ETH Library

The Effect of Vestibular
Stimulation on Sleep and CardioRespiratory Functions
Doctoral Thesis
Author(s):
Omlin, Ximena
Publication date:
2015
Permanent link:
https://doi.org/10.3929/ethz-a-010642843
Rights / license:
In Copyright - Non-Commercial Use Permitted

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.

DISS. ETH NO. 22939

The Effect of Vestibular Stimulation on
Sleep and Cardio-Respiratory Functions
A thesis submitted to attain the degree of
DOCTOR OF SCIENCES of ETH ZURICH
(Dr. sc. ETH Zurich)

presented by
Ximena Tamara Omlin

MSc ETH HMS, ETH Zurich
born on 21.01.1986
citizen of Sachseln (OW)

accepted on the recommendation of

Prof. Dr. R. Riener, examiner
Prof. Dr. P. Achermann, co-examiner
Prof. Dr. L. Jäncke, co-examiner

2015

Para Abu

TABLE OF CONTENTS

I.
II.
III.
IV.
V.
VI.
VII.

ACKNOWLEDGMENTS.................................................................................................. 9
PREFACE ......................................................................................................................... 13
LIST OF FIGURES.......................................................................................................... 15
LIST OF TABLES............................................................................................................ 17
LIST OF ABBREVIATIONS.......................................................................................... 19
ABSTRACT ...................................................................................................................... 21
ZUSAMMENFASSUNG.................................................................................................. 23

1.

INTRODUCTION ............................................................................................................ 25
1.1.
Biology of Sleep ........................................................................................................ 25
1.1.1. Sleep Architecture ................................................................................................. 25
1.1.2. Brain Oscillations.................................................................................................. 28
1.1.3. Sleep Disturbances & its Therapy ......................................................................... 29
1.2.
Sleep & Vestibular Stimulation ................................................................................. 30
1.2.1. Vestibular System ................................................................................................. 30
1.2.2. Rocking Movements to Improve Sleep ................................................................. 32
1.3.
Respiration & Vestibular Stimulation........................................................................ 34
1.3.1. Vestibulo-Respiratory Response ........................................................................... 34
1.3.2. Respiratory Processes during Sleep....................................................................... 35
1.3.3. Cardio-Respiratory Coupling ................................................................................ 36
1.4.
Aims & Structure of the Thesis ................................................................................. 37
2. ACTUATED BED PLATFORMS .................................................................................. 39
2.1.
Tendon-Based Parallel Robotic Bed.......................................................................... 40
2.1.1. System Requierments ............................................................................................ 40
2.1.2. System Setup ......................................................................................................... 41
2.2.
Robotic Bed Platforms............................................................................................... 42
2.2.1. System Requierements .......................................................................................... 42
2.2.2. System Setup ......................................................................................................... 43
3. EFFECT OF VESTIBULAR STIMULATION ON RELAXATION .......................... 45
3.1.
Background................................................................................................................ 45
3.2.
Methods ..................................................................................................................... 46
3.2.1. Subjects ................................................................................................................. 46
3.2.2. Trajectory Definition............................................................................................. 46
3.2.3. Experimental Protocol........................................................................................... 47
5

3.2.4. Physiological Recordings & Data Analysis .......................................................... 48
3.2.5. Questionnaire ........................................................................................................ 49
3.2.6. Statistical Analysis ................................................................................................ 49
3.3.
Results ....................................................................................................................... 49
3.3.1. EEG ....................................................................................................................... 49
3.3.2. Heart Rate & Heart Rate Variability ..................................................................... 50
3.3.3. Respiration ............................................................................................................ 50
3.3.4. Questionnaire ........................................................................................................ 51
3.4.
Discussion.................................................................................................................. 52
3.4.1. Brain Activity........................................................................................................ 52
3.4.2. Cardio-Respiratory Signals ................................................................................... 52
3.4.3. Questionnaire ........................................................................................................ 53
3.5.
Conclusion & Outlook............................................................................................... 54
4. EFFECT OF VESTIBULAR STIMULATION ON RESPIRATION ......................... 55
4.1.
Background................................................................................................................ 55
4.2.
Methods ..................................................................................................................... 56
4.2.1. Subjects ................................................................................................................. 56
4.2.2. Experimental Protocol........................................................................................... 56
4.2.3. Physiological Recordings & Data Analysis .......................................................... 57
4.2.4. Statistical Analysis ................................................................................................ 58
4.2.5. Supplementary Study ............................................................................................ 58
4.3.
Results ....................................................................................................................... 59
4.3.1. Respiration ............................................................................................................ 59
4.3.2. Heart Rate & Heart Rate Variability ..................................................................... 60
4.4.
Discussion.................................................................................................................. 61
4.5.
Conclusion & Outlook............................................................................................... 62
5. EFFECT OF VESTIBULAR STIMULATION ON SLEEP AND MEMORY........... 65
5.1.
Background................................................................................................................ 65
5.2.
Methods ..................................................................................................................... 67
5.2.1. Subjects ................................................................................................................. 67
5.2.2. Movement Selection.............................................................................................. 67
5.2.3. Experimental Protocol........................................................................................... 68
5.2.4. Declarative Memory Task ..................................................................................... 69
5.2.5. Physiological Recordings & Data Analysis .......................................................... 70
5.2.6. Statistical Analysis ................................................................................................ 71
5.3.
Results ....................................................................................................................... 72
5.3.1. Movement Selection.............................................................................................. 72
5.3.2. Sleep Architecture ................................................................................................. 72
5.3.3. Spectral Analysis................................................................................................... 73
5.3.4. Sleep Spindles & Slow Oscillations...................................................................... 74
5.3.5. Word-Pair Task ..................................................................................................... 75
5.4.
Discussion.................................................................................................................. 77
5.4.1. Motion Selection ................................................................................................... 77
5.4.2. Sleep Architecture ................................................................................................. 78
5.4.3. Sleep Oscillations & Spectral Power..................................................................... 80
5.4.4. Memory Performance............................................................................................ 82
5.5.
Conclusion & Outlook............................................................................................... 83

6

6.

VESTIBULAR STIMULATION AND CARDIO-RESPIRATORY FUNCTIONS
DURING SLEEP............................................................................................................. 85
6.1.
Background................................................................................................................ 85
6.2.
Methods ..................................................................................................................... 86
6.2.1. Subjects & Experimental Protocol ........................................................................ 86
6.2.2. Physiological Recordings & Data Analysis .......................................................... 87
6.2.3. Statistical Analysis ................................................................................................ 88
6.3.
Results ....................................................................................................................... 88
6.3.1. NREM & REM Sleep............................................................................................ 88
6.3.2. Sleep Onset............................................................................................................ 90
6.3.3. Subgroups.............................................................................................................. 91
6.4.
Discussion.................................................................................................................. 92
6.5.
Conclusion & Outlook............................................................................................... 95
7. GENERAL CONCLUSION ............................................................................................ 97
7.1.
Applicability of Vestibular Stimulation..................................................................... 97
7.2.
Effect of Vestibular Stimulation ................................................................................ 98
7.3.
Recommendations for Stimulation Parameters.......................................................... 99
7.4.
Limitations............................................................................................................... 101
8. OUTLOOK ..................................................................................................................... 103
9. REFERENCES ............................................................................................................... 105

7

8

I. ACKNOWLEDGMENTS

The decision to conduct a PhD was the first step of many on a fascinating, unexpected and
challenging journey. Although at this point I was unaware of the entirety of my decision, I know
today that the successful completion of my thesis was only possible with the support of the
people, who joined me on this adventure. Every single one of my traveling companions made an
essential contribution to my work, independently of how long we shared a common path
throughout the 4.5 years of my PhD. To all of them I would like to express my sincere gratitude.
Firstly, I would like to thank my main doctoral supervisor Prof. Robert Riener, who supported
and guided me along my entire PhD. He gave me a basic concept of my thesis with a clear aim
but only with a rough road map, in order to stimulate my scientific thinking processes and to let
me find and create my very own approach and scientific work. Furthermore, he gave me the
freedom to fight my own battles and try my own way, but was always around when guidance or
help was needed to get back on the right track.
My sincere gratitude goes, furthermore, to my co-supervisor Prof. Peter Achermann. Without
his unlimited support, his never-ending patience and his immense knowledge this project would
never have been possible. You always knew what to say during times of doubt, disappointment
or uncertainty, in order to give me the right perspective and keep me motivated. I am more than
grateful that you gave me the opportunity to learn from your experience and to be inspired by
your work.
Prof. Lutz Jäncke I thank for his support and advice throughout the entire process. He added
valuable input to my work by showing me a different perspective to the topic. A special thank
goes to Dr. Peter Wolf for always having an open ear and creating a supportive, helpful and fun
work environment. My profound thanks go also to all the people involved in this project:
Francesco Crivelli, with whom I shared this entire journey and who was responsible for the
engineering part of this project. However, his help and support went far beyond the engineering.
It was great working with you and I cannot thank you enough for all the support and patience

9

I. Acknowledgments

during the data analysis and also the many fun times we had. Thanks also to Lorenz Heinicke
for his support in the development of the robotic beds and the numerous nights assisting and
entertaining me at the sleep lab. Alessandro Rotta and Michael Herold-Nadig I would like to
thank for their technical support.
I would also like to thank the people from the Institute of Pharmacology and Toxicology of the
University Irchel for welcoming me so warmly and supporting me in so many different ways.
Without the help of Dr. Roland Dürr, Laura Tüshaus, Jelena Skorucak, Alexander Malafeev,
Antonio Fernandez, my master student Monika Näf and my helpers Monika Scheiwiller,
Raphael Bünter, Franz Bauer and Demian Schumacher I would never have been able to conduct
my sleep study. Monika Näf also analysed the memory task data as part of here master thesis
and supported me far more than expected during her time in this project. I am also very grateful
to all my participants for investing their time for my research.
Furthermore, I had the great privilege to be part of the SMS-lab, which I enjoyed very much. I
thank all former and current members of the lab for creating such a fruitful, lively, and
delightful work atmosphere and for all the incredibly enjoyable after work hours. Special thanks
I have to express to my former office mates Dario Wyss and Lukas Jaeger. We started off as coworkers but became friends along the way. We shared many ups and downs throughout the
years and you never missed a chance to support me and enlighten my day with your legendary
personalities and your great sense of humour. Urs Keller I thank for being such an amazing and
supportive co-worker but more important, a really great friend. Together we sailed through all
the rapids and shallows of a PhD and not once did you let me lose my perspective or good
spirits.
Many thanks go to my supportive and motivating friends, who always succeeded in bringing out
the best in me. Caroline Lustenberger, my partner in crime, with whom I went through school,
the studies at ETH and now also the PhD in sleep research. Thank you for all your great support
and assistance throughout this work and I hope you are ready for the next adventure.
Without the incredible love and support of my family members close by and further away I
would never have started and concluded this journey. I always felt your encouragement even
with an entire ocean between us. A special thank goes to my parents for all their love, their
tireless devotion and for always believing in me, even when I didn’t. My brother for our
numerous discussions about the wonders of nature and science, inspiring me to think outside the
box and see things with different eyes. Looking forward to many more of these debates with
you.
Finally, I would like to thank a person who was unfortunately not able to join me until the very
end of my PhD, but was an essential part of my life for almost 27 years, mi abuelo. You showed

10

I. Acknowledgments

me the world with all its fascinating histories and unsolved mysteries and were never tired of
trying to explain it to me. You helped to incite my curiosity from early on and were always
eager to support me maintaining it. Your love and support was unconditional but you were
never shy in letting me know if I was running in the wrong direction. I cannot thank you
enough.

11

12

II. PREFACE

The work presented in this thesis was fully conducted at the Sensory-Motor Systems Lab at
ETH Zurich in collaboration with the Institute of Pharmacology and Toxicology at the
University Zurich. Furthermore, this thesis is based on following scientific articles that have
been accepted for publication (chapter 3), submitted for publication (chapter 4) or are in the
final preparation steps for manuscript submission (chapters 5 and 6):


Omlin X., Crivelli F., Rauter G., von Zitzewitz J., Achermann P. and Riener R. (2015)
Somnomat: A novel actuated bed to investigate the effect of vestibular stimulation.
Medical & Biological Engineering & Computing, in press.



Omlin, X., Crivelli, F., Heinicke, L., Zaunseder, S., Achermann, P., Riener, R. Effect
of rocking movements on respiration. PLOS ONE, under review.



Omlin, X., Crivelli, F., Näf, M., Heinicke, L., Achermann, P., Riener, R. Effect of
rocking movements on sleep and memory performance. in preparation.



Omlin, X., Crivelli, F., Heinicke, L., Näf, M., Achermann, P., Riener, R.
Cardiorespiratiory adaptations to vestibular stimualtion during sleep. in preparation.

In order to prevent redundancy, technical descriptions of the used devices included in the
manuscripts were not included in the respective chapters of this thesis, but summarized in a
separated chapter (chapter 2). A similar approach was chosen for the individual introductions of
the above mentioned manuscripts. Redundant information was not included in the
corresponding chapters but incorporated in the overall introduction of this thesis. Parts of the
introduction, chapter 2, and chapter 3 are based on a publication with a shared first-authorship.
In order to reduce the overlap with the prospective thesis of Francesco Crivelli, only manuscript
parts relevant for the topic of this thesis were included in this work. Furthermore, the memory
task data (chapter 5) was analysed and described as part of Monika Näf’s Master thesis, which
was realized and supervised within this project.

13

14

III. LIST OF FIGURES

Fig. 1.

EEG, EOG and EMG recording during wake and sleep.............................................. 26

Fig. 2.

Hypnogram, power density and slow wave activity time course for an exemplary study
night of a male subject................................................................................................. 27

Fig. 3.

The vestibular system – semicircular canals and otolith organs.................................. 31

Fig. 4.

Coordinate system defined with respect to the human body ....................................... 40

Fig. 5.

Setup within the M3-Lab.............................................................................................. 41

Fig. 6.

The two actuated platforms ......................................................................................... 43

Fig. 7.

Movement axes and bed frame rotation....................................................................... 44

Fig. 8.

Measurement protocol. ................................................................................................ 47

Fig. 9.

Averaged power density spectrum............................................................................... 50

Fig. 10. Boxplot of respiration frequency of all conditions with movement and baseline
measurements .............................................................................................................. 51
Fig. 11. Boxplot of normalized relaxation values (Z-transformation) of all movement
conditions..................................................................................................................... 51
Fig. 12. Bed setup and respiratory recordings .......................................................................... 56
Fig. 13. Measurement protocol. ................................................................................................ 57
Fig. 14. Mean respiration frequency [Hz] and standard deviation of the baseline and the
different movement parameters applied ...................................................................... 59
Fig. 15. Overall experimental protocol ..................................................................................... 68
Fig. 16. Word-pair task procedure ............................................................................................ 70
Fig. 17. Stimulation parameter preselection ............................................................................. 72
Fig. 18. Averaged power density spectrum and delta power build up...................................... 74
Fig. 19. Number and density (mean and standard deviation) of spindles and slow oscillations
(SO) of all conditions .................................................................................................. 75
Fig. 20. Overnight memory improvement for all conditions .................................................... 76

15

III. List of Figures

Fig. 21. Hypnogram, respiration frequency, heart rate and HRV (LF/HF ratio) time course for
an exemplary baseline night ........................................................................................ 89
Fig. 22. Mean heart rate and HRV in NREM and REM sleep.................................................. 89
Fig. 23. Mean respiration frequency and standard deviation of respiration frequency............. 90
Fig. 24. Mean cardio-respiratory parameters for 5 min pre sleep onset and 5 min post sleep
onset............................................................................................................................. 91

16

IV. LIST OF TABLES

Table 1. Results of supplementary study .................................................................................... 60
Table 2. Mean values and standard deviation for heart rate and heart rate variability................ 60
Table 3. Mean and standard deviation of sleep variables derived from visual scoring............... 73
Table 4. Mean and standard deviation of spectral power bands ................................................. 73
Table 5. Pearson’s correlation coefficients (r-value (p-value)) between spindle power, number
and density and word-pair task measures .................................................................... 77
Table 6. Cardio-respiratory parameters for the subgroups slow (0.16 Hz) and fast (0.24 Hz).. . 92

17

18

V. LIST OF ABBREVIATIONS

CRC
DOF
ECG
EEG
EMG
EOG
FFT
HF
HRV
LF
LM
LSD
MSLT
N1-3
NREM
REM
RSA
RMSSD
SD
SDNN
SO
SWA
SWS
WASO

Cardio-Respiratory Coupling
Degrees of Freedom
Electrocardiography
Electroencephalography
Electromyography
Electrooculography
Fast Fourier Transformation
High Frequency Component
Heart Rate Variability
Low Frequency Component
Linked Mastoids
Least Significant Difference
Multiple Sleep Latency Tests
Sleep Stages 1-3
Non-Rapid Eye Movement
Rapid Eye Movement
Respiratory Sinus Arrhythmia
Root Mean Squared Differences of NN Intervals
Standard Deviation
Standard Deviation of NN Intervals
Slow Oscillations
Slow Wave Activity
Slow Wave Sleep
Wake after Sleep Onset

19

20

VI. ABSTRACT

For centuries rocking has been used to promote sleep in babies or toddlers. Also adults seem to
be susceptible to rocking movements and examples can be found in everyday life: commuters
easily doze off in a rattling train and many elderly people relax and fall asleep while swinging in
a rocking chair. Recent research suggested a facilitated transition from wake to sleep as well as
to deeper sleep stages as a result of lateral rocking movements during an afternoon nap.
Furthermore, it was suggested that rocking enhances sleep by boosting sleep oscillations such as
slow oscillations and sleep spindles. However, even though rocking movements appear to have
the potential to influence and improve sleep, the relationship between vestibular stimulation and
sleep is poorly understood to date. Furthermore, the importance of stimulation parameters such
as movement axis or frequency have been neglected. Therefore, this thesis aimed at gaining
more knowledge about the effect of vestibular stimulation on relaxation, sleep and cardiorespiratory functions as well as in evaluating different stimulation parameters and their potential
to promote sleep.
In a first step, a tendon-based parallel robotic bed was used to test the effect of different
movement axes on relaxation and physiological parameters such as electroencephalography
(EEG), electrocardiography (ECG) and respiration. Tested motions were all perceived as
relaxing and comfortable without causing motion sickness. However, motion preference was
found to be very individual as no specific movement could be identified which was perceived as
most relaxing. Nevertheless, an increase in respiration frequency was observed as a result of the
applied vestibular stimulation. Subjects increased their respiration frequency in all movement
conditions compared to baseline, reaching values close to the applied movement frequency.
Whether these respiratory adaptions could be used to entrain respiration to slow movement
frequencies was determined in a second step, by investigating the effect of different movement
frequencies and amplitudes on respiration in awake subjects lying in a supine position. No
synchronization of the respiration frequency to the movement frequency was observed. Though,

21

VI. Abstract

respiration frequency was increased for all stimulation amplitudes and for all stimulation
frequencies, which deviated from subjects resting respiration frequency, suggesting an
activation of the vestibulo-respiratory response. However, the increase was similar for all
applied stimuli leading to the conclusion that any stimulation not matching subject’s respiration
frequency at rest will affect respiration during wakefulness independent of the applied
frequency or amplitude.
Finally, the effect of vestibular stimulation was investigated during nocturnal sleep in healthy
young subjects using polysomnographic recordings. Subjects could select their preferred
motion, which was then applied by a robotic bed platform. Although subjects preferred sleeping
with stimulation, a facilitating effect on sleep onset or a boost in sleep oscillations due to
vestibular stimulation could not be observed. These findings might be due to the previously high
sleep efficiency and sleep quality of our subjects. Nevertheless, it cannot be excluded that other
subjects (e.g. elderly, people suffering from sleep disturbances) might benefit from such an
intervention during sleep. Furthermore, it was shown that in contrast to wakefulness, cardiorespiratory functions were not affected by vestibular stimulation during sleep. Therefore,
possible cardio-respiratory interactions with the applied stimulation appear not to limit the range
of potential stimulation frequencies for future application.
In conclusion, it can be stated that vestibular stimulation is a safe and applicable intervention,
which can be used during relaxation and nocturnal sleep. However, our results showed that its
potential sleep benefiting effects might only be observable when sleep efficiency and sleep
quality are not already high, as no sleep facilitating effects were found in our subjects.
Therefore, vestibular stimulation could be most effective in a population, exhibiting prolonged
sleep latencies and a reduction in sleep quality, such as for example in elderly or insomniacs.
Nevertheless, to apply vestibular stimulation effectively, gaining knowledge about underlying
mechanisms is inevitable and represents a next step towards future applications.
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VII. ZUSAMMENFASSUNG

