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ABSTRACT

Background and aims

Sudden infant death syndrome (SIDS) is a rare lethal event occurring in 0.1 to 0.3 %o of
infants. In Finland, 10 to 20 infants die from SIDS annually. Research has defined many risk
factors for SIDS, but the cascade leading to death remains unexplained. Cardiovascular
recordings of infants succumbing to SIDS, as well as animal models, suggest that the final
sequelae involve cardiovascular collapse resembling hypotensive shock. There is also
evidence of previous hypoxia in SIDS infants. In animal studies, vestibulo-mediated
cardiovascular control has been shown to be important in hypotensive shock. Hence, we
hypothetized that SIDS victims may have impaired vestibulo-mediated cardiovascular control,
possibly due to previous hypoxic episodes. In this thesis, we studied cardiovascular control,
and especially vestibulo-mediated cardiovascular control in infants with known risk factors
for SIDS at 2 to 4 months of age when the risk for SIDS is highest.

Study subjects

A full polysomnographic recording with continuous blood pressure (BP) measurement was
performed in 50 infants at 2-4 months of age: 20 control infants, nine infants with
univentricular heart (UVH) suffering from chronic hypoxia, 10 infants with
bronchopulmonary dysplasia (BPD) with intermittent postnatal hypoxic events, and 11 infants
whose mothers had smoked during pregnancy, and thus had been exposed to intrauterine
hypoxia and nicotine, were studied. In addition, 20 preterm infants were studied at the
gestational age of 34-39 weeks to evaluate developmental aspects of cardiovascular control
during head-up tilt test and vestibular stimulus.

Methods

Linear side motion and 45° head-up tilt tests were performed in quiet non-rapid eye
movement sleep (NREM). Heart rate (HR) and BP responses were analysed from the tests
without signs of subcortical or cortical arousal. In addition, HR variability during NREM
sleep was assessed. As a general marker of cardiovascular reactivity, HR response to
spontaneous arousal from NREM sleep was also evaluated.

Results

Side motion test. In the side motion test, control infants presented a biphasic response. First,
there was a transient increase in HR and BP. This was followed by a decrease in BP to below
baseline, and a return to baseline in HR. All other infant groups showed altered responses.
UVH infants and preterm infants near term age had markedly reduced responses. Infants with
BPD presented with variable responses: some responded similarly to controls, whereas others
showed no initial increase in BP, and the following BP decrease was more prominent. Infants
with intrauterine exposure to cigarette smoke showed flat initial BP responses, and the
following decrease was more prominent, similarly to a subgroup of BPD infants.

Tilt test. Control infants presented with a large variability in BP responses to head-up tilting.
On average, systolic BP remained, at first, close to baseline, and diastolic BP increased, after
which both decreased and remained below baseline even at the end of the tilt test. On average,
HR showed a biphasic response with an initial increase followed by a decrease to below and,
finally, a return to baseline. UVH infants showed a similar BP response, but their HR
response was tachycardic. Preterm infants with BPD presented with an even greater
variability in their BP responses to head-up tilts than control infants, but the overall response



as a group did not differ from that of the controls. The tilt response of infants exposed to
maternal cigarette smoking during pregnancy did not markedly differ from the control
response. Preterm infants near term age showed attenuated responses in both cardiovascular
measures, together with greater inter-subject variability compared to the control infants.

Discussion

In conclusion, the studied infants with SIDS risk factors showed altered vestibulo-mediated
cardiovascular control during the linear side motion test and head-up tilt test. The findings
support our initial hypothesis that some infants with SIDS risk factors have defective
vestibulo-mediated cardiovascular control, which may lead to death in life-threatening
situations.
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1 INTRODUCTION

Sudden infant death syndrome (SIDS) still is one of the leading causes of death of healthy
infants under the age Of onc year (Hauck, et al. 20085Moon, et al. 20075Task Force on Sudden Infant Death Syndrome, et
al. 2011)- SIDS is defined as the sudden, unexpected death of an infant younger than one year
where the fatal episode is presumed to occur during sleep, and after detailed investigation
including autopsy and reviews of clinical history and circumstances of death, the cause
remains unexplained (krous, et al. 2004)-

The etiology of SIDS is unknown, but epidemiological research has provided valuable
information on the risk factors. Prone sleeping position has constantly been shown to
constitute a major risk factor for SIDS, and highly successfull campaigns have been carried
out to prevent infants from sleeping in the prone or side position, followed by a dramatic
decrease in SIDS cases (American Academy of Pediatrics Task Force on Sudden Infant Death Syndrome. 2005,American
Academy of Pediatrics. Task Force on Infant Sleep Position and Sudden Infant Death Syndrome. 2000,Gilbert, et al. 2005)~ HOWGVGI‘,
it is still not known exactly how these risk factors increase the risk, and why only a minority
of infants with these risk factors — and some without any of them — succumb to SIDS.
Pathology has increased our knowledge of the subtle changes in the SIDS infants, but because
the death of a healthy infant is very rare, comparison to “healthy normal infants” is difficult.
Thus, understanding the physiology of a normal, healthy infant and how it changes, if at all, in
relation to SIDS risk factors, may provide some further information on the pathophysiology of
SIDS.

It is suggested that the death in SIDS occurs during sleep. On the basis of home
monitoring and population sleep studies, altered autonomic control during sleep is presumed
to be one main factor in SIDS. Nevertheless, SIDS is most likely not a single-factor disease,
but rather a multifactorial entity which is suggested to include certain infant characteristics
such as altered serotonin pathways in the brain and altered autonomic cardiorespiratory
control, unfavorable external factors such as prone sleeping position and infection, together
with a vulnerable developmental time window peaking at 2-4 months of age.

To be able to understand what happens in SIDS, we must first obtain information on the
normal physiology of the infant during sleep, and how SIDS risk factors may affect these
functions. Thus, our aim was to try to study a possible SIDS mechanism in infants with and
without SIDS risk factors by measuring some common physiological responses during sleep.

11
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2 REVIEW OF THE LITERATURE

2.1 Sudden infant death syndrome

2.1.1 Definition

Sudden infant death syndrome (SIDS) is defined as the sudden, unexpected death of an infant
under one year of age, the onset of the fatal episode apparently occurring during sleep, and
remaining unexplained after a thorough investigation, including performance of a complete
autopsy and review of the circumstances of death and the clinical history. The diagnosis has
traditionally been that of exclusion, but a recent consensus meeting agreed on also including
positive criteria in the diagnosis, as well as the criterion of death occurring during sleep.(krous,
et al. 2004)

2.1.2 Incidence

The number of deaths attributed to SIDS in Finland during the last two decades has been
similar to other European and North American countries. The incidence of SIDS has been
about 0.10-0.30/1000 live-born children, which means 9 - 19 annually (Figures 1 and 2)
(Ofﬁcial Statistics of Finland. Causes of death [e-publication].)- Worldwide, the SIDS rates have diminished
markedly since the late 1980s, with reduction rates of over 50%, as a result of risk-reduction
campaigns which have mostly promoted a non-prone sleeping position (mauck, et al. 2008). The
actual SIDS rates from 2005 vary from 0.80 in New Zealand to 0.10 in the Netherlands (auck,
et al. 2008). Despite the impressive reduction in incidence, SIDS is still the leading cause of
death between one l’l’lOl’lth and onc year Of age (Moon, et al. 2007,Task Force on Sudden Infant Death Syndrome, et
al. 2011), causing an estimated 22% of all postneonatal deaths in the United States (mauck, et al.

2008)-

Incidence of sudden infant death syndrome (SIDS) in Finland 1980 - 2010

0.90 1

SIDS /1000 live births

0.00 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T d
1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010

| =——sIDS/1000 live births  ===~-- Boys — —Girls |

Figure 1. Incidence of sudden infant death syndrome (SIDS) in Finland 1980-2010.
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Infant mortality and deaths due to sudden infant
death syndrome (SIDS) in Finland 1980 - 2010

500
450

400

350
300 -
250 -
200
150 -
100 A
50 A
0 —r T r—r—r—Tr—r—r—Tr-r—r—Tr—r—r—r—r—r-rr—rTr T T

1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010

Deaths per year

Binfant mortality OSIDS deaths Total

Figure 2. Infant mortality and number of deaths due to sudden infant death syndrome (SIDS)
in Finland 1980-2010.

2.1.3 Risk factors

Although the ultimate cause of SIDS is unknown, there are abundant data on the prevalence,
subtle clinical and autopsy findings, and risk factors. Table 1 describes risk factors for SIDS
based on recent meta-analyses and review articles.

Table 1. SIDS risk factors based on systematic reviews and meta-analyses.

Risk Authors Year Effect
factor
General
Gender Moon et al. 2007 Male gender is associated with higher risk of SIDS with a ratio of 60:40.
Low birthweight ~ AAP 2000 The risk increases as the birth weight decreases.
Prematurity AAP 2011 Preterm infants have increased risk of SIDS.
AAP 2000 Preterm infants have increased risk of SIDS and the risk increases with
decreasing gestational age or birth weight.
Hunt and Hauck 2006 Prematurity is associated with younger postmenstrual age at death, but a
higher postnatal age. Increased risk of infants with birth weight <2500g.
Race/Ethnicity Moon et al. 2007 African American, American Indian, Alaska Native: increased risk of 2-3

times the national average irrespective of socioeconomic status. Risk of
SIDS death in Maoris is increased 6-fold. Australian Aboriginals also have
increased SIDS risk.

AAP 2011 Non-Hispanic black, American Indian, Alaska Native: rate of SIDS is
double compared with non-Hispanic white infants. Asian/Pacific Islander
and Hispanic infants have nearly 50% lower SIDS risk compared with non-
Hispanic white infants.

Season/climate AAP 2011 Slightly higher SIDS rates during cold months, difference between seasons
decreasing.

Mother and pregnancy

Maternal Moon et al. 2007 Maternal smoking during pregnancy. Postnatal exposure may also increase
smoking the risk.
AAP 2011 Maternal smoking during pregnancy is a major risk factor for SIDS and it
is dose-dependent.
Alcohol and AAP 2011 Increased risk of SIDS with maternal alcohol use and with illegal drug use
illegal drugs (opiates, cocaine, or in general).

14



Socioeconomic
factors

Family
Genetic risk
factors

Postnatal
Age of death

Position

Bedding

Clothing

Infection
Sleep
environment

Head covering

Swaddling

Pacifier

Breastfeeding

Immunisations

Hunt and Hauck

Spencer and Logan

AAP
Moon et al.
AAP

Opdal and Rognum

AAP
AAP
Gilbert et al.

AAP

AAP

Moon et al.
Moon et al.
AAP

Horsley et al.

Blair et al.

van Sleuwen et al.
AAP

Hauck et al.
Hauck et al.

AAP

Vennemann et al.

2006

2004

2011
2006
2011

2011

2011

2011

2005

2011

2011
2007

2007
2011

2007

2008

2007

2011

2005

2011

2011

2007

Prenatal maternal use of illegal drugs, specially opiates, increases risk of
SIDS by 2-15 -fold.

Low socioeconomic status (social class, low educational level, low income
level, overcrowding, unemployment, young or single mother) associated
with increased risk of SIDS, independent of birth weight, sleeping position
or smoking status.

Lower risk of SIDS if mother has obtained regular prenatal care.

Increased risk if a sibling has died of SIDS.

Some SIDS infants show genetic variation in serotonin system in the brain,
cardiac channelopathies, and development of autonomic nervous system.
Some evidence of polymorphisms or mutations in genes regulating
inflammation, energy production and hypoglycemia.

Genetic polymorphisms in genes regulating ion channels of the heart,
development of autonomic nervous system, and immune system may
increase the risk of SIDS when combined with environmental risk factors.

Peak at 1-4 months, 90% occur before 6 months age and uncommon after 8
months.

Increased risk for both prone (OR 2.3-13.1) and side sleeping position (OR
2.0)

Increased risk for both prone (OR 4.46, 2.98-6.68) and side (OR 1.36, 1.03-
1.80) sleeping positions

Soft bedding (pillows, comforters, quilts etc.) associated with 5-times
increased risk of SIDS. Especially high risk if sleeping prone on soft
bedding sufrace, risk increases 21-fold.

Increased risk of SIDS asssociated with overheating and the room
temperature.

Overheating, especially if sleeping prone.

Upper respiratory tract infection within 4 weeks of death.

Increased risk for bed sharing if under 3 months of age, on a soft surface or
with soft bedding, Also increased risk for bedsharing with current smoker,
if mother has smoked during pregnancy, has consumed alcohol, uses
medications/substances that impair the ability to arouse, is overtired, or if
multiple bed sharers or bedsharing with anyone not a parent. Decreased
risk of 50% for sleeping in parents’ room without bed sharing.

Bed sharing among smokers may be associated with increased risk of
SIDS, data not consistent on nonsmokers. Bed sharing may be more
strongly associated with SIDS in younger infants.

Head covering after last sleep is associated with increased risk: pooled
univariate OR 9.6 (95% CI 7.9-11.7), pooled adjusted OR 16.9 (95% CI
12.6-22.7)

Swaddling in supine position decreases the risk of SIDS whereas swaddling
in prone position increase the risk of SIDS by 12-fold.

Pacifier use decreases the risk of SIDS by 50-60%.

Pacifier use is protective, especially for the last sleep: univariate summary
OR 0.47 (95% CI 0.40-0.55), multivariate summary OR 0.39 (95% CI
0.31-0.50).

Breastfeeding is protective: univariable summary OR 0.4 (CI 0.35-0.44),
multivariate summary OR 0.55 (95% CI 0.44-0.69).

Breastfeeding is protective of SIDS even when potential confounding
factors are considered. Risk reduction is close to 50%.

Immunisations are associated with lower risk of SIDS: univariate summary
OR 0.58 (95% CI 0.46-0.73), multivariate summary OR 0.54 (95% CI
0.39-0.76).

Definition and abbreviations: AAP = American Academy of Pediatrics; OR = odds ratio.

Triple risk factor theory

SIDS is considered a multifactorial entity. Triple risk factor theory (riliano, et al. 1994) describes
this as three separate risk clusters all of which need to coincide for the infant to succumb to
SIDS: 1) vulnerable infant, 2) certain developmental timeframe, 3) the exogenous stress
factor. Firstly, the vulnerability of the infant is seen as intrinsic, possibly caused by
compromised intrauterine conditions or inherited properties. This could be caused by
abnormalities in development of the central nervous system, genes regulating QT time of the
heart or immune system, or alterations in the serotonin system of the brain (tunt, et al. 2006,0pdal, et
al. 2011). Maternal smoking during pregnancy or use of illegal drugs during pregnancy are
known to affect the development and function of the central nervous system (moon, et al.
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2007-Slotkin. 1998)- It 1S suggested that SIDS is associated with abnormalities of the autonomic
nervous system (Moon, et al. 2007), €specially immature cardiovascular control and immature
control of breathing associated with altered propensity to arouse. Some future SIDS infants
indeed show signs of altered (sympathovagal) balance of the autonomic nervous system (Franco,
et al. 1998,Franco, et al. 2003), obstructive Sleep apnca (Kahn, et al. 1992,Kato, et al. 2001,McNamara, et al. 2000), and
cardiac rhythm disturbances (schechtman, et al. 1988,Southall, et al. 1988). Secondly, the developmental
time frame is thought to coincide with the central stages of the development of the central
nervous system and development of state regulation. Although over 95% of SIDS deaths
occur before 9 months of age (krous, et a1. 2004), there is a peak at 2 to 4 months, which is thought
to represent this time window. Thirdly, one or more external factors, so-called exogenous
stressors, are needed. These could include prone sleeping, soft bedding, or upper respiratory
tract infection. Many external factors are known to increase the arousal threshold of the infant
(Moon, et al. 2007), and many infants who have succumbed to SIDS have shown an increased
arousal threshold in previous sleep recordings (kahn, et al. 1992Kato, et al. 2003,Schechtman, et al. 1992a)-

Sleeping position

Prone sleeping position is a major modifiable risk factor for SIDS (American Academy of Pediatrics Task
Force on Sudden Infant Death Syndrome. 2005,Gilbert, et al. 20055Task Force on Sudden Infant Death Syndrome, et al. 201 l)~ Since
the 1970s, studies have shown increased SIDS risk with prone sleeping position; however
systematic recommendations to avoid a prone sleeping position emerged only in the
beginning of the 1990s, and since then campaigns promoting supine sleeping have decreased
the incidence of SIDS by 50-80% in various countries (Gilbert, et al. 2005,Hauck, et al. 2008)-

A smaller, but however significant, increased risk has been observed also for the side
sleeping position, which is most likely associated with the unstability of this position (Task Force
on Sudden Infant Death Syndrome, et al. 2011). Concerns on increased crying, colic or inhaled vomitus
(aspiration) when sleeping supine are not supported by scientific evidence (Gibert, et al. 2005,Task
Force on Sudden Infant Death Syndrome, et al. 201 l)-

Exposure to maternal smoking during pregnancy

Maternal smoking during pregnancy is an independent risk factor for SIDS with a dose-
response relation (Alm, et al. 1998,Blair, et al. 1996,Cnattingius. 20045 Task Force on Sudden Infant Death Syndrome, et al. 201 l)-
As prone sleeping has diminished as a result of campaigns advocating supine sleeping, the
relative importance of maternal smoking during pregnancy, especially as a preventable risk
factor for SIDS, has increased (munt, et a1 2006). It 1S suggested, that elimination of prenatal
smoke exposure could reduce the number of SIDS deaths by one third (moon, et al. 2007,Task Force on

Sudden Infant Death Syndrome, et al. 201 l)-

Prematurity

Preterm infants have increased risk of SIDS (Blair, et al. 20065Blair, et al. 2009,Halloran, et al. 2006,Malloy, et al.
1995,Malloy, et al. 20005Task Force on Sudden Infant Death Syndrome, et al. 2011>Thompson, et al. 2006) with inverse relation
of gestational age (GA) and SIDS risk (maloy, et al. 2000). Low birth weight is also associated
Wlth increased I'iSk Of SIDS (Blair, et al. 2006sMalloy, et al. 1995sMalloy, et al. 2000sSowter, et al. 1999,Vennemann, et al.
2005), but preterm birth and intrauterine growth restriction are independent risk factors
(Vennemann, et al. 2005)- In preterm infants, the risk period for SIDS is at an earlier postconceptional
age than in term infants (Halloran, et al. 2006,Malloy, et al. 1995). The overall rate of SIDS in the United
States decreased in 1991-95 and the decrease was similar in all preterm groups and all birth
weight groups (wmalloy, et al. 2000). However, a recent survey in the UK found that a third of SIDS
infants were preterm infants, whereas they constitute only 5% of the age-matched control
population (Blair, et a1. 2006)- SIDS risk factors for preterm infants have been shown to be similar
to those of term infants (Malloy. 2004sThompson, et al. 2006)~
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In one study (werthammer, et al. 1982), SIDS was found to be seven times more common in
preterm infants with bronchopulmonary dysplasia (BPD) than in preterm infants without
BPD. However, a later study (Gray, et a1. 1994) showed, contradictory results as in that study BPD
infants were found to have no increased risk of SIDS or apparent life-threatening event
(ALTE). In that study, many BPD infants with desaturations or apneas were discharged with
supplemental oxygen and weaned from it only after normal arterial oxyhemoglobin
saturations (SpO;) without supplemental oxygen. The authors suggested that in the study by
Werthammer (werthammer, et al. 1982), the BPD infants may have suffered from -clinically
unrecognized periods of hypoxemia that could have contributed to their death (Gray, et al. 1994)-

Prevention

Epidemiological studies have also revealed factors that seem to be protective of SIDS. These
inChlde the use Of a paCiﬁel" (Hauck, et al. 2005,Task Force on Sudden Infant Death Syndrome, et al. 2011) and
bl‘eaStfeeding (Hauck, et al. 20115Task Force on Sudden Infant Death Syndrome, et al. 201 l), bOth Of Wthh have been
associated with a lower arousal threshold from sleep. As for the pacifier, other possible
mechanisms that reduce the risk of SIDS are a favorable modification of autonomic control
during sleep, improvement in breathing through the mouth and reduction of retroposition of
the tongue and thus oropharyngeal obstruction, and influence of the sleeping position (yauck, et
al. 20055Task Force on Sudden Infant Death Syndrome, et al. 2011)‘ ACCOI‘ding to these recommendations, a
pacifier should be offered to the infant for all sleep episodes and should not be replaced if it
falls out of the mouth once the infant has fallen asleep.

There is also increasing evidence that room sharing without bed sharing is associated
Wlth reduced I'iSk Of SIDS (Task Force on Sudden Infant Death Syndrome, et al. 201 l)~ AISO immunisation Wlth
diphtheria, tetanus and pertussis vaccine has been found to have a protective effect on SIDS
(Vennemann, et al. 2007), although the exact mechanism is not known. Mechanisms associated with
improved immunological activity and the possible role of Bordetella pertussis in SIDS are
suggested, but there was also considerable diversity in the studies, and the so-called healthy
vaccinee effect cannot be ruled out.

2.1.4 Pathophysiology

As the diagnosis of SIDS is set mostly by exclusion, there are no diagnostic autopsy criteria
(Krous, et al. 2004), NOT are there any pathognomonic autopsy findings. There are some typical
findings in SIDS, such as oronasal froth, petecchiae in thymus, lungs and pericardium, as well
as pulmonary congestion and edema (valdes-Dapena. 1992). Findings of mixed inflammatory cells
(Ilymphocytes and some eosinophils) are usually depicted as a sign of mild, subacute
inflammation of the upper respiratory tract (vaides-Dapena. 1992). Most studies mentioned below
have had only a very limited number (i.e. some tens) of controls with some overlap in the
findings between SIDS and control infants. In addition, many of these control infants had
some acute or chronic disease making it difficult to distinguish which are ‘“normal”
postmortem changes and which are pathological findings.

Many future SIDS victims show minor alterations in autonomic control including
cardiac control, sleep parameters, arousal, and breathing. These alterations in autonomic
control are considered to result from immaturity, a delay in the development or congenital
alterations of the brain nuclei, especially in the brainstem control areas. On normal autopsy
protocol, the brains of SIDS victims look normal, but special techniques have found subtle
alterations in the autonomic regions (valdes-Dapena. 1992). Reports on the brain alterations in SIDS
infants include general alterations such as astrogliosis (kinney, et al. 1983,Matturri, et al. 2006>Nacye.
1976, Takashima, et al. 1985), delayed myelination (kinney, et al. 1991) and general immaturity of the
brainstem with increased levels of dendritic spines (Quattrochi, et al. 1985,Takashima, et al. 1985) and
synapses (okusky, et al. 1994). Astrogliosis and reactive astrocytes are a non-specific response to
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brain injuries, seen in, e.g. hypoxic injuries, but astrogliosis is also present in many other
conditions, such as congenital heart disease, congenital myopathy, and sleep apnea (rakashima, et
al. 1985)-

The serotonin system, including the arcuate nucleus, nucleus raphé obscurus, inferior
olive, nucleus paragigantocellularis lateralis and intermediate reticular zone, in medulla
oblongata is abnormal in about half of SIDS infants (kinney, et at. 2001). Other abnormalities
reported in SIDS victims are hypoplasia of nuclei related to autonomic control, such as
arcuate nucleus (Filiano, et al. 1992,Kinney, et al. 1995;Matturri, et al. 2006), and hypoglossus nucleus (Matturri, et
al. 2006)- The levels of tyrosine hydroxylase, an enzyme involved in the biosynthesis of
adrenaline and noradrenaline, is low in the locus coeruleus, a nucleus associated with
cardiovascular and respiratory systems (Lavezi, et al. 2005). In areas of the hippocampus and
brainstem — including the vestibular nucleus — there is increased apoptosis in SIDS victims
(Waters, et al. 1999)- Also the inferior olive, which is sensitive to hypoxia, shows signs of reactive
gliosis (Kinney, et al. 2001), Suggesting possible hypoxic injury.

