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Abstract

Adults born preterm (birth before 37 weeks of gestation) have several increased risk factors of
cardiovascular disease, including higher blood pressure compared with peers born at term.
Although more than 80% of preterm births are late preterm (34 to 36 completed weeks of
gestation), it is not clear to what extent the elevated risks are present in individuals with a history
of late preterm birth. The mechanisms by which preterm birth is associated with elevated risks of
cardiovascular disease, such as higher blood pressure, are unclear.

The aim of this study was to investigate the association of between preterm birth, throughout
its gestational age range, with blood pressure and cardiac autonomic regulation in young
adulthood in three cohort studies: the ESTER Preterm Birth study, the Helsinki Study of Very Low
Birth Weight Adults and the McMaster Cohort.

Adults born preterm had higher office-measured blood pressure, higher 24-hour ambulatory
blood pressure, higher blood pressure variability, lower cardiac parasympathetic- and higher
sympathetic autonomic regulation and slower heart rate recovery after exercise than their peers
born at term. The higher blood pressure, increased blood-pressure variability, changes in cardiac
autonomic regulation and slower post-exercise heart rate recovery seemed to be partially
associated with unfavorable body composition, reduced physical activity and female sex.

Those with a history of preterm birth have higher levels of risk factors of cardiovascular
disease than their peers born at term. As most of the risk factors, such as body composition and
physical activity are modifiable, adults born preterm may especially benefit from promotion of
healthy lifestyles and primary prevention.

Keywords: autonomic regulation, blood pressure, cardiovascular risk factor, heart rate
recovery, heart rate variability, parasympathetic, preterm birth, sympathetic
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Tiivistelmd

Ennenaikaisesti (ennen 37. raskausviikkoa) syntyneillé aikuisilla on todettu kohonneita sydin- ja
verisuonisairauksien riskitekijoitd tdysiaikaisena syntyneisiin verrokkeihin ndhden. Ennenaikai-
nen syntymaé on yhteydessd muun muassa aikuisidn kohonneeseen verenpaineeseen. Mekanis-
meja, joilla ennenaikainen syntyma on yhteydessa lisddntyneisiin sydén- ja verisuonisairauksien
kausviikoilla), valtaosa aiemmista keskostutkimuksista on tehty hyvin tai erittdin ennenaikaises-
ti syntyneilld. Sitd, ovatko sydén- ja verisuonisairauksien riskitekijdt koholla myds lievésti
ennenaikaisena syntyneiden ryhméssé, on tutkittu vihemman.

Viitoskirjatutkimuksessa selvitettiin, miten eriasteinen ennenaikainen syntyma on yhteydes-
sd aikuisidn kohonneeseen verenpaineeseen ja syddmen autonomiseen séételyyn kolmessa eri
kohorttitutkimuksessa: Pohjoissuomalaisessa ESTER-tutkimuksessa, Helsingin Pikku-K tutki-
muksessa ja kanadalaisessa McMaster-tutkimuksessa.

Ennenaikaisesti syntyneilld aikuisilla todettiin korkeampi verenpaine, korkeampi 24 tunnin
ambulatorinen verenpaine, suurempi verenpaineen vuorokausivaihtelu, vihentynyt parasympaat-
tinen- ja lisddntynyt sympaattinen syddmen séétely sekd hitaampi rasituksen jélkeinen sykepa-
lautuma. Kohonneet riskitekijit vaikuttivat olevan yhteydessé epiedulliseen kehonkoostumuk-
seen, vahentyneeseen fyysiseen aktiivisuuteen ja naissukupuoleen.

Ennenaikaisesti syntyneilld aikuisilla on verrokkeihin ndhden korkeampia sydén- ja verisuo-
nisairauksien riskitekijoitd. Néité riskejd on mahdollista ehkéistd, joten ennenaikaisesti syntyneet
aikuiset voivat erityisesti hyotya terveellisistd elaméntavoista.

Asiasanat: autonominen sddtely, parasympaattinen, syddn- ja verisuonitaudit,
sykepalautuma, sykevaihtelu, sympaattinen, verenpaine
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1 Introduction

Each year, roughly 15 million live-born infants, one out of nine, are born preterm
throughout the world (Blencowe ef al. 2012, Chawanpaiboon et al. 2019). Many
advances in neonatal care in recent decades have greatly improved survival of the
smallest infants born preterm. These advances have introduced a new cohort of
adults born preterm to the world. These individuals born preterm, or preterm at
very or extremely low birth weights are exposed to multiple adversities in early
life. Compared with their peers born at term, developed in a natural fetal
environment, preterm infants continue their early development in a substantially
different environment, such as in neonatal intensive care. Earlier research has
shown that these early adversities may bear long-lasting effects on later health
among those born preterm. Early programming has been proposed to lead to
permanent changes in body composition, body function and metabolism,
contributing to adult disease (Barker et al. 2007).

Preterm birth, and preterm birth at very low birth weight have been
associated with several increased risks of cardiometabolic disease in adulthood
and with increased rates of manifest cardiovascular disease such as hypertension,
heart failure, type 2 diabetes, metabolic syndrome and ischaemic heart disease
(Parkinson et al. 2013, Kajantie et al. 2014, Sipola-Leppédnen et al. 2014 and
2015, Luu et al. 2016, Crump et al. 2019, Lewandowski et al. 2020). Though the
majority of preterm births are late preterm, most of the earlier research has
focused on adults born with extremely or very low birth weight or born very
preterm. High blood pressure is the leading risk factor globally as regards death
and cardiovascular disease, accounting for more than 10 million deaths annually
(Lim et al. 2010, Stanaway et al. 2018). The mechanisms that lead to elevated
blood pressure in those born preterm are not clear. Impaired autonomic
regulation, an important risk factor of cardiovascular morbidities, may be one
mechanism contributing to elevated blood pressure and other cardiovascular risk
factors (Tsuji et al. 1996, La Rovere et al. 1998, Thayer & Lane 2007).

The goal of this thesis was to evaluate the association between preterm birth,
across its whole range, and risk factors of cardiovascular disease in three cohorts
of healthy adults. We evaluated blood pressure, blood pressure variability,
autonomic sympathetic and parasympathetic regulation of the heart, and heart rate
recovery after exercise among those born preterm. We also evaluated whether the
associations between preterm birth and elevated risks for cardiovascular disease
could be explained by body composition, reduced physical activity or sex.
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2 Review of the literature

2.1 Preterm birth

2.1.1 Prevalence of preterm birth

Approximately 15 million infants (11% of all live births) are born preterm
globally each year (Blencowe et al. 2012, Chawanpaiboon et al. 2019). The
number of preterm births varies substantially by region: in 2010, in Northern
European countries the preterm birth rate was around 5%, while it was 18% in
some African countries, and over 60% of all preterm infants were born in South
Asia and sub-Saharan Africa (Blencowe et al. 2012).

2.1.2 Definition of preterm birth

The World Health Organization (WHO 1977) categorizes births into three
gestational-age groups according to completed gestational age:

1. Pre-term birth: < 37 completed weeks (less than 259 completed days) of
gestation

2. Term birth: 37 to 41 completed weeks (259 to 293 days) of gestation

3. Post-term birth: 42 or more completed weeks of gestation

Preterm birth may be further divided into the following subcategories by
gestational age (Engle et al. 2007, Blencowe et al. 2012):

1. Extremely preterm (< 28 completed weeks)
2. Very preterm (28 to < 32 completed weeks)
3. Moderately preterm (32 to < 36 completed weeks)

However, as the majority of preterm births occur between 34 to 36 gestational
weeks, moderately preterm birth may be further split into a late-preterm group (34
to 36 completed weeks) and to a group born at weeks 32 — 33, which also can be
referred to as moderately preterm (Engle ef al. 2007). In 2010, 84% of preterm-
born individuals were born moderately or late preterm, 10% were born very
preterm and 5% extremely preterm (Blencowe et al. 2010). In this thesis, the
categorization of preterm births follows that used in recruiting participants of the
ESTER cohort study (Sipola-Leppénen 2015):

21



1. Early preterm (< 34 completed weeks)
2. Late preterm (34 to < 36 completed weeks)
3. Term (37 or more completed weeks)

Subgroups of infants born preterm can also be defined on the basis of their birth
weight:

1. Extremely low birth weight (ELBW; < 1000 g)
2. Very low birth weight (VLBW; < 1500 g)
3. Low birth weight (LBW; <2500 g)

However, a weight-based definition of preterm birth does not take into account
gestational age at the time of birth or other aspects which might affect weight,
such as intrauterine growth restriction. Therefore the small-for-gestational-age
criteria (SGA; more than two standard deviations below the mean, or < 10"
percentile) are commonly evaluated when weight-based categorization is applied.
SGA is defined on the basis of birth-weight curves, which might vary
significantly depending on the referred standard which may be based either on
measured birth weights or fetal weights estimated by fetal ultrasound
measurements. In this thesis birth weight SD scores were calculated according to
Finnish standards (Pihkala ez al. 1979).

2.1.3 Aetiology and risk factors of preterm birth

As illustrated in Figure 1, obstetric precursors with their approximate shares of
preterm births can be categorised in three groups (Goldenberg et al. 2008).

The most common indications for induced preterm labour include pre-eclampsia
or eclampsia and intrauterine growth restriction (IUGR), while the preterm births
initiated spontancously or by preterm premature rupture of the membranes
(PPROM) are the result of multiple causes such as infection, inflammation,
uteroplacental ischaemia, decidual senescence, cervical or vascular disease,
breakdown of maternal-fetal tolerance, stress, uterine overdistension and
unknown reasons (Romero et al. 2014, Goldenberg et al. 2008). The actiology is
not perfectly understood and the precise causal mechanisms often cannot be
defined; therefore, risk factors associated with preterm birth have been sought
(Goldberg et al. 2008).
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Causes of preterm birth

H Spontaneous preterm labour with
intact membranes (40 - 45% of
preterm births)

H Induced labour or caesarean
section due to maternal or fetal
indication (30 - 35% of preterm
births)

i Preterm premature rupture of the

membranes (25 - 30 % of preterm
births)

Fig. 1. Obstretic precursors of preterm birth. Modified from Goldenberg et al. 2008

The most common maternal, pregnancy-related and medical conditions elevating
the risk of preterm delivery are listed below. Many of these conditions may be
present at the same time and preterm birth may be the outcome of several risks
interacting.

Risk factors of preterm birth:
-~ Maternal risk factors

—  Ethnic background

— Single marital status

— Close temporal proximity of previous delivery
— Low socioeconomic and educational status

— Low and high maternal age

— Hard physical labour under stressful conditions
— Previous preterm delivery

— Obesity

— Low BMI

— High levels of psychosocial stress

— Smoking
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— Heavy alcohol use
— Use of cocaine and heroin

-~ Pregnancy-related risk factors:

— Multiple pregnancy

— Placenta praevia

— Placental abruption

— Polyhydramnios and oligohydramnios

—  Maternal medical conditions:

— Abdominal surgery during 2nd or 3rd trimester

— Thyroid disease

— Asthma

— Diabetes

— Hypertension

— Depression

(Goldberg et al. 2008, Blencove et al. 2012, Romero et al. 2014)

2.2 Developmental origins of health and disease (Dohad)

In the 1980s, epidemiologist David Barker and colleagues introduced the theory
that undernutrition in the womb was an important early origin of adult cardiac and
metabolic disorders as a result of fetal programming, which leads to permanent
changes in body composition, function and metabolism and contributes to adult
disease (Barker 2007). “Barker’s hypothesis” emerged from -earlier
epidemiological findings in birth- and death-record studies, which revealed
geographic correlation between infant mortality and certain causes of adult death
when the surviving infants were adults; there was a connection between prenatal
nutrition and late-onset coronary artery disease and a connection between size at
birth with rates of adult death from ischaemic heart disease (Barker 1986, Barker
et al. 1989, Barker et al. 1993). “Barker’s hypothesis” was then expanded to
cover the long-term effects of the length of gestation, in addition to birth weight
only.

Later on, “Barker’s hypothesis” was strengthened with mounting evidence
and has been extended to the widely accepted Developmental Origins of Health
and Disease (DOHaD) theory. The DOHaD theory suggests that prevailing
conditions during sensitive early developmental periods program human tissues
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and organs in a way that leads to altered function throughout life when adjusting
to prevailing environmental conditions (Barker 1998, Gluckmann 2008, Kajantie
et al. 2014). This altered function may then appear as an increased risk of chronic
disease.

The DOHaD field has since further expanded to cover the effects of
gestational age, in addition to birth weight, on later disease. Research has indeed
shown that those born preterm at very low birth weight have a higher incidence of
cardiovascular disease (Barker er al. 1989, Barker et al. 2005, Osmond et al.
1993, Kajantie et al. 2014 , Markopoulou et al. 2019, Lewandowski et al. 2020),
a higher risk of ischaemic heart disease (Crump et al. 2019), higher rates of
impaired glucose regulation (Hovi et al. 2007, Morrison et al. 2016, Markopoulou
et al. 2019), a higher risk of early heart failure (Carr et al. 2017), higher all-cause
mortality in young adulthood (Crump et al. 2011a), higher blood pressure and
more hypertension (Sipola-Leppénen et al. 2015, Hovi et al. 2016. Crump et al.
2011b). In women born preterm, higher rates of pre-eclampsia, gestational
diabetes and gestational hypertension have been reported (Boivin et al. 2012).

2.3 Cardiovascular disease

2.3.1 Epidemiology, pathophysiology and significance

Cardiovascular diseases (CVDs) are the leading cause of death globally, causing
up to 17 million (37%) premature deaths in 2015 (World Health Organization
2017). CVDs are disorders affecting the heart and blood vessels and can be
divided into two groups (Mendis et al. 2011):

1. CVDs due to atherosclerosis:

— Ischaemic heart disease or coronary artery disease (heart attack)

— Cerebrovascular disease (stroke) and

— Diseases of the aorta and arteries (including hypertension and peripheral
vascular disease)

2. Other CVDs:

— Congenital heart disease
— Rheumatic heart disease and
— Cardiomyopathies and cardiac arrhythmias
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In addition to these, the WHO also considers deep vein thrombosis and
pulmonary embolism as CVDs (World Health Organization 2017). 85% of CVD
deaths are caused by heart attack or stroke. The most important behavioural,
metabolic and intermediate risks (those affected by behavioural choices) and
other risk factors of heart attack and stroke are presented below. Of these risks,
hypertension is the leading risk factor as regards death and disease in adults,
accounting for up to 13% of global deaths, followed by tobacco use (9%), raised
blood glucose (6%), physical inactivity (6%) and overweight or obesity (5%)
(Mendis et al. 2011, Lewington et al. 2002, Lim et al. 2012). Most deaths
associated with these risks are due to CVDs. Atherosclerosis is one of the main
underlying processes leading to coronary artery disease and stroke, and
atherosclerotic cardiovascular disease starts early, even in childhood, with the
severity of the disease increasing with the number of cardiovascular risks listed
below (Mendis ef al. 2011, Berenson et al. 2008). The current study is focused on
the aetiology of CVDs related to atherosclerosis and on the risks and mechanisms
by which these risks, especially high blood pressure, are affected by preterm
birth.

