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(4)Unipolygrafiatutkimus on unihäiriödiagnostiikan referenssimenetelmä. Se on vaativa, työläs ja
 monikanavainen rekisteröintimenetelmä, jossa uni- ja valveaika voidaan erottaa toisistaan
 aivosähkökäyrässä, silmänliikekäyrässä ja lihassähkökäyrässä esiintyvien löydösten perusteella.


Rekisteröinti suoritetaan useimmiten valvottuna ja etenkin hengityshäiriödiagnostiikkaa tuke-
 vien lisälaitteiden kera, joten se vaatii potilaan yöpymisen unilaboratoriossa. Suomessa on pitkät
 perinteet unipatjojen käytöstä unitutkimuksissa etenkin hengitys- ja liikehäiriödiagnostiikassa.


Vanhat, jäykät, sängynkokoiset SCSB-patjat voidaan nykyään korvata pienemmillä, notkeilla
 Emfit-filmistä valmistetuilla patjasensoreilla. Nämä reaaliaikaiseen liike- ja kohtausseurantaan
 tarkoitetut patjat soveltuvat myös hyvin hengityksen monitorointiin unenaikana. Emfit-sensoria
 ei ole kuitenkaan vielä tähän mennessä validoitu kliiniseen käyttöön sopivaksi diagnostiikan
 apuvälineeksi.


Unenaikaiset hengityshäiriöt ovat yleisiä, nukkumista häiritseviä ja erialaisia väsymysoireita
 aiheuttavia terveysongelmia aikuisväestön keskuudessa. Niiden diagnosointi ja hoito kuormit-
 tavat terveydenhuoltoa enemmän kuin koskaan. Obstruktivinen uniapnea (OSA) ja siihen liitty-
 vät terveyshaitat kuten sydän- ja verisuonisairaudet osataan nykyään tunnistaa varsin hyvin.


Yleensä uniapnean hoitoa suositellaan kun hengityskatkoja on keskimäärin yli 15 tapahtumaa
 nukuttua tuntia kohti. Pitkäkestoinen osittainen ylähengitystieahtauma on jäänyt vähemmälle
 huomiolle. Siinä unitutkimuksissa ei havaita hengityskatkoja tai periodista hengitystä eikä tois-
 tuvia havahtumisia, jotka määrittävät yleisesti hengityshäiriön vaikeusasteen. Se saattaakin jää-
 dä diagnosoimatta ja hoitamatta, vaikka potilasryhmällä on todettu päiväaikaisia oireita, kuten
 päiväaikaista väsymystä, päänsärkyä ja masennusoireita.  Hengityshäiriödiagnostiikassa tulisi-
 kin keskittyä ylähengitysteiden toimintahäiriön laadun määritykseen erilaisten indeksien sijaan.


Tässä väitöskirjatyössä Emfit-rekisteröintiä käytettiin periodisten hengityskatkojen ja pitkit-
 tyneen osittaisen ylähengitysahtauman havaitsemiseen. Tulosten perusteella Emfit-patjasignaa-
 lista luokiteltu hengityskatkojen määrä korreloi hyvin tavanomaisen hengityskatkoanalyysin
 kanssa. Lisäksi Emfit-patjasignaalista luokiteltuun pitkäkestoiseen osittaiseen ylähengitystieah-
 taumaan liittyi selkeä rintakehän sisäisen negatiivisen paineen nousu, mikä osoitettiin yhtäaikai-
 sella ruokatorven kautta tapahtuvalla painemittauksella. Sitä pidetään lisääntyneen hengitystyön
 mittaamisen referenssimenetelmänä. Vaikka siis pitkäkestoinen osittainen ylähengitystieahtau-
 ma ei välttämättä näy tavanomaisessa unitutkimuksessa, se aiheuttaa poikkeavia muutoksia uni-
 patjarekisteröinnissä. Pitkäkestoista osittaista ylähengitystieahtaumaa ilman merkittävää uniap-
 neaa todettiin 11%:lla tutkituista, kun selvitettiin retrospektiivisesti vuoden ajalta unilaboratori-
 ossa tutkittavina olleiden potilaiden hengityshäiriön tyyppi. Pitkäkestoista osittaista ylähengitys-
 ahtaumaa sairastavat potilaat olivat yhtä väsyneitä kuin uniapneapotilaat, mutta heidän elämän-
 laatunsa oli huonompi mitattuna GHQ-12 kyselytutkimuksella. Nämä tulokset ja sydämen syke-
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(5)Koska helpoille ja halvoille unenaikaisten hengitys- ja liikehäiriöiden seulontamenetelmille on
 kasvava tarve, niin väitöskirjassa tutkittiin myös trakeaäänen käyttömahdollisuutta hengitys-
 häiriöiden analysoinnissa. Se osoittautui käyttökelpoiseksi periodisen hengityksen ja hengitys-
 katkojen havaitsemisessa, mutta myös pitkittyneen ylähengitysahtauman erotusdiagnostiikassa.


