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“The same biological clock ticks away in humans and fruit flies, which
underscores the importance of circadian timing to life on this planet.”
Excerpt from the Nobel banquet speech by Michael Rosbash, who
together with Jeffrey C. Hall and Michael W. Young received the 2017
Nobel Prize in Physiology or Medicine.
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Abstract
Background. Premature birth can be a harsh start to life; globally it is the leading cause
of death in children under five and the outlook is grimmer the smaller the child. This
perilous beginning is not the only adversity these survivors face, however. Decades-long
follow-up studies have revealed subtle impairments in many domains of mental and
physical health, intellectual achievement, and wellbeing, especially in survivors born
preterm (<37 weeks gestation) with a very low birth weight (VLBW, <1500 g). These
studies have described many long-term outcomes in detail, but other important subjects,
such as sleep and chronotype have received far less attention. Chronotype is the personal
preference for the timing of activity and sleep; it is a behavioural manifestation of the
internal circadian clock, and people with very early or late preferences are sometimes
called morning larks and night owls. Chronotype, sleep duration, and sleep quality are all
important and independent predictors of health and wellbeing, and interestingly, studies
have shown that late chronotype and poor sleep are associated with similar adversities as
prematurity, such as poorer mental and cardiometabolic health. This raises the question if
late chronotype, poor sleep, and prematurity are associated. Novel studies of prematurityrelated morbidity expand our knowledge of the phenomenon, but some fundamental
questions also require regular revisiting, such as: do survivors of early modern neonatal
care have poorer quality of life?
Aim. This thesis investigated if preterm birth and VLBW are associated with adult
chronotype, sleep duration, sleep quality, or health-related quality of life (HRQoL).
Methods. This thesis investigated adult preterm subjects and term-born controls from
four different but in part overlapping studies and birth cohorts: The preterm subjects of
The Helsinki Study of VLBW Adults (HeSVA) received treatment in the neonatal
intensive care unit (NICU) of the Children’s Hospital in 1978-85. The subjects of the
ESTER Preterm Birth Study came from the Northern Finland Birth Cohort 1986, and a
cohort of subjects born 1987–89 in the same area, identified via the Finnish Medical Birth
Register (FMBR). The Arvo Ylppö Longitudinal Study (AYLS) is part of a multicentre
follow-up study of subjects admitted to neonatal wards or the Children’s Hospital NICU
in 1985-86. The preterm subjects of ESTER and AYLS are from the whole gestation
range, classified as early preterm (<34 weeks) and late preterm (34 to <37 weeks). The
Sibling Study consists of VLBW adults and their term-born siblings. The preterm
subjects consisted of previous participants from the HeSVA (1978-85) and ESTER
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(1987-89) studies, and new recruits identified via the FMBR, born in 1987-90 in the
University Hospitals of Turku or Tampere, or in the hospital district of Helsinki-Uusimaa.
This thesis used wrist-worn accelerometers called actigraphs to objectively measure sleep
timing, duration, and quality. The main measure for chronotype was sleep midpoint on
free days corrected for sleep debt, MSFsc. Further, this thesis utilized the MorningnessEveningness Questionnaire to investigate subjective chronotype, and the 15D instrument
to provide information about HRQoL.
Results. Study I compared actigraphy data of 40 VLBW young adults and 35 controls in
the HeSVA cohort at a mean age of 25.0 years (SD 2.2). It discovered that preterm
participants displayed a significantly earlier corrected sleep midpoint (65 min, 95% CI 14
to 116 min, p = 0.013) than term-born controls. No difference in sleep duration or quality
emerged.
Study II compared actigraphy data of 63 VLBW subjects and 60 term-born siblings (53
complete pairs) at a mean age of 29.8 years (SD 4.1). The corrected sleep midpoint was
again earlier in the VLBW group (46 min, 95% CI 16 to 77 min, p = 0.004), and again
neither sleep duration nor quality differed meaningfully.
Study III compared actigraphy data of 83 early and 165 late preterm subjects to 346 termborn controls in the pooled ESTER-AYLS cohort (mean age 24.3, SD 1.3). No difference
in corrected sleep midpoint, sleep duration, or sleep quality emerged. Further, the
Morningness-Eveningness Questionnaire was completed by 138 early preterm, 221 late
preterm, and 329 control subjects in the ESTER study: neither the distribution of
chronotype nor the Morningness-Eveningness Score differed between groups.
Study IV compared the health-related quality of life of 164 VLBW and 172 control
subjects in the HeSVA cohort at a mean age of 22.5 years (SD 2.1). Overall the preterm
group reported similar HRQoL to controls, but subgroup analysis revealed differences.
VLBW adults born small for gestational age (SGA) reported worse HRQoL (0.911 versus
0.939, p = 0.039) than VLBW adults born appropriate for gestational age (AGA),
possibly because AGA-VLBW men scored well, whereas VLBW women born SGA
scored worse HRQoL.
Conclusion. Contrary to expectations, preterm subjects displayed an earlier chronotype
rather than later. This finding was limited to those born smallest; comparison of less
preterm groups to controls did not discover any discernible differences. Sleep duration
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and quality do not seem to differ from controls, nor does the health-related quality of life
in general, even if subgroups showed clear differences. These studies suggest the
possibility of an early programming of chronotype and they elaborate the spectrum of
influences that impact long-term outcomes of premature birth.

Keywords: VLBW, preterm, chronotype, actigraphy, MEQ, sleep midpoint, MSFsc,
HRQoL, 15D instrument
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Tiivistelmä
Tausta. Ennenaikainen syntymä, eli syntyminen ennen 37 raskausviikkoa, voi olla
haasteellinen alku elämälle. Maailmanlaajuisesti se on tavallisin alle viisivuotiaiden
kuolemansyy, ja riski on sitä suurempi, mitä pienempi lapsi on. Suurin osa keskosista
selviää ilman komplikaatioita ja viettävät normaalia elämää, kun taas toisilla on edessään
enemmän haasteita. Vuosikymmenien pituiset seurantatutkimukset ovat osoittaneet
ongelmia terveyden eri osa-alueilla, etenkin ns. pikkukeskosilla, joiden syntymäpaino on
alle 1500 g. Monia keskosuuden pitkäaikaisvaikutuksia on tutkittu yksityiskohtaisesti,
mutta toiset, kuten uni ja kronotyyppi, ovat saaneet vähemmän huomiota. Kronotyyppi
kuvastaa sitä, mihin aikaan vuorokaudesta ihminen on virkeimmillään ja milloin
mielellään lepää. Se on sisäinen vuorokausirytmin ilmentymä, ja ihmisiä, joilla on
aikainen tai myöhäinen kronotyyppi, kutsutaan aamu- tai iltavirkuiksi. Kronotyyppi sekä
unen kesto ja laatu ovat tärkeitä terveyttä ja hyvinvointia ennustavia tekijöitä.
Iltavirkkuuteen ja huonoon uneen liittyvät ongelmat, kuten mielenterveyden ongelmat ja
sydän- ja aineenvaihduntasairauksien riskitekijät, ovat tavallisia myös pikkukeskosilla.
Tämä herättää kysymyksen, ovatko myöhäinen kronotyyppi ja uni yhteydessä
keskosuuteen. Riskiraskauksien ja keskosten hoidon innovaatiot 1970 ja -80-luvuilla
paransivat pikkukeskosten eloonjäämisennustetta huomattavasti, ja yksi keskeinen
kysymys on, vaikuttavatko tuolloin syntyneiden keskosten alkutaipaleen vaikeudet heidän
aikuisikäiseen elämänlaatuunsa.
Tavoite. Väitöskirjan tavoitteena oli tutkia ennenaikaisen syntymän ja pikkukeskosuuden
yhteyttä aikuisiän kronotyyppiin, unen pituuteen ja laatuun sekä elämänlaatuun.
Menetelmät. Väitöskirjan tutkittavat kuuluvat johonkin neljästä syntymäkohortista,
joissa on ennenaikaisesti syntyneitä keskosia ja täysiaikaisina syntyneitä verrokkeja.
Pikku-k-tutkimuksen (Helsinki Study of VLBW Adults) tutkittavat ovat pikkukeskosia,
jotka syntyivät vuosina 1978-85 ja hoidettiin Lastenklinikan vastasyntyneiden tehoosastolla. ESTER:in (Ennenaikainen syntymä, raskaus ja lapsen terveys aikuisiässä) ja
AYLS:n (Arvo Ylppö Longitudinal Study) keskoset ovat syntyneet koko
ennenaikaisuuden kirjosta, suurin osa hieman ennenaikaisina, raskausviikoilla 34-36.
ESTERin tutkittavat on kutsuttu Pohjois-Suomen syntymäkohortista sekä Terveyden ja
Hyvinvoinnin Laitoksen syntymärekisteristä, ja ovat syntyneet vuosina 1985-89. AYLSn
keskoset syntyivät vuosina 1985-86, ja saivat hoitoa joko Lastenklinikan
vastasyntyneiden teho-osastolla tai syntymäsairaalan lastenosastolla kymmenen päivän
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sisällä syntymästä. Pikku-k-sisarustutkimuksen pikkukeskoset ovat osittain peräisin
edellisestä Pikku-k- (1978-85) ja ESTER-tutkimuksesta (1987-89), mutta suurin osa
värvättiin THL:n syntymärekisterin kautta. Nämä uudet osallistujat syntyivät vuosina
1987–90 Turun tai Tampereen yliopistollisessa sairaalassa tai Helsingin ja Uudenmaan
sairaanhoitopiirissä. Näiden pikkukeskosten verrokkeina toimivat tutkittavien omat
täysiaikaisena syntyneet sisarukset.
Käytimme aktigrafi-kiihtyvyysantureita tutkiaksemme unen ajoittumista, kestoa ja laatua.
Keskeisin objektiivisen kronotyypin mitta oli univajeella korjattu unen keskikohta, kun
taas subjektiivista kronotyyppiä mitattiin Morningness-Eveningness Questionnairekyselykaavakkeella. Elämänlaatua mitattiin 15D kyselylomakkeella.
Tulokset. Väitöskirjan ensimmäinen tutkimus vertasi aktigrafiatuloksia 40 aikuisen
pikkukeskosen ja 35 verrokin välillä Pikku-k-kohortissa. Tutkittavat olivat iältään
keskimäärin 25.0 vuotta (keskihajonta 2.2). Tutkimus osoitti, että pikkukeskosilla oli
verrokkeja huomattavasti aikaisempi unen keskikohta (65 min, 95% luottamusvälit 14116 min, p = 0.013). Unen kestossa tai laadussa ei ollut eroa.
Toinen tutkimus vertasi Pikku-k-sisarustutkimuksen aktigrafiatuloksia 63 pikkukeskosen
ja 60 sisarusverrokin välillä (53 kokonaista paria). Tutkittavat olivat iältään 29.8 vuotta
(keskihajonta 4.1). Unen keskikohta oli aikaisempi pikkukeskosilla (46 min, 95%
luottamusvälit 16-77 min, p = 0.004). Unen kestossa tai laadussa ei ilmennyt eroja
tässäkään tutkimuksessa.
Kolmas tutkimus yhdisti ESTER:in ja AYLS:n tutkittavat, ja vertasi hieman
ennenaikaisesti syntyneiden (raskausviikoilla 34-36, n = 165), että aikaisemmin
syntyneiden (<34 raskausviikkoa, n = 83) keskosten aktigrafidataa täysiaikaisena
syntyneiden verrokkiryhmään (n = 346). Tutkittavat olivat iältään 24.3 vuotta
(keskihajonta 1.3). Kronotyypissä, unen kestossa tai laadussa ei todettu eroa ryhmien
välillä. Lisäksi 688 ESTER-tutkimuksen osallistujaa vastasi Morningness-Eveningness
Questionnaire -kyselyyn, eikä kronotyypissa ilmennyt eroja.
Neljäs tutkimus vertasi elämänlaatua Pikku-k-syntymäkohortin 164 pikkukeskosen ja 172
verrokin välillä. Tutkittavat olivat iältään 22.5 vuotta (keskihajonta 2.1). Suorassa
ryhmien välisessä vertailussa ei ilmennyt eroja, mutta alaryhmien vertailussa nousi esille
kiinnostavia löydöksiä. Pikkukeskosilla, jotka olivat syntyneet pienipainoisina
raskausviikkoihinsa nähden (alle -2 keskihajontayksikköä keskiarvosta), oli huonompi
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elämänlaatu verrattuna pikkukeskosiin, jotka syntyivät viikkoihin nähden
normaalipainoisina (0.911 ja 0.939, p = 0.039). Tämä johtui mahdollisesti siitä, että
”normaalipainoisilla” pikkukeskosmiehillä oli verrattaen hyvä elämänlaatu, kun taas
pienipainoisilla pikkukeskosnaisilla oli yllättävän huono elämänlaatu.
Päätelmät. Pikkukeskosina syntyneillä aikuisilla todettiin varhaisempi kronotyyppi kuin
täysiaikaisena syntyneillä verrokeilla. Löydös rajoittui pikkukeskosiin; lievemmin
ennenaikaisesti syntyneiden ryhmien vertailu verrokkiryhmään ei paljastanut eroja. Unen
kestossa tai laadussa ei todettu eroja, eikä pikkukeskosilla ollut ryhmätasolla huonompaa
elämänlaatua, vaikka suhteellisen syntymäpainon alaryhmissä olikin eroja.
Tutkimustulokset viittaavat siihen, että hyvin ennenaikainen syntymä voisi olla
yhteydessä myöhemmän iän vuorokausirytmiin.
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Sammanfattning
Bakgrund. En prematur födsel, dvs före graviditetsvecka 37, kan vara en svår början på
livet. Globalt sett är prematuritet den ledande orsaken till död hos barn under fem år, och
prognosen är sämre ju mindre barnet är. De flesta prematurer överlever utan grava
funktionsnedsättningar, men decennierlånga uppföljningsstudier har påvisat subtila
svårigheter inom olika områden av hälsa och välfärd, speciellt hos s.k. små prematurer
med en födelsevikt på under 1500 g. Dessa studier har beskrivit många långtidsresultat i
detalj, medan vissa viktiga forskningsområden, som t.ex. sömn och kronotyp, har
uppmärksammats mindre. Kronotyp beskriver den personliga föredragna dygnsrytmen,
dvs. när under dygnet man helst är aktiv eller sover. Det är en manifestation av den inre
biologiska klockan och människor med tidiga och sena kronotyper kallas morgonlärkor
och nattugglor. Kronotyp, sömnlängd och -kvalitet är viktiga faktorer för hälsan, och
studier har visat att dålig sömn och en sen kronotyp är associerade med liknande
svårigheter som prematurer upplever, t.ex. sämre mental hälsa och ogynnsam
kardiometabolisk profil. Det väcker frågan om dålig sömn eller en sen kronotyp är
associerade med prematuritet. Nya forskningsfrågor gällande prematuritet utvidgar vårt
förstående av fenomenet, men vissa fundamentala frågor behöver periodiska
uppdateringar. En sådan fråga är om överlevare av tidig prematur födsel, med alla sina
svårigheter, ändå lever ett fullvärdigt liv?
Mål. Denna avhandling undersökte om prematuritet, med betoning på små prematurer, är
associerad med kronotyp, sömnlängd, -kvalitet eller hälsorelaterad livskvalitet i vuxen
ålder.
Metoder. Avhandlingens studier undersökte vuxna prematurer och fullgångna kontroller
från fyra olika, dels överlappande kohorter. De små prematurerna från Helsinki Study of
VLBW Adults (HeSVA) vårdades på Barnklinikens neonatala intensivavdelning under
perioden 1978-85. ESTER-deltagarna är sammanslagna från Northern Finland Birth
Cohort 1986 och en kohort med deltagare som föddes i samma område under åren 198789. AYLS (Arvo Ylppö Longitudinal Study) är en mångcenteruppföljningsstudie av unga
vuxna som under åren 1985-86 inom tio dagar efter sin födsel i Nyland sköttes på
Barnklinikens neonatala intensivavdelning eller förlossningssjukhusets barnavdelning.
Prematurerna från ESTER- och AYLS-studierna är från hela spektrumet av förtidsbörd,
av vilka största delen föddes lindrigt prematura, dvs. under graviditetsveckorna 34-36.
Syskonstudien består av små prematurer och deras fullgångna syskon. Prematurerna
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rekryterades dels från de tidigare studierna HeSVA (1978-85) och ESTER (1987-89), och
dels rekryterades nya deltagare som identifierades från födelseregistret som upprätthålls
av Institutet för hälsa och välfärd. De nya deltagarna föddes under perioden 1987-90 på
universitetssjukhusen i Åbo och Tammerfors och i Helsingfors och Nylands
sjukvårdsdistrikt.
Denna avhandling använde accelerometrar (s.k. aktigrafer) för att objektivt mäta
sömnlängd, -kvalitet och när sömnen ägde rum. Det huvudsakliga måttet för objektiv
kronotyp var sömnens mittpunkt korrigerad för sömnbrist. Subjektiv kronotyp mättes
med frågeformuläret Morningness-Eveningness Questionnaire och livskvalitet mättes
med 15D frågeformuläret.
Resultat. Studie I jämförde aktigrafidata mellan 40 små prematurer och 35 kontroller i
HeSVA-kohorten. Deltagarnas genomsnittliga ålder var 25,0 år (SD 2,2). Studien
upptäckte att prematurerna hade en signifikant tidigare mittpunkt för sömnen (65 min,
95% CI 14 till 116 min, p = 0,013) än kontrollerna. Ingen skillnad i sömnlängd eller kvalitet upptäcktes.
Studie II jämförde aktigrafidata mellan 63 små prematurer och 60 fullgångna syskon (53
hela par). Deltagarnas genomsnittliga ålder var 29,8 år (SD 4,1). Igen hade de små
prematurerna en tidigare mittpunkt för sömnen (46 min, 95% konfidensintervallerna 16
till 77 min, p = 0,004), men ingen skillnad i sömnlängd eller -kvalitet.
Studie III jämförde aktigrafidata mellan kontroller (n = 346) och två grupper av
prematurer från den sammanslagna ESTER-AYLS-kohorten: lindrigt prematura (34 till
36 graviditetsveckor, n = 165), eller tidigt prematura (<34 graviditetsveckor, n = 83). Den
genomsnittliga åldern var 24,3 år (1,3). Studien uppdagade inga skillnader i objektiv
kronotyp, sömnlängd eller -kvalitet. Dessutom fyllde 688 ESTER-deltagare i
Morningness-Eveningness Questionnaire-frågeformuläret för att bedöma subjektiv
kronotyp. Inga skillnader mellan grupperna uppdagades heller via formulären.
Studie IV jämförde den hälsorelaterade livskvaliteten mellan 164 små prematurer och 172
kontroller i HeSVA-kohorten. Den genomsnittliga åldern var 22,5 år (SD 2,1). I det stora
hela skiljde sig inte grupperna, men analysen av undergrupperna avslöjade att små
prematurer, vars födelsevikt dessutom var liten för graviditetsveckorna (under -2 SD),
hade sämre livskvalitet än små prematurer med adekvat födelsevikt. Skillnaden mellan
grupperna berodde möjligen på att män födda som små prematurer med adekvat vikt
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rapporterade rätt god livskvalitet, medan prematurkvinnor med relativt sett liten
födelsevikt rapporterade sämre livskvalitet.
Slutsatser. I motsats till förväntningarna visade det sig att prematuritet är associerad med
en tidigare kronotyp. Detta fynd verkar enbart gälla små prematurer och inte prematurer
från lindrigare förtidsbörd. Prematuritet verkar inte påverka sömnlängd, -kvalitet eller
hälsorelaterad livskvalitet, även om det fanns klara skillnader i livskvalitet i
undergrupperna. Dessa studier antyder att tidig prematuritet kan vara associerad med
kronotyp i vuxen ålder.
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1.

INTRODUCTION

Practically all life on earth is governed by two sets of clocks: the solar
clock and the inner biological clock. A third clock exists, however, which
regulates human life, namely the social clock. How well we are adjusted to
these clocks is important, but complicated, because they are not necessarily synchronized,
nor running at the same speed. Having a later circadian rhythm (“chronotype”), in essence
being a “night owl”, has been linked to a host of adverse outcomes, such as higher blood
pressure, more dysglycaemia, and depression (Merikanto, Lahti, Puolijoki, et al. 2013;
Merikanto, Lahti, Kronholm, et al. 2013). “Night owls”, especially when compared to
“morning larks”, also exercise less (Wennman et al. 2015; Wong et al. 2015). Up to half
of the variation in chronotype seems genetically determined (Koskenvuo et al. 2007), but
not everything written in our genes is necessarily read. The Developmental Origins of
Health and Disease hypothesis postulates that perinatal or even prenatal conditions
program trajectories of health that might emerge decades later (Barker 2007). This
hypothesis has gained support from research on survivors of preterm birth, especially
those with a very low birth weight (VLBW) of less than 1500 grams. In agreement with
this developmental programming hypothesis, survivors of very or extremely preterm
births suffer from adverse outcomes such as higher blood pressure, more dysglycaemia,
depression, and anxiety (Nosarti et al. 2012; Hovi et al. 2016; Morrison et al. 2016;
Mathewson et al. 2017; Mathewson et al. 2017); in addition, they exercise less than do
term-born controls (Kajantie, Strang-Karlsson, et al. 2010). The similarity of outcomes of
a later chronotype and of a VLBW preterm birth raises a question: are these somehow
connected? Does preterm birth program a later chronotype?
The primary aim of this thesis was to investigate whether preterm birth is
associated with adult chronotype, both in VLBW and later-born preterm populations. The
secondary aim was to investigate whether prematurity impacts sleep at adult age. The
final objective was to investigate whether a VLBW birth affects the arguably most
important outcome: quality of life.
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2.

REVIEW OF THE LITERATURE

2.1.

Prematurity

“Let us change the future for millions of babies born too soon, for their
mothers and families, and indeed for entire countries. Enabling infants to
survive and thrive is an imperative for building the future we want.”
Ban Ki-Moon, United Nations Secretary-General
“Born Too Soon – The Global Action Report on Preterm
Birth” (March of Dimes et al. 2012)

Every year almost 15 million infants are born preterm. Having spent less than 37
weeks in the safety of the womb they are thrust underdeveloped into the world,
the nourishing lifeline to their mothers severed. The survival of these vulnerable
infants has improved dramatically during the last five decades due to the
enormous advances in neonatology and prenatal care; today even children born
four months early in high-income countries have better chances than a coin toss
to survive. Globally preterm birth is the leading cause of death in young children,
however, which is why the World Health Organization (WHO) has focused on
the problem. Notably the Secretary-General’s summon for action not only called
for improved survival of these infants, but also that they should thrive. This is an
important addition, because lifelong disability is the fate for some survivors, and
decades-long cohort studies show that even those spared apparent detriments
during the precarious beginning of their lives show subtle signs of impairment as
adults. This first chapter of the thesis review attempts to describe the
phenomenon of preterm birth, and to underline the magnitude of the problem,
both regarding immediate survival and the lingering effects that might impede
flourishing in later life.
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2.1.1.

Human birth and prematurity – an evolutionary perspective

Compared to other mammals and primates, the birth of a human child is a perilous
endeavour. WHO estimates that 270 000 mothers suffered pregnancy-related deaths in
2010, and that 73% of maternal deaths in 2003-09 were directly due to obstetric causes
(World Health Organization 2012; Say et al. 2014). An estimated 2.7 million babies died
during the neonatal period in 2015, with almost 60% explained by either prematurity or
intrapartum-related events (Liu et al. 2016). Why is human birth so often a medical
emergency? A classical evolutionary theory, the “obstetric dilemma”, maintains that two
strong counterproductive evolutionary forces have caused the current state, namely the
fitness advantages of bipedal movement and having a large brain. These two forces
require different anatomical dimensions of the maternal pelvis (Washburn 1960; Wittman
and Wall 2007): walking on two legs is easier with decreased pelvis height and increased
mediolateral breadth, whereas giving birth to large-headed infants requires increased
anteroposterior dimensions. As a consequence the children of Homo Sapiens must rotate
in the birth canal to enter the world (Wells et al. 2012). Arguably, the adaptation to the
“obstetrical dilemma” has been shortened gestation, so that compared to other new-born
primates, humans are quite, but not totally helpless (secondarily altricial) at birth.
Proposed proof for this hypothesis has been that neonatal brain size relative to adult size
is much smaller in humans (30%) than in chimpanzees (40%), and that the period of rapid
brain development occurs later in humans (Dunsworth 2018).
The hypothesis of the obstetrical dilemma has received critique during the last
decade, however (Dunsworth 2018). The claim that a specific pelvis type is required for
efficient bipedalism is contradicted by studies showing that different pelvises do not incur
mentionable penalties to running (Warrener et al. 2015). Also, alternative explanations
for the timing of human parturition has emerged, such as the energetics of gestation and
fetal growth hypothesis (Dunsworth et al. 2012), which suggests that if gestation would
continue longer, the exponentially increasing fetal metabolic demands would exceed the
mother’s maximum sustainable metabolic rate. Further, comparative studies show that
humans do not have a uniquely short gestation period. If the human cut-off for preterm
birth (37 weeks, 92.5% of term) is applied to other placental mammals, all but horses,
goats, and rodents display preterm births and similar variations in gestation length. Also,
the human gestational length seems to scale with body mass like other mammals (Phillips
et al. 2015). So, what other reasons than the classical obstetrical dilemma can explain the
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difficult childbirth humans experience? Some possible alternative explanations are more
ecological, such as the emergence of agriculture which possibly 1) decreased the average
intake of protein, leading to decreased stature, 2) increased the glycaemic load, leading to
increased size of the offspring, and 3) increased the infectious burden, possibly leading to
survival of more adipose babies (Wells et al. 2012).
While these anthropological and evolutionary studies are not directly practical,
investigation of ancient causes for current problems might uncover possible solutions,
and comparing the human condition to that of closely related animals could discover
useful animal models, or at least reveal what makes human birth so human.

