documentary (main effect of condition: F(1, 48) ¼ 4.89, p ¼ 0.032). The shortest SOL was observed in the “cliff” group, after the suspenseful TV series. F) Percent-
age of Slow-Wave Sleep (SWS) relative to the Total Sleep Time (TST): in the “cliff” group, percentage of SWS was lower in the suspense condition compared to the control condition,
while the opposite pattern was observed in the “no cliff” group. This interaction showed a statistical trend (F(1, 48) ¼ 3.60, p ¼ 0.064). Means ± Standard Errors of the Means (SEM)
are indicated. *: p < 0.05. **: p � 0.01. ***: p � 0.001. þ: p < 0.07.
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did not reach significance (all p-values >0.826). A main effect of
condition was observed in the fast spindle band, indicating that, in
both groups (“cliff” and “no cliff”), a higher power was measured in
the suspense condition (“cliff”: 0.27 ± 0.02; “no cliff”: 0.27 ± 0.03),
compared to the control condition (“cliff”: 0.25 ± 0.02; “no cliff”:
0.25 ± 0.03) (F(1, 48) ¼ 5.49, p ¼ 0.023, h2 ¼ 0.09). We observed no
main effect of condition in the other frequency bands (all p-values>
0.183, see Table 2). No interactions were found between the factors
topography and condition for any of the frequencies analysed (all p-
values > 0.153), revealing that the respective power did not differ in
location between the two conditions. Similarly, the three-way
interaction between the factors topography, condition and group
was not significant (all p-values > 0.162).

Regarding the ratio between power in the SWA band and the
beta band (SWA/beta ratio), which is considered an indicator of
sleep quality [42], the interaction between condition, group and
hemisphere (left, right) was significant (F(1, 48) ¼ 5.05, p ¼ 0.029,
h2 ¼ 0.10). Therefore, separate analysis for each hemisphere were
conducted, revealing that this effect was mainly driven by the right
hemisphere. Indeed, the interaction between condition and group
was significant in the right hemisphere (F(1, 48) ¼ 4.86, p ¼ 0.032,
h2 ¼ 0.09), but not in the left hemisphere (F(1, 48) ¼ 2.77, p ¼ 0.103,
h2 ¼ 0.05). In both hemispheres, the difference between conditions
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and groups showed the same pattern: in the “cliff” group, the ratio
was lower in the suspense condition compared to the control
condition, while the opposite was observed in the “no cliff” group.
Post-hoc pairwise t-tests only showed a statistical trend in the right
hemisphere for the “cliff” group (t(21) ¼ 1.91, p ¼ 0.069, d ¼ 0.33),
while the other t-tests showed no significance (all p-values > 0.135)
(see Fig. 3C and D and Table 2). Similarly to the other frequencies,
no interactions were found between the factors topography and
condition (all p-values > 0.205) nor between the factors topog-
raphy, condition and group (all p-values > 0.337).

3.5. Correlations

In a follow-up analysis, we further investigated whether the
increased stress level and mean HR while falling asleep were
correlated to the results found in the sleep parameters. Therefore,
correlation analyses were performed. For each variable, the differ-
ence between the values from the suspenseful TV series condition
and the non-suspenseful control condition were calculated (sus-
pense e control). We were specifically interested in the effect of
subjective and objective arousal measures on sleep onset latency
(SOL), as SOL was significantly reduced after watching the sus-
penseful TV series compared to the control condition.