Seit Jahrhunderten werden Wiegebewegungen genutzt um das Einschlafen bei Babys und
Kleinkindern zu fördern. Auch Erwachsene scheinen empfänglich für solche Bewegungen zu
sein: Pendler dösen im ruckelnden Zug ein und viele Senioren benutzen einen Schaukelstuhl um
sich zu entspannen und einzunicken. Jüngste Forschungen auf diesem Gebiet weisen auf einen
verkürzten Übergang vom Wach zum Schlafzustand hin und zu tieferen Schlafphasen, ausgelöst
durch laterale Wiegebewegungen während eines Nachmittagsschlafes. Desweitern wird
diskutiert, dass Wiegebewegungen das Auftreten von langsamen Deltawellen und
Schlafspindeln fördern könnten. Trotz diesen möglichen schlaffördernden Wirkungen ist über
den Zusammenhang zwischen vestibulärer Stimulation und Schlaf wenig bekannt. Zudem
wurde der Rolle von Stimulationsparametern wie etwa der Bewegungsrichtung oder Frequenz
bisher wenig, bis gar keine Beachtung geschenkt. Deshalb war das Ziel dieser Arbeit, den
Einfluss von vestibulärer Stimulation auf Schlaf und kardio-respiratorischen Funktionen
genauer zu erörtern und unterschiedliche Stimulationsparameter auf ihr schlafförderndes
Potential zu evaluieren.
Zu diesem Zweck wurden in einem ersten Schritt unterschiedliche Bewegungsrichtungen im
Wachzustand getestet und deren Einfluss auf die Entspannung mit Hilfe von physiologischen
Messgrössen wie Elektroenzephalogramm (EEG), Elektrokardiogramm (EKG) und der Atmung
erhoben. Alle Bewegungen, welche mittels einer Seilroboter-Bettplattform ausgeführt wurden,
wurden als entspannend wahrgenommen, ohne Probleme mit Übelkeit oder Schwindel
(Bewegungskrankheit) hervorzurufen. Desweitern zeigte sich, dass es keine Bewegungsrichtung
gibt, welche von den Probanden bevorzugt wurde. Daraus lässt sich schliessen, dass die
Präferenz für eine spezifische Bewegungsrichtung sehr individuell zu sein scheint. Eine
Erhöhung der Atmungsfrequenz als
Antwort auf die angewandte vestibuläre Stimulation, wurde hingegen bei allen Probanden
gleichermassen beobachtet. In einem zweiten Schritt wurde daher untersucht, ob diese
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Modulation der Atmung genutzt werden kann um die Atmungsfrequenz mit einer z.B.
langsamen Stimulationsfrequenz zu synchronisieren. Zu diesem Zweck wurden unterschiedliche
Stimulationsfrequenzen und Amplituden getestet und auf ihre Wirkung bezüglich der Atmung
im Wachzustand hin untersucht. Obwohl eine Erhöhung der Atmungsfrequenz für alle
Amplituden und für alle Stimulationsfrequenzen, welche von der Ruheatmungsfrequenz der
Probanden

abwichen,

beobachtet

wurde,

konnte

keine

Synchronisierung

mit

der

Stimulationsfrequenz gezeigt werden. Desweitern war die Zunahme der Atmungsfrequenz
vergleichbar für alle getesteten Stimulationsparameter. Das lässt den Schluss zu, dass jegliche
Stimulation, welche nicht mit der Ruheatmungsfrequenz übereinstimmt, zu einer Erhöhung der
Atmungsfrequenz führen wird, unabhängig von der spezifischen Stimulationsfrequenz oder
Amplitude. In einem letzten Schritt wurde der Einfluss von vestibulärer Stimulation auf den
nächtlichen

Schlaf

von

jungen,

gesunden

Probanden

mittels

polysomnographischer

Aufzeichnung untersucht. Um individuellen Präferenzen Rechnung zu tragen, konnten die
Probanden die bevorzugten Bewegungsrichtungen auswählen und diese wurden danach mit
Hilfe einer robotischen Bettplattform angewandt. Obwohl die Probanden es bevorzugten mit
Stimulation einzuschlafen, konnte keine schlaffördernde Wirkung wie zum Beispiel eine
verkürzte Schlaflatenz, erhöhte Deltaaktivität oder das vermehrte Auftreten von Schlafspindeln
nachgewiesen werden. Diese Resultate könnten im Zusammenhang mit einer bereits hohen
Schlafeffizienz und Schlafqualität unserer getesteten Probandengruppe stehen. Daher kann nicht
ausgeschlossen werden, dass andere Probandengruppen durchaus von einer solchen Intervention
profitieren könnten. Es konnte zudem gezeigt werden, dass im Gegensatz zur Stimulation im
Wachzustand, kardio-respiratorische Funktionen durch vestibuläre Stimulation im Schlaf nicht
beeinflusst wurden. Daher stellen mögliche kardio-respiratorische Interaktionen mit der
angewendeten Stimulation keine limitierenden Faktoren bezüglich der Auswahl der
Stimulationsfrequenz dar.
Abschliessend kann festgehalten werden, dass vestibuläre Stimulation, eine sichere und
anwendbare Intervention darstellt, welche während der Entspannung, wie auch während dem
Schlaf eingesetzt werden kann. Unsere Resultate deuten jedoch darauf hin, dass eine mögliche
schlaffördernde Wirkung nur dann erkennbar ist, wenn sich die Schlafeffizienz und die
Schlafqualität nicht schon in einem hohen Bereich befinden. Daher könnte vestibuläre
Stimulation am effektivsten sein, wenn sie in einer Zielgruppe mit verlängerter Schlaflatenz
sowie einer verminderten Schlafqualität angewandt wird, wie zum Beispiel bei Senioren oder
Insomnie-Patienten. Nichtsdestotrotz, um Schlaf durch vestibuläre Stimulation optimal und
effektiv zu fördern, ist es unerlässlich, die zugrundeliegenden Wirkmechanismen zu kennen.
Die Erforschung derselben sollte daher den nächsten Schritt auf dem Weg zu potentiellen
Anwendungen darstellen.
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1.

INTRODUCTION

1.1.

Biology of Sleep

Sleep is an active state that is regulated by the central nervous system and is crucial for day-time
functioning and well-being [1]. Although we spend around one third of our life sleeping, the
reason why we sleep still remains one of nature’s great mysteries [2]. Even though sleep
interacts with the endocrine and immune system as well as the metabolic regulation, it is
suggested that its primary function concerns the brain rather than the body [2]. Sleep strongly
impacts mental performance as it promotes brain plasticity influencing synaptic reorganisation
and learning [2-6]. Although the function of sleep is still not completely revealed, the changes
in brain activity found throughout the process of falling asleep and sleep are well known and
described.

1.1.1. Sleep Architecture
Characteristic physiological changes serve to discriminate between waking and sleep, as well as
to define sleep stages. To assess these changes and to measure sleep, polysomnography,
including electroencephalography (EEG), electromyography (EMG) and electrooculography
(EOG), represents the gold standard method. Based on the human sleep stage scoring rules,
which were first defined by Rechtschaffen and Kales in 1968 [7] and adapted by the American
Academy of Sleep Medicine in 2007 [8], sleep is typically subdivided into two states; rapid eye
movement (REM) and non-rapid eye movement (NREM) sleep. NREM and REM sleep
alternate periodically across a sleep episode with a period of about 90-100 minutes [9, 10].
Throughout a night sleep episode of healthy subjects, approximately 4-6 NREM-REM cycles
occur [9, 10] (Fig. 1).
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Fig. 1. EEG, EOG and EMG recording during wake and sleep. Sleep stages N1-N3 are denoted
according to AASM scoring rules [8]. This figure was adapted from Landolt et al. (lecture slides).

NREM sleep, which accounts for 75-80% of sleep time, is further subdivided into stages 1 to
stage 4 or according to the new scoring rules into N1 to N3 [10]. N1 and N2 represent light
sleep or the transition from wake to deep sleep, whereas N3 (formerly stage 3 and 4), termed as
slow wave sleep (SWS), represents deep sleep [9]. The transition between wakefulness and N1
is characterised by a reduction in EEG alpha activity (8-13 Hz) and the appearance of lowvoltage mixed frequency EEG with sharp vertex waves as well as slow sinusoidal eyemovements [9, 10]. N2 begins with the first occurrence of sleep spindles and K-complexes,
which typically mark the sleep onset [9, 10]. Sleep spindles are “spindle” shaped brain
oscillations described as a 12-14 Hz waveform lasting at least 0.5 to 1 s. K-complexes consist of
a sharp negative wave followed by a positive wave both lasting more than 0.5 s representing the
depolarization and hyperpolarization of the membrane potentials of cortical neurons [9-11].
During N2 sleep first delta waves (0.5-4 Hz) appear in small amounts and as sleep deepens
dominate the EEG in N3 [9, 10]. SWS is characterized by large amounts (>20%) of highamplitude slow wave activity (SWA) combined with a low muscle tone and no registered eye
movements [9, 10]. SWS is typically most prominent in early sleep cycles, whereas the amount
of REM sleep increases over the course of the night and dominates the later cycles [9, 10]. REM
sleep, accounting for 20-25% of sleep time, is defined by a desynchronized EEG with a lowamplitude, mix-frequency oscillatory activity as well as by the occurrence of the typical rapid
eye movements visible in the EOG [9, 10]. Furthermore, REM sleep is characterized by atonia
of skeletal muscle groups, which is also observed in the submental EMG [9, 10]. The cyclic
26

1. Introduction

appearance of NREM and REM sleep and the distribution of the different sleep stages across the
night are summarized under the term “sleep architecture” and often visualized in the form of a
hypnogramm (Fig. 2).

Fig. 2. Hypnogram, power density and slow wave activity time course for an exemplary study night
of a male subject. Panel A illustrates the hypnogram with sleep stages. Scoring was performed on 20-s
epochs according to AASM scoring rules [8]. Panel B demonstrates power density spectrum between
0.75-20 Hz. Panel C shows time course of slow wave activity (0.75-4.5 Hz, artefacts removed).

Although visual inspection of the EEG is a key factor to quantify brain states, crucial aspects of
the signal might not be recognized using only this approach [12]. Further quantitative analysis
need to be performed to investigate the EEG in more detail [12]. By using spectral analysis, it is
possible to decompose a signal into its constituent frequency components, and therefore, acquire
more information about the rhythmicity of certain brain activities [12]. Fast Fourier
transformation (FFT) is performed to obtain the EEG spectrum and the distribution of power
over the frequency components of the signal. EEG power can be calculated for different
frequency bands to identify distinct features of brain oscillations over time [12]. The EEG
spectrum provides enough information to obtain a clear overview of the sleep structure even
without details of the visually scored sleep stages [12]. This is only possible as NREM-REM
cycles are characterized by different spectral activity over certain frequency bands. With the
activity in the frequency bands of slow waves (0.5-4 Hz) and sleep spindles (12-14 Hz), for
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example, NREM-REM sleep can be distinguished as this activity dominates NREM sleep but is
absent during REM sleep (Fig. 2).

1.1.2. Brain Oscillations
The regulation of sleep and wake states is controlled by various brain regions. Sleep-promoting
and arousal-promoting neuronal systems determine sleep-wake states and are modulated by a
multitude of processes including sensory, autonomic, endocrine, metabolic and behavioral
influences [13]. Changes in cortical EEG patterns during sleep are regulated by thalamocortical
circuits modulated by arousal and sleep regulatory neuronal systems [13]. During waking and
REM sleep a state of tonic activation, or desynchrony, is characteristic as a result of
thalamocorical neurons (relay cells) exhibiting tonic firing of single action potential [13].
NREM sleep is defined as a state of rhythmic and synchronized activity during which relay
neurons discharge high-frequency bursts of action potential (up states) followed by long pauses
(down states) [13].
Distinct NREM sleep EEG rhythms, such as spindles or slow waves, arise from these cortical
and thalamic circuits in the brain [14]. Slow waves and sleep spindles are unique to sleep and
essential for sleep protection and homeostatic regulation [15, 16]. Sleep spindles, with their
waxing and waning, nearly sinusoidal waves, are generated in the thalamus, more specifically in
the thalamic reticular nucleus [13]. Neurons in the thalamic reticular nucleus fire repetitive
spike-bursts causing rhythmic inhibitory postsynaptic potentials in thalamocortical neurons
[17]. The resulting excitatory postsynaptic potentials in cortical cells lead to action potentials
visible as spindles in the EEG [17]. Although the spindle frequency mainly covers the range
from 12-15 Hz, they can further be divided into fast spindles and slow spindles differing in
frequency and topography [15, 18, 19]. Slow spindles with frequencies below 12 Hz are mainly
located over frontal cortical areas, whereas fast spindles with frequencies above 12 Hz are
prominent in central-parietal areas [15].
Though spindles originate in the thalamus, to synchronize their occurrence over widespread
thalamic and cortical areas, cortical feedback to the thalamus and cortico-cortical connections is
of importance [14, 20]. Furthermore, it is suggested that the thalamocortical circuit also plays a
role in sensory input gating, leading to the assumption that spindles might have sleep protecting
functions [15]. By gating the sensory information transfer through the thalamus external sensory
input can be inhibited and therefore, spindles might help to ensure sleep maintenance [21, 22].
Slow oscillations (SO) (< 1 Hz) as part of the slow wave band (0.5-4 Hz) are related to the two
states of activity in the cortical neurons: The “up” state characterized by depolarization and
generation of action potential followed by the “down” state, a prolonged period of
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hyperpolarization and quiescence [13]. SO function to coordinate the occurrence of other
synchronous EEG events such as spindles and K-complexes [13]. Furthermore, they organize
the synchronization and propagation of cortical SWA through cortico-cortical connections,
which is predominantly found over fontal region in adults [13]. Due to their impact on the
rhythmic oscillation in thalamocortical circuits, SO, appear to be important in promoting the
functional sensory deafferentation of the cortex during sleep, which enhances sleep continuity
and sleep depth [13].
To ensure healthy and restorative sleep, it is crucial that this neuronal circuitry, modulating and
regulating sleep-wake states and brain oscillations, is properly activated and balanced [13].
Disruption of the fine-tuned sleep-and arousal-promoting brain activity may have a negative
impact on sleep, as postulated in the hyperarousal model of insomnia [23], leading to impaired
sleep quality and daytime functioning.

1.1.3. Sleep Disturbances & its Therapy
Although restorative sleep represents a key factor for well-being and health, achieving it often
poses a problem. Sleep disorders such as insomnia, including symptoms of difficulties falling
asleep, maintaining sleep or non-restorative sleep, affect about 33% of the adult population [24].
The importance of sleep is illustrated by the negative effects of chronic sleep restriction or total
sleep deprivation in humans [25]. Reduced sleep deteriorates cognitive functioning such as
vigilant attention or working memory and has a negative impact on mood [26]. Furthermore,
sleep restriction may be associated with physiological consequences such as obesity [27],
cardiovascular morbidity [28-30], and reduces quality of life [31]. Sleep disturbances also have
great socioeconomic implications. It is estimated that insomnia generates costs of up to 107.5
billion dollar annually only in the US [32].
Due to the increasing prevalence of sleep complaints [33] and their impact on health and quality
of life, the treatment of sleep disturbances is of great interest. Pharmacological interventions
such as the use of sleep medication (e.g. benzodiazepines, nonbenzodiazepines) are effective to
treat insomnia in the short-term [34]. Benzodiazepines appear to generally reduce sleep latency
and wake time after sleep onset as well as increase total sleep time [35]. However, change in
sleep architecture is a common side effect of sleep enhancing medication. Benzodiazepines are
potent suppressors of slow waves and also mildly suppress REM sleep [35]. Furthermore, sleep
medication seems to be unsuitable for long term use, due to a reduced efficacy during long-term
treatment as well as their potential for dependence [34, 36].
Non-pharmacological therapeutic approaches appear to be similarly effective and also
applicable over longer time periods [34]. Psychological and behavioural interventions such as
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cognitive-behavioural therapy, sleep hygiene rules, stimulus control therapy or relaxation
techniques can be used to improve sleep onset latency, sleep efficiency, and sleep quality [34,
37]. However, as these therapeutic approaches are more time consuming and require more effort
than a pharmacological therapy compliance might not always be optimal [37]. Nevertheless, it
appears that healthy people also explore such non-pharmacological interventions when having
difficulties falling asleep. Relaxation techniques, warm feet, and soothing sounds or music are
popular among the general population to enhance sleep [38, 39]. Moreover, rocking movements
also appear to have remarkable effects on sleep. Rocking has been used for centuries to relax
babies and toddlers or to promote their sleep [40, 41]. Adults also seem susceptible to rocking
movements: commuters easily begin to doze in a rattling train and many elderly people relax
and fall asleep while swinging in a rocking chair. Although such examples can be found in
everyday life situations, the link between rocking and sleep is poorly understood [41-43].

1.2.

Sleep & Vestibular Stimulation

When searching for possible links between rocking movements and sleep it is crucial to
understand how vestibular stimulation is processed in the brain. Potential beneficial effects of
rocking movements on sleep might be related to direct or indirect connections between sensory
systems and sleep-wake centers in the brain [41]. However, so far little is known about the
potential effects and underlying mechanism of vestibular stimulation.

1.2.1. Vestibular System
Located in the inner ear and crucial to maintain balance, the vestibular system constitutes our
“sixth sense” [44]. Monitoring the position and movement of the head, it provides information
on motion and orientation in space [45, 46]. Head angles as well as linear acceleration of the
head are detected by the otolith organs composed of the saccule and utricle [47, 48]. Hair cell
cilia, in the sensory epithelium called macula, are deflected when the otoliths, tiny calcium
carbonate crystals encrusting the macula’s gelatinous cap, shift due to head movements [47, 48].
Based on the different orientation of the maculae in the saccule and utricle and the direction
preferences of the hair cells, all possible linear movements can be encoded and interpreted by
the central nervous system [47] (Fig. 3).
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Fig. 3. The vestibular system – semicircular canals and otolith organs. Left box illustrates a cupula
located in the ampulla of a semicircular canal detecting rotational movements. Right box demonstrates
hair cells in the macula of the otolith organs detecting linear accelerations. This illustration was adapted
from [46, 48].

Rotational movements as well as angular accelerations are sensed by three semicircular canals
[44]. Each canal is filled with endolymphatic fluid and contains bulges along the canal called
ampulla [47]. Hair cell cilia are embedded in the cupula, a gelatinous structure spanning the
lumen of the canal within the ampulla [47]. Rotation of the canal leads to a bending of the cilia
due to the sluggish endolymphatic fluid bowing the cupula [47]. Different orientations of the
three semicircular canals allow detection of all possible head rotation angles [45, 47]. The
detection of rotational movements is further optimized by the paired response of each canal with
its partner in the contralateral ear [45, 47]. Rotations cause excitation in the hair cells of one
canal but inhibits the hair cells of its contralateral partner canal [45, 47].
Information from both the otolith organs and the semicircular canals are coordinated and
integrated in the central vestibular pathways to control the output of motor neurons that adjust
head, eye and body position [47]. The vestibular system connects via the cranial nerve VII to the
cerebellum as well as to the vestibular nucleus in the brain stem [47]. Body posture and head
orientation are controlled, by exciting motor neurons activating leg, trunk, and neck muscles,
via the vestibulospinal tract and the medial longitudinal fasciculus [47]. Connections via cranial
nerves III, IV and VI innervate extraocular motor neurons and, therefore eye movements, which
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enables a stead visual image during head movement (vestibulo-ocular reflex) [47]. The
vestibular system further projects via the thalamus to the neocortex to integrate information
about body movement, body position and orientation in space [47].

1.2.2. Rocking Movements to Improve Sleep
Although the idea of rocking someone to sleep is not new, only a few studies have described the
relation between the vestibular system and sleep [41-43, 49-52]. However, the majority of these
studies focused on the vestibo-ocular activity as a response to vestibular stimulation during
sleep [49-52]. The question, whether the vestibulo-ocular reflex pathways respond similarly to
vestibular input during sleep as they do during wakefulness, was investigated by electing eye
movements and nystagmus throughout different sleep stages. It was shown that vestibular
stimulation during sleep altered the vestibo-ocular response to the stimuli during REM sleep and
influenced the occurrence of REM in NREM sleep [42, 49-52]. Nonetheless, these studies are
restricted to observation related to sensory integration during sleep and did not consider possible
effects of vestibular stimulation on sleep quality or sleep onset latency. First steps into the
investigation of potential sleep promoting effects where made when Cordero et al. [53] used
vestibular stimulation in premature infants. Three daily 15-minutes sessions of vestibular
stimulation over a 2-week period changed the ratio of active-to-quiet sleep by increasing the
time spent in quiet sleep in these infants [53].
In adult subjects Woodward et al. [42] evaluated otolithic vestibular stimulation, in form of a
linear lateral swing movement, on night-time parameters and daytime sleep tendency. Following
an adaptation night 8 healthy subjects spend two consecutive nights with either the condition
“bed moving” or the condition “bed stationary”. After a 5-10 day interval, the remaining
condition was tested using the same procedure. When comparing the motion condition versus
the stationary condition, less stage 2 sleep and higher REM density (eye movements per epoch)
were found in the motion nights [42]. However, sleep latency only differed within the
conditions with decreasing sleep latency from the first measurement night to the second in the
motion condition, and increasing sleep latency from the first to the second night in the
stationary condition [42]. In a second part of this study, and after completion of the night-time
measurements, multiple sleep latency tests (MSLT) were performed throughout the day with
either the bed moving for all 5 naps, or on another day, the bed stationary for all 5 naps. A
tendency to reduced MSLT latency was found for the motion condition, however it was not
significant [42]. Nonetheless, the authors conclude that vestibular stimulation might have the
potential of helping induce sleep as seen in the reduced sleep latency in the second motion night
and the MSLT latency for the naps with movement [42].
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Nap sleep was also broached by Bayer et al. [41] and investigated in 10 healthy subjects during
an afternoon nap in a rocking bed. Similar to Woodward et al. [42] a linear lateral swing
movement was used to apply vestibular stimulation. Subjects spend two 45-minute afternoon
naps under laboratory conditions once with stimulation and once with stationary conditions. The
authors reported a facilitated transition from waking to sleep by shortening of stage N1 sleep
and a reduction of stage N2 latency (calculated from N1 to N2) for the rocking condition (from
8.85 min to 5.35 min) [41]. Furthermore, it was found that rocking also influenced deeper sleep
stages, by increasing stage N2 duration and boosting SO and spindle activity [41]. As a possible
explanation, the authors suggested that rhythmic rocking may enhance synchronous brain
activity within thalamocortical networks, which could promote the onset of sleep and its
maintenance [41]. They also proposed that the faster sleep onset could be due to a feeling of
‘relaxation’ as subjects reported to be more relaxed during the rocking condition [41]. The
anatomical links between vestibular/somatosensory pathways and structures implicated in
emotions, such as the amygdala, might explain this observation as the amygdala is also involved
in the regulation of sleep-wake states [41, 54] .
Vestibular stimulation cannot only be applied by rocking movements but also via electrical
stimulation of the vestibular system. This approach was chosen by Krystal et al. [43] which used
bilateral electrical stimulation to investigate whether vestibular stimulation could represent an
effective therapy for transient insomnia. For this purpose healthy sleepers (n=198) underwent a
4-h phase advance protocol as a model of transient insomnia. Polysonmnography was recorded
on two consecutive nights. Subjects went to bed at their usual bedtime on the first night and
slept for 8 hours (baseline night). Bedtime for the second night was advanced by 4 hours prior
to their usual bedtime and subjects received sham treatment or vestibular stimulation for the
first hour of the night. Though, vestibular stimulation did not reveal major therapeutic effects
and no differences were found in sleep latencies and architecture [43]. However, when
analysing a subset of subjects with MSLT sleep latencies above 14 minutes a tendency to
shorter sleep onset latency were found for the stimulation condition [43]. Therefore, the authors
suggest that these results may indicate a potential of vestibular stimulation as a treatment for
transient insomnia [43].
Summarizing the limited number of studies investigating the effect of vestibular stimulation on
sleep, there is evidence suggesting a potentially beneficial effect on sleep latency and sleep
quality. However, the described studies in this field of research differ a lot in their
methodological approach, in the chosen stimulation parameters as well as in their outcome
measures. This fact complicates the comparison of the different findings and also the search for
underlying mechanisms and potential applications. In view of potential applications it is of great
interest to acquire more knowledge about the importance of stimulation parameters such as
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stimulation kind, movement axis or stimulation length. Until now these parameters were chosen
by the experimenters conducting the study by means of applicability and comfort for the
subjects. Stimulation frequency was set to stimulate the vestibular system without causing
entrainment of cardiac rhythm or affecting respiration rate [41, 42]. However, the relation
between vestibular stimulation and respiration appears to be more complex as sleep stages also
influence respiration throughout the night (see chapter 3.1). Further investigations are crucial to
establish possible interactions between applied stimulation frequencies and respiratory output
during sleep.
In addition, both studies investigating the effect of vestibular stimulation on sleep/nap applied
the same linear lateral swing movement even though different movement frequencies were used.
Therefore, it is not clear if such a stimulation is best to promote sleep or if different movement
axis, for example along a rotational axis (hammock like), are more effective. Altogether, further
systematic evaluation of different stimulation parameters is needed to gain more knowledge
about the most effective stimulation protocol to potentially promote sleep, especially in the light
of future applications.