Alterations in the cerebellum include delayed myelination in cerebellar sites (kinney, et al.
1991), gliosis in olivocerebellar fibers (kinney, et al. 1983), and alterations in the cerebellar cortex,
such as immaturity of external granular layer, apoptosis of inner granular layer, and
anomalous apoptotic death of Purkinje cells (cruz-Sanchez, et al. 1997>Matturi, et al. 2006)- Lhe cerebellar
dentate nucleus also shows increased neuronal 10SS (Lavezzi, et al. 2006)- Many of these findings are
also associated with maternal smoking during pregnancy (matturri, et al. 2006)-

Infections

There is evidence of inflammation or infection at least in a subset of SIDS. Many SIDS
infants have signs of respiratory infection prior to death (valdes-Dapena. 1992), although the
postmortem findings are usually so mild so that it is considered insufficient to assign the
cause of death to infection. Interleukin-6, which induces fever, is increased in the
cerebrospinal fluid of SIDS infants (vege, et al. 1995), however to a lesser extent than in infants
who have died of infectious causes. Hypoxanthine levels in SIDS infants and in those who
had died of infectious causes were similarly elevated, whereas the levels were significantly
lower in infants who had died of heart/lung diseases, or as a result of violent death (opdal, et al.
1998). These findings suggest that there may be similarities between the mechanisms of death
in SIDS and in death caused by infection. Antemortal hypoxia is suggested to be a common
factor (opdal, et al. 1998)-

2.1.5 Hypoxia

In SIDS victims, there is evidence of hypoxia for some hours to days before death.
Postmortem analyses include findings of increased vascular endothelial growth factor, a
protein upregulated when exposed to hypoxemia, in cerebrospinal fluid (jones, et al. 2003). Also
hypoxanthine, which increases in response to hypoxemia and even more when it is
intermittent (rRognum, et al. 1993), 1S found to be increased in the vitreous humor of SIDS infants
(Opdal, et al. 19985Rognum, et al. 1988)-

Autopsy findings of SIDS infants show increased amounts of brown fat (nacye. 1974),
hepatic erythropoiesis (Naeye. 1974,Valdes-Dapena. 1992), and gliosis in the brainstem (kinney, et al.
1983,Nacye. 1976), Which may be attributed to sustained hypoxic conditions before death. Sections
of brain show loss of cerebellar Purkinje cells, which are known to be sensitive to hypoxia, as
well as an increased amount of reactive astrocytes, which are a non-specific response to brain
injuries such as hypoxia (Lavezzi, et al. 2006)- However, most of brain damage is non-specific and
can be caused by different mechanisms. Thus, comparing changes in SIDS infants and infants
with chronic oxygenation problems may be useful in trying to distinguish which abnormalities
are caused by hypoxia and which by some other challenge. Kinney and co-workers (kinney, et al.
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2001) compared SIDS victims to acute and chronic controls, without and with oxygenation
disorders, respectively. SIDS infants showed decreased 3H-quinuclidinyl benzilate binding to
muscarinic receptors in the arcuate nucleus, similarly to the chronic controls, whereas acute
controls without long-term hypoxic exposure did not show changes in this binding in any
nuclei. This adds to the evidence suggesting that hypoxia may be an important factor in the
pathogenesis of SIDS.

2.1.6 Abnormal autonomic control

The control of the autonomic nervous system in SIDS is suggested to be defective or
immature (Mathews. 1992), seen as subtle abnormalities in the heart, lung and brain of SIDS
infants, or altered balance of the autonomic nervous system. There are reports of altered heart
rate (HR) characteristics, such as increased sinus tachycardia in SIDS victims (meny, et al.
1994,Southall, et al. 1988) and higher HR levels in future SIDS infants (schechtman, et al. 1988) as well as in
near-miss SIDS infants (Leister, et a1. 1980). Bradycardia is also reported preceding the fatal event
in some possible SIDS infants (meny, et al. 1994-Pocts, et al. 1999). Ventricular fibrillation caused by
increased QT time is reported in some SIDS infants (schwartz, et al. 1998), but there are serious
concerns about the methodology and interpretation of these findings (Guntheroth, ct al. 1998,Hodgman, et
al. 1999;Hoffman, et al. 1999;Lucey. 1999:Martin, et al. 1999). Reports of a diminished number of body
movements during sleep and increased sweating in future SIDS infants (kann, et a1. 1992), further
support the theory of deranged autonomic control.

Another method to evaluate the balance of the autonomic nervous system is to assess
heart rate variability. In SIDS infants, spectral analysis showed decreased high frequency
variability and increased low frequency/high frequency power rations (Franco, et al. 1998;Franco, et al.
2003). Decreased heart rate variability in SIDS victims has been found during rapid eye
movement (REM) Sleep and Waking (Schechtman, et al. 1989sSchechtman, et al. l992b)

There have been many theories relating SIDS to respiratory events including immature
respiratory control, accidental suffocation, CO, intoxication or hypoxia due to rebreathing,
and hypoxia caused by obstructive sleep apnea (keens, et al. 2001,Thach. 2005). Although a purely
respiratory explanation for SIDS has been found to be oversimplified, SIDS victims have
been shown to have more frequently obstructive breathing (kann, et al. 1992,Kato, et al. 2001,McNamara, et
al. 2000)-

Most of the polysomnographic features of sleep are similar in both control and SIDS
infants (kann, et at. 1992). However, future SIDS victims show less waking and more sleep
compared with control infants during the last portion of the night (schechtman, et al. 19924) Which is
the presumed time of death in SIDS. The most obvious polysomnographic difference between
the future SIDS victims and controls were the number of body movements in sleep: the SIDS
infants moved less than controls (kahn, et a1. 1992)-

2.1.7 Cardiovascular collapse and autoresuscitation

On the basis of home recordings, SIDS is suggested to resemble a hypovolemic shock (meny, et
al. 1994,Pocts, et al. 1999). HOwever, it is not clear if these cases represent “true” SIDS. In these
recordings, the final sequence before death is characterized by a sudden bradycardia, which is
followed by gasping. There are no sustained cardiac arrhythmias or central apneas prior to
this. Cardiovascular collapse seen in home recordings is similar to extensive blood loss,
where an initial compensatory response is followed by a sudden, centrally triggered
inhibition, resulting in fatal hypotension and death, if the sequelae cannot be stopped (gvans, et al.
2001)- It is not known why bradycardia and gasping are not followed by autoresuscitation (seen
as recovered heart rate and blood pressure) or awakening. Both repetitive hypoxic exposure
and prenatal nicotine are found to impair the ability of animals to autoresuscitate (pewelr. 2005),
therefore some SIDS risk factors such as prone sleeping, prematurity and maternal smoking
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during pregnancy may affect this protective response. In addition, arousal — another protective
mechanism during sleep — is impaired in many SIDS risk groups and future SIDS victims
(Franco, et al. 2010)-

In SIDS victims, the function of fastigial and vestibulo-mediated cardiovascular
pathways — which are important compensating systems during critical situations — may be
altered (Harper, et al. 1998,Harper, et al. 1999sHarper, et al. 2000asHarper. 2000,Waters, et al. 1999)- Vestibular and/or
fastigial input can modify blood pressure responses, and it is suggested, that they act as a
compensatory mechanism similar to that of the cerebellum in locomotion (Harper. 2000). The
arcuate nucleus, which is found to be hypoplastic or absent in some SIDS infants (rijiano, et al.
1992,Kinney, et al. 1995,Matturri, ot al. 2006), presumably projects to the cerebellum, modifying this
vestibulo- or fastigial-mediated compensatory response to hypotension (marper, et al. 1998). The
trigger for this kind of cardiovascular collapse is unknown but obstructive sleep apnea could
be one possible culprit, especially as obstructive events in future SIDS infants are associated
with bradycardia and desaturations (kann, et a1. 1992). Home recording devices, however, do not
register airflow, so it remains unknown whether these obstructive events truly precede the
fatal event in SIDS. It is also suggested that instead of one specific type of failure mechanism,
the critical issue in SIDS deaths may be the inability to recover from a life-threatening event
(Harper. 2000)-

In conclusion, it is suggested that different mechanisms may induce a life-threatening
event in a vulnerable infant, but the main problem may be the failure to compensate for and
recover from this event (marper. 2000). This immature control of the autonomic nervous system
and respiratory function, combined with defective arousal mechanisms is suggested to lead to
SIDS (Moon, et al. 2007)-

2.2 Cardiovascular control mechanisms

2.2.1 Blood pressure control

It is difficult to make a consistent, generalized overview of blood pressure (BP) control since
the BP regulation is a complex process with a multitude of input signals improving the
accuracy of the blood pressure regulation. Long-term absence of one type of signal does not
seem to fundamentally alter BP control, but the short-term control may become more
impl"eCise (Guyton. 1981,Kerman, et al. 1998,5Persson. 1996, Timmers, et al. 2003, Yates, et al. 2000)-

Changes in BP result from alterations in cardiac pump function, peripheral vascular
resistance or volume of blood in venous capacitance vessels. The vascular tree, excluding
capillaries and venules, contains smooth muscle and receives sympathetic innervation, which
exerts tonic discharge to maintain vascular tone by vasoconstriction. Sympathetic vasodilator
nerves also exist in resistance vessels (Ganong. 1999). Furthermore, many circulating vasodilative
or vasoconstrictive hormones participate in cardiovascular control (persson. 1996)-

Central integrational mechanism of blood pressure control

The most important control sites for blood pressure are located in the brainstem, in the
medulla oblongata and in the pons (bulbar region). The earlier concept of a single vasomotor
center in the medulla has been replaced by increased data on cardiovascular control, and
currently the cardiovascular system is proposed to be controlled by specific, interconnected
neuronal groups from the cortex to the spinal cord, mostly located at the medulla. (4¢ Burgh Daty.
1997a,Ganong. 1999)

The rostral ventrolateral medulla (RVLM) is one of the key areas in blood pressure
control. It is called a pressor region since it participates in the maintaining of the vasomotor
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tone, reflex control of heart rate and systemic vascular resistance. The area surrounding the
nucleus ambiguus, adjacent to the RVLM, is sometimes referred to as the depressor area (ge
Burgh Daly. 1997a)- 1he complex interaction between different areas participating in blood pressure
control is not fully understood. Higher levels (hypothalamus and cerebral cortex) influence
the circulation mostly through their action on these medullary neuronal groups. The
hypothalamus and cerebral cortex are recruited during cardiovascular responses to emotions
and cognitive tasks, such as anticipation of exercise.

Because of the extensive amount of data and the complex nature of cardiovascular
control, only the most important nuclei concerning cardiovascular control are presented here.
These important areas include the rostral and caudal ventrolateral medulla, together with the
nucleus of the solitary tract and cerebellar nuclei.

Rostral ventrolateral medulla

The rostral ventrolateral medulla (RVLM) is critical for the function of the cardiovascular
reflex and a major source of tonic excitatory input to cardiovascular sympathetic
preganglionic fibers. Neurons in RVLM are tonically active and produce much of the resting
sympathetic vasomotor activity, at least in anesthetized animals. Activation of peripheral
baroreceptors decreases the firing rate of these RVML sympathetic neurons. In anesthetized
animals, inhibition or destruction of RVLM neurons leads to a deep hypotension, although
this hypotension is fully compensated within days. The vagal cardiac component, however,
remains intact. (pampney. 1994)

Caudal ventrolateral medulla

Stimulation of the caudal ventrolateral medulla induces the so-called depressor response,
which is a result of decreased total peripheral resistance, inhibition of sympathetic vasomotor
activity, and decreased cardiac contractility. Cells in this area show tonic activity similarly to
the RVML area. The activity of neurons in the caudal ventrolateral medulla most likely
modulates the RVLM activity. (pampney. 1994)

Nucleus of solitary tract

The nucleus of solitary tract (NTS) mediates homeostatic cardiovascular reflexes that control
blood pressure and fluid balance. It receives afferent neurons from baro- and chemoreceptors
as well as from visceral and somatic receptors, and it projects via the caudal ventrolateral
medulla to the RVLM. Signal transmission of NTS is possibly also modulated by the cortex,
amygdala, hypothalamus, and parts of the brainstem synapse with the NTS. (pampney. 1994)

Area Postrema

The area postrema, located on the dorsal surface of the medulla, most likely participates in
cardiovascular control by connecting circulating hormones and central autonomic regulation.
It is located on the dorsal surface of the medulla and because it is highly vascular, but
deficient of a blood-brain barrier, it has access to circulating substances. It has extensive
projections to the NTS. (pampney. 1994)

Cerebellar nuclei

Fastigial nuclei, located in the deep cerebellum, are postulated to participate in the modulation
of the cardiovascular responses, similarly to the error-correction role of the cerebellum in
motion control (yarper. 2000). The role of the cerebellum in cardiovascular control is discussed in
detail in the section “Vestibular and cerebellar mechanisms in cardiovascular control”.
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Baroreflex control of blood pressure

Cardiovascular reactions to postural challenge are mediated by baroreflex, peripheral venous
reflexes, and vestibular sympathoreflexes (persson. 1996, Thompson, et al. 1983, Yates, et al. 1987)-

Baroreflex is important in balancing blood pressure alterations caused by body position
changes and in securing a sufficient blood supply to the upper part of the body and brain also
during vertical body position, i.e. standing. Baroreflex responds to these challenges by
exerting short-term control of arterial blood pressure, heart rate and cardiac contractility, and
altering vascular tone (La Rovere, et al. 2008)-

Baroreceptors maintain the vasomotor tone by firing continuously at a rate of 10-30
impulses per second and they respond to both fluctuating and stabile pressures. When
distended, they increase firing, which usually occurs in pulses according to pressure pulses,
with responses being greater for rising than falling pressures. Sympathetic discharge can
modify baroreceptor sensitivity by affecting the vessel wall stiffness. (Ganong. 1999,Mountcastle.
19745Scher, et al. 1963)

When baroreceptors are distended, such as during acute hypertension, they increase
firing. This activation of baroreceptor afferents is conveyed to medullary vasomotor centers,
mostly to the NTS (pampney. 1994). Baroreflex activation to the heart produces both vagal
activation (reflex bradycardia, decreased myocardial conductivity and contractivity, which
lead to decreased cardiac output) and sympathetic withdrawal (La Rovere, et al. 2008). Baroreflex
activation to vascular beds inhibits efferent sympathetic vasoconstrictor tone, producing
dilatation of arterioles in most vascular beds, and decreased large vein tone. Together, these
baroreflex-mediated cardiac and peripheral actions lead to decreased systemic arterial
pressure (La Rovere, et al. 2008). When blood pressure decreases, a deactivation of baroreceptors
leads to increased sympathetic activity and vagal inhibition.

Baroreceptor latency appears to be different for the parasympathetic and sympathetic
effents, such that latency for parasympathetic activity is much shorter, i.e. 200-600 ms
enabling rapid cardiovagal reactions, whereas the latency for the initiation of sympathetic
activity is estimated to be around 2-3 seconds, and the maximal effect is reached even more
slowly (La Rovere, et al. 2008). There is a paucity of data on the latency of baroreflex-mediated
vasoconstriction during orthostatic testing, but it has been estimated to be several seconds

(Gulli, et al. 2005)-

Baroreceptor location

Baroreceptors located in the walls of blood vessels are sensitive to mechanical deformation
and respond to mechanical stretch from intravenous blood. The carotid body comprises two of
these receptors that are located in the carotid sinuses (dilatation of the internal carotid artery at
its origin) and innervated by glossopharyngeal nerves. Baroreceptors of the aortic body are
located at the aortic arch and innervated by the vagus nerve. (pampney. 1994,Marshall. 1994, Timmers, et al.
2003)

Pulmonary arterial baroreceptors are located near the bifurcation of the main pulmonary
artery and respond to changes in pulmonary arterial pressure similarly to carotid and aortic
baroreceptors. In addition to increasing systemic arterial pressure, these receptors respond to
decreases in pulmonary arterial pressure also by increasing respiratory rate and depth.
(Mountcastle. 1974)

Cardiac stretch receptors reside in venoatrial junctions (atrial receptors) and ventricles
(ventricular receptors). Atrial stretch receptors reside in venoatrial junctions, monitor terminal
venous pressure and dynamics of ventricular filling, and activate when atrias are stretched.

(Dampney. 1994>Mountcastle. 1974)
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Baroreceptors in the aortic arch and carotid sinus are so-called high pressure
baroreceptors, which show pulse synchronous firing. Cardiopulmonary volume receptors in
atria, great veins and ventricles are so-called low pressure baroreceptors (Freeman. 2006)-

Because of the multiple baroreceptor regions, the lack of one set of baroreceptor
afferents does not seem to have an impact on long-term changes in blood pressure or heart
rate, as the deficit can be compensated by other regions. (persson. 1996)-

Chemoreflex control of blood pressure

Central and peripheral chemoreceptors together modify breathing according to changes in
oxygen and carbon dioxide (CO;) tension and concentrations of hydrogen ion (Timmers, et al. 2003)-
Central chemoreceptors, which sense the changes in hydrogen ion concentration, reside in the
rostral ventrolateral medulla, and adjust cardiopulmonary responses during hypercapnia and
acid-base balance (Timmers, et al. 2003)-

Peripheral arterial chemoreceptors are located in the aortic and carotid bodies, and
induce cardiorespiratory responses during acute hypoxia. Peripheral arterial chemoreceptors
primarily respond to changes in oxygen and, to a lesser extent, to changes in CO; tension and
concentrations of hydrogen ion (Marshall. 1994,Timmers, et al. 2003). When stimulated by hypoxia,
peripheral chemoreceptor activation leads to bradycardia and vasoconstriction during apnea or
if ventilation remains constant. If ventilation is allowed to increase, peripheral chemoreceptor
response to hypoxia leads to tachycardia and vasodilatation (Marshall. 1994,Persson. 1996)-

Local cardiovascular control

Local tissue-level autoregulation with the capacity of tissues to control their blood flow, is
present in most tissues, and can both increase and decrease the amount of blood flow (Guyton.
1981). The importance of local tissue-level autoregulation, however, is small in acute blood
pressure control (Guywon. 1981). In autoregulation, an increase in venous transmural pressure
causes vascular smooth muscle to contract, increasing peripheral resistance and decreasing the
amount of tissue blood flow (Guyton. 1981,Persson. 1996).

The vascular endothelium participates in the control of blood pressure by producing
local vasodilators and vasoconstrictors. Nitric oxide and prostacyclin are the most important
substances in decreasing vascular smooth muscle tone whereas endothelin and thromboxane
A2 are potent vasoconstrictors (persson. 1996). In addition, hypoxia, hypercapnia, low pH,
increased temperature and potassium are vasodilators, whereas injury to the vessel and cold
induce vasoconstriction (Ganong. 1999)-

2.2.2 Heart rate control

Heart rate (HR) is modified by both the parasympathetic and the sympathetic nervous system.
Parasympathetic control exerts tonic discharge at rest, and blocking parasympathetic activity
produces considerable tachycardia. The sympathetic nervous system controls cardiac function
by increasing cardiac contractility and heart rate, and by inhibiting the vagal effect (task Force of
the European Society of Cardiology and the North American Society of Pacing and Electrophysiology. 1996)~

The nucleus ambiguus, part of the caudal ventrolateral medulla, is the main site for
cardiac vagal preganglionic neurons in most species (pampney. 1994). The other sites, the dorsal
vagal motor nucleus and the reticular formation, are also located in the medulla (4c Burgh Daty.
1997a). Cardiac vagal preganglionic neurons receive mostly excitatory input from peripheral
baroreceptors, although also peripheral chemoreceptors, cardiac receptors and trigeminal
receptors can excitate these neurons. Baroreceptor influence is mediated by a direct pathway
from the NTS. (Dampney. 1994)
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2.2.3 Cardiovascular responses to hypoxia

Hypoxia has direct effects on different organs, but it also influences blood flow via reflexes.
Local severe hypoxia induces vasodilatation (paugherty, et al. 1967,Heistad, et al. 1975b), Which is clearest
in the coronary vessels and arteries of the brain. On the other hand, hypoxic vasodilatation has
a small influence on the arteries of the extremities. This variation in the degree of
vasodilatation is important in that during hypoxia more blood is directed to the vital organs,
such as the heart and the brain.

The effects of short-term hypoxia on heart rate and blood pressure depend on the
severity of hypoxia and differs between species (dc Burgh Daly. 19975). In cats, mild hypoxia
induces mild hyperventilation, bradycardia and vasoconstriction in mesenterial and skeletal
muscle vessels. Vasoconstriction increases peripheral vascular resistance thus increasing
blood pressure. In dogs, mild hypoxia induces tachycardia, peripheral vasodilatation and thus
a decrease in peripheral vascular resistance. Tachycardia and peripheral vasodilatation are
caused by hyperventilation and activation of pulmonary stretch receptors (e Burgh Daly, et al. 1958,de
Burgh Daly, et al. 1962,de Burgh Daly, et al. 1963). 1N humans during hypoxia, tachycardia is observed
without a significant ventilatory response (Lugliani, et al. 1971)-

A severe, short-term hypoxia in anesthetized animals activates brainstem defence areas,
which in turn activates a visceral response. This leads to marked hyperventilation,
tachycardia, mesenterial vasoconstriction, and vasodilatation in skeletal muscle vessels
(Hainsworth, et al. 1973). HOWever, in non-anesthetized animals, the threshold to activate defence
areas is higher than is needed to activate a normal alert response (de Burgh Daly. 1997b)-

In adult humans, mild to moderate hypoxia either does not affect or slightly increases
systemic blood pressure. Vasodilatation induced by hypoxia is compensated by a reflex from
the carotid body which induces vasoconstriction. In humans whose carotid bodies have been
removed, blood pressure decreases significantly during hypoxia (rugliani, et al. 1973, Wade, et al. 1970)-

Although hypoxia significantly influences blood pressure, also blood pressure
influences respiratory control. Baroreceptor activity changes ventilatory response to hypoxia
and hypercapnia. In anesthetized dogs, hypotension increases and hypertension diminishes
ventilatory response to hypoxia and hypercapnia (Heistad, et al. 19752)- By stimulating only one
carotid baroreceptor, the ventilatory response induced by the contralateral carotid body
diminishes. The effects of baroreceptors and chemoreceptors of carotid bodies are integrated
in the central nervous system, not in the carotid body itself.

Most of the data on cardiovascular control during sustained hypoxia in humans are
based on data from people living at high altitudes (rLeon-velarde, et al. 2010,Penaloza, et al. 2007)-
Cardiovascular changes associated with living at high altitudes include polysythemia together
with increased viscosity of blood, right ventricular hypertrophy, and increased pulmonary
vascular resistance and amount of smooth muscle cells in distal pulmonary arterial branches.
Increased pulmonary artery pressure is associated with decreased SpO..