Risk factors of cardiovascular disease:
— Behavioural

— Unhealthy diet

— Physical inactivity

— Tobacco smoking

— Harmful use of alcohol

—  Metabolic or intermediate risks

— High blood pressure

— Raised blood glucose

— Raised blood lipids

— Overweight and obesity

—  Other

— Poverty and low educational status
— Advancing age

— Gender (Male)

— Inherited disposition
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— Psychological factors (stress, depression)

— Air pollution

—  Other risk factors

(Berenson et al. 2008, Mendis et al. 2011, Lim et al. 2012, World Health
Organization 2017)

2.3.2 Blood pressure and blood pressure variability

High blood pressure is globally the leading single risk factor of death and
cardiovascular disease, which accounted for 9.4 million (95% CI 8.6 to 10.1)
deaths in 2010 and 10.4 million (95% CI 9.4 to 11.5) deaths in 2017 (Lim et al.
2010, Stanaway et al. 2018). In 2010, 31.1% (95% CI 30.0% — 32.2%) of the
world’s adults had hypertension (SBP > 140 mmHg, DBP > 90 mmHg or use of
antihypertensive medication) (Mills et al. 2016). High blood pressure is strongly
and directly related to vascular (and overall) mortality at levels down to at least
115/75 mmHg, with no evidence of a threshold (Lewington et al. 2002).

Blood pressure variability has been identified as an independent risk factor of
cardiovascular disease: increased short-term (ambulatory) variability in daytime
SBP has been associated with increased all-cause mortality (hazard ratio 1.10,
95% CI 1.04 to 1.16) (Stevens et al. 2016, Zawadzki et al. 2017). 24-Hour BP
variability and awake SBP variability independently predict organ damage, and
24-hour BP variability predicts atherosclerosis (Frattola et al. 1993, Tatasciore et
al. 2007, Mancia et al. 2010). Enhanced night-time SBP variability has been
associated with an excess risk of cardiac events in hypertensive patients
(Verdeccia et al. 1994, Verdeccia et al. 2007). Loss of nocturnal blood-pressure
decline (non-dipping) has been shown to predict organ damage and
cardiovascular mortality independently of blood pressure (Ohkubo et al. 2002,
Salles et al. 2016).

2.4 Cardiac regulation

2.4.1 Blood pressure regulation

Cardiac output is the product of heart rate (HR) and stroke volume (SV),
describing the amount of blood the heart pumps in a minute. Mean arterial
pressure (MAP) is a product of cardiac output and total peripheral resistance.
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Cardiac output and peripheral resistance are under the control of arterial
baroreflex and autonomic control system. At rest, heart rate is mainly controlled
by the parasympathetic vagus nerve, and vascular tone is sympathetically
mediated (Wehrwein et al. 2013). Heart rate is an outcome of interplay between
the sympathetic and parasympathetic nervous systems, where sympathetic
activation of the autonomic nervous system increases the heart rate, and
parasympathetic (vagal) activity decreases it. Heart rate is mainly controlled by
the autonomic nerves, but it is also regulated by baroreceptors, chemoreceptors,
pulmonary inflation, atrial receptors, and ventricular receptor reflexes.
Myocardial performance (e.g. contractility and heart rate) is also regulated by
several hormones, such as epinephrine, adrenocortical steroids, thyroid hormones,
insulin, glucagon, and anterior pituitary hormones. Alterations in blood O,, CO,
and H* concentrations also alter cardiac function directly by ion channels and by
reflex pathways via central and peripheral chemoreceptors (Pappano & Wier
2013). While the autonomic nervous system controls heart rate and thus blood
pressure in the short term (within seconds), the renin-angiotensin-aldosterone
system (RAAS) controls blood pressure in the longer term (minutes to days),
contributing to changes in extracellular fluid volume and blood pressure
homeostasis by adjusting the amount of renin in the circulation (Carey et al.
2018). Renin, angiotensin II and aldosterone act together to elevate arterial
pressure by way of sodium and water reabsorption in the kidneys (increasing
blood volume) and by increasing vascular tone (Fountain & Lappin 2020). Blood
pressure regulation is a highly integrated and complex system with multiple
overlapping systems acting simultaneously. In the present study, the focus is on
the autonomic control part of blood pressure regulation.

2.4.2 Autonomic cardiac regulation

Autonomic nervous system

The autonomic nervous system is the primary mechanism for controlling human
‘fight or flight’ and ‘rest and digest’ responses. Autonomic control is largely
operated unconsciously and it regulates heart rate, digestion, respiration, the
pupillary response, urination, and sexual functions. The autonomic nervous
system can be divided in two branches; sympathetic (SNS) and parasympathetic
(PNS) nervous systems, which operate simultaneously and commonly have
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opposite effects in target organs. Heart rate is mainly controlled by the autonomic
nervous system and the discussion in the present study is restricted to autonomic
control of the heart rate.

Sympathetic nerves emerge from the spinal-cord roots from thoracic segment
T; to lumbar segment L, and enter the paravertebral chain of ganglia.
Sympathetic preganglionic nerves are rather short and synapse mainly in stellate
and middle cervical ganglia, from which relatively long postganglionic nerves
lead to the heart and other target organs. The sympathetic postganglionic
neurotransmitter is norepinephrine, which acts on B receptors on the sinoatrial
(SA) node and increases Ca™ current in the SA action potential, eventually
accelerating firing in the SA node, the natural pacemaker region of the heart.

Parasympathetic nerves enter or originate in the spinal cord in cranial
segments III, VII, IX and X and in sacral segments S, — S4. Parasympathetic
regulation of the heart originates in the medulla oblongata, from where
preganglionic nerve fibres pass through the neck as the cervical vagus nerves;
they pass through the mediastinum and synapse with postganglionic nerves on the
epicardial surface or within the heart. Most of the cardiac parasympathetic ganglia
are located near the SA node or atrioventricular (AV) connective tissue. Vagal
stimulation depresses or even stops the SA node from firing for several seconds
and inhibits AV conduction by release of the neurotransmitter acetylcholine.
Muscarinic acetylcholine receptors react by increasing cardiac cell membrane K*
conductance, enabling a rapid vagal effect on SA and AV nodal function (latency
time 50 to 100 ms). Therefore, when vagal nerves are stimulated, the heart rate
decreases fast, attaining a steady-state value as rapidly as in 1-2 cardiac cycles.
Similarly, the heart rate returns quickly to its basal level when vagal activation is
discontinued. The sympathetic response on the other hand, due to the
neurotransmitter norepinephrine, decays more gradually (Schmidt & Thews 1989,
Noble et al. 2010, Pappano & Wier 2013).

Although sympathetic and vagal modulations interact constantly, under
resting conditions, vagal tone is more prominent and variations in heart rate are
mostly dependent on vagal activity (Levy 1971, Chess et al. 1975).
Parasympathetic effects overcome sympathetic influences as a result of two
independent mechanisms: cholinergic effects induce a reduction of
norepinephrine released in response to sympathetic activity, and there is
cholinergic attenuation of the norepinephrine stimulus (Task Force 1996).
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Autonomic dysregulation and cardiovascular disease

The connection between altered cardiac autonomic control and increased risks of
cardiometabolic disease, increased morbidity and increased overall mortality has
been consistently observed in a number of studies. Altered cardiac control has
been connected with an increased risk of new cardiac events (angina pectoris,
myocardial infarction, coronary heart disecase death, or congestive heart failure)
(Tsuji et al. 1996, Dekker et al. 2000), increased mortality in patients with recent
myocardial infarction (Kleiger ef al. 1987, Bigger et al. 1992, Bigger et al.1996,
La Rovere et al. 1998, Dekker et al. 2000, Huikuri et al. 2000), increased
mortality in patients with chronic heart failure (James et al. 1998), increased
mortality in patients without a history of cardiovascular complications (Kiviniemi
et al. 2014), and all-cause mortality (Bigger et al. 1992, Tsuji et al. 1994, Dekker
et al. 2000, Gerritsen ef al. 2001 Thayer et al. 2010).

Autonomic dysfunction may be especially hazardous for patients already at
an elevated risk of cardiovascular disease (diabetics, hypertensive patients,
patients with a history of CVD) (Gerritsen et al. 2000) Furthermore, evidence
suggests that autonomic imbalance is associated with increased CVD risk factors
(Thayer et al. 2010), such as hypertension (Liao ef al. 1996, Sighn et al. 1998,
Schroeder et al. 2003), diabetes (Liao ef al. 1995, Sighn et al. 2000, Carnethon et
al. 2003), high cholesterol (Kupari ef al. 1993, Christensen et al. 1999), smoking
(Hayano et al. 1990, Yotsukura et al. 1998, Minami et al. 1999), physical
inactivity (Rossy & Thayer 1998, Rennie et al. 2003, Sloan et al. 2003), obesity
(Pertetta et al. 1995, Karason et al. 1999) and work stress (Kang et al. 2004,
Hintsanen et al. 2007).

Heart rate recovery (HRR)

At the onset of physical exercise, the increase in heart rate results primarily from
withdrawal of the parasympathetic nervous control, and sympathetic activation
progresses and maintains exercise tachycardia more gradually when the exercise
reaches more vigorous levels (Arai et al. 1989, Pierpont ef al. 2013, Kluess et al.
2000). After the cessation of exercise, parasympathetic reactivation and
sympathetic withdrawal both contribute to heart rate recovery (HRR), but the
relative contributions from each arm are not fully clear (Pierpont ef al. 2013). An
earlier study by Savin et al. suggested that sympathetic withdrawal plays a bigger
role in immediate HRR after peak exercise, with the parasympathetic arm having
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an effect later during HRR (Savin ef al. 1982). However, Imai et al. found that
HRR 30 seconds after exercise was almost solely due to parasympathetic
reactivation and the finding was supported by Perini et al., who found plasma
epinephrine peaks 1 min after high-level exercise, consistent with high levels of
sympathetic activity remaining in the early phases of exercise recovery (Imai et
al. 1994 & Perini et al. 1989).

Heart rate remaining higher after exercise (decreased HRR), a likely indicator
of decreased parasympathetic activity, is an independent and powerful predictor
of cardiovascular disease, heart failure and overall mortality (Cole et al. 1999,
Nishime et al. 2000, Watanabe et al. 2001, Bilsel et al. 2006, Qui et al. 2017).
Abnormal HRR, even after submaximal exercise, has been shown to predict death
in an otherwise healthy cohort (Cole et al. 2000).

2.4.3 Baroreflex and baroreflex sensitivity

The baroreceptor reflex is the most important regulating mechanism as regards
short-term arterial blood pressure and heart rate. It helps to maintain blood
pressure at nearly constant levels during changes in posture, exercise, emotion,
and other conditions (Benarroch 2008, Adriessen et al. 2005, Lanfranchi &
Somers 2002). The baroreflex reacts to sudden changes in systemic blood
pressure by adapting heart rate and vascular resistance via autonomic nervous
system regulation: heart rate is mediated by both parasympathetic (vagal) and
sympathetic modulation and vascular resistance is mainly mediated by the
sympathetic nervous system (Adriessen et al. 2005).

As illustrated in Figure 2, the sensors in the baroreflex are located mainly in
the aortic arch and in the carotid artery sinuses. Baroreceptors are
mechanoreceptors that respond to stretching of the blood vessels caused by a
change in arterial pressure and they transduce the stretch into an electrical signal
in the afferent nerves connected to the medulla. The afferent aortic depressor
nerve and the carotid sinus nerve synapses in the nucleus of the solitary tract
(NTS). The parasympathetic baroreflex synapses in the nucleus ambiguous (NA)
before entering the sinoatrial node of the heart via the vagus nerve. The
sympathetic side of the baroreflex goes through the caudal ventrolateral medulla
(CVLM), continues through the rostral ventrolateral medulla (RVLM) before
entering the interomediolateral cell column in the spinal cord before finally
reaching heart and blood vessels (Wehrwein & Joyner 2013).
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The afferent discharges initiated by the baroreceptors due to changes in
arterial pressure trigger reflex adjustments that buffer or oppose the changes in
blood pressure: when arterial pressure is increased, the baroreflex initiates higher
parasympathetic activation and inhibits sympathetic activation, resulting in
deceleration of heart rate, decreased heart contractility, lower vascular resistance
and venous return. Vice versa, a decrease in arterial pressure leads to deactivation
of baroreceptors and thus enhanced sympathetic activity and vagal inhibition,
leading to accelerated heart rate, increased cardiac contractility, elevated vascular
resistance and increased venous return (Lanfranchi & Somers 2002, La Rovere et
al. 2008). There are significant differences in the time delay mediated by the
parasympathetic and sympathetic efferents: a rapid rise in arterial pressure
produces an immediate parasympathetic reaction (within 200 to 600ms), whereas
the reaction to sympathetic activation occurs after a 2-3s delay (La Rovere ef al.
2008). Therefore, the baroreflex ability to control rapid changes in blood pressure
is due to parasympathetic (vagal) but not sympathetic activity (La Rovere et al.
2008).

Carotid baroreceptors

Carotid sinus nerve

Sympathetic
vasomotor

Fig. 2. Simplified illustration of the baroreflex mechanism. Abbreviations: CVLM,
caudal ventrolateral medulla; NA, nucleus ambiguous; NTS, nucleus of the solitary
tract; RVLM, rostral ventrolateral medulla. Modified from Wehrwein & Joyner 2013.
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Baroreflex sensitivity (BRS) is used as a measure of the cardiovascular
autonomic system. It is classically defined as the slope of the blood pressure vs.
beat-to-beat relationship: beat-to-beat interval change (ms) per blood pressure
change (mmHg), plotted during a change in blood pressure induced by the
administration of adrenaline or sodium nitroprusside (Smyth et al. 1969, Korner
et al. 1974, Fritsch et al. 1989). However, spectral analyses have offered the
opportunity to use spontaneous changes in blood pressure and beat-to-beat
intervals to create a power spectrum without the need of pharmacological
intervention: cross-spectral analysis of blood pressure and beat-to-beat interval
fluctuations in the low-frequency band (LF; 0.04 to 0.15 Hz) have been shown to
be useful in creating an estimate of BRS (Andriessen ef al. 2005, de Boer et al.
1987, Robbe et al. 1987, Honzikova et al. 1992, Head et al. 2001). Low BRS has
been associated with an increased risk of cardiac mortality in patients with prior
myocardial infarction (La Rovere ef al. 1998) and among individuals without any
history of major cardiovascular complications (Kiviniemi ef al. 2014).