1.3.

Respiration & Vestibular Stimulation

Respiration is controlled by the autonomic nervous system, more precisely from neuronal
networks in the medulla oblongata and the pons located in the brain stem [55]. These neuronal
networks direct the diaphragm, the intercostal and abdominal muscles to rhythmic contractions
generating pressures, which combined with the flow resistance of the airways, cause changes in
lung volume [55]. The respiration rhythm is automatically controlled, responding to afferent
sources such as the respiratory chemoreflexes, registering changes in carbon dioxide levels, as
well as to mechanoreceptors in the airway and the lungs [56]. Respiration is, furthermore,
adjusted appropriately to behavioural information such as body movements and muscle activity
as well as to different physiological states, for example sleep, to ensure sufficient oxygen supply
in every situation [55, 57]. In addition, the close link between cardiac and respiratory activities
allows the creation of synergies that promote healthy physiology [58].

1.3.1. Vestibulo-Respiratory Response
Stimulation of the vestibular system, by electrical stimulation of the vestibular nerve or as a
result of postural changes, can elicit respiratory adaptations [59]. The activation of the
vestibular system causes reflex modulation of inspiratory and expiratory muscle activity,
adjusting respiration and airway patency during head and body movements [59, 60]. Essential
for these reflexes are the medial and inferior vestibular nuclei [59, 61]. Previous studies reported
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an increase in respiration frequency when applying vestibular stimulation eliciting a vestibulorespiratory responds [62-65]. Monahan et al. [62] and Kuipers et al. [64], showed that the
stimulation of the semicircular canals, but not the otolith organs or neck muscle afferents,
increased ventilation frequency in humans. In line with these findings, Jáuregui-Renaud et al.
[65] found that rotation in the pitch plane leads to an increase in respiration frequency in healthy
subjects, but not in vestibular deficient patients. The authors suggested that the increase in
respiration frequency is elicited as pitching movements of the head normally occur when a
subject stands up causing the abdominal muscles to contract [65].
Furthermore, it was proposed that the vestibular system might be partly responsible for the
entrainment of respiratory muscles with the underlying pattern of body movements, by coupling
the respiratory rhythm with the ongoing movement [63]. Such an entrainment had been
observed in various protocols of exercise and active movements [66-70]. Rocking movements
have also been used to entrain respiration in premature infants [71]. Sammon et al. [71] used
rocking movements to provide a phasic input to the respiratory pattern generator and entrain
with it the rocking rhythm. Furthermore, Rassler and Raabe [72] suggested that rhythmic
vestibular stimulation can induce co-ordination with breathing to the same extent as found for
active movements.

1.3.2. Respiratory Processes during Sleep
Sleep alters the function of the respiratory system as the body enters a state of rest [73].
Voluntary control of respiration is lost during sleep and a decrease in ventilatory response to
both, low oxygen and high carbon dioxide levels occurs [57]. When falling asleep respiration is
characterized by periodic breathing with oscillations in breathing amplitude [74]. It is suggested
that this breathing instability is caused by the sleep onset instability with sleep oscillations
between arousal and stage 1 or 2 [74]. Simultaneous EEG recordings showed that respiratory
oscillations parallel the variations in the level of vigilance [74]. As sleep gets more stable and
deep (stable stage 2 or deep sleep), periodic breathing disappears and respiration becomes
regular in amplitude and frequency with lowest indices of variability across sleep stages [74].
Furthermore, it appears that ventilation is reduced in response to a decline in metabolic demands
as well as a result of increased respiratory resistance caused by the hypotonia of the upper
airway opening muscles [73, 74]. Respiration during REM sleep is, characterized by an
irregular breathing pattern [57]. Sudden changes occur in both respiratory amplitude and
frequency [74]. However, the irregular breathing pattern differs from the periodic breathing at
sleep onset. Changes in respiration in this sleep stage are not random but linked to bursts of
rapid eye movements [74]. In addition, the ventilatory response is further reduced compared to
NREM sleep [57]. This further reduction is likely to be linked to altered central nervous system
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functions during REM sleep [57]. During REM sleep sensory and motor functions are impaired
by inhibition of afferent neurons and motor neuron resulting in a raised arousal threshold to
external stimuli as well as the characteristically hypotonia [57].
The changes in ventilatory response during sleep are known to affect patients with respiratory
insufficiency characterized by diaphragm weakness [75, 76]. Although many patients are able to
breathe adequately when sitting or standing, ventilatory assistance is needed during sleep [77].
Rocking beds were found to be effective for ventilator support for patients with diaphragmatic
weakness precipitated by a variety or neuromuscular diseases [77-79]. Head-up and -down
rocking assists ventilation by supporting the weakened diaphragm [77]. Therefore, the effect of
rocking movements on respiration during sleep was mainly investigated in association with
respiratory patients rather than in healthy subjects. However, due to the vestibulo-respiratory
reflex respiration might also be altered in healthy subjects when applying rocking movements to
promote sleep or relaxation.

1.3.3. Cardio-Respiratory Coupling
Cardio-Respiratory coupling (CRC) is important for the homeostatic regulation of blood gases
as well as to regulate central nervous functions such as arousal [58]. The neuronal control of
cardiac and respiratory activities are closely linked, both functionally and anatomically [58, 80].
Brain stem networks controlling respiration and heart rate show highly overlapping areas [58].
Not only the pons appears to play an important role in CRC but also well-defined medullary
interactions such as the so-called pre-Bötzinger complex and the cardiac vagal neurons located
within the nucleus ambiguous [58, 81-84].
Respiratory sinus arrhythmia (RSA) demonstrates a typical function of CRC. RSA is
characterized by an increase in heart rate and blood pressure during inspiration and the decrease
in heart rate and blood pressure during expiration [85]. It is assumed that RSA represents a
healthy form of heart rate variability (HRV) suggesting a role in the improvement of energetic
efficiency of gas exchange or in the assistance of reducing cardiac while maintaining blood gas
levels [86, 87]. Changes in HRV, defined as chaotic oscillations in the duration of the R-R
intervals between heart beats, are linked to changes in sympathetic and parasympathetic balance
and a good marker for cardiac health [58]. HRV is typically reduced during physical exercise
but also during mental stress as a result of an increased sympathetic activity [88, 89]. HRV can
be analysed in the time domain as well as in the frequency domain and is typically divided in
three frequency ranges: very low frequency (0.003-0.004 Hz), low frequency (0.04-0.15 Hz)
and high frequency (0.15-0.5 Hz) [90]. The low frequency component (LF) of HRV represents a
marker of sympathetic modulation, whereas, the high frequency component (HF) is a marker of
vagal modulation and is also related to changes in the respiratory rhythm [90]. The
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sympathovagal balance of the autonomic nervous system is essential to regulate everyday
functions such as emotions, physical activity but also wake-sleep regulation [90]. The increase
in sympathetic activity appears to be responsible for the decreased HRV during wakefulness,
while the decreased sympathetic activity during SWS might contribute to the increased HRV
during sleep [91-93].
A coupling of the respiratory and the cardiovascular system is essential for the circulatory
homeostasis during sleep [94]. Respiratory mechanisms are used to assist venous return and
alter cardiac rate and, therefore, support cardiovascular actions during sleep [94]. However, this
coupling might have to be taken into account when applying vestibular stimulation during sleep.
When applying vestibular stimulation during wakefulness Jauregui-Renaud et al. [95] found
changes in heart rate and the power of the high frequency component of HRV, which was
related to changes in respiration [90]. In line with these findings Thurrell et al. [63] also
reported changes in high frequency component of HRV for whole body oscillations in the yaw
plane. Therefore, not only respiration but also cardiovascular functions could be influenced by
vestibular stimulation during sleep.

1.4.

Aims & Structure of the Thesis

The lack of knowledge concerning vestibular stimulation and sleep is evident from the small
amount of research conducted in this field. Although rocking babies is commonly used in many
different cultures around the world to promote sleep and adults also seem susceptible to
vestibular stimulation, little is known about possible links or mechanism. This is even more
impressive when considering what potential possible applications might have. In a society
where sleep disturbances are widespread and increasing in prevalence, improving sleep is of
great interest. Not only to prevent the negative effects that sleep loss has on health and wellbeing, but also to reduce high socioeconomic costs generated by sleep disturbances.
Even though a wide range of sleep medication is available, non-pharmacological interventions
are becoming more and more relevant as they are effective, have less side effects, and can be
used over longer periods. Taking the findings of the few existing studies into account, vestibular
stimulation might have the potential to facilitate and improve sleep in a beneficial way.
However, before potential application of vestibular stimulation can become of interest, further
investigations need to be conducted to establish possible links and mechanisms as well as
uncover what kind of stimulation parameters are most effective to promote sleep. Nonetheless,
the impact of vestibular stimulation on additional physiological parameters such as cardiorespiratory functions should also be considered as this might influence the choice of stimulation
parameters.
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To gain more knowledge about the effect of vestibular stimulation on sleep and to address the
lack of evaluation concerning stimulation parameters, this thesis has the following aims:


Systematically evaluate the effect of different stimulation parameters and their
potential to promote sleep



Assess alterations in cardio-respiratory functions induced by vestibular stimulation
during relaxation and sleep



Investigate the effect of vestibular stimulation during nocturnal sleep on sleep
architecture, sleep latency and sleep oscillations such as SO and spindle activity

In order to address the above presented aims, a reliable and safe method is needed to apply
vestibular stimulation to a human subject during relaxation or sleep. For this purpose two
different robotic bed setups were developed at the Sensory-Motor Systems Lab. The detailed
description of these robotic beds are found in chapter 2. The first aim of this thesis was
approached in the study described in chapter 3. This study investigated different stimulation
parameters and their effect on relaxation assessed by physiological signals including EEG. The
influence of vestibular stimulation on sleep, brain oscillations and memory was investigated in
the study described in chapter 5. This study and the study presented in chapter 4 served,
furthermore, to assess alteration in cardio-respiratory functions as a result of vestibular
stimulation applied during relaxation as well as during sleep (chapter 6). An overall conclusion
and an outlook including recommendations for possible applications as well as future research
are given in chapter 7 and chapter 8.
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In order to apply vestibular stimulation to a human subject during relaxation or sleep, certain
requirements, such as a low noise level, smooth movements and comfort, need to be fulfilled by
the used device. Commercially available systems that could be used to apply vestibular
stimulation range from simple hammocks, to few actuated rocking beds, up to complex robots
such as Steward-platforms, commonly used in flight or drive simulators [96]. However, these
devices provide either only passive motion, only one actuated axis and a limiting range of
motion or are very bulky, noisy and highly complex [96]. Therefore, they are not suited to
investigate the effect of different rocking movements in a relaxation or sleep setting.
When applying vestibular stimulation using a robotic device it is, furthermore, of great
importance to assure the quality of the recorded physiological signals. Physiological signals
used to measure relaxation or sleep, such as for example the EEG, are very sensitive to artefacts.
Artefacts caused by electromagnetic interferences or motion of the cables and the recording
device can affect the data to an extent where results from spectral analysis might not be
interpretable anymore. Therefore, exact knowledge about the electromagnetic properties as well
as the optimal placement and positioning of the recording setup, are essential and need to be
considered when using such a robotic device. To fulfil all needed requirements and to prevent
interferences with the physiological recordings, two novel robotic devices were developed at the
Sensory-Motor Systems Lab to enable vestibular stimulation during relaxation and sleep. A
tendon-based parallel robotic bed was built to apply vestibular stimulation to human subjects
during relaxation and two actuated bed platforms were developed to perform rocking
movements during sleep.
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2.1.

Tendon-Based Parallel Robotic Bed

2.1.1. System Requierments
As a main requirement, the robotic device had to include a platform with dimensions of a
standard single bed (90 x 200 cm) allowing the subject to lie comfortably in a supine position.
Furthermore, the system had to be able to carry a payload up to 105 kg (90 kg subject, 15 kg
measurement equipment). This payload limit was defined due to the technical characteristics of
the chosen approach. The actuation system had to be able to move the platform along
parameterizable trajectories in 6 degrees of freedom (DOF). In order to allow a wide range of
movements, the workspace of the system was limited only by safety and technical requirements.
For safety reasons acceleration thresholds were set to 3 m/s2 for x- and y-translations, to 1.5
m/s2 for z-translation and to 25 °/s2 for yaw-, pitch-, and roll-rotations. Because of technical and
spatial considerations the range of motion was set to ± 0.5 m for x-, y- and z-translations, and to
± 30° for yaw-rotation, while a reduced workspace of ± 10° was chosen for pitch-and rollrotation as larger amplitudes were perceived as uncomfortable (Fig. 4).

Fig. 4. Coordinate system defined with respect to the human body. Movement directions along the x-,
y-, and z-axis are indicated with red arrows and along the yaw-, roll- and pitch-axis with blue arrows.

In order to not affect relaxation in a negative way, acoustic noise level had to be kept low. As no
guidelines concerning noise thresholds during relaxation exist, the guidelines for noise levels
during sleep were taken into account to define noise thresholds. For continuous background
noise levels during sleep Griefahn [97] suggested a threshold of 40 dB and for intermittent noise
not exceeding a level of 10 dB higher than the background noise. The World Health
Organization recommended an Equivalent Continuous A-weighted sound pressure level (LAeq)
of 30 dB and maximal level of 45 dB inside a bedroom [98]. To avoid substantial biological
effects on sleep, in a more recent report, the World Health Organization set the threshold for the
outside noise level during the night to 30 dB [99]. Taking the recommended noise levels for
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sleep into consideration as well as the fact that the device was developed to be used in a
relaxation setting, the noise threshold was set to 45 dB.

2.1.2. System Setup
The previously developed tendon-based parallel rope robotic system (r3-system) [100, 101] was
reconfigured to fulfill the requirements regarding DOFs and dynamics of the desired
movements. The advantage of the r3-system is that it provides a large workspace to perform a
wide range of 6 DOF trajectories. This is needed when testing a large range of stimulation
parameters in order to find the optimal movement to promote relaxation and, in a later step,
sleep. For this purpose the reconfigured r3-system was connected to a platform including a
conventional bed. To actuate and control the system, 7 lightweight ropes attached to the bedplatform were used. The ropes were led to motorized winches, over a pulley system mounted on
a large frame construction. The motorized winches were placed outside of this frame
construction, which also reduced the influence of motor noise and helped to ensure the noise
threshold.
The frame construction is part of the M3-Lab a multimodal simulation environment designed as
a CAVE (Cave Augmented Virtual Environment) system [102]. The CAVE has a size of 7.2 x
5.6 x 5.2 m and can be used to render audio, visual and haptic feedback [101, 103, 104].
However, only the haptic interface provided by the r3-system was used in this setup (Fig. 5).

Fig. 5. Setup within the M3-Lab. Panel A shows a picture of the bed platform. Panel B illustrates a
drawing of the M3-Lab showing the large frame construction and the bed platform connected to the 7
tendons of the r3-system.

The device was controlled using Matlab/Simulink combined with a xPC real-time target
computer. Angular positions of the motors and rope forces were measured for monitoring and
control purposes. Position was monitored by high-resolution encoder mounted on each motor
and forces were measured using linear force sensors mounted between the ropes and the
platform. A model-based proportional-derivative position controller was used to control position
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and orientation of the bed platform in task-space. Safety was guaranteed by redundant measures
implemented at the mechanics, electronics and software level. In any potentially dangerous
situation the brakes mounted on the drive-trains were closed to block the ropes and stop the
movement. Furthermore, side walls and a net construction shielded the human subject from any
moving parts. To minimize movement artefacts in the physiological recordings, the
measurement equipment was mounted on the platform and cables leading to the subject were
guided along the platform.

2.2.

Robotic Bed Platforms

2.2.1. System Requierements
In order to investigate the effect of rocking movements during sleep, additional requirements
need to be fulfilled by the device and its environment. When studying sleep in human subjects
certain conditions (e.g. quiet environment, monitoring of the subject, light and temperature
conditions) are essential to guarantee standardized polysomnographic recordings. Furthermore,
the sleeping environment should be as normal and comfortable as possible so that the sleep
quality is not negatively influenced due to the unfamiliar setting. Therefore, the tendon-based
rope robotic bed in the M3-Lab environment is not suited for such sleep investigations.
Although a wide range of movements are possible with this system, it does not guarantee a
familiar environment with standardized noise, light and temperature conditions. Furthermore,
the system is bounded to the M3-Lab. Hence, it would not be possible to perform studies in
subject’s home environment or in a sleep laboratory with this device.
The main requirement for the new device was its portability. The device had to be transportable,
easy to install and fit into a normal private bedroom or a bedroom in a sleep laboratory. The
further requirements were similar to the tendon-based rope robotic bed. The device had to
include a platform with the size of a standard single bed (90x200 cm) with a slatted frame. The
stable moving structure of the device had to be able to move a mass up to 200 kg resulting in the
masses of the slatted frame, the mattress, the adult human subject and the recording equipment.
The device had to be able to move along three translational axes (x-, y-, and z-axis) as well as
perform two swing-like rotations (roll- and pitch-rotation) Furthermore, smoothness of the
trajectories and quality of the movement needed to be high in order to not disturb the sleeping
subject. The implemented trajectories were selected as a result of the evaluation with the
tendon-based rope robotic bed and the experiences gained while investigating relaxation.
The acceptable noise threshold was reduced from 45 dB to 35 dB as the new device was
developed to be used during sleep and not during relaxation. Furthermore, quality of the
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recorded signals had to be ensured and, therefore, artefacts induced by electromagnetic
interferences or by movement had to be avoided. Finally, in order to enable the application of
the device in a human sleep study, safety of the subject and the research staff had to be
guaranteed (for a detailed description of the requirements see [96]).

2.2.2. System Setup
Two novel, robotic platforms were developed in order to fulfil all the above mentioned
requirements (for a detailed technical description see [96]). These platforms have the advantage
of being portable and, therefore, applicable in sleep laboratories or even in a home environment.
Both platforms consisted of a conventional bed in form of a mattress and a slatted frame,
mounted on a moving platform. In order to reduce design complexity and optimize movement
performance two robotic platforms were developed: one for translational movements (platform
A) and one for rotational movements (platform B) (Fig. 6).

Fig. 6. The two actuated platforms. Panel A shows platform A able to provide movements along three
translational axes (x-, y-, z-axis). Panel B shows platform B able to provide movements along two
rotational axes (roll-, pitch-axis).

Platform A consisted of four stages: stage one was the basis frame with four wheels allowing
movement and positioning of platform. Stage two was mounted on linear guides, allowing
vertical translation (z-axis) with respect to the basis frame. Stage three was again mounted on
two linear guides allowing horizontal translate with respect to the second stage (x-, y-axis).
Stage four was the bed frame, which was coupled with the third stage and could be rotated by
90°. This allowed for the orientation of the subjects to be changed with respect to the
translational axis and to switch between x-, and y-axis. Thus, movements along the longitudinal
(x), the lateral (y), and the vertical (z) body axes were possible.
Platform B consisted of three stages: stage one was the basis frame with four wheels (same as in
platform A). Stage two was mounted on two curved guides allowing swing-like rotations along
the roll- and pitch-axis with respect to the basis frame. Stage three was the bed frame, which
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again was coupled to the third stage and could be rotated by 90°. Changing orientation of the
subject with respect to the actuated axis allowed to switch between roll-, and pitch-axis. In both
platforms change in orientation of the bed frame enabled to move the subject along different
movement axis using only one actuator (Fig. 7).

Fig. 7. Movement axes and bed frame rotation. Panel A illustrates the longitudinal (x), lateral (y), and
vertical (z) translations (in red) and the lateral (roll) and longitudinal (pitch) swing like rotations (in blue).
Panel B shows the 90° rotation of the bed frame to switch orientation with respect to the actuator axis.

Each platform was actuated by a motor, and controlled by a control program implemented in
Matlab/Simulink running on a real time xPC target PC. Similar control strategies were applied
in each actuated axis including a linear proportional-integral velocity controller combined with a
model based feed forward term to compensate friction, inertia and static load. Position feedback
from the resolvers, integrated in the motors, was used to control the motions. Furthermore,
inertia measurement units, mounted on the bed frame, were used to measure accelerations and
angular velocities independently from the motor. Safety of the subject and the research staff in
case of failures was guaranteed by an automatic monitoring system implemented in the control
program. Furthermore, the platforms could be stopped at any time by pressing the emergency
stop buttons placed on the bed platforms. To ensure noise levels under 35 dB, the electrical
cabinet and control PC were placed outside the bedroom.
Both platforms were electrically shielded to avoid electromagnetic interferences in
physiological recordings. For this purpose, an aluminium plate, electrically isolated from the
rest of the platform, was mounted below the mattress and was connected to the ground of the
amplifier of the recording system. To minimize movement artefacts, the measurement
equipment was placed on the platform and the cables were guided along the platform. The
occurrences of electromagnetic interferences as well as movement induced artefacts were tested
and could be excluded as no perturbation were observed for z-, roll-, pitch-axis and only small
(<1 µV) perturbations were found for x-, and y-axis.
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EFFECT OF VESTIBULAR

STIMULATION ON RELAXATION

3.1.