Fig. 3. Analyses on the first two sleep cycles. A) Percentage of Slow-Wave Sleep (SWS) relative to the total time in the first two sleep cycles: in the “cliff” group, percentage of
SWS was lower in the suspense condition compared to the control condition, while the opposite patter was observed in the “no cliff” group (Interaction: F(1, 48) ¼ 6.31, p ¼ 0.015). B)
Mean Heart Rate (HR) in beats per minute (bpm) in the first two sleep cycles: in the “cliff” group, HR was significantly higher in the suspenseful series condition compared with
the non-suspenseful control condition (t(21) ¼ �2.54, p ¼ 0.019). The difference was not significant in the “no cliff” group (t(27) ¼ 0.94, p ¼ 0.357). The interaction only showed a
statistical trend (F(1, 48) ¼ 3.27, p ¼ 0.077). Ratio between power in the SWA band and the beta band (SWA/beta ratio) in microvolts (mV2) in the left (C) and in the right (D)
hemisphere: in both hemispheres, the differences between conditions and groups showed the same pattern: in the “cliff” group, the ratio was lower in the suspenseful TV series
condition compared to the non-suspenseful control condition, while the opposite was observed in the “no cliff” group. The group � condition interaction was significant only in the
right hemisphere (F(1, 48) ¼ 4.86, p ¼ 0.032). Means ± Standard Errors of the Means (SEM) are indicated. *: p < 0.05. **: p � 0.01. ***: p � 0.001.
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Of note, higher differences in subjective arousal before sleep
correlated negatively with differences in objective sleep latency
measures, particularly in the “cliff” group (r¼�0.48, p¼ 0.023) and
on a descriptive level also in the “no cliff” group (r ¼ �0.11,
p ¼ 0.592). The two correlations did not significantly differ
(z ¼ �1.36, p ¼ 0.175). Thus, more subjective arousal in the sus-
pense vs. control conditions appeared to predict shorter SOL in the
suspense vs. control conditions (see Fig. 4A). For the “cliff” group,
the same negative association was descriptively observed also for
objective arousal (mean heart rate, r ¼ �0.33, p ¼ 0.136). However,
the “no cliff” group showed a significant positive association, with
higher heart rate differences predicting longer SOL differences
(r ¼ 0.51, p ¼ 0.005). The two correlations were highly significantly
different from each other (z ¼ �2.98, p ¼ 0.003; see Fig. 4B). Thus,
cliffhangers in TV series appear to influence associations between
objective pre-sleep arousal measures and SOL, resulting in the
unexpected reduction of SOL after watching TV series with
cliffhangers.
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4. Discussion

In this study, we examined the impact of watching 3 h of a
suspenseful TV series with and without cliffhangers on subsequent
objective and subjective sleep quality in the sleep laboratory. We
hypothesized that binge-watching a suspenseful TV series before
sleep would negatively impact subjective and objective parameters
of sleep and that this impact would be even stronger for TV series
ending with a cliffhanger. In contrast to our expectations, we
observed only minor effects of watching suspenseful TV series on
subsequent sleep: Objective sleep parameters like sleep efficiency,
total sleep time, wake after sleep onset and proportion of sleep
stages N1, N2 and REM sleep all remained unaffected by our
experimental manipulation. In fact, sleep onset latency (SOL)
showed the opposite result pattern: participants fell asleep faster
after watching 3 h of a suspenseful TV series compared to watching
3 h of a non-suspenseful control documentary. Subjective sleep
quality scores were also comparable across the different experi-
mental conditions.



Table 2
Values and analyses in the first two sleep cycles.