2.4.4 Measurements of cardiac autonomic control

Heart rate variability

Cardiac autonomic control can be noninvasively assessed through analysing the
oscillation between consecutive heart beats, known as heart rate variability
(HRV). HRV can be analysed from uncontrolled long-term (24-hour) ECG
recordings or from laboratory-controlled short-term (2 — 5 min) recordings. HRV
measurements can be divided into time-domain methods, frequency-domain
methods and geometric methods. This study is focused on the analysis of short-
term HRYV analysis in time and frequency domains. Geometric methods were out
of the scope of this study due to the fact that they would have required long-term
(24-hour) ECG recordings for appropriate analysis (Task Force 1996).

Time-domain methods

In time-domain methods, each QRS complex is detected from continuous ECG
records and the intervals between successive normal-to-normal (NN intervals) are
determined. The simplest way to evaluate time-domain HRV is to calculate the
standard deviation of the NN intervals (SDNN). However, SDNN is dependent on
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the length of the ECG recording and thus other measures have been developed.
The most commonly used time-domain variables are: the root mean square of
successive NN interval differences (rMSSD); NN50, the number of NN interval
differences greater than 50ms; and pNN50, the proportion of instances of NN50
divided by the total number of NN intervals. All of these time-domain measures
are highly correlated with each other. Out of these, calculation of rMSSD is the
recommended method for analysing short-term components of HRV and thus was
selected as a time-domain measure in this study (Task Force 1996).

Frequency domain

Various spectral methods have been introduced for analysing heart rate
variability: power spectral density (PSD) analysis provides an estimate of how
variance is distributed as a function of frequency. Spectral HRV analysis provides
information on how power (variability) is distributed as a function of frequency.
PSD can be evaluated by parametric and non-parametric algorithms, and one of
the most common methods used is non-parametric fast Fourier transformation
(FFT). As illustrated in Figure 3, spectral analysis by fast Fourier transformation
divides the total power of HRV into specific frequency components, representing
different underlying rhythms that the HRV signal is assumed to reflect. The power
spectrum of HRV can be divided into two main spectral components reflecting the
contributions from the two branches of the autonomic nervous system:
oscillations of low frequency (LF; 0.04 — 0.15 Hz) are attributed to baroreflex-
mediated influences and reflect both sympathetic and parasympathetic activity,
and oscillations of high frequency (HF; 0.15 — 0.4 Hz) are attributed to
respiratory-related changes (sinus arrhythmia) reflecting vagal (parasympathetic)
efferent activity to the heart (Pomeranz ef al. 1985, Pagani et al. 1986, deBoer et
al. 1987, Task force 1996, Schaffer ef at. 2014, Yiullarou et al. 2017). The LF/HF
ratio has traditionally been considered to be a marker of sympathovagal balance
(Pagani ef al. 1986, Malliani et al. 1991), though the validity of this marker has
been challenged (Billman et al. 2013). An illustration of time-domain and
frequency-domain results calculated by using Kubios heart rate analysis software
(version 3.3.1. https://www.kubios.com) is presented in Figure 4. A selection of
time-domain and frequency-domain variables is evaluated in this thesis, and their
descriptions and normal values are presented in Table 1 (Task Force 1996, Shafer
et al. 2014).
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Fig. 3. A simplified illustration of a signal distributed into time- and frequency-domain
components (modified from Wikimedia Commons 2021). In this thesis the fast Fourier
transformation method was applied in spectral analysis. Spectral analysis divides the
total power of HRV into components with different frequencies and amplitudes. The
HRV frequency ranges applied are: very low frequency (VLF < 0.04 Hz), low frequency
(LF 0.04 — 0.15 Hz) and high frequency (HF 0.15 — 0.40 Hz).
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Table 1. Selected time- and frequency-domain HRV measures, their descriptions,
normal values and physiological correlates. Modified from Task Force 1996 & Schaffer

et al. 2014.
Variable Unit Description Normal Physiological correlates in short
values term
(Mean £ HRYV recordings
SD)
Time domain
rMSSD* ms The square root of the mean of the 27 + 12 Parasympathetic activity
sum of squares of differences
between adjacent NN intervals
Frequency domain
LF ms?, %, Power in LF range (0.04 — 0.15 Hz) 1170 £ Parasympathetic activity,
n.u. 416 sympathetic activity and effects
mediated by baroreflex.
HF” ms?, %, Powerin HF range (0.15—-0.4 Hz) 975+203 Parasympathetic activity, heart
n.u. rate variations related to the
respiratory cycle.
LF/HF Ratio LF [ms?/HF[ms?] 1.5-2.0 Sympathovagal balance?

Controversial interpretation.

A HF is an approximate frequency domain correlate of rMSSD
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Pre-gjection period (PEP).

Heart rate variability measures are not perfectly equipped to capture sympathetic
nervous system activity, mainly due to the simultancous influence of vagal
components (Table 1; Task Force 1996). Pre-ejection period measurement is a
non-invasive method to assess cardiac sympathetic activity: under stable cardiac
preload and afterload conditions, changes in PEP reflect heart contractility
influenced by sympathetic, but not parasympathetic regulation (Larkin and
Kasprowicz 1986, Schichinger et al. 2001). PEP can be evaluated via thoracic
impedance cardiography and is defined as the time elapsed between the electrical
initiation of the heartbeat (Q wave in ECG) and the rapid rise of left ventricular
pressure up to the level of diastolic aortic pressure, when the aortic valve opens
(Figure 5).
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Fig. 5. Simplified illustration of the pre-ejection period: PEP is initiated at Q-wave
onset, including electromechanical delay (EMD; a-b), followed by isovolumic
contraction time (ICT; b-c). PEP ends with opening of the aortic valve when left
ventricular pressure reaches aortic pressure (c). (d) Denotes aortic valve closure.
Figure modified from Krohova et al. 2017.
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2.5 Long-term cardiovascular consequences of being born preterm

The care of preterm neonates has undergone very considerable development in
recent decades: assisted ventilation was introduced in the late 1960s, the use of
antenatal and postnatal corticosteroids was started in the 1970s, and in the 1980s
the use of exogenous surfactant was introduced (Philip 2005). In addition to
neonatal resuscitation, current key measures for improving the survival of infants
born preterm include thermal care, breastfeeding support and management and
prevention of infections (Howson 2012). These advances have changed the
prognosis of infants born at ~1kg birth weight in high-resource settings from 95%
mortality to 95% survival in 50 years (Philip 2005). This development has
introduced a whole new cohort of individuals with a history of very preterm birth
at very low birth weight who have now entered into adulthood. The health of
these preterm individuals who have now reached adulthood needs to be evaluated,
as we still do not know very much about the consequences of preterm birth in
adulthood. These individuals were exposed to early adversity in many forms due
to preterm birth, which may have had several have long-lasting consequences in
later life.

One of the most studied long-term outcomes of preterm birth is related to risk
factors of cardiovascular disease. Following list presents some of the main
findings concerning long-term consequences of preterm birth related to
cardiovascular disease risk:

—  Biochemical risk factors

— Impaired glucose regulation
— More atherogenic lipid profile

—  Behavioural risk factors

— Lower physical activity and less exercise
— Increased preference for fatty foods
— Lower intake of vegetables, fruit and milk products

- Risk factors associated with body composition and function

— Higher body-fat percentage
— Lower lean body mass

— Lower fitness

— Elevated blood pressure
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— Altered autonomic control
-~ Cardiovascular remodelling

— Reduced cardiac reserve

— Smaller cardiac left and right ventricular volumes

— Decreased vascularity and increased vascular stiffness
— Higher pulmonary and systemic vasculature pressure
— Reduced descending-aorta diameter

— Lower carotid and brachial arterial distensibility

—  Manifest disease

— Increased rate of hypertension
— Increased rate of early heart failure
— Increased rate of metabolic syndrome
— Higher risk of type 2 diabetes
— Higher risk of ischaemic heart disease

Higher risk of pulmonary vascular disease
(Lewandowskl et al. 2020, Hovi P et al. 2007, Morrison et al. 2016,
Mathewson et al. 2014, Sipola-Leppédnen et al. 2014, Sipola-Leppénen et al.
2015, Kajantie et al. 2004, Kajantie et al. 2010b, Kajantie et al. 2014, Hovi et
al. 2007, Kaseva et al. 2013, Svedenkrans et al. 2013, Parkinson et al. 2013
Tikanmaéki et al. 2014, Luu et al. 2016, Carr et al. 2017, Raju et al. 2017,
Matinolli er al. 2018, Bates et al. 2020, Flahaut et al. 2020).

2.5.1 Cardiometabolic outcomes of preterm birth

Preterm birth or preterm birth at ELBW/VLBW has been associated with several
increased risks of cardiometabolic disease in adulthood (Parkinson et al. 2013,
Kajantie et al. 2014, Sipola-Leppénen ef al. 2014, Sipola-Leppédnen et al. 2015,
Luu et al. 2016, Raju et al. 2017, Markopoulou et al. 2019, Lewandowski et al.
2020), including impaired glucose regulation (Hovi ef al. 2007, Morrison et al.
2016), increased rates of type 1 and type 2 diabetes (Crump et al 2019),
increased adiposity (Morrison et al. 2016, Makopoulou et al. 2019), more early
heart failures (Carr et al. 2017) and increased rates of metabolic syndrome
(Sipola-Leppénen et al. 2015). Previous research has connected preterm birth
with altered myocardial structural and functional differences, reductions in
systolic and diastolic function and in altered cardiac right-ventricular ejection
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fraction and stroke volume in adulthood (Lewandowski ef al. 2013a,
Lewandowski et al. 2013b). In a recent review it was concluded that preterm birth
occurring during an important period of fetal cardiovascular development leads to
an early physiological shift to a relatively hyperoxic environment with increased
systemic and decreased pulmonary vascular resistance, associated with reduced
cardiac reserve, smaller cardiac left and right ventricular volumes, decreased
vascularity, increased vascular stiffness and higher pulmonary and systemic
pressure in later life (Lewandowski et al. 2020). Another recent register study
showed the first evidence of a link between preterm birth and a higher risk of
ischaemic heart disease in adulthood (Crump ez al. 2019). Probably the most
extensively investigated risk factor associated with preterm birth is higher blood
pressure (Hovi et al 2007, Kajantie et al. 2014, Sipola-Leppénen et al. 2015),
which will be addressed in more detail below.

2.5.2 Office blood pressure in adults born preterm

Office blood pressure refers to blood pressure measured during a clinical visit,
commonly carried out by a nurse or a doctor using an automated or auscultatory
device. The association between preterm birth and elevated office blood pressure
in later life has been established in several studies (Table 2). An accumulating
number of studies on adults born preterm or with low or extremely low birth
weight have shown higher office SBP in preterm-born individuals when compared
with term controls (Irving et al. 2000, Kistner et al. 2000, Doyle et al. 2003,
Jarvelin et al. 2004, Hack et al. 2005, Johansson et al. 2005, Dalziel et al. 2007,
Hovi et al. 2007, Rotteveel et al. 2008, Indredavik Evensen et al. 2009, Keijzer-
Veen 2010, Lazdam et al. 2010, Thomas et al. 2011, Kerkhof et al. 2012,
Lewandowski et al. 2013, Tauzin et al. 2014, Sipola-Leppidnen et al. 2015,
Juonala et al. 2015, Morrison et al. 2016, Skudder-Hill et al. 2019).

An association between higher office DBP in adulthood and preterm birth has
also been reported in many studies (Doyle et al. 2003, Johansson et al. 2005,
Hovi et al. 2007, Lazdam et al. 2010, Thomas et al. 2011, Lewandowski et al.
2013, Tauzin et al. 2014, Sipola-Leppéanen et al. 2015, Juonala et al. 2015
Morrison et al. 2016, Skudder-Hill e al. 2019), whereas others have not observed
differences in DBP (Kistner et al. 2000, Hack et al. 2005, Indredavik Evensen et
al. 2009, Keijzer-Veen 2010). In a meta-analysis covering 10 studies in children
and adults (mean age 17.8 years) born preterm at a mean gestational age of 30.2
weeks a 2.5 mmHg (95% CI 1.7 — 3.3) higher office-measured level of SBP was
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observed among preterm-born individuals vs. controls (de Jong et al. 2012). In a
recent individual-participant meta-analysis covering nine VLBW cohorts with a
total of 1571 adolescents or young adults born VLBW and 777 controls it was
reported that adults born VLBW had 3.4 mmHg (95% CI 2.2 — 4.6) higher
systolic blood pressure and 2.1 mmHg (95% CI 1.3 — 3.0) higher diastolic blood
pressure, and the differences were more pronounced in women (Hovi et al. 2016).

Juonala et al. (2015) studied 41-year-old adults born preterm and SGA and
found 7.2 mmHg (95% CI 2.3 — 12.1) higher SBP in adults born preterm and SGA
compared with adults born preterm and AGA, and 7.3 mmHg (95% CI 5.2 — 9.4)
higher SBP in adults born preterm and SGA compared with controls born at term,
whereas there were no significant differences in blood pressure between adults
born preterm and AGA compared with adults born at term, suggesting that
elevated blood pressure is associated with intrauterine growth restriction rather
than prematurity per se. However, Hovi et al. (2016) showed that blood pressure
differences between adults born VLBW and controls were associated with
maternal pre-eclampsia, but the differences were similar regardless of fetal
growth disturbance, multiple birth, maternal smoking or postnatal complications
within the VLBW group.

A recent Swedish register study on 18-year-old military conscripts also
showed elevated systolic blood pressure and an increased risk of hypertension in
subjects born preterm, especially women (Skudder-Hill et al. 2019). Another
recent meta-analysis covered 20 studies on preterm-born adults (< 37 weeks of
gestation) and it was reported that prematurity was associated with 4.2 mmHg
(95% CI 3.0 — 5.5) higher systolic blood pressure and 2.3 mmHg (95% CI 1.2 to
3.3) higher diastolic blood pressure (Markopoulou et al. 2018). In a large Swedish
cohort of individuals born in 1973 — 1979 and followed to ages 25.5 — 37.0, it was
shown that individuals born preterm were more likely to be prescribed
antihypertensive medication than their peers born at term (Crump et al. 2011).