2.1.2.

What defines a preterm birth?

WHO defines preterm birth as less than 37 completed weeks of gestation or fewer than
259 days since the first day of the last menstrual period (March of Dimes et al. 2012).
While estimation based on menstrual period is low-cost and globally applicable,
ultrasonographic estimation is preferred due to variability in menstrual cycle length.
WHO defines term birth as between 37 and <42 weeks of gestation. Birth after this period
is called post term. Any delivery at ≥22+0 weeks or ≥500 g birth weight, or whenever the
new-born shows signs of life is defined as a birth. Both a child born at 23 and 36 weeks
are by definition preterm but the wide variation in maturity warrants further categories,
either based on gestation length or birth weight. The WHO prematurity categories based
on gestation length are, in ascending order: extremely preterm <28 weeks, very preterm
28 to <32 weeks, and “moderate to late preterm birth” 32 to <37 weeks. The American
College of Obstetricians and Gynecologists and the American Academy of Pediatrics
further define “late preterm” as between 34 and <37 weeks of gestation, which represents
over 70% of all preterm births (Figures 1 and 2, Raju et al. 2006; Engle et al. 2007; Vuori
& Gissler 2016).
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Figure 1. Proportions of Finnish preterm live births in 2015 according to gestational age
(Vuori and Gissler 2016, figure by the author). The overwhelming majority of preterm
infants are born late preterm.
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Figure 2. Finnish perinatal statistics of live-born babies by gestational weeks in 2015 (Vuori
and Gissler 2016, figure by the author). The light grey columns indicate late preterm births.
In 2015, 5.7% of all live births in Finland were preterm.
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Another way of grading preterm birth is by birth weight. In ascending order, the
categories are: extremely low birth weight (ELBW, <1000 g), very low birth weight
(VLBW, <1500 g), and low birth weight (LBW, <2500 g).

Figure 3. Proportions of Finnish live-born babies in 2015 by birth weight (Vuori
and Gissler 2016, figure by the author). Unknown (0.1%) not represented.
Very low birth weight (<1500 g) births accounted for about 0.6% of all live births.
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Preterm birth is not exactly the same thing as premature birth, however, because also
term-born infants can suffer from impaired maturation, so additional metrics prove useful
for labelling suboptimal growing environments. Intrauterine growth retardation describes
poor infant growth and thereby poor conditions, but the diagnosis requires
ultrasonographic investigation. An easier, but less accurate proxy is small for gestational
age (SGA), which is based on the relative birth weight of the infant compared to
population statistics, adjusted for age and sex. The definition for SGA has varied from
less than the 3rd percentile of the population, to less than the 10th percentile (Zeve et al.
2016). This thesis uses the most widely employed definition (Clayton et al. 2007): birth
weight and/or length under -2 standard deviations of the population mean, adjusted for
age and sex, based on Finnish birth statistics (Pihkala et al. 1989).
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2.1.3.

What are the causes of preterm birth?

There are three precursors to preterm birth: iatrogenic intervention due to fetal or
maternal indications (30-35% of the cases), spontaneous preterm labour with intact
membranes (40-45%), and preterm premature rupture of the membranes (25-30%). Birth
caused by spontaneous preterm labour and preterm premature rupture of membranes is
called a spontaneous preterm birth (Goldenberg et al. 2008). The pathogenesis of
spontaneous preterm labour is a mystery; it might be the result of external insults or an
earlier activation of the normal parturition process. Two hypotheses are inflammatory
decidual activation and fetal cortisol disrupting the maternal oestrogen/progesterone ratio
(Goldenberg et al. 2008). Because the exact mechanism for preterm labour remains
unknown it is useful to consider preterm labour a syndrome with many possible causes.
Some risk factors have been established, although half of preterm births occur in
pregnancies without any (Menon 2008):
Maternal risk factors. Both a low and high maternal age (<20 or >36 years), and
a low and high maternal body mass index (<18.5 or >25) seem to increase the risk for a
spontaneous preterm birth (Bhattacharya et al. 2010; Cnattingius et al. 2013; Shaw et al.
2014). Current life situation also has an influence, with a lower socio-economic status
increasing the risk (Smith et al. 2007), and also possibly working long hours (van Melick
et al. 2014), performing heavy lifting (Knudsen et al. 2017), and smoking tobacco (Ion
and Bernal 2015). Several chronic diseases such as thyroid disease, asthma, diabetes,
hypertension, and depression also increase the risk for preterm birth (Goldenberg et al.
2008).
Pregnancy history and characteristics. An interpregnancy spacing under 12
months and over 36 months seems to increase the odds for preterm birth (Shachar et al.
2016), as does a previous preterm delivery: a mother whose previous singleton birth was
preterm has an absolute recurrence risk of 20% (Kazemier et al. 2014). Multiple
pregnancies increase the risk of preterm birth, as nearly 60% of twins are born preterm,
and for 40% this will be due to spontaneous labour or preterm premature rupture of
membranes (Goldenberg et al. 2008).
Infection and inflammation. Infection is an important cause for preterm birth,
regardless of whether the infection is located in the vagina, decidua, chorioamnion, the
amniotic cavity, or even the fetus itself. Intra-uterine infection might account for 25-40%
of preterm births (Goldenberg et al. 2008), and bacterial vaginosis seems to double the
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risk for spontaneous preterm delivery (Goldenberg et al. 2000). The routes for invasion
can be an ascent from the vagina and cervix, bacteraemia through the placenta, iatrogenic
invasion, or a retrograde spread through the fallopian tubes. It is thus possible that
maternal systemic bacteraemia can allow even non-genital infections, such as pneumonia,
appendicitis, and periodontological infections to reach the amnion (Goldenberg et al.
2008).
Genetics. The observed familial tendency for preterm births has understandably
insinuated some genetic determinants. Women are more likely to experience preterm
labour if their grandparents, mothers, or sisters have also done so (Porter et al. 1997;
Winkvist et al. 1998; Bhattacharya et al. 2010), and some studies have suggested a
heritability of ~30% (Zhang et al. 2018). The genetic influence seems the be mostly
explained by maternal genetics instead of paternal (Wilcox et al. 2008; Boyd et al. 2009).
The study of specific genes involved in preterm birth is inherently difficult due to
inaccuracy of gestational age determination, variable clinical presentations, and because
birth timing is influenced by both the maternal and fetal genome and their interaction
(Zhang et al. 2018). The candidate gene approach has provided inconclusive results
regarding meaningful polymorphisms (Sheikh et al. 2016), possibly implying that preterm
birth is influenced by many genes with small effect sizes. To overcome sample size
problems an international collaboration performed a two-stage genome-wide association
study (GWAS), partly based on data from 23andMe (Zhang et al. 2017), and identified
six genomic loci robustly associated with preterm birth (EBF1, EEFSEC, AGTR2, WNT4,
ADCY5, and RAP2C). Although this finding was important, these loci explained less than
1% of the phenotypic variance in gestational duration or preterm birth risk, which implies
that much remains unknown (Zhang et al. 2018).
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2.1.4.

Global epidemiology

An estimated 14.8 million children were born prematurely in 2014, equalling 10.6% of all
live births, and over 15% of them occurred before 32 weeks of gestation (Chawanpaiboon
et al. 2019). Complications due to preterm birth are the leading cause of death in children
under the age of 5, with an estimated 1.1 million deaths in 2015 (Figure 4, Liu et al.
2016). Socio-economic and regional factors influence these statistics significantly; the ten
countries with the highest childhood mortality account for ~60% of the global death toll
(Liu et al. 2016).

Figure 4. Causes of death globally in millions in a) children under five years b)
neonates (Liu et al. 2016, figure by the author). Preterm birth is the main cause of
death in both groups.
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WHO estimates that wide-spread implementation of low-cost interventions like antenatal
corticosteroids and “Kangaroo care” could prevent >75% of these deaths (Blencowe et al.
2012; March of Dimes et al. 2012), but although basic interventions are important to
reduce the bulk of deaths, modern neonatal intensive care is paramount for the survival of
those born smallest. Over 90% of infants born extremely preterm (<28 weeks) in lowincome countries die within days, whereas less than 10% do so in high-income countries.
With neonatal intensive care the 50% survival rate is at 34 weeks in low-income
countries, and 24 weeks in high-income countries: a difference of over two months
(March of Dimes et al. 2012, Figure 5 shows perinatal mortality in Finland).
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Figure 5. Perinatal mortality per 1000 births in Finland 2015, according to gestational age in weeks
(Vuori and Gissler 2016, figure by the author). Perinatal mortality increases markedly at lower ages.
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Despite advances in technology and medical care, preterm birth rates have not uniformly
declined: a recent WHO estimate for the period 2000-14 with data from 38 countries
showed that the rate increased in 26 countries, and decreased in 12 (Chawanpaiboon et al.
2019). This can partially be explained by a greater rigor in differentiating extremely
preterm livebirths from stillbirths (Blencowe et al. 2012), and that fetal distress is noticed
earlier, which prompts more caesarean sections at earlier weeks. Such interventions
reduce stillbirths and increase preterm births in the statistics.
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2.1.5.

Outcomes of preterm birth

This thesis section will outline outcomes of preterm birth, with an emphasis on VLBW
adults. Chronotype, sleep, and health-related quality of life are addressed in later
independent chapters, as they form the central topics of this thesis.
Survival. Survival of those born smallest has steadily improved for decades. For
VLBW babies born in 1978-85 and treated in the neonatal intensive care unit (NICU) of
the Children’s Hospital at Helsinki University Central Hospital (the time and place for the
subjects of Study I and IV), the mortality rate was 29% (Järvenpää and Granström 1987).
Between the 1970s and 1990s the survival rate of the smallest preterms (<26 weeks or
≤800 g) born in western high-income countries increased annually by about 2% (Lorenz
et al. 1998), possibly due to the protective effects of antenatal corticoids and postnatal
surfactant. The use of these two aids increased dramatically during the 1990s, with a
threefold increase in use of antenatal steroids and an increase from 49% to 62% in the use
of surfactant (Horbar et al. 2002). For infants with a birth weight of 500 to 1500 g, data
from the Vermont Oxford Database show that the mortality rate continued to fall in the
early 1990s and it plateaued for the rest of the decade: an overall decrease from 17.7% to
15.1% (Horbar et al. 2002). Between the years 2000-09 the rate has continued declining,
from 14.1% to 12.5% in the same group (Horbar et al. 2012). Data from ten national
neonatal networks from the years 2007-13 show that among VLBW babies born between
weeks 24 and 29, the mortality rate before discharge was 13% (Helenius et al. 2017).
Cerebral palsy (CP). Large register studies have shown that during the last
decades the prevalence of CP due to preterm birth has either not changed (Oskoui et al.
2013), or has been in decline (Sellier et al. 2016). The Surveillance of Cerebral Palsy
Network has demonstrated that between 1980-2003, CP prevalence decreased in VLBW
children from 70.9 per 1000 live births to only 35.9 (Sellier et al. 2016). For ELBW
infants, the increased survival might have incurred a cost of increased morbidity during
the 1980s and early 1990s (Figure 6). The pioneering treatments during that period
allowed continually lower thresholds of viability; smaller and smaller children survived,
but not necessarily without problems. Also, treatments like postnatal corticosteroids were
later suspected to cause neurodevelopmental harm (DeMauro et al. 2014; Doyle et al.
2014). But even the rate of CP in the ELBW group has since been in decline, at least in
Europe (Sellier et al. 2016).
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Figure 6. (a) Prevalence rate of cerebral palsy (CP) for children born with a birthweight
≥2500g, per 1000 live births. (b) Prevalence rate of CP for children born with a birthweight
between 1500g and 2499g, per 1000 live births. (c) Prevalence rate of CP for children born
with a birthweight between 1000g and 1499g, per 1000 live births. (d) Prevalence rate of CP
for children born with a birthweight below 1000g, per 1000 live births. NBW, normal
birthweight; MLBW, moderately low birthweight; VLBW, very low birthweight. ELBW,
extremely low birthweight.
From: Elodie Sellier, Mary Jane Platt, Guro L Andersen, et al. 2016. “Decreasing prevalence
in cerebral palsy: a multi‐site European population‐based study, 1980 to 2003”.
Developmental Medicine & Child Neurology. Volume 58, Issue 1, pages 85-92, 2015 DOI:
10.1111/dmcn.12865
http://onlinelibrary.wiley.com/doi/10.1111/dmcn.12865/full#dmcn12865-fig-0003. Reused
with permission from John Wiley and Sons, license #4516960792552.

Sensory impairments. A sensory impairment commonly associated with premature birth
is blindness, often caused by retinal damage due to iatrogenic hyperoxia; one review
estimated that blindness prevalence ranges from 2 to 13% in adult populations born
VLBW or ELBW (Hack 2009). In a blood pressure meta-analysis of nine cohorts with
participants born VLBW or smaller, the prevalence of at least stage 3 retinopathy
(severely abnormal blood vessel growth) varied between 3.2 and 14.7% (Hovi et al.
2016). In 2010, an estimated 20 000 preterm babies became blind or severely visually
impaired due to retinopathy of prematurity (Blencowe et al. 2013). Deafness is also
associated with prematurity, with a prevalence of 1 to 6% in adult VLBW or ELBW
populations (Hack 2009).
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Intelligence. The brain is particularly sensitive to insults like oxygen deprivation, which
is also common in premature births, so long-term outcomes regarding intelligence and
neurocognitive function are important. A study of the Copenhagen Perinatal Cohort had
subjects perform intelligence tests at ages 19, 28, and 50, and found that subjects born
<2500 g consistently scored >5 IQ points lower than those born 3500-4000 g (FlensborgMadsen and Mortensen 2017). Fifteen points in IQ equals one standard deviation, so 5
points is about 0.33 SD. A meta-analysis comparing intelligence between low (<2500 g)
and normal birth weight (≥2500 g) adolescents and young adults suggested that after
adjustment for publication bias the low birth weight group scored ~5 points lower on IQ
(Kormos et al. 2014). A recent meta-analysis of 23 studies showed that compared to termborn controls, adult preterms are less likely to attain a higher education, less likely to be
employed, and more often receive social benefits (Bilgin et al. 2018). Studies on VLBW
adults without major neurosensory impairment (NSI) have indicated lower IQ scores in
the range of 0.3 to 0.55 SD (Pyhälä et al. 2011; Breeman et al. 2015). Understandably, if
the analyses included impaired preterms the differences were larger.
Personality and mental health. Compared to term-born controls, the personality
profile of VLBW or very preterm (VP, <32 weeks) adults tend to show higher levels of
conscientiousness, agreeableness, and neuroticism, and more withdrawal, social
avoidance, and anxiousness (Pesonen et al. 2008; Hertz et al. 2013; Eryigit-Madzwamuse
et al. 2015). They are also more risk averse and introverted, they move from the family
home and initiate sexual relationships at a later age, and are not as prone to use or misuse
alcohol, tobacco or drugs (Kajantie et al. 2008; Hack 2009; D’Onofrio et al. 2013),
although a Swedish register study has also suggested an increased risk for alcohol
dependency (Nosarti et al. 2012). VLBW adults somewhat consistently report more
internalizing and less externalizing behaviours: the Adults Born Preterm International
Collaboration (APIC) reported in a meta-analysis of six VLBW/ELBW cohorts that
preterm subjects reported more internalizing and avoidant personality problems, and less
externalizing, rule breaking, intrusive behaviour, and less antisocial personality problems
(Pyhälä et al. 2017). A Swedish cohort study based on psychiatric hospitalizations
showed that, compared to term-born patients, those born at 32-36 weeks were 1.3 times
more likely to have had a depressive disorder, and 2.7 times more likely to have had a
bipolar disorder. Patients born <32 weeks were 2.9 times more likely to have had a
depressive disorder (Nosarti et al. 2012). However, a study from the Bavarian
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Longitudinal Study did not discover a difference in the prevalence of mood or anxiety
disorders after adjustments in VLBW/VP adults (Jaekel et al. 2018).
Fitness. Relatively few studies have investigated physical activity in adults born
preterm. One study in the Helsinki Study of VLBW Adults (HeSVA) compared objective
physical activity in unimpaired VLBW ~25-year-olds to controls and did not find a
difference (Kaseva et al. 2015), nor did a study on “early preterm” (<34 weeks) young
adults (Tikanmäki, Tammelin, et al. 2017). VLBW adults have reported lower leisuretime physical activity in questionnaires (Kajantie, Strang-Karlsson, et al. 2010; Kaseva et
al. 2012), however, as have young adults born early preterm (Tikanmäki, Kaseva, et al.
2017). Another study on young adults born <34 weeks showed poorer muscular and selfrated fitness (Tikanmäki et al. 2016). These studies indicate that adults born VLBW or
early preterm seem to report less physical activity and lower fitness, but this has not
always been captured with objective measurements.
Respiratory health. A common complication of premature birth is
bronchopulmonary dysplasia, a chronic lung disease of prematurity, which depending on
the definition has an incidence of 6-57% in preterm subjects (Hines et al. 2017). Impaired
lung function is not restricted to subjects with this diagnosis, however. A recent APIC
meta-analysis, containing individual participant data from 11 studies, showed that very
preterm/VLBW subjects in late adolescence and young adulthood display clinically
important reductions in airflow even without bronchopulmonary dysplasia (Doyle et al.
2019). Several other studies and meta-analyses have also confirmed the suggested
relationship between lower birth weight/gestational age and chronic lung impairments
(Lawlor et al. 2005; Saad et al. 2017; Näsänen-Gilmore et al. 2018). Sleep-disordered
breathing is addressed in 2.3.4.
Cardiometabolic risk factors and disease. Ever since the pioneering work of
David Barker on East Hertfordshire men born 1911-30 (Barker et al. 1989), early
programming of cardiovascular health has been a focal point of the Developmental
Origins of Health and Disease paradigm. Regarding risk factors, VLBW adults have
consistently displayed higher blood pressure than controls (de Jong Femke et al. 2012;
Parkinson et al. 2013), and the recent APIC meta-analysis of nine cohorts showed a 3.4
mmHg higher systolic and 2.1 mmHg higher diastolic blood pressure (Hovi et al. 2016).
VLBW adults also both display a higher resting heart rate (Hovi et al. 2007) and higher
diastolic pressure under duress (Pyhälä et al. 2009). Compared to controls, VLBW and
ELBW adults display more insulin resistance, glucose tolerance, or dysglycaemia (Hovi
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et al. 2007; Morrison et al. 2016). Some studies show that prematurity is associated with
higher levels of low-density lipoproteins (Parkinson et al. 2013), but others do not
(Kajantie and Hovi 2014). Two studies from 2016 utilized Mendelian randomization to
study the effect of birth weight on cardiometabolic outcomes: Yeung et al. (2016) found
that a higher genetically determined birth weight was possibly associated with lower risk
for ischemic heart disease, and Wang et al. (2016) showed that a genetically lowered birth
weight increased the risk for diabetes. As for body composition VLBW adults might have
a lower lean body mass and a tendency for central adiposity (Kajantie and Hovi 2014),
but the evidence in ELBW adults is clearer, indicating a lower lean mass, higher percent
body fat, and similar waist circumference (Morrison et al. 2016).
Regarding actual manifest disease the results are more ambiguous. For diabetes
the data indicate higher rates of disease in adult preterm subjects (Lawlor et al. 2006;
Kaijser et al. 2009; Kajantie, Osmond, et al. 2010; Crump et al. 2011), but no clear link
between gestational age and coronary heart disease has emerged, and instead poor fetal
growth has been implicated (Koupil et al. 2005; Kaijser Magnus et al. 2008; Kajantie et
al. 2015; Zöller et al. 2015). Regarding stroke, the evidence is contradictory (Koupil et al.
2005; Ueda et al. 2014; Kajantie et al. 2015).
Summary. These studies reveal that the long-term effects of very preterm birth
are a nuanced affair. The challenging beginning might have left complications such as
cerebral palsy, blindness, and deafness, but most are spared these impairments.
Individuals born preterm can and do defy the notions outlined here, but on average the
adult VLBW survivor is conscientious and careful, modestly impeded in intellectual
pursuits, more ruminant than disruptive, and displays an unfavourable health profile. The
lack of manifest coronary heart disease possibly demonstrates the importance of
protective factors, such as the higher levels of conscientiousness, and lesser inclination
for smoking and drinking.
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2.2. Circadian rhythm and chronotype

Circadian (/səːˈkeɪdɪən/, latin circa about + dies day)
: being, having, characterized by, or occurring in approximately 24-hour
periods or cycles (as of biological activity or function)
(The Merriam Webster Dictionary)

Subjected to eons of existential threat, life on earth has endured due to traits our
ancient ancestors developed that increased chances for survival and reproduction.
The environment has changed radically since our abiogenesis, but even the first
assembly of living particles was born in a world with one unchanging change: the
continuous cycle of day and night. It is thus hardly surprising that an
evolutionarily advantageous ~24h circadian machinery is found within all three
phylogenetic domains: in the substrate of germs and men (Woelfle et al. 2004;
Edgar et al. 2012; Bhadra et al. 2017). This thesis chapter attempts to elucidate
how this clock works in humans, how there is variation in our temporal
preference, and what happens if we disregard the clock that ticks inside us.
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2.2.1.

Circadian rhythm in humans

A conceptual model of the human timekeeping system is that every living cell in the
human body has an autonomous circadian rhythm that is driven by a molecular clock (see
Figure 9, p. 43). These individual clocks would all be ticking away independently, like
musicians deaf to their partners, were it not for a conductor. This role is played by the
master clock, also known as the central pacemaker, which is a subset of neurons in the
paired suprachiasmatic nucleus (SCN), situated on each side of the third ventricle in the
anterior hypothalamus (Figure 7, Reppert & Weaver 2002).

Figure 7. Anatomical location of the suprachiasmatic nucleus. Figure by the author,
modified from images provided by Smart Servier Medical Art (http://smart.servier.com),
CC-BY 3.0 license.

The central pacemaker projects robust circadian signals to brain sites responsible for
integrating sensory data and influencing many physiological processes, such as stress
reaction, feeding behaviour, melatonin production, body temperature, heart rate, and
blood pressure. The rhythm for the musical piece is thus transmitted from the central
pacemaker to the peripheral circadian clocks in a hierarchical manner (Richards and
Gumz 2012). The signalling structure is under study, but a variety of mechanisms seem to
influence the peripheral circadian clocks, such as direct neuronal activation via the
autonomous nervous system, neuroendocrine signalling via e.g. glucocorticoids, and more
diffuse signalling such as body temperature and nutrient intake (Brown and Azzi 2013).
Peripheral circadian clocks presumably exist in nearly all cells and tissues (Yoo et al.
2004), and they seem to display similar molecular clocks as the central pacemaker itself
(Yagita 2001).

35

But how does the central pacemaker know what rhythm to conduct? Different signalling
pathways influence it with external and possibly internal cues. During the day, sunshine
activates light-sensitive cones, rods, and melanopsin in the retina of the eye. The
neurosensory information travels along the retinohypothalamic and geniculothalamic
tracts to the pacemaker cells of the SCN, where increased expression of clock genes seem
to set the circadian clock (Challet et al. 2003; Yan 2009). Light is not the only Zeitgeber
(german for “Timegiver”) the central pacemaker listens to, but it is the most potent.
Earlier conceptual models of the circadian system described the relationship between
central and peripheral circadian clocks as a master-slave relationship, with no
autonomous functioning in the periphery. Interestingly, more recent studies show that e.g.
feeding and exercise timing can locally influence the peripheral circadian clocks in the
liver, gut, and muscle (Tahara et al. 2017). The peripheral clocks might also send
information back to the central pacemaker (Richards and Gumz 2012; Tahara et al. 2017),
so in a sense the conductor might also listen to the musicians.
The facts that peripheral clocks can act in dyssynchrony to the central pacemaker,
that the pacemaker can receive conflicting stimuli, and that many physiological processes
behave differently depending on circadian timing have far-reaching implications
regarding links between behaviour, circadian rhythm and health; not only does it matter
what we eat and how much we exercise, but also when we do it (Plikus et al. 2013;
Laermans and Depoortere 2016; Hower et al. 2018). These findings provide credence to
the wisdom of good sleep hygiene, and possibly even archaic eating advice (Asher and
Sassone-Corsi 2015), and they have real-world ramifications to
those who live in circadian misalignment, such as shift workers.

‘‘Eat like a king in the
morning, a prince at noon,
and a peasant at dinner.’’
Maimonides (1135-1204)
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2.2.2.