Väitöskirjatyön päätavoitteena oli hengityshäiriödiagnostiikan kehittäminen ja parantaminen, ja
 nimenomaan esitettyjen uusien diagnostiikkamenetelmien osalta niiden luotettavuuden arvioi-
 minen lisääntyneen hengitystyön osoittamisessa. Unirekisteröintien analyysi perustuu vielä
 pitkälti rekisteröintejä analysoivan lääkärin subjektiiviseen ja visuaaliseen arvioon. Emfit-
 unipatjalla voidaan erotella unenaikaisia hengityshäiriöitä ja parannetaan myös niiden diag-
 nostista tarkkuutta. Se on toiminnaltaan teknisesti varsin häiriötön, automaattinen, ei-kajoava,
 eli untahäiritsemätön diagnostiikkamenetelmä, joka sopii mainiosti myös kotona tapahtuviin
 rekisteröinteihin. Se on kotimainen, edullinen ja soveltuu seulontatutkimusvälineeksi suurille
 potilasjoukoille. Nykyisin terveysteknologiset biosignaalien mittaussovellukset ovat jokaisen
 ulottuvilla ja käytettävissä älypuhelimilla tai tietokoneilla. Terveystietämyksen lisääntyminen
 kannustaa meitä kaikkia seuraamaan ja ottamaan vastuun omista terveyteen vaikuttavista
 tottumuksistamme jo paljon varhemmin ennen ongelmien esiintymistä. Hyvän unen tarve on
 tunnustettu tosiasia hyvälle ja terveelle elämälle.
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(6)Sleep-disordered breathing (SDB) has become more common and puts more strain on public
 health services than ever before. Obstructive sleep apnea (OSA) and its health consequences
 such as different cardiovascular diseases are nowadays well recognized. In addition to OSA,
 attention has recently been paid to another SDB; prolonged partial obstruction. However, it is
 often undiagnosed and easily left untreated because of the low number of respiratory events
 during polysomnography recording. This patient group has found to present with more atypical
 subjective symptoms than OSA patients.


Polysomnography (PSG) is considered to be the gold standard in reference methods in SDB
 diagnostics. PSG is a demanding and laborious multichannel recording method and often
 requires subjects to spend one night in a sleep laboratory. There is long tradition in Finland to
 use mattress sensors in SDB diagnostics. Recently, smaller electromechanical film transducer
 (Emfit) mattresses have replaced the old Static Charge-Sensitive Bed (SCSB) mattresses.


However,  a  proper  clinical  validation  of  Emfit  mattresses  in  SDB  diagnostics  has  not  been
 carried out.


In this work, the use of Emfit recording in the detection of sleep apneas, hypopneas, and pro-
 longed partial obstruction with increased respiratory effort was evaluated. The general aim of
 the thesis is to develop and improve the diagnostic methods for sleep-related breathing disorders.


Comparisons with both PSG with nasal pressure recording and transesophageal pressure were
 made. Special attention was paid to the existence of the spiking phenomenon in the Emfit mat-
 tress in relation to changes in negative intrathoracic pressure in estimating increased respiratory
 effort. This entails monitoring the esophageal pressure as a part of nocturnal polysomnography.


The recording method is demanding and uncomfortable and is usually not used with ordinary
 sleep laboratory patients. Thus, reliable and easy indirect quantification methods for respiratory
 effort  are  needed  in  clinical  work.  According  to  the  results  presented  in  this  work,  the  Emfit
 signal reveals increased respiratory effort as well as apneas/hypopneas.


To find out the prevalence and consequences of prolonged partial obstruction among sleep
 laboratory patients was another aim of this thesis. This was done by retrospective analyses of
 sleep laboratory patients from one year. The prevalence of patients with prolonged partial
 obstruction was 11%. They were as sleepy as OSA patients, but their life quality was worse, as
 assessed by a survey. These results, along with the findings of the heart rate variation evaluation
 carried out in this thesis, suggest that prolonged partial obstruction and OSA should be
 considered as different entities of SDB.
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(7)screening methods to evaluate nocturnal breathing. In this respect, the usability of compressed
 tracheal sound signal scoring in SDB screening was estimated. The method reveals apneas and
 hypopneas but, according to the present findings, it can also be used in the detection of
 prolonged partial obstruction. The findings encourage the use of compressed tracheal sound
 analysis in screening different SDB.


The analysis of sleep recordings is still based on a doctor’s subjective and visual estimation. To
 date, no generally accepted and sufficiently reliable automatic analysis method exists. Robust,
 automatic quantification methods with easier techniques for non-invasive sleep recording would
 enable the analysis methods to be also used for screening purposes. In this technology-
 orientated world, people could take much more responsibility and take care of themselves better
 by following their own biosignals and by changing their health habits earlier. The need for good
 sleep as a necessity for good life and health is widely recognized.
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(8)I always said that if ever there came the day when I finished my thesis and finally fulfilled my
 duties and expectations as a medical physicist, I would be the first to let you all know when this
 important goal in my journey has been achieved. Finally, that day has arrived and I would like
 to devote this work to my dear departed parents Seija and Arvo Tenhunen who proudly shared
 my dream.


I owe my deepest gratitude to my principal supervisor, PhD, Associate Professor Sari-Leena
 Himanen. You have been my mentor and a good friend throughout these working years and
 without your enthusiasm as a sleep researcher this thesis would never have been completed.


Furthermore, the greatest thanks go to Professor Jari Hyttinen who provided me with the oppor-
 tunity to carry out this thesis under his supervision in the Department of Electronics and Com-
 munication Engineering Technology at Tampere University of Technology.
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 kanmaan  Hospital  District  in  Tampere.  I  would  like  to  thank  the  head  of  the  department  and
 chief physician, Adjunct Professor Joel Hasan for the opportunity to work in the field of neuro-
 physiology and to share his devotion to sleep research. I also want to express my gratitude to
 chief physicist, Adjunct Professor Simo Hyödynmaa for his support during my dissertation pro-
 cess.


I am extremely grateful to the official pre-examiners of this thesis PhD, Adjunct Professor Petro
 Julkunen and MD, PhD Ulla Anttalainen, for their valuable comments and careful evaluation of
 this dissertation manuscript and I would like to express my warmest thanks. My thanks also go
 to Peter Heath MA for his accomplished revision of the English language of this thesis.


The National Technology Agency of Finland (Tekes) and The Competitive Research Financing
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I believe that the brightest and most innovative days of sleep research are still ahead, and I look
 forward to watching and contributing to its further success with my wise and skilled colleagues
 PhD Jussi Virkkala, Dr.Tech Antti Saastamoinen, Dr.Tech Eero Huupponen and PhLic Herkko
 Mattila. Without your valuable guidance and inspiring discussions, this work would never have
 been finished.