Background

Investigations concerning vestibular stimulation and sleep have neglected the importance of
stimulation parameter selection to date. In previously performed studies in this field, movement
axis, movement frequency and amplitude were subjectively set by the experimenter.
Furthermore, only linear lateral swing movements have been used to apply vestibular
stimulation to the sleeping subject.

It is, therefore, not clear, which sort of movement

(translations or rotations, amplitudes, frequencies) could promote relaxation in an optimal way
and might accelerate sleep onset and influence sleep quality. That relaxation could play a role in
the facilitated transition from waking to sleep, when applying rocking movements, was
previously suggested [41]. Therefore, it could be essential to select movements which, are
perceived as comfortable and influence relaxation to achieve the strongest effect.
Benson et al. [105] defined the changes in physiology, which arise when a subject assumes a
relaxed position, while engaging in a repetitive mental action and passively ignoring
distractions, as relaxation response. This relaxation responds is associated with a decreased
activity of the sympathetic nervous system [106] and can be assessed by using physiological
signals such as heart rate, HRV, respiration frequency and the EEG [105, 107]. The
physiological responses to a decreased activity of the sympathetic nervous system are a decrease
in heart rate and respiration frequency as well as an increase in HRV [108, 109].

45

3. Effect of Vestibular Stimulation on Relaxation

In the EEG, an increase in alpha (8-12 Hz) and theta (5-8 Hz) activity is mainly used as an
indicator of relaxation [110, 111]. To systematically evaluate what sort of movements have an
influence on relaxation a device is needed which, is able to provide a wide range of controlled
and repeatable movements. For this purpose, the tendon based parallel robotic bed was
developed (see chapter 2) and used in this study aiming to identify the most comfortable and
relaxing movement. Three rotational and three translation movements were tested on healthy
subjects. Relaxation was assessed by physiological recordings including EEG, ECG and
respiration frequency as well as by a questionnaire (7-point scale). If the potentially beneficial
effects of vestibular stimulation are caused by a specific movement, greatest changes in
relaxation are expected for these particular stimulation parameters. Knowledge about such
specific stimulation parameters could be used, in a later state, to promote sleep in an optimal
way.

3.2.

Methods

3.2.1. Subjects
Twenty-five healthy subjects (17 male, age: 23-47 years (mean: 27.5 years)) with no history of
neurological disorders or diseases of the vestibular system participated in this study. To analyse
test-retest stability 7 subjects (all male) were measured twice. The subjects were all right
handed, non-smokers, with no sleep deprivation and had regular sleep for 3 days prior to the
study. In addition, subjects did not consume any medication or caffeine for 4 hours prior to
testing. The study was approved by the Institutional Review Board of the ETH Zurich and
performed in accordance with the standards for research involving human subjects defined by
the Declaration of Helsinki [112].

3.2.2. Trajectory Definition
The tendon-based parallel robotic bed setup allows a large range of motions, though not all are
suitable to promote relaxation. Important for the feasibility of our study was the selection of
motions, which are relaxing and comfortable and do not induce motion sickness. For this
selection, a pilot study with 4 subjects was performed [113]. Translational and rotational
sinusoidal trajectories along the 3 body axes were applied to the subjects lying in the robotic
bed. Furthermore, combination of motions resulting in trajectories with more than one DOF
were tested. Movements were presented in random order. In previous studies, investigating the
effect of vestibular stimulation on sleep, low stimulation frequencies of 0.24 and 0.4 Hz were
arbitrarily chosen [41, 42]. In order to perform a comprehensive investigation, we also included
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higher frequencies to test their effect on relaxation and motion sickness. The movements were
performed with frequencies of 0.3, 1, and 2 Hz. Depending on the frequency, the amplitude
ranged from 0.01 m and 0.5° (2 Hz) to 0.4 m and 10° (0.3 Hz). The rotation axis was set at
different positions along the bed, as well as 2 m above the centre of the bed. A questionnaire (7point scale) was used to assess how pleasant and relaxing each movement was perceived by the
subjects and whether movements induced motion sickness. In this pilot study, best ratings
concerning relaxation and comfort were observed for a movement frequency of 0.3 Hz. For
translations, low amplitudes around 0.2 m were preferred by the subjects and for rotations, a
rotation axis in the middle of the body or 2 m above the centre of the bed. Combinations of
different axes had a higher potential to induce motion sickness than movements with only one
DOF [113].
Based on the results of the pilot study, 6 different movements were chosen for this study:
translations along x-, y-, and z-axis with a sinusoidal trajectory characterized by amplitude of
0.15 m and frequency of 0.3 Hz; roll rotation (rotation axis parallel to x-axis, 2 m above the
platform), pitch rotation (rotation axis parallel to y-axis, 2 m above the platform) and yaw
rotation (rotation axis parallel to z axis, located in the centre of the platform) with a sinusoidal
trajectory characterized by amplitude of 6° and frequency of 0.3 Hz (for movement axes see
Fig. 4).

3.2.3. Experimental Protocol
Subjects were lying in the robotic bed in a supine position with closed eyes. The experimental
session consisted of 3 baseline measurements, i.e., no movement was performed, and 6
conditions with movement. Baseline measurements took place at the beginning, in the middle
and at the end of the session. The conditions with movement were divided into two blocks: one
block including the 3 rotational movements and one block including the 3 translational
movements. The blocks as well as the movements within each block were randomized. Each
baseline measurement and each condition with movement lasted 5 min. This duration was
chosen to keep the total duration of the experiment short (as lying for a long time could
influence subjects’ physiological condition) but at the same time to ensure physiological
adaptation to the movement stimuli. A questionnaire was assessed during short breaks (3 min)
after each baseline measurement and movement condition (Fig. 8).

Fig. 8. Measurement protocol. BL1-3 corresponds to the three baselines taking place at the beginning in
the middle and at the end of each session. After each baseline and condition (C) a break (B) took place.
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3.2.4. Physiological Recordings & Data Analysis
All physiological signals were recorded with the biosignal amplifier g.USBamp (g.tec medical
bioengineering, Graz, Austria). The signals were filtered with a hardware band-pass filter of
0.01-100 Hz and a 50 Hz notch filter. The signals were sampled at 512 Hz. Synchronization
between robot and physiological recording was guaranteed by a 1-bit digital signal sent from the
r3-system and acquired by the amplifier.
EEG was measured with the active electrode system g.GAMMAsys (g.tec medical
bioengineering, Graz, Austria). Electrodes were placed, according to the International 10-20
system, at 14 locations (Fz, F3, F4, F7, F8, C3, T7, T8, P1, P2, P7, P8, O1 and O2). The
electrodes were referenced to the linked mastoids (LM). All channels were low-pass filtered
with a cut-off frequency of 40 Hz. EOG was measured with two electrodes placed near the
corner of each eye and used for artefact removal. The EEG data was visually inspected for
artefacts, which were removed manually using the Matlab toolbox EEG Lab [114]. Waking
EEG alpha power (8-12 Hz), alpha peak power (the power around the highest peak (± 2 Hz) in
the 8-12 Hz range), and theta power (5-8 Hz) were calculated using a Fast Fourier Transform
routine (Matlab) with Hanning window and averages over 2-s epochs. Test-retest stability was
investigated for the alpha power in the O1-LM derivation of the 7 subjects measured twice (rho
values from Spearman's rank correlation).
ECG was recorded with an electrode placed 2 cm below the right clavicula between the first and
second ribs, an electrode placed at the fifth intercostal space on the midaxillary line on the left
side of the body, and a ground electrode on the right acromion. Mean heart rate was calculated
using the NN intervals (interval between normal-normal beat). To assess HRV in the time
domain, the standard deviation of NN intervals (SDNN) and the square root of the mean
squared differences of successive NN intervals (RMSSD) were calculated. Furthermore, HRV
in the frequency domain was determined based on the low-frequency band (LF: 0.04 Hz-0.15
Hz) and the high-frequency band (HF: 0.15 Hz-0.4 Hz). Cubic spline interpolation was used to
convert the NN intervals into an instantaneous time series with a constant sampling frequency.
Welch's method of modified periodograms was used to estimate the power spectral density
[115]. Respiration was recorded with a thermistor flow sensor (Thermistor Flow Sensor, S.L.P.
Inc., St. Charles, Illinois, USA) placed beneath the nose. Respiration frequency was estimated
with spectral analysis using a FFT routine (Matlab) with a Hanning window and averages over
60-s epochs.
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3.2.5. Questionnaire
A questionnaire was designed to assess how relaxing each movement was perceived by the
subjects and whether the movement induced motion sickness. The questionnaire consisted of 5
questions: Q1: “How comfortable was the movement?”, Q2: “Did you feel any dizziness,
nausea, or discomfort?”, Q3: “How well were you able to relax during the movement?”, Q4:
“How high is the probability that you would fall asleep/doze off during this movement (over a
longer period)?”, Q5: “How sleepy do you feel at the moment?”. Subjects answered using a 7point scale, 1 corresponding to “not at all” and 7 to “very”. To assess relaxation and sleepiness,
the mean across Q1, Q3, Q4 and Q5 was calculated for each subject. Motion sickness values
were calculated from Q2. The intra-subject test-retest stability (rho-values from Spearman's
rank correlation) was calculated from the ratings of 7 subjects measured twice.

3.2.6. Statistical Analysis
Physiological variables and questionnaire data were statistically tested using a univariate
general linear model followed by post hoc tests in SPSS (SPSS Inc., Chicago, Illinois, USA). A
Tukey’s correction was used to correct for multiple comparisons. The conditions with
movement were compared between each other and to baseline measurements. The significance
level was set at p≤0.05.

3.3.

Results

3.3.1. EEG
As EEG is very sensitive to artefacts, especially induced by motion, signal quality was analysed
in detail to ensure that the acquired signals could be used for further analysis. The frontal
electrodes were often affected by eye movements triggered by the vestibular stimulation. These
eye movements would have influenced the spectral analysis; hence, the frontal electrodes were
excluded from the analysis. The signal quality of the remaining electrodes was, with a
percentage of artefact free data ranging from 93.3% (standard deviation (SD): 6.4%) to 97.7%
(SD: 2.9%), high and appropriate for further analysis.
Furthermore, the power density spectrum exhibited the characteristics of EEG activity during
relaxation (with closed eyes), with high values for alpha activity (8-12 Hz) and a typical alpha
peak around 10 Hz (Fig. 9).
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Fig. 9. Averaged power density spectrum. Power density spectrum averaged over all subjects (n=25)
for baseline 1 in the O1-LM derivation.

However, in all derivations no significant changes in alpha power, alpha peak power and theta
power were observed, neither when comparing the conditions with movement between each
other nor when comparing them to baseline measurements. Test-retest stability of alpha power
(O1-LM) was high (range for rho: 0.79-0.98) in the 7 subjects measured twice.

3.3.2. Heart Rate & Heart Rate Variability
Heart rate, as well as HRV (SDNN, RMSSD, LF/HF) showed no significant difference between
the conditions with movement and the baseline measurements. ECG signal quality was not
affected by the setup or the motions. Therefore, no artefact removal was necessary and all data
could be used for analysis.

3.3.3. Respiration
Respiration frequency was significantly lower in all baseline measurements (median: 0.1830.233 Hz) compared to the conditions with movement (median: 0.283-0.300 Hz) (Fig. 10).
However, respiration frequency did not differ between the 6 movement conditions. Due to
irregular breathing patterns 6 subjects had to be excluded from the analysis.
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Fig. 10. Boxplot of respiration frequency of all conditions with movement and baseline
measurements. Box: 25%-75% percentile, Whiskers: includes minimum and maximum values that are
not-extreme values, Outliers: values between 1.5 and 3 box lengths from the upper or lower edge of the
box. (Tukey’s-test: * = p≤0.05)

3.3.4. Questionnaire
A tendency (p = 0.057) towards higher relaxation was found for movements along the z-axis
(median: 4.67; confidence interval (CI): 4.33-5.67) compared to the roll-axis (median: 4.33; CI:
3.67-5.00). Between the other movement conditions the relaxation values did not differ (Fig.
11). Motion sickness and discomfort values did not differ between the movement conditions
(median: 1 (in all conditions)).

Fig. 11. Boxplot of normalized relaxation values (Z-transformation) of all movement conditions.
Values below zero indicate less relaxation, values above zero indicate higher relaxation. For details with
respect to boxplots see Fig. 10.
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3.4.

Discussion

3.4.1. Brain Activity
Although EEG measures did not reveal differences between the conditions, it was demonstrated
that data acquisition with this setup fulfilled the required signal quality for EEG analysis. On
average, 95.5% of the data could be analysed (over all conditions). The power density spectrum
of the recorded EEG data corresponded to brain activity during relaxation. Therefore, it appears
that the movements did not affect signal quality in the current setup. The high test-retest
stability also confirms this observation. However, the EEG variables showed no differences
concerning relaxation between conditions with movement compared to the baseline
measurements without movement. Furthermore, no differences were found among the
conditions with movement. Hence, no recommendation, regarding which movement is most
effective to induce relaxation, could be derived from the EEG recordings.
A possible explanation for these findings could lie in the duration of the different conditions.
Five minutes of a particular movement might not be sufficient to measure the potentially
relaxation promoting effects of vestibular stimulation. Studies reporting a change in alpha and
theta activity, due to different relaxation techniques, used longer conditions up to 30 min [110,
111, 116]. However, the chosen condition length is often connected to the relaxation techniques
used in the study (such as meditation, breathing techniques etc.), which are not comparable with
vestibular stimulation. Bayer et al. [41], which investigated the effect of rocking movements
during an afternoon nap, reported a N1 sleep latency of 7.75 (±1.48) minutes in their study. As
our study protocol was more comparable to the nap study protocol than to the relaxation studies
using relaxation techniques, a condition of 5 min was chosen. In our opinion, this condition
length provided enough time for physiological adaptations but was short enough to avoid
subjects falling asleep and to keep the total data collection time as short as possible. However,
the condition duration was an estimation, due to the fact that no comparable study protocol has
been previously used. Therefore, this condition duration might not have been best suited to
measure changes in relaxation caused by vestibular stimulation.

3.4.2. Cardio-Respiratory Signals
ECG signal quality was, as expected, not affected by the setup or the applied motions. However,
respiration was influenced by the movements as subjects increased their respiration frequency
compared to baseline measurements without movement. Furthermore, it appears that the
respiration frequency during the conditions with movement (median: 0.283-0.300 Hz) adapted
towards the movement frequency of 0.3 Hz.
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That vestibular stimulation can lead to an increase in respiration has been previously observed
[62, 64, 65]. The increase in respiration frequency could, therefore, be mainly associated with
the activation of the vestibulo-respiratory reflex and not with a decrease in relaxation (e.g.
opposite effect). This possible explanation is supported by the fact that no other physiological
measurement showed differences indicating a decrease in relaxation compared to the baseline.
However, the activation of the vestibulo-respiratory reflex has previously been reported for
rotations with amplitudes of over 60°, which are much higher amplitudes than tested in the
current study.
The adaptation of the respiration frequency towards the movement frequency could be of
interest regarding relaxation. Respiration techniques are widely used to reduce stress and induce
relaxation [117]. Therefore, respiration might have the potential to influence sleep as relaxation
can have a promoting effect on sleep onset [118]. In addition, it was reported that deep and slow
breathing influences autonomic and pain processing [119] and reduces blood pressure [120,
121]. Hence, it would be of interest to investigate, whether subjects would also adapt to slow
movements by altering their respiration and decreasing their respiration frequency. However,
only further investigations evaluating the effect of other movement frequencies may provide
clear insight into the relationship between vestibular stimulation and respiration.

3.4.3. Questionnaire
Although the different movement axes did not alter the physiological responses of the subjects,
they seem to have an influence on the subjective perception of relaxation. Movements along the
z-axis appear to be most promising to promote relaxation. However, only between the
conditions perceived as the most (z-axis) and least (roll-axis) relaxing, differences in the ratings
were found. Furthermore, the variability of the ratings was very high among the different
subjects. Hence, it is assumed that there is not one specific movement, which is perceived as
most relaxing, but rather that it is very individual. These findings show that individual
movement preferences should be taken into account, when investigating rocking movements
and their potential to promote relaxation or sleep.
Nevertheless, intra-subject test-retest stability was weak and only significant in 2 subjects.
However, the sample size was small (n=7). Further investigation with a higher number of
participants is needed to address the question whether subject’s perception of the movement can
change over time, or whether a more detailed questionnaire would be better suited to assess the
perception of relaxation.
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3.5.

Conclusion & Outlook

The applied movements were reported to be relaxing and no problems with motion sickness or
discomfort were observed. Physiological recordings including EEG were of good quality and
applicable for data analysis. However, no changes were found in EEG and ECG variables due to
the movement. This finding might be explained by the short condition duration of 5 min.
Respiration frequency was influenced by the movement, which could be related to the
vestibulo-respiratory reflex. However, further investigations concerning the link between
respiration and vestibular stimulation might be of interest as an entrainment of respiration to
slow rocking movements could have beneficial effects on relaxation.
Movements along the z-axis appear to be most promising to promote relaxation based on the
questionnaire ratings. However, individual movement preferences should be taken into account,
when investigating rocking movements and their potential to promote relaxation or sleep.
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EFFECT OF VESTIBULAR

STIMULATION ON RESPIRATION

4.1.

Background

Respiration can be influence by vestibular stimulation as previously reported [62-65] and was
also observed in our study aimed at investigating the effect of different rocking movements on
relaxation (see chapter 2). Subjects increased their respiration frequency in all conditions with
rocking movements compared to baseline, reaching values close to the applied movement
frequency of 0.3 Hz. Although subjects reported feeling relaxed during these movements, an
increase in respiration frequency would not be considered relaxing in the first place. However,
as only one movement frequency and amplitude (0.3 Hz, 15 cm) was applied, it is not clear
what influence other frequencies or amplitudes would have on respiration.
The aim of this study was to investigate the effect of different movement frequencies and
amplitudes on respiration. We were interested to see whether subjects would entrain their
respiration to movement frequencies below their spontaneous respiration frequency by breathing
slower and deeper, which would be beneficial for relaxation. Furthermore, it was of interest to
identify whether there are movement frequencies above subjects’ spontaneous respiration
frequency that do not trigger an increase in respiration frequency and could be used in future
relaxation or sleep studies.
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4.2.

Methods

4.2.1. Subjects
Twenty-one healthy subjects (9 female, 12 male, age: 24-42 years) participated in this study.
Subjects were all non-smokers with no medical problems related to the vestibular or respiratory
system. Furthermore, subjects had to be well rested (no acute sleep deprivation) and did not
suffer from sleep disturbances (assessed by questionnaire). In addition, subjects were not taking
any medication for at least 24 hours and caffeinated beverages or food for at least 4 hours prior
to the measurement. All subjects signed an informed consent and the study was approved by the
Institutional Review Board of the ETH Zurich (EK 2012-N-39). Furthermore, the study was
performed in accordance with the standards for research involving human subjects defined by
the Declaration of Helsinki [112].

4.2.2. Experimental Protocol
The measurements were conducted using an early version of the robotic bed platform A (Fig. 6)
(descriptions see chapter 2) and consisted of one baseline measurement, i.e. no movement was
applied, and 6 movement conditions. While the vestibular stimulation was provided, subjects
where lying in a supine position with eyes closed, in a darkened room. The subjects’ head was
supported by a foam pillow (Fig. 12).

Fig. 12. Bed setup and respiratory recordings. Panel A shows the robotic bed platform used to applied
the vestibular stimulation. The lateral movement axis is indicated by the arrows. Panel B shows the
respiration recordings consisting of a thermistor flow sensor placed beneath the nose and a respiration belt
placed around the abdomen.

Movements along a lateral axis were chosen to avoid rotational movements. Rotational
movements were found to activate the vestibulo-respiratory reflex by stimulating the
semicircular canals leading to an increase in respiration frequency [62, 64, 65]. However,
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translation movements stimulating the otolithic organ appear to not influence respiration [62,
64, 65]. Therefore, only a lateral (translational) movement was applied to reduce the effect of
the vestibulo-respiratory reflex and to allow a potential entrainment to the movement frequency.
Throughout the measurement 4 different movement frequencies and two different movement
amplitudes were tested in randomized order. In addition, the measurements included a baseline
recording at the beginning where no movement was applied. Baseline and each movement
condition lasted for 5 min. Between each condition a short break without movement was
scheduled (Fig. 13).

Fig. 13. Measurement protocol. BL corresponds to the baseline measurement without movement at the
beginning of the session. After baseline and after each condition (Ci) a break (B) took place.

Frequencies
The measurement consisted of two conditions with a movement frequency below subject’s rest
respiration frequency and two conditions with a movement frequency above subject’s rest
respiration frequency. Movement frequencies of -30%, -15%, +15% and +30% of subject’s rest
respiration frequency were applied. Baseline measurement at the beginning of the session was
used to determine each subject’s rest respiration frequency. All movements were performed
with an amplitude of 15 cm.
Amplitudes
Two different amplitudes, 7.5 cm and 15 cm, were applied with a movement frequency of 0.3
Hz.

4.2.3. Physiological Recordings & Data Analysis
Physiological signals were recorded with the biosignal amplifier g.USBamp (g.tec medical
bioengineering, Graz, Austria). The signals were band-pass filtered (0.01-100 Hz) and a 50 Hz
notch filter was applied. The signals were sampled with 600 Hz.
Respiration was recorded with a thermistor flow sensor (Thermistor Flow Sensor, S.L.P. Inc.,
St. Charles, Illinois, USA) placed beneath the nose and a respiration belt (EPM Sytems,
Midlothian, USA) placed around the abdomen. For analysis, the respiration signal was first
filtered with a fourth-order Butterworth low-pass filter with a cut-off frequency of 5 Hz. Peaks
in the signal were detected with a simple algorithm based on the signal's first and second
derivatives. The periods of respiration were determined as the times between two consecutive
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peaks, mean respiration frequency was calculated as the mean reciprocal value of the respiratory
period [115].
ECG was recorded with one electrode placed 2 cm below the right clavicula between the first
and second ribs, the second one placed at the fifth intercostal space on the midaxillary line on
the left side of the body, and a ground electrode on the right acromion. Mean heart rate was
calculated using the NN intervals (intervals between normal beats). HRV parameters were
calculated according to the Task Force of the European Society of Cardiology and the North
American Society of Pacing and Electrophysiology [122]. To derive the spectral parameters the
filtered beat-to-beat intervals were resampled to 4 Hz using the method proposed by Berger et
al. [123]. The spectral representation was obtained based on an autoregressive model of 15th
order. Besides the total power (defined as the power in the frequency range <= 0.4 Hz), derived
powers in the very low frequency range (VLF: <= 0.04 Hz), the low frequency range (LF: 0.040.15 Hz) and the high frequency range (HF: 0.15-0.4 Hz) were calculated using the Biosig
Toolbox for Matlab [124].