Development of circadian rhythm

The exact development of the circadian clock in the SCN is unclear. The pioneering brain
lesion studies in the 1970s (Moore and Eichler 1972; Stephan and Zucker 1972) showed
that severing this single tissue above the optical nerve chiasma critically disrupts
circadian rhythms. Due to the invasiveness of such methodologies, most studies have
understandably been performed on animals (Reppert and Weaver 2002). Murine studies
show that although the SCN seems to be somewhat developed in mid- to late gestation, it
is quite immature and hampered by limited synapses, the number of which increases
significantly postpartum. Instead the mother’s rhythm seems to influence the nascent
SCN, with cues like feeding timing and hormones like melatonin and dopamine that cross
the placenta (Sumová et al. 2006; Serón-Ferré et al. 2012; Sumová and Čečmanová
2018). Primate and human post-mortem samples indicate that the SCN exists at
gestational week 18, but the amount of vasopressin neurons -a subpopulation of the SCNis not comparable to that of adults until one year postpartum (Rivkees 2004). One study
on baboon infants showed that the SCN seems to respond to light at human gestational
week 24 (Hao and Rivkees 1999).
In a study of healthy term babies, Joseph et al. (2015) proposed that postnatal
development of circadian rhythmicity is a gradual process, with diurnal cortisol secretion
being the first to emerge at ~8 weeks after birth, then the maturation of melatonin
secretion and sleep efficiency at ~9 weeks, temperature drop during sleep at 10.8 weeks,
and maximum peripheral circadian gene expression at 10.9 weeks. The authors suggested
that the early cortisol might have an important role in the development of the other
processes that follow. Different studies and methods show different results, however. One
study has suggested that diurnal cortisol variation is already developed at four weeks
(Ivars et al. 2015), while others place the timing at 8 to 12 weeks (Antonini et al. 2000),
and older studies suggest an even later timing (Onishi et al. 1983). Some studies place the
development of rhythmic melatonin expression at 12 weeks (Kennaway et al. 1996), and
some at 6 to 7 weeks (McGraw et al. 1999). Results for the timing of circadian
temperature variation are also variable, with some studies arguing for a clear circadian
rhythm within one week of birth (McGraw et al. 1999) and some at 6 to 16 weeks
(Petersen et al. 1991; Lodemore et al. 1992). Rivkees et al. (2004) suggested that
although babies usually do not display consolidated periods of wake and sleep until a
month or two postpartum, some difference in night-day-activity has been shown in babies
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only one week old. Interpretation of infant rhythmic activity is difficult because newborns live such a connected life to the mother, so disentangling the maternal effects from
innate rhythmicity is difficult. After all, during the whole gestation period the child has in
a sense functioned as a peripheral circadian clock for the mothers central pacemaker
(Serón-Ferré et al. 2012).
To summarise, different key anatomical components seem to develop during
early gestation, but true independent functioning emerges postnatally. The large variance
in results also indicates that extracting true time points for key developmental phases is
complicated, even in healthy term-born subjects.

2.2.3.

Development of circadian rhythm in preterm babies

Does preterm birth impact the development of circadian rhythm? Does the process speed
up or does it follow the original developmental timetable? As with the studies of termborn babies, the results are variable and sometimes in conflict.
Salivary cortisol. Ivars et al. (2015; 2017) showed that development of salivary
cortisol circadian rhythm in preterm babies was dependent on gestational age, not
postnatal age, so the process did not speed up. The time point for the development of the
rhythm was on average one month corrected age for both preterm (28+3 weeks) and termborn infants.
Melatonin. The development and onset of melatonin rhythmicity seems to be
more dependent on neurodevelopmental maturation than environmental cues. This
suggests that preterm birth does not speed up the initiation of pineal secretion, but might
in fact even delay it if the child was exposed to cerebral insults (Kennaway et al. 1992;
Jan et al. 2007).
Temperature. A Brazilian study (Bueno and Menna-Barreto 2016) used wrist
thermometers and actigraphs in the NICU to measure circadian temperature onset and
movement in three groups of infants: one term and two preterm (28-31 and 32-36 weeks).
The study suggested that circadian temperature variation might already function at
gestational week 29, so the impact of preterm birth remained unclear.
Sleep-wake. Using actigraphy and parental questionnaires, Guyer et al. (2015)
inferred from consolidated sleep periods and lower nocturnal activity that age-corrected
circadian rhythmicity in very preterm neonates seemed to emerge earlier than in their
term-born counterparts. This corroborated an earlier study (McMillen et al. 1991), which
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found that appropriate entrainment to night/day developed after similar exposure to
external cues in a preterm (9.8 weeks) and term group (8.7 weeks), but at an earlier
postmenstrual age for the preterm group (47.0 vs 48.9 weeks), implying that exposure is
more important than neuroanatomical maturation. The opposite is argued by Shimada et
al.’s study (1999), however, in which both preterm and term infants displayed diurnal
sleep-wake rhythms at 44.8 gestational weeks.
The role of illumination. A limitation to many of the studies is the variable
standardisation of lighting in the neonatal wards: some NICUs used constant dim
lighting, some constant bright light, and some cycled lighting. A constant dim or near
dark lighting might simulate the intrauterine illumination, but it does not simulate the
intrauterine experience, however, because although the fetus lives in darkness, it does not
live in isolation (Ariagno and Mirmiran 2001). The fetus constantly receives information
about the outside world via the mother in a sensory flow of sound, movement, hormones,
and nutrients, so arguably cycled light in the NICU might better simulate the actual
rhythmic experience in the womb. Cycled light seems to hasten adaptation to a diurnal
rhythm after discharge (Rivkees et al. 2004), and a Cochrane review from 2016 (Morag &
Ohlsson) found that cycled light seems to shorten length of stay. The review summarizes:
“Although results of this review favour the use of cycled light (CL) versus near darkness
(ND), and CL versus continuous bright light (CBL), studies published to date preclude a
clear conclusion. CL appears preferable to CBL”. Cycled lighting was officially
recommended in the US in 1997 (American Academy of Pediatrics 1997). At the
Children’s Hospital in Helsinki, Finland, the habit of covering incubators at night was
likely gradually incorporated in the early 1990s (personal correspondence, Prof. Sture
Andersson).
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2.2.4.

Chronotype

Most people know an early bird; the person who has finished a morning run before others
eat breakfast, but then struggles to stay awake for a late evening movie. Most people also
know the opposite type, the person who preferably sleeps until noon and returns to bed in
the small hours of the morning. These two types are colloquially called ‘morning larks’
and ‘night owls’, and they display a trait called chronotype, which can be defined in two
ways (Taylor and Hasler 2018; Vetter 2018): firstly chronotype describes the subjective
preferred timing for activity and sleep. The preference towards earlier or later times is
called ‘morningness’ and ‘eveningness’, and questionnaires often classify people as
‘morning’, ‘intermediate’, or ‘evening’ chronotypes (Horne and Östberg 1976). Secondly
chronotype describes a person’s phase of entrainment, simply put the temporal
relationship with the outside world, and can be reported as a continuous variable, e.g.
midpoint of sleep (Wirz-Justice 2007). Therefore chronotype is not merely a
psychological trait; it aligns well with physiological measures of rhythm, such as core
body temperature, melatonin synthesis, and heart rate (Baehr et al. 2000; Griefahn 2002).
Epidemiology. Epidemiological studies have shown that chronotype seems to
shift during a person’s life (Roenneberg et al. 2007; Randler et al. 2017). As most parents
will attest, small children are usually more active in the earlier part of the day, whereas
teenagers are more commonly night owls. After adolescence chronotype seems to
advance (become earlier) during adulthood, corroborating the finding that seniors are
often more active in the morning. This progression seems to be innate, and some authors
have suggested that the transition to an earlier chronotype might serve as a marker for
adulthood. One study has indicated that this happens on average at 19.5 years for women
and 21 for men (Roenneberg et al. 2004), but another study argues that maximal lateness
occurs earlier, at 15.7 years for girls and 17.2 in boys (Randler et al. 2017). A sex
difference exists in the progression of chronotype, with men usually displaying later
chronotypes during adolescence, but after age 50 these differences usually diminish,
possibly due to menopause (Roenneberg et al. 2004). The earlier chronotype among
seniors might also be a form of survivor bias, caused by the greater mortality among later
chronotypes. Basnet et al. (2017) reported findings from 4414 respondents (mean age 51,
SD 14 years) of the Finnish FINRISK 2012 study who completed an abbreviated
morningness-eveningness questionnaire. A total of 43.8% reported being morning types,
42.7% intermediate types, and 3.5% evening types. In a sense it is not productive to
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report aggregated population-level statistics of chronotype prevalence, however, because
chronotype is so dependent on age and sex, so stratified, longitudinal data is more useful
(Figure 8).
Figure 8. Prevalence of chronotypes by age. With age the prevalence of morningness
increases and eveningness decreases.
Modified Figure 1 from Ilona Merikanto, Erkki Kronholm, Markku Peltonen, Tiina
Laatikainen, Tuuli Lahti & Timo Partonen (2012) Relation of Chronotype to Sleep
Complaints in the General Finnish Population, Chronobiology International, 29:3, 311317, DOI: 10.3109/07420528.2012.655870. Used with permission from Taylor & Francis,
https://www.tandfonline.com/doi/full/10.3109/07420528.2012.655870.
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Chronobiology. Chronobiologists use the term ‘phase of entrainment’ to describe how an
oscillating (repeating) phenomenon is temporally related to another under a certain
entrainment. Phase is just a time point in an oscillation, but the concept entrainment
requires some unpacking: it describes an adjusting effect on an oscillation. The most
studied example of entrainment is how light shifts circadian timing. If a subject is
exposed to bright light late in the evening the sleep-wake rhythm is usually delayed
(shifts later), whereas light early in the morning advances (shifts earlier) the rhythm. How
strongly light shifts the circadian rhythm is dependent on the amplitude (strength),
duration, and relative timing of the light impulse, and the effect can be plotted in so called
phase response curves (Hilaire et al. 2012). Light is the most potent source of entrainment
and in modern societies it is arguably the most pervasive due to the abundance of
artificial lighting (Tähkämö et al. 2018). Examples of non-photic entrainment include
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exercise (Tahara et al. 2017) and eating schedules (Tahara and Shibata 2018). Sleep-wake
rhythm is naturally also influenced by sleep. The traditional two-process model by
Borbély (1982) suggests that sleep and wake are regulated by two independent processes,
the circadian process (C) and sleep homeostatic process (S), and their interaction
determines sleep timing, duration, and quality (see Figure 12, p. 62). In practice, isolating
only one variable in this equation is challenging, because humans are continually exposed
to different zeitgebers, and different behaviours lead to different exposures. Studies show,
however, that individuals with different chronotypes consistently display different phases
of entrainment despite living in same conditions. Why is this?
Conceptually, on a chronobiological level, a difference in phase of entrainment
might be due to three different things (Roenneberg, Daan, et al. 2003). Firstly, the
experience of the input might differ, e.g. if the stimulus is transduced with different
efficiency it affects how strongly the oscillation shifts in response to the exposure.
Secondly, free-running settings like constant dark reveal that the internal 24h clock ticks
at different paces between individuals and is not necessarily exactly 24 hours long. The
length of this internal day is called the period, or in free-running settings tau (τ). It is
often over 24h, and on average longer in men than in women (24h 11min vs 24 h 5 min,
Duffy et al. 2011). In idealised settings, a shorter period causes an earlier phase of
entrainment, and a longer period causes a later phase of entrainment, and indeed morning
chronotypes tend to have shorter periods than evening chronotypes (Duffy et al. 2001).
The truth is, however, that the period is malleable, and external lighting conditions can
lengthen or shorten it (Scheer et al. 2007). Thirdly, it is possible that even if two
individuals experience the same zeitgeber the same way, and have identical periods, that
the measured output (e.g. sleep-wake rhythm) is coupled in a different way to the
circadian clock, producing different timings.
Behaviour also influences chronotype. Morning larks often experience more solar
entrainment because they are up early enough to be exposed to it, and in consequence
their rhythms stay early. Night owls might miss the strongest effects of daylight and are
thus more weakly entrained, leading to later rhythms. Ecological factors are also
important, e.g. urbanised life with less direct sunlight causes inhabitants of larger cities to
have later chronotypes (Roenneberg and Merrow 2007). Wright et al. (2013) took eight
subjects camping without any artificial light for one week, and found that the natural
sunlight exposure significantly advanced melatonin and sleep-wake rhythms, with the
largest shifts seen in later chronotypes. Populations living in preindustrial settings also
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display much earlier chronotypes, usually waking up before sunrise (Yetish et al. 2015).
Not only is the entrainment of sunshine beneficial because it advances later chronotypes,
it also delays extremely early chronotypes, so in settings of strong light the distribution of
displayed chronotype narrows (Roenneberg, Wirz-Justice, et al. 2003).
Genetics. Chronotype clearly has genetic underpinnings, with twin and family
studies showing a broad-sense heritability of 37-54% (Hur et al. 1998; Vink et al. 2001;
Koskenvuo et al. 2007; Barclay et al. 2010; Watson et al. 2013; von Schantz et al. 2015),
whereas genome-wide association studies have suggested a heritability of 12-21% (Hu et
al. 2016; Jones et al. 2016; Lane et al. 2016; Jones et al. 2019). The results indicate that
chronotype is a polygenic trait, and that different genes influence the phenotype at
different ages (Vink et al. 2001). Also, the heritability seems to differ with age: one study
with young adolescents (mean age 12.8 years) showed that heritability of self-reported
chronotype was 75%, and that of free-day sleep midpoint was 90% (Inderkum and
Tarokh 2018).
Figure 9. Simplified schematics of the molecular circadian clock. The BMAL1CLOCK heterodimer promotes transcription of BMAL1 in the nucleus, but also
activates other genes such as the PER- and CRY family, which in turn repress their
own transcription. This positive and negative feedback-loop causes a ~24 h molecular
machinery. Solid lines = stimulation, dashed lines = repression. Figure by the author,
based on Figure 1 in Zanquetta et al. (2010, CC BY 2.0).
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Investigations into specific chronotype-related genes and mechanisms have evolved as
the field of genetics itself has evolved. Earlier studies mostly focused on known
cogwheels of the circadian machinery (Figure 9), and discovered associations between
chronotype and polymorphisms in the genes CLOCK, PER1, PER2, and PER3
(Kalmbach et al. 2017). Another early approach was to look for culprit genes in familial
sleep phase pathologies, in which the chronotype is pathologically out of sync with the
environment. Some of these studies implicated mutations in PER2, CSNK1D, and CRY2
for being relevant in advanced sleep phase disorder, whereas a mutation in CRY1 was
displayed in a family with delayed sleep phase disorder (von Schantz 2017).
More recently, genetic investigation has simultaneously become more
sophisticated, with increasingly accurate phenotyping of circadian rhythmicity, and more
blunt, where lesser accuracy is compensated by massive samples sizes. On the
sophisticated side, studies have investigated possible genetic couplings between clock
genes and bipolar disorder, schizophrenia, depression, anxiety, and addiction (Schuch et
al. 2018), and how circadian genetics might mediate disease (Takeda and Maemura
2015). Compared to many molecular processes the circadian clock is quite well defined,
which perhaps explains why it has been the first target in the genetic manipulation of
monkey embryos: in 2018 (Qiu et al. 2019) a Chinese team utilized CRISPR/Cas9-editing
to produce eight BMAL1-deficient macaques (Macaca fascicularis). Moving on to the
massive studies, four large genome-wide association studies supported some previous
gene sites, and revealed many new loci (Hu et al. 2016; Jones et al. 2016; Lane et al.
2016; Jones et al. 2019). The three GWAS from 2016 found associations between
chronotype and the genes PER2, RGS16, FBXL13, and AK5 (Kalmbach et al. 2017), and
the GWAS from 2019, with an astounding 697,828 individuals, found associations in
further 327 loci. This expanding knowledge has allowed the development of polygenic
risk scores (Merikanto et al. 2018) and novel methods for determining internal circadian
time from blood samples or hair follicles (Akashi et al. 2010; Wittenbrink et al. 2018).
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2.2.5.

Outcomes of chronotype

Considering that circadian rhythm is so hardwired in our fabric, it is hardly surprising that
it impacts health and wellbeing. The following sections will outline some outcomes
linked to chronotype and speculate on why and how chronotype might influence health.
Intelligence and education. Some studies have shown that night owls score
higher in intelligence tests (Kanazawa and Perina 2009), but these findings are not
uncontested (Zerbini and Merrow 2017). The recent GWAS found that morningness was
negatively correlated with intelligence (Jones et al. 2019), however, which suggests that
although chronotype changes with age, it might have an enduring effect on attributes like
intelligence. Other studies have suggested that night owls are more creative (Giampietro
and Cavallera 2007). One might assume that the possibly more intelligent and creative
mind would facilitate educational achievement, but that is not the case: large metaanalyses show that evening types perform worse in school and at the university (Tonetti
et al. 2015). This speaks volumes about how current societal schedules disfavour night
owls, and this is most clearly seen in teens. Chronotype changes with age and reaches
maximal lateness during late adolescence, so why do we assume that teenagers should fit
into the same temporal mould as adults or young children? A Cochrane review (Marx et
al. 2017) summarized all studies before February 2016 that investigated the effects of
delaying school mornings, and concluded that such interventions seem to increase sleep
duration. A recent study measured with actigraphs the effect of delaying school mornings
in two subsequent classes of 16-year-olds in 2016-2017, and found that delaying school
start by 55 min increased school night sleep duration by 34 min (Dunster et al. 2018).
Another study showed that delaying school mornings by 1 hour possibly decreased car
crashes of high schoolers by up to 70% (Wahlstrom et al. 2014). A further complication
in the educational attainment of night owls is that a later chronotype is quite consistently
associated with attention deficit hyperactivity disorder (Coogan and McGowan 2017).
Mental health. Few outcomes related to chronotype have received as much study
as depression. Patients suffering from major depressive disorder often display concurrent
circadian rhythm disturbances that can predispose a depressive episode, exacerbate
current symptoms, or increase treatment resistance. A recent meta-analysis of 36 studies
showed that eveningness was related to severity of mood disorder symptoms, albeit the
aggregated effect size was small (z = -0.2, Au & Reece 2017). Another recent study
suggested that the association between chronotype and depression is not necessarily linear
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across all chronotype groups, but the link might be restricted to late chronotypes, defined
in that study as the one-third of participants with the latest corrected sleep midpoint
(Dimitrov et al. 2018). Still on the topic of mood disorders, eveningness is associated
with nonremission of depression (Chan et al. 2014), more thoughts of suicide (Rumble et
al. 2018), impaired emotion regulation (Watts and Norbury 2017), and more rumination
(Antypa et al. 2017). Different chronobiological theories of mood disorders have tried to
answer why circadian disruption and depression are interconnected. One example is the
model of internal coincidence, which postulates that depression arises when sleep is not
synchronised with the internal night. Another model is the social rhythm hypothesis,
which suggests that disruption of non-photic zeitgebers such as social rhythms, cause
physiological circadian disruptions. Research into the genetic origins of depression and
bipolar disease have implicated some clock genes such as BMAL1, Per3, and Timeless,
which even further cements the observed clinical association (Zaki et al. 2018). Most
beforementioned studies have been cross-sectional, which poses a chicken-and-egg
problem: which comes first, depression or eveningness? One of the first longitudinal
efforts to investigate this question studied young adolescents during a 48-month period,
and the answer seems to be both: previous depression predicted greater eveningness, and
eveningness predicted depression (Haraden et al. 2017). Other psychiatric diagnoses have
received less attention than depression, but studies also indicate an association between
chronotype and anxiety, bipolar, and eating disorders, but no clear association with
psychotic disorders has emerged (Kivelä et al. 2018).
Personality & behaviour. Regarding personality and behaviour, some studies
show that later chronotypes display more extroversion and impulsivity and lower
conscientiousness (Adan et al. 2012; Lipnevich et al. 2017). The link to lower
conscientiousness is important, because it might serve as a mediator regarding outcomes
like educational achievement and exercise (Hisler et al. 2017; Zerbini and Merrow 2017),
but chronotype also seems to be independently associated with lesser self-reported and
objectively measured exercise frequency and activity (Wennman et al. 2015; Wong et al.
2015; Hisler et al. 2017). Regarding other unhealthy behaviours, later chronotypes seem
to be more prone to addictions, such as to alcohol and narcotics (Kivelä et al. 2018), and
epidemiological studies like the UK Biobank report a higher frequency of smoking
(Patterson et al. 2016).
Cardiometabolic health. The Finnish national FINRISK studies have repeatedly
found an association between eveningness and cardiovascular risk factors, such as
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increased blood pressure, diagnosis of hypertension, and cardiac insufficiency
(Merikanto, Lahti, Puolijoki, et al. 2013; Basnet et al. 2017; Basnet et al. 2018). In one
UK Biobank study with 433,268 subjects, definite evening types displayed greater odds
for cardiovascular disease, diabetes, and neurological, endocrine, renal, respiratory,
musculoskeletal, gastrointestinal, and psychological disorders (Knutson and von Schantz
2018). The study also found an increased risk in all-cause mortality (HR 1.02) and
possibly in cardiovascular mortality (1.04, p = 0.06). Epidemiological studies show that
evening types more often have type 2 diabetes and metabolic disorders, they display
poorer glycemic control if they are diabetic, and they have higher hemoglobin A1c in
prediabetic conditions (Merikanto, Lahti, Puolijoki, et al. 2013; Reutrakul et al. 2013; Yu
et al. 2015; Anothaisintawee et al. 2017).
Health-related quality of life. Considering that practically all associations related
above show unfavourable outcomes for later chronotypes in societal demands, mental
health, behaviour, fitness, cardiovascular health, mortality, and endocrine disorders, it is
hardly surprising that evening types also report lower health-related quality of life (Suh et
al. 2017). The recent GWAS (Jones et al. 2019) also found that morningness was
positively correlated with subjective well-being.
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2.2.6.

Why does chronotype influence health?

Are the problems caused by sleep deficit? We can conceptually imagine that our lives are
governed by different clocks. Relevant thus far have been the solar clock and our internal
clock. There exists an additional clock, however, namely the social clock. As a whole our
societies do not work for the advantage of evening types (Figure 10): later chronotypes
usually accrue sleep deficit during the work week because they are unable to fall asleep in
time to get the required rest before the morning alarm goes off. This deficit is usually
compensated during the weekend by sleeping in. This phenomenon is called ‘Social Jet
Lag’ (Wittmann et al. 2006) because it resembles living in different time zones during the
week. Early chronotypes are not immune to this phenomenon either because they might
accrue sleep debt due to late night socializing. As demonstrated in Figure 10, theoretically
evening types are prone to accrue sleep deficit due to social jet lag, and this has been
supported by clinical studies (Vitale et al. 2015). Insufficient sleep is widely associated
with poor health outcomes, so certainly it must play a role in eveningness morbidity.

Figure 10. Social jet lag. Columns display the distribution of sleep-debt-corrected sleep midpoint of
55,000 respondents. Consider the crude examples A and B, with preferred sleep midpoints at 3 and 5
am and similar 8h sleep need. On work mornings both wake up at 7 am, and both socialize until
midnight on weekends. White = wake, black = sleep, stripes = sleep debt.
A is a moderately morning-oriented person, and has no problems getting up at 7 am on workdays,
having slept a full night. During weekends A must stay awake an hour longer than usual and is unable
to sleep in due to the circadian clock. Therefore, A accrues sleep debt during weekends.
B is a moderately evening-oriented person, and cannot fall asleep before 1 am, but due to work must
wake up at 7 am, accruing two hours of sleep debt every workday. B has no problems with late
socializing during weekends.
Figure by the author except for the prevalence, which is from Figure 1 in Roenneberg et al. 2007.
Epidemiology of the human circadian clock. Sleep Medicine Reviews. Volume 11, issue 6, pages
429-38. Reused with permission of Elsevier, license #4441231189845.
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Are the problems caused by circadian misalignment? If activity and sleep do not
coincide with the central pacemaker’s rhythm, they are in misalignment, e.g. being active
during the internal night. This not only applies to those in misalignment due to
chronotype, but also to e.g. night shift workers, an estimated 19% of the European work
force (eurofound.europa.eu). Epidemiological studies have shown that working night
shifts is associated with increased odds for depression (Lee et al. 2017), obesity (Sun et
al. 2018), and breast cancer in pre-menopausal women (Cordina-Duverger et al. 2018).
But how can we untangle whether the morbidity is caused by circadian misalignment or
sleep deficit? Some cross-sectional studies have tried to answer the question by adjusting
for self-reported sleep duration e.g. Anothaisintawee et al. (2017) discovered higher
HbA1c in later chronotypes also after adjusting for sleep duration, and Merikanto et al.
(2015) reported higher odds for depression even when adjusted for the experienced sleep
amount. Other studies have subjected participants to 20- or 28-hour days, which are so
different from the innate period that humans cannot entrain to them. One of these forced
desynchrony studies showed that circadian misalignment decreased the hunger-inhibiting
hormone leptin, increased glucose and insulin levels, increased mean arterial pressure,
and reversed the cortisol rhythm (Scheer et al. 2009). Notably, in 3 out of the 8 healthy
participants the circadian misalignment caused postprandial glucose profiles resembling
prediabetic states. Circadian misalignment also decreased sleep efficiency, meaning that
the impact of sleep deficiency could not be ruled out in this setting either, although the
results did survive adjustments. Leproult et al. (2014) came up with a clever study setting
to circumvent the issue of sleep loss. The authors compared metabolic outcomes between
two groups: one group with stable circadian timing, and the other continually shifted, but
they subjected the same amount of sleep deprivation to both groups, verified with
polysomnography. They found that circadian misalignment doubled measures of systemic
inflammation, and insulin sensitivity dropped by half in the male participants. These
findings support the notion that circadian misalignment has an inherent pathological
effect, independent of sleep deprivation.
Are the problems caused by behavioural choices? Another reason for adverse
outcomes is the link between later chronotype and poorer health-related behaviour. As
mentioned earlier, evening types more often tend to be smokers, they consume more
alcohol and narcotics, they tend to be more impulsive, and less conscientious. But is the
unhealthy behaviour a consequence of coping with circadian misalignment, or is the
circadian misalignment due to unhealthy behaviour? One study has suggested that some
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psychological outcomes of late chronotype are mediated by smoking and alcohol
consumption (Wittmann et al. 2010), but nevertheless the causal determination between
chronotype and behavioural choices needs to be examined in prospective studies.
Are the problems caused by common genetic origin of disease? This is the
frontier of chronotype research, and understandably a definite answer has yet to emerge.
Most of these investigations have been psychiatric, and studies to date imply that “the
CLOCK gene exerts important influence” on conditions such as autism spectrum
disorder, schizophrenia, ADHD, major depressive disorder, bipolar disorder, anxiety
disorder, and substance use disorder (Schuch et al. 2018). The most recent GWAS found
that chronotype was associated with psychiatric outcomes, in particular that morningness
was negatively correlated with schizophrenia, depressive symptoms, and major
depressive disorder (Jones et al. 2019). Mendelian randomization analyses investigated
causation and suggested that increased self-reported morningness was causally associated
with reduced liability for schizophrenia, major depressive disorder, and depressive
symptoms, whereas the opposite direction was not supported. Importantly, the authors
“found no evidence for a causal effect of morningness on type 2 diabetes, BMI or insulin
levels”, which might indicate that pathways like circadian misalignment might better
explain this aspect of night owl morbidity.
Summary. The evidence is overwhelming that a later chronotype is linked to
undesirable outcomes, such as higher mortality, morbidity, and poorer quality of life. The
exact mechanisms are unclear, and the emerging data indicate that the causal links are
complex and many-layered; genetics determine chronobiological attributes that in turn are
entrained by behavioural choices, and the individual with this nuanced phenotype is then
forced into our current temporal societal structures, to the apparent detriment of night
owls.
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2.2.7.