Cliffhangers No cliffhangers Main effect of condition Interaction effect

Suspense Control Suspense Control F p h2 F p h2

Sleep Cycles
Number of Cycles 4.95 ± 0.14 4.77 ± 0.11 4.93 ± 0.12 4.78 ± 0.10 1.37 .247 .03 0.01 .905 <.01
Mean Cycle Duration [min] 91.31 ± 4.75 90.28 ± 4.81 89.07 ± 4.39 93.54 ± 4.90 0.55 .464 .01 0.70 .407 .01
Mean Duration Cycle 1 99.84 ± 5.30 105.61 ± 4.29 97.07 ± 4.84 104.39 ± 6.09 1.08 .304 .02 0.01 .905 <.01
Mean Duration Cycle 2 102.09 ± 5.19 91.57 ± 3.90 95.96 ± 2.93 99.63 ± 4.59 0.26 .615 .01 1.90 .174 .04
Mean Duration Cycle 1 and 2 201.93 ± 8.41 197.18 ± 6.34 193.04 ± 5.18 204.02 ± 8.08 0.22 .643 <.01 0.80 .375 .02
Objective Sleep Parameters
WASO [%] 1.73 ± 0.19 1.78 ± 0.29 1.76 ± 0.29 2.01 ± 0.36 0.25 .621 .01 0.09 .762 <.01
N1 [%] 7.19 ± 0.59 6.28 ± 0.42 6.29 ± 0.57 6.88 ± 0.54 0.02 .903 <.01 1.57 .216 .03
N2 [%] 32.39 ± 1.38 30.89 ± 1.11 27.43 ± 1.36 28.48 ± 1.24 0.00 .954 <.01 1.28 .264 .03
N3 [%] 41.97 ± 1.64 45.49 ± 1.52 50.75 ± 1.85** 46.23 ± 1.74 0.38 .540 .01 6.31 .015* .12
REM [%] 16.71 ± 1.08 15.55 ± 1.01 13.77 ± 0.97 16.39 ± 0.84 0.66 .421 .01 2.53 .118 .05
Heart Rate Variability (HRV)
Mean HR [bpm] 60.11 ± 1.24* 56.89 ± 0.98 59.46 ± 0.87 58.77 ± 0.83 6.76 .012* .12 3.27 .077a .06
SNS index ¡1.05 ± 0.13* ¡1.35 ± 0.09 �1.19 ± 0.09 �1.23 ± 0.08 4.68 .036* .09 3.00 .090a .06
PNS index 1.54 ± 0.23 1.95 ± 0.22 1.52 ± 0.19 1.52 ± 0.15 1.30 .259 .03 1.76 .191 .04
Oscillatory Power [mV2]
SWA 12.09 ± 1.04 13.41 ± 1.18 18.26 ± 1.97 16.73 ± 1.80 0.16 .687 <.01 4.27 .044* .08
Theta 0.84 ± 0.05 0.89 ± 0.06 1.15 ± 0.08 1.07 ± 0.07 0.74 .395 .02 7.80 .007** .14
Alpha 0.46 ± 0.05 0.49 ± 0.05 0.57 ± 0.06 0.53 ± 0.05 0.75 .391 .02 7.47 .009** .13
Beta 0.03 ± 0.002 0.03 ± 0.002 0.04 ± 0.003 0.03 ± 0.003 2.85 .098 .06 0.02 .880 <.01
Slow Spindles 0.34 ± 0.03 0.34 ± 0.03 0.32 ± 0.03 0.32 ± 0.03 0.00 .965 <.01 0.05 .826 <.01
Fast Spindles 0.27 ± 0.02 0.25 ± 0.02 0.27 ± 0.03 0.25 ± 0.02 5.49 .023* .10 0.04 .839 <.01
SWA/Beta ratio right 397.66 ± 27.39 451.66 ± 29.00 521.96 ± 39.91 488.32 ± 34.96 0.06 .804 <.01 4.86 .032* .09
SWA/Beta ratio left 399.79 ± 25.76 440.77 ± 28.05 500.61 ± 36.84 479.77 ± 32.54 0.12 .732 <.01 2.77 .103 .05

Notes: Objective values are based on polysomnographic recordings. Sleep cycles are calculated using the “SleepCycle” R-package [36] based on the criteria of Feinberg& Floyd
[37]. Non-rapid eyemovement (NREM)-sleep, stage 1, 2 and 3 sleep (N1, N2, N3), rapid eyemovement sleep (REM), wake after sleep onset (WASO) are reported in percentages
[%] relative to the total time in the first two sleep cycles. Heart rate (HR, in beats per minute (bpm)), sympathetic nervous system (SNS)- and parasympathetic nervous system
(PNS)- indexes (provided by Kubios (Kubios Oy, Kuopio)) calculated during the first two sleep cycles were used as an objective measure. Oscillatory power in the first two sleep
cycles were calculated in different frequency bands and reported in microvolts. Values are Means (M) ± Standard Error of Mean (SEM). * indicates p � 0.05, ** indicates
p� 0.01, *** indicates p� 0.001, a indicates p� 0.09. Significant results are highlighted in bold. h2 represent the effect sizes where a value below or equal to 0.2 reflects a small
effect, a value between 0.2 and 0.14 reflects a medium effect, and a value above 0.14 represents a large effect.
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This unexpected result pattern cannot be explained by missing
arousal before sleep. Participants generally indicated significantly
higher arousal levels after watching the suspenseful TV series
compared to the non-suspenseful control documentary. However,
heart rate during the period of falling asleep and cortisol levels
were only increased after watching suspenseful TV series with
cliffhangers. Still, participants in the cliffhanger group as well fell
asleep faster after watching the suspenseful TV series vs the non-
suspenseful control documentary. Thus, we have to conclude that
arousal induced by suspenseful TV series with or without cliff-
hanger does not lead to impairments in neither objective nor
subjective sleep quality in healthy young adults.