4.2.4. Statistical Analysis
Physiological variables were statistically tested with a univariate general linear model followed
by post hoc least significant difference tests (LSD-tests). The conditions with movement were
compared among each other and to baseline measurements. Respiration and ECG features were
defined in the model as dependent variable, condition as fixed effect and the factor subject as
random effect. The significance level was set at p≤0.05. The statistical analysis was performed
with the SPSS software (SPSS Inc., Chicago, Illinois, USA).

4.2.5. Supplementary Study
In addition, 5 healthy subjects (3 females, 2 males, age: 25-28) were measured using their
individual respiration frequency at rest as stimulation frequency. Stimulation with subjects’
respiration frequency at rest was not performed in the main study and was therefore investigated
in this supplementary study to facilitate interpretation of the results. In order to avoid bias or
intentional respiratory adaptations to the movement frequency, naïve subjects were measured
(main study participants were informed about the hypothesis of the study after successful
completion of the measurements). The study consisted of a baseline measurement and one
stimulation condition (5 min each). Respiration frequency was measured and analysed using the
same methods as in the main study.
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4.3.

Results

4.3.1. Respiration
Effect of Movement Frequencies
The applied movement frequencies ranged from 0.1-0.4 Hz. Respiration frequency was
increased for all tested movement frequencies compared to baseline (0.228 ± 0.062 Hz; mean ±
SD). The increase was significant for the conditions +30% (0.273 ± 0.063 Hz, p = 0.014), +15%
(0.265 ± 0.062 Hz, p = 0.043) and -30% (0.263 ± 0.056 Hz, p = 0.047). The percentage increase
from baseline was 28.75% (+30% condition), 23.07% (+15% condition), 23.07% (-15%
condition) and 25.71% (-30% condition). However, the resulting respiration frequencies did not
differ between conditions (Fig. 14).

Fig. 14. Mean respiration frequency [Hz] and standard deviation of the baseline and the different
movement parameters applied. Left panel illustrates respiration frequency for the baseline and the four
different movement frequencies. Right panel shows respiration frequency for the baseline and the two
different movement amplitudes. Mean values are illustrated as circles, standard deviation as whiskers.
(LSD-test: *= p≤0.05).

Effect of Movement Amplitudes
A significant increase in respiration frequency compared to baseline (0.228 ± 0.062 Hz) was
found for movement amplitudes of 15 cm (0.267 ± 0.060 Hz, p = 0.039) and 7.5 cm (0.266 ±
0.054 Hz, p = 0.035). The percentage increase from baseline for the 15 cm amplitude was
23.84% and for the 7.5 cm amplitude 27.17%. However, no differences between resulting
respiration frequencies of the two stimulation amplitudes were observed (Fig. 14).
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Rocking with Subjects Respiration Frequency at Rest
Respiration frequency did not differ between baseline (0.266 ± 0.015 Hz) and the movement
condition (0.258 ± 0.010 Hz), during which the movement frequency corresponded to the
respiration frequency at rest (Table 1).
Table 1. Results of supplementary study. Respiration frequency during baseline and movement
condition for all subjects

Subject

Baseline [Hz]

Movement Condition [Hz]

Difference [%]

1

0.253

0.258

1.78

2

0.242

0.214

11.50

3

0.237

0.218

8.02

4

0.298

0.296

0.61

5
Mean

0.299
0.266

0.304
0.258

1.62
4.70

4.3.2. Heart Rate & Heart Rate Variability
Heart rate was significant lower for the conditions with movement compared to baseline. LF
component of HRV was significant lower compared to baseline for movement conditions with:
frequency +30%, -15%, -30% and amplitude 15 cm. No significant changes were found in the
remaining HRV variables (Table 2).
Table 2. Mean values and standard deviation for heart rate and heart rate variability. Values are
listed for baseline and the 6 different movement conditions.

Baseline

Amplitude
15 cm

Amplitude
7.5 cm

+30%

+15%

-15%

-30%

Heart Rate
(bpm)

67.1
(9.5)

64.6*
(8.1)

63.9*
(7.0)

64.1*
(8.3)

64.6*
(9.0)

64.2*
(8.2)

64.4*
(8.4)

Total Power
(ms2)

1148.3
(854.8)

1118.4
(758.5)

1277.2
(856.7)

1130.9
(827.8)

1333.1
(1088.1)

1065.4
(633.1)

1199.7
(706.0)

275.0
(189.9)
525.0
(505.2)
327.7
(315.0)
2.1
(1.6)

442.3
(447.9)
368.3*
(254.3)
289.1
(242.9)
1.9
(1.8)

540.3
(446.5)
420.3
(279.5)
294.4
(221.2)
2.1
(2.5)

419.0
(347.8)
381.4*
(279.5)
311.6
(272.1)
1.8
(1.9)

509.9
(635.2)
497.1
(207.9)
302.2
(259.6)
2.2
(2.2)

431.6
(423.6)
340.7*
(207.9)
276.8
(222.0)
1.8
(1.7)

478.6
(313.1)
390.6*
(235.7)
310.7
(263.5)
2.0
(2.5)

VLF (ms2)
LF (ms2)
HF (ms2)
LF/HF

Very low frequency range (VLF: <= 0.04 Hz); low frequency range (LF: 0.04 - 0.15 Hz); high frequency
range (HF: 0.15-0.4 Hz); * = significant compared to baseline
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4.4.

Discussion

The present study examined the effect of different movement frequencies and amplitudes on
respiration. Our data demonstrates that also movements along a lateral translation can activate a
vestibulo-respiratory adaptation causing an increase in respiration frequency. An increase in
respiration frequency due to vestibular stimulation has previously been reported [62-65].
However, changes in respiration were found when applying head rotations with amplitudes of at
least 60°. In the present study a lateral translation of the whole body (in a supine position),
without any rotational movement was used as stimulation. Nevertheless, small head movements
cannot be ruled out completely as subjects’ head was positioned on a foam pillow to support
and stabilize the head, though it was not fixed. However, if head motions occurred the
amplitude of motion would have been in a small range and not comparable with the head
rotations of the aforementioned studies.
Any movement frequencies, other than the respiration frequency at rest resulted in a faster
respiration. Though, the increase was independent of the applied movement frequencies (+30%,
+15%, -15%, -30% of rest respiration frequency) or amplitudes. Therefore, it appears that any
stimulation differing from respiration frequency at rest increases the respiration frequency
independent of the applied frequency or amplitude. However, since the movement frequency
was adapted to each subject individually, actual stimulation frequencies cannot be compared
between subjects. Nevertheless, movement frequencies ranging from -30% (of the rest
respiration frequency) up to +30% did alter respiration in a similar way. Hence, a
synchronization of the respiration frequency to the movement frequency could not be observed.
A possible explanation for this finding might lie in the fact that entrainment of respiration
frequency in adults was mainly found for voluntary movements [68, 125-128]. In contrast, our
movements were passively induced. Nevertheless, Rassler and Raabe [72] observed a
coordination of respiration for passive turning in a swivel-chair. However, this passive turning
involved a rotation of the head which was not present in our lateral translation. Furthermore,
Sammon and Darnall [71], which used rocking for the entrainment of respiration in premature
infants, did not find entrainment of respiration frequency for all rocking frequencies. The
authors concluded that although respiration did not entrain to the rocking, it does not mean that
the vestibular input didn’t stimulate respiration [71]. Hence, the lateral movement used in our
study seems to stimulate respiration, though it did not lead to an entrainment.
Respiration was only affected when the stimulation did not match subjects’ respiration
frequency at rest. Only deviating frequencies appear to represent strong enough stimuli to
trigger adaption of the respiratory system. However, to explain these findings in detail, further
investigations with a larger study sample are needed. Nevertheless, it was not feasible to
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influence respiration in a beneficial way for relaxation with the applied stimulation. In
particular, since it was not possible to lower respiration frequency below the resting frequency
with a slower stimulus frequency. Therefore, our findings indicate that an increase in respiration
frequency has to be expected when applying vestibular stimulation (deviating from subjects rest
respiration frequency) to promote relaxation and/or sleep. Thus, the impact of movement on
respiration should be taken into account, when applying rocking movements during sleep.
Furthermore, it needs to be investigated whether this increase in respiration frequency is a
transient phenomenon. The measured condition length might not have been long enough to see
whether the respiration frequency returned to resting levels.
Although the applied stimulation led to an increase in respiration frequency, a decrease in heart
rate was found for the conditions with movement compared to baseline. Previous, studies
stimulating the vestibular system via postural changes of the head or body, present contradictory
findings with respect to cardiovascular functions. Thurrell et al. [63] found no changes in heart
rate for whole body oscillation in the yaw plane after standing whereas changes in heart rate
were reported for head down rotation in both young and older adults [62, 64]. Furthermore,
alterations in respiration but no changes in cardiovascular parameters were observed for
rotations in the yaw and pitch plan of the head or dynamic upright roll in several studies [62, 64,
65]. However, the types of stimulation as well as the stimulation parameters differed
considerably between the above mentioned studies and it is not yet clear if potential changes in
heart rate are related to cardio-respiratory coupling. In our study the decrease in heart rate might
be related to the fact that subjects reported to feel relaxed during the conditions with rocking.
The changes found in the LF component of HRV would support this hypothesis as LF
represents a marker of sympathetic modulation [90]. Therefore, the found decrease in LF could
indicate a reduction in the sympathetic tone and might not be related to the changes in
respiration frequency. However, a clear conclusion, concerning the effect of vestibular
stimulation on cardiovascular functions, is difficult to draw and needs further investigation. In
particular, procedures beyond the standard parameters for HRV analysis should be invoked in
order to reveal more complex mechanisms of cardio-respiratory coupling.

4.5.

Conclusion & Outlook

Rocking movements along a lateral translation in subjects lying in a supine position caused a
vestibulo-respiratory adaptation leading to an increase in respiration frequency. The increase
was independent of the applied movement frequencies or amplitudes but did not occur when
stimulating with subjects’ rest respiration frequency. Therefore, it appears that any stimulation
deviating from subjects’ respiration frequency at rest will affect respiration independent of the
applied frequency or amplitude. However, further studies are needed to investigate how rocking
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movements influence respiration during the process of falling asleep or during sleep. For this
purpose cardio-respiratory recordings were performed during the sleep study described in the
following chapter (chapter 5). The comparison between the effect of vestibular stimulation on
cardio-respiratory functions during wakefulness and during sleep will be discussed in chapter 6.
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5.

EFFECT OF VESTIBULAR

STIMULATION ON SLEEP AND
MEMORY

5.1.

Background

Previous investigations regarding the effect of vestibular stimulation on sleep not only left open
questions concerning stimulation axis and frequency (see chapter 3) but also about stimulation
duration. As it appears that mainly sleep onset is influenced, it is not clear whether vestibular
stimulation also influences later sleep in a beneficial way. Bayer et al. [41] found in their 45minutes nap study that sleep spindle activity and SO were increased, especially in the second
half of the nap. However, the nap protocol does not allow to draw conclusions about the further
course of this effect or the impact on regular sleep.
A detailed introduction concerning sleep and vestibular stimulation leading to the rationales of
the study presented here was already given in chapter 1. However, additional outcome
measures, such as sleep-dependent memory performance, were included in this study and their
association to sleep and vestibular stimulation will be explained in the following sections.
Sleep spindles and SO not only influence sleep quality but also appear to play a crucial role in
memory performance. Sleep in general is assumed to favour memory consolidation [129-132].
Increasing sleep spindles and SO especially, seems to be related to an improvement in memory
performance [133-137]. However, the mechanisms responsible for these memory benefits are
still controversially discussed and not established yet (for a review see [129]). Different
hypothesis exist trying to explain the role of sleep in memory consolidation.
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The synaptic homeostasis hypothesis suggests that synaptic downscaling during sleep benefits
neural function and indirectly learning and memory [138, 139]. Synaptic downscaling during
sleep is necessary to prevent synaptic overload, as information encoding during wakefulness is
associated with synaptic potentiation in cortical circuits leading to a net increase in synaptic
strength [138, 139]. As the amount of SWA is linked to the duration of prior wakefulness, it is
assumed that SWA serves to downscale the increased synaptic strength [138-140]. This process
reduces the total synaptic weight while the relative differences in synaptic strength maintain
allowing for the acquisition of new information [138, 139]. Furthermore, Tononi and Cirelli
[138, 139] propose that synaptic downscaling enhances the signal-to-noise ratio of strong
synaptic connection favouring learning.
The active system consolidation hypothesis postulates that information acquired during
wakefulness and encoded in the hippocampus is reactivated during SWS and redistributed to the
neocortex for long-term memory storage [129, 141-145]. SO are essential for the reactivation
and redistribution as they drive the dialogue between the neocortex and the hippocampus [129].
Furthermore, sleep spindles also contribute to synaptic changes underlying the storage of
reactivated memories in neocortical networks [146, 147]. Sleep spindles have also been
associated with the efficiency of the thalamocortical system as well as with learning efficiency
[148, 149]. This link might be explained by the generation of sleep spindles as they result from
an interaction between thalamocortical connections and the thalamic reticular nucleus [17].
Furthermore, the thalamic reticular nucleus is involved in enabling the thalamocortical system
to process information more efficiently during wakefulness [150].
When assessing memory performance a distinction is made between procedural memory (e.g.
motor skills, habit learning) and declarative memory (e.g. facts, episodic memories), which both
appear to benefit from sleep [131, 132, 151, 152]. Several studies investigated the relationship
between declarative memory improvements, sleep spindles and SO. Spindle density during
sleep was found to increase after learning word pairs [133]. Furthermore, Schabus et al. [153]
showed an increase in spindle activity, but only when subjects improved their memory
performance overnight. In addition, a correlation between spindle parameters, such as spindle
activity, total number or density, and overnight memory improvement was reported for several
memory tasks [136, 154, 155]. However, these findings are dependent on memory task and task
design and a clear link between spindles and overnight improvement is still not established.
Similar correlations where also found between SWA, SO and overnight improvement in
declarative memory performance [154, 156]. Furthermore, memory performance was enhanced
when using trancranial application of oscillating potentials or auditory stimulation to increase
SO during NREM sleep [157, 158]. In conclusion, there is evidence linking increased SO and
sleep spindle activity to an enhanced declarative memory performance. Hence, vestibular
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stimulation might have the potential to also alter memory performance by boosting SO and/or
spindle activity [41, 159].
The aim of this study was to investigate the effect of rocking movements on sleep and their
possible potential to increase sleep spindles and SO, which might affect memory performance.
In addition, we studied whether vestibular stimulation mainly affects sleep onset or whether a
cumulative effect would be observed with longer stimulation duration. Furthermore, to take
subjects individual movement preferences into account (see chapter 3), subjects could preselect
their preferred motion.

5.2.

Methods

5.2.1. Subjects
Eighteen, healthy, right handed, male subjects (age: 20-28 years; mean: 23.7 years) participated
in this study. All subjects were, non-smokers, and free of drugs and medication. Subjects
underwent a telephone and questionnaire screening to exclude sleep disorders, diseases of the
vestibular system, neurological, psychiatric or acute/chronic internal diseases as well as
irregular sleep wake rhythm. Further exclusion criteria were excessive daytime sleepiness
measured by the Epworth Sleepiness Scale [160] and susceptibility to motion sickness measured
by the Motion Sickness Susceptibility Questionnaire Short-form [161]. Subjects were normal
sleepers with a moderate alcohol and caffeine intake (<7 alcoholic drinks/week, < 5 beverages
or food containing caffeine/day). Sleep quality, sleep efficiency (>80%) and the absence of
sleep disorders were verified during a screening night prior to the study. The study was
approved by the Institutional Review Board of the ETH Zurich and was performed in
accordance with the standards for research involving human subjects defined by the Declaration
of Helsinki [112].

5.2.2. Movement Selection
Vestibular stimulation was applied using the robotic bed platforms A and B (see chapter 2).
Subjects could select their preferred movement prior to the study. This pre-selection helped to
avoid that a movement was applied, which was perceived as uncomfortable by the subject.
Furthermore, if the effect of vestibular stimulation is influenced by relaxation, the greatest effect
would be expected with a movement, which was perceived as relaxing. Prior to the first
experimental night, subjects chose between 5 movement axes (x-, y-, z-, roll-, and pitch-axis).
Furthermore, subjects selected between two frequencies a faster (0.24 Hz) and a slower one
(0.16 Hz). To ensure comparable maximal velocities (0.1 m/s) for both frequencies, the
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amplitudes were adapted accordingly. Amplitude for the fast frequency was 0.066 m and for the
slow frequency 0.10 m.
In addition to selecting their preferred movement, subjects had to rate the movements on a scale
from 1 to 5 (value 1 representing the best liked movement, value 5 representing the least liked
movement). They tested each movement for 2 minutes while lying in bed in a darkened room
with closed eyes. Movement axes and frequencies were applied in randomized order. After each
movement subjects gave feedback and ranked the movement during a short break.

5.2.3. Experimental Protocol
After successfully passing the screening phase subjects spent three experimental nights at
weekly intervals in the sleep lab (Fig. 15). Subjects had to adhere to regular bed times 7 days
prior to the experimental night and throughout the entire experimental phase (three weeks in
total). Bed times were selected by the subjects (between 10-12 pm) and stayed the same for all
experimental nights. Time in bed was 8 hours and subjects were allowed to shift their bedtime a
maximum of 30 minutes during the nights not spent in the laboratory. Furthermore, subjects had
to abstain from caffeine and alcohol 3 days prior to each experimental night. Compliance with
the bedtimes was controlled by an actimeter and sleep logs. The actimeter was worn on the left
wrist and measured arm movements allowing to establish subjects’ rest-activity rhythm.
Alcohol consumption was controlled by a breath alcohol test.

Fig. 15. Overall experimental protocol. Prior to the experimental phase the screening phase including
an entrance examination and screening night took place. Experimental phase lasted for 3 weeks including
three experimental nights. Actimetry and sleep logs were assessed throughout the entire experimental
phase.

The three experimental nights consisted of two nights with vestibular stimulation (movement
until sleep onset (C1); movement for 2 hours (C2)) and one night without movement (baseline
(B)). The order of the different experimental conditions was randomized. Vestibular stimulation
was started with lights out. In condition C1 vestibular stimulation was switched off after the
first occurrence of 3 consecutive epochs of stage 2 sleep (N2). Sleep stages were visually
determined according to standard criteria [8]. In condition C2 vestibular stimulation was
switched off after 2 hours of stimulation, independent of the current sleep stage the subject was
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in. To ensure the same noise level for all conditions, pre-recorded platform noise was presented
for the first 2 hours after lights out for condition B and from sleep onset till 2 hours after lights
out for condition C1. Pre-recorded platform noise matched the selected movement axis as well
as the chosen movement frequency. Noise levels during stimulation and during pre-recorded
noise presentation were below 35 dB.
Subjects were informed 5 minutes prior to lights out whether vestibular stimulation was applied
during sleep or not. However, in case of a stimulation night they were not informed about the
exact duration of stimulation but rather instructed that the stimulation would stop at a random
point throughout the course of the night. This protocol was used to minimize subjects’ potential
bias (expectations) towards the experimental conditions, which could have had an influence on
the process of falling asleep as well as the subjective rating of sleep quality. After the last
experimental night subjects had to compare the two different conditions (with and without
stimulation) against each other, and state which condition they preferred.

5.2.4. Declarative Memory Task
A word-pair learning task was used to assess declarative memory performance. Word-pair tasks
are suitable to determine declarative memory performance in the context of sleep, as they are
sensitive to effects of sleep [162, 163]. Prior to sleep, subjects performed a word-pair memory
task consisting of 40 semantically related word pairs, which were presented in randomized
order. Three different word pair lists were used for the three measurement nights. Word pair
lists were randomized among the conditions. Subjects had to learn the word pairs, were tested
immediately after learning (immediate recall) and after 8 hours of sleep in the morning (delayed
recall). Word pairs were presented on a computer screen for 4 s each. During recall subjects had
to recall the second word after the first word of the pair was presented. There was no time limit
to answer, but subjects were instructed to respond as fast as possible. After subjects entered the
second word, the correct word pair was shown again for 2 s as feedback (Fig. 16). The times of
the word pair learning and testing were standardized (one hour before bed time, 30 min after
waking up) in order to keep the time between acquisition and sleep short and to reduce the
effect of sleep inertia on cognition in the morning [164-166]. Each correct word pair was scored
with one point and correctly recalled word pairs containing mistakes (plural/singular form,
spelling) with half a point. Overnight performance improvement was defined as the difference
in correctly recalled word pairs between immediate and delayed recall. Initial acquisition rate,
indicating how much of the individual learning capacity is already achieved in the immediate
recall, was calculated as the performance in the immediate recall expressed as the percentage of
the delayed recall performance [149].
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Fig. 16. Word-pair task procedure. Learning and immediate recall occurred one hour before bed time
and delayed recall 30 min after waking up.