Preterm birth and chronotype

Few studies have specifically set out to study chronotype in preterm subjects, so some
outcomes highlighted here were originally reported in passing (Table 1). Also, given that
the methodologies for studying chronotype vary and have evolved significantly, it is
difficult to synthesize the relevant studies, even if they measured the same phenomenon.
The participant age ranges from neonates to young adults, and the methodology ranges
from parental questionnaires to polysomnography (PSG), and none of the studies
investigated the effect of post-term birth. Mentioned weeks and weights are means, unless
noted otherwise.
Neonates and toddlers. The youngest subjects in a preterm circadian-rhythm
study were ~12 months old (Asaka and Takada 2010). The study used actigraphs to
monitor the sleep-wake cycle of 14 VLBW children and 14 controls. The VLBW children
displayed 24 min earlier sleep onset and 42 min earlier offset during night-time. They
displayed 19 min less nocturnal sleep, but similar total sleep duration. Caravale et al.
(2017) asked mothers of 51 preterm and 57 term-born two-year-olds to complete the
adapted Sleep Disturbance Scale for Children and Brief Infant Sleep Questionnaire. No
differences emerged regarding sleep patterns or sleep durations, e.g. bedtimes were 21:34
vs 21:44. Five children were born extremely preterm, 17 very preterm, and 29 moderateto-late preterm.
Children. A series of one-night, at-home, PSG studies with salivary cortisol
analysis performed in a cohort of VP children in the University Children's Hospital in
Basel, Switzerland reported varying results. One study (Perkinson-Gloor et al. 2015)
studied the children (52 VP and 50 controls) at around 8 years, and did not discover a
difference in parent-reported awakening times (06:42 vs 06:48, F = 1.3, p = 0.26). The
morning cortisol profiles did not differ between groups, but the preterms displayed a
faster falling evening cortisol profile. A later study (Maurer et al. 2016) with 58 VP and
85 term-born children, at age 9.5 years, found that PSG-measured sleep onset was 13
minutes earlier in the VP group (21:11 vs 21:24, p = 0.013), and sleep duration was 0.1
hours longer (p = 0.066). Stangenes et al. (2017) queried weekday sleep habits of parents
to 11-year-old extremely preterm/ELBW subjects in a national longitudinal study and
controls recruited from another study. Compared to 556 term-born children, the 231
preterm children reported 0.4h earlier bedtime (24 min, 20:54 vs 21:18, p <0.05). Rise
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Grade of prematurity

n, preterm/control

Age (SD) of preterms

Method (duration)

Outcome

EP, VP, moderate and late
EP <28wks or ELBW <1000g
VP <32 weeks
VP <32 weeks
<37 weeks

study noteworthy due to the comprehensive

Caravale et al. 2017
Stangenes et al. 2017
Maurer et al. 2016
Perkinson-Gloor et al. 2015
Hibbs et al. 2014

Non-significant ~10 min earlier bedtime.
5/17/29/57
20.9 (4.1) months
SDSC, BISQ
231/556
11 years
Questionnaire about weekdays
24 min earlier bedtime.
58/85
~9.5 (1.4) years
Single night, in-home PSG
13 min earlier sleep onset time.
52/50
~8.2 (1.3) years
Single night, in-home PSG
Non-significant 6 min earlier awakening time.
217/284
17.8 (0.4) years
Actigraphy (instructions 5-7 days)
24 min earlier midsleep on weekends.
146/190
Self-report questionnaire
37 min earlier midsleep on weekends.
Strang-Karlsson et al. 2010
VLBW <1500g
91/93
~24.9 (2.0) years
MEQ
Morningness propensity (2.8 points difference).
Asaka & Takada 2010
VLBW <1500g
14/14
13.3 (2.1) months
Actigraphy (instructions ~7 days)
24 min earlier sleep onset, 42 min earlier offset.
Strang-Karlsson et al. 2008
VLBW <1500g
89/78
22.4 (2.0) years
Actigraphy (range 2-9)
36 min earlier bed time.
164
BNSQ
24 min earlier awakening on weekends.
Natale et al. 2005
<37 weeks
55/210
13 years
junior MEQ
Morningness propensity (3.7).
40/318
Morningness propensity (1.8)
junior CS
Method and Outcome show the most central method and finding regarding chronotype, prioritising measures of midsleep from free days.
BISQ, Brief Infant Sleep Questionnaire; BNSQ, Basic Nordic Sleep Questionnaire; CS, Composite Scale; ELBW, extremely low birth weight; EP, extremely preterm; MEQ, MorningnessEveningness Questionnaire; SD, standard deviation; SDSC, Sleep Disturbance Scale for Children; VLBW, very low birth weight; VP, Very Preterm.

Author, year

Table 1. Case-control studies reporting quantitative or qualitative chronotype of subjects born preterm.

time was similar, sleep latency was 6.2 min

longer, and time in bed was 0.4h longer, of

which actual sleep duration was 0.3h longer.
Adolescents. Natale et al. (2005)

measured subjective chronotype of preterm 13-

year-olds and controls with the Junior

Morningness-Eveningness Questionnaire (n =

55, 210) and the Junior Composite Scale (n =

40, 318). The preterm group (34.8 weeks),

contained more ‘morning types’ (45.5% vs
22.9%, p <0.005 and 25.0% vs 14.5%, p =

0.08), and the mean scores from both

questionnaires indicated a stronger tendency

towards morningness in the preterm group

(57.3 vs 53.6, p < 0.001 and 29.3 vs 27.4, p <

0.05). Hibbs et al. (2014) performed an

extensive sleep analysis in the Cleveland

Children's Sleep and Health Study using

overnight PSG, self-reported sleeping times,

actigraphy, and sleep hygiene questionnaires. A
total of 217 preterm adolescents (1514 g, 31

weeks) and 284 term-born controls participated

at a mean age of 17.8 years. Not only is this

report: 23 min earlier weekday midsleep (p =

methods, it is also the first preterm study to

report sleep midpoint, an improved proxy for

circadian timing (see 2.4). The preterm

adolescents displayed an earlier circadian

timing in both self-report and actigraphy. Self-

0.03), 37 min earlier weekend midsleep (p

<0.001). Actigraphy: 22 min earlier weekday

midsleep (p = 0.02), 24 min earlier weekend

midsleep (p = 0.04).
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Adults. Moving on to older subjects, Strang-Karlsson et al. studied young adults in the
HeSVA cohort using both MEQ and actigraphy. In the actigraphy study, the 89 VLBW
young adults (~22.5 years) displayed 36 min earlier bedtime than the 78 controls (23:59
vs 00:35, p = .019), and the preterm group reported earlier wake-up time in the Basic
Nordic Sleep Questionnaire (workdays 30 min, free days 24 min, Strang-Karlsson et al.
2007). In a follow-up study 91 VLBW young adults (~25 years) reported stronger
tendency towards morningness than the controls (2.8 points higher MorningnessEveningness Score, 95% CI 0.1 to 5.5, p = 0.04, Cohen’s d = 0.3, Strang-Karlsson et al.
2010).
Limitations. There are many limitations in these studies. Only one (Hibbs et al.
2014) reported actigraphy-measured sleep midpoint, and only one study actually used
PSG to measure sleep timing (Maurer et al. 2016). The practice of not reporting sleep
midpoint is also a limitation (see 2.4). One study reporting an earlier bedtime also
reported significantly longer sleep duration (Stangenes et al. 2017), and in another there
was a similar trend (Maurer et al. 2016), which complicates the interpretation. Several of
the actigraphy studies do not mention the actual amount of registered nights, and instead
describe instructions (5-7 nights in Hibbs et al., “approximately seven” in Asaka and
Takada). Other limitations worth considering is that one study used unvalidated sleep
questionnaires, that also differed slightly in phrasing between preterm and term-born
subjects (Stangenes et al. 2017). Further, parental report of sleep schedule is usually quite
reliable in small children (Asaka and Takada 2011), but might be more questionable at
adolescence.
Summary. Although the outcomes vary in these studies, some features can be
discerned. Albeit two studies did not find a significant difference in chronotype, the
remaining seven did, and they all point to the same direction, namely earlier awakenings
and/or earlier sleep onset. None of the studies discovered a later rhythm, and in fact, the
two studies that did not discover a statistically different timing (Perkinson-Gloor et al.
2015; Caravale et al. 2017), did nonetheless both report earlier awakenings and bedtimes
in the preterm group. The Cohen’s d for both the earlier awakening time in PerkinsonGloor et al. and the earlier bedtime in Caravale et al. was ~0.23. The weight of the studies
therefore suggest an earlier chronotype among preterm subjects, both with objective and
subjective measurements.
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2.2.8.

Could early experience program circadian rhythm?

Spontaneous premature birth is an elusive phenomenon. The underlying reasons often
remain unknown, and possible investigations are usually post hoc in human studies.
Animal studies are not equivalent substitutes, but they provide an opportunity to perform
exposure studies, with much fewer variables. This author is unaware of studies
investigating the circadian rhythm of prematurely born animals, but some studies have
first simulated poor intrauterine conditions and then investigated the offspring’s circadian
rhythms. Understandably none of the following conditions are a
substitute for premature birth, and many important postnatal
exposures such as brain haemorrhage and stress related to intensive

‘‘All models are wrong
but some are useful’’
George Box (1919-2013)

care are not addressed, but these animal studies might provide
insight, nonetheless.
Hypoxia. Joseph et al. (2002) placed pregnant rats in a hypoxic chamber (10%
O2) between days 5-20 of gestation (23-91% of term). The authors then compared wheelrunning activity between the adult offspring of 7 hypoxic and 6 control rats in a 12h
light/12h dark regime. Rats being nocturnal animals, the control group initiated running
activity 83 min after lights-off, but the hypoxic rats began their activity 4 min before
lights-off. No difference emerged in cessation of activity or in total activity duration, but
overall the hypoxic rats were less active. The light-dark regime also involved one abrupt
delay of 6 hours, to see how well the rats entrained to a new rhythm. The hypoxic rats
needed significantly more time (9 vs 6 days) to resynchronise. The hypoxic rats also
showed a blunted delay of rhythm when exposed to a sudden bright light in a constant
dark setting. Furthermore, they displayed sustained elevation of corticosterone in
response to stress. All rats had similar periods of circadian activity, i.e. the internal day
was equally long.
Maternal stress. Koehl et al. (1997; 1999) subjected pregnant rats to stress during
the last week of pregnancy. The stress constituted of being exposed to bright light several
times a day inside a transparent cylinder. The authors then investigated the corticosterone
rhythm of the adult offspring and found that rats from the exposed group displayed an
elevation of cortisol levels four hours before lights-off, whereas the control group
displayed similar levels at lights-off.
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Figure 11. Brief glossary of chronobiological concepts, following definitions at
www.chronobiology.ch/glossary/. Figure by the author.

amplitude

period (tau)

acrophase
phase shift
Acrophase: Phase angle corresponding to maximal value of the rhythmic parameter.
Amplitude: The measure of one half of the extent of the rhythmic change.
Period: Time after which a defined phase of the oscillation re-occurs.
Phase: Instantaneous state of an oscillation within a period.
Phase angle: Position of a parameter value relative to the period.
Phase shift: Displacement of an oscillation either earlier (advancement) or later (delay).

Malnutrition. Several studies have used protein restriction during pregnancy to cause
fetal malnutrition. The most recent (Crossland et al. 2017) did not discover a different
timing in wheel-running of adult male rats whose gestation was marked by limited
maternal protein intake, nor did the study find changes in hypothalamic circadian gene
expression. Orozco-Solís et al. (2011) studied circadian gene expression in adult rats
deprived of protein during gestation and lactation, and found that the exposure had longlasting effects on the timing of core clock gene expression in the hypothalamus, but not in
the periphery. The effects were complex, with some acrophases showing advancement,
and some delays. Sutton et al. (2010) noted that fetal malnutrition in mice increased
sensitivity towards diet-induced obesity, which was preceded by abnormal daily rhythms,
arrhythmic expression of circadian oscillator genes, and reduced peripheral expression of
Rev-erbα. Durán et al. (2005) investigated spontaneous locomotor activity in male rats
whose mothers were protein-deprived before mating and during pregnancy. The study
found similar total levels of activity in exposed and control rats, but the activity duration
was shorter in the exposed group, and importantly the acrophases were different:
malnourished rats began their activity about 50 min before lighting change, whilst
controls began theirs about one hour after.
Alcohol. A study from 2007 showed that consuming an alcohol-containing liquid
diet (35% of calories) during days 14 to 20 of gestation (64-91% of term) had the
following effects on offspring circadian rhythm: earlier rise of core body temperature at
ages 4 and 18 months, no difference in diurnal variation in heart rate, and the rise of

55

corticosterone in anticipation of the active period was dampened (Handa et al. 2007). A
Texas-based group has produced several papers on this topic: in four papers they studied
the effects neonatal alcohol exposure had on rats, which regarding brain maturation
timing equals the third human trimester. The group found that exposed rats adapted faster
to a 6-hour advance in the light-dark regime, overall they displayed more variable and
earlier initiation of wheel-running activity, and they also had a shorter period of activity
in free-running setting (Farnell et al. 2004; Allen, West, et al. 2005; Allen, Farnell, et al.
2005; Farnell et al. 2008). In the 2008 study, the authors investigated the circadian pattern
of core clock gene expression and found phase-advanced Per2 expression in the
cerebellum and liver, and dampened Cry1 expression in the SCN. The group has also
found decreased SCN neuronal density (Farnell et al. 2004). Not all findings are
unchallenged, however, e.g. Sei et al. (2003) found that phase shift response was
dampened instead of increased.
Chronodisruption. Whereas the previously mentioned exposures might simulate
poor or even toxic intrauterine environments, chronodisruption can feasibly serve as a
model for the non-circadian stimuli a prematurely born baby experiences in early
postnatal life, such as the variable noise and light in a NICU. Many studies have
investigated the role of perinatal lighting, and most seem to describe long-term effects on
later circadian functioning, e.g. in behaviour (Canal-Corretger et al. 2000; CanalCorretger et al. 2001; Smith and Canal 2009), protein levels in the SCN (Smith and Canal
2009; Brooks et al. 2011), and changes in astrocyte organization (Canal et al. 2009).
Brooks et al.’s (2014) thorough study investigated the effects of postnatal lighting on
many levels: continuous lighting after birth did not damage the retina, nor damage retinal
function to a serious degree, but it did shorten the period significantly. In a later
continuous dark setting no differences were apparent, however, implying that without
photic zeitgeber the circadian clock behaves similarly. The authors did not find a
significant difference in the magnitude of phase shift to a light pulse. The authors also
studied expression of Per2::LUC in both central and peripheral organs, and found an
advanced rhythm in the spleen. Ciarlegio et al. (2011) set out to study if different day
lengths impacted expression of core clock genes for developing mice. The authors found
that mice exposed to long days (16:8h) during weaning displayed narrower waveform of
Per1::GFP expression on the single-cell level, and the rhythmic period was shorter than
in short-day mice (8:16h). This was also apparent in behaviour: in free-running conditions
the long-day mice had shorter internal periods. Smith & Canal (2009) found that, in mice
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reared in constant light, the levels of SCN-produced proteins arginine-vasopressin and
vasointestinal polypeptide were decreased, but they did not discover a different phase of
entrainment, nor a different period between groups. Canal-Corretger et al. (2001) did not
find that postnatal lighting produced a difference in entrainment to darkness onset, there
was no difference in phase shift after a light pulse in later constant darkness, and there
was no difference in free running period.
Melatonin deficiency. During pregnancy the developing child is in a sense a
peripheral oscillator to the mother’s central pacemaker, and it receives circadian signals
in many forms, such as maternal melatonin, which readily crosses the placenta (SerónFerré et al. 2012). As mentioned in 2.2.3., the development and onset of melatonin
rhythmicity seems more dependent on neurodevelopmental maturation than
environmental cues. This implies that the 2-4 month-long melatonin deficiency that term
infants experience, is even longer if the child is born prematurely, not to mention with
possible neurological insults that even further seems to postpone initiation of pineal
secretion (Kennaway et al. 1992; Jan et al. 2007). Thus, it is possible that a melatonin
deficiency could influence later circadian rhythmicity. At least one rodent study has
shown that mice deprived of maternal melatonin, by excising the mothers pineal gland
during pregnancy, displayed desynchronized drinking behaviour, and a wider distribution
of the internal period, which in turn was corrected with melatonin treatment (Bellavia et
al. 2006).
Summary. The caveat from the beginning bears repeating; none of these
exposures are a substitute for human premature birth. Nonetheless, it is interesting that all
these insults seem to impact chronobiology, and quite often, regardless of the exposure,
the insult seems to cause an earlier rhythm or shorter period. So, based on these studies it
is certainly possible that early adverse exposures could impact circadian rhythmicity also
in humans.
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2.3.

Sleep

“If sleep does not serve an absolutely vital function, then it is the biggest mistake
the evolutionary process has ever made.”
Allan Rechtschaffen
University of Chicago Sleep Laboratory Smithsonian,
November 1978

Humans spend a third of their lives lying prone in a non-responsive, apparently
catatonic state, oblivious of and utterly helpless against the outside world, all
while internally experiencing wild hallucinations and psychotic thinking. We
pursue this state of abandon every night, and should it persistently escape our
grasp our minds and bodies are left in ruin. It is curious that although sleep
dominates so much of our lives and is so critical for our health and wellbeing, it
remains such a mystery. The subsequent chapters of this thesis will outline
current knowledge regarding what sleep is, why we sleep, what happens when we
sleep, and critically what happens when we don’t.
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2.3.1.

What is sleep?

These elements often appear in definitions for sleep: it is a rapidly reversible state of
decreased response to external stimuli where the sleeper remains still in species-typical
locations and postures, and this state shows homeostatic rebound after deficit (Miyazaki
et al. 2017). This definition is useful because it separates sleep from other resembling
states, e.g. quiet rest is a rapidly reversible state of stillness but response to external
stimuli is unimpaired, and a patient in general anaesthesia is still and unresponsive but the
condition is not rapidly reversible. It is crucial to point out that these are behavioural
manifestations for a phenomenon whose core function is unknown, and the definition
might change dramatically once we discover what sleep actually is. Therefore the
question “what is sleep” is connected to the question “why do we sleep”.
One way of investigating what sleep does has been to restrict it. These sleep
deprivation studies have indicated that sleep, especially slow wave activity, is essential in
e.g. metabolic regulation, memory consolidation and formation, brain plasticity,
thermoregulation, and immune and endocrine functioning (Anafi et al. 2019). Based on
these findings, some hypotheses have emerged to explain why we sleep. The metabolic
dysregulation related to sleep deprivation has suggested that sleep is essential for energy
conservation, because continuous peak performance is seldom required. This hypothesis
does not account for Rapid Eye Movement (REM)-sleep, however, during which energy
expenditure increases. Another hypothesis is that sleep is a period for cellular recovery,
when transmitter vesicles and macronutrients are replenished (Mignot 2008). One
hypothesis which links energy homeostasis with the decreased cognitive abilities of sleep
deprivation is the synapse homeostasis hypothesis (Tononi and Cirelli 2014). It postulates
that when the brain encounters conspicuous coincidences, relevant synapses strengthen.
And because continuous neuronal firing would be very expensive metabolically (the brain
accounts for 25% of the body’s energy expenditure) a resting period is required. During
this rest weaker connections fall into oblivion and stronger ones prevail, so that
unnecessary information is forgot, which is paramount for survival.
Sleep deprivation studies have an inherent problem, however. They describe how
sleep restriction causes systems to break down, but compensatory sleep and regular sleep
seem to be different things (Seidner et al. 2015; Dubowy et al. 2016). Therefore, this
method might not investigate what function regular sleep has. A high-level approach to
investigate sleep is to study non-human subjects (Anafi et al. 2019). Every animal that

59

has received in-depth study, from the roundworm C.Elegans to the elephant, has been
shown to sleep according to some, most, or all behavioural requirements. But returning to
the earlier point; if the core function of sleep is unknown, why do we assume that sleep in
all life forms should resemble that of humans? Well-known exceptions to traditional
appearances are bottlenose dolphins and some migratory birds that seem to sleep with one
brain hemisphere at a time. Other exceptions are new-born whales and their mothers, who
after parturition apparently ignore sleeping for a month without need for compensation
(Cirelli and Tononi 2008).
Evolutionary biology has provided other insights about sleep, such as its deep
history and what components are essential. Sleep between widely different species
display similar molecular reactions to e.g. dopamine, melatonin, and caffeine, so the rules
of parsimony suggest a common ancestor who slept, rather than assuming that similar
mechanisms arose independently in different phyla. The most distant evolutionary cousin
to show elements of sleep, in this case diurnal activity and homeostatic rebound after rest
disruption, is the upside-down jellyfish in the phylum Cnidaria. The last common
ancestor of Cnidaria and its sister lineage bilateria, which encompasses most known
animals, lived over 600 million years ago, so sleep could be at least equally ancient
(Anafi et al. 2019). The upside-down jellyfish is also interesting because it lacks a central
nervous system. If it sleeps, then the core function of sleep is unlikely brain-specific.
Even more provocative is the finding that sleep might also be regulated by non-neuronal
tissue: a research team utilised BMAL1-knock-out mice to investigate how restoration of
BMAL1 in different tissues affected sleep, and found that restoration of BMAL1 in brain
tissue did not correct the sleep phenotype, but restoration in muscle tissue did (Ehlen et
al. 2017).
Anafi et al. (2019) suggest that a rudimentary temporal organization of metabolic
processes in the early organisms might have allowed other processes to become optimised
for some part of the cycle. Studies on simple organisms show that such alternating states
could conserve energy, temporally segregate incompatible reactions, allow better
coordination of resources, and display higher energetic efficiency. It is quite possible that
this process, given a chance to elaborate for millions of years in a world of diurnal light
and dark, could ultimately have formed what we call sleep.
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2.3.2.

What happens when we sleep?

Far from being a passive state of consciousness, akin to shutting off a machine, sleep is
an active, cyclical process. Shortly after the advent of the electroencephalogram, Loomis
et al. showed in the 1930s that cortical activity seems to display a rhythmical, repeating
pattern during sleep, or to quote the paper: ‘...certain hours of sleep show many
"spontaneous" bursts of waves, while other hours show relatively few’ (Loomis et al.
1935). Loomis et al. also described the electroencephalogram recording shapes of
“spindles”, “trains”, and “saw-tooth waves”; familiar terms even to modern-day sleep
researchers. In 1953, Kleitman and Aserinsky noted conspicuous eye-movement during
certain phases of sleep, possibly related to dreaming (Aserinsky and Kleitman 1953). This
state of “paradoxical sleep”, as coined by Michel Jouvet (Arnulf et al. 2018), is today
known as Rapid Eye Movement (REM) sleep. It was paradoxical because the brain
activity and eye movements suggested that the obviously sleeping subject was awake.
Today sleep is categorized as either REM sleep or non-REM (NREM) sleep, which is
further subdivided into three levels of depth. During night, sleepers undergo repeated
cycles of NREM and REM sleep with possible momentary wakefulness between cycles.
NREM sleep is often more prominent during early night, and REM sleep in later. Studies
have shown that both types of sleep are essential, and deprivation of either will lead to
rebounding. Dreaming is most pronounced and vivid during REM sleep but is also
present in NREM sleep.
On a neurobiological level, sleep- and wake-promoting systems activate and
regulate sleep. The sleep-promoting system seems to be largely GABAergic nuclei in the
preoptic area, brainstem, and lateral hypothalamus. The wake-promoting regions seem to
be largely cholinergic and monoaminergic, and they receive input from the hypothalamic
hypocretin/orexin system (Schwartz and Kilduff 2015). An example of their activity is
that loss of wake-promoting orexin-producing neurons causes narcolepsy. Different
models have attempted to explain what regulates the sleep-wake cycle and one of the
most enduring is the two-process model proposed by Borbély (Figure 12, Borbély 1982;
Borbély et al. 2016). Other models have included the three-oscillator model by Winfree et
al., which suggests that the sleep-wake rhythm is generated by three oscillators: one for
sleep, one for wake, and one for circadian oscillation (Kawato et al. 1982).
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Figure 12. The two-process model suggests that sleep and wake are regulated by two
independent mechanisms: the circadian process (C) and sleep homeostatic process (S). C
regulates the circadian proneness to fall asleep, whereas S describes the accumulation or
dissipation of sleep pressure by wake and sleep (Borbély 1982). The interaction of the two
processes determines sleep timing, duration, and quality. Recent studies have questioned
whether the two processes are truly independent, because some cross-talk and genetic
overlap seem to exist (Franken & Dijk 2009; Borbély et al. 2016). Figure by the author,
based on the work of Borbély.
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Genetic investigations of sleep regulation are complex, and studies to date have not yet
discovered a similar molecular framework for sleep as exists for circadian clocks, and a
complication is that some genes influence both. The heritability of characteristics such as
sleep duration and quality seems to be 17-44% (Partinen et al. 1983; Heath et al. 1990;
Klei et al. 2005; Gottlieb et al. 2007). A GWAS with European populations revealed a
variant in ABCC9 that may explain ~5% of the variance in sleep duration (Allebrandt et
al. 2013), and one of the UK Biobank studies found three loci associated with sleep
duration: one near PAX8 and two on VRK2 (Jones et al. 2016). The recent UK Biobank
GWAS found further 76 loci associated with sleep duration (Dashti et al. 2019).
Examples of genes influencing both the circadian system and sleep homeostasis are PER3
and DEC2 (Zhang and Fu 2018).
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2.3.3.