Repetitive (intermittent) hypoxia

The effects of intermittent hypoxia on human cardiovascular control are even less well known
than those of chronic hypoxia; a literature search revealed no studies on infant cardiovascular
control after repetitive hypoxic exposure. Animal studies, however, suggest that the effects of
intermittent hypoxia are more detrimental than those of sustained hypoxia (Neubaver. 2001)- It 18
suggested that intermittent hypoxia causes vascular disease via sympathetic nervous system
overactivity, oxidative stress and endothelial dysfunction (goster, et al. 2007)- In healthy humans,
intermittent nocturnal hypoxia increases BP levels, which also remains beyond the acute
phase immediately after exposure (poster, et al. 2009,Tamisicr. et al. 2011). Lhe increase in BP is
mediated through sustained sympathetic activity and increased peripheral vascular tone
(Gilmartin, et al. 2008,Gilmartin, et al. 2010)- Lhis increased sympathetic nervous system activity leads to
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attenuated vasodilator and enhanced vasoconstrictor functions (poster, et al. 2007)- In addition,
intermittent hypoxia alters cerebrovascular regulation (roster, et al. 2009), but it seems to have no
effect on the HR levels (Gilmanin, et al. 2008,Gilmartin, et al. 2010, Tamisier, et al. 201 l)~

2.2.4 Vestibular and cerebellar mechanisms in cardiovascular control

Traditionally, postural blood pressure control in considered to be almost entirely baroreflex
driven. However, since the seventies, there have been several studies targeting the role of
vestibular action; currently it has been shown that the vestibulosympathetic responses are
important in cardiovascular control. The effect is additive to baroreflex and other
cardiovascular reflexes (carter, et al. 2008). In the inner ear, two otolith organs (utricle and saccule)
detect linear acceleration and three semicircular canals respond to angular acceleration in the
plane of the canal being stimulated (vates. 1992)-

Role of cerebellum and fastigial nucleus in cardiovascular control

The role of the cerebellum in cardiovascular control is considered to be related to the error
correction and change compensation similarly to its role in motor behaviors (arper. 2000). The
cerebellum, and particularly the fastigial nuclei (FN) are important in modulating
vestibulosympathetic responses, although the cerebellar action is not essential to vestibulo-
mediated cardiovascular responses; also cerebellectomized animals show vestibular-elicited
effects on sympathetic outflow and BP (yates. 1992). FN activity does not participate in baseline
BP or HR control, but it is important in the restoration of BP after a severe hypotensive
epiSOde (Lutherer, etal. l983)~

Fastigial nuclei are part of the deep cerebellar nuclei, and they lie most medially in both
sides of the deep cerebellum. FN are considered an important structure for processing
vestibular signals (siebold, et al. 2001). The majority of FN neurons receive vestibular (otolith)
input, indicating that they are responsive to linear motion. The FN show extensive reciprocal
connections with the vestibular nucleus (piagne, ct al. 2001,Noda, et al. 1990,Zhou, et al. 2001). Functionally,
the fastigial nucleus has been divided into a rostral and a caudal region. Its caudal part shows
a response to eye movements (fastigial oculomotor region) and vestibular stimulation (noda, et
al. 1990,Zhou, et al. 2001)- Lhe rostral part responds to angular and linear vestibular stimulation, and
neurons in the rostral part of the fastigial nucleus are often called “vestibular only” neurons
(Siebold, et al. 20015Zhou, et al. 2001)~

Stimulation of the rostral pole of the fastigial nucleus causes a sympathetic activation
termed the fastigial pressor response. The fastigial pressor response includes an increase in
BP, tachycardia, and inhibition of reflex bradycardia (giisevich, et al. 1991,Giuditta, et al. 2003). Lesions
involving brainstem areas of the uncinate fasciculus, the NTS, the locus coeruleus-lateral
parabrachial nucleus, or rostral ventrolateral reticular nucleus result in abolished or attenuated
fastigial pressor response (Giuditta, et al. 2003)- Fastigial pressor response has also been described
in humans (Elisevich, et al. 1991)-

After transection of the vestibular nerve, i.e. the VIII cranial nerve, FN lesions do not
result in any further deficit, suggesting that fastigial and vestibular pathways are part of the
same reflex arc responding to orthostatic challenge (poba, et al. 1974>vates. 1992). There is, however,
also evidence challenging the role of the FN in the fastigial pressor response. The pressor
response from stimulating the FN may result from activation of passing nerve fibers in the
FN, and not from excitation of intrinsic cerebellar neurons. (g Burgh Daly. 1997aYates. 1992)

The role of the posterior cerebellar vermis (uvula) in cardiovascular control is not clear,
but stimulation of this area has been found to induce cardiovascular effects and inhibit
vestibulosympathetic reflexes (vates. 1992). Stimulation of the cerebellar uvula or nodulus alters
baseline BP levels, and stimulation of the posterior vermis activates neurons in brainstem
areas controlling BP (vates, et al. 2000). Furthermore, ablation of the cerebellar uvula or nodulus
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modulates BP levels during postural challenge (iolmes, et al. 2002). Thus the vestibulocerebellum
(flocculus, nodulus, uvula, posterior cerebellar vermis) may play a role in the recovery of
compensatory or movement-related cardiovascular responses following vestibular lesions
(Yates, etal. 2005)~

There are direct connections from the nodulus-uvula region via Purkinje cells to
brainstem areas including the vestibular nucleus (vaes, et al. 2000)- As Purkinje cells are the only
efferent neurons from the cerebellar cortex, their death causes a functional lesion of the
cerebellum, and thus they may present an especially vulnerable anatomic structure (sama, et al.
2003). Purkinje cells have been found to be sensitive to acute (sama, et al. 2003), intermittent (pae_ et al.
2005) and chronic hypoxia (Hutton, et a1. 2007), @8 Well as to nicotine (abdel-Rahman, et al. 2005)-

Vestibular nuclei functional anatomy

The anatomy and function of vestibular complexes are extensively reviewed by Barmack
(Barmack. 2003)- The two vestibular complexes are located symmetrically on both sides along the
lateral wall of the fourth ventricle in the brainstem, and they consist of four subnuclei: the
medial, descending (inferior), lateral and superior vestibular nucleus. In addition, several
smaller nuclei in the region of classical nuclei receive vestibular primary afferents. Vestibular
subnuclei have extensive connections with each other on the ipsilateral side and also with the
corresponding nuclei on the contralateral side. The vestibular complex send projections to the
thalamus, cerebellum (including vermis, flocculus, and fastigial nucleus), spinal cord, and
regions regulating the autonomic nervous system. Primary afferent signals to vestibular nuclei
come from vestibular end-organs, but also secondary afferents originate from visual,
proprioceptive, and cerebellar (posterior cerebellum, uvula and nodulus) systems.

Lesions of the medial and inferior vestibular nucleus abolish vestibular-elicited
sympathetic activity (vates. 1996). These vestibular nuclei neurons project via the brainstem
interneurons to the rostral ventrolateral medulla, which is an important command center for
sympathetic BP regulation.

Vestibular stimulation and cardiovascular responses

The vestibular system helps to maintain homeostasis during movement and changes in
posture, making rapid adjustments in BP (carter, et al. 2008,vates, et al. 2005). In animal models,
changes in blood pressure induced by the vestibular system seem to be exerted mainly
through the sympathetic nervous system (Kerman, et al. 1998,Yates, et al. 2000)- 1 he strongest influences
are exerted on components of the sympathetic nervous system regulating peripheral vascular
resistance (Kerman, et al. 1998). In the central nervous system, vestibular stimulation induces
activity changes in brainstem neurons in BP regulation areas such as the NTS, lateral
tegmental field, rostral ventrolateral medulla, and caudal medullary raphe nuclei (vates, et al.
2000)-

The action of the vestibular nucleus on cardiovascular control is not exclusively due to
labyrinthine signals, and circuits involving the vestibular nuclei elicit compensatory
cardiovascular responses during movements even after removal of labyrinthine signals (vaes, et
al. 2000)- Non-labyrinthine inputs — signals from the muscle, skin, viscera and visual cues — can
modulate the firing of vestibular nucleus neurons during vertical rotations (vaes, et al. 2005)-

Bilateral removal of labyrinthine inputs by cutting vestibular nerves results in unstabile
control of BP in both anesthetized (poba, et al. 1974) and awake cats when visual input is absent
(Jian, et al. 1999). After vestibular damage in head-up tilt, the initial BP decrease is augmented, BP
compensation is delayed, and BP does not return to the pre-test baseline values without an
effect on the reflex tachycardia induced by tilt (poba, et a1 1974). There is, however, a rapid
compensation and recovery of postural BP responses within one week (jian, et al. 1999,Yates, et al.
2005). If the cerebellar uvula is damaged together with bilateral labyrinthectomy, no recovery
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occurs, at least for the observed one month period (vates, et a1, 2005). The authors suggested that
plasticity of the central nervous system is responsible for the recovery after damage to the
peripheral vestibular system, and that this adaptation is dependent upon the cerebellar uvula.

Acute hypotensive response in the beginning of the tilt after removal of vestibular input
suggests delayed and attenuated modulation of peripheral vein resistance. Bilateral lesions in
the fastigial nuclei produced similar responses indicating that fastigial and vestibular
projections share a common pathway (poba, et al. 1974). Combined bilateral fastigial nucleus
lesions and baroreceptor denervation produced an augmented, hypotensive BP response that
was significantly greater than baroreceptor denervation alone (peba, et al. 1974). Thus, it was
proposed that vestibular inputs contribute to baroreceptor reflexes, which regulate blood
pressure and volume distribution during changes of body posture. Furthermore, nose-up head
tilt in animals with extensive denervations of peripheral input to remove pulmonary, airway
and cardiovascular signals that could participate in the cardiovascular response, elicited a
significant blood pressure response, indicating that vestibular-elicited activity can induce BP
changes alone (woodring, et al. 1997). As no HR response was seen, the authors suggested that the
vestibular-elicited BP increase was induced by changes in peripheral vasoconstriction.

Also in humans, vestibulo-mediated cardiovascular control is suggested to function to
prevent hypotension (pyckman, et al. 2007). Baroreflex-mediated activation of vascular resistance is
estimated to be relatively slow, 7 — 9 seconds from tilt onset until vasoconstriction (Guui, et al.
2005,Scher, et al. 1963,Warner, 1958), Whereas the vestibulo-cardiac reflex is rather fast with a short
latency of about 400-500ms (Kaufmann, et al. 2002;Radtke, et al. 2003>Yates, et al. 2005)- 1t is therefore
suggested that the vestibular action initiates the compensatory cardiovascular mechanisms at
the beginning of the head-up tilt test. However, the literature search did not reveal any more
recent studies or evidence targeting specifically on the speed of the baroreflex action onset.

Activation of vestibular function in humans has been shown to induce similar changes
in sympathetic nerve activity and blood pressure responses to those observed in animal
studies (Kaufmann, et al. 2002,Yates, et al. 20005Yates, et al. 2005)- It iS, however, difﬁCUIt to gain an
understanding of human vestibular-autonomic control because of the rapid vestibular
compensation after peripheral lesions. Reduced vascular sympathetic reactivity during
orthostatic challenge has been observed to dissipate within two weeks (vates, et al. 2005)-
Recovery of vestibulo-ocular and vestibulo-postural responses occurs during a time course
similar to that in which deficiencies in autonomic responses resolve, suggesting a common
mechanism. Furthermore, it is possible that vestibulo-mediated deficits of BP regulation only
become apparent when the level of alertness is diminished (vates, et al. 2005)-

2.3 Cardiovascular tests in infants

Clinical tests of cardiovascular autonomic function include tests of cardiovagal and
sympathetic adrenergic function. Cardiovagal function tests include HR variability, HR
response to Valsalva maneuver, and HR response to postural change, whereas the sympathetic
adrenergic function is evaluated by BP response to active standing and passive tilting, BP
response to Valsalva maneuver, isometric exercise, cold pressor test, mental stress test,
carotid sinus massage, and prolonged tilt-table test (Freeman. 2006,Ravits. 1997)-

Peripheral vasoconstrictor function is evaluated by assessing peripheral vascular
resistance or venoarterial reflex (preeman. 2006). The most common method to evaluate peripheral
vascular resistance is venous occlusion plethysmography, where an increase in the volume of
a limb during the initial stage of venous occlusion is considered to reflect arterial blood flow
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to the limb. The vascular resistance is then calculated as the mean arterial pressure divided by
this blood flow. (FreemanA 20065Greenfield, et al. 1963)

2.3.1 Continuous blood pressure measurement

There are only relatively few data on acute blood pressure responses in newborns and infants
due to difficulties in measurement. Furthermore, comparison of the studies is difficult due to
different study populations, age distributions, and study protocols. Many of the earlier studies
have used an umbilical catheter to evaluate the immediate cardiovascular responses (Gupta, et al.

19655Moss, et al. 19635Moss, et al. 1968,0h, et al. 1966,Shekhawat, et al. 2001,Waldman, et al. 1979,Young, et al. 1966)~

Volume clamp method

Nowadays, invasive BP is hardly justified in otherwise healthy infants because of the risks
associated with invasive catheters. Those infants with invasive blood pressure monitoring for
clinical purposes frequently have severe cardiovascular problems, and thus they do no not
represent a normal population. Oscillometric devices have not enabled continuous evaluation
of blood pressure responses. Finapres®, Portapres® and Finometer® resolve these problems
by measuring continuous blood pressure using the volume clamp method of Penaz (penaz. 1992)-

In the volume clamp method, the diameter of an artery is kept constant during the beat-
to-beat changes in arterial pressure (imholz, et al. 1998,Penaz. 1992)- Lhis is managed by wrapping a
cuff around the finger (or the wrist in infants (prouin, et al. 1997a;Harrington, et al. 2001)) and measuring
the changes in arterial diameter by infrared photo-plethysmograph. An inflatable air bladder
with a fast pressure servo-controller opposes the changes in arterial diameter, thus keeping the
arterial diameter stabile and unloaded. When unloaded, the arterial transmural pressure equals
zero, and the blood pressure measured at the finger cuff equals intra-arterial blood pressure.
Because the arterial tone changes following, e.g. stress, the correct unloaded diameter must be
checked regularly. The Physiocal algorithm analyzes the signal from the plethysmogram at
several constant pressure levels, and thus is able to find the correct unloaded diameter. This
Physiocal algorithm, however, interrupts the blood pressure measurement, and thus it has to
be disabled for the test periods. It can be enabled before and after the tests to ascertain reliable
values for blood pressure. Finger (wrist) arterial blood pressure may differ from brachial
artery blood pressure in waveform and in absolute levels. (imnolz, et al. 1998,Penaz. 1992)

The Finometer is reported to slightly underestimate the absolute BP values, but it is
considered to reflect the changes in blood pressure levels reliably, especially during
orthostasis and cardiovascular maneuvers (Friedman, et al. 1990;Imholz, et al. 1998,lellema, et al. 1996). 1N
infants, these devices can be used to measure continuous non-invasive blood pressure by
wrapping a modifiable, adult XL-sized finger cuff around the wrist of the infant, and it has
been ShOWH to reliably deteCt BP Changes (Drouin, et al. 1997a,Harrington, et al. 20015 Yiallourou, et al. 2006)-

Reliable studies on changes in cardiovascular parameters require that the physiological
state (awake or sleep, and sleep stage) is standardized, because in addition to different BP
levels between waking and sleep, BP and HR levels also differ according to sleep stages (torne.
et al. 2010,Somers, et al. 1993). In addition, arousal threshold during non-rapid eye movement (NREM)
sleep is higher compared with rapid eye movement (REM) sleep, and compared to REM and
awake state, in NREM sleep, breathing is regular, there is less movement and fewer
Spontaneous arousals (Franco, et al. 2010,Grigg-Damberger, et al. 2007)-

2.3.2 Head-up tilt test

The head-up tilt test is a common method used to evaluate cardiovascular function and control
(Benditt, et al. 1996,Freeman. 2006,Weimer. 2010)- When passively tilted to an upright position, the venous
volume in the lower body increases, which in turn decreases venous return to the heart,
reduces atrial filling and stroke volume. Together, these result in decreased cardiac output and
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systolic blood pressure. Decrease in blood pressure activates aortic and pulmonary
baroreceptors which rapidly reduce vagal activity, and then increase sympathetic activity, thus
restoring homeostasis by increasing HR and BP. BP is restored via tachycardia (vagal
inhibition) and peripheral vasoconstriction (sympathetic activation). Inhibition of vagal tone
causes the initial HR increase, whereas both inhibition of vagal and increased sympathetic
activity are responsible for the more gradual HR increase (preeman. 2006)-

Traditionally the head-up tilt test has been considered to evaluate baroreflex function
(Carter, et al. 2008,Doba, et al. 1974). During the initial phase of the head-up tilt test, however, also
vestibulo-mediated control apparently participates in the induction of the appropriate
cardiovascular response (Carter, et al. 2008,Doba, et al. 1974). Furthermore, if the head-up tilt test is
performed when the subject is awake, alert centers most likely participate in the response (qe
Burgh Daly. 1997b). 1his alert response may be one reason why the acute response is not
considered clinically significant in adults. To eliminate the influence of these alert centers on
cardiovascular reflexes, sleep may be the optimal state in which to perform the head-up tilt
test.

Head-up tilt test in adults

The response to orthostatic stress has been well described in adults. Typical adult response to
orthostatic stress includes an increase in HR and an initial BP decrease, followed by a
restoration of BP with reduced pulse pressure from a greater increase in diastolic BP (Gabbett, et
al. 2001,Sprangers, et al. 1991). Lotal peripheral vascular resistance is initially decreased, followed by
an increase (wicling, et al. 1998). A head-up tilt test in adults results in gradual circulatory
adjustments that reach stabile levels within 30-60s (Gabbett, ct al. 2001, Wicling, et al. 1998)-

Tilt test methodology is not uniform and standardized. The methodology of tilt tests has
been variable with regard to timing, angle of the tilt, position, age ranges, study conditions,
and analysis methods. There are significant differences in the reported responses to head-up
tilting in the HR and BP even in normal cohorts of healthy adults (sprangers, et a1. 1991)-

In addition, it is worth noting that tilt tests in adults are commonly performed awake,
which may add variability because of arousal responses. Although considerable effort has
been made to exclude startle effects by familiarizing the subjects with the test, it is likely that
these tests are not fully comparable with those performed on sleeping infants, as the control of
blood pressure also differs during awake and sleep stages (orem, et al. 1980,Somers, et al. 1993 )-

Tilt angle and length

In adults, the focus of interest in head-up tilt testing is usually on the more prolonged
response (for example, in the work-up for unexplained syncope), rather than on the acute
cardiovascular response (Bendit, et al. 1996,Weimer. 2010)- Lhe angle is usually between 60 and 90
degrees, and the transition from supine to upright position between 10 and 15 seconds.
Regarding orthostatic intolerance, the test length of 5 to 15 minutes usually suffices (weimer.
2010), but considerably longer test durations are also suggested (Benditt, et al. 1996)-

In adults, the acute cardiovascular responses to tilt angles from 70 to 90 degrees and tilt
rise time between 1.5 to 3 seconds are virtually the same (sprangers, et al. 1991). In children and
adolescents, a 30 min tilt test for syncope shows similar results between 60 and 70 degrees
(Lewis, et al. 1997), but apparently, cardiovascular effects of lower tilt angles and acute responses
are not well characterized. In a study using an oscillometric method to measure the BP
response, HR and BP responses were found to be proportionate to the angle of the tilt up to 60
degrees (Thoresen, et al. 1991)-

In animal studies, cardiovascular response to the tilt test is related to the tilt angle (poba, et
al. 1974Jian, et al. 1999). In both anesthetized and awake animals, tilt angles of 20 to 40 degrees
have elicited smaller BP changes than 60 degree tilts.
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Head-up tilt test in autonomic failure

In autonomic failure showing severe orthostatic hypotension, the head-up tilt test provokes
only a slow HR increase and a pronounced BP decrease due to unchanged total peripheral
resistance (wicling, et al. 1998)- In addition, patients with neurogenic orthostatic hypotension have
low levels of plasma noradrenaline which do not increase during orthostatic stress, further
suggesting a deficit in the peripheral sympathetic nervous system (greeman. 2006)-

2.3.3 Head-up tilt test in infants

Although the tilt test is a common way to study cardiovascular control in adults, this study
method is not in common use in evaluation of infants. Few data exist on the initial BP
responses to tilt tests in infants, as until the volume clamp method of Penaz was adopted,
continuous BP data during the tilt test was obtained only by invasive monitoring methods. A
few recent studies have evaluated cardiovascular responses to tilt tests using the Finometer, or
itS earlier Versions, POI”taPI’GS and Finapres (Cohen, et al. 2008,Cohen, et al. 2010sHarrington, et al. 2001,Harrington,
et al. 20025Harrington, et al. 2003,Witcombe, et al. 20105 Yiallourou, et al. 2008)~

The overall comparison between tilt test studies on infants is difficult because of
differences in study methods and reporting. The reported and used tilt angles vary from 15° to
90°, the position may be supine or prone, the length of the tilt test and the assessment point
for the response varies from 1 to 30 minutes, the study age varies from premature infants to
close to one-year-olds, and the sleep-wake state has varied from awake to quiet sleep, and in
many cases the sleep-wake state is not even mentioned (Tables 2, 3, 4, and 5). It is therefore
very difficult to draw clear and uniform conclusions on infant HR and BP responses to the tilt
test.

The importance of sleep stage during tests is underlined by the finding of more variable
BP responses in active REM sleep (AS) compared with quiet NREM sleep (QS), and that
many of the tests performed during AS resulted in arousal (Galtand, et al. 2000a,Harrington, et al.
2001,Witcombe, et al. 2010)- Lhus, it is possible that some of the discrepant findings reflect an arousal
response rather than a response to orthostatic challenge, as even a brief arousal causes HR
(Finley, et al. 1984,Galland, et al. 2000a, Thoresen, et al. 1991) and pressor response (Horner. 19965 Trinder, et al. 2003)~

Blood pressure responses to tilt test in full-term infants

Most of the tilt test studies on full-term infants have been performed during the neonatal
period, but some data exist up to 1-1.5 years. The initial BP responses to the tilt test have been
described as mature, adult-like biphasic responses, but no consistency exists in the BP values
after stabilization in the new, head-up position (Table 2). When tilted in a prone position
(Chong, et al. 2000, Thoresen, et al. 1991,Yiallourou, et al. 2008), BP decreases. Variation is commonly observed
both in the tilt responses between the study subjects (andrasyova, et al. 1996,Moss, et al. 196850, et al.
1966,Young, t al. 1966) and depending on the sleep stage and age studied (yiatiourou, et al. 2008). Some
studies have reported a change in response pattern after a few days of life (chen, et al. 1995, Hakulinen,

et al. 19625Young, et al. 1958)-

Blood pressure responses to tilt test in preterm infants

Similarly to the studies on full-term infants, the study methods and analysis points differ
among preterm tilt studies making comparison difficult, but in preterm infants different
gestational and study ages render the evaluation even more complex. Tilt tests evaluating BP
responses in preterm infants are presented in Table 3. The initial BP response to the head-up
tilt test in preterm infants is mostly reported to be similar, biphasic, to that in full-term infants.
After stabilization for at least 1-2 minutes in the tilted position, most studies report no change
or an increase in BP levels. These findings of intact baroreceptor response have been reported
in studies using both continuous and discrete BP measurements, although some authors
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describe a great variability in the individual responses (Hacnninen, et al. 1964>Lagercrantz, et al. 1990)- 1 he
tilt responses in preterm infants are similar to those in full-term infants shortly after birth,
suggesting that preterm infants have a well-developed baroreflex function already shortly
after birth.

Heart rate responses to tilt test in full-term infants

In term infants, studied both shortly after birth and at 2-4 months of age, the initial HR
response to the head-up tilt test when tilted supine is mostly an increase or biphasic (an
increase followed by a decrease) (Table 4). Later the HR response is mostly reported to be
either an increase or no change in HR level. One longitudinal study of twenty infants (viaiourou,
etal. 2008) reported a HR decrease to tilt in quiet sleep up to 2-3 months and after that a biphasic
response, but this group performed tilt tests of only 15 degrees, which is a rather weak
stimulus for cardiovascular control. Most studies do not report any significant differences
between HR responses in different sleep stages.