Ambulatory blood pressure in adults born preterm

As presented in Table 3, the association between preterm birth at ELBW/VLBW
and elevated 24-hour systolic and diastolic ambulatory blood pressure (ABP) in
adulthood has been reported in several studies (Doyle et al. 2003, Hovi et al.
2010, Roberts et al. 2014, Lewandowski et al. 2015, Haikerwal et al. 2020).
Significant differences are observed in both awake and sleep time ambulatory
blood pressure (Doyle et al. 2003, Roberts ef al. 2014, Lewandowski et al. 2015,

42



Paquette et al. 2018, Haikerwal ef al. 2020). In a recent meta-analysis covering
six studies evaluating ambulatory blood pressure measurements revealed 4.6
mmHg (95% CI 2.0 — 7.2) higher mean 24-hour systolic ABP and 1.7 mmHg
(95% CI 0.9 — 2.5) higher 24-hour diastolic ABP in adults born prematurely
(Markopoulou et al. 2018).

Hovi et al. found that blood pressure point estimates on the association
between VLBW and 24-hour blood pressure were greater among women than
men born VLBW, though the interaction of sex and birth weight group predicting
24-hour BP was statistically significant only for 24-hour diastolic pressure. (Table
3, Hovi et al. 2010). Similar observations were made in a later meta-analysis
which revealed 3.5 mmHg (95% CI 1.4 to 5.6) higher systolic ABP, and 1.6
mmHg (95% CI 0.04 to 3.1) higher diastolic 24-hour ABP in women born
preterm, but no such elevation in men (Parkinson et al. 2013). More recently,
Haikerwal et al. also reported more evident mean differences in ABP among
females than males (Haikerwal et al. 2020).

2.5.3 Blood pressure variability in adults born preterm

Although elevated systolic blood pressure variability has been connected with
increased overall mortality (Stevens et al. 2016), progression of organ damage
(Frattola et al. 1993), triggering of vascular events (Clement et al. 2003), and
hypertensive left ventricular hypertrophy (Parati et al. 2006), blood pressure
variability has been less-well studied among preterm-born individuals. Hovi et al.
(2010) reported 1.1 mmHg higher systolic daytime blood pressure standard
deviation in VLBW men compared with term-born men.
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2.5.4 Cardiac autonomic control in adults born preterm

Human autonomic nervous system development

A significant proportion of autonomic nervous system development occurs during
the 3™ trimester of pregnancy and this development is interrupted by preterm birth
(Sachis et al. 1982, Van Leeuven et al. 1999, Andriessen et al. 2005). The
interruption of gestation by preterm birth may have far-reaching consequences in
later autonomic regulation. Preterm birth has been connected with several adverse
outcomes in preterm infants’ cardiovascular and central nervous system functions,
such as higher heart rate, reduced blood pressure, lower parasympathetic
autonomic control, and reduced baroreflex function (Gournay et al. 2002, Patural
et al. 2004, Andriessen ef al. 2005, Longin et al. 2006, Witcombe et al. 2012 and
Fyfe et al. 2014). These disturbances may be attributed to altered development of
these systems following preterm birth (Fyfe ez al. 2014). Fetal autonomic nervous
system function goes through significant maturation during the course of
pregnancy (Kimura et al. 1996, Tsukasa et al. 1999, Fyfe et al. 2015): the
sympathetic branch is developed mainly in the 1% trimester, whereas short-term
heart rate variability, an index of parasympathetic autonomic control, increases
later during pregnancy (Van Leeuwen et al. 1999 and Wakai et al. 2004).

The heart rate in a human fetus increases to 175 pbm by the 9" gestational
week and declines thereafter to about 150 bpm by the 16" gestational week and
further to about 140 bpm at term (Van Lith ef al. 1992, Van Leeuwen et al. 1999).
It is assumed that the decrease in heart rate in the 3™ trimester of pregnancy is
mediated by an increase in autonomic parasympathetic activity which overrides
the accelerating influence of sympathetic tone (Van Leeuwen et al. 1999). Indeed,
whereas the sympathetic branch of the autonomic nervous system appears to
develop more rapidly in the 1* trimester of pregnancy, parasympathetic control
becomes more prominent later during fetal development and increases further
during the 3™ trimester (Wakai et al. 2004, Fyfe et al. 2014). This assumption is
supported by the findings of Sachis ef al. 1982, who found that the total number
of myelinated vagal (parasympathetic) fibres increased linearly with
postconceptional age, leading to fewer total myelinated vagal fibres in infants
born preterm compared with full-term infants or adolescents.

Infants born preterm have shown lower heart rate variability compared with
term-born infants, with parasympathetic activity primarily affected (Clairbault et
al. 1992, Longin et al. 2006, Patural et al. 2004, Fyfe et al. 2015). Preterm birth
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seems to reduce parasympathetic function at least to term-equivalent age (Eiselt et
al. 1993, Patural ef al. 2008) and this continues at least up to 5 — 6 months post-
term, when compared with infants born at term (Yiallourou et al. 2013).

Preterm birth and autonomic control in later life

Though the connection between preterm birth and reduced autonomic control in
preterm infants has been clearly established, it is less-well known how these
disturbances persist to adolescence and adulthood. It has been unknown whether
autonomic function differs between preterm-born adults and those born at term
and to what extent these possible alterations are due to parasympathetic and/or
sympathetic parts of the autonomic regulation.

Table 4 presents a summary of studies examining the association of preterm
birth with alterations in autonomic control in adolescence and adulthood. De
Rogalski Landrod et al. studied preterm-born children in the neonatal period, at
age 2 — 3 years and again at age 6 — 7 years and found decreased sympathetic
activity and more substantially decreased parasympathetic activity in the preterm-
born group compared with controls in the neonatal period, but at ages 2 — 3 and
ages 6 — 7 the differences had attenuated, suggestive of ANS function recovery to
a level similar to that in term-born controls in the first two years of life (De
Rogalski Landrod et al. 2007). In contrast, Haraldsdottir et a/. found that 12- to
14-year-old children born preterm had lower rMSSD values and reduced HRR
after maximal exercise, suggesting reduced parasympathetic activity in those born
preterm compared with controls (Haraldsdottir e al. 2018). Rakow et al. studied
children born preterm and children born term but small for gestational age
compared with normal-birth-weight controls, and found that ANS function was
significantly lower in both of the exposure groups compared with the normal-
birth-weight controls, suggesting that low body weight, whether due to preterm
birth or intrauterine growth restriction, affected ANS function at the age of 9 — 10
years (Rakow et al. 2013). However, Yiallourou et al. found that fetal growth
restriction was not associated with autonomic control at nine years of age, but,
surprisingly, appropriate for gestational age (AGA) preterm birth alone was
associated with elevated high-frequency HRYV, suggesting more powerful
parasympathetic response to blood pressure swings in AGA preterms compared
with term controls (Yiallourou et al. 2017).

Whether the autonomic impairment reported in children born preterm remains
in adulthood is less-well studied. Mathewson et al. found that parasympathetic
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regulatory capacity (HF) may be reduced in adults born at ELBW compared with
normal-birth-weight controls (Mathewson et al. 2015). Whereas the evidence on
autonomic control in children born preterm remains scattered, these studies
suggest that early adversity due to preterm birth may have an impact on
autonomic functioning in adolescence.

Two more recent studies concerned reduced heart rate recovery after maximal
exercise, an indicator of parasympathetic activity, in adults born VLBW
(Haraldsdottir et al. 2019) and in adults born preterm (Huckstep et al. 2020).
Impaired myocardial reserve seems to underlie reduced exercise capacity and
heart rate recovery in young adults born preterm (Huckstep et al. 2020). These
findings suggest that preterm birth and preterm birth at VLBW may be associated
with impaired parasympathetic regulation in adulthood. However, whether these
alterations exist in the preterm-born population and especially in the later
preterm-born population is not known. Additionally, to our knowledge, the
association of preterm birth with alterations in the sympathetic modulation of the
heart has not been reported. In the current study we aimed to explore further
whether these alterations seen in autonomic control and blood pressure regulation
persist in adulthood in those born preterm, and whether the alterations are seen in
those born late preterm.
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3 Aims and hypothesis

The overarching aim of this thesis was to clarify the association between preterm
birth with blood pressure and cardiac autonomic regulation in adulthood. We
hypothesized that preterm birth, across its entire range, is associated with elevated
ambulatory blood pressure, higher blood pressure variability, impaired autonomic
control (reduced HRV and shorter PEP) and reduced heart-rate recovery after
exercise. We also hypothesized that impaired cardiac autonomic regulation is
associated with higher blood pressure in adults born preterm. For this purpose, we
studied the ESTER cohort, the McMaster cohort and the HeSVA cohort. The
specific aims were:

1. Using ESTER, McMaster and HeSVA cohorts, to investigate whether adults
born preterm, compared with term-born controls, have increased risks of
elevated ambulatory blood pressure, higher blood pressure variability,
impaired cardiac autonomic control and reduced recovery after exercise. (I-
1v)

2. To study, in the ESTER cohort, whether these risks are present and similar in
adults born early preterm (< 34 weeks) and late preterm (34 to < 37 weeks)
vs. term. (I-111)

3. To investigate, in the HeSVA and McMaster cohorts, whether the risks of
elevated blood pressure and impaired autonomic regulation are present in
adults born at very low birth weight (VLBW, < 1500 g) or at extremely low
birth weight (ELBW, < 1000 g) compared with normal-birth-weight (NBW)
controls. (IV)

4. To evaluate, in the ESTER, McMaster and HeSVA cohorts, whether the
observed associations could be explained by sex, unfavorable body
composition, reduced physical activity, perinatal factors or childhood
socioeconomic status. (I-IV)

5. To see if the observed associations are replicable in another cohort with
preterm birth at very or extremely low birth weight as the exposure. (IV)
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4 Subjects and methods

We examined the relationship between preterm birth and cardiovascular risk
factors on the basis of data from three different cohort studies: 1) the ESTER
Preterm Birth Study (I, II, IIT), 2) the Helsinki Study of Very Low Birth Weight
Adults (IV), and 3) the McMaster Cohort (IV).

41 The ESTER Study (I, II, Ill)

4.1.1 Study population

The ESTER study (‘“Preterm birth and early life programming of adult health and
disease”) is a geographically based birth cohort study in Northern Finland carried
out in 2009 to 2011 (Sipola-Leppénen, 2015). The cohort study was established to
evaluate the effects of preterm birth and maternal pregnancy disorders on
adulthood health and wellbeing. The ESTER study has two sub-studies: 1;
ESTER Preterm Birth Study and 2; Maternal Pregnancy Disorders and Child’s
Health in Adulthood. In the current study, only subjects in the ESTER Preterm
Birth Study are included. The ESTER study was conducted as a joint effort by the
National Institute for Health and Welfare, the Institute of Health Science at the
University of Oulu, the Northern Ostrobothnia Hospital District and the
University of Helsinki. The study participants born in 1985 to 1986 were
recruited from the Northern Finland Birth Cohort (NFBC) and participants born
in 1987 to 1989 in Northern Finland were selected from the Finnish Medical Birth
Register (FMBR) (Sipola-Leppdnen, 2015). All those in the NFBC 1986 cohort
that were born preterm (< 37 weeks of gestation), exposed to maternal gestational
hypertension, pre-eclampsia or gestational diabetes were selected in the study.
From the FMBR, all individuals born before 34 weeks of gestation were selected.
Additionally, subjects fulfilling similar criteria (preterm birth, maternal
gestational hypertension, pre-eclampsia or gestational diabetes) were selected
randomly from the FMBR. Control subjects were selected randomly from both
the NFBC and the FMBR. In total, 2920 individuals were invited to join the
cohort, and in the present study, the data used concerned 149 participants born
early preterm, 248 participants born late preterm and 356 full-term controls
(Figure 6).
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4.1.2 Perinatal and neonatal data

Perinatal and neonatal data was collected from birth hospitals, maternal welfare
clinics and questionnaires. Gestational age was determined by reviewing original
hospital records. As the present work concentrates on the effects of preterm birth
in relation to cardiovascular risk factors, we included those born preterm and their
randomly selected controls in the study. In all ESTER studies, including those
included in this study (Articles I, II, IIT), the subjects were categorized into three
groups based on their gestational age:

1. Those born before 34 weeks of gestation (early preterm group, n = 149),
2. Those born from 34 to < 37 weeks of gestation (late preterm group, n = 248),
3. Those born at > 37 weeks of gestation (controls, n = 356)

Maternal gestational disorders (gestational diabetes, chronic or gestational
hypertension, and pre-eclampsia) were determined according to prevailing
medical guidelines. Birth weight SD scores were calculated according to Finnish
standards (Pihkala er al. 1979). Small for gestational age was defined as more
than two standard deviations (SDs) below the mean.

4.1.3 Questionnaire

The participants were requested to complete an electronic questionnaire prior to
the clinical visit or on paper during or after the visit. The questionnaire included
questions on lifestyle, medication, medical history and socioeconomic status
(SES). Parental educational attainment was chosen as an indicator of childhood
SES. Self-reported physical activity, daily smoking and the amount of weekly
alcohol doses were also recorded.

4.1.4 Clinical examination

The subjects participated in clinical examinations at a mean age of 23.3 years at
clinics in Oulu, Kemi, Kuusamo, Raahe, Rovaniemi and Ylivieska (Sipola-
Leppinen 2015 and Tikanméki 2018). The participants had fasted overnight prior
to the clinical visit. Blood pressure was measured by an experienced study nurse
with the participants in a seated position. After a five-minute rest period BP was
measured from the participant’s upper right arm, using an automatic oscillometric
blood pressure monitor (Intellisense M10-IT, cuff size 22-42 cm; Omron
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Healthcare Co., Ltd., Kyoto, Japan). A mean value was recorded from three
successive measurements. Height (cm) was measured three times by using a
portable stadiometer and the mean value was recorded. Body composition
(weight, lean body mass, fat mass and body fat percentage) was measured by
segmental multi-frequency bioelectrical impedance analysis (InBody 3.0,
Biospace Co., Seoul, Korea). BMI was calculated the basis of height and weight.
The participants were offered a heart rate monitor (RS800CX and WearLink
WIND transmitter, Polar Electro Oy, Kempele, Finland) at the beginning of the
examination and R-R intervals were recorded throughout the examination day.