What happens when we do not sleep?

Although the minimum sleep duration recommendation for adults is seven hours
(Hirshkowitz et al. 2015; Watson et al. 2015), recent self-reported data from the US show
that one third of adults sleep six hours or less (Sheehan et al. 2018). Although the survey
showed a 15% increase in prevalence of short sleep during 2004-17, claiming clear trends
is not straightforward. Systematic reviews of data from the 1960s onward in developed
countries have suggested, apart from some exceptions, that long sleep is becoming more
usual, and short sleep is becoming less common (Bin et al. 2012; Bin et al. 2013;
Matricciani et al. 2017). To gain a quasi-historical perspective, an actigraphy study of
three current preindustrial societies in Tanzania, Namibia, and Bolivia showed that the
sleep period duration (time between onset and offset) ranged from 6.9 to 8.5 hours
(Yetish et al. 2015); numbers similar to current recommendations. There seem to exist
natural short sleepers who suffer no adverse consequences from sleeping six hours or
less, as evidenced by genetic studies in families where carriers of mutations in DEC2
sleep on average 6.25 hours without noticeable impairments (He et al. 2009; Pellegrino et
al. 2014). The prevalence of natural short sleepers is unknown and likely quite rare.
Anecdotes about successful people thriving despite little sleep are plentiful, and
an illuminating case is Napoléon Bonaparte, “the Nightmare of Europe”. He is wrongly
attributed this prescription for sleep hours: “Six for a man, seven for a woman, and eight
for a fool” (Roenneberg 2012; Stanley), and he supposedly slept from midnight to 2 am,
and then again from 5 to 7 am, a sum of four hours. His private secretary described a
more relatable emperor in his memoirs, however (de Bourrienne and Phipps 1829):

“…, his flatterers, probably under the idea that sleep is incompatible with
greatness, have evinced an equal disregard of truth in speaking of his nightwatching. Bonaparte made others watch, but he himself slept, and slept well. His
orders were that I should call him every morning at seven. I was therefore the first
to enter his chamber; but very frequently when I awoke him he would turn himself,
and say, "Ah, Bourrienne! let me lie a little longer." When there was no very
pressing business I did not disturb him again till eight o'clock. He in general slept
seven hours out of the twenty-four, besides taking a short nap in the afternoon.”
Memoirs of Napoleon Bonaparte, Complete
by Louis Antoine Fauvelet de Bourrienne
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So, what happens if we sleep too little? Some of the most explicit studies show that
continuously sleep-deprived rats, flies, and cockroaches will develop multi-organ failure
and die (Rechtschaffen and Bergmann 2002; Shaw et al. 2002; Stephenson et al. 2007). A
human example is familial fatal insomnia, a hereditary prion disease like CreutzfeldJacobs, which causes a sleep deprivation condition that usually leads to death in 8-72
months (Montagna and Lugaresi 2002). Volunteers for sleep deprivation have managed to
stay awake for astonishingly long periods: a widely known case is Randy Gardner who under scientific scrutiny- stayed awake for 264 hours (11 days, Ross 1965). Sleeping less
than six hours is robustly associated with poor health outcomes. A comprehensive review
and meta-analysis of 153 studies showed that short sleep (<6 h) is associated with a 12%
increase in mortality (RR 1.12), 37% increase for diabetes, 17% for hypertension, 16%
for cardiovascular disease, 26% for coronary heart disease, and 38% for obesity (Itani et
al. 2017). A meta-regression from the same year (Liu et al. 2017), which included 40
prospective cohort studies, found that total 24h sleep duration mortality followed a Jshaped curve, with minimal mortality at 7 hours of sleep, and increased mortality in both
shorter and longer sleep. Regarding mental health, another meta-analysis of seven
prospective studies showed that both short and long sleep were associated with increased
risk for depression (Zhai et al. 2015). The sleep-deprived brain displays many changed
characteristics: decreased attention, impaired working memory, increased risk- and
reward-related approach behaviours, reduced accuracy in emotion discrimination and
expression, and impaired learning and memory formation (Abel et al. 2013; Krause et al.
2017). One aspect that is quite neglected in the massive sleep duration studies is the
importance of sleep quality. For example, the adverse findings related to long sleep could
be interpreted differently if the sleep was of low efficiency (Chaput et al. 2018).
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2.3.4.

Preterm birth and sleep

What do we know about sleep duration and quality among preterms? Some studies
highlighted here and in Table 2 are more thoroughly introduced in 2.2.7 and will only
receive brief description here. Mentioned weeks and weights are means, unless noted
otherwise.
Neonates and toddlers. Huang et al. (2014) queried parents of 191 six-month-old
preterms (32 weeks, 1647 grams) and 68 term-born infants with the Brief Infant Sleep
Questionnaire. The preterm infants displayed longer night- and day-time sleep durations
(54 and 92 min longer), and more night awakenings. The study included actigraphy and
PSG-assessments, but their function was to validate the Chinese questionnaire, and were
not reported. Asaka & Takada’s (2010) actigraphy study of 13-month-old VLBW
toddlers reported 19 min shorter nocturnal sleep duration, but no difference in total sleep
duration, sleep efficiency, or wake after sleep onset. Gössel-Symank et al.’s (2004)
actigraphy study with 17 preterm children (29.3 weeks, 1160 grams) and 8 controls at 20
months of age found that the day and night-time rest period in the preterm group was 40
and 45 min shorter, and sleep was more restless. Caravale et al. (2017), using the Sleep
Disturbance Scale for Children and the Brief Infant Sleep Questionnaire, reported that 51
preterm two-year-olds did not differ from 57 term-born controls regarding sleep duration,
but they displayed more nocturnal sleep problems.
Children. Iglowstein et al. (2006) performed a longitudinal study of sleep
behaviour in 130 preterm and 75 term-born children, in the form of 11-15 structured
interviews between birth and age ten. The median for gestational weeks was 34.1 (range
27.1-36.8), including 30 very preterm subjects. The authors did not discover significant
differences in sleep duration or nocturnal awakenings. The Basel-based series of onenight, at-home, PSG studies performed in a cohort of very preterm children showed
variable outcomes. At age 8.2 (SD 1.3) Hagmann-von Arx et al. (2014) reported no group
differences in sleep duration or efficiency, but more nocturnal awakenings. At the same
age, Perkinson-Gloor et al. (2015) did not discover differences in total sleep time or sleep
efficiency, but noted more nocturnal awakenings and stage 2 sleep, and less slow wave
sleep. At age 9.5 (SD 1.4) Maurer et al. (2016) noted 6 min longer sleep duration (p =
0.066), but no difference in sleep efficiency. Another team of researchers investigated 5to-12-year-old preterms with or without fetal growth restriction (n = 17 and 15) and
compared sleep to 20 term-born controls using one-night PSG (Yiallourou et al. 2017).
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They found that “prematurity and FGR [fetal growth restriction] were associated with
altered sleep macro- and micro-architecture measures indicative of reduced sleep quantity
and quality in childhood”, e.g. 45-64 min less total sleep time in preterm children born
appropriate for gestational age, compared to growth-restricted preterm children and termborn children. The large Norwegian study of extremely preterm/ELBW 11-year-olds by
Stangenes et al. (2017) found that parent-reported sleep duration was ~18 min longer in
the preterm group, and that the prevalence of sleep problems increased with the degree of
neurodevelopmental disabilities, but even unimpaired preterm children reported more
sleep problems than controls.
Adolescents. Hibbs et al. (2014) have likely published the only case-control
results of sleep duration and quality in preterm teenagers, aged 17.8 ±0.4 years. PSG,
actigraphy, self-reported sleeping times, and sleep hygiene questionnaires did not indicate
a difference in sleep duration, but the PSG indicated fewer nocturnal arousals among the
preterm adolescents, and they reported feeling more rested and alert in the morning.
Adults. Before the thesis studies, possibly only Strang-Karlsson et al. (2007) had
investigated sleep in a cohort of adult VLBW preterms (n = 89). Compared to term-born
controls (n = 78), the study found no significant differences in sleep duration or
efficiency when measured with actigraphy or the Basic Nordic Sleep Questionnaire.
Sleep-disordered breathing. An important possible mediator of poor sleep
quality is sleep-disordered breathing, which ranges from primary snoring to obstructive
sleep apnoea syndrome. Although preterms often display problems with airway
maturation, the link between sleep-disordered breathing and prematurity is not always
clear, as described in the textbook Respiratory Outcomes in Preterm Infants (Hibbs and
Muhlebach 2017). During infancy preterm babies are at increased risk for Spontaneous
Infant Death Syndrome and periodic breathing. Data is conflicting regarding preschool
age, but during middle childhood the evidence somewhat consistently indicate an
increased risk for sleep-disordered breathing. Clinical studies have not found a
convincing association between obstructive sleep apnoea syndrome and prematurity in
adolescence, and the only clinical study on adults showed that after multivariate
adjustments chronic snoring was 2.2 times more likely among VLBW young adults
(Paavonen et al. 2007). A recent registry study from Sweden investigated the incidence of
sleep apnoea and adenotonsillar hypertrophy in subjects born 1973-2014, and found that
these diagnoses were strongly associated with lower gestational age in early childhood
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and adulthood but the association was much weaker in late childhood/adolescence
(Crump et al. 2019).
Summary. Studies that have investigated sleep duration and quality among
prematurely born subjects vary in results and do not provide a simple answer. During
infancy and toddlerhood, some studies report longer sleep durations, other shorter, but the
majority suggest poorer sleep quality. During childhood, studies indicate both longer and
shorter sleep, and the majority indicate no difference in sleep efficiency, but nocturnal
awakenings seem to be more frequent. During adolescence no difference in sleep duration
is apparent, but preterm teens subjectively report feeling more rested after sleep, and PSG
indicates fewer nocturnal awakenings. During adulthood no difference in sleep duration
or quality has emerged. These studies have used varying methodologies, so a simple
aggregation of the outcomes is not feasible, but one interpretation is that potential
differences in sleep duration and quality seem to diminish with age.
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<34 weeks

Gössel-Symank 2004

n, preterm/control

17/8

130/75

89/78

14/14

191/68

217/284

58/55

52/50

58/85

231/556

5/17/29/57

30 (17 FGR)/20

Age (SD) of preterms

20 months

birth to 10 years

22.4 (2.0) years

13.3 (2.1) months

6 months

17.8 (0.4) years

8.2-8.3 (1.3)

~8.2 (1.3) years

~9.5 (1.4) years

11 years

20.9 (4.1) months

9 (0.5-0.6) years

Method

Actigraphy

Structured interview,
longitudinal study

Actigraphy

Actigraphy

Chinese BISQ

Actigraphy, PSG, and
questionnaire

Single night, in-home PSG

Single night, in-home PSG

Single night, in-home PSG

Questionnaire about weekdays

SDSC, BISQ

Overnight PSG

Outcome

Shorter daytime rest duration and less restful nighttime sleep.

No significant differences in sleep duration, night wakings,
bedtime resistance, or sleep-onset difficulties.

No significant difference in sleep duration, efficiency, or
fragmentation index.

19 min less sleep duration during nighttime, no difference in
total sleep duration. No difference in WASO or sleep
efficiency.

Longer nocturnal and daytime sleep duration, more night
awakenings and sleep problems.

No difference in sleep duration, and the PSG discovered
fewer arousals. The questionnaire indicated feeling more
rested and alert in the morning, and less sleepy and fatigued.

No difference in total sleep time or sleep efficiency, but
more nocturnal awakenings.

No mean differences in total sleep time or efficiency, but
more nocturnal awakenings.

0.1 h longer sleep duration (p = 0.066). No difference in
sleep efficiency.

Sleep duration 0.3 h longer, more sleep problems.

No differences in nocturnal or daytime sleep durations. More
medical sleep problems, but less behavioral sleep problems.

Altered sleep architecture indicative of reduced sleep
quantity and quality.

BISQ, Brief Infant Sleep Questionnaire; BNSQ, Basic Nordic Sleep Questionnaire; FGR, fetal growth restriction; ELBW, extremely low birth weight; EP, extremely preterm; PSG, polysomnography; SD, standard
deviation; SDSC, Sleep Disturbance Scale for Children; VLBW, very low birth weight; VP, Very Preterm; WASO, wake after sleep onset.

<37 weeks

<37 weeks

Hibbs et al. 2014

Iglowstein et al. 2006

VP <32 weeks

Hagmann-von Arx et al. 2014

VLBW <1500g

VP <32 weeks

Perkinson-Gloor et al. 2015

Strang-Karlsson et al. 2008

VP <32 weeks

Maurer et al. 2016

VLBW <1500g

EP <28 weeks, ELBW <1000g

Stangenes et al. 2017

Asaka & Takada 2010

EP <28, VP <32, moderate
and late 32-36 weeks

Caravale et al. 2017

<37 weeks

<37 weeks

Yiallourou et al. 2017

Huang et al. 2014

Grade of prematurity

Author, year

Table 2. Case-control studies reporting sleep duration or efficiency of subjects born preterm.

2.4.

How to measure chronotype and sleep

“In physical science a first essential step in the direction of learning any subject is to
find principles of numerical reckoning and methods for practicably measuring some
quality connected with it. I often say that when you can measure what you are
speaking about, and express it in numbers, you know something about it; but when
you cannot measure it, when you cannot express it in numbers, your knowledge is of
a meagre and unsatisfactory kind; it may be the beginning of knowledge, but you
have scarcely, in your thoughts, advanced to the stage of science, whatever the matter
may be.”
William Thomson, 1st Baron Kelvin
Lecture on “Electrical Units of Measurement” (Thomson 1889)

As Lord Kelvin so eloquently expressed, any effort to truly understand the
science of a phenomenon requires that it can be expressed in numbers. This
thesis chapter will therefore delve into some historical and technical aspects
of chronotype and sleep quantification, focusing on the validity of the thesis
methods.
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2.4.1.

Origins of chronobiological research

Although the field of chronobiology has gained attention during the last decades, as
evidenced by a Nobel prize in 2017 for work in describing the circadian clock (Nobel
Foundation 2017), the field has quite venerable roots. The first study of circadian rhythms
was performed by the French scientist Jean-Jacques d’Ortous de Mairan (1678-1771),
who in 1729 noticed that the foliage of the Mimosa pudica opened and closed in a diurnal
manner despite being placed in the constant darkness of a closet (de Mairan 1729).
Arguably the first person to specifically study chronotype was the eminent psychiatrist
Emil Wilhelm Magnus Georg Kraepelin (1856-1926), who at the turn of the 20th century
had his doctoral students measure how time of day affected e.g. physical capacity and
number addition. They found that people displayed different aptitudes at different times,
or as his student Axel Oehm put it: “Prof. Kraepelin was convinced that physical capacity
was subject to regular fluctuations depending on the time of day and that those
fluctuations were different with different individuals” (Becker et al. 2016). Another
notable historical milestone was when Heinrich Lampert (1898-1981) coined the now
ubiquitous labels “larks” and “owls” for different chronotypes (Lampert 1939). In modern
times, the term chronotype is commonly defined as either 1) a temporal preference for
activity and sleep or 2) a phase of entrainment, that is, the temporal relationship of a
circadian output to an external oscillator, most often the day-night cycle (Taylor and
Hasler 2018; Vetter 2018). The connection between the two descriptions is robust, as
evidenced by the agreement between questionnaires and objective measurements like
dim-light melatonin onset (DLMO) and core body temperature (Horne and Östberg 1977;
Duffy et al. 1999; Baehr et al. 2000; Duffy et al. 2001; Kantermann et al. 2015).

2.4.2.

Measurement of chronotype with questionnaires – focus on MEQ

Attempts to measure the subjective temporal preference for activity and sleep have
understandably taken the format of questionnaires. This aspect of chronotype, also called
circadian or diurnal preference, or qualitative chronotype (Roenneberg, Wirz-Justice, et
al. 2003), was first systematically measured with the Morningness-Eveningness
Questionnaire (MEQ) by Horne & Östberg in the 1970s (Horne and Östberg 1976). They
validated the MEQ to body temperature profiles of young adults, and it also corresponds
well to other circadian physiological markers like melatonin and cortisol (Horne and
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Östberg 1977; Baehr et al. 2000; Bailey and Heitkemper 2001; Duffy et al. 2001). The
questionnaire consists of 19 questions that query respondents about subjective
preferences, hypothetical scenarios, and approximate clock times for different activities,
such as peak mental and physical performance. The questions produce a MorningnessEveningness Score (range 16-86) with higher values indicating morningness. Based on
the score, subjects can fall into three “types”: morning, intermediate, or evening. Division
into five types is also possible: definite morning, moderate morning, intermediate,
moderate evening, and definite evening. Epidemiological studies often employ an
abbreviated version called the Reduced Morningness-Eveningness Questionnaire (Adan
and Almirall 1991), which with only five questions correlates to the MEQ in the range of
0.69-0.95 (Adan et al. 2012; Montaruli et al. 2017). The MEQ is the most widely used
questionnaire for determining circadian preference, but it has also received critique. For
example, the original validation population was young (18-32 years) and chronotype
changes with age, so using the MEQ in other age groups and cultures has required
different cut-off points (Levandovski et al. 2013).
Other questionnaires worth mentioning are the Composite Scale for Morningness,
which utilizes 13 Likert-type questions about subjective preferences (Smith et al. 1989),
and the Munich Chronotype Questionnaire (MCTQ, Roenneberg et al. 2007). The MCTQ
is a relatively recent addition to chronotype questionnaires, and it is different because it
queries phase of entrainment, not subjective preference. With questions like “I actually
get ready to fall asleep at ____o’clock” the questionnaire provides measures of sleep
timing such as bedtime, midsleep, and awakening time. The midsleep for free days is
more informative than for workdays because the sleep window is usually restricted by
work hours. As mentioned in the description of social jet lag (2.2.6.), especially evening
types accrue sleep deficit during the workweek, which manifests itself as longer sleep
during free days and a later sleep midpoint. To account for this Roenneberg et al.
proposed the derivative midsleep on free days corrected for sleep debt MSFsc, calculated
as:
“MSFsc = MSF - 0.5*(SDF - (5*SDW + 2*SDF)/7) where SDF is sleep duration on
free days and SDW is sleep duration on work days. (5*SDW + 2*SDF)/7 represents
the average weekly sleep duration or need” (Roenneberg et al. 2004).
The MSFsc has proved useful for epidemiological and genetic studies that benefit from
having a single quantifiable measure for chronotype, and it correlates well with both
MEQ (Zavada et al. 2005) and melatonin onset (Kantermann et al. 2015). It is important
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to stress, however, that the MEQ and MCTQ measure different aspects of chronotype: the
MEQ measures it as a trait, whereas the MCTQ measures it as a state (Putilov 2017).
Because MSFsc is an output that is transferable to other methodologies, it has found
traction in studies that use objective methods for determining sleep timing, such as
Studies I-III in this thesis. The MCTQ also asks about use of alarm clocks and the amount
of time spent outdoors etc. The questionnaire has received some critique because
arguably habitual sleep timing is a result of a complex interaction between environmental
zeitgebers, the circadian clock, and sleep homeostasis (Putilov 2017), so MSFsc might
not accurately describe phase angle differences.

2.4.3.

Measurement of circadian rhythms

Objective measurement of chronotype requires investigation of some reliable output of
central pacemaker activity. Although gene expression analysis is becoming a viable
method for determining circadian phase (Wittenbrink et al. 2018), the gold standard is
still dim-light melatonin onset (DLMO, Klerman et al. 2002). The SCN does not excrete
melatonin, but it regulates its release in the pituitary gland based on light stimulus, so that
melatonin levels usually start to rise ~2-3h before habitual sleep time (Burgess et al.
2003). The illumination must be dim because light suppresses melatonin release. If two
individuals are subjected to identical schedules and entrainment, and the timing of DLMO
differs, they have different phases of entrainment; their circadian clocks align differently
to the same zeitgeber, and therefore display different chronotypes. Other possible
biological outputs are cortisol and core body temperature, but e.g. the latter is easily
masked by external temperature, humidity, posture, and sleep (Wirz-Justice 2007).
Although DLMO is the current gold standard, it is not the be-all and end-all for
determining chronotype, which is a complex phenotype with strong behavioural drives,
e.g. the estimated contributions of DLMO on sleep timing difference between morning
and evening types might be only 34-49% (Paine and Gander 2016). Also, studies have
shown that different chronotypes sleep at different times relative to the DLMO, possibly
due to social constraints; evening types wake up at an earlier circadian time than do
morning types (Duffy et al. 1999; Baehr et al. 2000; Mongrain et al. 2004). Furthermore,
measurement of DLMO, cortisol, and core body temperature often require sleep labs and
the capacity for chemical analysis. These methods are therefore labour intensive and
costly, which is why other methodologies have gained prominence, such as examining
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behavioural rhythms. Sleep-wake rhythms are not direct measures of the circadian clock
because they might be masked by behaviour, but they are a useful proxy. Computed sleep
midpoint from self-reports display good correlation with DLMO (r = 0.54-0.89, Martin
and Eastman 2002; Burgess et al. 2003; Kitamura et al. 2014), but the wide range (4h in
Kantermann et al. 2015) restricts its use as a diagnostic tool for treatments. These
correlations between sleep midpoint and DLMO are based on self-reports and not
objective measurements like actigraphy, but e.g. MCTQ and actigraphy show strong
correlation (MSFsc r = 0.73, Santisteban et al. 2018).

2.4.4.

Measurement of sleep and chronotype – focus on actigraphy

For almost a century, polysomnography (PSG) has reigned supreme in the study of sleep.
PSG utilizes at least three different modes for this purpose: the electroencephalogram
measures electrical brain activity, the electromyogram measures muscle activity, and
electrooculograms measure eye movement. With these instruments sleep is categorised in
sleep stages (see 2.3.2). Polysomnography requires trained staff and expensive
equipment, so large scale studies are not feasible, and although sleep logs and
questionnaires are valuable self-report tools, studies have shown that they are less reliable
than objective measurements (Matthews et al. 2018). Other less laborious objective
methods have entered the field during the last decades, one of which is actigraphy.
Actigraphs are accelerometers that resemble wristwatches, usually worn on the nondominant wrist although the choice of wrist does not seem to matter (Driller et al. 2017).
Different technologies such as piezoelectric or microelectromechanical systems allow
movement detection and the device stores the data as activity counts. The device often
has an “event button”, which the subject presses at determined times, e.g. when going to
bed or taking a shower. This shows up on the recording and helps identify sleep periods.
Based on the activity counts, a software algorithm scores each time unit (“epoch”) as
either wake or sleep, with sensitivity and specificity depending on the used settings and
epoch lengths. Sleep progresses in cycles, and we are often momentarily awake between
cycles, but do not remember it. Therefore, sleep duration can be divided into the selfexplanatory measures “actual sleep” and “wake after sleep onset”. The proportion of
sleep duration that is spent actually asleep can be expressed as a percentage, called sleep
efficiency. Actigraphy is therefore useful for longitudinal assessment of crude sleep and
sleep-wake timing, especially if sleep diaries are used in conjunction.
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In many respects actigraphy cannot rival PSG, but its minimal invasiveness, good
validity, and ease of use allow objective measurement of sleep in home settings.
Actigraphs show good construct validity in healthy subjects: an “overall agreement rate
of 72.1–96.5% between ACTG [actigraphy] and PSG, a sensitivity range of 86.5–98.7%
and a specificity range of 27.7–67.1%” (Van De Water et al. 2011). The two methods do
not examine exactly the same thing, however, because they start classifying sleep at
different points on the sleep onset spectrum. Actigraphs begin classifying sleep after
immobility, whereas electroencephalogram sleep stage 1 was originally validated against
decreased muscle tone (dropping hand-held objects). This is one reason why a 100%
agreement cannot be expected between the two methods (Tryon 2004). Even if actigraphs
tend to misclassify quiescent wakefulness as sleep, as expected in insomniac patients, the
recent American Academy of Sleep Medicine Systematic Review, Meta-Analysis, and
GRADE Assessment (Smith et al. 2018) deemed that compared to PSG “actigraphy can
be reliably used to provide an objective assessment of TST [total sleep time] for the
purpose of making clinical care decisions”. They concluded the same for objective
measurement of sleep latency, but not for wake after sleep onset and sleep efficiency.
Therefore, actigraphy can reliably be used in sleep research if the inherent working
principles are kept in mind. In fact, actigraphs are currently unrivalled in objective
measurement of sleep-wake rhythms in non-laboratory settings, because they provide
reliable longitudinal data about sleep timing, which displays high night-to-night
variability. Currently the International Classification of Sleep Disorders recommends that
diagnoses of circadian rhythm sleep-wake disorders should be actigraphy-based when
possible (Auger et al. 2015), which highlights the method’s authority in measuring sleepwake rhythms.
The recommended recording duration has changed over the years: in practice
parameters from 2003 (Littner et al.) three nights were deemed sufficient, in 2007 van
Someren et al. suggested that over seven nights was required for reliable interdaily
stability estimates, and Rowe et al. showed in 2008 a satisfactory consistency in variable
means regardless if measured for 3, 7, or 14 days, but longer durations were superior for
measuring variability (Rowe et al. 2008). A recent study on bipolar patients showed that
21 nights of recording reached >95% agreement rate between actigraphy-derived
eveningness (sleep midpoint after 4:15 am in >75% of nights) and self-reported
eveningness, but the generalizability of the findings is unclear (Gershon et al. 2018).
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2.5. Health-related quality of life

“What is most challenging about being born premature is my inability to connect
with my early life. It is like waking up in a world where everyone else has
experienced war except yourself and there is no evidence of the aftermath. Others
can connect with the memories, the trauma, and the anxiety. But all I see is the
present and the future.”
Rishi Kapur, adult preterm survivor, birth weight 860 grams.
Quote from ‘Preemie Voices - Young men and women born very prematurely
describe their lives, challenges and achievements.’ p. 7. (Saigal 2014)

For millennia the good life has been a focus for philosophers and sages, and
modern medicine recognizes that a treatment’s success is not necessarily
measured with laboratory tests or X-rays, but in how the treatment aids us in our
search for happiness and satisfaction. Disease and injury might impede this
pursuit, but not necessarily, neither does the absence of disease guarantee a life
with content and meaning. This last chapter of the review will briefly describe
what health-related quality of life is, how there has been confusion in what is
measured, and how adult preterm survivors feel about their existence today.