In previous studies, physiological pre-sleep arousal had been
correlated with negative effects on SOL [48e51], TST [51e53], sleep
efficiency [53,54] or subjective sleepiness [50]. Also greater
cognitive arousal has been associated with prolonged SOL both in
adults [35,55,56] and in adolescents [57,58]. Similarly, pre-sleep
arousal specifically induced by media use before sleep has been
shown to prolong sleep onset [50,57,59,60]. Some authors have
suggested that the use of media (watching TV, playing video games,
using computers, usingmobile phones, or listening tomusic) before
sleep would contribute to a greater cognitive arousal (mental
activation such as thoughts and worries), which increases the dif-
ficulty to fall sleep [57]. The results of our study do not support this
conclusion, as participants fell asleep faster after watching the
suspenseful TV series, despite an increased pre-sleep arousal. We
could speculate that watching the TV series was more interesting
and involving than watching the documentary, which might have
led to boredom after the documentary, which is known to elicit
negative affective states such as frustration, sadness or anger [61]. If
the documentary was not interesting or exciting for the subjects, it
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might have elicited those negative affective states which might
have delayed sleep onset, similarly to ruminations or repetitive
thoughts, without increasing pre-sleep arousal. Several studies
have found that repetitive thought results in a lower sleep quality
[62e65]. This is also in line with studies showing that cognitive
arousal without an emotional component led to a prolonged SOL
[35] and that a cognitive arousal eliciting anxiety led to a decreased
SOL [51]. However, in this case, the association between pre-sleep
mental activity and sleep onset latency is probably more complex
and cannot simply be explained by increases in pre-sleep arousal,
as the exact content of the pre-sleep mentation might be relevant.

Our results are also not in line with the findings of a survey
reported by Exelmans and Van den Bulck [13] who showed that the
negative effects of binge-watching on subjective sleep quality were
mediated by pre-sleep arousal. However, the setting of this study
was quite different: In the survey, participants reported on their
usual binge-watching habits and their subjective arousal and sleep
quality level over a period of a month in their home settings. Our
study took place in the highly controlled environment of a sleep
laboratory using polysomnographic recordings. Most importantly,
participants watched TV series for 3 h in all our experimental
conditions. Thus, we have no data on objective and subjective sleep
quality of our participants when they did not watch anything
before sleep. While sleep quality was generally still high in our
sample, we cannot exclude that participants would sleep even
better when they would have not watched anything before going to
sleep, or even used the time to performmore relaxing activities. In a
previous study, we have shown that 30 min progressive muscle
relaxation before sleep decreased sleep onset latency compared to
30 min of social media use [66]. Thus, we would expect that no or
even relaxing pre-sleep activities would have shortened sleep