5.2.5. Physiological Recordings & Data Analysis
EEG (according to the 10-20 system: F3, F4, C3, C4, P3, P4, O1, O2, A1, A2, referenced to
Cz), submental EMG and EOG were continuously recorded throughout the entire 8 hours sleep
period with a polygraphic amplifier Artisan (Micromed, Mogliano, Veneto,Italy). The signals
were sampled at 256 Hz and recorded with the software Rembrandt DataLab (Version 8.0;
Embla Systems, Broom field, CO, USA). For further analysis the EEG signals were rereferenced to the mastoids (A1, A2). Analogue signals were filtered with a high pass filter
(EEG: -3 dB at 0.15 Hz; EMG: 10 Hz; ECG: 1 Hz) and an anti-aliasing low-pass filter (-3 dB at
67.2 Hz). The sleep stages were scored visually on a 20-s epochs basis according to standard
criteria [8]. For artefact removal, artefacts were identified visually and with semi-automatic
artefact detection (see [167] for details).
EEG power in specific frequency bands (delta: 0.75-4.5 Hz; theta: 4.5-9 Hz; alpha: 9-15 Hz;
sigma: 11-15 Hz; beta: 15-25 Hz) was calculated based on spectral analysis performed with the
FFT (Hanning window; averages over five 4-s epochs) and matched with the sleep stages.
Spindle detection was performed using the spindle detection algorithm by Ferrarelli et al. [168,
169] for all artefact-free NREM sleep epochs. EEG signals were band-pass filtered (between 12
and 15 Hz) and the thresholds for spindle detection and spindle duration were defined (lower
threshold = two times average amplitude; upper threshold = 6 times average amplitude). A
spindle was detected whenever the signal amplitude exceeded the upper threshold (6 times
average amplitude).
Detection of slow waves was performed using an algorithm previously described [170]. EEG
data (0.5-2 Hz) was down sampled to 128 Hz and band pass filtered (third-order Chebyshev
type II high-pass filter; –3 dB at 0.4 Hz; sixth-order Chebyshev type II low-pass filter, –3 dB at
2.3 Hz). Phase distortion was prevented by filtering in forward and reverse direction. Slow
waves were subdivided in positive and negative half-waves with an amplitude of ≥ 37.5 µV (75
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µV peak to peak amplitude; [8]) and were defined as positive or negative deflections between
consecutive zero-line crossings.

5.2.6. Statistical Analysis
EEG Features
All EEG features were statistically analysed using a univariate general linear model followed by
post hoc LSD-tests. EEG features were defined in the model as dependent variable, condition as
fixed effect and the factor subject as random effect. The conditions with movement were
compared among each other and to baseline measurements. EEG data were analysed for the
entire night and the first 2 hours after lights out. The significance level was set at p≤0.05. The
statistical analysis was performed with the SPSS software (SPSS Inc., Chicago, Illinois, USA).
Word-Pair Task
Data from 16 subjects were included for the statistical analysis of the word-pair task variables.
Two subjects recalled all 40 word pairs correctly reaching the maximum points and were
therefore excluded due to a ceiling effect. Statistical analysis was performed using a liner mixed
model with random effects. Word-pair task performance measures (overnight memory
improvement, immediate recall, delayed recall, initial acquisition rate) were entered into the
model as dependent variable, the condition as fixed effect and the factor subject as random
effect. To exclude effects of the word-pair task list version or the experimental night,
interactions between these factors and the condition were tested. Linear mixed model analysis
was performed with the lme4 package [171] using the statistical software R [172]. Post-hoc
comparison was performed by a Tukey’s test using the glht-method (general linear hypothesis
testing) of the multcomp package [173]. Correlations between sleep spindles, SO measures and
word-pair task performance measures were calculated using Pearson’s correlation coefficient
(two-tailed). EEG measures of the entire night as well as only the first two hours of the night
were included in the analysis.
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5.3.

Results

5.3.1. Movement Selection
A preference for rotational movements was observed as 12 out of 18 subjects selected either a
pitch-, or roll-axis. Furthermore, the majority of the subjects (n=12) decided upon a slow
stimulation frequency of 0.16 Hz rather than the faster frequency of 0.24 Hz (Fig. 17). Most
subjects also preferred a condition with movement (12 subjects preferred motion night, 2
subjects preferred baseline night, 4 subjects had no preference).

Fig. 17. Stimulation parameter preselection. Selection of movement axis is illustrated on the left side
of the graph. Movement frequency selection is illustrated on the right side (fast: 0.24 Hz; slow: 0.16 Hz).

5.3.2. Sleep Architecture
Sleep latency, SWS latency and REM sleep latency were comparable among the conditions and
did not reveal significant differences. Sleep efficiency, N1, N3 and time awake after sleep onset
(WASO) did not differ between the conditions when comparing the data over the entire night (8
hours) as well as during the first 2 hours after lights out. Amount of N2 sleep was significantly
increased for C2 compared to B and C1 during the first 2 hours after lights out, but not for the
entire night (Table 3). In addition, when considering the first 3 hours after lights out the
differences in N2 sleep were no longer present (B: 79.61 ± 4.76 min; C1: 75.61 ± 4.14 min; C2:
77.11 ± 4.11 min).
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Table 3. Mean and standard deviation of sleep variables derived from visual scoring. Values shaded
in white were calculated over the entire night. Values shaded in grey were calculated over the first 2 hours
after lights out.

B
Sleep latency [min]
SWS latency [min]
REM sleep latency [min]
Sleep efficiency [%]
N1 [min]
N2 [min]
N3 [min]
WASO [min]

8.48 (1.37)
11.09 (1.33)
66.63 (2.83)
96.77 (1.02)
91.73 (1.80)
10.54 (1.84)
1.50 (0.36)
232.50 (8.75)
46.09 (3.06)
88.24 (5.64)
50.98 (2.86)
6.87 (4.01)
1.44 (1.09)

C1

C2

9.89 (1.34)
12.11 (1.25)
68.80 (3.73)
96.50(0.74)
90.82 (1.50)
13.87 (3.04)
2.00 (0.48)
232.89 (7.86)
46.56 (2.16)
89.15 (6.03)
48.93 (2.54)
5.33 (2.06)
1.13 (0.91)

9.67 (1.28)
10.35 (0.84)
75.33 (5.78)
96.75 (0.58)
91.39 (1.13)
12.89 (2.73)
2.31 (0.71)
238.67 (6.7)5
52.41 (2.69) *a,b
85.41 (5.27)
46.20 (2.40)
5.81 (2.28)
0.67 (0.29)

Experimental conditions: Baseline (B), vestibular stimulation until sleep onset (C1), vestibular
stimulation for 2 hours after lights out (C2); sleep latency: lights out to first occurrence of N2; SWS
latency: sleep onset to first occurrence of N3; REM sleep latency: sleep onset to first occurrence of REM
sleep; WASO = wake after sleep onset. LSD-test, * = p≤0.05, a: difference between C2 & C1, b:
difference between C2 & B.

5.3.3. Spectral Analysis
Spectral power did not differ between the experimental conditions (Fig. 18 left; Table 4). Delta,
theta, alpha, sigma, and beta power of the entire night and the first 2 hours after lights out
revealed no differences between conditions
Table 4. Mean and standard deviation of spectral power bands. Values shaded in white were
calculated over the entire night. Values shaded in grey were calculated over the first 2 hours after lights
out.

Delta Power [µV2]
Theta Power [µV2]
Alpha Power [µV2]
Sigma Power [µV2]
Beta Power [µV2]

B

C1

C2

375.76 (116.04)
585.06 (211.19)
91.73 ( 1.80
29.18 (10.46)
19.68 (7.37)
23.44 (15.33)
6.78 (1.48)
6.43 (1.50)
2.61 (0.58)
2.64 (0.70)

380.81 (124.80)
555.83 (195.03)
22.77 (9.06)
30.12 (12.76)
21.16, (12.26)
25.51 (22.60)
7.10 (2.26)
6.81 (2.32)
2.76 (0.67)
2.91 (0.92)

385.79 (134.19)
594.30 (209.28)
23.43 (9.84)
29.76 (12.32)
20.60 (8.44)
23.53 (11.85)
6.91 (1.52)
6.68 (1.60)
2.70 (0.73)
3.03 (1.26)

Experimental conditions: Baseline (B), vestibular stimulation until sleep onset (C1), vestibular
stimulation for 2 hours after lights out (C2). Delta band: 0.75-4.5 Hz; Theta band: 4.5-9 Hz; Alpha band:
9-15 Hz; Sigma band: 11-15 Hz; Beta band: 15-25 Hz
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Delta power was further subdivided in three frequency ranges: oscillations < 1 Hz, between 1-2
Hz and between 2-4 Hz. However, spectral power in these frequency ranges showed no changes
neither when considering the entire night, nor when considering only the first 2 hours after sleep
onset. Furthermore, the temporal evolution of delta power during the first hour after sleep onset
showed no differences in the build-up of delta power between the conditions (Fig. 18, right).

Fig. 18. Averaged power density spectrum and delta power build up. Left panel illustrates averaged
power density spectrum averaged over NREM sleep of the entire night for all three experimental
conditions. Right panel shows build-up of delta power during the first hour after sleep onset (20-s epochs,
moving average over 7 epoch). No significant differences were observed. (Experimental conditions:
Baseline (B), vestibular stimulation until sleep onset (C1), vestibular stimulation for 2 hours after lights
out)

5.3.4. Sleep Spindles & Slow Oscillations
Total number of sleep spindles (mean (SD), p-value) was significantly increased for the C2
(195.61 (66.56)) condition compared to B (170.00 (44.39), 0.047) and C1 (166.28 (55.03),
0.024). However, this increase was only visible in data of the first 2 hours after lights out (Fig.
19). The total number of sleep spindles did not differ between conditions when considering the
entire night. However, spindle density was not influenced by the different experimental
conditions neither during the entire night, nor during the first 2 hours. The number of SO did not
differ between the experimental conditions for the first 2 hours as well as for the entire night.
The same was observed for the density of SO (Fig. 19).
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Fig. 19. Number and density (mean and standard deviation) of spindles and slow oscillations (SO)
of all conditions. Upper left: number of spindles of the first 2 hours after lights out and of the entire
night. Upper right: spindle density (number of spindles per 20-s epoch). Lower left: number of SO of the
first 2 hours after lights out and of the entire night. Lower right: density of SO (number of SO per 20-s
epoch). Shown are mean values (dots) ± standard deviation (whiskers). (Experimental conditions:
Baseline (B), vestibular stimulation until sleep onset (C1), vestibular stimulation for 2 hours after lights
out); LSD-test: * = p≤0.05.

5.3.5. Word-Pair Task
Number of correct recalled word pairs was significantly higher for the delayed recall compared
to the immediate recall (Overnight memory improvement (mean (standard deviation), z-value,
p-value) = C1: 6.31 (2.75), 9.18, < 0.001; C2: 6.69 (3.43), 7.79, < 0.001; B: 6.72 (3.76), 7.14, <
0.001) (Fig. 20).
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Fig. 20. Overnight memory improvement for all conditions. Mean and standard deviation of the
number of correctly recall word pairs in immediate (evening) and delayed (morning) recall (n=16).
(Experimental conditions: Baseline (B), vestibular stimulation until sleep onset (C1), vestibular
stimulation for 2 hours after lights out); Tukey’s-test: *= p≤0.05.

However, conditions did not differ among each other. No significant differences between the
experimental conditions were found for overnight memory improvement, immediate recall,
delayed recall, or initial acquisition rate.
Spindle power, delta power, number of SO as well as SO density were not correlated with
overnight performance improvement, immediate recall, delayed recall or initial acquisition rate
in any of the experimental conditions. However, spindle number and density correlated
significantly with immediate recall in all conditions and to delayed recall for the conditions with
vestibular stimulation (Table 5). These correlations were observed when considering spindles
over the entire night as well as in the first 2 hours after lights out. Initial acquisition rate
correlated significantly with spindle number and density but only in the baseline.
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Table 5. Pearson’s correlation coefficients (r-value (p-value)) between spindle power, number and
density and word-pair task measures. Values shaded in white were calculated over the entire night, the
ones shaded in grey over the first 2 hours after lights out.

Overnight
Performance
Improvement

Immediate
Recall

0.09 (0.73)
0.16 (0.56)
0.15 (0.57)
0.12 (0.65)
0.04 (0.88)
0.06 (0.84)

-0.09 (0.76)
-0.26 (0.33)
-0.14 (0.61)
-0.03 (0.92)
0.05 (0.86)
0.10 (0.71)

-0.43 (0.09)
-0.42 (0.10)
0.07 (0.80)
0.18 (0.50)
0.06 (0.83)
-0.14 (0.60)

0.67** (0.00)
0.66** (0.01)
0.60* (0.01)
0.63* (0.01)
0.65** (0.01)
0.60* (0.01)

-0.40 (0.12)
-0.32 (0.24)
0.16 (0.55)
0.17 (0.52)
0.13 (0.63)
-0.05 (0.86)

0.64** (0.01)
0.49 (0.05)
0.59* (0.02)
0.70** (0.00)
0.73** (0.00)
0.63** (0.01)

Delayed
Recall

Initial
Acquisition Rate

Spindle Power
B
C1
C2

-0.04 (0.88)
-0.20 (0.46)
-0.07 (0.79)
0.02 (0.94)
0.07 (0.81)
0.12 (0.65)

-0.16 (0.56)
-0.26 (0.34)
-0.33 (0.22)
-0.25 (0.35)
-0.05 (0.85)
-0.05 (0.85)

Spindle Number
B
C1
C2

0.49 (0.05)
0.49 (0.05)
0.61* (0.01)
0.68** (0.00)
0.64** (0.00)
0.505* (0.04)

0.58* (0.02)
0.60* (0.01)
0.16 (0.56)
0.09 (0.73)
0.32 (0.23)
0.38 (0.15)

Spindle Density
B
C1
C2

0.48 (0.06)
0.36 (0.17)
0.64** (0.01)
0.74** (0.00)
0.75** (0.00)
0.57* (0.02)

0.54* (0.03)
0.46 (0.07)
0.10 (0.72)
0.14 (0.61)
0.29 (0.27)
0.33 (0.21)

Experimental conditions: Baseline (B), vestibular stimulation until sleep onset (C1), vestibular
stimulation for 2 hours after lights out. Spindle power: NREM sleep EEG power in 11-15 Hz range;
Spindle density: Number of spindles per 20-s epoch; n=16; *= p≤0.05; **=p ≤ 0.01; two-tailed.

5.4.

Discussion

5.4.1. Motion Selection
Although movements along z-axis showed a tendency towards higher subjective relaxation and
comfort levels in the study described in chapter 3, motion preferences were different in this
study. A clear preference towards rotational movements was observed. The z-axis was even the
least selected one. A reason for this finding might lie in the unfamiliarity of this motion.
Subjects might tend to select movements, which are known from experience rather than
unfamiliar movements such as, for example the translation along the z-axis. Rotational
movements could appear more familiar due to experiences falling asleep on a boat or in a
hammock or even as a baby in a rocking cradle. However, these selection factors might be more
relevant for subjects, when selecting a movement to be applied during a night of sleep than
during a short time of relaxation.
Preference for slow stimulation frequencies could also be influenced by subjects’ precaution not
to disrupt sleep by a stimuli being too strong, although movements in both frequencies exhibited
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comparable velocities. However, all tested movements were perceived as comfortable and
relaxing. Therefore, it appears that the subjective preferences were the main factor for the
movement selection rather than discomfort or dislike of the motions. In agreement with this,
no occurrence of motion sickness was reported in any of the subjects during the motion
selection procedure as well as during the experimental nights. Sleeping with movement was
even preferred over sleeping without movement by the majority of the subjects. This is in line
with the findings of Bayer et al. [41] where a clear preference towards the nap with movement
was reported.

5.4.2. Sleep Architecture
In contrast to the findings of Bayer et al. [41] the applied vestibular stimulation did not shorten
sleep onset nor did it facilitate the transition to deep sleep. Sleep latencies (time from lights out
until the first appearance of N2 sleep) and SWS latencies (time from sleep onset until first
appearance of N3 sleep) did not exhibit any changes due to the vestibular stimulation. Also
when calculating the N2 latency as the difference between first occurrence of N2 and first
occurrence of N1, which was shortened in the study of Bayer et al. [41], no differences between
the conditions appeared.
A possible reason for these contradictory findings might lie in the different sleep opportunities
investigated. Bayer et al. [41] applied rocking movements during an afternoon nap whereas our
study investigated vestibular stimulation during nocturnal sleep. Nap sleep and nocturnal sleep
are both influenced by sleep regulation. The well-established two process model of sleep
regulation proposes two independent processes to be involved in sleep regulation [174, 175].
The sleep-dependent homeostatic process S and the sleep-independent circadian process C [174,
175]. Process S is driven by the need for sleep. Sleep pressure increases during wakefulness as a
function of time awake and declines during sleep. SWA measured during NREM sleep serves as
an indicator of sleep intensity and the level of process S (for a review see [174]). Prolonged
duration of wakefulness will lead to an increase in SWA and SWS in the following sleep period,
whereas a daytime nap decreases the amount of SWA and SWS due to the reduced sleep
pressure [174]. Process C is independent of sleep and wake but driven by the suprachiasmatic
nucleus, the circadian clock that controls the circadian rhythms, resulting in sleep occurring at
an ecologically appropriate time of day [5, 174].
Timing of sleep and waking is determined by the interaction of both processes S and C [174,
175]. In a population without sleep deprivation and with regular bed times, sleep pressure will
be different for an afternoon nap compared to nocturnal sleep. As sleep pressure is higher prior
to nocturnal sleep, sleep latency will be shorter and SWA higher compared to nap sleep.
Furthermore, nap sleep exhibits often a reduced sleep efficiency compared to nocturnal sleep
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because of reduced homeostatic sleep propensity and circadian timing [176]. Indeed, sleep
latency (first N2 occurrence) was increased and sleep efficiency reduced in the nap study of
Bayer et al. [41] (sleep latency: 17.6 min; sleep efficiency: 73.1% for baseline sleep) in
comparison to nocturnal sleep in our study in a comparable population (sleep latency: 8.5 min;
sleep efficiency: 96.8% for baseline night). Therefore, in contrast to nap sleep, nocturnal sleep
in good sleepers might not benefit additionally from the potential facilitating effects of
vestibular stimulation on sleep onset and the transition to deeper sleep stages. On the other
hand, as lower sleep quality is usually observed during nap sleep there might still be potential
for improvement, which could be triggered through vestibular stimulation. This potential
explanation is also supported by the findings of Krystal et al. [43] using electrical stimulation of
the vestibular system in a sleep phase advance model of transient insomnia. Vestibular
stimulation facilitated sleep onset only in a subgroup of subjects with prolonged sleep latencies
during MSLT (≥ 14min) but not in subjects with short sleep latencies [43]. However, the
homogeneity of our subject population did not allow for a subdivision into short and prolonged
sleep latencies as our subjects exhibited rather similar latencies. Nevertheless, we cannot rule
out the possibility that vestibular stimulation could have a facilitating effect on sleep onset in a
population exhibiting prolonged sleep latencies such as for example in the elderly or people
suffering from insomnia.
In contrast to the results regarding sleep onset, the increase in the amount of N2 sleep, which
was found for the first 2 hours in the C2 condition, is in line with the findings of the nap study
by Bayer et al. [41]. However, this increase occurred only in the C2 condition during which
vestibular stimulation was present for the entire duration of the analysed time window. When
comparing the first 3 hours after lights out, to include a stimulation free time window in all
conditions, the differences in the amount of N2 sleep vanished. Therefore, it appears that
changes in N2 sleep may only be present during vestibular stimulation. Furthermore, these
changes might be only temporary and not lasting beyond the stimulation period. The increase in
N2 sleep might be related to the sensory processing of the vestibular stimulation during sleep.
Although sensory information processing undergoes profound modifications during sleep it is
definitely present throughout the different sleep stages [40]. Sensory stimulation processing
during sleep can for example be seen in the stimulation evoked K-complex [40]. K-complexes
are observed in the EEG as a response to visual, auditory and also somesthetic stimulation
[177]. Furthermore, the vestibular nuclei appear to be closely coupled to bursts of REMs during
REM sleep [40], which has been previously shown when REM characteristics were alerted due
to motion [42, 49, 52]. The transition from wake to sleep is rather sensitive to external
disturbances as the arousal threshold is still low [9] and sensory stimulus processing is more
pronounced [40] than for example during deep sleep. Therefore, it might be possible that
vestibular stimulation at the beginning of the night rather increases the amount of N2 sleep due
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to the additional stimuli, which are introduced to the vulnerable progression of sleep. However,
as neither SWS or REM latency nor time spent in SWS or REM sleep differed among the
conditions, sleep architecture and SWS appear not to be affected by the stimulation. Therefore,
it might be that sleep architecture is only affected when vestibular stimulation is present without
influencing sleep beyond the duration of the stimulation.
Nevertheless, when considering sleep architecture of the entire night, the reduction in N2 sleep
found in the study of Woodward et al. [42], was not present in our data. However, Woodward et
al. [42], applied vestibular stimulation throughout the entire night, which makes a comparison
difficult. Nonetheless, these findings might indicate that vestibular stimulation also influences
later sleep, however, only if stimulation is still present. Although in our study vestibular
stimulation at the beginning of the night increases N2 sleep, an overall reduction of N2 sleep for
stimulation throughout the night, might be possible because of habituation. Stimuli habituation
during sleep is for example found in auditory stimulation as the arousing response to the stimuli
was reduced over time [178-181]. Furthermore, a reduced sensory processing of auditory
stimuli was shown for the second half of the night compared to the first half of the night [180].
Although these studies only investigated auditory processing in the course of the night, it is
conceivable that vestibular information processing could potentially follow a similar
development. Hence, this could be an explanation for the differences in N2 sleep found as a
result of different stimulation paradigms (e.g. stimulation at the beginning of the night vs. all
night stimulation).