75

2.5.1.

Conceptual framework

On the 22nd of July 1946 representatives from 61 nations signed the constitution for the
World Health Organization (WHO 1947), which opens as follows:

“The States parties to this Constitution declare, in conformity with the Charter
of the United Nations, that the following principles are basic to the happiness,
harmonious relations and security of all peoples:
Health is a state of complete physical, mental and social well-being and not
merely the absence of disease or infirmity…”
Constitution of the World Health Organization, 1947
This constitution is a milestone in modern history and has directed international global
health progress for seven decades. The wording of the quoted passage has influenced
particularly quality of life (QoL) research, but not necessarily by inducing clarity.
Including the term ‘well-being’ in the definition for health has generated confusion about
what QoL is and what health is (Post 2014), and to an extent this confusion still remains.
The first use of the term health-related quality of life (HRQoL) was in the 1980s, when it
was proposed as a subset of QoL specifically pertaining to the health domain (Torrance
1987). Many questionnaires associated with HRQoL, such as the SF36, actually query
health states, which further complicates matters. Therefore, at times the literature uses
interchangeably the terms QoL, HRQoL, health status, health, and perceived health. The
increased differentiation between these terms is important, because in a way they
represent the evolution of medicine; having been the physician’s tools for objective
measurement of the patient, these questionnaires have become platforms for the patients
to subjectively express their health and wellbeing. Herein lie insights of modern medical
ethics, namely, why do we treat patients? When we save prematurely born babies on the
verge of viability, how should we measure success? Traditionally this has been with rates
of mortality and morbidity, but the medical community is increasingly using QoL as a
metric of success. The physician and the patient might not share the same opinion
regarding what is a problem or not, and indeed studies have indicated that even severely
disabled subjects report surprisingly good QoL, giving rise to the term ‘disability
paradox’ (Albrecht and Devlieger 1999).
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2.5.2.

Preterm birth and health-related quality of life at adult age

Before Study IV, at least 23 studies have described the quality of life of adults born
preterm, presented briefly in Table 3. This thesis section refrains from describing each
study in detail but will attempt to narratively condense the gist of methods, outcomes, and
themes, with the caveat that this will be the author’s interpretation.
Types of studies. The majority of the studies are well-defined case-control
cohorts from Western Europe, the Nordic countries, Canada, and New Zealand. A notable
exception is the Dutch Project On Preterm and Small for gestational age infants (POPS),
which does not have a control group, but has provided valuable data on longitudinal
change.
Preterm population. The majority of the studies have focused on survivors of
very (n = 10) or extremely (n = 7) preterm births, most often defined by birth weight. An
exception is the study by Lund et al. (2012), which also included term-born SGA
subjects.
Participant age. The McMaster ELBW cohort has reported QoL outcomes on the
oldest preterm subjects to date; in the 2016 study the participants were 29-36 years old
(Saigal et al. 2016). Publications with longitudinal data became more frequent from 2013
onwards and they have often reported changes from adolescence to adulthood.
Neurosensory impairments (NSI). Most studies have reported the frequencies of
NSI and performed separate subgroup analyses. Adequate reporting is important because
for some research settings exclusion of impaired subjects allows more accurate
investigation of the inherent effects of prematurity. Similar exclusions are problematic in
QoL research because reporting an injury’s effect on QoL is arguably misleading if those
most injured are left out.
Instruments. The most common instrument has been the Short Form Health
Survey (n = 12), but more recently the Health Utilities Index (n = 6) has also become
more widely used. Most studies have measured HRQoL instead of ‘pure’ QoL, meaning
that quality of life has been assessed based on objective assessments of e.g. functioning,
and physical and mental health.
Outcomes and trends. A short summation of the previously published studies is
that some studies show a difference in QoL while others do not. If there is a difference,
the preterm group is worse off, apart from some exceptions (Dalziel et al. 2007; Natalucci
et al. 2013), and common detriments often relate to mental health and physical
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153/137
190/201
46/46

31/29

705 -> 314*
230/69
194/148

55
43/55/74

ELBW <1000g

VP <32 weeks,
VLBW <1500g

EP <28 weeks,
ELBW <1000g

EP <28 weeks,
ELBW <1000g

VP <32 weeks,
VLBW <1500g

VLBW <1500g

EP <28 weeks,
ELBW <1000g

32 to 36 weeks

<37 weeks

ELBW <1000g

VLBW <1500g,
term SGA

Saigal et al. 2016

Baumann et al. 2016

Båtsvik et al. 2015

Vederhus et al. 2015

van Lunenburg et al. 2013

Darlow et al. 2013

Roberts et al. 2013

Ulrich et al. 2013

Beaudoin et al. 2013

Natalucci et al. 2013

Lund et al. 2012

234/149

69/304

35/37

VLBW <1500g

Husby et al. 2016

n, preterm/control

Grade of prematurity

Author, year

20

23

20

32

18

22-23

19->28

10 -> 18

17->24

3

2

Yes

~15

58

137

7

9

Yes

37

12-16-> 22-26> 29-36
13->26

10

NSI

20->23

Age

SF36

SF36

SF36v2

Questionnaire

HUI 3, SF36

SF36v2

HUI3, LHS,
WHOQoL-BREF

CHQ-CF87, YSR

SF36, CHQ-CF 87

HUI3

HUI3

SF36

QoL questionnaire

Table 3. Studies reporting (Health-related) Quality of life of adult subjects born preterm.

Lower scores for mental health. Term SGA had lower scores for mental health,
social functioning, and emotional role.

Worse scores on social functioning and mental component summary. Better on
bodily pain, general health, and physical component summary.

HRQoL was similar between preterms without prematurity-related respiratory
diagnoses and controls.

No difference in self-rated general health, health problems, or contentment in daily
life.

Similar overall QoL and health status, but lower physical functioning and dexterityrelated QoL.

No differences on physical or mental component scores or on measures of
perceived overall functioning, self-esteem, or life satisfaction.

No important changes in the transition to adulthood, but psychological and
emotional problems stand out.

Similar overall HRQoL, but lower self-esteem (girls) and better role/social
emotional and self-esteem (boys). M ore withdrawal, anxiety and depression
(girls).

Disability-free subjects had lower scores on social functioning, role-emotional and
mental health. Severly disabled scored lower on physical functioning.

HRQoL was worse at both timepoints, and did not change when entering
adulthood in self-reports.

Subjects had meaningfully poorer HRQoL from early teens to mid thirties.
Subjects with NSI appear to display substantially lower HRQL at all ages.

Outcome
Lower scores in physical and mental component summaries and most domains, no
difference after exclusion of NSI.
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142/133
126/66

LBW <2000g

VLBW <1500g

ELBW <1000g

<37 weeks, median
34 weeks

ELBW <1000g

Odberg & Elgen 2011

Gäddlin et al. 2009

Saigal et al. 2007

Dalziel et al. 2007

Saigal et al. 2006

79/110/69

VLBW <1500g,
LBW <2300g

<35 weeks

VLBW <1500g

Dinesen & Greisen 2001

Tideman et al. 2001

Bjerager et al. 1995

18-20

19

~17-20

19-22

23

31

23

20

~19

~23

14->19

19

Yes

19

38

No

40

15

No

1

36

Subjects did not differ in QoL or self esteem.
Preterm subjects without handicaps had fully comparable QoL with controls, but
handicapped subjects dispalyed poorer objective and subjective QoL.

Aggernaes QoL
model

Poorer objective, but similar subjective QoL in VLBW subjects without handicaps.
Handicapped reported lower objective and subjective QoL.

VAS 100

Aggernaes QoL
model

Similar QoL, but lower physical functioning (whole group and males), and lower
general health perception (males).

Similar HRQoL in mean utility scores.

HUI2, standard
gamble
SF36

Higher levels of satisfaction in 3/8 domains: bodily pain, general health perception,
and social functioning.

Lower scores on mental health (all) and physical functioning (males). Poorer selfrated health (all and males). No differences if impaired were excluded.

No difference in mean scores. Handicapped scored lower on physical functioning
and physical health.

Lower self-esteem and more challenging family cohesion.

No overall difference, but lower physical functioning in males.

No important group level changes, but considerable changes in individual
attributes.

SF36

SF36

SF36

CHQ-CF87

SF36

HUI3

*No control group due to study design. CHQ-CF87, Child form 87; HRQoL, Helath-related Quality of Life; HUI, Health Utilities Index; LHS, London Handicap Scale; QoL, Quality of Life; VAS, Visual Analog
Scale; WHOQoL-BREF, WHO Quality of Life instrument, short edition; YSR, Youth Self-Report.

85/85

39/23

79/71

VLBW <1500g

Cooke et al. 2004

143/130

76/68

134/135

52/75

<37 weeks, <1250g

Baumgardt et al. 2012

684*

VP <32 weeks,
VLBW <1500g

Verrips et al. 2012

functioning. A longer summation reveals interesting results, primarily regarding
subgroups and changes over time. Firstly, separate analyses of NSI-subjects have shown
that they quite consistently score lower HRQoL, often in domains of physical health
(Bjerager et al. 1995; Dinesen and Greisen 2001; Gäddlin et al. 2009; Båtsvik et al. 2015;
Saigal et al. 2016). If analyses first include and then exclude NSI, possible differences in
HRQoL between preterms and controls have usually attenuated (Saigal et al. 2007; Husby
et al. 2016). Secondly, male and female preterms tend to report differences in different
areas of HRQoL: compared to controls, female preterms score poorer in domains of mood
and internalisation (Vederhus et al. 2015), and preterm men score poorer in physical
functioning (Cooke 2004; Saigal et al. 2007; Baumgardt et al. 2012). Thirdly, only one
study has separately investigated the effect of relative birth weight: Lund et al. (2012)
showed that SGA subjects scored poorer in mental health, social functioning, and
emotional role. Fourthly, there might be a time trend in the results; older studies have
tended to show no group-level detriment or negative longitudinal change in impairmentfree preterms (Bjerager et al. 1995; Tideman et al. 2001; Saigal et al. 2006; Dalziel et al.
2007; Gäddlin et al. 2009; Baumgardt et al. 2012; Verrips et al. 2012; Beaudoin et al.
2013; Darlow et al. 2013; van Lunenburg et al. 2013; Ulrich et al. 2013), whereas the
most recent studies have uniformly reported poorer outcomes (Båtsvik et al. 2015;
Baumann et al. 2016; Husby et al. 2016; Saigal et al. 2016), also after exclusion of
impaired subjects (Båtsvik et al. 2015; Saigal et al. 2016).
Summary. Is preterm birth related to poorer HRQoL at adult age? The results
from these 23 studies are not uniform, so this author submits that instead of trying to
force a yes/no answer out of a complex phenomenon, there is room for nuance, and this is
most apparent in subgroup analyses. Preterm subjects with NSI constitute a distinct
population because they bear the brunt of the morbidity, and at times women and men
born preterm view their vulnerabilities differently. Also, the study on term-born SGA
subjects revealed that other metrics than gestational age and birth weight are also
influential, which implies that analysis by intrauterine growth restriction could prove
informative. More recent studies show poorer HRQoL as the preterms grow older and the
methodologies improve.
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3.

AIMS OF THE STUDY

The aim of this thesis was to answer the following questions:

1. Is a very low birth weight (<1500 grams) preterm birth associated with
chronotype, sleep duration, or sleep quality at adult age? (Study I & II)
2. Is preterm birth from the whole gestation range (<37 weeks) associated with
chronotype, sleep duration, or sleep quality at adult age? (Study III)
3.

Is a very low birth weight (<1500 grams) preterm birth associated with poorer
health-related quality of life at adult age? (Study IV)

81

4.

METHODS

This chapter will first present the source cohorts, then describe how
chronotype, sleep and HRQoL were measured, followed by technical
aspects like statistical methods, power calculations, and ethical
considerations. Four cohorts and five clinical examinations provided the study
population, so great descriptive granularity is not feasible. Instead this chapter will
present the methods and subjects in general terms, and the results chapter will present the
most central, harmonized findings of the thesis. Specialist readers will therefore at times
be directed to the original publications for more detailed information.

4.1. Study subjects
This thesis contains results from four different, but sometimes overlapping case-control
cohorts. This section provides a brief overview of these cohorts along with flowcharts
(Figure 13 and 14) to clarify their relationships with the studies.
Helsinki Study of VLBW Adults (HeSVA). HeSVA is a birth cohort of VLBW
adults born in the Helsinki area (Hovi et al. 2007). The original cohort consisted of 335
VLBW children treated in the NICU of the Children’s Hospital at Helsinki University
Central Hospital 1978-85. In 2003, 255 (76%) subjects of the original cohort still lived in
the greater Helsinki area, and they received invitation to participate in a clinical study.
The comparison group consisted of 314 subjects: the next term-born, same-sex, non-SGA
singleton born in the same hospital as each VLBW subject. Of the invited, 166 VLBW
subjects (65.1%) and 172 controls (54.8%) agreed to participate. These subjects have
supplied data in two follow-up studies: #1 in 2004-05 and #2 in 2007-08, at the mean
ages of 22.5 and 25 years. Study IV describes the HRQoL of 335 participants (163
VLBW, 172 controls) who completed the 15D questionnaire in follow-up #1. The 15D
score was not available for one VLBW subject with over three missing answers. Study I
describes the chronotype and sleep of 75 participants (40 VLBW, 35 controls) who
provided actigraphy data in follow-up #2.
Adults born preterm sibling study. This new study compares VLBW adults to
their siblings born at term, and it consists partly of participants from previous clinical
studies, but mostly new recruits, however. The recruiters initially contacted HeSVA and
ESTER Preterm Birth Study VLBW subjects whom records indicated having a sibling
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over 18 years, and if willing to participate, the subjects attempted to recruit their sibling.
After recruitments from HeSVA and ESTER, the Finnish Medical Birth Register
identified potential VLBW subjects with an appropriate sibling from all births in
Uusimaa, Varsinais-Suomi, and Northern Häme/Pirkanmaa between 1.1.1987-30.9.1990.
Physicians from the birth hospitals recruited VLBW subjects from this pool, for a final
total of 79 VLBW-sibling pairs: 22 from HeSVA, 6 from ESTER, and 51 via the birth
register. The siblings were of the same sex as the VLBW index, with less than 10 years
age difference, and born at term from complication-free pregnancies. In 2014-17, at a
mean age of 29.9 years, the subjects underwent extensive testing, such as questionnaire
batteries, actigraphy recording, glucose tolerance and fitness tests, X-ray absorptiometry
and MRI, and they provided biopsies from muscle and abdominal fat. Study II describes
the chronotype and sleep of 123 subjects (63 VLBW, 60 controls, 53 whole pairs) who
provided valid actigraphy data.
ESTER Preterm Birth Study and Arvo Ylppö Longitudinal Study. ESTER
Preterm Birth Study and Arvo Ylppö Longitudinal Study are cohorts with subjects from
the whole preterm range, classified as late preterm (34 to <37 weeks) and “early preterm”
(<34 weeks) subjects. The subjects of ESTER (Ennenaikainen syntymä, raskaus ja lapsen
terveys aikuisiässä, Sipola-Leppänen et al. 2014) came from two sources: 1) the Northern
Finland Birth Cohort 1986 (49.8%) born in 1985–86, and 2) a cohort of subjects born
1987–89 (50.2%) in the same area, identified via the Finnish Medical Birth Register. A
total of 753 subjects, 38% of the 1980 invited, participated in a clinical study performed
in 2009-11, at the mean age of 23.3 years. Study III describes MEQ results of 688 (138
early preterm, 221 late preterm, 329 controls) participants in ESTER.
The Arvo Ylppö Longitudinal Study (AYLS) is a part of a multicentre follow-up
study conducted in Uusimaa, Finland, and Bavaria, Germany, called the Bavarian-Finnish
Longitudinal Study (Heinonen et al. 2008; Salonen et al. 2015). Out of the 15 311 babies
delivered in the seven maternity hospitals of Uusimaa in 1985-86, 2193 served as sample
for this study: all 1535 babies admitted to neonatal wards or the Children’s Hospital
NICU within 10 days of birth, and 658 non-hospitalised, prospectively recruited controls
born after every second hospitalised baby in one of the three largest local maternity
hospitals. A total of 1913 subjects (87.2%) were traceable as adults and they received
invitation to a follow-up study performed 2009–2012: 1136 subjects (59.4%, 754
hospitalised and 382 controls) participated at the mean age of 25.2 years. Study III
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describes the quantitative chronotype and sleep of 594 participants (83 early preterm, 165
late preterm, 346 controls) from ESTER and AYLS who provided valid actigraphy data.

Figure 13. Subjects and methods for Studies I-IV.

15D

STUDY IV

Very low birth weight

HeSVA

Actigraphy

STUDY I

Sibling study

Actigraphy

STUDY II

Very low birth weight

ESTER

Preterm (<37 weeks)

MEQ
STUDY III
Actigraphy

AYLS

Preterm (<37 weeks)

AYLS, Arvo Ylppö Longitudinal Study; ESTER, ESTER Preterm Birth Study;
HeSVA, Helsinki Study of VLBW Adults; MEQ, Morningness-Eveningness
Questionnaire.
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n = 44
22 pairs

Sibiling
study
n = 158
79 pairs

HeSVA, follow-up I
2004-05,
n = 338
166 VLBW, 172 controls

HeSVA, follow-up II
2007-08
n = 218
113 VLBW, 105 controls

Declined participation, n = 11
Prematurely born "control", n = 4
Mentally retarded, n = 1

ESTER
study
n = 779

Length of gestation confirmed
149 early preterm
248 late preterm
356 controls

n = 12
6 pairs

AYLS
study
n = 1136

Term-born "preterm"
n = 26

Original HeSVA
n = 649
335 VLBW, 314 control

Participated in actigraphy
31 early preterm
84 late preterm
225 controls

Participated in actigraphy
60 early preterm
101 late preterm
169 controls

Given the MEQ, n = 690
140 early preterm
221 late preterm
329 controls

Participated in actigraphy
n = 142
74 VLBW, 68 controls

Participated in actigraphy
n = 106
57 VLBW, 49 controls

Given the 15D
n = 336
164 VLBW, 172 controls

Actigraphy exclusion:
<3 accepted nights, n = 18
Night shifts , n = 14
Sickness , n = 5

Actigraphy exclusion:
<3 accepted nights, n = 18
Night shift , n = 9
Sickness, n = 14

Missing answers
n=2

Poor data or
non-compliance
n = 19

Actigraphy exclusion:
<3 accepted nights, n = 24
Night shifts , n = 16
Cerebral Palsy, n = 1

Over three missing answers
n=1

Figure 14. In-depth flowchart for source cohorts, subject exclusion, and methods used in Studies I-IV.

n = 102
51 pairs

Finnish
Medical Birth
Register

Northern
Finland Birth
Cohort 1986

Preterm participants and nonhospitalized, term-born controls.
Length of gestation confirmed
46 early preterm
129 late preterm
314 controls

Included in analysis
n = 335
163 VLBW, 172 control

STUDY
I

STUDY
IV

STUDY
III

STUDY
II

Included in analysis
n = 75
40 VLBW, 35 control

Included in analysis
n = 123
63 VLBW, 60 control,
53 sibling pairs

Included in analysis
n = 688
138 early preterm
221 late preterm
329 controls

Included in analysis
n = 594
83 early preterm
165 late preterm
346 controls

AYLS, Arvo Ylppö Longitudinal Study; ESTER, ESTER Preterm Birth Study; HeSVA, Helsinki Study of VLBW Adults; MEQ, Morningness-Eveningness
Questionnaire; VLBW, Very Low Birth Weight.
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4.2. Background variables
The perinatal data used in Study I-IV, such as birth weight, were derived from medical
records as accurately as possible, with ultrasonographic determination of gestational age
preferred over age-assessment by date of last menstruation. The population statistics of
Pihkala et al. (1989) determined the age and sex-specific relative birth weight, with small
for gestational age (SGA) defined as a birth weight of less than -2 SD, as opposed to
appropriate for gestational age (AGA). Trained staff measured current status, e.g. height
and weight, at the clinical visits and the participants themselves filled in the
questionnaires, if possible.

4.3. How this thesis measured chronotype and sleep
Studies I-III utilized actigraphs to study quantitative chronotype, and additionally subjects
in Study III completed the MEQ to establish qualitative chronotype. The specific
actigraphs were in Study I Actiwatch AW4, in Study II Actiwatch2, and in Study III the
ESTER participants used ActiGraph GT1M and the AYLS participants used Actiwatch
AW7. All studies used one-minute epochs and medium sensitivity settings, and all
subjects kept sleep diaries and used the event marker. All studies used similar scoring
criteria, but specialist readers are referred to the original publications for details.
Study I & III. Subjects with NSI, night shifts, or less than three accepted nights
were excluded in Study I and III (Figure 14). Because Study III was so well-powered, all
subjects who reported being sick during the recording period were also excluded. The
actigraphy-derived variables were aggregated, and means are reported. Study I & III
lacked information about work schedules, so weekday/weekend served as proxy. Study
III reports MEQ results both as the Morningness-Eveningness Score and the distribution
of chronotype.
Study II. Due to the study design a different statistical method was employed
(see 4.5). Because of this, individual nights, not subjects, were excluded if they contained
night shift work, and nights were labelled for use of sleep medication or alcohol, taking
naps, awakenings due to children, and ailments worse than the common cold. Information
about work schedules were quite detailed, so weekday/weekend proxy was only required
for 15% of nights. MSFsc requires calculations with means, so for that outcome nights
with preceding naps, or alcohol and sleep medication use were excluded, resulting in a
smaller sample size.
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Harmonization. Study I concluded its data collection in 2008 and Study II in 2018, a
difference of a decade. During this time the field of chronobiology and its lege artis
methodologies evolved, so the original publications of Studies I-III do not consistently
report the same outcomes, nor employ the same adjustments. This thesis will therefore
attempt to harmonize the results and uniformly report the same outcomes. MSFsc will
serve to describe chronotype, actual sleep duration will describe time spent asleep, and
wake after sleep onset and sleep efficiency will describe sleep quality. Regression
analyses will display the results from the chronobiologically most essential adjustments:
sex and age, and in Study III source cohort. This thesis also investigated whether the
season of birth or actigraphy period influenced preterm chronotype in a four-class
photoperiod variable (spring [Feb-April], summer [May-July], autumn [Aug-Oct], and
winter [Nov-Jan]), reported in 5.5. Specialist readers are referred to the original papers
for excluded outcomes.