I wish to thank my co-authors Adjunct Professor Esa Rauhala, Adjunct Professor Olli Polo, PhD
 Jukka Lipponen, Professor Mika Tarvainen, Professor Pasi Karjalainen and Adjunct Professor


I always said that if ever there came the day when I finished my thesis and finally fulfilled my
 duties and expectations as a medical physicist, I would be the first to let you all know when this
 important goal in my journey has been achieved. Finally, that day has arrived and I would like
 to devote this work to my dear departed parents Seija and Arvo Tenhunen who proudly shared
 my dream.


I owe my deepest gratitude to my principal supervisor, PhD, Associate Professor Sari-Leena
 Himanen. You have been my mentor and a good friend throughout these working years and
 without your enthusiasm as a sleep researcher this thesis would never have been completed.


Furthermore, the greatest thanks go to Professor Jari Hyttinen who provided me with the oppor-
 tunity to carry out this thesis under his supervision in the Department of Electronics and Com-
 munication Engineering Technology at Tampere University of Technology.


The studies of this thesis were carried out in the Sleep Laboratory of the Medical Imaging Cen-
 tre at the Department of Clinical Neurophysiology and the Department of Medical Physics, Pir-
 kanmaan  Hospital  District  in  Tampere.  I  would  like  to  thank  the  head  of  the  department  and
 chief physician, Adjunct Professor Joel Hasan for the opportunity to work in the field of neuro-
 physiology and to share his devotion to sleep research. I also want to express my gratitude to
 chief physicist, Adjunct Professor Simo Hyödynmaa for his support during my dissertation pro-
 cess.


I am extremely grateful to the official pre-examiners of this thesis PhD, Adjunct Professor Petro
 Julkunen and MD, PhD Ulla Anttalainen, for their valuable comments and careful evaluation of
 this dissertation manuscript and I would like to express my warmest thanks. My thanks also go
 to Peter Heath MA for his accomplished revision of the English language of this thesis.


The National Technology Agency of Finland (Tekes) and The Competitive Research Financing
 of  the  Expert  Responsibility  area  of  Tampere  University  Hospital  supported  this  research.  I
 would like to thank the City of Tampere and the Finnish Sleep Research Society for their finan-
 cial support. Their assistance for this thesis is sincerely acknowledged.


I believe that the brightest and most innovative days of sleep research are still ahead, and I look
 forward to watching and contributing to its further success with my wise and skilled colleagues
 PhD Jussi Virkkala, Dr.Tech Antti Saastamoinen, Dr.Tech Eero Huupponen and PhLic Herkko
 Mattila. Without your valuable guidance and inspiring discussions, this work would never have
 been finished.


I wish to thank my co-authors Adjunct Professor Esa Rauhala, Adjunct Professor Olli Polo, PhD
Jukka Lipponen, Professor Mika Tarvainen, Professor Pasi Karjalainen and Adjunct Professor



(9)I have made some of the best friends in my life at the Department of Clinical Neurophysiology
 and Medical Physics at Tampere University Hospital. I would like to thank you all for the many
 years of being able to work alongside you.


Last but not least, I would like to thank my dearest husband Pete for his understanding, love,
 and devoted support. With you, I want to share life’s glorious and grey days too. From the bot-
 tom of my heart, I want to thank my dear children Siiri and Erkka for their patience. It is a privi-
 lege for me to be a mother to you both and I’ll encourage you to find your own journey for your
 lives.


Tampere, May 2015
 Mirja Tenhunen


I have made some of the best friends in my life at the Department of Clinical Neurophysiology
 and Medical Physics at Tampere University Hospital. I would like to thank you all for the many
 years of being able to work alongside you.


Last but not least, I would like to thank my dearest husband Pete for his understanding, love,
 and devoted support. With you, I want to share life’s glorious and grey days too. From the bot-
 tom of my heart, I want to thank my dear children Siiri and Erkka for their patience. It is a privi-
 lege for me to be a mother to you both and I’ll encourage you to find your own journey for your
 lives.


Tampere, May 2015
Mirja Tenhunen



(10)Tiivistelmä/Abstract
 Acknowledgements
 Table of Contents


List of Symbols and Abbreviations
 List of Publications


Author’s contribution


1 INTRODUCTION ... 1


2 SLEEP-DISORDERED BREATHING ... 4


2.1  Snoring ... 4


2.2  Obstructive sleep  apnea ... 5


2.3 Upper airway resistance syndrome ... 6


2.4  Prolonged partial upper airway obstruction ... 7


3 RECOMMENDED SENSORS FOR DETECTING SLEEP-DISORDERED
 BREATHING ... 9


3.1  Scoring of sleep and associated events ... 9


3.2  Airflow sensors ... 9


3.3  Measuring respiratory effort ... 10


3.4  Snoring ... 11


3.5  ECG and HRV analysis ... 12


3.6  Pulse oximetry ... 12


3.7  Tracheal  sound ... 13


3.8  Mattress  sensors ... 14


4 AIMS OF THE THESIS... 17


Tiivistelmä/Abstract
 Acknowledgements
 Table of Contents
 List of Symbols and Abbreviations
 List of Publications
 Author’s contribution
 1 INTRODUCTION ... 1