5.4.3. Sleep Oscillations & Spectral Power
Number of spindles were significantly increased in first 2 hours after lights out in C2 compared
to B and C1. An increase in number of spindles was also present in the study of Bayer et al.
[41], however this increase was accompanied by a rise in spindle density, which was not
observed in our study. When comparing spindles for the first 3 hours after lights out, to include
a stimulation free time window, the increase was not observable anymore (B: 260.22 (71.84);
C1:247.50(69.80); 266.78(85.78)). Therefore, spindle number was only increased for C2 during
the time the stimulation was applied. As it is suggested that spindles might have sleep protecting
functions due to their role in sensory input gating [15, 21, 22], spindles could be increased to
ensure maintenance of sleep during vestibular stimulation. This might also explain the lack of
increase in spindle number when a stimulation free time window was included in the analysis
(e.g. first 3 hours after lights out and entire night).
Although a change in spindle number was found for C2 condition, spectral analysis did not
reveal any differences between the conditions. Spectral power was comparable in all frequency
bands including the delta band representing SWA. In contrast to the study of Bayer et al. [41] a
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boost in SWA was not observed. Furthermore, the build-up of SWA in the first hour after sleep
onset followed the same developmental trend. Therefore, SWA was neither enhanced nor its
build up facilitated by vestibular stimulation. Similarly, the number and density of SO remained
stable across the different conditions. A possible explanation could again lie in sleep regulation.
As SWA is dependent on the duration of prior wakefulness, SWA in nocturnal sleep might be
already too high to be influenced by vestibular stimulation (saturation effect), whereas during an
afternoon nap with lower sleep pressure there might be a greater potential for slow wave
enhancement.
The lack of SWA boosting could also be caused by the selected stimulation parameters. In
contrast to the study of Bayer et al. [41] subjects in our study were able to select between
different movement axes and also choose slower stimulation frequencies. As a result,
stimulation parameters are not comparable between the two studies. Although stimulation
parameters where chosen by means of applicability and comfort in the previous studies and our
investigation concerning the effect of different stimulation axes on relaxation revealed no
differences (see chapter 3), an influence of the applied stimulation parameters cannot be
excluded. Furthermore, it is not clear whether stimulation intensity also plays a role.
Due to their importance in sleep and memory the enhancement of slow waves has been a topic
of interest in many studies. Slow waves have been successfully enhanced by using transcranial
direct-current stimulation and transcranial magnetic stimulation [157, 182]. When taking a
closer look at methods to enhance slow waves using sensory stimuli, acoustic stimulation
appears most effective in increasing the magnitude of slow waves [159]. As a possible
mechanism the activation of the non-leminiscal ascending pathways to the thalamocortical
system was proposed [159]. In contrast to the leminiscal pathways, carrying a high-fidelity,
primary-like representation of the stimulus features, non-leminiscal pathways are usually
sensitive to multimodal stimuli and supply information about environmental changes [183-186].
In the case of auditory stimulation it was hypothesised that the mechanism by which slow waves
can be induced is likely to be the same ones used to arouse the organism when changes in the
environment are detected [159]. Therefore, it was proposed that the intensity of stimulation has
to be strong enough to trigger the ascending pathways but not too strong to lead to an
awakening [159]. Furthermore, Bellesi et al. [159] suggested the concept of a threshold, which
needs to be reached by the stimulation to be effective. Therefore, stimulation below the
threshold would likely be ineffective, whereas stimulation above the threshold would likely be
disruptive [159]. Although this mechanism has not yet been investigated for vestibular stimuli a
similar connection might exist for the relationship between vestibular stimulation and slow
waves. Therefore, the lack of SWA increase in our study could be due to an insufficient
stimulus intensity unable to trigger slow wave enhancing mechanisms. In this case, it would be

81

5. Effect of Vestibular Stimulation on Sleep and Memory

of great importance to take a closer look at possible stimulation thresholds during sleep.
Different stimulation thresholds might be found for different sleep conditions (nap sleep,
nocturnal sleep) as well as in specific subsets of the population (e.g. in the elderly or people
suffering from insomnia) [159]. Further knowledge about such thresholds might be a key to
effective stimulation paradigms and crucial for future applications.

5.4.4. Memory Performance
In line with results of previous studies [149, 156, 157, 187] overnight performance in
declarative memory was found to be improved after sleep. However, overnight memory
improvement exhibited similar gains in all three conditions, leading to the conclusion that
vestibular stimulation did not have additional beneficial consequences on memory. These
findings are not surprising when considering that the applied vestibular stimulation failed to
enhance sleep spindles and SO over the course of the night. Although the number of spindles
increased in the first 2 hours after lights out in the C2 condition, this change appears to be
insufficient to have an impact on overnight memory performance.
Although evidence exists pointing towards a link between SO, SWA and declarative memory
performance [154, 157, 158, 188], no positive correlations between these variables were found
in our study. A causal relationship between SWA and memory performance has not yet been
established and memory improvement over night is dependent on several factors. Learning task
characteristics, subject population or motivational factors have been shown to influence the
relationship between sleep and memory improvement [189, 190]. In line with this, it cannot be
excluded that the greater absolute number of recalled word-pairs at delayed recall (compared to
immediate recall) in our applied memory task could be related to the received feedback after
immediate recall allowing for further encoding [191]. Hence, overnight improvement does not
necessarily reflect an overnight gain in memory but could be influenced by the received
feedback. Therefore, the interpretation of a possible relationship between SWA and memory
performance might be more complex and needs further investigation.
The positive correlations found for spindle density, spindle number and immediate recall,
delayed recall and initial acquisition rate are in agreement with previous findings [133, 149,
192]. Although no correlation with spindle power was found, our data supports the hypothesis
that sleep spindles might reflect efficiency of the thalamocortical system. It was suggested that
the efficiency of the thalamocorical system is linked to an increased learning efficiency, which
allows a more efficient encoding of information and results in a higher initial acquisition rate
[148, 149]. However, the lack of correlation between spindle variables and initial acquisition
rate, in C1 and C2, points towards an altered relationship between spindles and memory in the
presence of vestibular stimulation. Numerous factors influence sleep-dependent memory
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performance and possible mechanism responsible for these changes need to be further
investigated.
However, as our stimulation failed to enhance sleep spindles and SO it cannot yet be ruled out
that vestibular stimulation applied under different circumstances or in a different group of
subjects could positively influence memory performance if it manages to modulate sleep
oscillations.

5.5.

Conclusion & Outlook

Subjects preferred nights with motion and selected mostly slow rotational movements along the
roll- or pitch-axis. However, sleep onset was not facilitated by vestibular stimulation and no
changes in spectral power and SO were observed. Prolonged N2 sleep and an increase in total
number of spindles was found in C2 but only during the first 2 hours after lights out. These
findings suggest that changes in sleep are only observable when vestibular stimulation is present
without influencing sleep beyond the stimulation. Nevertheless, overnight memory performance
was not enhanced with vestibular stimulation, pointing out that the changes in sleep spindles
observed in C2 during the first 2 hours after lights out were insufficient to impact memory
performance. However, sleep-dependant improvement in memory performance was observed in
all conditions. Nonetheless, a clear statement about the potential memory enhancing effect of
vestibular stimulation can only be made when modulations in sleep oscillations can be induced
by such an intervention.
An explanation for the lack of effect in sleep latency, spectral power and SO could lie in the fact
that nocturnal sleep in good sleepers was investigated. Sleep under these conditions might
already exhibit high sleep quality (short sleep latency, high sleep efficiency), which hardly can
benefit additionally from such a stimulation. Therefore, a possible target group, which could
benefit most from vestibular stimulation, might be subjects exhibiting poorer sleep quality such
as the elderly or people suffering from insomnia. Nevertheless, as changes in sleep only appear
to be observable during stimulation all night stimulation should be considered to achieve
strongest effects. In addition, SWA might be more susceptible to vestibular stimulation during
the second part of the night when the influence of sleep homeostasis is lower compared to the
beginning of the night. Furthermore, stimulation intensity might play a crucial role in the
effectiveness of vestibular stimulation and needs further investigations, in particular in relation
to future applications.
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6.

VESTIBULAR STIMULATION

AND CARDIO-RESPIRATORY

FUNCTIONS DURING SLEEP

6.1.

Background

When applying vestibular stimulation during sleep, not only sleep onset and sleep architecture
might be influenced but also cardio-respiratory functions. The previously conducted studies
investigating the effect of rocking movements on sleep [41, 42] stated that they selected their
stimulation parameters so that the vestibular system was stimulated but without causing
entrainment of cardiac rhythm or affecting respiration rate. However, this selection was mainly
based on the applicability of the stimulation and the comfort for the subject. Furthermore,
potential changes in respiratory functions are not further mentioned or descripted in these
studies [41, 42]. Therefore, possible interactions between applied stimulation frequencies and
respiratory output during sleep are not established until now. That vestibular stimulation can
affect cardio-respiratory functions has previously been reported [58-61 and was also found in
the studies described in chapter 3 and chapter 4. As shown in chapter 4, any stimulation
frequency deviating from subjects’ respiration frequency at rest affected respiration independent
of the applied frequency or amplitude. Therefore, an increase in respiration frequency would
also be expected when using rocking movements during sleep. However, as sleep and the
different sleep stages also influence ventilation (see chapter 1) it is not clear how vestibular
stimulation interacts with the sleep-dependent changes in respiration.
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Due to the fact that respiration and cardiovascular functions are often coupled [58, 80, 85],
changes in heart rate or HRV might also be observed. However, cardiovascular function also
undergo changes throughout sleep. Heart rate is decreased during night-time as compared to
daytime due to changes in parasympathetic activity [193]. Furthermore, sleep stages also
influence heart rate. During NREM sleep vagal nerve activity dominates and a relative
autonomic stability is reached [94]. Heart rate decreased as NREM sleep progresses, with
lowest values during stage 3 sleep [193]. REM sleep is characterized by a state of autonomic
instability with remarkable fluctuations between parasympathetic and sympathetic influences
[193]. Heart rate exhibits sudden and abrupt changes and is also higher during REM compared
to NREM sleep [193]. HRV is similarly affected by sleep and throughout the different sleep
stages. Although HRV increased during sleep compared to wakefulness [91-93], HRV features
exhibit different changes during NREM and REM sleep. During the transition from wakefulness
to sleep and in the progress of NREM sleep, HF components of HRV increase, whereas LF
components decrease as a result of the reduced sympathetic activity [193]. In contrast, REM
sleep is characterized by a significant increase in the LF components compared to NREM sleep
[93, 193]. Furthermore, a shift of the LF to HF ratio towards sympathetic predominance
(increase in LF/HF ratio) is observed due to the increased sympathetic influence. [93, 193]
These regulatory processes of respiration and cardiovascular functions are crucial to maintain
ventilation, blood pressure and blood flow during sleep and are the consequences of carefully
orchestrated changes in the central nervous system throughout different sleep stages [94].
Therefore, it is worthwhile to take a closer look at changes in the well-regulated cardiorespiratory system, which might be present when applying vestibular stimulation to promote
sleep. For this purpose, additional respiration and heart rate measures were recorded in each
subject participating in the sleep study described in chapter 5. The main focus laid on the
investigation of possible changes in cardio-respiratory functions during vestibular stimulation,
in particular, throughout the transitory phases of falling asleep as well as after sleep onset.
Furthermore, it was of interest to analyse whether cardio-respiratory regulation responds
differently to vestibular stimulation during NREM or REM sleep or to different stimulation
frequencies. Knowledge about these processes can be essential to define optimal stimulation
parameters in future applications.

6.2.

Methods

6.2.1. Subjects & Experimental Protocol
Respiration and heart rate data of 18 male subjects were collected as part of the sleep study
described in chapter 5. Details concerning subject inclusion criteria and the experimental
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protocol are presented in chapter 5.2.3. Respiration belts and ECG electrodes were placed prior
to sleep and remained attached for the duration of the night (8 hours of sleep). The additional
cardio-respiratory data collection and analysis was approved by the Institutional Review Board
of the ETH Zurich and was performed in accordance with the standards for research involving
human subjects defined by the Declaration of Helsinki [112].

6.2.2. Physiological Recordings & Data Analysis
Respiration was recorded using two respiration belts. (EPM Sytems, Midlothiana, USA): one
placed around subject’s chest and the other one around the abdomen. ECG recording was
performed with one electrode placed 2 cm below the right clavicula between the first and
second ribs, the second one placed at the fifth intercostal space on the midaxillary line on the
left side of the body. Both, respiration and ECG, were recorded using the amplifier Artisan
(Micromed, Mogliano, Veneto,Italy) and the software Rembrandt DataLab (Version 8.0; Embla
Systems, Broom field,CO, USA). Sampling frequency of the recorded signals was 64 Hz.
Respiration signals were first filtered with a third-order Butterworth low-pass filter with a cutoff frequency of 5.4 Hz. Zero-phase digital filtering was performed by processing the data in
both forward and reverse directions. Peak detection was performed to calculate respiration
frequency. The periods of respiration were determined as the times between two consecutive
peaks. To compare respiration in different sleep stages, mean respiration frequency was
calculated for each 20-s epoch using a 60 s moving window with an overlap of 40 s. Mean
respiration frequency was calculated as the mean reciprocal value of the respiratory period
[115]. To analyse variations of the respiratory signal the standard deviation of the respiratory
periods was calculated (peak-to-peak variation).
Heart rate and HRV were calculated in 17 subjects as data from one subject had to be excluded
due to insufficient ECG signal quality. Mean heart rate was computed using the RR intervals
calculated as the distances between consecutive R-R peaks. Data were oversampled to 1000 Hz
using a cubic spline interpolation. HRV parameters were calculated according to the Task Force
of the European Society of Cardiology and the North American Society of Pacing and
Electrophysiology [122]. Data were processed using a moving 300 s windows with 280 s
overlap. Spectral power calculations were performed in Matlab using the “plomb” function.
Power in the low frequency range (LF: 0.04-0.15 Hz) and high frequency range (HF: 0.15-0.4
Hz) were calculated and normalized to the total power (frequency range: 0.04-0.4 Hz) to
determine the LF over HF (LF/HF) ratio.
To analyse whether cardio-respiratory regulation responds differently to vestibular stimulation
in different sleep stages, respiration, heart rate and HRV were calculated separately over all

87

6. Vestibular Stimulation and Cardio-Respiratory Functions during Sleep

NREM and all REM sleep epochs. To investigate potential changes throughout the transitory
phase of falling asleep as well as after sleep onset the 5 min prior to sleep onset (pre) were
compared to the 5 min after sleep onset (post). Furthermore, to establish whether different
stimulation frequencies influence cardio-respiratory variables in different ways subjects were
divided in two subgroups according their movement frequency selection (subgroups: slow (0.16
Hz; n=12) and fast (0.24 Hz; n=5)).

6.2.3. Statistical Analysis
Respiration frequency, heart rate and HRV were statistically analysed using a univariate general
linear model followed by post hoc LSD-tests. To compare between conditions, respiration
frequency, heart rate, and HRV features were defined in the model as dependent variable,
condition as fixed effect and the factor subject as random effect. Differences in conditions were
individually tested for NREM sleep, REM sleep, 5 min pre sleep onset and 5 min post sleep
onset. Furthermore, differences in each condition between NREM sleep and REM sleep and
between pre and post sleep onset were analysed. (NREM-REM sleep, pre-post sleep onset as
fixed effect). In addition, subgroups (slow stimulation frequency, fast stimulation frequency)
were compared.

6.3.

Results

6.3.1. NREM & REM Sleep
Respiration and ECG recordings were of good signal quality and normal sleep stage dependant
characteristics of respiration frequency, heart rate and HRV were observed (Fig. 21). Heart rate
(mean (SD), p-value) was significantly lower in NREM sleep (B: 0.834 (0.089) Hz, 0.022; C1:
0.861 (0.100), 0.001; C1: 0.859 (0.085) Hz, 0.000) compared to REM sleep (B: 0.869 (0.118)
Hz; C1: 0.916 (0.126) Hz; C2: 0.907 (0.94) Hz). In addition, lower heart rate values were found
in condition B compared to C1 (NREM p=0.008, REM p= 0.005) and C2 (NREM p=0.013,
REM p= 0.020) for both NREM and REM sleep (Fig. 22). HF/LF ratio was significantly lower
for NREM sleep (B: 1.350 (0.700), 0.02; C1: 1.370 (0.776), 0.006; C2: 1.435 (0.765), 0.004) as
for REM sleep (B: 1.925 (0.990); C1: 2.215 (1.301); C2: 2.008 (1.109)). However, conditions
did not differ (Fig. 22).
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Fig. 21. Hypnogram, respiration frequency, heart rate and HRV (LF/HF ratio) time course for an
exemplary baseline night. Panel A illustrates the hypnogram with NREM sleep stages N1-N3, REM
sleep and wake time (W). Panel B and C show respiration frequency and heart rate over the course of the
night. HRV displayed as the LF/HF ratio is depicted in panel D. Only data from artefact-free epochs is
displayed in panel B, C and D.

Fig. 22. Mean heart rate and HRV in NREM and REM sleep. Left panel shows heart rate in all
conditions in NREM and REM sleep. Right panel illustrates HRV as LF/HF ratio in NREM and REM
sleep. Mean values and the 95% confidence interval are illustrated (n=17). (Experimental conditions:
Baseline (B), vestibular stimulation until sleep onset (C1), vestibular stimulation for 2 hours after lights
out); General liner model: * = p≤0.05

89

6. Vestibular Stimulation and Cardio-Respiratory Functions during Sleep

Respiration frequency did not differ between NREM sleep and REM sleep. Furthermore, there
was no change in respiration frequency between the conditions in NREM sleep. However, in
REM sleep C1 (0.232 (0.021) Hz) showed significantly lower values compared to B (0.244
(0.0262) Hz, 0.002) and C2 (0.241 (0.024) Hz, 0.018) (Fig. 23).
Standard deviation of respiration periods increased significantly in all conditions during REM
sleep (B: 0.743 (0.176) Hz; C1: 1.148 (0.6686) Hz; C2: 0.782 (0.242) Hz) compared to NREM
sleep (B: 0.471 (0.132) Hz, 0.000; C1: Hz; C1: 0.526 (0.186), 0.001; C2: 0.455 (0.148) Hz,
0.000). Furthermore, a significant higher standard deviation of respiration cycles was found for
C1 in REM sleep compared to B (p=0.008) and C2 (p=0.016) (Fig. 23).

Fig. 23. Mean respiration frequency and standard deviation of respiration frequency. Left panel
shows respiration frequency in all conditions in NREM and REM sleep. Right panel illustrates standard
deviation of respiration frequency in NREM and REM sleep. Mean values and the 95% confidence
interval are illustrated (n=18). (Experimental conditions: Baseline (B), vestibular stimulation until sleep
onset (C1), vestibular stimulation for 2 hours after lights out); General liner model: * = p≤0.05

6.3.2. Sleep Onset
Heart rate did not differ between the conditions in the 5 min prior to sleep onset as well as for
the 5 min post sleep onset. However, a significant lower heart rate prior to sleep onset was
found in C1 (pre: 0.874 (0.090) Hz; post: 0.845 (0.077) Hz, 0.008) and C2 (pre: 0.864 (0.122)
Hz; post: 0.837 (0.121) Hz, 0.003) (Fig. 24).
LF/HF did not differ between the conditions in 5 min prior to sleep onset as well as in the 5 min
post sleep onset. LF/HF did not change from prior to post sleep onset in B and C1, however, a
significant lower ratio was found in C2 (pre: 1.351 (0.591) Hz; post: 0.957 (0.694) Hz, 0.010)
(Fig. 24).
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Fig. 24. Mean cardio-respiratory parameters for 5 min pre sleep onset and 5 min post sleep onset.
Left upper panel shows heart rate in Hz. Right upper panel illustrated HRV as the LF/HF ratio. Lower
panel shows respiration frequency in Hz. Mean values and the 95% confidence interval are illustrated.
(Experimental conditions: Baseline (B), vestibular stimulation until sleep onset (C1), vestibular
stimulation for 2 hours after lights out); LSD-test: * = p≤0.05.

Respiration frequency did not differ between the conditions at both time points. However, in
condition B a significant decrease (pre: 0.253 (0.029) Hz; post: 0.240 (0.029) Hz, 0.000) in
respiration frequency from pre to post sleep onset was observed (Fig. 24).

6.3.3. Subgroups
The subgroups showed no differences in any of the measured cardio-respiratory variables,
neither in NREM and REM sleep nor pre and post sleep onset (Table 6).
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Table 6. Cardio-respiratory parameters for the subgroups slow (0.16 Hz) and fast (0.24 Hz). Mean
values and standard deviation for respiration frequency, heart rate and LF/HF in all conditions for the two
subgroups.

NREM sleep
Slow
Fast
B
C1
C2

REM sleep
Pre sleep onset
Slow
Fast
Slow
Fast
Respiration frequency [Hz]

0.241
(0.031)
0.234
(0.031)
0.237
(0.032)

0.248
(0.025)
0.247
(0.025)
0.248
(0.024)

0.243
(0.028)
0.228
(0.020)
0.241
(0.028)

0.833
(0.094)
0.859
(0.107)
0.860
(0.092)

0.836
(0.089)
0.868
(0.091)
0.858
(0.085)

0.882
(0.130)
0.935
(0.137)
0.924
(0.096)

1.393
(0.795)
1.341
(0.750)
1.400
(0.813)

1.245
(0.450)
1.438
(0.776)
1.520
(0.714)

2.094
(1.125)
2.425
(1.430)
2.129
(1.180)

0.248
(0.025)
0.240
(0.022)
0.242
(0.019)

0.251
(0.032)
0.248
(0.041)
0.235
(0.043)

Post sleep onset
Slow
Fast

0.257
(0.028)
0.243
(0.012)
0.249
(0.133)

0.237
(0.032)
0.244
(0.016)
0.228
(0.034)

0.247
(0.027)
0.245
(0.024)
0.248
(0.025)

0.864
(0.130)
0.877
(0.096)
0.888
(0.135)

0.867
(0.101)
0.866
(0.085)
0.805
(0.059)

0.839
(0.120)
0.843
(0.080)
0.862
(0.135)

0.848
(0.106)
0.856
(0.078)
0.777
(0.044)

1.301
(0.918)
1.013
(0.685)
1.334
(0.558)

0.809
(0.543)
0.732
(0.440)
1.393
(0.735)

0.866
(0.673)
1.383
(1.566)
0.866
(0.673)

1.176
(0.771)
1.337
(0.933)
1.176
(0.771)

Heart rate [Hz]
B
C1
C2

0.837
(0.082)
0.871
(0.094)
0.867
(0.085)

LF/HF
B
C1
C2

1.553
(0.515)
1.710
(0.835)
1.718
(0.967)

Heart rate and HRV: slow: n=12, fast: n=5; Respiration frequency: slow: n=12, fast: n=6; Experimental
conditions: Baseline (B), vestibular stimulation until sleep onset (C1), vestibular stimulation for 2 hours
after lights out.