4.1.5 Ambulatory measurements ()

To enable 24-hour blood pressure assessment, volunteer subjects were given
ambulatory blood pressure (ABP) monitors (Spacelabs 90207, Spacelabs Medical,
Inc., WA, U.S.A.) after the clinical examination day. The subjects wore a cuff on
the non-dominant upper arm for 24 hours and blood pressure was measured every
20 minutes during the day (7:00 to 22:00 h) and every 30 minutes at night (22:00
to 07:00 h). Sleep-wake rhythm was measured with an accelerometer (GT1M;
ActiGraph, Inc., Pensacola, FL) worn in the wrist simultaneously with ABP
measurement. The subjects were instructed to keep a sleep log reporting bedtimes
and wake-up times. The participants returned the ABPs and accelerometers after
the 24-hour recording period for data download. The accuracy of the sleep log
was visually inspected against the raw accelerometry data and night-time data
was removed when inconsistent against the accelerometry data or if the bedtime
information was missing. When the reported wake-up time was inconsistent or
missing, it was estimated from the accelerometry data. The time of sleep onset
was estimated by using ActiLife software (ActiLife 5.10.0; ActiGraph Pensacola,
FL, U.S.A.) using the Sadeh algorithm (Sadeh et al. 1994). For those who had no
accelerometry data available (60 subjects) BP when sleeping was defined as that
between 01:00 and 07:00 h, and awake BP was defined as that between 09:00 and
23:00 h. Those with less than 15 BP measurements when awake, or less than eight
measurements when sleeping, were excluded from the respective awake/sleep and
24-hour analyses. As described in Figure 7 (Article I), those who used
antihypertensive medication, were pregnant or had insufficient or no ABP data
available were also excluded from the analysis. After these exclusions the mean
ABPs (mmHg) and BP standard deviations (mmHg, indicator of BP variability)
were calculated for the subjects’ 24-hour, awake- and sleep times.

58



Recruited to the ESTER study, N = 2920
¢ The Northern Finland Birth Cohort 1986, N = 1505
. Finnish Medical Birth Register, N = 1415

Non-participants according to the invitation group:
* Preterm, N =559

* Maternal pregnancy disorder, N = 587

* Controls, N =613

Participated in the ESTER study, N = 1161

Participated to substudy “Maternal pregnancy
disorders and child’s health in adulthood” (born at
term), N = 382

Participated to substudy: “Preterm birth and child’s health in adulthood”, N = 779

Excluded from the analysis:

* Antihypertensive medication, N =2
* Pregnant,N=5

* Insufficient or no ABP data, N = 555

‘ Sufficient ambulatory blood pressure data, N = 217 ‘

‘ Early preterm, N = 42 | ‘ Late preterm, N =72 | ‘ Controls, N =103 ‘

Fig. 7. Flowchart of the study population (Article I). Modified from Sipola-Leppénen et
al. 2015

4.1.6 Autonomic control measurements (ll)

Resting cardiac autonomic control was addressed in Articles II and IV. Article 111
focused on the reactivation of the parasympathetic nervous system after exercise
stimulus. Beat-to-beat heart rate intervals were recorded throughout the clinical
examination day, but we visually selected most stationary 3 — 5 min R-R periods
with the lowest mean HR for analysis at the beginning of the examination day
(Article II). The data used was recorded during a 10- to 15-minute interview
conducted by a study nurse, with the subject in a seated position while breathing
at spontaneous breathing frequency (Article II). R-R intervals were visually
inspected for artifacts and ectopic beats and replaced with local averages where
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necessary. Sequences with more than 10 consecutive ectopic beats or noise were
deleted. R-R intervals over at least three minutes and a minimum 90% of
acceptable R-R intervals were included in the analysis.

In the time domain we calculated geometric mean HR and root mean square
of successive differences (rMSSD) and in the frequency domain, using a fast
Fourier transformation algorithm, low frequency (LF) power (LFP) (0.04-0.15
Hz), high frequency (HF) power (HFP) (0.15-0.40 Hz), and the ratio between LF
and HF (LF/HF ratio) were calculated using Hearts software (Hearts 1.2 software,
University of Oulu, Oulu, Finland). HFP and rMSSD were considered as
measures of autonomic parasympathetic activity (Task Force 1996) and variation
in HFP was considered to quantify the amplitude of variation in respiratory
frequency (0.20-025 Hz) (Ekberg et al. 2003). LFP was also considered as a
measure of parasympathetic activity, but it was considered to include some
influence from sympathetic- and baroreflex-mediated effects (Task Force 1996,
Julien et al. 2006). The LF/HF ratio was calculated as a marker of sympathovagal
balance, though there was some controversy as to its interpretation (Billman et al.
2013). The outcome measures were skewed and thus transformed into natural
logarithms (In) prior to analysis, and were subsequently transformed back again
and reported in a untransformed form. Prior to the analysis we excluded those
who had mental or physical disabilities, had reported cerebral palsy, were
pregnant or used beta blocker medication (Figure 8).
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Invited
n=1980

v

Participated (gestational age confirmed)
n=753
(149 early preterm, 248 late preterm, 356 controls)

v

Appropriate HR data available
n =638
(126 early preterm, 212 late preterm, 300 controls)

Excluded participants with
- Mental disability n = 2

- Physical disabilityn = 2
- Cerebral palsy n =4

- Pregnantn=15

- Beta-blockerusen=1

Excluded participants with
insufficient HR data quality n = 14

Participants with sufficient HR data
n =600
(117 early preterm, 207 late preterm, 276 controls)

Fig. 8. Flowchart of the study population (Article Il). Modified from Karvonen et al.
2019a.

4.1.7 Heart rate recovery measurements (lll)

The subjects underwent an Astrand-Ryhming (Astrand-Ryhming 1954) step-test
exercise, during which they stepped on and off a bench (33 cm high for women
and 40 cm for men) repeatedly for four minutes at a pace of 23 steps per minute,
paced by a metronome (Article III). Peak heart rate (HR) was determined by
calculating the 10-beat median at the time of test cessation. Subsequently we
recorded median HR at 30 seconds and 60 seconds after test cessation. Heart rate
recovery (HRR) was calculated as peak HR — HR at 30 seconds after exercise
cessation (HRR30s) and as peak HR — HR at 60 seconds after exercise cessation
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(HRR60s). We also calculated the steepest 30-second slope during the first 60
seconds of the recovery period from the median HR data. Matlab software,
version 7.14 (MathWorks, Natick, Massachusetts), was used for calculating all
HRR measures. The HRR measures selection procedure is presented in Figure 9.

180

160

60

40

Step test cessation
(4 min). Peak HR.

60

120 180 240 300 360
Time (s)

Fig. 9. HRR data selection. Modified from Karvonen et al. 2019b.

The study population selection process is presented in Figure 10. After excluding
those with mental or physical disabilities, who had reported cerebral palsy, were
pregnant or used beta blocker medication, a total of 103 participants born early
preterm (< 34 weeks), 178 born late preterm (34-36 completed weeks), and 264
controls with adequate HR data were included in the analysis.
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Invited
n=1980

Y

Participated (gestational age confirmed)
n=753
(149 early preterm, 248 late preterm, 356 controls)

v

Appropriate HR data available
n =563
(110 early preterm, 181 late preterm, 272 controls)

Excluded participants with
- Mental disabilityn =1

- Physical disabilityn= 1
- Cerebral palsy n =2

- Pregnantn=12

- Beta-blocker usen=2

Participants with sufficient HR data
n =545
(103 early preterm, 178 late preterm, 264 controls)

Fig. 10. Flowchart of the study population (article Ill). Modified from Karvonen et al.
2019b.

4.2 The Helsinki Study of Very Low Birth Weight Adults (V)

4.2.1 The study population

The Helsinki Study of Very Low Birth Weight Adults (HeSVA) is a longitudinal
birth cohort study aiming to assess the effects of preterm birth at VLBW on health
and wellbeing in adulthood (Hovi et al. 2007). The original HeSVA study cohort
was comprised of 335 VLBW infants born between 1978 and 1985 who were
treated at the intensive care unit of the Children’s Hospital, Helsinki University
Central Hospital, Finland. Controls in the HeSVA cohort were selected in 2004 to
2005 from the birth hospital records by choosing the next available singleton
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term-born infant of the same sex, and birth weight appropriate for its gestational
age (normal birth weight; NBW) (Hovi ef al., 2007). A total of 255 VLBW
subjects and 314 NBW control subjects living in the greater Helsinki area were
contacted utilizing the Population Register Centre of Finland. Out of those
contacted, 166 VLBW subjects and 172 NBW controls, group-matched for sex,
age and birth hospital agreed to participate (Hovi ef al. 2007). From these, a
random sample of 56 VLBW subjects and 44 NBW controls were invited to take
part in clinical examinations and ECG recordings in 2005.

4.2.2 Clinical examination and measurements

Participants in the HeSVA cohort attended a clinical visit at the Department of
Psychology, University of Helsinki, Finland (Pyhéla et al. 2009, Mathewson et al.
2015, Hovi et al. 2009). Their heights and weights were measured. Heart rate and
office blood pressures were measured two times from the subjects’ right arm via
an automatic sphygmomanometer (Omron HEM-773-E, Omron Healthcare
Europe, Hoofddorp, the Netherlands) and mean values were calculated (Hovi et
al. 2007). The participants were standing alone in a closed laboratory room when
a 5S-minute ECG recording was collected using a modified lead II configuration.
Pre-ejection period (PEP) was recorded simultaneously with the ECG via four
external impedance electrodes on the front and back of the torso. R-R interval
data was assessed using Biopac Acknowledge 3.8.1 software (Santa Barbara,
CA). Indices of autonomic control (high frequency power (InHF), low frequency
power (InLF) and PEP) and blood pressures (SPB and DBP) were calculated
offline from the 5-min resting ECG recording in its entirety, using WinCPRS
software (Absolute Aliens Oy, Turku, Finland). Blood pressure was monitored by
a Finometer (FMS, Amsterdam, the Netherlands), a non-invasive, beat-to-beat
finger photoplethysmograph, which was validated against mercury
sphygmomanometers (Pyhélé et al. 2009).

4.3 The McMaster Cohort (IV)

4.3.1 The study population

The McMaster Cohort comprised 397 ELBW subjects born weighing 501 to
1000g, whose gestational age ranged between 23 to 34 weeks. They were
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recruited at birth between 1977 and 1982 from a geographically defined region in
southwestern Ontario, Canada. Age-, sex- and socioeconomically matched NBW
(birth weight > 2500g) controls were selected at eight years of age. ELBW
subjects were assessed at ages 3, 5, 8, 14, 22 to 26 and 30 to 35 years. At young
adulthood assessment (22-26 years), 142 ELBW subjects participated and ECG
data was successfully recorded in 67 ELBW and 80 NBW control subjects. In the
adult (30 to 35 years) visit, appropriate ECG data was recorded in 55 ELBW
subjects and 56 NBW controls.

In Article IV we addressed questions concerning the effects of preterm birth
and sex on autonomic and blood pressure regulation. Young adult participants
born at VLBW in Finland (HeSVA) and at ELBW in Canada (McMaster cohort)
were combined with their respective controls to form the FinCan cohort
(Mathewson ef al. 2014). Autonomic and blood pressure regulation was examined
again in the Canadian participants a decade later, at age 30-35 years.

4.3.2 Clinical examination and measurements

At the McMaster cohort young-adulthood assessment (22-26 years), the
participants sat quietly in a comfortable chair while resting ECG was recorded for
two minutes via two disposable ECG electrodes placed on the medial forearms.
R-R interval data was analysed offline and autonomic measures (RRI, InHF and
InLF) were calculated using IBI Analysis software (James Long Company,
Caroga Lake, NY). Blood pressures were collected during the same assessment
using an ambulatory blood pressure monitor. At the McMaster adulthood
assessment (30-35 years), resting ECG measurements were recorded for six
minutes using a Finometer (Finapres Medical Systems BV, Arnhem, the
Netherlands) with electrodes placed below the right clavicle and on the lower left
rib area in a modified lead II configuration. Autonomic measures (RRI, InHF and
InLF) were calculated from the Finometer data. At the adult assessment, blood
pressures (SBP and DBP) were measured in a seated position using a BpTRU
device (BpTRU Medical Devices, Coquitlam, BC, Canada). Body composition
was assessed in the mature adult assessment via dual-energy radiograph
absorptiometry on a GE Lunar Prodigy Advance scanner (Model #8743, GE
Healthcare, Mississauga, Ontario, Canada).
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4.4 Statistical methods

Data were analysed using SPSS for Windows software, versions 22.0, 24.0 and
25.0 (IBM SPSS Statistics, IBM Corporation, Armonk, NY). We presented
descriptive statistics for the study groups as frequencies of categorial variables or
as mean values and SDs. Group differences were tested using analysis of
variance, Pearson’s 2 test, or Student’s ¢ test. Data normality was tested via
histograms and the measurements were transformed to natural logarithms (In)
prior to analysis but were transformed back again and reported in untransformed
form when necessary. To assess differences between the exposure groups (early
preterm / late preterm / VLBW / ELBW) and controls we used linear regression
models to adjust for covariates, as described in Table 5. We based our estimates of
study power in clinical studies on our previous studies and existing literature. For
example, with a power of 0.80 and an alpha value of 0.05, two-way comparisons
of SBP, DPB, rMSSD, HFP and LFP (Article II) allowed us to detect a 0.31 SD
difference between the early preterm group (N = 117) and the control group (N =
276). With a power of 0.90 and an alpha value of 0.01, the corresponding
difference is 0.43 SD.

Covariates used in linear regression models assessing the association between
preterm birth vs. ambulatory blood pressure and its variability in adults born
preterm (I) were:

—  Model 1: Age and sex. Additionally, models for BP when awake/asleep
included the variable of whether or not sleep was assessed by accelerometry.

-~ Model 2: Model 1 plus parental educational level, mother’s BMI before
pregnancy, gestational or chronic hypertension, pre-eclampsia, gestational
diabetes mellitus, and birth weight SD score.

-~ Model 3: Model 1 plus parental educational attainment, height, BMI, physical
activity, and smoking.

Covariates in linear regression models assessing the association between preterm
birth and cardiac autonomic control in adults born preterm (II):

- Model 1: Age, sex, cohort of recruitment, and season of clinical examination.

—  Model 2: Model 1 plus birth weight SD score, gestational diabetes mellitus,
gestational hypertension, maternal pre-eclampsia, parental education, and
parental smoking.

—  Model 3: Model 2 plus smoking, BMI, height, and physical activity.
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Covariates in linear regression models assessing the association between

preterm birth and postexercise heart rate recovery in adults born preterm (I11):

Model 1: Age, sex, and recruitment cohort.

Model 2: Model 1 plus birth weight SD score, gestational diabetes mellitus,
gestational hypertension, parental education, maternal smoking.

Model 3: Model 2 plus smoking, BMI, height, and physical activity.

Covariates in linear regression models assessing sex-specific differences in

cardiac autonomic and blood pressure regulation in low-birth-weight survivors at

the young adult (22-26 years) assessment (IV):

Model 1: Age, sex and cohort.

Model 2: Model 1 variables plus highest parental educational level (as an
estimate of childhood socioeconomic status) and maternal smoking during
pregnancy.