4.4. How this thesis measured HRQoL
Study IV utilized the 15D questionnaire to investigate HRQoL. It is a generic,
comprehensive, and self-administered instrument based on the multi-attribute utility
theory and it has proved to be reliable, sensitive, and well-validated against comparable
instruments (Sintonen 1994; Sintonen 1995; Sintonen 2001, www.15d-instrument.net).
Respondents estimate their performance in 15 health domains: mobility, vision, hearing,
breathing, sleeping, eating, speech, excretion (bladder and bowel function), ability to
perform usual activities, mental functions, discomfort & symptoms (pain, ache, etc.),
depression, distress (anxiousness etc.), feeling of vitality, and sexual activity. Each
domain has one question and the respondent estimates their functioning on an ordinal 1-5
level, and an algorithm transforms the 1-5 levels into a 0-1 scale. The fifteen 0-1 values
can be aggregated into a single 0-1 index (the 15D SCORE), 1 being a problem-free
score, but they can also be portrayed as a profile. An algorithm can predict up to three
missing answers per respondent. The minimum important difference in the 15D SCORE
seems to be ±0.015, provided the finding is statistically significant, whereas ±0.035
indicates a large difference (Alanne et al. 2015). This thesis refrained from excluding
subjects with NSI from the analyses but did separately compare NSI subjects to controls.
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4.5. Statistical methods
Background variables. Studies I, III, and IV are case-control birth cohort studies with
independent groups, and therefore employed independent samples t-test or χ2 to
determine statistically significant differences in background variables between groups.
Due to the paired sibling setting in Study II, either paired t-test or McNemar’s test
determined statistical significance. In this thesis background characteristics were reported
descriptively, however.
Study I & III. After appropriate exclusions of participants or nights (see 4.3), the
actigraphy-derived sleep variables were aggregated, and means were reported. In the
original papers, statistical significance was probed with independent samples t-test or
Mann-Whitney U, depending on residual distribution. Linear regression models provided
adjusted estimates of differences with subtly different models in the two original papers.
For Study I & III this thesis first compared MSFsc between groups with independent
samples t-test, and then linear regression models provided sex and age-adjusted estimates
for the actigraphy variables. For the MEQ results, statistical significance was tested with
χ2 for chronotype distribution, independent samples t-test for morningness-eveningness
score, and linear regression models provided sex and age-adjusted estimates of the score.
Study II. After exclusion of nights containing shift work and labelling nights for
other variables, the actigraphy-derived outcomes were subjected to mixed model
regression, adjusted for age (siblings were of the same sex), with repeated measurements
nested within subjects, and subjects nested within families. Analysis of MSFsc requires
mean values, so for this measure nights with preceding naps, alcohol use, or sleep
medication were excluded before calculating the means, which were then subjected to
paired t-test and mixed model regression, adjusted for age, with the measures nested
within families.
Study IV. The 15D output is more skewed towards “1 – no problems” than “0 –
death”, and therefore Mann-Whitney U-tests probed for statistical significance in group
comparisons. Means are reported instead of median, because many outcomes would have
been “1”, and means were thus more informative.
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4.6. Power calculations

power”, because that would simply be another way
of stating the p-values (Hoenig and Heisey 2001;
achieved power based on sample size and estimated
mean effect size from previous studies. Unless noted
otherwise, α-level is 0.05, 1-β is 0.8, reported effect
sizes are Cohen’s d, and calculations are based on
all power calculations (Faul et al. 2007).
Chronotype

Five case-control studies had compared chronotype
between preterm and term-born subjects before the
first publication in this thesis. Although the studies
measured the same phenomenon, they used different
methods and reported different outcomes, from
participants of different ages. Despite these
useful as a rough guide for power calculations. The
mean Cohen’s d of the eight most relevant outcomes
was ~0.41 (Table 4). Expressed in common
language effect size (McGraw and Wong 1992;
Ruscio 2008; Magnusson 2014), if a person is
randomly picked from both the control group and
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Effect size
5:17 (1:26) vs 5:41 (1:34) = 0.27
5:06 (1:17) vs 5:43 (1:35) = 0.42
45.7 (9.6) vs 42.9 (9.0) = 0.30
6:55 (0:50) vs 7:37 (1:13) = 0.67
23:59 (1:19) vs 0:35 (1:52) = 0.37
9:54 (1:24) vs 10:18 (1:18) = 0.3
57.34 (6.44) vs 53.62 (7.47) = 0.53
29.27 (4.94) vs 27.43 (4.84) = 0.38
Mean effect size = 0.41 (SD 0.14)

differences, the calculated mean effect size proved

Measure
Sleep midpoint on weekends
Sleep midpoint on weekends
Morningness-Eveningness Score
Sleep offset time
Sleep onset time
Sleep offset time, free day
Morningness-Eveningness Score
CS mean score

4.6.1.

Method
Actigraphy
Self-report
MEQ
Actigraphy
Actigraphy
BNSQ
junior MEQ
junior CS

two-tailed t-tests. The software G*Power supplied

n, preterm/control
217/284
146/190
91/93
14/14
89/78
164
55/210
40/318

Lenth 2001; Lakens 2014), but it will speculate on

Table 4. Effect size estimation based on previous studies.

studies. The thesis refrains from reporting “observed

Grade of prematurity
<37 weeks

because it combines outcomes from two different

Author, year
Hibbs et al. 2014

but e.g. Study III is reduced to post hoc calculations

VLBW, <1500g
VLBW, <1500g
VLBW, <1500g

performed relevant a priori sample size calculations,

Strang-Karlsson et al. 2010
Asaka & Takada. 2010
Strang-Karlsson et al. 2008

dictate sample size calculations. Some studies

<37 weeks

thesis. Therefore, chronotype investigations did not

Natale et al. 2005

many different outcomes, some not relevant to this

BNSQ, Basic Nordic Sleep Questionnaire; CS, Composite Scale; MEQ, Morningness-Eveningness Questionnaire; SD, standard deviation; VLBW, very low birth weight

The cohorts in this thesis were formed to investigate

the preterm group, in 61 times out of 100 the person born preterm will display an earlier
chronotype.
Study I. Post hoc. The second follow-up study of HeSVA provided the
actigraphy data for Study I. Fifty-seven VLBW subjects and 49 controls provided
actigraphy data, and after relevant exclusions the participants numbered 75 (40 VLBW,
35 controls). With these figures, an effect size of 0.66 was the detection threshold. With
the possible mean effect size of 0.41, the study achieved a power of 0.42. Weekend data
were available for only 47 subjects (21 VLBW, 26 controls) so arguably the power could
have been as low as 0.28.
Study II. A priori & post hoc. The sibling study attempted to recruit 80 sibling
pairs and managed to recruit 79. Each subject had a matched pair, so the a priori numbers
allowed detection of an effect size of 0.32. After dropouts and exclusions, 53 pairs
provided data. With the possible mean effect size of 0.41, the study achieved a power of
0.83. MSFsc was available for 41 complete pairs, for a power of 0.73.
Study III. Post hoc. This was the largest study because it combined outcomes
from two separate birth cohorts. Unlike Study I and II the subjects were from the whole
gestation range. The previous studies that provided the mean effect size estimate mostly
had VLBW subjects, or quite small subjects under the heading “preterm” in the case of
Hibbs et al. (2014), so arguably the mean effect size from previous studies need not
apply. For actigraphy outcomes the preterm subjects numbered 248 and controls 346.
With these numbers, an effect size of 0.23 was the detection threshold. Comparing early
preterm (n = 83) and late preterm (n = 163) subjects to controls (n = 341) produced effect
size thresholds of 0.34 and 0.27, respectively. For MEQ results preterm subjects
numbered 359 and controls 329. With these figures, an effect size of 0.21 was the
detection threshold between the two groups. Comparing early preterm (n = 138) and late
preterm (n = 221) subjects to controls (n = 329) produced effect size thresholds of 0.28
and 0.24. With the possible mean effect size of 0.41 even the least powered comparison,
namely the weekend actigraphy data of early preterm vs control subjects (n = 76 and
306), achieved a power of 0.89. The relevance of the possible mean effect size is clearly
debatable, however, due to different degree of prematurity.
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4.6.2.

Health-related quality of life

Alanne et al. (2015) proposed that the clinically relevant minimum important difference
in the aggregate 15D SCORE is ±0.015, whereas ±0.035 constitutes a large difference. In
the Health2011 study the mean 15D SCORE for 20-to-30-year-old Finns was 0.9602 (SD
0.0657, Koskinen et al. 2012; personal correspondence with Prof. Harri Sintonen). Given
these numbers, a large and small difference between groups equal effect sizes of 0.53 and
0.23.
Study IV. A priori & post hoc. The first HeSVA follow-up, which supplied data
for Study IV, attempted to recruit 140 participants to both the control and VLBW group,
which would have allowed detection of effect sizes of 0.4 with a 1-β of 0.9. This choice
was sound because differences of ~0.5 SD in outcomes of adult VLBW-control
comparisons are not uncommon (Hovi et al. 2007; Pyhälä et al. 2011). The study
managed to recruit 166 VLBW adults and 172 controls, of whom 163 and 172 completed
the 15D. Given 1-β of 0.8, this provided an effect size threshold of 0.31. With the effect
sizes for a large (0.53) and small (0.23) clinically relevant difference the study achieved a
power of 0.998 and 0.55, respectively.

4.7. Ethical considerations
In all studies the participants provided informed and signed consent. All studies were
conducted according to the Declaration of Helsinki and were approved by local ethics
committees. The studies utilized anonymous IDs, and the employed methods were
inherently non-invasive, consisting of questionnaire results and actigraphy recording,
which is akin to wearing a bulky wristwatch.
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5.

RESULTS

This chapter aims to display only the most central and harmonized
findings of the thesis studies. Some of the results have been specifically
produced for this thesis and have not been published elsewhere, whereas
some outcomes from the original papers have been omitted. In Studies I-III sleep debtcorrected sleep midpoint MSFsc serves as the central measure of chronotype, actual sleep
time indicates sleep duration, and wake after sleep onset and sleep efficiency demonstrate
sleep quality.

5.1. Study participants
Table 5 displays the background characteristics of all subjects in the four studies, but they
are also displayed separately in the relevant study results. The least recent study is Study
IV, which measured HRQoL of VLBW subjects from the HeSVA cohort at a mean age of
22.5 years: the youngest participants in this thesis. In the second follow-up study of the
cohort, Study I, the mean age was 25. Study III was composed of two different cohorts,
ESTER and AYLS, with subjects born in 1985-89 and 1985-86, respectively. AYLS
provided proportionally more controls than ESTER, which is why their mean age was a
little higher (24.5 years) than the preterm subjects’ (24.0 years). The most recent Study II
contained the oldest participants with a mean age of almost 30 years. Age-wise the thesis
subjects therefore represent a spectrum of young adults.
In Studies II-IV the sex distribution was quite equal, ranging from 40 to 51%
males, but Study I had clearly more female participants, with only 20% and 38% males in
the two groups. The mean gestational age for the controls in all studies was 40 weeks, but
the gestational age in the preterm groups differed by design between the VLBW groups
(29 weeks) and the early and late preterm groups (32 and 36 weeks). The mean birth
weight in the control group was around 3.6 kg in Studies I, III, and IV, but the controls
were slightly smaller in the sibling study, at 3.4 kg. The mean birth weight for the VLBW
participants was around 1.1 kg, whereas the early and late preterm subjects were naturally
heavier at 1.7 and 2.7 kg. The relative birth weight of the VLBW subjects was around
1.4 SD, and the early and late preterm group had scores of -0.9 SD and -0.5 SD. The
relative birth weight for the controls was expectedly centred around 0 SD except for the
sibling controls, who were again slightly smaller at -0.3 SD. By design Study I and IV
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Table 5. Background characteristics of thesis subjects.

controls in the sibling Study II and Study

III had a small proportion of SGA subjects
(3% and 1%). In the VLBW groups 3338% of subjects were born SGA,

compared to 17% and 12% in the early

and late preterm groups. Again, by design

Study I and IV contained no controls born
from multiple pregnancies, whereas a

Control,
n = 346

Late preterm,
n = 165

Early preterm,
n = 83

Control,
n = 172

VLBW,
n = 164

Study IV, 2004-05

VLBW,
n = 63

Study III, 2009-12 (actigraphy)

Control,
n = 60

Study II, 2014-17

VLBW,
n = 40

Study I, 2007-08
Control,
n = 35
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22.4 (2.1)
70 (42.7%)
29.2 (2.2)
1122 (221)
-1.3 (1.5)
54 (32.9%)
137 (83.5%)
80 (49.1%)
31 (20.1%)

of young adults born preterm.

22.5 (2.2)
69 (40.1%)
40.1 (1.1)
3593 (471)
0.0 (1.0)
0 (0%)
172 (100%)
85 (49.7%)
28 (16.7%)

subjects constitute a well-defined sample

24.0 (4.4)
38 (45.8%)
31.7 (2.2)
1729 (472)
-0.9 (1.3)
14 (16.9%)
65 (78.3%)
40 (48.2%)
18 (22.2%)

familial factors. Overall, the thesis

24.0 (1.5)
84 (50.9%)
35.8 (0.8)
2712 (548)
-0.5 (1.4)
20 (12.1%)
142 (86.1%)
76 (46.1%)
29 (17.9%)

were somewhat smaller, possibly due to

24.5 (1.2)
150 (43.4%)
40.1 (1.2)
3590 (489)
0.0 (1.0)
4 (1.2%)
342 (98.8%)
139 (40.2%)
52 (15.2%)

except for the sibling study controls who

29.9 (2.8)
32 (50.8%)
29.4 (2.4)
1135 (217)
-1.4 (1.6)
23 (36.5%)
56 (88.9%)
22 (34.9%)
9 (14.8%)

the control groups were also quite similar,

29.7 (5.2)
29 (48.3%)
39.7 (1.3)
3391 (452)
-0.3 (1.0)
2 (3.3%)
59 (98.3%)
20 (33.3%)
9 (17.0%)

remarkably similar across the studies, and

25.0 (2.1)
15 (37.5%)
29.2 (2.5)
1096 (224)
-1.4 (1.6)
15 (37.5%)
35 (87.5%)
16 (41.0%)
7 (18.9%)

statistics of VLBW subjects were

24.9 (2.2)
7 (20.0%)
40.0 (1.2)
3640 (514)
0.2 (1.1)
0 (0%)
35 (100%)
15 (42.9%)
6 (17.1%)

early/late preterm groups. The perinatal

Age in years, mean (SD)
Male, n (%)
Gestational age in weeks, mean (SD)
Birth weight in grams, mean (SD)
Relative birth weight in SD units, mean (SD)
Small for gestational age, n (%)
Singleton pregnancy, n (%)
Firstborn, n (%)*
Maternal smoking during pregnancy, n (%)**

*Data missing from Study IV: n = 2. **Data missing from: Study I, n = 3; Study II, n = 9; Study III, n = 8; Study IV, n = 14.
SD, standard deviation; VLBW, very low birth weight <1500 grams.

contained no controls born SGA, whereas

diminutive proportion (<2%) were so in

Studies II and III. Being first-born was

more common among preterm subjects

than controls in Study III. Clearly higher

prevalence of maternal smoking in the

preterm groups was evident in Study III

(early preterm 22% vs control 15%). No

subjects in Study I or III reported

suffering from retinopathy of prematurity,

and the data is not yet processed in Study

II.

variability in subject characteristics
Summary. By design some

existed, especially between VLBW and

5.2. Study I
In Study I, 40 VLBW young adults and 35 term-born controls in the HeSVA cohort wore
an actigraph for a mean period of 4.4 nights. Weekend measures were available for 26
controls and 21 VLBW subjects. The mean age for these young adults was 25.0 years (SD
2.2), men were underrepresented in the groups (20 and 37.5%), and by design the control
group contained no subjects born SGA or from a multiple pregnancy (Table 6).
The VLBW group displayed a significantly earlier chronotype: using independent
samples t-test the MSFsc was 53 min (95% CI 5 to 101 min, p = 0.032) earlier in the
VLBW group (Figure 15). Adjusting for sex and age increased the difference, with the
VLBW group displaying 65 min (95% CI 14 to 116 min, p = 0.013) earlier MSFsc (Table
7). The groups did not differ in sleep duration or quality.

Table 6. Study I. Subject background characteristics (n = 75).

Age in years, mean (SD)
Male, n (%)
Gestational age in weeks, mean (SD)
Birth weight in grams, mean (SD)
Relative birth weight in SD units, mean (SD)
Small for gestational age, n (%)
Singleton pregnancy, n (%)
Firstborn, n (%)
Maternal smoking during pregnancy, n (%)*

Control, n = 35

VLBW, n = 40

24.9 (2.2)
7 (20.0%)
40.0 (1.2)
3640 (514)
0.2 (1.1)
0 (0%)
35 (100%)
15 (42.9%)
6 (17.1%)

25.0 (2.1)
15 (37.5%)
29.2 (2.5)
1096 (224)
-1.4 (1.6)
15 (37.5%)
35 (87.5%)
16 (41.0%)
7 (18.9%)

*Data missing, n = 3.
SD, standard deviation; VLBW, very low birth weight <1500 grams.

94

Figure 15. Study I. Unadjusted means and 95% confidence intervals of MSFsc of controls and
VLBW subjects. The 21 VLBW subjects displayed 53 min (95% CI 5 to 101 min) earlier sleep
midpoint than the 26 term-born controls (independent samples t-test, p = 0.032).

Control
VLBW

03:00

03:30

04:00

04:30

05:00

05:30

06:00

MSFsc, sleep debt-corrected sleep midpoint
Error Bars: 95% CI

Table 7. Study I. The effect of VLBW birth on central actigraphy outcomes, adjusted for sex and age.
Weekday Control, n = 35
Weekend
n = 26
MSFsc
Actual sleep time
Wake after sleep onset
Sleep efficiency (%)

Weekend
Weekday
Weekend
Weekday
Weekend
Weekday
Weekend

h:min:s
h:min:s
h:min:s
h:min:s
h:min:s
%
%

VLBW, n = 40
n = 21

Mean (SD)

B (95% CI)

5:05:50 am (1:30:07)
6:46:03 (0:45:47)
7:43:16 (1:16:23)
0:56:06 (0:27:57)
1:05:28 (0:35:29)
87.8 (5.6)
87.9 (6.2)

-1:05:23 (-1:56:25 to -0:14:21)*
-0:05:22 (-0:29:32 to 0:18:48)
0:09:49 (-0:40:48 to 1:00:27)
-0:05:13 (-0:17:43 to 0:07:17)
-0:09:51 (-0:29:31 to 0:09:50)
0.63 (3.3 to -2.0)
1.18 (4.76 to -2.39)

The difference was calculated with linear regression, adjusted for sex and age.
*p < 0.05. B, regression coefficient; CI, confidence interval; MSFsc, sleep debt-corrected sleep midpoint
on free days; SD, standard deviation; VLBW, very low birth weight <1500 grams.
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5.3. Study II
In Study II, 63 VLBW and 60 term-born siblings (53 complete pairs) in the sibling study
wore an actigraph for a mean period of 13.3 nights. Free day measures were available for
59 VLBW and 60 term-born siblings (51 complete pairs). As detailed in 4.3, calculation
of MSFsc caused attrition due to exclusion of nights, leaving 52 VLBW and 53 control
subjects (41 complete pairs) for this analysis. The mean age for the 123 adults was almost
thirty (29.8, SD 4.1), with quite equal representation of the sexes (48.3 and 50.8% men,
Table 8).
The VLBW group displayed a significantly earlier chronotype: using paired
samples t-test the MSFsc was 41 minutes (95% CI 5 to 78 min, p = 0.029) earlier in the
VLBW group (Figure 16). Adjustment for sex and age increased the difference, with the
VLBW group displaying 46 minutes (95% CI 16 to 77 min, p = 0.004) earlier MSFsc
(Table 9). The groups did not differ regarding sleep duration, but the VLBW group
displayed slightly more wake after sleep onset on workdays (6 minutes, 95% CI 1 to 12
min, p = 0.023).

Table 8. Study II. Subject background characteristics (n = 123).

Age in years, mean (SD)
Male, n (%)
Gestational age in weeks, mean (SD)
Birth weight in grams, mean (SD)
Relative birth weight in SD units, mean (SD)
Small for gestational age, n (%)
Singleton pregnancy, n (%)
Firstborn, n (%)
Maternal smoking during pregnancy, n (%)*

Control, n = 60

VLBW, n = 63

29.7 (5.2)
29 (48.3%)
39.7 (1.3)
3391 (452)
-0.3 (1.0)
2 (3.3%)
59 (98.3%)
20 (33.3%)
9 (17.0%)

29.9 (2.8)
32 (50.8%)
29.4 (2.4)
1135 (217)
-1.4 (1.6)
23 (36.5%)
56 (88.9%)
22 (34.9%)
9 (14.8%)

*Data missing, n = 9.
SD, standard deviation; VLBW, very low birth weight <1500 grams.
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Figure 16. Study II. Unadjusted means and 95% confidence intervals of MSFsc of sibling controls
and VLBW subjects. The comparison between 41 VLBW-control pairs showed that the VLBW
group had 41 minutes (95% CI 5 to 78 min) earlier sleep midpoint (paired samples t-test, p =
0.029).
Control
VLBW

03:00

03:30

04:00

04:30

05:00

05:30

06:00

MSFsc, sleep debt-corrected sleep midpoint on free days
Error Bars: 95% CI

Table 9. Study II. The effect of VLBW birth on central actigraphy outcomes, adjusted for sex and age.
Free day Control, n = 60
Workday
n = 56
MSFsc
Actual sleep time
Wake after sleep onset
Sleep efficiency (%)

Free day†
Workday
Free day
Workday
Free day
Workday
Free day

h:min:s
h:min:s
h:min:s
h:min:s
h:min:s
%
%

VLBW, n = 59 (51 complete pairs)
n = 61 (47 complete pairs)

Mean (SD)

B (95% CI)

4:34:02 am (1:38:32)
6:35:33 (1:20:16)
7:16:05 (1:20:57)
0:43:41 (0:21:31)
0:59:49 (0:24:20)
90.2 (3.8)
89.6 (4.3)

-0:46:29 (-1:17:12 to -0:15:46)**
0:11:45 (-0:05:15 to 0:28:45)
-0:06:10 (-0:23:54 to 0:11:34)
0:06:24 (0:00:55 to 0:11:53)*
0:04:57 (-0:01:43 to 0:11:36)
0.93 (2.20 to -0.34)
1.07 (2.16 to -0.02)

The difference was calculated with mixed model regression, adjusted for sex and age.
*p < 0.05, **p < 0.01, † = 53 controls, 52 VLBW (41 complete pairs).
B, regression coefficient; CI, confidence interval; MSFsc, sleep debt-corrected sleep midpoint on free days;
SD, standard deviation; VLBW, very low birth weight <1500 grams.
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5.4. Study III
Actigraphy. In Study III, 346 controls, 165 late preterm, and 83 early preterm subjects
from the combined ESTER and AYLS cohorts wore an actigraph for a mean period of 6.8
nights (ESTER 6.5, AYLS 7.0). Weekend measures were available for 306 controls, 142
late preterm, and 76 early preterm subjects. The mean age for these young adults was
24.3 years (SD 2.0), with somewhat equal representation of sexes (43.4-50.9%, Table 10).
As is evident from Figure 17 and Table 11, no significant differences emerged
between the preterm groups and the control group in measures of chronotype, sleep
duration, or sleep quality. Additional sensitivity analyses by cohort did not uncover any
differences either.

Table 10. Study III. Actigraphy subjects background characteristics (n = 594).

Age in years, mean (SD)
Male, n (%)
Gestational age in weeks, mean (SD)
Birth weight in grams, mean (SD)
Relative birth weight in SD units, mean (SD)
Small for gestational age, n (%)
Singleton pregnancy, n (%)
Firstborn, n (%)
Maternal smoking during pregnancy, n (%)*

Control,
n = 346

Late preterm,
n = 165

Early preterm,
n = 83

24.5 (1.2)
150 (43.4%)
40.1 (1.2)
3590 (489)
0.0 (1.0)
4 (1.2%)
342 (98.8%)
139 (40.2%)
52 (15.2%)

24.0 (1.5)
84 (50.9%)
35.8 (0.8)
2712 (548)
-0.5 (1.4)
20 (12.1%)
142 (86.1%)
76 (46.1%)
29 (17.9%)

24.0 (4.4)
38 (45.8%)
31.7 (2.2)
1729 (472)
-0.9 (1.3)
14 (16.9%)
65 (78.3%)
40 (48.2%)
18 (22.2%)

*Data missing, n = 8.
SD, standard deviation.
Late preterm 34 to <37 weeks, early preterm <34 weeks.

98

Figure 17. Study III. Unadjusted means and 95% confidence intervals of MSFsc of the control
group (n = 306), the late preterm group (34 to <37 weeks, n = 142), and the early preterm group
(<34 weeks, n = 76). No significant differences emerged between the groups.
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MSFsc, sleep debt-corrected sleep midpoint on free days
Error Bars: 95% CI

Table 11. Study III. The effect of late and early preterm birth on central actigraphy outcomes, adjusted for sex and age.
Weekday Control, n = 346
Weekend
n = 306
MSFsc
Actual sleep time

Weekend
Weekday
Weekend
Wake after sleep onset Weekday
Weekend
Sleep efficiency (%)
Weekday
Weekend

h:min:s
h:min:s
h:min:s
h:min:s
h:min:s
%
%

Late preterm, n = 165
n = 142

Early preterm, n = 83
n = 76

Mean (SD)

B (95% CI)

B (95% CI)

5:06:27 am (1:36:36)
6:58:32 (0:57:38)
7:16:02 (1:12:18)
0:59:15 (0:28:45)
1:02:42 (0:36:20)
85.7 (5.5)
85.7 (6.7)

-0:06:25 (-0:26:21 to 0:13:31)
-0:02:35 (-0:12:59 to 0:07:50)
0:13:48 (-0:01:19 to 0:28:54)
-0:01:36 (-0:06:39 to 0:03:27)
0:02:02 (-0:05:03 to 0:09:7)
0.05 (1.0 to -0.9)
-0.43 (0.9 to -1.7)

0:03:36 (-0:21:34 to 0:28:45)
0:06:54 (-0:06:34 to 0:20:22)
0:08:33 (-0:10:31 to 0:27:38)
0:00:38 (-0:05:54 to 0:07:10)
0:03:32 (-0:05:24 to 0:12:28)
0.26 (1.5 to -0.97)
-0.70 (0.9 to -2.3)

The difference was calculated with linear regression, adjusted for sex, age, and source cohort.
B, regression coefficient; CI, confidence interval; MSFsc, sleep debt-corrected sleep midpoint on free days; SD, standard deviation.
Late preterm 34 to <37 weeks, early preterm <34 weeks.
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Morningness-Eveningness Questionnaire. In Study III, 329 controls, 221 late preterm,
and 138 early preterm subjects from the ESTER cohort completed the MorningnessEveningness Questionnaire. The mean age for these young adults was 23.3 years (SD
1.2), with somewhat equal representation of sexes (44.9-50.2%, Table 12).
As is evident from Figure 18 and Table 13, no significant differences emerged
between the preterm groups and the control group regarding the Morningess-Eveningness
Score. The MEQ classified 12.4% of the subjects as morning types, 65.4% as
intermediate, and 22.2% as evening types; further subclassification revealed that 0.7%
were definite morning types and 3.5% were definite evening types. Neither the threegroup nor the five-group distribution differed significantly between the control, late
preterm, and early preterm groups when measured with χ 2-tests.

Table 12. Study III. MEQ subjects background characteristics (n = 688).