When tilted prone, HR increases in the newborn period, but at a later age of 1-4 months,
a biphasic response (Galland, et al. 1998,Galland, et al. 2006) OF N0 change is reported (Fifer, et al. 1999,Grieve, et
al. 2005-Myers, et al. 2006)- Lhese differences may result from tilt rise differences, since the former
group perfomed the tilt test in a few seconds, whereas the latter group tilted the infants very
slowly up to 30 seconds. Galland and coauthors have noted, however, that when tilted in the
prone position, fewer awakenings are seen (Galland, et al. 1998,Galland, et al. 2006)-

Heart rate responses to tilt test in preterm infants

Heart rate decreases with increasing age in both term and preterm infants, and from 2-4 weeks
of age onwards, HR levels are found to be similar at comparable corrected ages (witcombe, et al.
2010). Close to term age, i.e. at 40-42 weeks of postconceptional age, however, preterm infants
still have higher resting HR (cohen, et al. 2007). Cardiac function is also noted to improve with
increasing age (shekhawat, et al. 2001)-

In a few-days-old preterm infants, a head-up tilt induces either tachycardic or a flat HR
response (Table 5). An increasing positive HR response to tilt, however, is reported with
increasing postnatal age (Mazursky, et al. 1998, Witcombe, et al. 2010). Observation of stabile HR levels at 2
to 20 minutes after initiation of head-up tilting in preterm infants suggests intact baroreflex
control occurring at least on average from 32-33 weeks of GA onwards (Gronlund, et al. 1997,Schrod, et
al. 2002,Shekhawat, et al. 2001)- 1t thus seems that maturation of baroreflex control of HR occurs
already before corrected term age, although this maturation may be delayed in comparison to
normal term infants even after reaching full-term postmenstrual age.
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Table 2. Blood pressure responses to head-up tilt tests in healthy, full-term infants

Study subjects

Tilt test

Authors Year GA Sleep stage Position
n study age angle
(wk)
Young et al. 1958 36 . 3h-3d 80° QW Su
31 4d-12d
Hakulinen et al. 1962 18 . 1-3d 30° . Su
4-6d
Moss et al. 1963 27 . 1-77h 70° . .
Young et al 1966 25 . 0.5-36.5h 80° .(QW?) Su
Oh et al. 1966 17 37-43 2-14h 40-45° . Su
Moss et al. 1968 40 . 6-52h 70° . Su
Picton-Warlow et al. 1970 20 . 4h-12d 70-80° obs. QS Su
Magrini et al. 1989 14 . 6mo, 18mo 90° . Su
Thoresen et al. 1991 9 . 7-24h, 5d 30° obs. QS, AS P
Chen et al. 1995 32 36-42 2h 30° obs. QS Su
24h
Andrasyova et al. 1996 83 38-42 1-7d 45°90° QW Su
Browne et al 2000 26 . 2-3d 70° . Su
14 3mo
Chong et al. 2000 44 . 6-9wk 60° obs. QS S,
P
Harrington et al. 2001 12 . 13+£2wk 45° SWS.REM Su
Cohen et al. 2008 15 38-41 2d-2wk 60° obs. QS Su
Yiallourou et al. 2008 20 38-42 2-4wk 15° QS,AS Su,P
2-3mo
5-6mo
Cohen et al. 2010 13 39+0.5 <lwk 60° obs. QS Su
6 40+0.6 2-3wk
17 39+0.4 3 mo
10 39+1 1 year

Table 3. Blood pressure responses to head-up tilt tests in preterm infants

Study subjects

Authors Year GA Tilt test Sleep stage Position
n study age angle
(wk)

Moss et al. 1963 23 . 1-77h 70° .
Hénninen et al. 1964 24 28-40 2-42d 30° . Su
Gupta et al. 1965 43 . 0-24h 90°
Waldman et al. 1979 13 26-38 0-48h 45° .
Lagercrantz et al. 1990 21 25-36 1-11wk 45° obs. OS, AS .
Dellagrammaticas eta 1991 23 26-34 . 45° obs. OS P
van Reempts et al. 1997 32 26-36 2-86d 60° sleep P
Shekhawat et al. 2001 25 24-35.5  7-83d 30° QW Su

60°
Schrod et al. 2002 36 25-35 2-12d 30° obs. QS Su
Cohen et al. 2008 16 27-34 PMA 40-42wk 60° obs. OS Su
Witcombe et al. 2010 25 28-32 2-4wk corr.age 15° QS, AS Su

2-3mo corr. age
5-6mo corr. age

Definition and abbreviations: corr.age = corrected age; GA = gestational age; PCA =
postconceptional age; PMA = postmenstrual age; obs. = observed; P = prone; QS = quiet
sleep; QW = quiet wakefulness; REM = REM sleep; Su = supine; SWS = slow wave sleep
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Table 2 continued

Measurement Blood pressure response Heart rate response

time from initial late initial late

tilt onset method (0-155) (>305) (0-155) (>305)

30s-2min palpation . > (30s) i
and cuff 1 (30s) T

3min sphygmo- <> (3min) .
manometer 1 (3min)

0-20s invasive IR . T

. invasive 1 . 1 .

0-30min invasive Tlort & | or & (30min) 1| | (30min)
invasive | = . 1 .

. microphone + cuff | 1 1

Smin sphygmomanom. <> (5min) . <> (5min)

30s-5Smin oscillometric | (30s-5min) 1 1

Smin oscillometric | (5min) <> (Smin)

< (5min) < (5min)

1, 3, Smin oscillometric 1 (Smin) 1

45-75s, 104-  oscillometric — PN

135s 1 —

1,5-30min | (30min) Su:e,

P: 1 (30min)
0-1min Portapres 11— <> (30s) 11— <« (30s)
0-1min Finometer 11 1 (1min) 1 .
0-45s Finometer Su:1—(QS) «(AS) Su:|—(QS) 1—(AS)

P: =] (QS) &(AS) P:|—(QS) «(AS)
Su:tLL(QS) < (AS) Su:]—(QS) 1—=(AS)
P:l11 (QS) —[I(AS) P:|—(QS) 1—=(AS)
Su:t—](QS)T—(AS) Su:t|—(QS) 1—=(AS)
P (QS)— | [(AS) P:11—(QS) 1—(AS)
0-1min Finometer Tl 1 (1min) Tl
T t (Imin) T
T t (Imin) T
tl t (Imin) tl
Table 3 continued
Measurement Blood pressure response Heart rate response
time from initial late initial late
tilt onset method (0-15s) (>30s) (0-15s) (>30s)
0-20s invasive R . T
2-3min sphygmo- . variable .
manometer (2-3min)
0-2min invasive " 1 (2min) "
invasive | . >
" oscillometric . > «
1-5min oscillometric < (1-5min) . 1(30s-5min)
15s-5min oscillometric IR IR .
1-2min invasive > (1-2min) . > (1-2min)
< (1-2min) " < (1-2min)
5-20min oscillometric — l « (5-20
min)
0-1min Finometer 1 1 (1min) 1
0-30s Finometer 11— (QS) < (AS) | —
T— 1= (QS) 1]— (AS)
1— 11— (QS) 1— (AS)

Definition and abbreviations: <> = no change; 1 = increase; | = decrease. Those fields with
data missing are marked with "..". If authors described BP and HR responses as a sequence,
arrows are marked accordingly (e.g. an increase followed by a decrease is marked 1 |)
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Table 4. Heart rate response to head-up tilt tests in full-term infants

Authors Year Study sub(!IeAct(ku) study age ’:;lgtl?st Sleep stage  Position
Young et al. 1958 36+31 .. 3h-3d, 4-12d 80° QW Su
Moss et al. 1963 27 . 1-77h 70° . .
Young et al. 1966 25 . 0.5-36.5h 80° .(QW?) Su
Oh et al. 1966 17 37-43 2-14h 40-45° . Su
Moss et al. 1968 40 . 6-52h 70° . Su
Picton-Warlow et al. 1970 20 . 4h-12d 70-80° obs. QS Su
Finley et al. 1984 19 . 1-7d 30° QS,AS .
Magrini et al. 1989 14 . 6mo, 18mo 90° . Su
Thoresen et al. . 1991 9 . 7-24h, 5d 30° obs.QS,AS P
Chen et al. 1995 32 36-42 2h, 24h 30° obs. QS Su
Andrasyova et al. 1996 83 38-42 1-7d 45°,90° QW Su
Galland et al. 1998 37 . 8-17wk 60° obs. QS, AS  Su, P
Fifer et al. 1999 114 . 1-2d,2mo,4mo 30° sleep P
Chong et al. 2000 44 . 6-9wk 60° obs. OS Su, P
Galland et al. 2000 36 35-42 1mo, 3mo 60° obs. QS, AS  Su, P
Browne et al. 2000 26,17 .. 2-3d, 3mo 70° . Su
Galland et al. 2000 60 . 1mo, 3mo 60° obs. QS, AS  Su, P
Harrington et al. 2001 12 . 13+2wk 45° SWS.REM Su
Massin et al. 2002 7 . PCA 40-41 45° sleep Su
Grieve et al. 2005 27 35-42 12-48h,2-4mo 30° sleep P
Myers et al. 2006 54 . 12-48h,2-4mo 30° sleep P
Galland et al. 2006 50 >37 1mo, 3mo 60° obs. QS, AS  Su, P
Yiallourou et al. 2008 20 38-42 2-4wk 15° QS,AS Su
2-3mo
5-6mo

Cohen et al. 2008 15 38-41 2d-2wk 60° obs. QS Su
Cohen et al. 2010 13 39+0.5 <lwk 60° obs. QS Su

6 40+0.6 2-3wk

17 39+0.4 3 mo

10 39+1 1 year

Table 5. Heart rate response to head-up tilt tests in preterm infants

Authors Year :tudy sglxe(:i) study age ’:;lgtl?st Sleep stage  Position
Moss et al. 1963 23 . 1-77h 70°
Waldman et al. 1979 13 26-38 0-48h 45° .
Finley et al. 1984 11 <37 2-19d 30° QS,AS
Lagercrantz et al. 1990 21 25-36 1-11wk 45° obs. OS,AS .
Dellagrammaticas etal. 1991 23 26-34 . 45° obs. OS P
Gronlund et al. 1997 9 30-34 1d 20° obs QS Su
van Reempts et al. 1997 30 26-36 2-86d 60° sleep P
Mazursky et al. 1998 28 24-31 PCA <40 45° sleep Su
Shekhawat et al. 2001 25 24-35.5 7-83d 30° QW Su
60°
Massin et al. 2002 7 30-34 PCA 40-41 45° sleep Su
Schrod and Walter 2002 36 25-35 2-12d 30° obs. QS Su
Cohen et al. 2008 16 27-34 PMA 40-42wk 60° obs. OS Su
Witcombe et al. 2010 25 28-32 2-4wk corr.age 15° QS, AS Su

2-3mo corr. age

5-6mo corr. age

Definition and abbreviations: as in table 2 and 3.
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Table 4 continued

Measurement Heart rate response
time from tilt onset initial (0-15s) late (>30s)
0-2min . 0
0-20s T "
. 1 .
0-30min Tl | (30min)
1 .
. 1 1
30-90s 1 "
Smin . < (5min)
30s-5Smin 1 1
Smin . < (5min)
1,3,5min . 0
>1min Tl .
0-1.5min 1 (newborn), < (2-4mo) 1 (newborn), < (2-4mo)
1,5-30min " Su:«>, P:1 (30min)
§ 14
0-2min . —
0-Imin - 1(QS).1 (AS)
0-1min Tl= <~ (30s)
0-30s /1
0-2min . 1 (newborn), < (2-4mo)
0-2min . 1 (newborn), < (2-4mo)
30-90s Tl
0-45s Su:]—(QS) 1—(AS)
P:|—(QS) «(AS)
Su:]—(QS) 1—=(AS)
P:|—(QS) 1—=(AS)
Su:1|—=(QS) 1—(AS)
P:112(QS) 12(AS)
0-1min T
0-1min Tl
T
T
T

Table 5 continued

Measurement Heart rate response
time from the tilt onset initial (0-15s) late (>30s)
0-20s Tl .
. <>
30-90s 1
1-5min | (30s-5min)
0-2min . <> (2min)
15s-5min =
3s-1 min PCA 28-32wk <> PCA 35-39wk 1
1-2min . <« (1-2min)
. < (1-2min)
0-30s «ort .
5-20min l > (5-20min)
0-1min 1 .
0-30s =
1= (QS)
Tl— (AS)
11— (QS)
1= (AS)

Definition and abbreviations: as in table 2 and 3
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Peripheral vascular resistance during head-up tilt test

Venous occlusion plethysmography is the most frequently used method to evaluate peripheral
vascular resistance. It evaluates noninvasively the amount of arterial blood flow to a limb by
measuring the increase of limb volume (swelling) during total venous occlusion. When
arterial BP is divided by this limb blood flow, an estimate of vascular resistance is reached
(Freeman. 20065Greenfield, et al. l963)~

During a prolonged (minutes) head-up tilt test in healthy adult subjects, estimated
peripheral vascular resistance briefly decreases after which it increases and remains higher
compared with baseline level during the rest of the tilt (wicling, et al. 1998). In full-term neonates,
peripheral vascular resistance increases during the head-up tilt test (picton-warlow, et al. 1970). At 6
months of age, no change in calculated total peripheral resistance or cardiac index was found
during tilt test, whereas at 18 months, the cardiac index decreased and peripheral resistance
decreased when tilted (magrini, et al. 1989)-

Studies on preterm infants suggest some immaturity in their ability to control peripheral
Vascular resistance (Lagercrantz, et al. 1990,Waldman, et al. 1979)- Waldman (Waldman, et al. 1979) described
increased vascular resistance during head-up tilt in healthy preterm infants aged 0 — 48 hours,
whereas preterm infants with respiratory distress showed decreased peripheral vascular
resistance. It is of note that in some infants showing this decreased vascular resistance, the
resting vascular tone was already high. A study by Lagercrantz (pagercrantz, et al. 1990) ON preterm
infants aged 1 — 11 weeks found, in general, increased peripheral resistance during the head-
up tilt test, but the variation was marked from -15.3% to +104%, further supporting this
variable ability of preterm infants to control peripheral vascular resistance.

Cardiovascular responses to tilt test in infants with apparent life-threatening event

Few studies have evaluated infants with a preceding apparent life-threatening event (ALTE)
using the head-up tilt test (rox, et al. 1989, Harrington, et al. 2002)- In the first report, Fox and Matthews
(Fox, et al. 1989) performed a 90° head-up tilt during quiet NREM sleep in 30 ALTE infants, 24
SIDS siblings, 8 infants with cyanotic attacks and 17 controls. The sleep position was not
controlled. The authors do not report all responses, but the proportion that was abnormal.
None of the control infants showed abnormal HR response such as a slow decline or a slow
increase in HR, but this was seen in several ALTE infants and in only 1 SIDS sibling.
Postural hypotension was also much more common in the ALTE group than in controls or
other infants. The same authors later published a case report on one of these ALTE infants,
who died in hospital after completion of the sleep study (reawidge, et al. 1998). This infant had
shown no apnea, nor bradycardia episodes during the sleep study. The autonomic function of
the infant was, however, abnormal during sleep, seen as reduced heart rate variability (HRV),
and abnormal responses to the tilt test. This infant showed postural hypotension associated
with bradycardia during the tilt test, and the authors suggest that this type of cardiovascular
response may be associated with death in SIDS.

Edner et al. (gdner, et a1. 1997) compared HR responses in 18 ALTE and 12 control infants to
a 45 degree head-up tilt test while asleep. Of the control infants, 83% showed biphasic HR
response, whereas only 22% of ALTE infants showed this type of response. ALTE infants
predominantly showed sustained HR increase, but the responses were overall more variable.
In addition, 28% of the ALTE infants showed constant HR decrease or no change, whereas
none of the controls showed these types of responses.

Harrington et al. (Harrington, et al. 2002) found that at 3 months of age, ALTE infants with
obstructive sleep apnea showed abnormal cardiovascular control compared with 5 ALTE
infants without obstructive sleep apnea and 12 healthy controls. Infants with obstructive sleep
apnea showed reduced HRV and increased arousal threshold in REM sleep. Their HR
responses were attenuated, and 3 out of 5 also showed postural hypotension, with the
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remaining two having abnormal BP response compared with controls. A later study by the
same group (Harrington, et al. 2003) showed that the abnormal cardiovascular responses and arousal
thresholds in infants with obstructive sleep apnea improved after nasal continuous positive
airway pressure (CPAP) treatment.

Cardiovascular responses to tilt test in infants exposed to maternal smoking during
pregnancy

A couple of studies have evaluated HR and BP responses to the head-up tilt test in infants
exposed to maternal smoking during pregnancy. Subcortical arousals, which may interfere
with the results, were not considered in the analysis except in the study by Galland et al.
(Galland, et al. 2000a)-

Cohen and co-workers (cohen, et at. 2008) compared full-term infants with and without
exposure to maternal smoking during pregnancy. A supine 60° head-up tilt test performed at 2
days-2 weeks after birth caused a transient HR increase and a systolic blood pressure (SBP)
decrease, followed by a gradual BP increase during the rest of the 1-min tilt in 29 infants who
had not been exposed to maternal smoking during pregnancy. Infants with intrauterine smoke
exposure showed a similar HR response, but a prolonged and exaggerated BP response.

Browne and associates (Browne, et al. 2000) Studied cardiovascular responses to a supine 70°
head-up tilt lasting for 3 minutes in full-term infants exposed to maternal smoking during
pregnancy. The infants were studied at 2 — 3 days and at 3 months of age. BP was measured
by the oschillometric technique, which enabled the BP measurement only 45 to 75s after the
tilt onset. Reported HR responses were averaged over the 2-min tilt period. Compared with
infants without maternal smoking exposure, infants with intrauterine smoke exposure showed
higher resting SBP at both ages. During the tilt test at 2 — 3 days of age, SBP decreased in
antenatally smoke-exposed infants, whereas it remained at the pretilt level in non-exposed
infants. At 3 months of age, SBP did not change during the tilt in antenatally smoke-exposed
infants, but it increased in non-exposed infants. Mean HR and HRV values remained at pre-
tilt levels in both groups at both study ages.

Galland et al. (Galtand, et al. 2000a) Studied HR responses to a 60° head-up tilt test in control
infants and infants exposed to maternal smoking during pregnancy at the age of one and three
months. In both groups, a similar biphasic HR response was observed.

A recent study by Cohen et al (cohen, et a1 2010) assessed longitudinally BP and HR
responses to the head-up tilt test in infants exposed to maternal smoking during pregnancy
and in control infants from term up to one year of age. They found biphasic HR and BP
responses in both groups, but infants with intrauterine smoke exposure presented with an
increased HR response compared to controls from 3 months onwards. At the age of one week,
the BP values of these antenatally smoke-exposed infants were higher than those observed in
the controls at the end of a 1-min tilt, whereas at the age of one year, antenatally smoke-
exposed infants had lower BP values compared with the controls.

2.3.4 Vestibular tests

Head-down rotation

Head-down rotation is a well-studied method to evaluate how stimulation of otolith organs
influences sympathetic neural traffic (carter, et a. 2008). This method requires considerable
cooperation as the subject is lying prone with chin or forehead supported, and the head is
passively lowered until the chin touches the chest. Characteristics of vestibulosympathetic
reflex have recently been reviewed by Carter and Ray (carter, et a. 2008). The
vestibulosympathetic response is a reflex system designed to respond to acute hypotensive
challenges, and it is a separate entity from other cardiovascular reflexes; baroreflex, visual
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input, neck afferents and central command do not affect the reflex activity. In addition, the
vestibulosympathetic reflex is capable of increasing muscle sympathetic nerve activity also
during arterial hypotension, and during baroreflex unloading by nitroprusside infusion
(Dyckman, et al. 2007)-

Linear acceleration

Horizontal linear acceleration is an alternative method to activate the sympathovestibular
reflex instead of head rotation (vates, et al 1999). By using a linear motion, the baroreflex
activation may be prevented. Yates et al (yvates, et al. 1999) have used eight different stimulus
conditions: linear forward (head straight, forward, and back), linear back (head straight,
forward, and back), right and left acceleration (head straight). In adult control subjects, HR
increased shortly after the onset of linear acceleration, and slowed within 6 s to below the pre-
test HR level. The initial acceleration response was immediate, and seen within the first
heartbeats. The largest alteration in HR was produced by forward acceleration with head
upright. Systolic and diastolic BP increased during acceleration and decreased back within
10s (max in 3-6s). The responses to each stimulus condition were, however, variable among
the subjects. As all head positions were able to induce cardiovascular responses, both saccular
and utricular inputs (otolith) are suggested to contribute to vestibulo-cardiovascular reflexes
in humans. In three patients with profound bilateral reduction in vestibular inputs, the linear
accelerations were unpleasant and BP responses were significantly dampened compared to
normal controls.

2.3.5 Heart rate variability

Heart rate and blood pressure show constant beat-to-beat fluctuations, and the measurement
of heart rate variability (HRV) is used to evaluate the balance between sympathetic and
parasympathetic autonomic nervous system input to the heart (task Force of the European Socicty of
Cardiology and the North American Society of Pacing and Electrophysiology. l996)~ The most important mechanisms
affecting HRV are breathing, baroreflex, and thermoregulation. Vagal tone is prominent in the
I‘GStng state (Task Force of the European Society of Cardiology and the North American Society of Pacing and Electrophysiology.
1996). For HRV analysis, deep NREM sleep (N3) is the optimal condition, as respiration is
regular, there are only few body movements, and external disturbances are minimized
(Brandenberger, et al. 2005)~

Either of two approaches — time-domain and frequency domain — are generally used to
evaluate HRV. Time domain measures, featuring R-R intervals (interval between QRS
complexes), are more useful in the evaluation of long-term HRV changes, whereas in short-
term HRV analysis, frequency domain methods are more suitable. In frequency domain
method, changes in R-R interval spectral components are categorised as very low frequency
variability (VLF), low frequency variability (LF), and high frequency variability (HF). There
is no clear consensus on the exact frequency band limits, especially in infants, but in adults
most often the VLF band is defined as changes between 0 — 0.04Hz, the LF band as 0.04-
0.15Hz, and the HF band as variability between 0.15 — 0.4HZ (Task Force of the European Socicty of
Cardiology and the North American Society of Pacing and Electrophysiology. 1996)~ In infants, the upper level of the HF
band is recommended to be set higher because of more rapid heart rate and breathing
(Rosenstock, et al. 1999). The HRV is calculated from 2-5-minute time intervals. VLF analysis
requires long periods of uninterrupted data, and it is not reliably detected in epochs under five
minutes (Task Force of the European Society of Cardiology and the North American Society of Pacing and Electrophysiology. 1996)-

LF and HF components can be presented as absolute power (ms” ), but comparing these
values can be misleading if the total power has changed at the same time. Thus, normalized
units (n.u.) converted from the absolute power values are often used (Task Force of the European Society
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of Cardiology and the North American Society of Pacing and Electrophysiology. 1996)- The normalized units r epl’esel’lt the
relative value of each power component in proportion to the total power (VLF excluded).

The quality of the analyzed electrocardiogram has several requirements for a reliable
analysis: the signal should be stabile, the optimal sampling rate would have to be 250-500Hz
unless interpolation is used, baseline and trend removal should be used cautiously, and the
recording should have minimal noise and missing data (Task Force of the European Society of Cardiology and
the North American Society of Pacing and Electrophysiology. 1996). Deep NREM Sleep (N3, slow wave Sleep) is
considered the optimal condition because of the stabile characteristics of this state (grandenberger,
etal. 2005)-

Interpretation of spectral components

The interpretation of physiological correlates of HRV components is based on animal
research and studies with medical interventions in human subjects (akselrod, et al. 1985;Task Force of the
European Society of Cardiology and the North American Society of Pacing and Electrophysiology. 1996)- The interpretation of
HRV is not straightforward, but roughly, HF power is considered to represent mostly
parasympathetic vagal balance, whereas LF power is considered to be jointly mediated by the
parasympathetic and sympathetic nervous systems. The ratio of LF/HF is used as a marker of
SympathOVagal balance (Akselrod, et al. 1985,Malliani, et al. 19915Task Force of the European Society of Cardiology and the
North American Society of Pacing and Electrophysiology. 1996)~ Respiratory Variability affects HRV: the Peak
power of the HF component shifts with changes in respiratory rate. LF variability of HR is
related to the frequency response of the baroreflex, and to compensation of BP fluctuations.
The peak component of VLF is suggested to be related to peripheral vascular resistance
fluctuations caused by thermoregulation (rosenstock, et al. 1999)-

Either the LF or HF power of HRV can increase depending on the physiological state;
LF power increases during head-up tilt, standing, mental stress, and exercise, whereas an
increase in HF power is observed during controlled respiration, cold facial stimulation, and
rotational stimuli (Task Force of the European Society of Cardiology and the North American Society of Pacing and
Electrophysiology. 1996)- Normally, the power of the LF component is greater than the HF, with the
LF/HF ratio remaining above 1 (Malliani, et a1. 1991)-

Heart rate variability in infants

The use and findings of HRV analysis in infants is reviewed by Rosenstock et al. (rosenstock, et al.
1999). HRV analysis in infants is not as thoroughly and widely studied as in adults. Infants
have much higher breathing frequency and baseline HR levels than adults, and thus, the HRV
frequency bands are different. If a VLF band is excluded, the LF band usually starts at 0.02
Hz, the cut-off point between LF and HF bands is usually set at 0.2 Hz, and the upper limit of
the HF band has varied between 0.5 and 2.0 Hz depending on the study. HRV depends greatly
on the behavioral state of the infant; in REM sleep, LF and VLF indices are higher and the HF
component lower than in quiet NREM sleep.