2 SLEEP-DISORDERED BREATHING ... 4


2.1  Snoring ... 4


2.2  Obstructive sleep  apnea ... 5


2.3 Upper airway resistance syndrome ... 6


2.4  Prolonged partial upper airway obstruction ... 7


3 RECOMMENDED SENSORS FOR DETECTING SLEEP-DISORDERED
 BREATHING ... 9


3.1  Scoring of sleep and associated events ... 9


3.2  Airflow sensors ... 9


3.3  Measuring respiratory effort ... 10


3.4  Snoring ... 11


3.5  ECG and HRV analysis ... 12


3.6  Pulse oximetry ... 12


3.7  Tracheal  sound ... 13


3.8  Mattress  sensors ... 14


4 AIMS OF THE THESIS... 17



(11)5.2  Instrumentation and analysis ... 24


5.2.1  Recording montages ... 24


5.2.2  Emfit recordings ... 24


5.2.3  Tracheal sound measurement ... 24


5.2.4  Esophageal pressure measurement ... 25


5.3  Analysis of  polysomnographies ... 26


5.3.1  Conventional sleep parameters ... 26


5.3.2  Scoring of the Emfit signal (Studies II, III, IV) ... 26


5.3.3  Scoring of the tracheal sound in the Study V... 30


5.4  Detailed methods of the Studies ... 31


5.5  Statistics  ... 33


6 RESULTS ... 35


6.1  Capability of the Emfit mattress to detect respiratory effort during sleep (Study II) ... 35


6.2  Validation of the Emfit mattress in OSA diagnostics ... 37


6.2.1  Respiratory events, arousals and desaturations in 3-minute epochs of the
 different Emfit breathing categories, Study II... 37


6.2.2  Correlation between AHI and Emfit breathing categories, Study III ... 38


6.3  Clinical evaluation of prolonged partial obstruction (Study III and IV) ... 41


6.3.1  Prolonged partial obstruction among sleep laboratory patients (Study III) ... 41


6.4   Evaluation of Emfit stages with HRV (Study IV)... 44


6.5   Tracheal sound and prolonged partial obstruction (Studies I and V) ... 51


6.5.1  Spectral analysis of the tracheal sound in the evaluation of flow limitation
 pattern,  Study I ... 51


5.2  Instrumentation and analysis ... 24


5.2.1  Recording montages ... 24


5.2.2  Emfit recordings ... 24


5.2.3  Tracheal sound measurement ... 24


5.2.4  Esophageal pressure measurement ... 25


5.3  Analysis of  polysomnographies ... 26


5.3.1  Conventional sleep parameters ... 26


5.3.2  Scoring of the Emfit signal (Studies II, III, IV) ... 26


5.3.3  Scoring of the tracheal sound in the Study V... 30


5.4  Detailed methods of the Studies ... 31


5.5  Statistics  ... 33


6 RESULTS ... 35


6.1  Capability of the Emfit mattress to detect respiratory effort during sleep (Study II) ... 35


6.2  Validation of the Emfit mattress in OSA diagnostics ... 37


6.2.1  Respiratory events, arousals and desaturations in 3-minute epochs of the
 different Emfit breathing categories, Study II... 37


6.2.2  Correlation between AHI and Emfit breathing categories, Study III ... 38


6.3  Clinical evaluation of prolonged partial obstruction (Study III and IV) ... 41


6.3.1  Prolonged partial obstruction among sleep laboratory patients (Study III) ... 41


6.4   Evaluation of Emfit stages with HRV (Study IV)... 44


6.5   Tracheal sound and prolonged partial obstruction (Studies I and V) ... 51


6.5.1  Spectral analysis of the tracheal sound in the evaluation of flow limitation
pattern,  Study I ... 51



(12)7 DISCUSSION ... 56
 CONCLUSIONS ... 63
 References


Original Publications


7 DISCUSSION ... 56
 CONCLUSIONS ... 63
 References


Original Publications



(13)AHI apnea-hypopnea index


AI apnea index


ANS autonomic nervous system


ARI arousal index


ASDA American Sleep Disorders Association


BCG ballistocardiography


BMI body mass index


CPAP continuous positive airway pressure


CPB central periodic breathing pattern


COPD chronic obstructive pulmonary disease


DFT discrete Fourier transform


ECG electrocardiography


EEG electroencephalography


Emfit electromechanical film transducer


EMG electromyography


EOG electrooculography


ESS Epworth sleepiness scale


GHQ-12 general health questionnaire


HF high frequency


HRV heart rate variability


ICSD international classification of sleep disorders


IRR increased respiratory resistance


LF low frequency


M movement pattern


NB normal breathing pattern


NREM sleep non-rapid eye movement sleep


AHI apnea-hypopnea index


AI apnea index


ANS autonomic nervous system


ARI arousal index


ASDA American Sleep Disorders Association


BCG ballistocardiography


BMI body mass index


CPAP continuous positive airway pressure


CPB central periodic breathing pattern


COPD chronic obstructive pulmonary disease


DFT discrete Fourier transform


ECG electrocardiography


EEG electroencephalography


Emfit electromechanical film transducer


EMG electromyography


EOG electrooculography


ESS Epworth sleepiness scale


GHQ-12 general health questionnaire


HF high frequency


HRV heart rate variability


ICSD international classification of sleep disorders


IRR increased respiratory resistance


LF low frequency


M movement pattern


NB normal breathing pattern


NREM sleep non-rapid eye movement sleep



(14)OSA obstructive sleep apnea


OSAS obstructive sleep apnea syndrome


pESO esophageal pressure


P1 periodic breathing pattern, type 1


PLM periodic leg movements


PLMI periodic limb movement index


PM periodic movement pattern


POB periodic obstructive breathing


POB% percentage of time with periodic obstructive breathing patterns
 (OP1%+OP2%+OP3%)


PSG polysomnography


PVDF polyvinylidene fluoride film-type sensor material


REM sleep rapid eye movement sleep


REMlat latency to REM sleep


RERA respiratory effort-related arousal


ROC receiver operating characteristic


SaO2 arterial oxyhemoglobin saturation


SCSB static charge-sensitive bed


SDB sleep-disordered breathing


SEI sleep efficiency index


SL sleep latency


TcCO2 transcutaneous carbon dioxide


TIB time in bed


TST total sleep time


UARS upper airway resistance syndrome


VLF very low frequency


OSA obstructive sleep apnea


OSAS obstructive sleep apnea syndrome


pESO esophageal pressure


P1 periodic breathing pattern, type 1


PLM periodic leg movements


PLMI periodic limb movement index


PM periodic movement pattern


POB periodic obstructive breathing


POB% percentage of time with periodic obstructive breathing patterns
 (OP1%+OP2%+OP3%)