Model 3: Model 2 variables plus height.

Model 4: Model 3 variables plus BMI.

Covariates in linear regression models assessing sex-specific differences in

cardiac autonomic and blood pressure regulation in low-birth-weight survivors at
the adult (30-35 years) assessment (IV):

Model 1: Age and sex.

Model 2: Model 1 variables plus parental educational level and maternal
smoking.

Model 3: Model 2 plus height and percentage body fat.
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4.5 Ethics

The ESTER Study (I-IIT) was approved by the Ethics Committees at Helsinki and
Uusimaa, and Northern Ostrobothnia Hospital Districts. HeSVA (IV) was
approved by the Ethics Committee of the Department of Children’s and
Adolescents’ Diseases and Psychiatry at Helsinki University Central Hospital.
The McMaster cohort (IV) Ilaboratory procedures were approved by the
participating university and hospital research ethics boards.
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5 Results

5.1 Background characteristics (I-1V)

The neonatal and current characteristics of the ESTER, HeSVA and McMaster
cohort’s participants are presented in Table 6. As expected, in each cohort, the
exposure-group participants (early- or late preterms, ELBWs or VLBWs), in
addition to shorter gestational age and lower birth weight, were more often born
small for their gestational age than controls born at term. As presented in Table 6,
preterm-born participants were younger than controls in the ESTER study and in
the combined HeSVA and McMaster young-adult cohort. The VLBW/ELBW
participants were also shorter in the young-adult assessment and in the McMaster
adult assessment. ELVW/VLBW women were also lighter than control women in
the HeSVA study and McMaster young-adult assessment. Women and men born
preterm or with ELBW/VLBW had similar BMI as their peers born at term in all
three cohorts.

5.2 Office blood pressure (I-1V)

The association between preterm birth or preterm birth at ELBW/VLBW and
office blood pressure in adulthood was reported in all four articles (I — IV). In the
ESTER study (Article IT), adults born early preterm had 3.5 mmHg higher office
SBP and 2.8 mmHg higher office DBP compared with controls born at term,
when adjusted for age, sex, recruitment cohort, and season of clinical examination
(model 1, Table 7, Figure 11). Adults born late preterm had 2.2 mmHg higher
office SBP and 1.7 mmHg higher office DBP when compared with controls
(model 1, Table 7, Figure 11). In the combined HeSVA and McMaster young-
adult subset (age 19-26 years) SBP and DBP were similar in the ELBW/VLBW
group and controls (Table 7). However, a decade later, in the McMaster adult
assessment (age 29-35 years), those born with ELBW had 5.4 mmHg higher SBP
and 3.9 mmHg higher DBP, when adjusted for age and sex (Table 7). As
illustrated in Figure 11, the differences in blood pressure tended to be more
prominent with increasing exposure (shorter gestational age or lower birth
weight) and with increased chronological age.
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5.3 Ambulatory blood pressure and blood pressure variability (I)

5.3.1 Mean ambulatory blood pressure

Ambulatory blood pressure and blood pressure variability in adults born preterm
were analysed in the ESTER study and reported in Article I. We found that adults
born early preterm had 5.5 mmHg higher mean 24-hour SBP, 6.4 mmHg higher
awake time SBP and 3.9 mmHg higher sleeping SBP when adjusted for age, sex
and the use of accelerometry, compared with term controls (Table 8, Figure 11,
model 1). Mean 24-hour DBP was 3.2 mmHg higher and awake DBP was 4.2
mmHg higher (Table 8, Figure 11, model 1) in the early preterm group and mean
DBP during sleep was similar in the early preterm and control groups. Although
the difference in ambulatory blood pressure was present during awake and
sleeping hours, it seemed to be more pronounced while awake.

When model 1 was supplemented with perinatal factors (parental education,
mother’s BMI before pregnancy, gestational or chronic hypertension, pre-
eclampsia, gestational diabetes mellitus, and birth weight SD-score (Article I,
model 2) the results were attenuated and remained statistically significant as
regards 24-hour and awake SBP but were no longer significant as regards 24-hour
DPB, awake DBP and sleep SBP. When model 1 was supplemented further with
current characteristics (parental education, height, BMI, physical activity, and
smoking; Article I, model 3), the results remained similar. For adults born late
preterm, the differences were smaller and not statistically significant (Table 8,
Figure 11). When the length of gestation was analysed as a continuous variable,
we found that lower gestational age was associated with higher mean 24-hour and
awake ambulatory blood pressure, but not with mean sleeping ambulatory blood
pressure. Our findings suggested a dose-response relationship between the degree
of prematurity and elevated blood pressure in adulthood.

Although there were no statistically significant interactions between sex,
early preterm birth and ambulatory blood pressure (P > 0.08 as presented in
Supplementary Table 8 in Article I), we analysed the differences separately for
women and men because the results of previous studies have suggested that the
association between preterm birth and blood pressure may differ according to sex.
The differences between adults born early preterm and controls were seen in
awake SBP for both sexes (P = 0.02). The difference in 24-hour SBP was more
prominent with men born early preterm compared with their controls than with
women vs. their controls (men: 7.9 mmHg, P = 0.02; women: 3.9 mmHg, P =
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0.07). The differences in 24-hour DBP and awake DBP were higher with women
born early preterm than with control women, whereas in men the differences were
non-significant. In the late preterm group, the differences were statistically
significant only for men: men had 5.9 mmHg higher 24-hour SBP and 3.9 mmHg
higher 24-hour DBP than control men.

5.3.2 Blood pressure variability

Blood pressure variability was evaluated by measuring the standard deviations
(SDs) of individual values in 24-hour, awake and sleeping time systolic- and
diastolic blood pressure, and the results were reported in Article I. As summarized
in Table 8, we found that adults born early preterm had 1.7 mmHg higher SDs of
24-hour SBP and DBP, 1.3 mmHg higher SD of awake SBP and 1.0 mmHg
higher SD of awake DBP when adjusted for age, sex and awake and sleep values
with the use of accelerometry (Article I, model 1). When sleeping, the SD of DBP
was 1.5 mmHg higher in the early preterm group, but the SD in SBP while asleep
was similar in the early preterm and term control groups (Article I, model 1). We
also found a 2.6 mmHg higher difference between awake and sleeping time SBP
SD in the early preterm group when compared with term controls.

When adjusting further with current characteristics (Article I, model 3), the
results remained similar. The differences were attenuated slightly, but remained
mainly significant, when adjusted for perinatal characteristics (Article I, model 2).
For adults born late preterm, the differences with the term group were smaller and
not statistically significant, except for 24-hour DBP SD, which was 0.8 mmHg
higher and for sleep SBP SD, which was 0.8 mmHg higher. When the length of
gestation was analysed as a continuous variable, we found that shorter length of
gestation was associated with larger SDs of ambulatory blood pressure, with the
exception of sleep time SBP SD.
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5.4 Cardiac autonomic control (ll, IV)

In sections 5.2 and 5.3 evidence is presented of a dose-response relationship
between shorter gestational age and higher blood pressure and blood pressure
variability in adulthood. Mean arterial blood pressure is a product of cardiac
output and total peripheral resistance. Cardiac output is a product of heart rate and
stroke volume. Cardiac output and vascular resistance are controlled by the
autonomic nervous system; at rest HR is controlled mainly by the
parasympathetic branch and vascular tone is mainly controlled via the
sympathetic nervous system (Wehrwein et al. 2013). Therefore, assessment of
HRYV (indicating parasympathetic autonomic system activity) and PEP (indicating
autonomic sympathetic activity) may in part help to explain the observed
differences in BP. To expand the plausible mechanisms underlying the observed
blood pressure differences, we addressed cardiac autonomic control, measured by
heart rate variability in Articles II and IV. The correlations between office blood
pressure and autonomic measures are presented in Article II, Table VI; tMSSD,
LF and HF were inversely correlated with SBP and DBP (Ps < 0.002), though the
correlation coefficients were small (r ranged from -0.13 to -0.25).

Table 9 and Figure 12 show mean differences in resting heart rate variability
between the preterm or ELBW/VLBW-born groups compared with controls in the
ESTER, HeSVA and McMaster cohorts. In the ESTER cohort, the point estimates
of mean differences in rMSSD, LFP and HFP, describing the activity of cardiac
vagal modulation of the heart, were negative and the differences were statistically
significant only for rMSSD in the early preterm group and for LFP in the late
preterm group. In McMaster cohorts, the mean LFP differences were negative but
not statistically significant. The point estimate of mean HFP difference was
negative in the McMaster young-adult cohort and positive in the adult assessment,
though the differences were not statistically significant.

We also addressed sympathetic modulation of the heart in Article IV by
evaluating the pre-ejection period (PEP) of the heart in the HeSVA cohort. We
found that those born ELBW/VLBW had a 6.8 ms lower PEP compared with
normal-birth-weight controls, when adjusted for age and sex, indicating increased
cardiac sympathetic activity among those born with ELBW/VLBW.
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Mean differences in resting HRV variables between preterm and term control
groups in ESTER cohort, adjusted for age, sex , cohort and season. (Early preterm n
=117, mean age 23.1; late preterm n = 207, mean age 23.3)

-70% -50% -30% -10% 10% 30% 50% 70%

Early preterm
rMSSD (ms) e

Early preterm
LFP (ms?) ¢ B

Early preterm

—_
HFP (ms?)

Late preterm

rMSSD (ms) Lo 1

Late preterm
LFP (ms?)

Late preterm _
HFP (ms?)

Mean differences in resting HRV variables between ELBW/VLBW and control
groups in the combined HeSVA and McMaster young adult cohort (ELBW/VLBW n =
127, mean age 23.1) and in the McMaster adult cohort (ELBW n = 55, mean age
32.0), adjusted for age, sex , cohort and season.

-70% -50% -30% -10% 10% 30% 50% 70%

Combined HeSVA &
McMaster young adult

assessment:

ELBW/VLBW —_—
LFP (ms?)

ELBW/VLBW e -
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Fig. 12. Mean differences in resting heart rate variability with 95% confidence
intervals in adults born preterm or at very- or extremely low birth weight compared
with normal-birth-weight controls born at term (zero line), adjusted for age, sex and
cohort. (HFP; high frequency power, LFP; low frequency power, rMSSD; root mean
square of successive differences).
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5.4.1 Resting heart rate variability in adults born preterm (ll)

Differences in resting heart rate variability between adults born preterm and
controls born at term were analysed in the ESTER study and reported in Article
II. We found that compared with term-born controls, adults born preterm had
lower cardiac vagal activity, indicated by 9.3% lower mean rMSSD and 15.5%
lower LFP, when adjusted for age, sex, recruitment cohort, and season of clinical
examination (Article II, model 1). When analysing separately with early or late
preterm birth as the exposure, significantly lower cardiac vagal activity was
observed in adults born early preterm (rMSSD -12.0%) and in adults born late
preterm (LFP -16.4%) when compared with term-born controls (Table 9, Article
II, model 1). Differences in mean HFP, a measurement of cardiac vagal
modulation in respiratory frequency, did not differ significantly in any of the
exposure groups (Table 9, Article II, model 1).

When adjusting further for birthweight SD score, gestational diabetes
mellitus, gestational hypertension, maternal pre-eclampsia, parental educational
level (as a measure of childhood socioeconomic status) and parental smoking, the
results were similar (Article II, model 2). However, when the results were
adjusted for daily smoking, BMI, height and physical activity, the results were
attenuated (Article II, model 3). The results suggested that physical activity and
BMI were the most important factors affecting group differences in autonomic
control, though the differences were statistically significant only for physical
activity: one metabolic equivalent hour of more physical activity per week was
associated with 0.5% higher rMSSD, 0.6% higher LFP and 0.9% higher HFP.
BMI predicted 1.0% lower rMSSD and 0.9% lower LFP.

5.5 Heart rate recovery in adults born preterm (lll)

The association between preterm birth and postexercise heart rate recovery (HRR)
in adulthood was analysed in the ESTER study (Article III). We found that those
born early preterm had 3.2 bpm lower mean 30-second HRR (HRR3¢s), 2.5 bpm
lower mean 60-second HRR (HRReos) and 0.095 beats per second lower mean
maximum slope in HRR (HRRsiopg) after exercise compared with controls born
at term, when adjusted for age, sex and cohort (Table 10, Figure 13, model 1).
Those born late preterm had 2.1 bpm lower HRR305, 2.8 bpm lower mean HRRgs
and 0.061 beats per second lower mean HRRgsiopg after exercise.

81



When regression model 1 was then supplemented in model 2 with birth
weight SD score, gestational diabetes mellitus, gestational hypertension, parental
education and maternal smoking, the results were attenuated slightly but remained
statistically significant (Article II). When regression model 2 was further
supplemented with current smoking, BMI, height and physical activity (model 3),
the differences became attenuated to non-significance except for HRR3¢s in the
early preterm group and HRRgos in the late preterm group. Adding BMI and
physical activity to the model covariates seemed to have the greatest effect on
group differences in HRR variables. When analysing sex-specific differences, we
found no statistically significant sex interactions in HRR differences between the

groups.
Mean differences in HRRslope (A) and HRR30s/HRR60s (B) for early preterm and late
preterm groups compared to controls
Slope mean difference (beats/s)
0,5 04 03 0,2 0,1 1] -0,1 -0,2 -0,3 -0.4 -0,5
HRRslope —_—
(a)
(beats/s) e —
J—
HRR30s —=Early preterm
(bpm) s
(8) —+-Late preterm
HRR60s |
(bpm) —ooce---
-10,0 -5,0 0,0 5,0 10,0

30s and 60s heart rate recovery mean difference (bpm)

Fig. 13. Mean differences in mean maximum heart rate (HR) slope (HRRslope), HR 30
seconds (HRR30s) and 60 seconds (HRR60s) after cessation of submaximal step test
exercise in adults born early and late preterm compared with term controls (zero line),
adjusted for age, sex and cohort.
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5.6 Sex differences and effects of body composition on cardiac
and blood pressure regulation in adults born ELBW/VLBW (1V)

We evaluated sex-specific differences in cardiac autonomic and blood pressure
regulation in adults born at extremely (< 1000 g) or very (< 1500 g) low birth
weight in the Helsinki Study of VLBW Adults (HeSVA) and the McMaster
ELBW cohort (Article IV). The outcomes were analysed in a combined group of
young adult participants aged 19 — 27 years born at VLBW in the HeSVA cohort
or at ELBW in the McMaster cohort. The analyses were repeated in the McMaster
ELBW cohort 10 years later, when the subjects were 29 — 35 years old. At the
later assessment (29 — 35 years) we also evaluated the effects of body
composition on cardiac autonomic and blood pressure regulation. We found that
young women (aged 19 — 27 years) born ELBW/VLBW had reduced
parasympathetic control (InHF -0.35) and higher sympathetic tone (PEP -8.64 ms)
compared with control women born at term with normal birth weight when
adjusted for age and cohort (Figure 14, Table 3 in Article IV). At the age of 29 —
35 years, women born ELBW had 6.05 mmHg higher systolic- and 4.26 mmHg
higher diastolic blood pressure than controls born at term with normal birth
weight when adjusted for age (Figure 15, Table 6 in Article IV). With men, none
of the differences between ELBW/VLBW vs. control groups in autonomic control
and blood pressure variables were statistically significant, except for RRI, which
was 182 ms shorter in the ELBW group when adjusted for age, sex, parental
educational level and maternal smoking.