In infants, HRV increases with age as the baseline HR and respiratory rate decrease
(Rosenstock, et al. 1999). This age dependency is seen already in preterm infants. In term infants,
there is a transient decrease in HRV at 1-2 months of age, after which the variability again
continues to increase (Rosenstock, et al. 1999). Preterm infants show lower HF variability and thus a
lower vagal tone compared with term infants (funt. 2006,Rosenstock, et al. 1999). This is also seen at
the comparable postconceptional age. Respiratory distress syndrome, intraventricular
hemorrhage, and being born small for gestational age are also associated with decreased HRV
(Rosenstock, et al. 1999)-
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2.3.6 Baroreflex sensitivity

The traditional method to evaluate baroreflex is to to measure HR change in response to BP
distortion induced by vasoactive drugs (Freeman. 2006sLa Rovere, et al. 2008)- In this method, BP is
increased with intravenous phenylephrine, and subsequent R-R interval changes are compared
to preceding SBP changes. Other methods to study baroreflex include lower body negative
pressure, Valsalva maneuver, neck suction and pressure, and analysis of spontaneous
oscillations in BP and HR (Freeman. 2006,La Rovere, et al. 2008)~

The evaluation of spontaneous oscillations of BP and HR provide an easy and
noninvasive method to asses baroreflex sensitivity even in small children. In the sequence
method, spontaneous beat-to-beat changes in SBP are compared with simultaneous, opposite
changes in HR (prouin, et al. 1997bsLa Rovere, et al. 2008)- 1he baroreflex sensitivity is calculated as the
slope of this regression line. The spectral method evaluates oscillations in the R-R interval
that are elicited by spontaneous BP oscillations (La rovere, et a1. 2008). These oscillations of the R-
R interval are in the same frequency as in BP, and usually two main bands, LF and HF, as
defined above for adults, are considered.

In spite of these two different methodological approaches for analyzing spontaneous
baroreflex sensitivity, baroreflex sensitivity in infants has been found to increase with age,
and to be lower in preterm infants compared with term infants at similar postconceptional
ages (Andriessen, et al. 20045 Andriessen, et al. 2005;Drouin, et al. 1997b>Gournay, et al. 20025 Yiallourou, et al. 2010)- In infants,
baroreflex sensitivity increases with increasing GA, postnatal and postmenstural age,
suggesting an increase in reflex vagal activity with increasing age (andriessen, et al. 2005,Gournay, et al.
2002, Yiallourou, et al. 2010). Supporting this conclusion, Andriessen et al (andriessen, et al. 2005) found a
similar increase in HRV and baroreflex sensitivity with increasing postmenstrual age (PMA).

2.4 Sleep

2.4.1 Sleep architecture in neonate and infant

The time spent in sleep decreases with age. Newborn infants sleep around 16-18 hours per
day, and no circadian sleep-wake rhythm is present. During the first year, the sleep-wake state
organization develops, and the time spent in sleep is concentrated on the night time. (rerber, et al.
1995)-

The sleep characteristics are thoroughly reviewed in the American Sleep Association
committee statement of new sleep stage criteria in humans (Grigg-Damberger, et al. 2007)- Sleep
constitutes two major stages, rapid-eye-movement sleep (REM) and non-rapid-eye-movement
sleep (NREM). After the appearance of K-complexes and sleep spindles in
electroencephalogram (EEG) signals during between two to four months of age, three stages
of NREM sleep may be observed, N1 to N3 (Grigg-Damberger, et al. 2007). The sleep architecture in
preterm infants and full-term newborns differs qualitatively and quantitatively from that of
adults. Sleep architecture and polysomnographic features of infant sleep undergo considerable
changes during the first six months of life, but no major changes are noted after one year of
age (Darnall, et al. 20065Grigg-Damberger, et al. 2007sLehtonen, et al. 2004)-

In young infants, the EEG reflects the maturation of the brain. Thus, evaluation of the
polysomnography of the preterm neonate or infant must be based on PMA or equivalent
rather than postnatal age (Grigg-Damberger, et al. 2007). Because of the immature EEG in young
infants, infant sleep has been traditionally scored as active-REM sleep (AS), intermediate
(IS), and quiet sleep (QS) (Grigg-Damberger, et al. 2007). However, all the major characteristics of
REM sleep are noted already in term infants. Therefore, the new consensus statement notes
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that infant sleep may be scored as REM and NREM sleep similarly to adults (Grigg-Damberger, et al.
2007)- Respiratory regularity and other behavioral criteria may be useful additional markers of
sleep stage in young infants as there is a lack of specific EEG characteristics of NREM sleep
such as K-complexes, spindles, and high voltage slow activity in deep quiet sleep. In very
preterm infants, REM and NREM sleep stages are not easily distinguished, but a limited
number of sleep studies in preterm infants have been carried out (pamall, et al. 2006,Hunt. 2006>Lehtonen,

et al. 2004)-

Clearly defined, EEG-based AS-REM and QS-NREM sleep first appear around 34
weeks, and by 36 weeks of PMA, all the EEG and behavioral correlates of wakefulness, AS
and QS are seen, although indeterminate sleep still accounts for a large portion of sleep (Grige-
Damberger, et al. 2007)- QS 1s further divided into tracé alternans and high voltage slow (HVS) sleep.
Tracé alternans is a distinct infant sleep pattern seen from the 28" gestational week, but is
evident in its mature form from around the 36" gestational week (Ferber, et al. 1995). In tracé
alternans, EEG shows 3-8 second bursts of moderate to high voltage 0.5-3.0 Hz slow waves
intermixed with 2-4 Hz sharply contoured waves that are alternated with mixed frequency
EEG activity lasting 4-8 seconds (Grigg-Damberger, et al. 2007)- HVS, in contrast, is a continuous
rhythmic slow activity of 50-150pV and 0.5-4 Hz, which is considered to be a more mature
pattern of QS in infants. The relative proportions of tracé alternans and HVS change during
the early post-term period from mostly tracé alternans at term age to exclusively HVS by 46
weeks Of age (Grigg-Damberger, et al. 2007)-

The amount and distribution of REM sleep dramatically changes with increasing age. In
premature infants, REM sleep occupies us much as 60-80% of the time spent in sleep, while
with increasing age, the amount of REM sleep rapidly declines reaching a pleateau of 25-30%
by the age of nine months (tunt. 2006 Darnall, et al. 2006)-

As a physiological state, wakefulness, REM sleep and NREM sleep are different. This
is seen especially in the control of breathing. During deep NREM sleep, the breathing is
chemodriven, i.e. controlled by blood carbon dioxide and oxygen contents, whereas during
wakefulness and REM sleep the respiration is much more state-driven (pempsey. 2005,Phillipson.
1978). In infants, breathing is more irregular than later in life; this is seen especially in REM

Sleep (Grigg-Damberger, et al. 2007;Lehtonen, et al. 2004)~

2.4.2 Cardiovascular control during sleep

The most extensive evidence of cardiovascular control mechanisms during sleep is from
animal studies, especially from studies performed in cats. When compared to wakefulness, in
NREM sleep, there is a minor decrease in blood pressure, which is the result of a reduction in
cardiac output and a decrease in HR in association with a small decrease in peripheral
vasoconstriction. More prominent changes are seen in REM sleep. Cardiac output and HR are
significantly decreased, and peripheral vasculature shows vasodilatation. These mechanisms
together result in marked hypotension during REM sleep. There are no changes in regional
circulation in NREM sleep, but in REM sleep, vasodilatation is evident in the renal and
mesenteric beds, whereas vasoconstriction is seen in red tonic muscles. Phasic events,
twitches or REMs during REM sleep, are associated with an additional decrease in blood flow
to the skeletal muscle circulation, which causes transient increases in BP. (orem, et al. 1980)-

In humans, however, BP levels react somewhat differently to different sleep stages;
blood pressure and heart rate levels are at the lowest during deep NREM sleep, whereas BP or
HR are higher and generally more variable during REM sleep (Harrington, et al. 2001Horne, et al. 2010)-
It is argued that these apparently higher BP and HR levels during REM sleep in humans may
result from more frequent and intensive phasic REM bursts compared with cats (orem, et al. 1980)-

In adults, there is a reduction in BP and HR, as well as peripheral vascular resistance,
during deep NREM sleep, whereas in REM sleep, transient BP increases are seen associated
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with increases in HR and increased sympathetic vasoconstriction in muscle (somers, et al. 1993)-
This hypotension, bradycardia, and lower sympathetic nerve activity during NREM sleep
suggests a modulation of baroreflex activity during sleep (somers, et al. 1993)-

Cardiovascular control during sleep in infancy has recently been reviewed by Horne et
al (Home, et al. 2010). This review concluded that despite some variability in the findings, most
studies have shown lower BP in quiet NREM compared with REM sleep in preterm and term
infants during the first six months of corrected age. These state differences in BP have been
found both in supine and prone sleeping position. State differences in HR are reported from a
few weeks of age onwards in term infants, but in preterm infants, these differences are not
seen until 5-6 months of age. Similarly to adults, infants' HR is lower during NREM
compared with REM sleep, and shows increased HRV variability in REM sleep compared
with quiet NREM.

2.4.3 Arousal

An arousal is a transient wakefulness during the sleep period, and when prolonged, it becomes
an awakening. Arousals are a significant part of normal sleep, and, for example, in normal
infants, the arousals occur regularly between the changes in sleep stages (pamall, et al.
20065 International Pacdiatric Work Group on Arousals. 2005). Furthermore, the arousals from sleep are suggested
to be an important protective response during dangerous endogenous or exogenous conditions
that restores wakefulness, and thus enables escape from dangerous and potentially even lethal
situations (parnall, et al. 2006). Arousals from sleep are seen as a continuum from spinal to
brainstem, and finally to cortical arousals, with habituation especially of cortical arousals
(Franco, et al. 2010). However, arousals may be restricted to subcortical levels without cortical
activation (McNamara, et al. 1998)-

In 2005, the International Pediatric Work Group on Arousals published a consensus-
based definition and scoring rules for arousals in infants aged 1-6 months (intemational Pacdiatric
Work Group on Arousals. 2005). 10 score an arousal, the event should be preceded by at least 30s of
sleep, and there should be at least ten seconds of uninterrupted sleep between the two cortical
arousals. A definition of subcortical arousal is met when there is no EEG activation, but > 2 of
the following: 1) gross body movement including startles, 2) >10% increase in HR from
baseline, 3) in NREM breathing frequency or amplitude changes, including a single
augmented breath, and in REM an increase in chin electromyogram (EMG) not associated
with sucking. In addition to the above-mentioned criteria, cortical arousal criteria are fulfilled
when a sudden shift in EEG activity of a minimum of 1Hz for >3s is seen. Awakening is
defined as changes in cortical arousal persisting for >1 min, or cortical arousal followed by
wakefulness according to the Anders criteria (Grigg-Damberger, et al. 2007). The Pediatric Task Force,
however, in their consensus and review paper, recommended adherence to a 3-second
duration of EEG arousal also in infants, and did not include scoring subcortical arousals
because of lack of evidence (Grigg-Damberger, et al. 2007)-

In addition to different arousal definitions during REM sleep and quiet NREM sleep,
arousal thresholds to various stimuli are higher in quiet NREM than in REM sleep, and
spontaneous arousals are more frequent in REM compared with NREM (ranco, et al. 2010,Grige-
Damberger, et al. 2007,Harrington, et al. 2001)- Arousal responses are associated with a brisk cardiovascular
response (Horer. 1996,Trinder, et al. 2003)- 1he BP control during arousal may significantly differ
from BP control during sleep as, for example, blood pressure controlling defence areas may
be involved (¢ Burgh Daly. 1997). However, there are no studies addressing this issue.
Nevertheless, these factors underline the importance of controlling the sleep state and
subcortical arousals during cardiovascular tests. Inadvertent recruitment of arousal or alert
mechanisms during tests can modify cardiovascular responses and mask more subtle
variations in the cardiovascular control during sleep.
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As arousals are considered an important safety mechanism during sleep, SIDS research
has analyzed arousal thresholds in SIDS risk groups. Many SIDS risk factors, such as
maternal smoking during pregnancy, overheating, and prone sleeping position are associated
with an increased arousal threshold to both spontaneous and induced arousals. In contrast,
factors suggested to protect from SIDS are associated with a decreased arousal threshold.
Although different methods to induce arousals show some variance in the arousability, the
final arousal pathway is suggested to be the same in all types of arousals (Franco, et al. 2010)-

2.5 Univentricular heart

2.5.1 Definition and prevalence

Congenital heart diseases (CHD) are found in 0.8% of newborn children (moons, et al. 2009). A
heart condition with single ventricle anatomy is present annually in approximately 15 live-
born infants in Finland. Anatomically, there are several structural heart defects behind
univentricular heart (UVH), i.e. only one functional ventricle pumping blood to both systemic
and pulmonary circulations (knairy, et a1. 2007). Univentricular heart can be functionally subtyped
to left and right ventricle conditions, or alternatively, to a condition where both
atrioventricular connections are directed to one major ventricle.

During the first years, the functionally univentricular heart is palliated by at least three
staged operations that eventually aim to direct the systemic venous return to the pulmonary
circulation (connor, et al. 2007,Khairy, et al. 2007)- The initial surgical palliation is modified individually
according to the single ventricle anatomy. Sometimes, as in the hypoplastic left heart
syndrome (HLHS), the initial approach demands reconstruction of the source for the systemic
arterial circulation using the pulmonary valve and the main pulmonary artery to constitute a
neo-aorta (Barron, et al. 2009-Khairy, et al. 2007). 1his Norwood procedure also enables recruitment of
the original sub-pulmonary pumping ventricle to supply the neo-aorta. Even though the initial
approach needs to be individualized in different forms of the single ventricle anatomy, the
aim of the staged Fontan-palliation is to redirect the systemic venous return to flow passively
through the pulmonary circulation (Barron, ct al. 2009,Khairy, et al. 2007,Stumper. 2010)- Lhis entails that the
central venous pressure of the patients remains higher than normal.

Hypoplastic left heart syndrome

Hypoplastic left heart syndrome (HLHS) is a single ventricle condition occurring in 0.016-
0.036% of all live births (connor, et al. 2007,Stumper. 2010). Boys seem to have HLHS somewhat more
often than girls. Pregnancy is usually uneventful, and the infants with HLHS are normally
born at term and have a normal birth weight (swmper. 2010). No single gene responsible for
HLHS has been found, but increased risk for HLHS has been described in over 30 syndromes
including the Turner syndrome (Barron, et al. 2009)-

In HLHS the aortic arch is hypoplastic due to aortic or mitral valve atresia, or both.
Also, the left ventricle does not grow and will not reach the cardiac apex due to the absent
shear and volume stress of blood otherwise running through the left-sided heart structures.
The systemic venous return will reach the systemic circulation through the right-sided
ventricle if the ductus arteriosus remains patent. However, there are slightly different
morphological variations to HLHS (garron, et al. 2009)-

Infants with HLHS are usually born full-term and initially appear healthy. When the
ductus arteriosus closes, the systemic circulation drastically diminishes causing hypoxemia,
acidosis, and shock (connor, et al. 2007). In order to re-establish peripheral perfusion, an infusion of
a prostaglandin analogue must be instituted in order to open and maintain the ductus
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arteriosus (Barron, et al. 2009,Stumper. 2010). Before the Norwood operation the infants may also need,
at least temporarily, appropriate inotropic and ventilator therapy during resuscitation to
maintain adequate minute volume and peripheral perfusion. Accordingly, antenatal diagnosis
is extremely useful in planning the optimal delivery of the baby and expedient hemodynamic
stabilization (Barron, et al. 2009)0

2.5.2 Surgical palliation

Infants with functionally univentricular hearts need surgery during the neonatal period
because of ductus arteriosus -dependent systemic circulation. The treatment options are three-
staged univentricular palliation (Fontan track) or primary cardiac transplantation (arron, et al.
2009,Connor, et al. 2007)-

The first procedure, the Norwood operation, is performed during the neonatal period in
infants with HLHS. In the Norwood operation, the right ventricle is harnessed for the
systemic circulation 1) by creating a neo-aorta by augmenting and connecting the hypoplastic
aortic arch to the main pulmonary artery after its disconnection from the pulmonary arterial
branches, 2) the pulmonary arterial blood flow is maintained by introducing a short tubing,
i.e. a shunt, from the systemic circulation (subclavian arteries, aorta or right ventricle) to the
confluent main pulmonary branches, and 3) an adequate atrial mixing must be ensured by
atrial septectomy (Barron, et al. 2009,Stumper. 2010). The shunts providing the pulmonary circulation
may vary. In the modified Blalock-Taussig shunt, a non-valved tubing of Gore-Tex is
implanted between the right-sided neck vessel and the right pulmonary artery. In the Sano
modification, the shunt is implanted from the right ventricle directly to the pulmonary artery
allowing a pulsatile pulmonary perfusion (Barron, et al. 2009,Stumper. 2010). After the Norwood
operation, infants suffer from chronic hypoxemia due to free intraventricular mixing of the
arterial and venous blood, and the haemoglobin saturations remain around 80% (Barron, et al.
2009)-

The second operation, the bi-directional Glenn procedure is performed at 4-6 months of
age when pulmonary resistance has decreased (Baron, et al. 2009,Stumper. 2010). A cardiac
catheterisation or CT angiography is usually performed before the operation to confirm
suitable anatomy and hemodynamic state (Barron, et al. 2009,Stumper. 2010)- In the bi-directional Glenn
(the cavopulmonary shunt), the superior vena cava is anastomosed to the right pulmonary
artery, and at the same time the systemic-to-pulmonary shunt is disconnected. After the
operation, blood from the upper body flows passively to the lungs and systemic saturation is
usually around 85-90% (Stumper. 2010).

Proceeding to the third and final stage of palliation (total cavopulmonary connection) is
individualized according to neurological development, cyanosis, and exercise tolerance, and
takes place usually between 2 and 4 years of life (Barron, et al. 2009,Stumper. 2010)- In this operation,
the inferior vena cava is connected to the pulmonary arteries through an extracardiac conduit.
After total cavopulmonary connection, the single ventricle pumps blood into the systemic
circulation, and the systemic venous return is propelled through the pulmonary circulation by
the central vein pressure and a slight “suction” during filling of the atria. It is of note that the
central vein pressure is considerably higher than in the biventricular circulation. In this way,
the systemic and pulmonary circulations are now in direct series (Barron, et al. 2009), N0 Mixing of
the systemic and pulmonary venous blood occurs, and the SpO; returns close to normal (Barron,
et al. 20095Stumper. 2010)-

2.5.3 General and neurological outcomes in children with univentricular
heart

Despite common antenatal diagnosis and advanced therapy, infants with HLHS still show
considerable early mortality of 15%, and survival rates at 1, 5 and 10 years remain around
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75%., 65-70%, and 55-65%, respectively (Barron, et al. 2009,Stumper. 2010)- Patients with systemic-to-
pulmonary shunts for CHD, as are extremely common in the case of the single ventricle
palliation path, are another important group of patients recognized to succumb unexpectedly:
33% of autopsies (5 of 15) were non-diagnostic (genton, et al. 2003)- In addition to the fatal
complications, neurological and functional incapacities in patients with a single ventricle are
common as outlined below.

At the age of one year, infants with HLHS have lower developmental results (sarajuuri, et al.
2009, Tabbutt, et al. 2008), and more neurological abnormalities than normal controls (sarajuuri, et al. 2009)-
Infants with UVH at one year of age show lower developmental results in gross motor skills
than controls, but no differerences in overall development (sarajuuri, et al. 2000)- In the study of
Sarajuuri et al. (sarajuuri, et al. 2009), head growth was slower in UVH infants than controls, but the
height and weight gain were normal, suggesting that growth of the brain was reduced. The
reason for neurological impairment is not exactly known, but several candidate explanations
can be presented, such as brain hypoperfusion during anaesthesia, and sustained hypoxia
occurring in these children during the first few years of life. The duration of the
cardiopulmonary bypass, the nature of cardiovascular support and the use of hypothermia
during surgery did not correlate with neurological outcome (sarajuuri, ct al. 2009, Tabbutt, et al. 2008)-

Besides being quite commonly observed postoperatively in infants with a congenital
heart disease, mild preoperative ischemic lesions can be found already in preoperative scans
of infants with complicated CHD like HLHS (Mante, et a1. 2002)- In addition, a systematic review
on cognition has demonstrated that congenital heart defects have an adverse effect on
cognition, and that the cyanotic nature of the condition further accentuates the difference from
normal (ass, et a1. 2004). In a study focusing on children with single ventricle hemodynamics,
early childhood (at the mean age of 2.5 years) psychomotor development was delayed in both
HLHS and other UVH infants compared with the control infants, whereas mental
development was significantly poorer only in HLHS infants (sarajuuri, et a1. 2010). However, at the
age of 5-7 years, both HLHS and other UVH patients have an intelligence quotient below the
population mean (sarajuuri, et a. 2007). Consistent with the clinical signs, brain imaging
demonstrated ischemic changes, infarcts and atrophy in the majority of patients that
underwent the Norwood procedure (sarajuuri, ct al. 2007)-

In summary, long-term functional and cognitive results are strongly related to the initial
condition at diagnosis, regardless of the chosen surgical approach, staged surgical
reconstruction, or heart transplantation (connor, et al. 2007)-

2.5.4 Cardiovascular control in infants with univentricular heart

In general, there are only few studies concerning the blood pressure and heart rate control in
UVH children. In a hallmark study by Ohuchi et al. (onuchi, et al. 2001), UVH infants and children
were shown to have attenuated BP both at rest and during exercise, and their HRV was
decreased when compared with control children and young adults

In another study, three-month-old infants with left-to-right shunting and clinical signs of
heart failure despite pharmacological therapy showed reduced HRV in all frequency bands
(VLF, LF, and HF), but normal total power (TP) and LF/HF ratio compared with healthy
control infants. Propranolol treatment normalised HRV, and only VLF power remained
reduced when compared to controls (Buchhom, et al. 2002). Similar findings with decreased HRV
and decreased baroreflex sensitivity have been observed in older children and adults after
Fontan procedure (pavos, et al. 2003,0huchi, et al. 2001). In these children (onuchi, et al. 2001), none of the
cardiac autonomic nervous activity indices was associated with the age at Fontan operation,
the length of follow-up, or the number of operations. This suggests that not only surgery-
related damage is associated with impaired cardiac autonomic nervous activity, but also
Fontan circulation itself may impair it. Accordingly, impaired cardiac autonomic nervous
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activity was suggested to be induced by the following three circumstances: 1) surgery-related
direct damage, 2) heart failure, and 3) preoperative hypoxia (ohuchi, et al. 2001)-

2.5.5 Univentricular heart and sleep

Cyanotic CHD infants spend more time awake compared with their peers with healthy hearts
or an acyanotic CHD, but otherwise sleep architecture or arousals do not differ between the
study groups (vkeda, et al. 2000)- Although SpO, during sleep was lower in cyanotic infants, the
majority of infants with any CHD showed in excess episodes of apnea and hypopnea with
most of the apneas being of central origin. However, some of the detected differences may be
explained by the fact that the CHD infants were studied at a mean age of 7 months, and
control infants at a mean age of 10 months.

In another study, infants with HLHS showed decreased quiet sleep and increased
amounts of indeterminate sleep compared with infants with other, mostly cyanotic, CHD, or
control infants without heart defects (oison, et al. 1989). The infants with HLHS also showed an
abnormally discontinuous EEG signal in active and indeterminate sleep. Abnormal sleep
characteristics were evident from the day of birth, but the follow-up EEG studies suggested
that the amount of quiet sleep increases and indeterminate sleep decreases during advancing
postnatal age.

2.6 Prematurity

2.6.1 Definitions and prevalence

A full-term infant is generally considered to be born at 37 weeks of gestation or later. Infants
born before that time are thus born preterm. Those born before 32 weeks of GA are regarded
as very preterm, and those born before the 28" week of gestation extremely preterm. Birth
weight classifications are usually used as low birth weight being < 2500g, very low birth
weight < 1500g, and extremely low birth weight < 1000g.