PSG polysomnography


PVDF polyvinylidene fluoride film-type sensor material


REM sleep rapid eye movement sleep


REMlat latency to REM sleep


RERA respiratory effort-related arousal


ROC receiver operating characteristic


SaO2 arterial oxyhemoglobin saturation


SCSB static charge-sensitive bed


SDB sleep-disordered breathing


SEI sleep efficiency index


SL sleep latency


TcCO2 transcutaneous carbon dioxide


TIB time in bed


TST total sleep time


UARS upper airway resistance syndrome


VLF very low frequency



(15)This thesis is based on five original manuscripts, referred to in the text by their Roman numerals
 I-V. In addition, some unpublished data are presented. The original manuscripts are reprinted
 with the permission of the copyright holders.


I.  Tenhunen M., Rauhala E., Huupponen E., Saastamoinen A., Kulkas A. & Himanen S-L.,
 High frequency components of tracheal sound are emphasized during prolonged flow lim-
 itation. Physiological Measurement. 30 (2009) 5, pp. 467-478


II.   Tenhunen  M.,  Rauhala  E.,  Virkkala  J.,  Polo  O.,  Saastamoinen  A.  &  Himanen  S-L.,  In-
 creased respiratory effort during sleep is non-invasively detected with movement sensor.


Sleep and Breathing. 15 (2011) 4, pp. 737-746.


III.  Tenhunen M., Elomaa E., Sistonen H., Rauhala E. & Himanen S-L., Emfit movement
 sensor in evaluating nocturnal breathing. Respiratory Physiology & Neurobiology. 187
 (2013) 2, pp. 183-189.


IV.  Tenhunen M., Hyttinen J., Lipponen JA., Virkkala J., Kuusimäki S., Tarvainen MP., Kar-
 jalainen PA.  &  Himanen  S-L.,  Heart  Rate  Variability  Evaluation  of  Sleep  Mattress
 Breathing Categories in NREM sleep. Clinical Neurophysiology, 126 (2015) 5, pp. 967-
 974.


V.  Tenhunen M., Huupponen E., Hasan J., Heino O. & Himanen S-L., Evaluation of the dif-
 ferent sleep disordered-breathing patterns of the compressed tracheal sound. Clinical Neu-
 rophysiology, accepted in November 2014, in press.


This thesis is based on five original manuscripts, referred to in the text by their Roman numerals
 I-V. In addition, some unpublished data are presented. The original manuscripts are reprinted
 with the permission of the copyright holders.


I.  Tenhunen M., Rauhala E., Huupponen E., Saastamoinen A., Kulkas A. & Himanen S-L.,
 High frequency components of tracheal sound are emphasized during prolonged flow lim-
 itation. Physiological Measurement. 30 (2009) 5, pp. 467-478


II.   Tenhunen  M.,  Rauhala  E.,  Virkkala  J.,  Polo  O.,  Saastamoinen  A.  &  Himanen  S-L.,  In-
 creased respiratory effort during sleep is non-invasively detected with movement sensor.


Sleep and Breathing. 15 (2011) 4, pp. 737-746.


III.  Tenhunen M., Elomaa E., Sistonen H., Rauhala E. & Himanen S-L., Emfit movement
 sensor in evaluating nocturnal breathing. Respiratory Physiology & Neurobiology. 187
 (2013) 2, pp. 183-189.


IV.  Tenhunen M., Hyttinen J., Lipponen JA., Virkkala J., Kuusimäki S., Tarvainen MP., Kar-
 jalainen PA.  &  Himanen  S-L.,  Heart  Rate  Variability  Evaluation  of  Sleep  Mattress
 Breathing Categories in NREM sleep. Clinical Neurophysiology, 126 (2015) 5, pp. 967-
 974.


V.  Tenhunen M., Huupponen E., Hasan J., Heino O. & Himanen S-L., Evaluation of the dif-
ferent sleep disordered-breathing patterns of the compressed tracheal sound. Clinical Neu-
rophysiology, accepted in November 2014, in press.



(16)The author of this thesis contributed to all publications as the main author, as detailed below.


The publications were written in close collaboration with the co-authors, who have given their
 expertise and knowledge one-way or another. None of these papers have been used as a part of
 any other person's academic dissertation.


Publication I


The author designed the study protocol, selected the different sleep-disordered breathing pat-
 terns, made the analyses and conclusions, and wrote the manuscript. Professor Sari-Leena
 Himanen and Adjunct professor Esa Rauhala performed the visual scoring of sleep and conven-
 tional sleep parameters. The external tracheal sound signal was synchronized to the poly-
 somnography recordings by PhD Jussi Virkkala and Dr.Tech Antti Kulkas and was spectral
 analysed by Dr.Tech Eero Huupponen.


Publication II


The author designed the study protocol, participated in data acquisition, analyzed the measured
 data and produced a statistical analysis. External manometer device signal, which was used as
 the validation reference, was synchronized to the polysomnography recordings with the help of
 Ph.D Jussi Virkkala. Professor Sari-Leena Himanen visually scored the conventional sleep pa-
 rameters. The visual scoring of the Emfit signal and the analysis of the results, making conclu-
 sions, and writing the manuscript were done in collaboration with Professor Sari-Leena
 Himanen, Adjunct Professor Esa Rauhala and Professor Olli Polo.