Age in years, mean (SD)
Male, n (%)
Gestational age in weeks, mean (SD)
Birth weight in grams, mean (SD)
Relative birth weight in SD units, mean (SD)
Small for gestational age, n (%)
Singleton pregnancy, n (%)
Firstborn, n (%)
Maternal smoking during pregnancy, n (%)*

Control,
n = 329

Late preterm,
n = 221

Early preterm,
n = 138

23.5 (1.1)
155 (47.1%)
40.0 (1.2)
3570 (485)
0.0 (1.0)
6 (1.8%)
325 (98.8%)
103 (31.3%)
51 (15.7%)

23.1 (1.3)
111 (50.2%)
35.8 (0.8)
2671 (524)
-0.6 (1.3)
27 (12.2%)
190 (86.0%)
93 (42.1%)
41 (19.0%)

23.0 (1.4)
62 (44.9%)
31.7 (2.0)
1752 (482)
-1.0 (1.4)
25 (18.1%)
107 (77.5%)
53 (38.4%)
21 (16.0%)

*Data missing, n = 16.
MEQ, Morningness-Eveningness Questionnaire; SD, standard deviation.
Late preterm 34 to <37 weeks, early preterm <34 weeks.
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Morningness-Eveningness Score,
mean and 95% CI

Figure 18. Study III. Unadjusted means and 95% confidence intervals of MorningnessEveningness Score of the control group (n = 339), the late preterm group (34 to <37 weeks, n
= 221), and the early preterm group (<34 weeks, n = 138). No significant differences emerged
between the groups.
50
49
48
47
46
Control

Late preterm

Early preterm

Table 13. Study III. The effect of late and early preterm birth on MorningessEveningness Score (n = 688).

Morningness-Eveningness Score

Control,
n = 329
Mean (SD)

Late preterm,
n = 221
B (95% CI)

Early preterm,
n = 138
B (95% CI)

48.0 (9.2)

0.1 (-1.5 to 1.7)

0.6 (-1.3 to 2.4)

The difference was calculated with linear regression, adjusted for sex and age.
B, regression coefficient; CI, confidence interval; SD, standard deviation.
Late preterm 34 to <37 weeks, early preterm <34 weeks.
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5.5. Summary of studies I-III
In both Study I and II, which consisted of controls and preterm subjects born VLBW, the
preterm group displayed a robustly earlier chronotype than the control group, by a
measure of 46 to 65 minutes in the regression models. No differences in sleep duration
were apparent in either study. Study II found that wake after sleep onset was 6 minutes
longer in the VLBW group, but a poorer sleep quality was not supported by the sleep
efficiency, or the sleep quality results in Study I. Study III, which consisted of controls,
late preterm subjects, and early preterm subjects, did not reveal any significant difference
between the groups in quantitative or qualitative chronotype, sleep duration, or sleep
quality. MSFsc and gestational age did not reveal any relationship (Figure 19). Addition
of photoperiod (birth or actigraphy period) in the regression models of the three studies
had only a negligible effect on preterm chronotype, shifting MSFsc by at most three
minutes (not shown). Figure 20 and Table 14 display the results side-by-side to assist
comparison of study outcomes, but with the caveat that the displayed outcomes were not
subjected to identical exclusions or statistical methods.

Figure 19. Study III. Scatterplot of MSFsc by gestational age in weeks (n =
524). No association between the two variables was apparent.

MSFsc, sleep debt-corrected sleep
midpoint on free days
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Figure 20. Merged figure of unadjusted means and 95% confidence intervals of sleep debtcorrected sleep midpoint on free days (MSFsc) from Studies I-III. The studies are ordered
according to age to show the natural age-related advancement of chronotype. Late and
early preterm groups (34 to <37 weeks and <34 weeks, Study III) did not differ from
controls, but very low birth weight subjects (VLBW, Study I & II) displayed a significantly
earlier chronotype than controls.
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Control, mean (SD)
VLBW, B (95% CI)

Control, mean (SD)
VLBW, B (95% CI)

Control, mean (SD)
Late preterm, B (95% CI)
Early preterm, B (95% CI)

Control, mean (SD)
VLBW, B (95% CI)

Control, mean (SD)
VLBW, B (95% CI)

STUDY I

STUDY II

STUDY III

STUDY I

STUDY II

0:43:41 (0:21:31)
0:06:24 (0:00:55 to 0:11:53)*

0:56:06 (0:27:57)
-0:05:13 (-0:17:43 to 0:07:17)

87.8 (5.6)
0.63 (3.3 to -2.0)
90.2 (3.8)
0.93 (2.20 to -0.34)

0:59:49 (0:24:20)
0:04:57 (-0:01:43 to 0:11:36)

85.7 (5.5)
0.05 (1.0 to -0.9)
0.26 (1.5 to -0.97)

1:05:28 (0:35:29)
-0:09:51 (-0:29:31 to 0:09:50)

1:02:42 (0:36:20)
0:02:02 (-0:05:03 to 0:09:7)
0:03:32 (-0:05:24 to 0:12:28)

SLEEP EFFICIENCY
Week-/Workday, %

WAKE AFTER SLEEP ONSET
Week-/Workday, h:min:s
Weekend/Free days, h:min:s

0:59:15 (0:28:45)
-0:01:36 (-0:06:39 to 0:03:27)
0:00:38 (-0:05:54 to 0:07:10)

6:35:33 (1:20:16)
0:11:45 (-0:05:15 to 0:28:45)

6:46:03 (0:45:47)
-0:05:22 (-0:29:32 to 0:18:48)

6:58:32 (0:57:38)
-0:02:35 (-0:12:59 to 0:07:50)
0:06:54 (-0:06:34 to 0:20:22)

4:34:02 am (1:38:32)
-0:46:29 (-1:17:12 to -0:15:46)**

5:05:50 am (1:30:07)
-1:05:23 (-1:56:25 to -0:14:21)*

5:06:27 am (1:36:36)
-0:06:25 (-0:26:21 to 0:13:31)
0:03:36 (-0:21:34 to 0:28:45)

ACTUAL SLEEP TIME
Week-/Workday, h:min:s

The difference was calculated with linear regression in Study I & III, and mixed model regression in Study II, all adjusted for sex and age.
*p < 0.05, **p <0.01. B, regression coefficient; CI, confidence interval; SD, standard deviation; VLBW, very low birth weight <1500 grams.
Late preterm 34 to <37 weeks, early preterm <34 weeks.

Control, mean (SD)
Late preterm, B (95% CI)
Early preterm, B (95% CI)

STUDY III

MSFsc, sleep debt-corrected sleep midpoint on free days,
h:min:s

Table 14. Combined actigraphy outcomes from Studies I-III, adjusted for sex and age.

89.6 (4.3)
1.07 (2.16 to -0.02)

87.9 (4.7)
1.18 (4.76 to -2.39)

85.7 (6.7)
-0.43 (0.9 to -1.7)
-0.70 (0.9 to -2.3)

Weekend/Free days, %

7:16:05 (1:20:57)
-0:06:10 (-0:23:54 to 0:11:34)

7:43:16 (1:16:23)
0:09:49 (-0:40:48 to 1:00:27)

7:16:02 (1:12:18)
0:13:48 (-0:01:19 to 0:28:54)
0:08:33 (-0:10:31 to 0:27:38)

Weekend/Free days, h:min:s

5.6. Study IV
In this study 172 controls and 164 VLBW adults completed the 15D questionnaire. Of the
preterm subjects, 110 were born AGA and 54 SGA. Twenty-one subjects reported having
one or more neurosensory impairments (14 CP, 5 developmental disability, 5 visual, and
1 hearing impairment), and they were not excluded from the analyses. For one subject
born AGA-VLBW the 15D SCORE could not be calculated due to more than three
missing answers. The mean age for these young adults was 22.5 years (SD 2.1), men were
a little underrepresented in the groups (40.1 and 42.7%), and by design the control group
had no subjects born SGA or from a multiple pregnancy (Table 15).
The VLBW group did not differ from the control group in any of the 15
dimensions nor the aggregate 15D SCORE. The NSI-subjects did not score a lower
aggregate 15D SCORE than controls, but did score lower on the dimensions of mobility,
vision, eating, and sexual activity (not shown in figures). HRQoL analysis by relative
birth weight and sex is detailed in the subsequent pages.

Table 15. Study IV. Subject background characteristics (n = 336).

Age in years, mean (SD)
Male, n (%)
Gestational age in weeks, mean (SD)
Birth weight in grams, mean (SD)
Relative birth weight in SD units, mean (SD)
Small for gestational age, n (%)
Singleton pregnancy, n (%)
Firstborn, n (%)*
Maternal smoking during pregnancy, n (%)**

Control, n = 172

VLBW, n = 164

22.5 (2.2)
69 (40.1%)
40.1 (1.1)
3593 (471)
0.0 (1.0)
0 (0%)
172 (100%)
85 (49.7%)
28 (16.7%)

22.4 (2.1)
70 (42.7%)
29.2 (2.2)
1122 (221)
-1.3 (1.5)
54 (32.9%)
137 (83.5%)
80 (49.1%)
31 (20.1%)

*Data missing, n = 2. **Data missing, n = 14.
SD, standard deviation; VLBW, very low birth weight <1500 grams.
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Subdivision by relative birth weight revealed that the 15D SCORE of the SGA-VLBW
group was significantly lower than that of the AGA-VLBW group, and the difference
exceeded the minimum important difference (0.911 versus 0.939, Δ0.028, p = 0.039,
Figure 21). The AGA-VLBW group scored better than the SGA-VLBW group in the
dimensions of mental functions, depression, and vitality. The AGA-VLBW group scored
worse than controls in mobility, and better than controls in depression. The SGA-VLBW
group scored worse than controls in eating.

Figure 21. 15D SCORE and profile of VLBW adults born small and appropriate for gestational age
(SGA, AGA), and controls. VLBW adults born SGA reported a significantly worse 15D SCORE
than AGA-VLBW adults. This difference exceeded the threshold for a minimum important clinical
difference.
Controls, n = 172

 = significant difference between controls and AGA VLBW, p < 0.05

AGA VLBW, n = 109

 = significant difference between AGA VLBW and SGA VLBW, p < 0.05

SGA VLBW, n = 54

 = significant difference between controls and SGA VLBW, p < 0.05

1.00
0.95
0.90
0.85
0.80
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No difference emerged in the aggregate 15D SCORE between SGA-VLBW men, AGAVLBW men, and control men. AGA-VLBW men scored lower than controls in mobility,
but better in speech, mental functions, and depression.

Figure 22. 15D SCORE and profile of male VLBW adults born small and appropriate for gestational
age (SGA, AGA), and controls. VLBW men in general, and AGA-born in particular, scored quite well
in several subdomains.
Controls, n = 69

 = significant difference between controls and AGA VLBW, p < 0.05

AGA VLBW, n = 48

 = significant difference between AGA VLBW and SGA VLBW, p < 0.05

SGA VLBW, n = 22

 = significant difference between controls and SGA VLBW, p < 0.05

1.00
0.95
0.90

0.85
0.80
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VLBW women born SGA scored poor results in many dimensions: the 15D SCORE
difference exceeded the threshold for a large clinical difference both in comparison to
control women (0.886 versus 0.922, Δ0.036, p = 0.018) and AGA-VLBW women (0.886
versus 0.923, Δ0.037, p = 0.025). SGA-VLBW women scored lower than just controls in
speech, lower than just AGA-VLBW women in excretion and vitality, and lower than
both control and AGA-VLBW women in eating, mental functions, and depression.

Figure 23. 15D SCORE and profile of female VLBW adults born small and appropriate for
gestational age (SGA, AGA), and controls. VLBW women born SGA reported worse HRQoL than
AGA-VLBW women and control women in many dimensions, and in the aggregate 15D SCOREs.
Controls, n = 103

 = significant difference between controls and AGA VLBW, p < 0.05

AGA VLBW, n = 61

 = significant difference between AGA VLBW and SGA VLBW, p < 0.05

SGA VLBW, n = 32

 = significant difference between controls and SGA VLBW, p < 0.05

1.00
0.95
0.90
0.85
0.80
0.75
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6.

DISCUSSION

Is a very low birth weight (<1500 grams) preterm birth associated
with chronotype, sleep duration, or sleep quality at adult age?
In Studies I and II measurement of objective sleep timing with
actigraphs revealed that VLBW is associated with an earlier
chronotype. The findings from Study I were essentially replicated in Study II, which
utilized an improved and more rigorous methodology. No difference in sleep duration
emerged, but workday wake after sleep onset was higher in the VLBW group in Study II.
This finding should not necessarily be interpreted as poorer sleep quality per se, because
the sleep efficiency did not differ between the groups, and the VLBW group also
displayed almost 12 min longer actual sleep on workday nights, albeit non-significantly.
These findings fall neatly in line with the few chronotype/sleep studies performed
on VLBW young adults, namely Strang-Karlsson et al.’s two studies in the HeSVA
cohort (2007; 2010). The first study showed that VLBW young adults (22.4 years)
displayed 36 min earlier actigraphy-derived bedtime, and 24 min earlier awakening on
weekends by self-report. The study did not discover any difference in sleep duration or
quality. The later study utilized the MEQ and found that VLBW young adults (~25 years)
reported stronger morningness tendencies, with a difference of 2.8 in the MorningnessEveningness Score.
In younger subjects, not a single study across the age spectrum indicates a later
chronotype in preterm subjects born very preterm or earlier, but most suggest an earlier
chronotype (see 2.2.7, Table 1). Regarding sleep duration and sleep quality of subjects
born very preterm/VLBW or earlier, no studies on adolescents exist, and comparing
results from infants, toddlers, and young children to adults is quite questionable. Also, the
studies comparing young preterm subjects to controls show highly contradictory results
regarding sleep duration and quality, so our findings of no difference are supported by
some studies and contradicted by others (2.3.4, Table 2).
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Is preterm birth from the whole gestation range (<37 weeks) associated with
chronotype, sleep duration, or sleep quality at adult age?
Study III measured the timing, duration, and quality of sleep with actigraphs, and
subjective chronotype with the MEQ in a well-powered sample of preterm subjects from
the whole preterm range. It did not discover a difference in chronotype, sleep duration, or
sleep quality compared to term-born controls.
Most similar studies have focused on quite small preterm survivors, at
VP/VLBW or earlier, with only few studies from the whole preterm range, namely two
studies performed on adolescents (Natale et al. 2005; Hibbs et al. 2014), and one study on
toddlers (Caravale et al. 2017). The two studies with adolescents seemingly contradict our
findings of no difference in chronotype. The preterm 13-year-olds in Natale et al.’s
questionnaire study demonstrated a stronger tendency towards morningness than termborn controls. The mean birth weight and gestational age in the study were 1738 grams
and 34.8 weeks, which in terms of weight is comparable with the early preterm group in
Study III (1752 g). The adolescents in Hibbs et al.’s study were ~18 years old, and they
displayed earlier sleep timing both with self-report and actigraphy. Like Study III, that
study did not find a difference in sleep duration, but unlike Study III, sleep quality
differed and was in fact better in the preterm group, as evidenced by fewer nightly
awakenings and less sleepiness in the morning. These preterm subjects in Hibbs et al.
(2014) were technically from the whole range of prematurity, but many subjects were
clearly on the small and early side of the spectrum, with a mean birth weight of 1514 g
and gestational age of 31 weeks, compared to the early preterm group in Study III (1752 g
and 32 weeks). So, the preterm subjects in these two studies on adolescents are most
comparable either to the early preterm group in Study III, or an even earlier degree of
prematurity in Hibbs et al., where a substantial portion of the subjects must have been
born VLBW (<1500 g). In either case, both studies investigated adolescents, unlike Study
III where the subjects were young adults. Therefore, the comparison to the results in
Study III is not straightforward, and arguably the results need not be in conflict.
The sleep studies of preterm infants, toddlers, and young children again show
such high variability that a comparison to our adult thesis subjects is questionable. In
short, some studies show differences in sleep attributes, and others do not, so our findings
are both supported and contradicted by these studies (2.3.4, Table 2).
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Is a very low birth weight (<1500 grams) preterm birth associated with poorer healthrelated quality of life at adult age?
Study IV measured HRQoL of VLBW young adults and controls and found mixed
results. Overall, the results did not differ between the two groups, but intriguing findings
arose in the subgroup comparisons: VLBW subjects born SGA scored poorer than VLBW
subjects born AGA in the aggregate 15D SCORE, with no differences to the control
group. The difference exceeded the minimum important difference, and the profile
revealed differences between the AGA-VLBW and SGA-VLBW group in depression,
mental functions, and vitality. Overall the AGA-VLBW group scored better than
expected, even better than controls in depression, but worse in mobility. Further
subanalysis by sex was illuminating and revealed two trends that possibly caused the
disjunctive findings: 1) AGA-VLBW men scored surprisingly well, even better than
controls in speech, mental functions, and depression, but worse in mobility 2) SGAVLBW women scored poorly in six of the fifteen dimensions (speech, eating, excretion,
mental functions, depression, and vitality), causing an aggregate 15D SCORE so low as
to constitute a ‘large important difference’ in comparison to both controls and AGAVLBW women. This difference was unlikely caused by NSI-subjects, who reported
poorer scores in mostly other dimensions (mobility, vision, eating, and sex).
Section 2.5.2. outlined results from 23 QoL studies of adults born preterm,
mostly at stark degrees of prematurity. None of them used the 15D instrument, so no
direct comparison is available. Unlike most recent studies (Båtsvik et al. 2015; Baumann
et al. 2016; Husby et al. 2016; Saigal et al. 2016), Study IV did not discover a difference
on the preterm/control level, nor between NSI-subjects and controls. Previous studies
support our subgroup findings: Vederhus et al. (2015) reported no difference in overall
HRQoL, but noted better self-esteem and role/social-emotional among preterm boys, and
lower self-esteem among girls. Several studies have noted that preterm men score lower
on physical functioning (Cooke 2004; Saigal et al. 2007; Baumgardt et al. 2012), and
Lund et al. (2012) found that term-born SGA subjects had lower scores for mental health,
social functioning, and emotional role.
The variable findings in this thesis give credence to a nuanced approach
regarding quality of life studies, because had the analysis stopped at the VLBW/control
level all subgroups details would have gone unnoticed.
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Limitations and strengths
Limitations. In some ways these studies forged new ground, and hopefully their flaws can
help future investigations avoid the same problems. Firstly, adequate power is important.
Section 4.6. displays relevant power calculations, and they reveal that discovering a
statistically significant chronotype difference in Study I was unlikely, with power
possibly as low as 0.28. Secondly, quantity does not necessarily trump quality. Long
registration periods are important to capture enough free day data to avoid participant
exclusions in the analysis, and comprehensive sleep diaries allow accurate labelling of
nights. For example, Study I and III did not specifically ask about free and workdays so
weekend/weekday served as proxy, but in Study II almost 8% of workdays occurred on
weekends, so this distinction is important. Thirdly, our method for dealing with
complications like night shifts was exclusion of subjects or nights, which handles the
problem crudely, and might produce overly polished results. Fourthly, the actigraphy
studies did not gather information about exposure to zeitgebers like sunlight. Such data
could have helped determine if the difference in sleep timing was due to different
environmental entrainment. Fifthly, this thesis lacked some important variables, such as
information about co-sleeping. Sixthly, although Study III was well-powered, it combined
data from two different studies and actigraphs. Adjustment for source cohort theoretically
tackled this problem, but nevertheless some bias could remain. Seventhly, actigraphs are
unrivalled at determining longitudinal sleep timing, but outcomes like sleep quality are
less reliable. As a final point, no previous studies have used the 15D instrument to query
HRQoL, so while the instrument itself is valid, a direct comparison to previous studies
was not possible.
Strengths. Study II revealed the strength of the sibling setting: it provided good
power with relatively few subjects, and the limited number of subjects facilitated quite
detailed phenotyping. Also, the sibling setting circumvents many family-based
confounders. Methodologically Study II was the soundest with a mean registration period
of almost two weeks. Actigraphy allowed analysis of objective data, unlike inherently
less accurate self-reports. The populations in the thesis studies were well-defined, with
reliable and accurate perinatal data, which was possible because the Finnish health care
system is globally one of the foremost both in gathering data and in accommodating its
use in research.
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Implications of the results
Chronotype. Section 2.2.5. describes how an earlier chronotype is associated with
beneficial outcomes, so the earlier chronotype in VLBW subjects is likely a protective
factor, but this has not been directly demonstrated in this population. The fact that only
VLBW subjects displayed an earlier chronotype, and not subjects from later degrees of
prematurity, suggests that the phenomenon is related to more disruptive early exposures.
Sleep. The results regarding sleep duration and quality are altogether encouraging.
Sufficiently long and restful sleep is important for health and wellbeing, and none of the
preterm groups in Studies I-III displayed shorter sleep duration or convincingly poorer
sleep quality. This argues against long-term detriments in these sleep-related attributes.
HRQoL. The results from Study IV did not provide a simple answer. It is encouraging
that in contrast to other recent studies, overall the VLBW group did not differ from
controls regarding HRQoL. The subgroup analysis revealed considerable differences
between subgroups, however, particularly that VLBW women born SGA scored poorly
and might constitute a group that could benefit from additional focus and aid.

Speculations
Why would a premature birth program an earlier chronotype? The question can be
viewed through different developmental plasticity models, that usually belong to one of
two camps: ‘development constraints’ models and ‘predictive’ models. Development
constraints models like the ‘thrifty phenotype hypothesis’ generally describe adaptive
strategies that improve immediate survival at the possible expense of later health, whereas
predictive models like the ‘predictive adaptive response’ suggest that the early cues an
organism experiences induce responses that increase fitness for a later environment (Lea
et al. 2017). So, firstly, the earlier chronotype could be a primary response that increases
immediate survival and might also have a later incidental advantage, with some possible
trade-off. Secondly, the fetus might interpret an early stressor as a cue for a future
environment in which an earlier chronotype is beneficial. It is also possible that the earlier
chronotype might not be a primary response to a stressor, but a by-product of another
response. Hypothetically, an earlier chronotype could provide a temporal niche, which
might increase fitness. Apart from adaptive responses, stressors can also cause non-
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adaptive and disruptive responses without redeeming qualities (Gluckman et al. 2005).
There is no evidence that an earlier chronotype would be harmful, so it is unlikely a direct
disruptive response, but it could be a by-product of a disruptive response. So, in
summary, the earlier chronotype could arguably be an adaptive response (or a by-product
of one) to an early stressor, or it might be a by-product of a disruptive response.
What could cause the earlier rhythm? Roenneberg et al. (2003) describe three
chronobiological reasons why phase of entrainment might differ: 1) different efficiency in
the reception or transduction of zeitgeber signals, 2) difference in free-running period, or
3) different coupling between the circadian clock and the measured output. If we assume
that some prematurity-related exposure causes an earlier phase of entrainment, here are
some ways is could do so: it could cause stronger transduction of zeitgeber effects that
advance the internal clock, it could cause a shorter period, it could induce stronger
advancing phase shift responses to zeitgebers, and it could cause more imminent
couplings between the circadian clock and measured outputs. It is also possible that
behavioural traits explain the earlier chronotype; VLBW adults are more conscientious
(Pesonen et al. 2008), and report stricter upbringing (Pyhälä et al. 2011), both of which
are associated to earlier chronotype (Randler et al. 2009; Tonetti et al. 2009; Duggan et
al. 2014). Conscientiousness might also promote chronobiologically advancing
behaviour, such as being more outdoors.
Why did HRQoL vary between subgroups? Male and female VLBW preterms
scored quite differently in HRQoL in Study IV, with especially AGA-VLBW men
scoring well, and SGA-VLBW women scoring poorly. One reason for this discrepancy
might be survivor bias: male infants have higher rates of mortality and disability (Kent et
al. 2012). So, death of the least viable male infants, lesser participation of NSI-subjects,
and lesser male participation might explain why the remaining preterm men scored so
well. Why AGA-VLBW men scored lower on mobility, and SGA-VLBW women scored
low on speech, eating, excretion, mental functions, depression, and vitality might
illustrate the concentration of problems into these dimensions, or it might reflect gendered
insecurities.
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Implications for future research
Future studies investigating chronotype in preterm populations would benefit the research
community if they focused on investigating why the link might exist, and whether it is
beneficial. Chronobiologists could investigate entraining behaviour, such as exposure to
sunlight, eating rhythms, and timing of social activities, sleep labs could compare dimlight melatonin onset and investigate if the period or phase shift responses differ in
preterm subjects, psychological studies could investigate the role of conscientiousness,
and laboratory tests could investigate possible genetic or epigenetic differences in
chronotype genes. Polysomnographic data would be useful to uncover possible
differences in sleep quality. Quality of life research has been very focused on HRQoL,
and “pure” QoL research would be interesting. This author would also like to see more
reporting of QoL outcomes according to relative birth weight. It is becoming increasingly
tenuous to assume that adults born preterm three or four decades ago represent the future
of today’s survivors, so comparing results to newer and younger cohorts could highlight
the progress that has hopefully taken place. Nevertheless, the health of these preterm
young adults will begin to deteriorate as they pass their youthful prime, possibly faster
than for controls, so continued investigation of their QoL is also important. The fact that
more recent studies show poorer HRQoL as the preterms grow older and the
methodologies improve is of course worrying and should galvanize the research
community.
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7. CONCLUSIONS

1. Is a very low birth weight (<1500 grams) preterm birth associated
with chronotype, sleep duration, or sleep quality at adult age?
Objective measurement of sleep with actigraphs revealed that a very low birth
weight is associated with an earlier chronotype in adults born preterm, but sleep
duration and quality do not differ.

2. Is preterm birth from the whole gestation range (<37 weeks) associated with
chronotype, sleep duration, or sleep quality at adult age?
Measurement of objective sleep timing and subjective chronotype did not reveal
any differences in chronotype, nor did sleep duration or sleep quality differ in
preterm young adults born at more moderate degrees of prematurity.

3. Is a very low birth weight (<1500 grams) preterm birth associated with
poorer health-related quality of life at adult age?
Assessment with the 15D instrument did not reveal poorer health-related quality
of life in very low birth weight young adults in general, but analysis by sex and
relative birth weight revealed that preterm women born small for gestational age
reported markedly poorer scores.
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