When analysing the mediators of cardiac autonomic control and blood
pressure in adults born ELBW (aged 29 — 35 years) in Article IV, we found that
the birth-weight group (ELBW) explained substantial variance in SBP (3.1%) and
DBP (2.7%), although the findings were significant among women only (SBP
8.5%, DBP 6.2%; P < 0.04). A higher amount of body fat explained a significant
amount of variance in all of the measured autonomic outcomes: RRI +7.8%, InHF
+4.6%, InHF +4.7%, SBP +8.7%, DBP +6.8%. The differences seemed to be
driven by women: higher body fat was associated with 12.7% shorter RRI, 13.7%
lower InHF, 7.6% lower InLF, 18.1% higher SBP and 10.2% higher DBP. Among
men, none of the examined predictors of autonomic and blood pressure variables
showed significant associations.
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Fig. 14. Mean differences in autonomic control variables (with 95% confidence
intervals) by sex in adults born very- or extremely low birth weight compared with
normal birth weight controls (zero line), adjusted for age and cohort.
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Fig. 15. Mean differences in blood pressure variables (with 95% confidence intervals)
by sex in adults born very- or extremely low birth weight compared with normal birth

weight controls (zero line), adjusted for age and cohort.
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6 Discussion

As have others, we found that adults born preterm had elevated office and
ambulatory blood pressure when compared with controls born at term. We also
found higher blood pressure variability, reduced cardiac parasympathetic and
elevated cardiac sympathetic regulation in adults born preterm. The association
between preterm birth and higher blood pressure had already been established
before, but the mechanisms were unclear. Our findings suggested that the
interrupted maturation of the autonomic nervous system in the third trimester of
pregnancy, due to preterm birth, may bear long-lasting consequences as regards
later cardiac autonomic regulation. Our findings were consistent with the idea that
impaired autonomic regulation may be one mechanism by which previous
observations on elevated blood pressure and higher risks of cardiovascular disease
in adults born preterm may in part be explained. Our results also suggested that
less favourable body composition and reduced physical activity may mediate the
association between preterm birth and reduced cardiac regulation in adulthood.
Furthermore, our findings suggested that women born preterm may be
particularly more vulnerable to the long-term effects of preterm birth on cardiac
and blood pressure regulation. In the following sections I will discuss in more
detail the individual findings in Articles I — IV.

6.1 Cohort differences

There were three separate cohorts analysed in this study: the ESTER cohort, the
HeSVA cohort and the McMaster cohort. As these independent cohorts were not
originally planned for combined analysis, there are some background and
methodological differences between them (Table 6). On average, the preterm
VLBW/ELBW exposure groups in the HeSVA and McMaster cohorts had shorter
gestational age: the ELBW/VLBW groups’ mean gestational age in the HeSVA
cohort and the McMaster young adult cohort was 28.3 weeks; it was 27.2 weeks
in the McMaster adult cohort ELBW group; in the ESTER early preterm group
31.8 weeks, and in the late preterm group, 35.8 weeks. The exposure groups’
mean birth weights were also lower in the HeSVA and McMaster cohorts: the
HeSVA cohort and the McMaster young adult cohort mean birth weight was 970
g, in the McMaster adult cohort 834 g, in the ESTER early preterm group 1780 g
and in the late preterm group 2651 g. By design there were also more individuals
born SGA in the HeSVA and McMaster young adult cohorts, and in the McMaster
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adult cohort than in ESTER. While exposure (lower gestational age and lower
birth weight) was stronger in the HeSVA and McMaster cohorts compared with
the ESTER cohort, the ESTER study population was larger (N = 753), enabling
more study power to detect differences between the study groups.

Although blood pressure was measured in a seated rest position in all cohorts,
there were differences in the equipment used: an automatic oscillometric blood
pressure monitor was used in ESTER (Omron Intellisense), in HeSVA, Omron
HEM-773-E equipment, and in the McMaster adult cohort a BPTru device. In the
McMaster young adult cohort a mercury sphygmomanometer was used to
measure blood pressure. Surprisingly, mean office blood pressures were lower at
the McMaster adult assessment than in the HeSVA, ESTER and McMaster young
adult assessments (Table 7). This finding may be affected by the different
equipment used in separate cohorts. Mean blood pressure recordings have been
reported to show greater values when using a manual mercury manometer
compared with an automated oscillometric device (Landgraf et al. 2010,
Mirdamari & Etebari 2016, Pappaccogli et al. 2109).

There were also methodological differences in the measurement of autonomic
control variables between the cohorts: while the R-R data was collected using a
Polar heart-rate monitor in ESTER, in McMaster young adult assessment R-R
intervals were extracted from seated ECG recordings acquired with electrodes
applied to the forearms, and in McMaster adult assessment the ECG
measurements were recorded with a Finometer. In ESTER, the R-R recordings
used to calculate the autonomic measures were recorded while in a seated position
during a study-nurse interview, whereas in HeSVA the measurements were done
while the participants were standing quietly in a closed laboratory room. In the
McMaster young adult study the participants sat quietly in a seated position
during the ECG measurements, whereas in the McMaster adult study the
measurements were done while the participants were resting in a supine position.
Autonomic control measures have been reported to be affected by body position;
HFP and LFP indices are relatively high in a supine position, reduced in a seated
position and further reduced in a standing position (Young & Leicht 2011), which
is in contrast with the cohort differences seen in autonomic variables (Table 9).
The mean HFP and LFP values, indices of parasympathetic regulation, were
higher in the ESTER cohort than in the HeSVA and McMaster cohorts (Table 9),
which was surprising, since the ESTER HRV recordings were done during an
seated interview and speaking has been reported to reduce autonomic
parasympathetic activity (Mackersie & Calderon-Moultrie 2016).
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The analysis software used to calculate the autonomic indices also varied
between the cohorts: in ESTER, the HRV measures were calculated using Hearts
1.2 software, in HeSVA the results were calculated with WinCPRS and in
McMaster, James Long software was used for analysis. However, similar HRV
frequency ranges were selected in all cohorts: 0.04 — 0.15 Hz for LFP and 0.15 —
0.40 Hz for HFP. The R-R data used to calculate HRV measures was visually
inspected for artifacts, noise sequences and ectopic beats, which were then
replaced with local averages or deleted. As the HRV data used in this study was
collected and analysed by different individuals in each cohort without any pre-set
coordination of the methodology, it is likely that there were differences in manual
processing and editing of the R-R data. These differences in clinical setups,
equipment, data collection, processing and editing of the data may partially
explain the differences in autonomic variables seen between the cohorts (Table 9).
However, while these posture and methodological differences may affect results
between the cohorts, the circumstances were similar for exposure and control
groups within each cohort, and the source cohort was accounted for in all analyses
where necessary.

6.2 Office blood pressure (I - IV)

The association between preterm birth and elevated blood pressure in later life has
been extensively reported (Table 2). Most of the previous studies have been
focused on adults born very preterm or at ELBW/VLBW. Our results align with
earlier findings: we too found higher SBP and DBP in adults born early preterm.
However, we were able to supplement earlier findings, as we also found higher
SBP and DBP in adults born late preterm, at a mean age of 23 years. As the blood
pressure differences were more prominent in adults born early preterm (ESTER
cohort, Article I, Table 7), our results suggested a dose-response relationship
between shorter gestational age and higher blood pressure in adulthood. This
finding supports earlier reports on the inverse relationship between gestational
age at birth and adulthood blood pressure (Siewert-Delle & Ljungman 1998, Leon
et al. 2000, Jarvelin et al. 2004, Dalziel et al. 2007, Sipola-Leppéanen et al. 2014).

Studies on children and adolescents born preterm suggest that the changes in
BP occur early in life (Bonamy et al. 2005, Martinez- Aguayo et al. 2012, Sipola-
Leppéanen et al. 2014) and that these alterations may become amplified with
increasing age (Moore et al. 1999, Juonala et al. 2015). We found no statistically
significant difference in office blood pressure in adults born ELBW/VLBW at a
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mean age of 23 years compared with term controls (Article IV, Table 7).
However, a decade later, at a mean age of 32 years, we found significantly higher
SBP and DBP in adults with a history of ELBW, suggesting a more rapid increase
in blood pressure with increasing age in young adulthood among those born
preterm at ELBW (Article IV, Table 7). This finding supports the hypothesis that
alterations in cardiac and blood pressure regulation may become amplified with

increasing age.

6.3 Ambulatory blood pressure and blood pressure variability (1)

Evidence of a connection between preterm birth and elevated ambulatory blood
pressure in adulthood has been reported in a few studies, as presented in Table 3.
Recent literature has connected preterm birth with higher 24-hour, awake and
sleep-time systolic and diastolic blood pressure (Doyle et al. 2003, Roberts et al.
2014, Lewandowski ef al. 2015, Markopoulou et al. 2018, Paquette et al. 2018,
Haikerwal et al. 2020). We also found a connection between early preterm birth
and higher mean 24-hour, awake and sleep ambulatory blood pressure. The
difference seemed to be more prominent in daytime measurements. In the late
preterm group we found a tendency towards higher ambulatory blood pressure
than in the control group, but the differences were smaller and the result did not
reach statistical significance. This may again be suggestive of a dose-response
relationship between the degree of prematurity at birth, and ambulatory blood
pressure in adulthood.

Though blood pressure variability has been connected with higher overall
mortality (Stevens ef al. 2016), organ-damage progression (Frattola et al. 1993),
vascular events (Clement et al. 2003) and left-ventricular hypertrophy (Parati et
al. 2006), it has been less-well studied in adults born preterm or at low birth
weight. Hovi et al. reported higher systolic blood pressure variability in men born
preterm and Kerkhof e al. reported higher systolic and diastolic blood pressure
variability in adults born preterm (Hovi et al. 2010, Kerkhof et al. 2012). We also
found higher blood pressure variability in adults born early preterm, as indicated
by higher individual standard deviations of systolic and diastolic blood pressure.
In adults born late preterm, the differences in blood pressure variability were
smaller and mainly non-significant, again suggesting a dose-response relationship
between the degree of prematurity and blood pressure variability.
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6.4 Cardiac autonomic control (Il, IV)

We addressed resting cardiac autonomic function in adults born preterm in
Articles II and I'V. As presented in Figure 12 and Table 9, in the ESTER study we
found lower mean rMSSD and lower mean LFP in adults born preterm compared
with term-born controls. Mean HFP was also lower in the ESTER preterm-born
groups, but the differences were not statistically significant. In the combined
McMaster & HeSVA study (IV) we did not find significant group differences in
autonomic parasympathetic control measures (LFP, HFP) in ELBW/VLBW wvs.
control groups. However, in sex-specific analyses we observed lower mean HFP
in 23-year-old women born ELBW/VLBW. Interestingly, we also found shorter
PEP in young adults born ELBW/VLBW, indicative of increased cardiac
sympathetic activity in ELBW/VLBW adults compared with term-born controls.
Although the confidence intervals, especially in the parasympathetic measures,
leave some uncertainty as regards differences in cardiac autonomic control,
overall, our results are consistent with altered autonomic regulation in adults born
preterm. Our results suggest that both the sympathetic and the parasympathetic
arms of the autonomic system are affected by preterm birth and that the
alterations exceed in individuals born late preterm. Our findings suggest that the
altered autonomic control seen in preterm-born children remains at least to young
adulthood. We did not observe differences in autonomic regulation among
ELBW/VLBW adults in their thirties, which may suggest that autonomic
regulation does not decline more rapidly among those with a history of preterm
birth at ELBW/VLBW. This finding is in contrast to findings in office blood
pressure, which was significantly higher in ELBW/VLBW adults in their thirties,
whereas there were no blood pressure differences in the sample studied at a mean
age of 23.

6.5 Heart rate recovery (lll)

Attenuated heart rate recovery after exercise, indicating reduced parasympathetic
activity, is an independent and powerful predictor of overall mortality (Cole et al.
2000, Nishime et al. 2000). To our knowledge, only a few studies have addressed
heart rate recovery in adults born preterm (Table 4). As presented in Table 4,
lower HRR after maximal exercise has been reported in 13-year-old children born
preterm and in adults born preterm at VLBW compared with controls born at term
(Haraldsdottir et al. 2018, Haraldsdottir et al. 2019). Huckstep et al. found
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decreased heart rate recovery after exercise in adults born preterm compared with
term controls, suggestive of reduced parasympathetic function underlying reduced
myocardial reserve (Huckstep et al. 2020).

Aligned with these reports, in the ESTER study (Article III) we also found
significantly lower HRR after exercise in adults born early- or late preterm
compared with term-born controls (Figure 13, Table 10). Though not all of the
differences reached statistical significance, our results were suggestive of a dose-
response relationship between the degree of prematurity and impaired HRR in
adulthood. As HRR after exercise results primarily by way of reactivation of the
parasympathetic arm of the autonomic nervous system (Imai et al. 1994), this
finding further strengthens the suggested association (presented in section 6.4)
between preterm birth and reduced cardiac vagal modulation in adulthood among
those born preterm.

6.6 Sex differences in cardiac and blood pressure regulation (I - IV)

Earlier studies have shown that women born preterm, in particular, may have a
more prominent increase in adulthood office blood pressure (Hovi et al. 2016 &
Skudder-Hill et al. 2019) compared with women born at term. Our findings in the
McMaster adult cohort (Article IV) were similar: women born ELBW had
significantly higher office SBP and DBP compared with women born at term,
whereas in men there was no difference between the ELBW and term control
groups (Figure 15).

Previous studies have also suggested that the differences in ambulatory blood
pressure in adults born preterm compared with peers born at term are also higher
among women (Hovi et al. 2010, Parkinson et al. 2013, Haikerwal et al. 2020)
than among men. In contrast to these results, we found higher systolic ambulatory
blood pressure in early- and late-preterm-born men, whereas the difference in
women was non-significant (Article I). However, as regards diastolic ambulatory
blood pressure our findings were aligned with earlier literature and women born
early preterm had higher 24-hour and awake diastolic blood pressure compared
with term-born women, and the difference with men was non-significant.