Fig. 4. Correlations between Subjective and Objective pre-sleep stress and Objective Sleep Onset Latency (SOL; in minutes) in the “cliff” and “no cliff” groups. For each
variable, the difference between the values from the suspense condition and the control condition were calculated (suspense e control). A) Correlation between differences in
subjective pre-sleep stress level and SOL. More subjective arousal in the suspense vs control conditions predicted shorter SOL in the suspense vs control conditions, specifically in
the “cliff” group (left). The two correlations were however not significantly different from each other (z ¼ �1.36, p ¼ 0.175). B) Correlation between differences in objective pre-
sleep stress (mean Heart Rate) and SOL. In the “cliff” group (left), more objective arousal in the suspense vs control conditions predicted shorter SOL in the suspense vs control
conditions, while the opposite pattern was observed in the “no cliff” group. The two correlations were significantly different from each other (z ¼ �2.98, p ¼ 0.003). *: p < 0.05. **:
p � 0.01.
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latency and increased sleep quality also in our sample. However,
that was not the primary goal of the study. Importantly in a real-life
setting, pre-sleep media use (and specifically binge-watching of
multiple TV series) decreases the time available for sleep, as people
delay their sleep onset with typically fixed awaking times the next
morning due to school or work schedules. By decreasing time
available for sleep, media use and binge-watching clearly has
negative effects on sleep, which was not tested in the current study.
In addition, here we studied only one occasion of 3-h binge-
watching, while in real-life, binge-watching can occur more
repeatedly or even chronically. In a recent survey which focused on
binge-watching habits over longer time periods (i.e., a month), it
has been shown that chronic excessive binge-watching behaviours
are related to poor sleep and that those behaviours were partly
explained by emotional dysregulation [67]. Similarly, the survey
done by RExelmans and Van den Bulck [13] reported sleep prob-
lems in habitual binge-watchers, which were mediated by pre-
sleep arousal. These survey results differ from the minor effects
of one binge-watching occasion on sleep measured in the sleep
laboratory reported in our study. It might be possible that the ef-
fects of habitual binge-watching behaviours on sleep are stronger
compared to the effects of one occasion of binge-watching, raising
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the possibility of “trait-state” differences of these effects. As we did
not include a group of habitual binge-watchers in our laboratory
experiment, future studies are needed to examine the effects of
binge-watching habits on objective sleep parameters.

In our study, wewere also specifically interested in the effects of
cliffhangers on subsequent sleep. As TV series with such cliff-
hangers leave audience in full of suspense [14] and because un-
finished narratives and tasks are known to induce tension for
completeness [15]; e.g. Zeignarik Effect; [16e18], we expected sleep
effects to be larger for TV series with cliffhangers compared to TV
series without cliffhangers. In fact, already before sleep, sus-
penseful TV series with cliffhangers increased heart rate and
cortisol levels compared to the non-suspenseful documentary,
while this effect was not observed in the group without cliffhanger.
Further, subjective arousal levels also tended to be larger with
cliffhangers. While cliffhangers had no strong additional effect on
subsequent sleep, participants reported to be more agitated after
sleep when they had watched TV series with cliffhangers. In
addition, we observed a trend for less slow-wave sleep (SWS) after
TV series with cliffhangers compared to TV series without cliff-
hangers. This trend was significant when restricting the analysis to
the first two cycles of sleep, and was accompanied by a reduction in
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the slow-wave/beta ratio, particularly over the right hemisphere.
Similarly, slow-wave, theta and alpha power were reduced after
suspenseful TV series with cliffhangers compared to the non-
suspenseful documentary, which was not observed in the group
watching TV series without cliffhangers. During the first two sleep
cycles, heart rate continued to be higher after watching suspenseful
TV series with cliffhangers compared to the non-suspenseful
documentary, which we did no observe in the no cliffhanger group.

Taken together, suspenseful TV series ending with a cliffhanger
appear to have lasting effects on cognitive and physiological arousal
that are detectable at least during the first two sleep cycles. These
increases in arousal decrease the amount of deep sleep (SWS) and
characteristic sleep oscillations (SWA/Beta ratio). A possible
explanation for these findings is that cognitive arousal induced
before sleep remains active during the first sleep periods and re-
duces sleep depth. We have previously suggested that the content
of pre-sleep cognitive activity might be spontaneously reactivated
during subsequent sleep [68], similarly to the assumed reactivation
of memories during sleep [69,70]. This repeated reactivation of pre-
sleep cognitive content during sleep could activate associated
physiological arousal networks and wake-promoting brain regions
thereby reducing sleep depth. In line with this hypothesis, we have
recently shown that activating cognitive concepts of relaxation
during sleep by presenting word cues increased the time spent in
slow-wave sleep and induced event-related increases in slow
oscillatory power [29]. Thus, the suspense associated with the open
endings after watching TV series with cliffhangers could have been
spontaneously reactivated during sleep, thereby activating physi-
ological arousal processes and reducing sleep depth. Our finding of
an increased heart rate during the first two sleep cycles support this
notion. Future studies are needed to examine whether targeted
reactivation of the suspenseful open endings using associated word
cues could decrease sleep depth even further.