6.4. Discussion
In line with previous findings NREM sleep exhibited lower heart rate and HRV values
compared to REM sleep as a result of higher parasympathetic activity during this sleep state
[93, 193]. Although HRV did not vary between the conditions (within sleep state), heart rate
appeared to be increased for the conditions with vestibular stimulation in both NREM and REM
sleep. When analysing respiration frequency no changes were observed throughout the different
sleep states, which is not surprising as mainly ventilation and respiration variability and not
respiration frequency undergo changes during sleep [73, 74]. Therefore, main differences were
found, as expected, in the standard deviation of respiration periods. Although the C1 condition
exhibited a lower respiration frequency and higher respiration variability during REM sleep it
appears that the effects of vestibular stimulation on cardio-respiratory functions during sleep
differ from the results observed during wake. This becomes even more obvious when
comparing the data of pre and post sleep onset.
During wake respiration frequency increased independent of the applied movement frequencies
or amplitudes when the stimulation frequency differed from subjects’ respiration frequency at
rest. Interestingly, these changes were not observed when applying vestibular stimulation during
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the process of falling asleep as well as during sleep. Conditions with vestibular stimulation
showed no difference in heart rate, HRV or respiration frequency compared to condition B
without stimulation. Although the changes (within conditions) of cardio-respiratory variables
from pre to post sleep onset were not significant, they all exhibited the same trends and did not
differ among each other when comparing them within the different time points (pre and post).
Therefore, it is evident that vestibular stimulation did not lead to an increase in respiration
frequency neither during the process of falling asleep nor during sleep.
During wake no increase in respiration frequency was found when stimulating with a frequency
matching subjects’ respiration frequency at rest. However, the comparison between the two
subgroups (slow and fast stimulation frequency) revealed, that the lack of respiration frequency
increase in condition C1 and C2 could not be attributed to a stimulation frequency matching
subjects’ respiration frequency at rest. Although subjects’ mean baseline respiration frequency
in both subgroups was close to the fast stimulation frequency, both subgroups did not respond
differently to the stimulation. Therefore, even though the fast stimulation frequency could have
matched subjects’ baseline respiration frequency the slow frequency did not. Hence, if
stimulation frequency should have had an effect, an increase in respiration frequency should
have been observed at least in the slow frequency subgroup, which was not the case.
Furthermore, subgroups did not differ in any of the measured cardio-vascular variables during
NREM and REM sleep as well as pre/post sleep onset. Although group size varied between the
subgroups, these findings can only lead to the conclusion that stimulation frequency had no
effect on cardio-respiratory functions. Therefore, vestibular stimulation appears to act
differently on cardio-respiratory measures during wake and sleep. This difference might be
related to sensory processing during sleep. Although information of the sensory system is
processed during sleep, sensory processing undergoes profound modifications from wake to
sleep [40]. During the transition to sleep and as sleep gets deeper arousal threshold increases
and sensory information processes are reduced [9, 40]. Therefore, the applied vestibular
stimulation might represent an insufficiently strong input to trigger adaptations of cardiorespiratory functions during this brain state.
In contrast, subjects participating in the study described in chapter 4 were awake for the
duration of the stimulation. Although they were lying in a supine position with eyes closed,
subjects were instructed to stay awake for the 5 min of stimulation in each condition.
Furthermore, the measurement took place in the early afternoon, where the circadian impact on
sleep pressure is rather low. Therefore, it is unlikely that sensory processing would have been
affected. That data 5 minutes prior to sleep onset were also not affected by vestibular
stimulation might be associated with the fact that our subjects were good sleepers. As sleep
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onset was relatively short only little time was spent awake and the transition to sleep started
shortly (approximately 9 min) after lights out.
Attention might represent another factor contributing to the different findings observed during
wake and sleep. Sensory processes have been shown to be affected by attention [194-196]. In
experiments investigating visual attention it has been found that attention affected primarily the
activity of brain regions involved in the stimulus processing [195]. An attended stimulus
resulted in an increased firing rate in the neurons that responded to this stimulus [195].
Attention might also be of importance when integrating sensory information related to the
vestibular system. This is especially the case in postural control and balance [197]. However,
attention mainly appears to play an important role when information of multiple senses need to
be integrated [197]. In contrast to the wake experiment, where subjects were able to focus on the
vestibular stimulation, during sleep no attention towards the stimulus was present. Therefore,
sensory integration of the stimulation might not only be altered due to sleep or the transition to
sleep but also be influenced by changes in attention. These alterations might explain why
vestibular stimulation caused respiratory adaptations during wake but not during the transition
to sleep or sleep itself.
However, brain state was not the only parameter that differed between the study in awake
subjects and the study presented here. Subjects in this study selected their movement axis
according to their preferences. As a result of this pre-selection 5 different movement axes were
applied during this study. However, once selected the movement stayed the same during all
experimental nights. In contrast, only one movement axis (lateral translation) was used in the
study with awake subject. Nonetheless, as respiration frequency was increased for all applied
movement axes in the study investigating the effect of different movement axes on relaxation
(see chapter 3), it is unlikely that the different findings for wake and sleep are solely related to
the movement axes applied.
Another difference between the studies was the body position of the subjects during stimulation.
Whereas the awake subjects were all positioned lying on the back with the head straight,
sleeping subjects were allowed to sleep in any position. Therefore, a different perception and
processing of the stimulation due to the position of the vestibular system cannot be ruled out.
Studies in animals and humans have found that stimulation of the semicircular canals and the
otolith organs elicit different cardio-respiratory responses and sympathetic nerve activity
depending on the orientation and the movement of the head [61, 62, 198, 199]. Thus, body
position of the sleeping subject might have contributed to the different cardio-respiratory
response when vestibular stimulation was applied during sleep.
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6.5.

Conclusion & Outlook

In contrast to the findings in awake subjects, vestibular stimulation during sleep did not alter
cardio-respiratory functions. Although heart rate, HRV and respiration frequency exhibited the
characteristic changes between NREM sleep and REM sleep, vestibular stimulation did not
induce further alterations. This was also the case at the transition to sleep (pre/post sleep onset).
No changes in cardio-respiratory variables were found in C1 (stimulation pre sleep onset, no
stimulation post sleep onset) and C2 (stimulation pre and post sleep onset) compared to B
condition (no stimulation pre and post sleep onset), demonstrating that vestibular stimulation
did not lead to an increase in respiration frequency neither during the process of falling asleep
nor during sleep. Furthermore, comparable values in all cardio-respiratory parameters were
found in both subgroups with slow and fast stimulation frequencies leading to the conclusion
that stimulation frequency had no impact on heart rate, HRV or respiration frequency.
The different cardio-respiratory response to vestibular stimulation while awake and sleeping
might be related to the modified sensory processing during sleep. The applied vestibular
stimulation might have represented an insufficiently strong input to trigger adaptations of
cardio-respiratory functions during this brain state. Nevertheless, influences of body position
and head orientation cannot be ruled out and need further investigation.
In summary, it can be concluded that vestibular stimulation can be applied during the transition
to sleep as well as during sleep without affecting the normal cardio-respiratory processed during
these states. Furthermore, it appears that stimulation frequency plays no major role in inducing
cardio-respiratory changes. Therefore, restrictions of stimulation parameters to certain
frequencies might not be necessary as long as the chosen stimulation does not induce arousals in
the sleeping subject. Nevertheless, when transferring these findings to other groups (e.g. elderly
or insomnia patients) or sleep situations (e.g. nap sleep) varying conditions and, therefore,
potentially different stimulation input thresholds need to be taken into account.
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GENERAL CONCLUSION

This thesis aimed at shedding light on the potentially beneficial effects, which vestibular
stimulation might have on nocturnal sleep. Although the few existing studies point towards a
facilitation of sleep, i.e. shortened sleep latency and improved sleep quality, little is known
about the effect vestibular stimulation has on sleep. Furthermore, in view of potential
applications knowledge about optimal stimulation parameters such as movement axis, frequency
or stimulation length becomes important. To address these open research questions three studies
were performed to:


evaluate the effect of different stimulation parameters on relaxation



assess cardio-respiratory functions during vestibular stimulation



investigate the effect of vestibular stimulation on nocturnal sleep

The combined findings of these studies allow for a critical discussion and represent a first
starting point for recommendations regarding potential future applications.

7.1.

Applicability of Vestibular Stimulation

In a first step, it is important to mention that both of our actuated bed platform systems (for a
detailed description see chapter 2) were successfully used during relaxation and sleep in healthy
subjects and fulfilled all requirements concerning applicability and stimulation performance.
Therefore, both systems could be used for further investigations in this field of research. The
tendon-based parallel robotic bed setup with its complexity and stimulation possibilities
presents an optimal system for the evaluation of different stimulation parameters. Nevertheless,
in view of future applications the robotic bed platforms represent a better solution as they were
especially designed to be mobile and applicable in sleep environments. In addition, motions
from both systems were perceived as comfortable and relaxing by the subjects. Furthermore, in
over 60 subjects participating in the three studies (chapter 3-5) no incident of motion sickness
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occurred. Although subjects with a high susceptibility to motion sickness (assessed by a
questionnaire [161]) were excluded from participating in the sleep study (chapter 5), potential
occurrence of motion sickness was reduced by subjects’ supine position (with eyes closed) as
well as the selection of applied movements. On one hand, the closed eyes of the subjects
prevented a conflict between the information received from the visual system and the vestibular
system, which is often described as an important cause of motion sickness, i.e. in the sensory
conflict theory of motion sickness (developed in detail by Reason and Brand [200]). On the
other hand, the applied movements were along one movement axis and with low accelerations
and frequencies. That the combination of two or more movement axis can induce motion
sickness faster than movements along a single axis has previously been shown for example for
roll oscillations in combination with lateral translations [201, 202] and was also found in our
pilot study described in chapter 3 ([113]). These factors together might have contributed to the
unproblematic application of vestibular stimulation regarding motion sickness in our studies.
Nevertheless, differences in motion sickness susceptibility need to be considered when applying
vestibular stimulation in other subject population, as for instance evidence suggests that women
are more susceptible to motion sickness than men [203].
In addition, it can be excluded that the applied vestibular stimulation during sleep led to an
increased amount of arousals and/or wakefulness in our subjects. As shown in chapter 5, sleep
parameters such as sleep efficiency or WASO were comparable between the nights with and
without stimulation. Vestibular stimulation, furthermore, did not interfere with any of the
performed physiological recordings. All collected data was of good signal quality without
artefacts and suitable for quantitative analysis. Even though EEG recordings are sensitive to
artefacts caused for example by motion of the cables or electromagnetic interferences, it was
possible to prevent their occurrence by the placement of the recording system on the platforms
and the electrical shielding of them.
Therefore, due to the absence of motion sickness, additional arousals and interferences in the
physiological recordings, it can be concluded that the applied vestibular stimulation represents a
safe and applicable intervention, which can be used during relaxation and nocturnal sleep.

7.2.

Effect of Vestibular Stimulation

In all of the conducted studies of this thesis vestibular stimulation was perceived as relaxing and
comfortable by the subjects. Even further, subjects preferred sleeping with vestibular
stimulation applied over the nights without stimulation. However, a facilitating effect on sleep
onset or a boost in SO due to vestibular stimulation could not be confirmed in our study (chapter
5). The changes in sleep architecture, namely the increase in N2 sleep, was only observed
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during the time period vestibular stimulation was applied and could explain the increase in the
total number of sleep spindles found in the C2 condition (stimulation during the first 2 hours).
Therefore, even though vestibular stimulation might have caused the subjects to feel relaxed and
comfortable while falling asleep, it was not beneficial for sleep quality or sleep architecture in
our study.
The lack of an effect on these sleep variables might be due to the previously high sleep
efficiency and sleep quality of the subjects. Therefore, the potential for improvement of sleep
might be rather low compared to sleep during an afternoon nap, which is usually characterized
by longer sleep latencies and lower sleep efficiency than nocturnal sleep [176]. Nevertheless, it
cannot be excluded that other subjects might benefit from such an intervention during sleep (see
outlook chapter 8). Further investigations in such subjects could also help in answering the open
questions regarding vestibular stimulation and their potential beneficial effects on sleepdependent memory performance. As our stimulation did not alter the number of sleep spindles,
SWA or SO in the course of sleep, changes in sleep-dependent memory performance were not
expected between the conditions (with and without stimulation) and, also not found.
Nevertheless, overnight performance in declarative memory was improved in all conditions.
Furthermore, the positive correlations found between spindle density, spindle number and
immediate recall, delayed recall and initial acquisition rate support the hypothesis that sleep
spindles might reflect efficiency of the thalamocortical system rather than memory
consolidation [148, 149]. However, a clear statement about vestibular stimulation and memory
can only be made when modulations in sleep oscillations are induced by such interventions.
Furthermore, we observed that respiration in awake subjects can be influenced by vestibular
stimulation leading to an increase in respiration frequency (chapter 3 and 4). This increase
might be related to the activation of the vestibular system causing a reflex modulation of the
respiratory functions [59, 60]. In contrast to these findings, vestibular stimulation during the
transition to sleep and during sleep did not alter cardio-respiratory functions (chapter 6). These
opposite findings might be due to differences in sensory processing during sleep. However,
other factors such as body position during sleep or head orientation cannot be ruled out and
need further investigation. Nonetheless, it appears that in contrast to wakefulness, vestibular
stimulation can be applied during the transition to sleep as well as during sleep without affecting
the normal cardio-respiratory processes during these states.

7.3.

Recommendations for Stimulation Parameters

Throughout the conducted studies different insights with regard to stimulation parameters were
gained. These findings and the experiences made throughout this thesis can be summarized in
first recommendations regarding stimulation parameters for potential future applications.
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In a first step, the study investigating the effect of different stimulation axes on relaxation
(chapter 3) revealed that there is not one specific movement, which is perceived as most
relaxing by the majority of subjects. Motion preference was found to be rather very individual.
In a second step, these findings were also confirmed in the movement pre-selection for the sleep
study (chapter 5). However, a clear preference was found for rotational movements. In the light
of future applications a focus on rotational movements might be of interest as it could reduce
the complexity of the device (actuated bed) needed to apply the stimulation. The familiarity of
these movements due to experiences on a boat or hammock would also support this choice and
might also reduce the potential of motion sickness as suggested by the sensory rearrangement
theory [200, 204]. This theory proposes that motion sickness might also be related to a
discrepancy or incompatibility between what is expected from previous experiences and what is
being experienced [200, 204]. A more familiar movement might therefore, produce less
discrepancy as it is not unexpected in a certain context due to previous experiences. However,
subjects of our studies reported that it was not always easy for them to distinguish between the
different movement axes. This raises the question of how relevant the choice of one specific
movement axis is and might explain the individual movement preferences found in our studies.
Nevertheless, as relaxation might play a role in the potential sleep promoting effect of vestibular
stimulation the combination of different movement axes should be avoided as they are
perceived as uncomfortable (see pilot study chapter 3 [113] and have a greater potential to
induce motion sickness [201, 202].
Concerning stimulation frequency different factors have to be taken into account. Subjects
preferred the slow movement (frequency: 0.16 Hz, acceleration: translations 0.10 m/s2, rotations
1.45 °/s2) as seen in the results of the movement pre-selection in the sleep study. Although this
frequency was lower than in previous studies [41, 42] the movement was well perceived by the
subjects. Previous research has demonstrated perception thresholds below 0.03 m/s2 for
translations [205] and below 0.7 °/s2 for roll and pitch rotations [206] in a supine position with
closed eyes. However, even though vestibular thresholds for the perception of movement were
exceeded with our stimulation parameters, stimulation intensity might play a role during sleep.
As sensory processing is modified during sleep [40], perception sensitivity might differ between
wake and sleep. The theory of a stimulus intensity threshold was already proposed in connection
with auditory stimulation during sleep and its potential to induce slow waves [159]. Therefore,
an appropriate stimulation intensity might be crucial for the effectiveness of vestibular
stimulation during sleep.
Nevertheless, it is not yet clear whether such an intensity threshold also exists for vestibular
stimuli and if for example sleep pressure could alter it. As a similar stimulation frequency (0.24
Hz; fast movement in our study) was effective during nap sleep [41] but not in nocturnal sleep
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(chapter 5), sleep pressure and sleep quality might need to be considered when choosing a
stimulation frequency. However, possible cardio-respiratory interactions with the applied
vestibular stimulation appear not to limit the range of potential stimulation frequencies as no
changes in respiration, heart rate or HRV were found during stimulation (chapter 6). Though,
this seems only to be valid during sleep whereas during relaxation an increase in respiration
frequency was found for all frequencies deviating from respiration frequency at rest (chapter 4).
Therefore, for applications in awake subjects it might be advisable to apply a stimulation
frequency matching subject’s rest respiration frequency to prevent inducing alterations in
respiratory functions.
Furthermore, based on the findings of the sleep study (chapter 5) it appears most reasonable to
apply stimulation throughout the entire sleeping period. Although no facilitating effect on sleep
onset or deep sleep latency was found, changes in sleep architecture and in sleep spindles were
only observed during the condition where the stimulation was present. Therefore, it has to be
assumed that sleep is only influenced while vestibular stimulation is applied and not beyond the
duration of stimulation. For an all-night stimulation would also speak that SWA might be more
susceptible to vestibular stimulation during the second part of the night when sleep pressure is
lower compared to the beginning of the night [174, 175].

7.4.

Limitations

The homogeneity of the measured subject population, especially in the sleep study, makes the
transfer of our findings to different groups of subjects difficult. Although we gained knowledge
about the effect of vestibular stimulation on nocturnal sleep, it appears that this effect is
influenced by sleep regulation and a subject’s normal sleep efficiency and quality. Therefore, it
is important to test a broader population to be able to provide information about the
effectiveness of such an intervention (see outlook chapter 8). Furthermore, to this point female
participants were not considered in a sufficient way. Only Woodward et al. [42] included female
participants (n=5) in their study using a rocking bed during sleep. While women tend to exhibit
higher prevalence for insomnia and sleep disturbances [24, 207, 208] they could represent an
important target group. However, due to gender related differences in sleep (see [209-212])
findings from male subjects might not be one-to-one transferable to females.
Although we evaluated a broad range of stimulation parameters our observations and results are
limited to the tested stimulations. Until now there is no knowledge about an underlying
physiological mechanism explaining a possible link between stimulation of the vestibular
system and sleep. Therefore, it is not possible to predict how a different stimulation would
influence sleep. However, the understanding of such a mechanism is crucial for the selection of
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an effective stimulation paradigm to influence sleep in a beneficial way and, therefore,
represents a need for further investigations (see outlook chapter 8).
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OUTLOOK

Although no facilitation of sleep onset or boost in SWA was found in our investigated
population, other populations might profit from stimulating the vestibular system during sleep.
Our results suggest that vestibular stimulation might be more effective if the subject’s sleep is
not already characterized by a short sleep latency and high sleep quality. This hypothesis is
supported by the results of Krystal et al. [43], which only found a facilitating effect on sleep
onset, after electrical stimulation of the vestibular system, in subjects with sleep latencies above
14 minutes in a MSLT. Therefore, vestibular stimulation could be effective in a population
exhibiting prolonged sleep latencies and a reduced sleep quality, such as the elderly.
Sleep organization undergoes changes throughout development and during the normal aging
process (for a review see [213]). Elderly people experience a more fragmented sleep with more
awakenings [214] and also non-REM sleep is influenced by the aging process. A reduction in
SWS and a rise in percentage of lighter sleep stages (stages 1 and 2) were found in older adults
[215]. These changes resulted in a decrease in sleep efficiency and sleep quality [216]. It is
therefore not surprising that the estimated global prevalence for sleep disturbances among the
elderly ranges between 30% and 70% and only about 20% of them report no sleep disturbances
at all [216]. About 20% complain of early morning awakenings whereas about 50% of older
subjects report difficulties initiating or maintaining sleep [217, 218]. The changes in sleep
quality may also affect and compromise subjective and objective general physical and mental
health of elderly, as well as influence their autonomy and self-care [216]. Increased risk of falls,
difficulty with concentration and memory, and overall decreased quality of life can be results of
insufficient sleep quality in the elderly [219]. To manage such sleep disturbances
pharmacological therapy is very common among the elderly [220]. Elderly account for about
40% of all hypnotic prescriptions and 10-27% use sleeping pills on a daily basis [216]. As
pharmacological therapy contains potential risks and side effects, non-pharmacological
treatment approaches such as cognitive behavioral therapy, improved sleep hygiene, and
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relaxation therapy are increasingly recognized [221]. Vestibular stimulation has been shown to
be a safe and applicable intervention, which can be applied without causing motion sickness or
arousal during sleep. Therefore, such an intervention might have the potential to improve sleep
complaints in the elderly population. In a next step, once its effectiveness is proven, vestibular
stimulation may also be applied in patient groups such as insomniacs, who often experience
difficulties in falling asleep and exhibit superficial sleep [24, 222]. But also people suffering
from psychiatric disorders might benefit from such an intervention as they frequently exhibit
comorbid sleep disturbances [223-225], which often do not improve as a result of general
psychotherapy [226]. Comorbid insomnia is also found in other medical conditions including
heart disease, cancer or chronic pain [225, 227]. Therefore, a wide range of applications would
be conceivable for interventions using vestibular stimulation during sleep.
However, despite the promising results found during an afternoon nap and possible future
applications in elderly and patients, the question regarding a possible mechanism, explaining the
effects of vestibular stimulation, still remains unanswered. Exploring this question was not the
focus of this thesis and would have excited the scope of this work. Nevertheless, to apply
vestibular stimulation effectively, gaining knowledge about underlying mechanisms is
inevitable. Although a link to thalamocortical networks or the amygdala was suggested [41],
there is currently no evidence, which would support or refute these hypotheses. Investigations in
patients suffering from vestibular system lesion could provide insight, whether vestibular input
is mainly involved in the underlying mechanism linking vestibular stimulation to sleep, or if for
example somatosensory pathways or the amygdala also contribute to the effect. Furthermore,
more knowledge about the observed vestibular-respiratory response during wake could be
obtained with such investigations. If the increase in respiration frequency would solely be
related to the vestibulo-respiratory reflex, the respiratory response to vestibular stimulation
should be altered in such a patient group compared to healthy subjects. Such alterations have
previously been reported for rotations in the yaw and pitch plane in subjects with a vestibular
deficit [65].
Finally, to gain a clear picture regarding brain networks and structures involved in the link
between vestibular stimulation and sleep, recordings at a neuronal level need to be performed.
This could be achieved by using animal models. With animal models it would also be possible
to address questions regarding the existence of a stimulation intensity threshold or other
stimulation parameter related topics.
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