Although we found no statistically significant interactions between the effects
of sex and preterm birth on blood pressure, heart rate recovery or autonomic
control variables (except for awake SBP, which was higher among late-preterm-
born men in the ESTER study [I]), we ran analyses separated by sex for all key
outcomes in Articles I-IV, because earlier literature on the association between
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birth weight and autonomic control has shown sex differences (Kajantie &
Raikkonen 2010). In contrast to earlier reports on higher blood pressure in
preterm-born women (Hovi et al. 2016 & Skudder-Hill et al. 2019), in the
ESTER study (Article II) we found that the group differences in autonomic
control measurements (rMSSD, HFP, LFH) were nominally greater in men than
women. However, in the ESTER study (Article III) we found that women born
late preterm had lower mean HRR than men, in line with earlier findings on the
association between preterm birth and pronounced adulthood office blood
pressure in women (Kajantie & Hovi 2014), and with a stronger autonomic
response to stress reported in women born VLBW (Kajantie & Réikkonen 2010).
In the combined HeSVA & McMaster young-adult study (Article IV) women born
ELBW/VLBW seemed to drive the observed differences between the groups in
autonomic regulation: women born ELBW/VLBW had significantly lower HFP
and shorter PEP, indicating lower parasympathetic activity and higher
sympathetic tone, whereas with men there were no differences between
ELBW/VLBW and NBW groups as regards any of the autonomic or blood
pressure outcomes.

Although the sex-specific differences were not replicated in all studies in this
thesis, our combined results suggest that women born preterm may be more
vulnerable to the long-term effects of preterm birth at ELBW/VLBE on blood
pressure and autonomic regulation. Though the pathogenesis behind this finding
is unknown, it has been proposed that women born preterm are more sensitive to
raised blood pressure during stress (Kistner et al. 2010), and low birth weight has
been connected to stronger autonomic and blood pressure responses to stress in
women (Kajantie & Réikkonen 2010), which may in part explain this finding.

6.7 The effects of body composition on cardiac and blood pressure
regulation (llI-1V)

Previous literature has connected reduced cardiac autonomic function with lower
physical activity and a more unfavourable body composition (Rossi ef al. 1989,
Karason et al. 1999, Felber et al. 2006, Kajantie et al. 2010). Higher BMI, an
increased amount of body fat and increased visceral fat tissue have been
connected to higher blood pressure, higher sympathetic activity and reduced
parasympathetic activity in healthy adults (Molfino et al. 2009, Hillebrand et al.
2014, Smoljo et al. 2020). As body composition and physical activity may
influence autonomic regulation, and adults born very preterm are reported to have
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a less favourable body composition (Breukhoven ef al. 2012, Mathai et al. 2013,
Crane et al. 2016), lower fitness levels (Svedenkrans et al. 2013, Tikanmaki et al.
2016) and they take less exercise (Kajantie et al. 2010b), it may be likely that
they are at a higher risk of altered autonomic regulation, and the differences may
be mediated via these factors. We evaluated the impact of physical activity on
cardiac and blood pressure regulation in Articles II — IV. We found that lower
rates of physical activity and increased adiposity may partly mediate the altered
parasympathetic regulation (Articles II-IV). In Article IV we also found that a
higher body fat explained amount of variance in SBP and DPB in addition to
autonomic variables, and the differences were more pronounced in women than in
men. This suggests that women born preterm may be more vulnerable to the
adverse effects of low-level physical activity and unfavourable body composition
than men. We found impaired autonomic regulation in those born preterm at
ELBW/VLBW even when body composition was accounted for in the analysis,
though the connection is also likely to be mediated in other ways.

In the general population physical activity and exercise are known key
lifestyle measures in the prevention and management of hypertension (Chobanian
et al. 2003, Guidelines Committee 2003, Pescatello et al. 2004, Cornelissen et al.
2005). Aerobic endurance training promotes a more favourable body composition
via reducing vascular resistance, via sympathetic nervous system activity and via
the renin-angiotensin system (Pescatello ef al. 2004). Although we are unaware of
any lifestyle intervention studies focusing specifically on adults born preterm or
at ELBW/VLBW, it may be expected that beneficial lifestyle and dietary changes
in this group would be at least similar to those seen in the general population. In
fact, as we know that adults with a history of preterm birth engage in less physical
activity (Kajantie et al. 2004), have an increased preference for fatty foods
(Lussana et al. 2008), and have a lower intake of vegetables, fruit and milk
products (Kaseva et al. 2013, Matinolli et al. 2018), adults born preterm may
actually have a greater potential to benefit from specific lifestyle interventions
enhancing physical activity and a healthier diet. This may apply especially to
young women born very preterm, who are reported to have poorer adherence to
healthy eating guidelines than peers born at term (Matinolli ez al. 2018).

6.8 Strengths and limitations

This study is based on data from three different cohorts (ESTER, HeSVA and
McMaster) with a wide range of outcome measurements. The main strength in the
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ESTER cohort is the relatively large study population, which was selected to
cover the whole range of preterm births in a specific geographical region
(reducing the chance of referral bias). The relatively large sample size in the
ESTER study enabled us to evaluate the effects of late preterm birth and the dose-
response relationships between the degree of prematurity and the outcomes. The
wide range of measurements in ESTER allowed us to examine autonomic
function by several methods; via heart rate variability and via heart rate recovery
after exercise stimulus. A strength of the HeSVA study population is the
prospective cohort with controls matched for age, sex and birth hospital.
Strengths in the McMaster study included a geographically determined cohort
with reasonably high follow-up rates, first at young adulthood and second at more
mature adulthood, which enabled comparisons at different stages of adulthood.

A key strength of this study is that there were three separate cohorts, which
enabled us to test our hypotheses as regards autonomic and blood pressure
regulation in separate cohort populations from different geographic regions.
Replicating the results allowed us to evaluate better how well the observed
findings can be generalized to the whole population of adults born preterm. There
was a wide range of background variables and clinical measurements in all three
source cohorts, which enabled us to adjust the results for several key confounding
and mediating factors in all cohorts. However, it cannot be excluded that in
addition to the prenatal, maternal and parental background variables which we
adjusted for, additional factors such as sepsis, post-natal growth,
bronchopulmonary dysplasia or nutrition during the neonatal period might affect
the long-term cardiovascular health of those born preterm. As we were not able to
account for all the potential early-life insults in our analyses, as a result of the
selected study protocols, the possibility of residual confounding still remains.

A limitation of this study is that because these cohorts were not originally
planned together, there were differences in study recruitment between cohorts,
and methodological differences between the study procedures and clinical
measurements. As the data in all three cohorts was already collected when this
study was initiated, we were unable to retrospectively harmonize data-collection
procedures and methods. Thus, any comparisons of differences between the
cohorts should be made with caution. However, when the data from two different
cohorts (HeSVA and McMaster) was combined in Article IV, the two study
cohorts exhibited no overall differences in age, height, weight, general health, or
SES, and the source cohort was accounted for in all analyses where necessary. A
significant limitation as regards this thesis is that I did not participate in the
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clinical data-collection phase in any of the cohorts. Although the study protocols
and methods were carefully recorded during data collection, a chance of
misinterpretation, unknown bias or unawareness of significant information during
data collection may confound the results.

In Article I we assessed short-term (24-hour) blood pressure variability (SD)
using ambulatory measurements with 20- or 30-min blood pressure measurement
intervals. A shortcoming in Article I was that we did not have data on beat-to-beat
very short-term variability analysis. Beat-to-beat blood pressure data would have
enabled a more detailed spectral analysis of very short-term blood pressure
variability (Parati et al. 2018), but as it would have required continuous
laboratory-setting blood-pressure measurement, it was out of the scope of this
study. Similarly, mid-term (day-to-day) and long-term (visit-to-visit) blood
pressure variability would have provided a good deal of important information on
cardiac regulation, but such analyses were out of the scope of the study as a result
of the selected study protocol, with one clinical visit for each participant. As
short-term, mid-term and long-term blood pressure variabilities seem to correlate
poorly (Abellan-Huerta et al. 2018), and as long-term blood systolic blood
pressure variability has been shown to predict cardiovascular disease events,
cardiovascular disease mortality, coronary artery disease and stroke, in addition to
overall mortality (Stevens ef al. 2016), such analyses would have given valuable
additional information in the context of this study. Other limitations in Article I
include the availability of ABP measurement devices, which was limited, and
some of the participants declined to wear the equipment, which might have led to
selection bias. However, this would have affected the results only if there were
differences in selection between the exposure and control groups, which is
unlikely, but cannot be excluded. Additionally, as presented in Article I, Table S2,
the background characteristics were similar among those who participated in
clinical examination and were included in ABP measurement, compared with
those who participated but did not have sufficient ABP data recorded.
Furthermore, as some of the participants did not wear an accelometer, we were
not able to objectively measure sleep and awake times for all participants, which
may have affected the accuracy of the outcomes.

In Article II a significant limitation was that due to suboptimal data quality,
we were unable to calculate HRV outcomes for a number of participants, which
could have led to increased inaccuracy and more conservative outcome estimates.
Furthermore, as the R-R recordings were done during an interview, talking may
have affected the analysis of respiratory frequency (HFP). However, as the study
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protocol was similar for all study groups, it is unlikely that this would have
affected the observed group differences.

A limitation in Article III was that we did not evaluate maximal exercise
stimulus, and the exercise stimulus was not individually personalized to match
each individual’s maximum exercise capacity. However, as sub-maximal exercise
is reported to provide comparable prognostic information as maximal exercise
(Cole et al. 2000), and as the test protocol was similar for all study groups, it is
unlikely, but cannot be excluded, that this would have had an effect on the
observed differences. Additionally, as the relative exercise load and physical
fitness of each individual participant may affect HRR, it cannot be excluded that
group differences in physical fitness may have confounded the results. Therefore,
it is possible that the results could be partially explained by differences in the
participants’ physical fitness. However, this is unlikely, as there were no
differences in self-reported physical activity between the study groups and the
differences remained after adjusting the models for physical activity.

The main limitation in Article IV was that the number of participants having
HRV and BP measurements available in connection with both clinical visits was
limited. However, the study power was still sufficient to reveal differences in
autonomic and blood pressure regulation between the study groups. Increased
participation rates might have increased precision. Other limitations in Article IV
were differences in recruitment, measurements and study protocols between the
HeSVA and McMaster cohorts. However, there were no differences in key
background variables between the cohorts and we adjusted for source cohort in all
analyses where necessary.

6.9 Significance and future perspectives

Previous research has shown that preterm birth is associated with increased risks
of cardiovascular diseases including eclevated blood pressure and ischaemic heart
disease, but the mechanisms, though already widely studied, are not yet fully
understood (Lewandowski ef al. 2020). Although there is yet much to learn about
the detailed mechanisms by which cardiovascular disease risks are connected with
preterm birth, our findings support the DOHaD theory suggesting that early-life
experiences may have consequences as regards cardiometabolic health throughout
an individual’s life. Our findings on altered cardiac and blood pressure regulation
in adults born preterm suggest one significant mechanism by which
cardiovascular risks in adults born preterm are increased. As the recognition of
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preterm birth as a significant risk factor of cardiovascular disease may be
important for future clinicians and best-practice guidelines (Lewandowski et al.
2020), the evidence provided in this study may further help to highlight the
significance of preterm birth as a risk factor of cardiovascular disease. The
observations on elevated cardiovascular risks in adults born preterm reported in
Article I of this study have already affected best-practice guidelines and have
been referenced in a national position paper on cardiovascular prevention in high-
risk patients (Campanini et al. 2015).

Only a few earlier studies have concerned ABP in adults born preterm, and
those that have were focused on subjects born at very- or extremely low birth
weight. Even fewer studies have been carried out on ABP variability. Previous
studies reporting cardiac autonomic function and heart rate recovery in adults
born preterm are also scarce and the ones that exist report on adults born at
ELBW. Our findings on ABP, ABP variability and alterations in autonomic
control concerned not only adults born early preterm, but also adults born late
preterm — a group representing the great majority of all individuals born preterm.
Our finding of increased sympathetic activity in adults born preterm at VLBW
has not been reported earlier to our knowledge.

Our findings on the associations between body composition and physical
activity versus reduced autonomic control further highlight the importance of
healthy lifestyles and physical activity for individuals with a history of preterm
birth. As regulatory disturbances in individuals born preterm may be revealed
only with increasing age (Morrison et al. 2016), long-term follow-up of these
cohorts of preterm individuals will be very important in future.

This study was conducted on adults born ELBW, VLBW, and early or late
preterm or at term, when the participants were in their twenties or early thirties.
Clinical manifestations of common cardiovascular risk factors rarely occur at this
young age. The participants in the earliest cohorts of this study are now reaching
middle age. As it has been suggested that the alterations in autonomic regulatory
control among those born ELBW may become more pronounced with increasing
age and declining cardiovascular health (Mathewson et al. 2014 and Mathewson
et al. 2015), it may be that the observations we made in this study would be even
more pronounced if the analyses were to be repeated at a later age. Also, it will be
very interesting in future research to evaluate the extent to which the increased
risks will become manifest as cardiovascular disease outcomes. Additionally,
future investigators will have the opportunity establish more clearly the
prognostic value of preterm birth as a risk factor of cardiovascular disease. A
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clearer picture of the mechanisms and the magnitude of risks of cardiovascular
disease associated with preterm birth will allow a better possibility to create
appropriate screening policies and raise awareness among preterm-born
individuals themselves. Finally, the effectiveness of dietary and/or lifestyle
interventions in the aging and growing population of adults with a history of
preterm birth remains as an intriguing opportunity for future research.
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7

Conclusions

Adults born preterm show eclevated levels of several risk factors of
cardiovascular disease compared with peers born at term: higher office blood
pressure; higher 24-hour, awake- and sleep ambulatory blood pressure; higher
blood pressure variability; lower resting parasympathetic activity; and higher
sympathetic activity and reduced heart rate recovery after exercise.

These risks were also present, though to a lesser extent, in a larger group of
young adults born late preterm, suggesting a dose-response relationship
between gestational age at birth and elevated levels of risk factors of
cardiovascular disease.

Impaired autonomic regulation may be one mechanism by which elevated
blood pressure in adults born preterm can be explained.

Reduced physical activity and increased adiposity may explain the observed
differences in cardiac autonomic and blood pressure regulation.

Many of the relative risks seemed more prominent with women born preterm,
suggesting a sex-specific difference in early programming of cardiac
regulation.

Combined, our findings suggest that adults born preterm, especially women,
may be at a greater risk of developing manifest cardiovascular disease and
thus may specifically benefit from a healthy lifestyle.
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