Over 500 000 preterm infants are estimated to be born yearly in the US (chess, et al. 2006)-
Ten percent of these have a birth weight under 1500g and 20 000 under 1000g. In Finland, in
2010, 3568 infants were born preterm, which accounts for 5.8% of the total number of 61,191
live births. There were 499 (0.8%) infants born weighing < 1500g, and 221 (0.4%) weighing
< IOOOg (Ofﬁcial Statistics of Finland. Statistical Report 42/2011. Newborns 2010.)-

Premature infants commonly have respiratory problems after birth due to premature
lung development, impaired surfactant production and function, and impaired liquid transport
in the lungs. Both disrupted lung development and the early surfactant-related lung disease
(respiratory distress syndrome) often lead to at least some degree of chronic neonatal lung
disease (bronchopulmonary dyplasia, BPD) in extremely preterm infants (Gien, et al. 2011). There
are some difficulties in the estimation of the incidence of BPD due to its different definitions.
The incidence is reported to range from 77% of infants with birth weight under 1000g and
postmenstrual age of under 32 weeks (chess, et al. 2006) t0 30% of infants with birth weight <
1000g and the need for supplemental oxygen at 36 weeks of postmenstrual age (Bhandari, et al.
2006). The smaller birth weight and earlier GA at birth, the greater the risk of developing BPD
(Bhandari, et al. 2006), but the severity has decreased with our increasing knowledge of the
pathogenesis of BPD and more sophisticated treatment methods.
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2.6.2 Bronchopulmonary dysplasia

BPD leads to a chronic neonatal lung disease in premature infants. The classical definition of
BPD has been based on 28 days of oxygen therapy combined with radiographic lung changes.
The definition of BPD was reviewed in 2000 (Table 6) (jobe, et al. 2001). According to the new
definition, no specific radiographic findings are required.

Table 6. Definition of bronchopulmonary dysplasia (modified from jobe, et ar. 2001)

GA <32 weeks GA >32 weeks
Time of 36 weeks of PMA or discharge home, >28 d but < 56 d of age, or discharge
assessment (TA) whichever comes first home, whichever comes first
Severity Criteria

supplemental oxygen for > 28 d and
Mild no supplemental oxygen needed (breathing room air) at TA
Moderate need for < 30% oxygen at TA
Severe need for > 30% oxygen and/or nasal CPAP or positive-pressure ventilation at TA

Definition and abbreviations: CPAP = continuous positive airway pressure; d = days; GA =
gestational age; PMA = postmenstrual age.

Its pathogenesis is not fully understood, but BPD is considered to be mainly caused by the
immature lungs of the preterm infant, impaired vascular development, and damage caused by
mechanical ventilation. Infections, both pre- and postpartum, may also cause severe lung
damage. Nutritional and inflammatory factors, hypoxia, patent ductus arteriosus, and
supplemental oxygen may also contribute to the damage. The structure of premature lungs
shows decreased alveolization and impaired vascular development. In severe PBD, there is
also pulmonary hypertension and abnormal vascular development (jobe, et al. 2001)- Risk factors
for BPD include prematurity (especially under 30 weeks of postconceptional age), mechanical
ventilation, oxygen therapy, and respiratory distress syndrome of the infant. Colonization of
the chorioamnion and the amniotic fluid, and neonatal infections increase the risk of BPD, as
does patent ductus arteriosus. (Chess, et al. 20065Gien, et al. 201 1>Jobe, et al. 2001)

As infants with BPD suffer from apneas and repeated, intermittent hypoxic episodes,
they are treated with supplemental oxygen and with ventilatory assistance including nasal
CPAP, noninvasive positive-pressure ventilation, and invasive mechanical ventilation. An
effort is made to avoid volutrauma. If oxygen and ventilation therapy are insufficient,
corticosteroids, fluid restriction, diuretics, or methylxantines may be added to therapy.
Inhaled nitric oxide has been used to decrease pulmonary vascular resistance and to increase
pulmonary blood flow to prevent shunting. As undernutrition is related to increased risk of
oxidant-induced lung injury, adequate nutrition, with the emphasis on protein intake, is
considered important in preventing BPD. Many infants with BPD develop obstructive
pulmonary disease later in life (Gien, et al. 20115Jobe, et al. 2001,Schulzke, et al. 2010)-

2.6.3 General effects of prematurity

Infants born prematurely are faced with many medical problems already early in life, the
earlier GA at birth, generally the more numerous and more severe the possible sequelae; the
most common being periventricular leucomalacia and intraventricular hemorrhage,
retinopathy of prematurity, necrotizing enterocolitis, bronchopulmonary dysplasia, and
neurodevelopmental deficits. During recent years, an increasing understanding has also
accumulated on the long-term consequences of prematurity, although most of the data are
concentrated on the most extremely young or low birth weight part of the preterm population
(Doyle, et al. 2010,Hack. 2009). These adverse effects of prematurity include hypertension, adverse
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metabolic profile, altered growth, neurocongitive problems, and increased amount of
respiratory illnesses (poyle, et al. 2010,Hack. 2009-Hovi, et al. 2007>Hovi, et al. 2010)-

2.6.4 Effects of prematurity on cardiovascular control

Close to term age, preterm infants show higher resting HR (cohen, et a1. 2007). From 2-4 weeks of
age, the HR levels are similar at comparable postconceptional weeks to those of full-term
infants up to six months of age (witcombe, et al. 2008). Overall, HR decreases with increasing age.

During the neonatal period, both SBP and diastolic blood pressure (DBP) are positively
correlated with geStatiOnal age (Georgieff, et al. 1996sNorthern Neonatal Nursing Initiative. 1999)- BP levels show
a tendency to increase with increasing age up the to postconceptional age of 44-48 weeks,
after Wthh BP levels reach a Stabile plateau (Northern Neonatal Nursing Initiative. 1999sRankova. 1989)-
Compared with full-term infants, BP levels are lower in the preterm group (rankova. 1989,Witcombe,
et al. 2008)-

The cardiovascular responses to the head-up tilt test in preterm infants have been
described in detail in section 2.3.2 (especially Tables 3 and 5).

2.6.5 Prematurity and sleep

There are only limited data concerning sleep stage maturation and organization of sleep in
preterm infants. Sleep organization is already well-defined after 27 weeks of GA with a clear
sleep-wake pattern, sleep cycles, and behavioral sleep states (curzi-Dascalova, et al. 1993,Stephan-Blanchard,
et al. 2008). However, as the cortical EEG activity is highly immature, a large proportion of their
sleep is considered as indeterminate sleep with a difficulty to define the sleep stage. The
amount of intermediate sleep decreases with increasing PMA (parmall, et al. 2006). Late preterm
infants spend most of their time — that is 60-80% - of total sleep time in REM sleep, whereas
in full-term infants, this amount has decreased to around 50% (tunt. 2006,Darnall, et al. 2006)- Lhe
amount of quiet NREM sleep increases from 32 GA onwards (parmall, et al. 2006)- In addition to
changes in absolute amounts of AS and QS, when the sleep architecture of preterm infants is
compared with that of term infants, preterm infants present with more trace alternans, less
low-voltage irregular sleep (type of AS), and fewer arousals (scher, et al. 1992)-

2.6.6 Prematurity and breathing

Control of breathing is somewhat different in newborn infants than later in life. Most of the
differences arise from different sleep state architecture, such as the high percentage of REM
sleep (Damall, et at. 2006). The control of breathing is highly dependent on the sleep stage (pempsey.
2005,Phillipson. 1978) and unlike in NREM, the breathing in REM 1is not chemodriven. The
premature infants show decreased ventilatory response to CO,, which makes them susceptible
to periodic breathing and the appearance of regular central apneas in NREM sleep (barnall, et al.
2006). This periodicity of breathing is effectively treated with respiratory stimulants such as
caffeine and theOphyHine (Henderson-Sman, et al. 2010asHenderson-Smart, et al. 2010bsHenderson-Smart, et al. 20100)-
Recurrent apneas, especially during REM sleep, lead to marked intermittent hypoxia in very
pl’ematur c infants (Henderson-Sman, et al. 2010asHenderson-Smart, et al. 2010bsPoets, et al. 1994,Schmidt, et al. 2006,Schmidt,
et al. 2007)- The apnea of prematurity usually resolves at 37-40 weeks of postconceptional age

(Darnall, et al. 2006,Poets, et al. 1994)~

2.6.7 Brain development in preterm infants

Neurological abnormalities — cerebral palsy, attention-deficit/hyperactivity disorder, visual
and hearing impairments — are relatively common in preterm infants (korvenranta, et al. 2009). In
general, lower GA at birth is associated with increased morbidity.
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Most of the human brain growth occurs during the first and second trimester of
gestation, but the major neuronal brain development continues well beyond term age with
continuing myelination, and generally progresses from a caudal to a rostral pattern (pama, et ai.
2006). The developing brain is vulnerable to hypoxic insults and these hypoxic insults are
considered to be the most important factor causing adverse effects on brain function in
preterms (Rees, et al. 2005)-

Hypoxia and brain damage in preterm infants

The brain damage of preterm infants is suggested to be mediated by distinct pathways,
although the primary causes may differ. One pathway is suggested to be ischemic, where
apoptosis is seen as a result of ischemia, although this model does not explain the site-specific
brain damage of preterm infants compared with term infants or adults. The another pathway is
suggested to be inflammatory where brain damage and preterm birth are caused by microbial
infection of fetal membranes and secondary inflammatory response of mother and fetus,
cytokines acting as inflammatory mediators. There may well also be an interplay of these
pathwaYS (Arpino, et al. 2005).

Hypoxic-ischemic events cause regionally different brain damage according to the
maturity of the infant. In term infants, hypoxia-ischemia has caused neuronal damage in the
hippocampus, cerebellar Purkinje neurons, and deep cerebellar cortex. In preterm infants, the
damage is preferentially localized to cerebral white matter seen as periventricular
leucomalacia (PVL). PVL consists of focal cystic infarcts adjacent to lateral ventricles and
more diffuse gliosis in cerebral white matter (rees, et al. 2005)-

MRI studies of brain damage in preterm infants at term have found somewhat
contradictory results. Studies of preterm infants without brain injury showed no decrease in
gray matter volume, and a moderate or no decrease in white matter volumes when compared
at term age with full-term control infants (mewes, et al. 2006,Zacharia, et al. 2006)- In studies that
included preterm infants with intrauterine growth restriction and brain damage, cerebral
cortical and deep nuclear gray matter volumes were found to be reduced; this reduction was
related to cerebral white matter injury, GA or intrauterine growth restriction (inder, et al.
2005, Thompson, et al. 2007)- 1n addition, the brain volumes of BPD infants have been shown to be
globally reduced in comparison with full-term infants (thompson, et al. 2007)-

Brainstem

Preterm infants with BPD show impared auditory brainstem responses at the postconceptional
age of 37-42 weeks compared with term infants of a similar age. The brainstem auditory-
evoked click-rate responses in BPD infants were impaired, and this was suggested by the
authors to be caused by delayed myelination and impaired synaptic transmission (wilkinson, et al.

2007)-

Cerebellum

MRI studies of the cerebellum show rapid growth during the last trimester, faster than in
cerebral hemispheres from GA 28 week to term age (Limperopoulos, et al. 2005). The analysis of
cerebellar volume has given contradictory results, with evidence of a smaller cerebellum in
ex-preterm infants at term (Limperopoulos, et al. 2005) and with evidence of no difference in the
volume of the cerebellum between preterm infants at term and term infants (span, et al. 2006)-
White matter injury is associated with reduction in cerebellar volume (Limperopoulos, et al. 2005,Shah,
et al. 2006)-
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2.7 Effects of maternal smoking during pregnancy

2.7.1 Prevalence of maternal smoking during pregnancy

The prevalence of maternal smoking during pregnancy varies according to the classification
method, e.g. whether only those who smoked during the whole pregnancy or those who
smoked at any stage of the pregnancy are counted. In Finland, according to the medical birth
register of The National Institute for Health and Welfare (official Statistics of Finland. Statistical Report
422011, Newborns 2010.), 14.3-16.7% of pregnant women reported smoking during pregnancy in
1992-2010, and 9.8-14.9% reported smoking after the first trimester (Figure 3). Especially the
percentage of women continuing smoking after the first trimester has fallen during recent
years (Figure 3). This decline in prevalence of maternal smoking during pregnancy is similar
to reports from Sweden, Denmark, and the United States (cnattingius. 2004)-

Maternal smoking during pregnancy in Finland 1992 - 2010
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Figure 3. Maternal smoking during pregnancy in Finland 1992 — 2010 (official Statistics of Finland.
Statistical Report 42/2011. Newborns 2010.)-

2.7.2 Reporting of smoking

Russell and co-workers have reviewed different ways to evaluate maternal smoking during
pregnancy (russell, et al. 2004). 1) Self-reports are a cheap and easy way to assess smoking, but
they are subject to deception bias if the subjects are unwilling to reveal the information.
Recall bias is also a potential problem, although Kesmodel (kesmodel, et al. 1999) Teported that
retrospective data collection is reliable up to three years. 2) Cotinine is a metabolite of
nicotine, with a circulatory half-life of 12-18 hours. Cotinine is currently considered as a most
reliable measure of daily tobacco consumption. However, the method is expensive. It is
possible to measure the cotinine levels from plasma, saliva or urine. 3) Carbon monoxide
(CO) is absorbed into the blood circulation from inhaled gas while smoking. The
measurement of carbon monoxide can be made from expired-air CO or carboxyhemoglobin.
Expired CO is a cheap and reliable measure of tobacco consumption, but its short half-life of
only 2-5 hours restricts its use in the assessment of long-term tobacco exposure. 4) A longer
plasma half-life of 10-14 days is reported for thiocyanate. Thiocyanate is a metabolite of
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hydrogen cyanide which is released when smoking tobacco. Evaluation of the thiocyanate
content of body fluids (serum, urine or saliva) is an easy and relatively cheap method, but the
results are confounded by certain foods affecting the thiocyanate levels (nuts, beer, and green
leafy vegetables).

Several studies have evaluated the reporting of maternal smoking during pregnancy
with conflicting results. The conclusion of some studies from the US, the UK and Sweden
was that self-reported smoking status is reliable when obtained by interview or questionnaire.
In these studies, self-reports were compared to cotinine level measurements (George, et al.
20065Klebanoff, et al. 1998,Peacock, et al. 1998) or eXhaled carbion monoxide levels (Christensen, et al. 2004)-
Other studies carried out in these same countries and one review (Boyd, et al. 1998;Lindqvist, ct al.
2002,0wen, et al. 2001,Russell, et al. 2004), however, found that mothers significantly underreported
smoking status during pregnancy; the misclassification rate ranged from 3% to 26%. The
misclassification usually, however, is to underreport smoking status and not vice versa. The
studies on smoking prevalence rely on biochemical markers with differing cut-off levels to
group study subjects into smokers and non-smokers, and the self-reported smoking status is
compared to the levels of this marker. The detection of a biochemical marker may also lead to
a false positive finding in a non-smoking mother if there is high exposure to environmental
tobacco smoke.

2.7.3 Nicotine and carbon monoxide

The harmful effects of maternal smoking during pregnancy have been attributed mostly to
nicotine, while many other factors may also be important (sjotin. 2004). Tobacco smoke contains
hundreds of known harmful chemicals, and smoking also causes increased circulatory
carboxyhemoglobin levels causing hypoxia (Longo. 1977)-

Nicotine crosses the placenta and it is found in the fetus at 15% higher concentrations
compared with maternal nicotine levels (Lambers, et al. 1996). Cotinine levels in the fetus are 88%
of that of the mother (Lambers, et al. 1996). The effect of nicotine on the offspring has been studied
by giving nicotine to pregnant animals in injections, infusions via osmotic minipumps and
nicotine pellets resembling nicotine patches in humans (siotkin. 1998). A method most closely
resembling human cigarette smoking that has been used is a nose-only cigarette smoke
exposure in rodents (Hasan, et al. 2001)-

Nicotine directly stimulates acetylcholine receptors located in the autonomic ganglion,
adrenal medulla and neuromuscular junctions which release vasoactive catecholamines and
peptides (Lambers, et al. 1996). Prenatal exposure to nicotine in experimental animals causes
upregulation of nicotinic cholinergic receptor binding sites (Navarro, et al. 1989,Slotkin. 1998). General
effects on the brain include a premature switch from cell replication to differentiation (sjotkin.
1998), increased cell loss, inhibited cell division, and alterations in neural activity and signaling
mechanisms (siotkin. 1998,Slotkin. 2004). Lhus, nicotine has been regarded as a fetal neuroteratogen
(siotkin. 2004). Even in doses that do not affect fetal growth, prenatal nicotine causes delays in
cell maturation, decreased cell number in the cerebellum, and impairment of development of
peripheral noradrenergic projections in rats (Navarro, et al. 1989). Prenatal nicotine in rats is also
associated with increases in dying neurons and decreases in surviving cells in the
hippocampus area CA1l (abdel-Rahman, et al. 2005). Lhe effects of prenatal nicotine on the
cerebellum include a decrease in Purkinje cell numbers, and an increase in glial fibrillary
acidic protein immunostaining (Abdel-Rahman, et al. 2005). However, another study failed to find any
differences in the number or the size of Purkinje cells, granule cells, or hippocampal
pyramidal cells in adult rats, exposed to pre- and perinatal nicotine (chen, et al. 2006). Prenatal
exposure to cigarette smoke reduces the immunoactivity of certain protein kinase C isoforms
and neuronal nitric oxide synthase in rat pups’ brainstem (gasan, et al. 2001). Protein kinase C
isoforms and nitric oxide synthase are known to participate in the maintenance of ventilatory
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responses, especially during hypoxia. The effects of nicotine on cardiorespiratory function are
extensively reviewed by Hafstrom (mafstrom, et al. 2005). This review, concludes that in animals,
prenatal nicotine alters ventilatory responses to hypoxia, impairs hypoxic arousal responses
and sympathetic activation, and impairs autoresuscitation mechanisms.

Cigarette smoking increases carboxyhemoglobin levels in the blood. Smoking 1-2 packs
of cigarettes per day is reported to result in carboxyhemoglobin levels of 5-10% in the blood
(Longo. 1976). Fetal carboxyhemoglobin concentrations are reported to range from 10 to 15
percent higher compared with maternal carboxyhemoglobin concentrations. Because
carboxyhemoglobin displaces oxygen from the hemoglobin and shifts the oxyhemoglobin
saturation curve to the left, it impairs the oxygenation of tissues, thus contributing to the
hypoxemia. This is exaggerated in the fetal tissues, where the oxygen dissociation curve is
already shifted to the left and the oxygen tensions are lower compared with adult tissues (Longo.
1976). Thus, maternal smoking during pregnancy is presumed to lead to increased hypoxemia
in the fetus (Longo. 1977). In fact, in pregnant animals, exposure to CO leads to decreased fetal
partial oxygen pressures (Longo. 1976) @s Well as decreases in birth weight, and increases in
neonatal mortality (Longo. 1977)-

2.7.4 General effects of maternal smoking during pregnancy

Maternal smoking during pregnancy is associated with increased infant mortality, preterm
birth, premature rupture of membranes, placenta previa, and abruptio placenta (andres, et al. 2000)-
Smokers have heavier placentas, and their placentas contain more lesions characteristic of
placental underperfusion (naeye. 1978). Effects of maternal smoking during pregnancy are well
documented on fetal growth: it results in growth restriction (andres, et al. 2000, DiFranza, et al. 2004;Peacock,
et al. 1998,Wang, et al. 1997), and smaller birth Welght (Andres, et al. 20005Cornelius, et al. 2000sNaeye. 1978)3 as well
as smaller head circumference (comelius, et al. 2000,DiFranza, et al. 2004) compared with infants without
smoke-exposure. Maternal smoking during pregnancy alters fetal enzyme activity and protein
metabolism both at 12-17 weeks of pregnancy (jauniaux, et a1, 1999), and at term (jauniaux, et al. 2001)-

Neonates of smoking mothers have nicotine withdrawal symptoms (Godding, et al. 2004,Law, et
al. 2003) and hypertonicity (huizink, et al. 2006,Law, et al. 2003), increased excitability (Law, et 1. 2003), and
increased tremors (Huizink, et al. 2006)-

Maternal smoking during pregnancy is associated with increased childhood morbidity
(Cnattingius. 2004), Congenital heart defects (Malik, et al. 2008), and mOI'tality (Andres, et al. 20005Cnattingius.
2004). There are reports of an increased amount of behavioral disturbances (wiiliams, et al. 1998), and
attention deficit hyperactivity disorder, as well as other externalizing behavioral problems
(Comelius, et al. 2000,Huizink, et al. 2006). The findings on cognitive function are contradictory (comelius, et
al. 2000,DiFranza, et al. 2004, Huizink, et al. 2006), Ut no effect on intelligence quotient has been noted when
maternal intelligence quotient and education are taken into account (gaity, et al. 20065Breslau, et al.
2005)-

Environmental tobacco smoke

Environmental tobacco smoke is associated with smaller birthweight (comelius, et al. 2000)s
increased susceptibility to respiratory (comelius, et al. 2000,Strachan, et al. 1997) and ear infections
(DiFranza, et al. 2004), @ higher prevalence of and more severe asthma (comelius, et al. 2000,Strachan, et al.
1998), and a general adverse effect on pulmonary function (pirranza, et a1, 2004). The risk of SIDS is
reported to be increased in infants exposed to environmental tobacco smoke (comelius, et al.
20005DiFranza, et al. 2004)-

2.7.5 Maternal smoking during pregnancy and brain development

Kinney et al. (kinney, et al. 1993) have described how *H-nicotine binding changes during gestation
in the fetal brainstem. They found that *H-nicotine binding was high in tegmental nuclei
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important to cardiopulmonary integration, arousal, attention, REM sleep, and somatic motor
control. The binding decreased during the last half of gestation. In major cerebellar-relay
nuclei (principal inferior olive and griseum pontis) no decrease in the binding was seen.
Similar findings were observed in the study of SIDS and other infants of American Indians
who had suddenly died, as *H-nicotine binding was found to decrease with increasing age
postnatally (puncan, et al. 2008). The same group (Nachmanoft, et al. 1998) €xamined 3H-nicotine binding
in brainstems of SIDS victims. No difference was found between SIDS victims, acute controls
and chronic controls with oxygenation disorders. However, in SIDS infants exposed to
maternal cigarette smoking during pregnancy, there was no expected upregulation of nicotinic
receptor binding in three nuclei that are related to arousal and cardiorespiratory control. The
upregulation of brain nicotinic receptors has been shown after nicotine exposure in rodents
(Marks, et al. 1983,Schwartz, et al. 1983) and in humans after cigarette smoking (genwell, et al. 1988). AlsO
prenatal exposure to nicotine causes upregulation of nicotinic cholinergic receptor binding
sites (siotkin, 1998), €ven in small doses that do not affect growth (vavarro, et al. 1989)-

A recent report by the same study group (puncan, et al. 2008), found that in American Indian
infants, the nicotinic receptor binding was reduced in controls exposed to maternal smoking
as opposed to the increase in binding in a study by Nachmanoff et al. (Nachmanoft, et a1. 1998). The
reduced binding was not seen in SIDS infants. In smoke-exposed first-trimester human
fetuses, the expression of both nicotinic and muscarinic acetylcholine receptors was altered in
the brainstem and cerebellum (pai, et a1 2005). Maternal smoking was associated with reduced
serotonin receptor binding in the arcuate nucleus in SIDS infants (kinney, et a1. 2003)-

In addition to changes in specific nicotine binding in the brainstem, there is evidence of
changes in many other aspects of brain structure and function in SIDS infants exposed to
maternal smoking. The amount of brainstem gliosis in SIDS victims correlates with the
number of cigarettes mother smoked during pregnancy (siorm, et al. 1999), and there is a
significant correlation between maternal smoking during pregnancy and cerebellar alterations
(Lavezzi, et al. 2006)- Matturri and co-workers (Maturi, et a1, 2006) found several anomalies in SIDS
infants, including hypodevelopment of arcuate and hypoglossus nuclei, increased gliosis in
the brainstem, alterations in the cerebellar cortex, somatostatin-positive nucleus hypoglossus
revealing a delayed maturation of its neurons, and tyrosine hydroxylase negativity in the locus
coeruleus, indicating decreased catecholamine synthesis. When several risk factors for SIDS
were correlated with the observed brainstem alterations, the findings correlated only to
maternal smoking during pregnancy. Smoking during pregnancy was almost always present in
SIDS infants with brainstem alterations.

In sudden perinatal and infant death, tyrosine hydroxylase, the enzyme responsible for
the biosynthesis of noradrenaline and adrenaline, expression was low, and there was
significant correlation between maternal smoking during pregnancy and negativity of tyrosine
hydroxylase staining (ravezi, et al. 200s). The authors suggested that a fall in the tyrosine
hydroxylase is associated with brain hypoxia following smoke exposure.