An alternative explanation is that after watching TV series with
cliffhangers, the suspense associated with open endings increased
physiological arousal already before sleep, which then simply
remained increased throughout the first two sleep cycles. For this
explanation, we do not need the assumption of a reactivation of
cognitive content during sleep. We consider this explanation un-
likely due to two reasons: First, sleep onset was not increased by
increases in physiological arousal before sleep. Thus, the induced
pre-sleep physiological arousal was apparently not strong enough
to disturb sleep onset processes. In fact, it even facilitated sleep
onset, as indicated by the negative correlation between increased
in heart rate and sleep onset latency in the cliffhanger group.
Second, the time course of a sustained physiological arousal re-
sponses is typical in the range of 30e60 min after the stressful
event (see e.g. [48]. We have recently shown that sleep alterations
after a pre-sleep stressor are detectable only up to 30e60 min [48].
As we observe the effects over two sleep cycles (ca. three hours), it
appears to be unlikely that the reported changes in sleep after
cliffhangers can be explained by a sustained physiological stress
response induced by cliffhangers. Note also that 3-h watching of a
suspenseful TV series vs. a non-suspenseful documentary should
create a much larger difference in our physiological arousal system
compared to watching TV series with or without cliffhangers,
which probably mostly affects cognitive aspects of arousal. How-
ever, this remains a speculation, as the current study does not allow
to clearly separate between cognitive and physiological aspects of
arousal.

Our study has several limitations. First, as a control condition,
we chose to present a non-suspenseful documentary TV series,
because we were mainly interested in the effects of suspense and
cliffhangers, and not in the effects of watching per se. However, our
non-suspenseful documentary might not have been “neutral” as it
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could have elicited boredom, angriness, or frustration. Moreover, as
the control condition also implies watching multiple episodes
before sleep, we did not have a condition without pre-sleep
manipulation. Thus, our design does not provide a comparison
with “normal” sleep without binge-watching, which would have
enabled to examine also the time-consuming effects of watching
multiple TV series at bedtime. Furthermore, our study did include
only healthy young participants whichwere all good sleepers. Thus,
our results cannot be generalised to participants with sleeping
difficulties or sleep disorders. Furthermore, we did not specifically
include a group with a high habitual level of binge-watching, who
might differ in several dimensions from the sample included here
[71]. Furthermore, we did not look at the addictive component of
binge-watching, which might be relevant in understanding the link
between binge-watching and sleep in real-life settings [72].

In sum, our results indicate that watching 3 h of a suspenseful
TV series has only minor effects on subjective and objective sleep
parameters in young healthy adults compared to watching 3 h of a
non-suspenseful documentary. However, TV series ending with
cliffhangers can increase aspects of arousal and can reduce the
recovery function of sleep, e.g. by decreasing sleep depth and
associated brain oscillations in the first two cycles of sleep. We
conclude that unfinished cognitive content encountered before
sleep should be seen as problematic. To promote sleep, we
recommend reducing the use of cliffhangers in TV series, or at least
offer options to close the story lines before going to sleep or stop
the episode before the cliffhanger. Cliffhangers are used by
streaming services to encourage users to continue watching, which
delays bed time even further, which clearly can have detrimental
effects on sleep. Thus, while watching suspenseful TV series before
sleep did not impair sleep quality in our study, we would still
recommend to restrict the time of media use to allow for sufficient,
age-adequate sleep opportunities, which are important for optimal
health and cognitive functioning.
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Appendix

From a questionnaire completed at the end of the TV series, the
seven following items were used to create a subscale assessing the
degree of suspense.

1) A la fin de chaque �episode, j’�etais curieux.se de savoir la suite.
2) Lorsqu'un �episode se terminait, je voulais vraiment visionner le

prochain.
3) J'ai continu�e �a regarder le prochain �episode, uniquement car

l’�etude le demandait.
4) Cela me frustre de ne pas savoir comment l'histoire continue.
5) Je suis tr�es excit�e.e de voir comment l'histoire continue.
6) Je veux vraiment voir le prochain �episode de la s�erie pour savoir

comment cela continue.
7) Cela me rend nerveux.se de ne pas connaitre la fin de l'histoire.

The answering scale was the following: ‘pas du tout’, ‘un peu’,
‘moyennement’, ‘beaucoup’, ‘tout �a fait’.
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