Publication III


The author designed the study protocol. The author carried out consensus scoring of the Emfit
 signal, analyzed the results, produced statistical analyses, and wrote the manuscript. Professor
 Sari-Leena Himanen classified the conventional sleep parameters. Medical student Heli Sis-
 tonen collected retrospective patient data. The Emfit signal was scored by medical student Ella
 Elomaa and Professor Sari-Leena Himanen. This paper was written in collaboration with Pro-
 fessor Sari-Leena Himanen and Adjunct Professor Esa Rauhala.


Publication IV


The author designed the study protocol. The Emfit signal was scored by the author and Profes-
 sor Sari-Leena Himanen. Professor Sari-Leena Himanen classified the conventional sleep pa-
 rameters. The author made the data selection for heart rate variation analyses with medical stu-
 dent Sonja Kuusimäki and PhD Jussi Virkkala. PhD Jukka Lipponen, Professor Mika Tar-
 vainen, and Professor Pasi Karjalainen performed the heart rate variation analyses in the De-


The author of this thesis contributed to all publications as the main author, as detailed below.


The publications were written in close collaboration with the co-authors, who have given their
 expertise and knowledge one-way or another. None of these papers have been used as a part of
 any other person's academic dissertation.


Publication I


The author designed the study protocol, selected the different sleep-disordered breathing pat-
 terns, made the analyses and conclusions, and wrote the manuscript. Professor Sari-Leena
 Himanen and Adjunct professor Esa Rauhala performed the visual scoring of sleep and conven-
 tional sleep parameters. The external tracheal sound signal was synchronized to the poly-
 somnography recordings by PhD Jussi Virkkala and Dr.Tech Antti Kulkas and was spectral
 analysed by Dr.Tech Eero Huupponen.


Publication II


The author designed the study protocol, participated in data acquisition, analyzed the measured
 data and produced a statistical analysis. External manometer device signal, which was used as
 the validation reference, was synchronized to the polysomnography recordings with the help of
 Ph.D Jussi Virkkala. Professor Sari-Leena Himanen visually scored the conventional sleep pa-
 rameters. The visual scoring of the Emfit signal and the analysis of the results, making conclu-
 sions, and writing the manuscript were done in collaboration with Professor Sari-Leena
 Himanen, Adjunct Professor Esa Rauhala and Professor Olli Polo.


Publication III


The author designed the study protocol. The author carried out consensus scoring of the Emfit
 signal, analyzed the results, produced statistical analyses, and wrote the manuscript. Professor
 Sari-Leena Himanen classified the conventional sleep parameters. Medical student Heli Sis-
 tonen collected retrospective patient data. The Emfit signal was scored by medical student Ella
 Elomaa and Professor Sari-Leena Himanen. This paper was written in collaboration with Pro-
 fessor Sari-Leena Himanen and Adjunct Professor Esa Rauhala.


Publication IV


The author designed the study protocol. The Emfit signal was scored by the author and Profes-
sor Sari-Leena Himanen. Professor Sari-Leena Himanen classified the conventional sleep pa-
rameters. The author made the data selection for heart rate variation analyses with medical stu-
dent Sonja Kuusimäki and PhD Jussi Virkkala. PhD Jukka Lipponen, Professor Mika Tar-
vainen, and Professor Pasi Karjalainen performed the heart rate variation analyses in the De-



(17)Professor Jari Hyttinen.


Publication V


The author designed the study protocol. The visual scoring of the compressed tracheal sound
 signal was performed with medical student Otto Heino and Professor Sari-Leena Himanen. The
 selection of the analyzed epochs was performed by the author in collaboration with Professor
 Sari-Leena Himanen. Dr.Tech Eero Huupponen made the automatic analyses. The analyses,
 conclusions, and the writing of the manuscript were done by the author in collaboration with
 Professor Sari-Leena Himanen and Adjunct Professor Joel Hasan.


Professor Jari Hyttinen.


Publication V


The author designed the study protocol. The visual scoring of the compressed tracheal sound
signal was performed with medical student Otto Heino and Professor Sari-Leena Himanen. The
selection of the analyzed epochs was performed by the author in collaboration with Professor
Sari-Leena Himanen. Dr.Tech Eero Huupponen made the automatic analyses. The analyses,
conclusions, and the writing of the manuscript were done by the author in collaboration with
Professor Sari-Leena Himanen and Adjunct Professor Joel Hasan.



(18)
1 Introduction


Sleep disorders have become more common, and puts more strain on public health services than
 ever before. One major sleep disorder consists of repetitive respiratory events, apneas and
 hypopneas, which are caused by obstruction of upper airways. These sleep-disordered breathing
 abnormalities can lead to daytime symptoms, and is called the obstructive sleep apnea syndrome
 (OSAS).  In  clinical  work  the  severity  of  OSAS  is  estimated  by  the  number  of  apneas  or
 hypopneas per hour of sleep, the apnea hypopnea index (AHI). The health consequences of
 OSAS, including various cardiovascular disorders such as hypertension, arrhythmias, coronary
 artery disease even heart failure and stroke, are nowadays well-recognized. Sleepiness, the main
 complaint of sleep-disordered breathing (SDB) patients, is thought to be explained mainly by
 the respiratory effort-related arousals, which fragment the sleep process and often prohibits the
 patient to enter deep sleep.  However, the mechanisms of OSAS related daytime symptoms are
 not yet fully understood.