2.7.6 Effects of maternal smoking during pregnancy on child’s
cardiovascular state

Table 7 describes how maternal smoking during pregnancy affects the cardiovascular state of
the fetuses, newborn, infants and children. Maternal smoking during pregnancy increases fetal
HR, decreases fetal HRV, and diminishes the amount of fetal movements (keiy, ct al. 1984;Lindblad,
et al. 1988,Pijpers, et al. 1984,Sindberg Eriksen, et al. 1984)- Most effects are presumed to be caused by nicotine,
as smoking non-nicotine cigarettes caused only small changes in maternal and fetal
parameters (kelly, et al. 1984). Fetal aortic and umbilical vein diameter and blood flow have
mostly been observed to increase after the mother has smoked (Lindblad, et al. 1988,Pijpers, et al.
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1984,Sindberg Eriksen, et al. 1984). At least some of the variability in the findings may result from
differences in the actual nicotine levels (Lindbiad, et al. 1988)-

After birth, infants exposed to maternal smoking during pregnancy have lower
epinephrine concentrations in the umbilical arterial blood compared with infants from non-
smoking families (oncken, et al. 2003), and their umbilical arteries contain lower amounts of
prostacyclin and precursors of NO which are known to be mediators of vasodilatation (yim, et al.
1995).

The baseline HR and HRV in antenatally smoke-exposed infants are similar to those of
non-exposed infants from birth until 2-3 months of age (Browne, et al. 2000,Cohen, et al. 2008>Cohen, et al.
2010»Galland, et al. 2000a), although one study reported lower HF variability of HRV only in REM
sleep in antenatally smoke-exposed infants at 2-3 months of age (pranco, et al. 2000). At one year of
age, baseline HR is reported to be lower in infants whose mothers smoked during the
pregnancy (Cohen, et al. 2010)-

Baseline BP levels are found to be either similar or higher up to six years of age in
smoke-exposed infants compared with infants whose mothers have not smoked during
pregnancy (Beratis, et al. 19965Blake, et al. 2000,Browne, et al. 20005Cohen, et al. 2008,Cohen, et al. 2010sMorley, et al. 1995)- In
one study, higher BP levels in antenatally smoke-exposed children significantly correlated
with the number of cigarettes the mother had smoked during the pregnancy (geratis, et al. 1996)-

Similarly to baseline variables, HR and HRV responses to a head-up tilt in antenatally
smoke-exposed infants have been found to be mostly similar to those of non-exposed infants,
although at 2-3 months and at one year of age, one group has reported a more prominent
taChycal‘diC response to the tilt test (Browne, et al. 2000,Cohen, et al. 2008>Cohen, et al. 20105Galland, et al. 2000a)-
Findings on BP responses to a tilt in infants exposed to maternal smoking during pregnancy
are even more variable (Browne, et al. 20005Cohen, et al. 20085Cohen, et al. 2010)-

Table 7. Effects of maternal smoking during pregnancy on child’s cardiovascular state

Fetus
HR T (Kellv. etal. 1984>Lindblad, et al. 1988>Pijpers, et al. 1984>Sindberg Eriksen. et al. 1984)
HRV l (Kelly. et al. 1984)
Movements ! (Kelly. et al. 1984)
Blood flow
Fetal aorta - (piipers. ct al. 1984)
T (Lindblad‘ et al. 1988>Sindberg Eriksen, et al. 1984)
Umbilical vein T (Lindblad, et al. 1988»Sindberg Eriksen, ct al. 1984)
Vessel diameter
Fetal aorta - (piipers. ct al. 1984)
T (Sindber;z Eriksen, et al. 1984)
Fetal umbilical vein T (Sindberg Eriksen, et al. 1984)
Intervillous blood flow ! (Lehtovirta, et al. 1978)
Newborn (0-1 month)
Umbilical arterial blood
concentrations of
Epinephrine ) (Oncken, etal. 2003)
Prostacyclin ! (Ui, etal. 1995)
Precursors of nitric oxide l (Ulm. et al. 1995)
Baseline
BP T (Beratis‘ et al. 1996:Browne, et al. 2000)
< (Cohen‘ et al. 2008>Cohen, et al. 2010)
HR g (Bmwne, et al. 2000>Cohen, et al. 20085Cohen, et al. 2010>Galland, et al. 2000a)
HRV «> (Galland, etal. 20003)
Response to a head-up tit
BP T (Cohen‘ etal. 2008)
> (Cohen. et al. 2010)
SBP / DBP Ve (Browne. et al. 2000)
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HR
HRV

(Bmwne, et al. 2000>Cohen, et al. 2008>Cohen, et al. 2010>Galland, et al. 2000a)

<>
< (Bmwne, etal. 2000)

Infant at 2-3 months of age

Baseline
SBP T (Bmwne, etal. 2000)
> (Cohen. et al. 2010)
DBP T (Cohen‘ etal. 2010)
HR g (Bmwne, et al. 2000>Cohen, et al. 2010>Franco, et al. 2000>Galland, et al. 20003)
HRV g (Galland, etal. 20003)
HF in REM l (Francq etal. 2000)
Response to a head-up tilt
BP T (Cohen‘ etal. 2010)
SBP/DBP Ve (Browne. et al. 2000)
HR > (Browne, et al. 2000sGalland, et al. 2000a)
T (Cohen‘ etal. 2010)
HRV g (Bmwne, etal. 2000)
Infant at 1 year of age
Baseline
BP «> (Cohen, etal. 2010)
T (Beratis‘ etal. 1996)
HR l (Cohen‘ etal. 2010)
Response to a head-up tilt
BP g (Cohen‘ etal. 2010)
HR T (Cohen, etal. 2010)
Childhood
BP at 2 years of age > (Beratis, et al. 1996)
SBP at 6 years of age 1 (Blake. et al. 2000)
BP at 7.5-8 years of age
ex-preterm with GA <33 wk | (Morley. et al. 1995)
ex-preterm with GA >33 wk 1 (Morley, et al, 1995)

Definition and abbreviations: 1 = an increase; | = a decrease; <> = no difference. In fetuses,
the arrows describe the actual responses. In newborns, infants, and children the arrows
describe the response type of the infants exposed to maternal smoking during pregnancy
compared with non-exposed infants.

2.7.7 Effects of maternal smoking during pregnancy on sleeping parameters
of infants

Maternal smoking during pregnancy has not been found to have a significant effect on sleep
structure in term infants. No differences have been found between antenatally smoke-exposed
and non-exposed infants in total sleep time, awake time, sleep efficiency, duration, or amount
Of different Sleep Stages (Chang, et al. 2003,Franco, et al. 1999,Horne, et al. 2002,Kahn, et al. 1994)- Nor have
differences been found in SpO, levels in REM and NREM sleep (chang, et al. 2003,Franco, et al. 2000)-
One study reported higher respiratory rates in smoke-exposed infants during QS at 2-3
months of age (Home, et al. 2002), but this finding has not been confirmed (granco, et al. 2000)-

Two studies have evaluated sleep parameters in preterm infants exposed to maternal
smoking during pregnancy close to term-equivalent age (sawnani, et al. 2004,Stephan-Blanchard, et al. 2008)-
The findings are conflicting. In the earlier study by Sawnani et al. (sawnani, et al. 2004), Smoke-
exposed infants showed normal sleep structure. However, more recently, Stephan-Blanchard
et al. (siephan-Blanchard, et al. 2008) found more wakefulness after sleep onset and more active sleep
in prenatally smoke-exposed preterm infants compared with non-exposed preterm infants.
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3 AIMS OF THE STUDY

The aim of this study was to evaluate acute cardiovascular control in infants with SIDS risk
factors. The rationale for this study was based on the hypothesis that infants succumbing to
SIDS may have impaired vestibulo-mediated cardiovascular control. According to animal
studies, this controlling mechanism is vital during life-threatening situations and
cardiovascular shock. It was postulated that hypoxia could be responsible for the possible

defect.

The baroreflex and vestibulo-mediated cardiovascular control, heart rate response to
spontaneous arousals, and heart rate variability during NREM sleep were tested in infants

with
o
o

chronic hypoxia (I)

bronchopulmonary dysplasia, previous intermittent hypoxic episodes and
increased risk for SIDS (II)

intrauterine tobacco smoke exposure with possible intrauterine hypoxia and
increased risk for SIDS (IIT)

premature infants at the gestational age of 34-39 weeks (IV)
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4 SUBJECTS AND METHODS

4.1 Study subjects

For this thesis, we performed cardiovascular tests during polysomnographically confirmed
sleep in altogether 70 infants. This group comprised control term infants (n=20), and infants
with previous hypoxic episodes or prematurity with the following risk factors for sudden
infant death: univentricular heart (UVH, n=9, I), bronchopulmonary dysplasia (BPD, n=10,
II), exposure to maternal smoking during pregnancy (n=11, III) or prematurity (n=20, IV)
(Table 8). Twenty preterm infants were studied close to term age before discharge from
hospital (IV), and the other 50 infants were studied at a (corrected) age of 2 — 4 months (I-III).
All the infants were studied in the Children’s Hospital, Helsinki University Central Hospital.

Table 8. General demographic data of all the study infants

Control UVH BPD Smoke Preterm
n 20 9 10 11 20
GA (weeks) 39.8+1.1 39.6+1.5 26.8+2.4 409+1.4 309+24
Birth weight (g) 3444 + 324 3298 + 439 936 + 241 3508 + 400 1480 + 482
Birth height (cm) 50+ 1.6 49+2.1 35£32 50+ 1.8 39+£4.0
Apgar (1/5/10 min) ~ 8.9/9.9/10 NA 4.4/NA/NA 8.6/9.9/10 6.5/8.0/9.2
Umbilical pH 7.25 +£0.06 NA NA 7.26 £ 0.06 7.25+0.08
PMA at the time of  52.1 £3.6 51.1+14 51.4+4.1 52.8+3.2 359+1.5
the study (weeks)
PNA at the time of 124+34 11.9+1.8 24.6 £4.7 12.0£2.1 49+35
the study (weeks) corr. age 11.4+4.0 corrage -4.1 £ 1.5
Study weight (g) 5912 + 940 4969 + 527 4541 + 388 5573 + 987 2101 + 300
Study height (cm) 60£3.2 58+£2.5 56+£2.8 59+£3.5 44 £2.1

Definition and abbreviations: Values are means = SD. BPD = bronchopulmonary dysplasia;
corr. age = corrected age; GA = gestational age; NA = not available; PMA = postmenstrual
age; PNA = postnatal age; preterm = preterm infants studied near term; smoke = smoke-
exposed infants; UVH = univentricular heart.

4.1.1 Study age 2 — 4 months (I-1V)

Twenty full-term, healthy infants with uneventful medical history were studied at the mean
age of 12 + 3.4 weeks as control infants for all four studies. Apart from over-the-counter
medication for constipation, no medication was used, and the infants' growth was within
normal limits (Haschke, et al. 2000)- These infants were from non-smoking families and they were
recruited from the maternity hospitals of Helsinki and Uusimaa in Helsinki by means of a
written form. Interested parents contacted the researchers.

Infants with univentricular heart (I)

Nine infants with univentricular heart were born full-term and studied at the mean age of 12 +
1.8 weeks. All UVH infants were hypoxic with SpO, baseline levels between 77 and 91%,
and all but one UVH infant had pulmonary circulation that was dependent on a Blalock-
Taussig shunt. One UVH infant was small for date (UVH infant no 9), and the other eight
UVH infants were appropriate for gestational age. At the time of the study, one UVH infant
weighed less than expected from normal data and two had mild muscle hypotonia. The
growth and neurological development of the others was within normal limits. Eight infants
used aspirin and diuretics. Table 9 presents additional demographic data on these infants. The
families of these infants were contacted prior to cathetrization and asked if they would be
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interested in participating in the study; the study was planned for the night before
cathetrization. One or two researchers met the parents before the study and reviewed the study
protocol.

Table 9. Demographic data of infants with univentricular heart.

No Sex  Diagnosis Surgery Age at Mean BP Medication at
performed surgery SpO; (mmHg) the time
(d) (%) of the study
1 F DIVL, TGA, HAA, Norwood I 10 85.7 79/33 (50)  ASA, furosemide
CoA
2 M HLHS, LSVC Norwood I 6 78.0 78/43 (63)  ASA, furosemide,
spironolactone,
digoxin
3 M DILV, TGA, HAA, Norwood I 14 78.5 95/54 (66)  ASA, furosemide,
CoA, VSD spironolactone
4 F TGA, RV hypoplasia, Pulmonary 2 76.5 106/58 (80) none
VSD, HAA, CoA, artery
dextrocardia, LSVC banding, CoA
correction
5 F HLHS Norwood I 7 77.2 74/48 (61) ASA, furosemide,
enalapril
6 F AVSD, PA, MA, BT-shunt 2 85.5 76/40 (63)  ASA, furosemide,
common atrium, sotalol

dextrocardia, right
isomerism

7 M HLHS Norwood I 7 82.9 90/41 (64)  ASA, furosemide,
spironolactone
8 M HLHS Norwood I 14 81.3 89/43 (62)  ASA, furosemide,
spironolactone,
digoxin
9 F DORYV, LV- BT-shunt, 21 90.6 104/65 (84) ASA, furosemide,
hypoplasia, AVSD, correction of spironolactone
PS, TAPVD, PDA, TAPVD

right isomerism,
common atrium,
asplenia

Definition and abbreviations: Blood pressure values are presented as systolic/diastolic
(mean). Medication other than vitamin, iron or electrolyte supplement is presented. ASA =
aspirin 15-25 mg x 1; BP = blood pressure at the time of the study; BT-shunt = Blalock-
Taussig shunt; CoA = coarctation of the aorta; DILV = double inlet left ventricle; DORV =
double outlet right ventricle; HAA = hypoplastic aortic arch; HLHS = hypoplastic left heart
syndrome; LV = left ventricle; LSVC = left superior vena cava; MA = mitral atresia; PA =
pulmonary atresia; RV = right ventricle. SpO, = arterial oxyhemoglobin saturation at the time
of the study

Infants with bronchopulmonary dysplasia (1)

Ten preterm infants with the diagnosis of BPD (jobe, et a1 2001) and frequent desaturations
despite intensive critical care and ventilation therapy were identified when the infant was in
the children’s ward in the Children’s Hospital, Helsinki University Central Hospital. When
the infant was at 1 to 2 months of corrected age, the mother was contacted and the study was
presented in oral and written form. These infants were studied at a mean corrected age of 11 +
4.0 weeks. Table 10 presents detailed demographic data of these BPD infants.
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Table 10. Demographic data of infants with bronchopulmonary dysplasia.

No Sex GA  Birth Corr. Study Surf Vent CPAP O, IVH PVL NEC Sepsis Medication
(wk) weight age at  weight (n) (d) (d) PMA (R/L) (+-) (/) (n) at the time

(g study (g of the study
(wk)
I M 29+0 1350 9.0 4970 6 17 43 56 -/- - - 0 0, 0.11/min
F 25+5 820 7.9 4250 2 58 29 41 -/- + - 3 HCT,
spironolact.,
lansoprazole

3 M 25+4 900 114 4940 2 32 4 35 2/3 + + 1 -

4 F 24+6 590 194 4760 2 83 27 42 2/2 - - 1 salbutamol

5 F 24+5 810 109 5110 2 29 30 35 2/2 - - 1 -

6 M 29+2 990 10.6 4030 4 10 26 37 -/- - - 1 -

7 F 28+6 1120 17.3 4480 3 17 29 38 -/- - - 1 -

8 M 27+2 910 6.7 4180 1 25 27 37 1/1 - - 2 -

9 F 30+0 1220 114 4550 2 6 27 38 -/- - - 1 -

10 M 23+0 650 9.3 4140 2 84 100 >60 1/1 + - 2 nCPAP+ O,
HCT,
spironolact.,
salbutamol,
cisapride

Definition and abbreviations: Medication other than vitamin, iron or electrolyte supplement is
presented. BPD = bronchopulmonary dysplasia; Corr. age = corrected age; nCPAP = nasal
continuous positive airway pressure; d = days; g = grams; GA = gestational age; HCT =
hydrochlorothiatzide; IVH = intraventricular hemorrhagia; L = left; NEC = necrotizing
enterocolitis; PVL = periventricular leucomalacia; PMA = postmenstrual age; R = right;
spironolact. = spironolactone; Surf = surfactant (Curosuri® , Chiesi, Parma, Italy); Vent =
ventilatory support; O, = oxygen supply.

Infants exposed to maternal smoking during pregnancy

Eleven full-term infants with exposure to maternal cigarette smoking during pregnancy were
recruited from the Women’s Hospital and Kétildopisto maternity hospital. To be included in
this study, smoking mothers were required to have smoked at least 5 cigarettes/day for >2/3 of
pregnancy, but in practice, all of the recruited mothers smoked at least 10 cigarettes/day. The
initial criterion of smoking status was retrieved from the maternity charts of the mother, and
the smoking status before, during and after the pregnancy was confirmed from the mother at
the time of the study. Suitable families were identified in the hospital, and the study protocol
was introduced to them in written form. When the infant was 1 to 2 months of age, the
researcher contacted the mother and inquired about her willingness to participate in the study.
These infants exposed to maternal smoking during pregnancy were studied at a mean age of
12 + 2.1 weeks. They were healthy and no prescription drugs were used. Demographic data
are presented in Table 8 and parental smoking data are shown in Table 11.

Table 11. Parental smoking of smoke-exposed infants

Type of exposure Smoked cigarettes/d, mean * (range)
Maternal smoking before pregnancy 20 + 2 (10-30)

Maternal smoking during pregnancy 13 + 3 (10-20)

Maternal smoking after pregnancy 14 + 3 (10-25)

Paternal smoking 10 + 9 (0-20)

4.1.2 Study age close to term age (IV)

Twenty preterm infants near term age were recruited while in Kétildopisto maternity hospital
neonatal ward due to prematurity. The researcher presented the study to parents in oral and
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written form and if they were interested in participating in the study, the study was planned as
close to term age as possible while still in hospital, but no earlier than 34 weeks of PMA. Five
infants suffered from BPD (jobe, et a1, 2001) and five were exposed to maternal cigarette smoking
during pregnancy. The study was carried out at a mean PMA of 36 + 1.5 weeks. Detailed
demographic data are presented in Table 12.

Table 12. Demographics of the preterm infants studied at PMA of 34-39 weeks

No Sex GA  Birth Study Study Surf Vent CPAP O, BPD Sepsis M.sm Theo Medication at the
(wk) weight PMA weight (n) (d) (d) PMA (+/-) (n) (+/-) (+/-) time of the study
® Wk (8

I M 3242 1560 36+5 2470 0 0 <1 3243 - 0 - +

2 M 33+5 2320 35+5 2220 0 0 <1 none - 0 - -

3 F 30+0 1300 33+4 1415 0 0 <1 none - 0 + + theophylline

4 M 30+0 1210 34+3 1770 0 1 2 none - 0 + +

5 F 32+5 1470 35+4 1800 0 0 <1 none - 0 - +

6 F 28+3 800 39+0 2435 1 2 30 none - 0 - +

7 M 3146 1760 35+6 2275 0 0 4 none - 0 - + furosemide

8 M 31+6 1680 36+t0 2395 0 0 3 32+1 - 0 + +

9 F 27+3 770 38+3 2310 3 6 38 41+1  + 0 + + HCT,
spironolactone,
0, 0.2-0.41/min

10 F 3143 1965 33+5 2100 0 0 <1 none - 0 - + theophylline

11 F 29+0 1220 37+2 2540 4 8 24 36+2 + 1 - + HCT,
spironolactone

12 M 31+5 1210 35+4 1795 0 0 6 none - 0 + +

13 M 27+6 1090 35+3 1980 4 22 20 37 + 1 - + HCT,
spironolactone,
theophylline,
trimethoprim,
0, 0.21/min

14 M 25+4 790 38+2 2615 1 14 34 37 + 0 - + HCT,
spironolactone,
theophylline

IS M 28+5 930 36+6 1865 2 8 26 37 + 2 - + HCT,
spironolactone,
0, 0.1/min

16 F 32+1 1556 34+4 1795 0 0 3 32+4 - 0 - +

17 M 32+1 1845 34+4 2040 1 5 2 33+0 - 0 - + theophylline

18 F 34+5 1845 35+0 1800 0 0 <1 none - 0 - -

19 M 33+5 2225 35+5 2285 0 0 0 none - 0 - -

20 M 34+1 2080 35+3 1925 0 0 <1 34+1 - 0 - -

Definition and abbreviations: Medication other than vitamin, iron or electrolyte supplement is
presented. One preterm infant had intraventricular hemorrhages which resolved spontaneously
on both sides (subject no 9), with a normal MRI at term age. Additional one had on MRI at
term age a suspicion of mild periventricular leukomalacia and a small hypodensic area
possibly resulting from a small hemorrhagic insult (subject no 14). BPD = bronchopulmonary
dysplasia; CPAP = continuous positive airway pressure; F = female; GA = gestational age;
HCT = hydrochlorothiatzide; M = male; M. sm = maternal smoking during pregnancy; PMA
= postmenstrual age; Surf = surfactant (Curosurf”, Chiesi, Parma, Italy); Theo = has received
theophylline; Vent = ventilatory support; O, = oxygen supply

4.2 Study protocol

Control infants (I-IV), smoke-exposed infants (III) and preterm infants with BPD (II) at 2-4
months of age were studied during their normal night time sleep in a sleep laboratory at the
Children’s Hospital, Helsinki University Central Hospital. The infant and his/her parent
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arrived between 6 p.m. and 7 p.m. when the recording electrodes were attached. When the
infant fell asleep according to his/her daily routine — usually between 8 p.m. and 11 p.m. — the
polysomnographic recording was started. The recording was finished when all the tests were
performed or in the morning when the infant woke up. One or both parents accompanied the
infant during the study.

Infants with univentricular heart (I) were studied in the pediatric cardiac ward when
they came for the cardiac catheterization procedure as a preparation for the stage-two
operation (bidirectional Glenn, in preparation for Fontan circulation) for univentricular heart.
These infants were studied the night before the cardiac catheterization procedure as they
spend this night in the hospital. The study protocol was the same as described above but the
parent did not always stay with the infant during the study.

Preterm infants near term age (IV) were studied in the Kétildopisto maternity hospital
neonatal ward during a nap, mostly in the evening. After the recording electrodes were
attached, the polysomnographic recording was started when the infant fell asleep, which was
usually after feeding. The recording was finished when the tests had been performed. These
recordings were shorter in duration than other recordings because of the nap study design, as
these infants were mainly asleep with little time awake without a strong circadian rhythm.
Because of this, together with the short sleep cycles, not all the recordings of these infants had
enough data for the heart rate variability analysis, or spontaneous arousals. Some parents
stayed with the infant during the study.

The infant was sleeping on a custom-made canvas sheet with rigid frames, which was
placed on top of the normal hospital bed for infants.

4.2.1 Linear side motion test

In quiet NREM sleep, before the beginning of the test period, the mat was manually lifted up
from the bed in a horizontal position. After a steady period of 1-2 minutes a back-and-forth
movement with a radius of 0.5 meters was performed for 3-5 seconds. The side movement
was performed in a rocking manner to avoid abrupt changes in direction of the movement,
which could arouse the infant. Test onset and finish were marked with an electronic event
marker. After the side motion test there was another steady period of at least 1-2 minutes
before the infant was lowered back on to the bed. The infant stayed in a horizontal position
during the whole test. Infants were closely observed for any signs of arousal such as a sigh or
movement of a hand. Those tests with a subcortical arousal (McNamara, et al. 1998) Were marked
and tests were performed until no arousal was noted. Tests with a cortical arousal were
terminated when the arousal occured and excluded from the study. There was at least one
minute of quiet sleep between the subsequent tests. After the side motion tests in a supine
position were completed, the same tests were performed in a prone position (for 11 controls
and all UVH infants). Apart from the sleeping position of the infant, the study protocol was
the same between the supine and prone tests.

4.2.2 Head-up tilt test

In quiet NREM sleep, the infant was manually tilted head-up during 2-3 seconds to a 45°
angle and held in that position for 45 seconds, after which the infant was lowered back to a
horizontal position. Care was taken to keep the blood pressure cuff at heart level during the
tilt. An electrical event marker was used to mark the beginning and the end of the tests.
Inspection for arousals took place as previously described, and cortical arousals were
excluded. Tilt tests in a prone position (for 11 controls and all UVH infants) were performed
after the supine tests were accomplished. The protocol for the prone did not differ from the
supine tilt tests.
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4.3 Methodology

The core of the study protocol was the basic polysomnographic recording, and continuous
non-invasive BP monitoring (Figure 4). The study equipment included a PC enabling real-
time data observation and preliminary sleep staging for the tests. The used electrodes were
noninvasive, and did not seem to disturb the infants — except the nasal airflow measurement in
some infants.