In addition to patients with a high AHI index and marked clinical symptoms, there are subjects
 with prolonged partial upper airway obstruction. The low AHI value group (AHI <5/h and mild
 OSAS AHI 5-15/h) may include patients with prolonged partial obstruction. Such patients are
 often left undiagnosed and untreated. Upper airway obstruction is associated with increased
 respiratory effort, which is considered to be its primary marker. The clinical significance of
 prolonged partial obstruction is, however, still unclear. Nevertheless, according to clinical
 practice, some of these patients clearly have similar symptoms to OSAS patients and many of
 them would benefit from treatment. There are also findings that sustained partial obstruction is
 associated with pathophysiological changes, for instance, elevated transcutaneously measured
 carbon dioxide (Aittokallio et al., 2009, Rauhala et al., 2007, Rimpilä et al., 2014). Part of the
 health consequences of SDB might be mediated by changes in the function of the autonomic
 nervous system. This can be studied by the measurement and analysis of heart rate variability
 (HRV).  It  has  been  shown  that  OSAS  is  associated  with  increased  sympathetic  activity  that  is
 considered to reflect increased strain on the cardiovascular system and increased risk of vascular
 co-morbidity. To date, knowledge of changes in HRV during prolonged partial obstruction is
 lacking.  It  is  therefore  possible  that  all  SDB  disorders  are  important  health  problems,  that
 decrease quality of life, and are associated with increased co-morbidity and mortality
 (Anttalainen & Kalleinen, 2014, Anttalainen et al., 2010a, Marin et al., 2005, Young et al.,
 2002).


Clinical polysomnography (PSG) is considered to be the gold standard and the reference method
 of choice for sleep disorder diagnostics. It is, however, a laborious and rather expensive multi-
 channel recording method and usually requires the patient to stay at least one night in the sleep
 laboratory. Validated, reliable, and non-invasive clinical tools to detect prolonged partial ob-
 struction with increased respiratory effort without arousals are few. In PSG, indirect effort quan-
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(19)tification methods such as nasal pressure profile measurement are used. In the signal, the ob-
 structed nasal airflow shapes are flattened instead of being the normal round shapes, indicating
 flow limitation.


Partial upper airways obstruction with increased respiratory effort is associated with increased
 negative pressure inside the chest. The reference method to estimate this increased intrathoracic
 negative pressure is the measurement of transesophageal pressure with a pressure sensitive cath-
 eter. Transesophageal pressure reflects pleural pressure. The measurement of prolonged partial
 obstruction with a thick, water-filled catheter is a demanding procedure, but the use of new thin
 catheters has made the measurements easier and more comfortable for the patient. The modern
 measurement systems with thinner and smoother catheters are well-tolerated and do not disturb
 the patient’s sleep in the same way as the older ones did (Oeverland et al., 2005a). However, the
 recording of increased respiratory effort during sleep is still somewhat uncomfortable and labo-
 rious when applied to every sleep laboratory patient.


In Finland, there is long tradition of diagnosing SDB and sleep-related movement disorders
 using sleep mattress sensors (Alihanka et al., 1981). The original Static Charge-Sensitive Bed
 (SCSB) mattress was first used for gross body movement detection during sleep. The workload
 of the heart can be estimated by ballistocardiography (BCG). BCG is caused by the movement
 of  the  heart  and  the  flow  of  blood  from  the  left  ventricle  to  the  aortic  artery.  By  filtering  and
 amplifying the mattress signal, respiration can also be measured and periodic apnea/hypopnea
 breathing can be detected (Alihanka et al., 1981, Polo, 1992). Increased respiratory workload
 causes a so-called spiking phenomenon in the mattress signal (Kirjavainen et al., 1996).


In recent years, the large, the ElectroMechanical Film transducer (Emfit) has replaced the stiff
 and expensive SCSB transducer. The Emfit was invented in Finland in the late 1980s, and it is
 the first truly cellular polymer electret film available for commercial applications (Paajanen et
 al., 2000). Sensors made from this film-type material were found to be useful especially in the
 measurements of physiological pulsatile signals. Sensors constructed from commercial film
 materials were soon recognized to be potentially suitable for non-invasive sleep research.


Although polyvinylidene fluoride (PVDF)  belts  and  Emfit  mattresses  are  used  in  sleep
 recordings, there is a lack of clinical validation of these methods compared with PSG and other
 methods used to detect SDB. Evidence is needed especially to find out, how reliable the Emfit
 sensor is in measuring prolonged partial obstruction with increased respiratory effort, which is
 considered to be the primary marker of upper airway obstruction.


In this work, the use of Emfit recording for the detection of sleep apneas, hypopneas, and pro-
 longed partial obstruction with increased respiratory effort was evaluated. Comparisons both to
 PSG with nasal pressure recording and transesophageal pressure were made. Special attention
 was paid to the existence of the spiking phenomenon in the Emfit mattress in relation to changes
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(20)in negative intrathoracic pressure recorded by transesophageal catheter in estimating increased
 respiratory effort.


In  some  of  the  subjects,  the  tracheal  sound  was  also  measured  to  find  out  its  usefulness  for
 sleep-disordered breathing diagnostics.  In this part of the study, the spectral content of tracheal
 sound in different sleep-disordered breathing patterns was analyzed in order to see whether dif-
 ferent compressed tracheal sound signal patterns could be distinguished in different breathing
 entities. These patterns were also compared to intrathoracic pressure measurement findings.


In order to study the effects of prolonged partial obstruction on the function of the autonomic
 nervous system, HRV in relation to different breathing patterns was analyzed. The idea was to
 evaluate whether prolonged partial obstruction would cause corresponding changes to autonom-
 ic nervous system function as seen in obstructive sleep apnea (OSA). This would encourage
 more studies on the possible health consequences of prolonged partial obstruction.


The analysis of sleep recordings is still based on somewhat subjective visual estimation. So far,
 no generally accepted and sufficiently reliable automatic analysis method exists. Robust
 automatic quantification methods with easier techniques for non-invasive sleep recording would
 enable such methods to be also used for screening purposes. In this technology-orientated world,
 people could take much more responsibility and take better care of themselves by following
 their own biosignals and by changing their health habits earlier. Application of current and the
 development of new easy-to-use and low-cost diagnostic methods could increase public health
 and quality of life. As a result, SDB-associated co-morbidities could be avoided or at least
 diminished. The need for good sleep as a necessity for good life and health has been widely
 recognized.
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2 Sleep-disordered breathing


Sleep-disordered breathing (SDB) comprises a broad spectrum of different respiratory symp-
 toms. The mildest symptom in the spectrum is considered to be primary snoring without marked
 upper airway obstruction. In the middle, is upper airway resistance syndrome (UARS) with
 increased respiratory effort. At the most severe end of the spectrum is obstructive sleep apnea
 syndrome (OSAS) with hypoxemia, hypercapnia, and sleep fragmentation (Guilleminault et al.,
 1993).



2.1 Snoring


The  snoring  sound  is  an  inspiratory  noise  and  results  from  vibrations  of  the  soft  tissues  of  the
 pharynx, soft palate, and uvula. Increased snoring is often the first symptom that prompts pa-
 tients to seek sleep examination. The prevalence of habitual, frequent snoring has been found to
 be 10-60% (Lindberg et al., 1998b, Sporndly-Nees et al., 2014, Svensson et al., 2008). The
 prevalence  is  higher  among  men  than  women  and  it  is  shown  to  increase  along  with  age
 (Lindberg et al., 1998b, Sporndly-Nees et al., 2014).


Snoring can be considered to be a marker of increased respiratory effort (Bäck et al., 2002,
 Ylikoski & Bäck, 2006). Snoring has been related to sleepiness (Gottlieb et al., 2000) and dif-
 ferent morbidities such as hypertension, angina pectoris, and cerebral stroke (Koskenvuo et al.,
 1985, Lindberg et al., 2007, Nieto et al., 2000). However, it is possible that these associations
 are at least partly explained by the fact that snoring is usually connected to OSAS (Gottlieb et
 al., 2000). The harmful effects of simple snoring without upper airway obstruction have re-
 mained less clear. In fact, in one study no cardiovascular consequences related to simple snoring
 were found (Marin et al., 2005). However, there is evidence that the vibration of snoring may
 cause local nervous lesions to the muscles of the upper airway, which enables the airway to
 collapse at inspiration (Friberg et al., 1998). Mechanical vibration can also induce injury to the
 carotid arteries (Cho et al., 2011). In addition, snoring is related to sleepiness, work perfor-
 mance problems, and traffic accidents, even in the absence of sleep apnea (Jackson et al., 2011,
 Svensson et al., 2008, Ulfberg et al., 1996, Young et al., 1997a).


Obesity, smoking, nasal congestion, and physical inactivity have been found to be associated
 with snoring as well as structural characteristics such as narrowness of the upper airway caused
 by hypertrophy of the soft palate, palatal arch, and uvula (Koskenvuo et al., 1994, Lindberg et
 al., 1998a, Sporndly-Nees et al., 2014, Young et al., 2002). Additionally, enlarged adenotonsil-
 lar or a large tongue base may obstruct the upper airway (Pevernagie et al., 2010, Svensson et
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(22)al., 2006). The use of alcohol or sedative medication decreases the tonus of upper airway mus-
 cles, and thus increases snoring (Bloom et al., 1988, Nagayoshi et al., 2011).


Occasional snoring is common. However, there is still uncertainty about how to define patho-
 logical snoring. This causes difficulties in clinical practice because no clear guidelines exist
 about the level of snoring that needs intervention. As a result, several different methods have
 been developed in order to evaluate and quantify snoring. For example, the intensity of snoring
 has been shown to increase with the severity of OSA (Maimon & Hanly, 2010), and the higher
 acoustic intensity has been found to reflect more severe respiratory obstruction (Itasaka et al.,
 1999, Lugaresi et al., 1983, Wilson et al., 1999). The spectral analysis of the snoring signal tak-
 en  from  simple  snorers  has  been  used  in  differentiating  sleep  apnea  patients  (Agrawal  et  al.,
 2002, Hill et al., 1999, Osborne et al., 1999, Perez-Padilla et al., 1993, Saunders et al., 2004). In
 addition, different features of snoring epochs have been extracted in order to differentiate be-
 tween normal and pathological snoring. It has been reported that when compared with simple
 snorers, the snoring epochs of sleep apnea patients consist of more signal variability (Cavusoglu
 et al., 2008, Sola-Soler et al., 2005). The treatment for snoring is often individualized, and in-
 cludes conservative measures such as weight loss, alcohol and sedative avoidance, smoking
 cessation, and sleep-position training. Active treatment methods for habitual snoring include
 mandibular advancement appliances and nasal continuous positive airway pressure (CPAP)
 treatment.  Even  the  surgical  intervention  of  the  soft  palate  has  been  used  if  sleep  apnea  and
 other SDBs have  first been excluded (Tien & Kominsky, 2014).



2.2 Obstructive sleep apnea


Obstructive  sleep  apnea  (OSA)  is  characterized  by  repetitive,  total,  or  partial  closures  of  the
 upper airway during sleep. The prevalence of OSA has been found to increase with age (Ancoli-
 Israel et al., 1991) and it is higher among men than women. Among the adult population the
 prevalence of sleep apnea has been reported to be 4% in men and 2% in women, but a higher
 prevalence of up to 24% and 9% in men and women, respectively, has been reported (Gislason
 et al., 1988, Punjabi, 2008, Young et al., 1993, Young et al., 1997b). According to a Finnish
 questionnaire study, 8% of the general adult population may suffer from sleep apnea (Kronholm
 et  al.,  2009),  and  a  Norwegian  study  reports  that  25%  of  the  middle-aged  population    has  an
 increased risk of developing OSA (Hrubos-Ström et al., 2011).


The  diagnosis  of  OSA  is  based  on  the  rules  established  by  the  American  Academy  of  Sleep
 Medicine (Berry et al., 2012). The apnea is considered obstructive when polysomnography re-
 veals episodes of no airflow with continuing inspiratory effort. According to the latest rules, the
 respiratory event is classified as hypopnea when the reduction of airflow is 30% or greater and
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