During the study, all the infants slept at first in a supine position, which was their
accustomed sleeping position. After the tests in a supine position, all UVH infants and 11
control infants were turned into a prone position, and the tests were repeated. None was
accustomed to sleeping in a prone position. No invasive monitoring methods were used, and
no blood samples were taken. The purpose was to let the infants sleep as normally as possible
and not to disturb their sleep despite the tests.

4.3.1 Electrocardiogram

The electrocardiogram (ECG) was evaluated from the lead II position: one on the cardiac
apex in the mid-clavicular/-axial line on the left and the other just below the right clavicula on
the right. Electrodes were disposable. From ECG, heart rate and possible arrhytmias were
assessed, and it served as a basis for calculations of heart rate variability.

4.3.2 Blood pressure measurement

In addition to the polysomnographic recording, blood pressure was measured noninvasively
during the tests in the beginning using a Finometer (Finapres Medical Systems, Amsterdam,
Netherlands), which was updated to a Finapres (Finapres Medical Systems, Amsterdam,
Netherlands) in 2005. Both use the volume-clamp method of Penaz to measure continuous
blood pressure, and they enable beat-to-beat evaluation of blood pressure. A modified adult
XL-sized finger cuff was wrapped around the wrist of the infant after he/she had fallen asleep,
but the measurement was not started until the infant was in quiet NREM sleep and the tests
were about to begin. Care was taken to keep the cuff at heart level during the tests. The servo
adjustment was turned off for the test periods and the blood pressure measurement was turned
off when the tests were finished, the infant woke up, or the sleep stage changed to REM sleep.

4.3.3 Other polysomnographic measurements

The electroencephalogram (EEG) included two channels for the scoring of the sleep stages.
Of these, Cs/A; depicts central and O,/A; occipital activation. For C; and O,, standard multi-
use electrodes with small metallic cups were used. The electrodes were placed according to
the international 10-20 system: C; on the central vertex, 20% on the left side and O, on the
occipital vertex, 5% from the occipital protuberance. These cups were filled with conductance
paste and attached to cleaned skin with water-soluble paste and gauze. For A; and A,,
positioned on the left and right mastoids, respectively, flat disposable electrodes were used
that attach firmly to the skin but are easy to remove.

Two electro-oculograms were recorded to evaluate eye movements during sleep. One
disposable electrode was placed obliquely up from the lateral canthus of the right eye (right
elecro-oculogram, EOG-R) and the other obliquely down from the lateral canthus of the left
eye (left electro-oculogram, EOG-L). A, was used as a reference electrode for both EOG-R
and EOG-L. The electro-oculogram measures potential differences and changes between
positive cornea and negative retina (Grigg-Damberger, et al. 2007). When two channels are in use, eye
movements are seen as sharp deflections either towards or away from each other.
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Chin electromyogram (EMGeghin) measures genioglossus muscle tone activity and thus
helps in the scoring of different sleep stages. Two disposable electrodes were placed
underneath the chin, about 1cm apart.

The diaphragm electromyogram (EMGgiaphr) records diaphragmatic muscle tone, thus
helping to evaluate respiratory effort. Two disposable electrodes were used, one placed just
below the sternum and the other on the right clavicular midline at the same level.

Breathing movements (thoracic respiratory motion) were transmitted via a stretch-
sensitive piezo-electric sensor belt wrapped around the infant’s lower chest or upper
abdomen.

A single-use nasal cannula was selected according to the size of the infant’s nostrils,
and nasal airflow was recorded using a warming pneumotachometer (RSSHR 3500, Hans
Rudolph, Missouri, USA). The other end of the tube from the capnometer (Capnomac Ultima
ULT-SVI, Datex, Helsinki, Finland) to measure end-tidal carbon dioxide (EtCO,) was
attached to the nasal cannula at the base of the nasal end. The curvature or height of the nasal
airflow curve was not changed by this procedure. The size of the cannulae was chosen
according to the size of the infant’s nostrils and they were initially placed on every study
infant, but removed if clinically evident that the infant was disturbed by them. EtCO, was not
measured for the preterm infants near term age.

Arterial oxyhemoglobin saturation (SpO,) was measured using a non-invasive pulse
oximeter (Biox 3800e, Ohmeda, Boulder, CO, USA) attached to either foot. Preterm infants
requiring a SpO, recording for clinical reasons, had a separate pulse oximeter with alarm
function placed on the other foot.
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Figure 4. An example of polygraphic recording during the side motion test. The onset and
end of the side motion test are indicated by the mark signal. BP = blood pressure
(Finapres/Finometer); ECG = electrocardiogram; EEG = electroencephalogram; EMG =
electromyogram; EOG-L = left electro-oculogram; EOG-R = right electro-oculogram; EtCO,
= end-tidal carbon dioxide content of the breathing air; HR = heart rate; Resp = respiratory
movements; SpO, = pulse oximeter arterial oxyhemoglobin saturation. The amplitudes of
EEG, electro-oculogram, EtCO2 and BP signals are shown with a scale bar.

4.4 Data analysis

In the beginning (Study I), the sleep study was recorded with the Amlab (Amlab Technology
Pty Ltd., Sydney, Australia), which was updated to the Siesta (Compumedics, Abbotsford,
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Australia) polygraphic system with 16-bit amplitude resolution in 2005 (Studies II-IV).
Sampling frequency was for ECG and EMG 200 Hz in the Amlab and 512 Hz in the Siesta.
The SpO, signal was collected at 1 Hz and other signals at 100 Hz in the Amlab and at 128
Hz in the Siesta. In addition to real-time data on the computer screen, all the data were stored.
The data were converted to the European Data Format and then analyzed with Somnologica
sleep polygraph software (Medcare, Reykjavik, Iceland) and special purpose software.

4.4.1 Polysomnographic measures

First, the sleep was manually staged according to the criteria of Guilleminault and Soquet
(Guilleminaut, et al. 1982) and the Pediatric Task Force of the American Academy of Sleep Medicine
(Grigg-Damberger, et al. 2007) 10 30-second epochs. If airflow data were recorded, central, mixed and
obstructive apneas were scored, otherwise apnea was evaluated from the respiratory belt and
EMGuiaphr as absence of breathing movements. Apnea was determined as a respiratory pause
of two or more respiratory cycles. Central apnea was scored when there was simultaneously
absence of airflow and respiratory movements (lack of breathing activity in the respiratory
belt and EMGyiapnr) When the infant was sleeping. When respiratory movements were seen on
the respiratory belt and EMGuiph, but no airflow was present, apnea was classified as
obstructive. Mixed apnea showed both types of apnea components during the same cessation
of airflow. Desaturations were marked when they did not coincide with arousal (possible
movement artefact).

All the test data were visually inspected to exclude artifacts and to evaluate whether the
quality of the original data was sufficient for the analysis. Using the special purpose software,
the ECG R-peak, systolic and diastolic blood pressure values during the tests were manually
identified from the raw data. All the signals were analyzed at the original sampling rate.

4.4.2 Heart rate change to spontaneous arousal

To assess general cardiac reactivity (rrinder, et al. 2003), heart rate response for spontaneous
arousal from NREM sleep was determined by selecting a spontaneous arousal lasting at least
15 seconds and determined by chin EMG activation and body movements. ECG R-peaks were
manually identified with the help of special purpose software. The heart rate 20 seconds
before the arousal was calculated as the baseline and the slope of change (beats/min/min) in
heart rate during the first 10 seconds of arousal was calculated.

4.4.3 Heart rate variability

Frequent alternation of heart rate from breathing and signals from the autonomic nervous
system (heart rate variability, HRV) were analyzed in 2-min segments by a Somnologica
software HRV analyzer. This software uses an oversampling technique to interpolate the
original sampling rate (200 Hz or 512 Hz) up to ten times to increase accuracy. The following
frequency bands were selected according to the current literature for infant HRV analysis
(Kirjavainen, et al. 2004,Rosenstock, et al. 1999): 0.04-0.15 Hz (low-frequency variability), 0.15-1.0 Hz
(high-frequency variability), and 0.003-1.0 Hz (total power). Logarithmic transformation
(log10) was used to normalize the distribution.

4.4.4 Baroreflex sensitivity (I)

We tried to assess baroreflex sensitivity in all the UVH infants and 11 control infants
noninvasively by selecting a spontaneous increase in SBP together with a decrease in HR or
vice versa (prouin, et al. 1997b). In this analysis, changes in SBP ranging from 10 to 20% are
compared with simultaneous, opposite changes in HR, with the analysis period being at least
10 cardiac cycles long. Beat-to-beat values of RR intervals are then plotted against SPB
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values of the preceding cardiac cycle, and analyzed with linear regression. This analysis was
not performed for other study groups because no events fulfilling these criteria were found for
the UVH or 11 control infants during quiet NREM sleep.

4.4.5 Arterial oxyhemoglobin saturation (II)

For BPD infants, an intensive care monitoring system (Agilent Technologies and Clinisoft,
Anandic Medical Systems, Diessenhofen, Switzerland) automatically collected SpO, during
the stay in the neonatal intensive care unit (Figure 5). Data were collected every two minutes.
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Figure 5. Arterial oxyhemoglobin saturations (SpO>) of infants with bronchopulmonary
dysplasia (BPD). One sample every 2 minutes from the beginning of the treatment in the
neonatal intensive care unit.

4.5 Statistical analyses

All the data are given as mean + standard deviation, SD, (range), unless otherwise specified.
For the statistical analysis, BP and HR data were divided into four time intervals: baseline
(20-5 s preceding the test), immediate (0-5 s from the test onset), early (10-15 s from the test
onset) and late response (25-40 s from either onset of side motion or the end of the tilt test).
The two-way repeated measures analysis of variance (ANOVA) general linear model was
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used to analyze the differences between study groups. If the assumption of sphericity was not
met (Mauchly’s test), Huynh-Feldt correction was adopted. When the overall repeated-
measures ANOVA showed a significant difference, post hoc tests were conducted to
determine the specific time point of difference. Sidak’s multiple comparison correction was
used for within-subject effects.

Demographic data, HR variability and HR reactivity were compared using Student’s T-
test. Linear correlation was used in studies II and IV to evaluate the correlation between
demographic features and test responses.

Statistical analyses were performed with the Statistical Software Package for Social
Sciences, software versions from 11.0 to 15.0 for Windows (SPSS Inc., Chicago, IL, USA). P
< 0.05 was considered statistically significant.

4.6 Ethical considerations

The parents received oral and written information about the study and written informed
consent was obtained from the parents. Participation in the study was on a volunteer basis and
possible participation did not affect the medical care of the infant unless the study revealed
information that was of medical importance. In that case the attending physician was orally
informed about the condition (no research data were available to clinicians). The Ethics
Review Committee of the Hospital for Children and Adolescents of the Helsinki University
Central Hospital, Helsinki, Finland, had approved the study protocol. The parents were not
paid to participate in the study, but the families were covered for the extra travel expenses to
the hospital and back home during the night. The purpose was to let the infant sleep as
undisturbed as possible. There were no invasive measurements. Cessation of the study took
place on the request of the parent or if the well-being of the infant was compromised.
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5 RESULTS

5.1 Polysomnographic findings

5.1.1 Recording time, total sleep time and sleep stages

Table 13 presents descriptive sleep data from the recordings. Recording time and total sleep
time were longer in control and UVH infants, as for them the tests were performed in both
supine and prone positions. Proportions of different sleep stages (N1-2, N3, REM) were,
however, similar among all infants studied at 2-4 months of age. Preterm infants have
significantly shorter recording time and total sleep time, as well as a higher percentage of
quiet sleep, because for them the study was performed as a nap study, and the recording was
mostly not started until quiet sleep was seen on the online recording. In addition, in preterm
infants, the mean recording time was only marginally longer than one hour, (64 + 41 minutes,
range 19 — 166), thus apparent differences in sleep stage distribution are unreliable.

Table 13. Recording time, sleep time, sleep stage distribution, and SpO, data

RecT TST N1-2 N3 REM SpO,
(min) (min) (%) (%) (%) (%)
Control 221 + 108 176 + 86 30+86 46+92 25+7.7 98+0.8
(88-498) (75-383) (16-46) (28-64) (9-39) (96-99)
UVH 156 = 100 124 £ 57 24£13 47£12 28+9.6 82+4.8
(35-394) (35-232) (3-45) (25-63) (5-38) (77-91)*
BPD 134 +32 109 = 30 26+ 10 49 £ 10 25411 98+ 1.0
(57-170)* (54-141)* (12-44) (33-69) (6-39) (96-99)
Smoke 145 + 54 114 +37 3415 40 £ 11 27+9.0 99 £0.7
(56-249)* (53-194)* (13-61) (17-54) (16-42) (97-100)
Preterm 64 + 41 46 £ 20 14£9.0 7120 15+ 17 97+23
(19-166)* (19-86)* (0-35)* (0-35)* (0-62)* (92-99)*

Definition and abbreviations: BPD = infants with bronchopulmonary dysplasia; Control =
control infants; Preterm = preterm infants near term age; RecT = recording time; REM = rapid
eye movement; N1-2 = non-rapid eye movement sleep stages 1-2; N3 = non-rapid eye
movement sleep stage 3; Smoke = infants exposed to maternal smoking during pregnancy;
SpO, = arterial oxyhemoglobin saturation; TST = total sleep time; UVH = infants with
univentricular heart; values are means = SD (range); *p < 0.05 (comparisons made to control
infants)

Arterial oxyhemoglobin saturation (SpO;)

SpO, was within normal range in all but UVH infants, although in preterm infants SpO, was
slightly lower compared with control infants (p = 0.004). UVH infants were clearly
hypoxemic at the time of the study; their SpO, was 82 £ 4.8 (77 —91) % (p < 0.0001).

5.1.2 Test characteristics

The number of both side motion and tilt tests needed to achieve a test without arousal varied
greatly. This resulted in high variability in the number of tests performed per studied infant
(Table 14). The percentage of tests that resulted in subcortical or cortical arousal varied
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considerably among the studied infants, but there were no significant differences between the
study groups. In one control infant supine, and in two UVH infants prone, all tilt tests resulted
in arousal. Prone tests were successfully performed in eight control infants. When prone, the
side motion test was successfully performed in six, and the tilt test in five UVH infants.

Table 14. Cardiovascular tests

Position Group tilt tests side motion tests  arousals from tilt arousals from
(n) (n) (%) side motion (%)
Supine
Control 6+4(2-18) 7+4(3-19) 60 + 25 (0-100) 48 + 28 (0-86)
UVH 5£2(3-9) 442 (2-7)* 49 + 21 (25-89) 39 +22 (0-83)
BPD 5£2(3-7) 9+2(4-15) 44 + 27 (0-75) 49 + 25 (20-93)
Smoke 3£1(2-7) 7+£2(4-12) 44 + 21 (0-75) 45 + 27 (0-83)
Preterm 4+2(1-7) 6+3(3-14) 55 + 24 (0-86) 50 +30 (0-86)
Prone
Control 4+2(1-9) 3£2(0-6) 60 £ 27 (0-89) 33 +24 (0-67)
UVH 7£2(5-9) 5+£3(3-10) 86 + 15 (60-100) 47 + 26 (0-67)

Definition and abbreviations: BPD = infants with bronchopulmonary dysplasia; Control =
control infants; Preterm = preterm infants near term age; Smoke = infants exposed to maternal
smoking during pregnancy; UVH = infants with univentricular heart; values are means + SD
(range); *p < 0.05 (comparisons made to control infants)
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5.2 Linear side motion test — supine position

Figures 6-8 present cardiovascular responses to the linear side motion test in a supine position
for all study infants. Figure 6 shows systolic blood pressure (SBP), Figure 7 diastolic blood
pressure (DBP), and Figure 8 heart rate (HR) responses.

Control infants showed biphasic BP responses with an initial increase followed by a
decrease below baseline levels and normalization. Heart rate showed a similar initial increase
as BP, but it returned close to baseline already 10-15 seconds after the test.

UVH infants presented with flat initial BP responses to the side motion test, and their
HR response was attenuated compared with the control infants. For this thesis, a new
statistical analysis was performed using a total of 20 control infants, but the overall
significance of the results did not change considerably (that is, no new significant differences
emerged and no old differences lost significance) (Viskari-Lédhdeoja et al., unpublished
results). The inter-subject variability in the responses of UVH infants did not differ
significantly from the control infants (group mean; HR p =0.22, SBP p=0.41, DBP p = 0.66)
(Viskari-Lihdeoja et al., unpublished results).

BP responses of BPD infants as a group did not differ from those of the control infants
to the side motion test. From the individual curves it is evident, however, that half of the BPD
infants had mild or absent initial BP response followed by a considerable BP decrease. The
amount of BP deviation from the control or group mean at 10-15 seconds from the test onset
did not correlate with GA, estimated amount of hypoxic exposure based on desaturations
while in the neonatal invasive care unit, number of events with SpO, <85%, ventilator time,
CPAP support or supplementary oxygen, drugs used, or intraventricular hemorrhage, PVL,
necrotizing enterocolitis, or sepsis during the neonatal period. Although the HR response was
biphasic in BPD infants similarly to control infants, it was smaller in magnitude in BPD
infants. Furthermore, inter-subject variability of BP, but not HR, was significantly higher in
BPD infants compared with control infants (group mean; SBP p < 0.0001, DBP p <0001, HR
p=20.13).

Smoke-exposed infants showed initially flat BP responses to the side motion test. The
following dip in both BP values was more pronounced and prolonged for up to 25-40 seconds
after the test. Also the initial HR increase was smaller in smoke-exposed infants compared
with control infants. The inter-subject variability did not differ significantly from the control
infants (group mean; HR p = 0.73, SBP p = 0.38, DBP p = 0.23).

Preterm infants near term presented with initially flat BP levels after the onset of the
test, but SBP levels showed a slight decrease 25-40 seconds after the test. An attenuated HR
response was also seen in preterm infants near term compared with control infants. Infants
with a diagnosis of BPD, exposure to maternal smoking during pregnancy, or current
theophylline treatment had responses to the side motion test similar to those of other preterm
infants. Neither HR nor BP responses showed a correlation with GA at birth. PMA at the time
of the study showed only a weak association with post-SBP levels (adjusted R square 0.22,
p=0.02). The inter-subject variability did not differ between the groups (group mean; HR p =
0.98, SBP p=0.37, DBP p = 0.28).
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LINEAR SIDE MOTION TEST SUPINE - SYSTOLIC BLOOD PRESSURE

baseline 20-5s before  initial 0-5s early 10-15s late 25-40s
test onset from test onset from test onset from test onset
Control 0 22+1.5 24+24 -05+1.7
UVH 0 -1.0£2.1% -1.5+£1.8 -0.8+1.9
BPD 0 0.0+2.0 -5.8+£6.6 2.1+£25
Smoke 0 0.6+ 1.6% -5.6 £3.4% -3.8£2.3%
Preterm 0 0.0+2.7*% 0.24+2.8% 2.3 +£2.6%
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Figure 6. Systolic blood pressure responses (% from baseline) to the supine side motion test. At the top, table
with average group responses. * p<0.05 for pairwise comparisons to control infants when ANOVA showed
significant group differences. For each study group, individual curves are in the left panel. The middle panel
shows a mean curve and a shaded area of = 2 SD. In the right panel, time intervals according to which statistical
analysis was performed. ANOVA compared to control infants. ns.= non-significant
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LINEAR SIDE MOTION TEST SUPINE — DIASTOLIC BLOOD PRESSURE

baseline 20-5s before  initial 0-5s early 10-15s late 25-40s

test onset from test onset from test onset from test onset
Control 0 53+2.7 -1.9+2.5 0.6+23
UVH 0 -0.8 £2.6% 2.0+£24 -1.1£29
BPD 0 21+24 -4.0+£6.0 -1.1+£24
Smoke 0 1.3+ 1.4% -4.0 £2.2% 2.7+ 1.3%
Preterm 0 0.7 £3.9% -0.1+3.7 -1.3+4.1
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Figure 7. Diastolic blood pressure responses (% from baseline) to the supine side motion test. At the top, table
with average group responses. * p<0.05 for pairwise comparisons to control infants when ANOVA showed
significant group differences. For each study group, individual curves are in the left panel. The middle panel
shows a mean curve and a shaded area of = 2 SD. In the right panel, time intervals according to which statistical
analysis was performed. ANOVA compared to control infants. ns.= non-significant
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LINEAR SIDE MOTION TEST SUPINE — HEART RATE

baseline 20-5s before  initial 0-5s early 10-15s late 25-40s
test onset from test onset from test onset from test onset
Control 0 52+3.0 -1.7+£2.8 0.6+2.3
UVH 0 -0.7 £2.2% -08=+14 -04=+1.5
BPD 0 2.1 +4.6% -1.4+34 1.3+£2.1
Smoke 0 2.0+ 2.9% -1.6+£2.5 -09+2.1
Preterm 0 2.7+ 3.0% -0.1+2.8 0.6+2.5
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Figure 8. Heart rate responses (% from baseline) to the supine side motion test. At the top, table with average
group responses. * p<0.05 for pairwise comparisons to control infants when ANOVA showed significant group
differences. For each study group, individual curves are in the left panel. The middle panel shows a mean curve
and a shaded area of + 2 SD. In the right panel, time intervals according to which statistical analysis was
performed. ANOVA compared to control infants. ns.= non-significant
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5.3 Head-up tilt test — supine position

Figures 9-11 present the cardiovascular responses for all study infants during a supine head-
up tilt test. Figure 9 shows SBP, Figure 10 DBP, and Figure 11 HR responses.

Control infants showed significant inter-subject variability in their BP responses to the
tilt test. On average, there was no initial change in SBP, followed by a decrease that continued
even after the end of the test period. DBP showed a biphasic curve with initial increase,
followed by a decrease which continued after the end of the test. HR response was biphasic,
with an initial increase followed by a decrease and return to baseline.

UVH infants presented similar BP responses to those of control infants, but their HR
response was clearly abnormal, with HR remaining above baseline even at 10-15 seconds
after initiation of the test. For this thesis, statistical analysis was performed using all 20
control infants as a comparison group to enable better comparison with other groups. No
change from the initial analysis emerged at significant and non-significant time points with
the increased number of control infants (Viskari-Lédhdeoja et al., unpublished results). The
inter-subject variability in the responses of UVH infants did not differ significantly from
those of the control infants (group mean; HR p = 0.50, SBP p = 0.77, DBP p = 0.66) (Viskari-
Lihdeoja et al., unpublished results).

The BP and HR responses of the BPD infants as a group did not differ from those of the
control infants in the head-up tilt test. BPD infants, however showed greater inter-subject
variability in their BP responses (group mean; SBP p < 0.0001, DBP p < 0.01). Four BPD
infants showed sustained BP increases to the tilt test. The amount of deviation from the
control or group mean at 10-15 seconds from the test onset did not correlate with GA,
estimated amount of hypoxic exposure based on destaturations while in the neonatal invasive
care unit, number of events with SpO, <85%, ventilator time, CPAP support or supplementary
oxygen, drugs used, or intraventricular hemorrhage, PVL, necrotizing enterocolitis, or sepsis
during the neonatal period.

On average, smoke-exposed infants did not show different HR or BP responses
compared with control infants. Their inter-subject variability did not differ significantly from
the control infants (group mean; HR p = 0.92, SBP p=0.21; DBP p =0.13).

Preterm infants near term showed, on average, flat BP and HR responses with no
significant changes from baseline, but in this study group, the inter-subject variability in BP
responses was even greater than in the control infants (group mean; HR p = 0.07, SBP p =
0.009, DBP p = 0.005). Those currently on theophylline treatment or with intrauterine smoke
exposure showed similar responses to those of other infants. Infants with BPD seemed to
more often show a decrease in BP in response to tilt, but their HR responses were similar to
other preterm infants'. No association was found between GA at birth or PMA, and HR or BP
responses.
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HEAD-UP TILT TEST SUPINE — SYSTOLIC BLOOD PRESSURE

baseline 20-5s before  initial 0-5s early 10-15s late 25-40s
test onset from test onset from test onset from end of tilt test
Control 0 0.6+3.5 -6.7+4.9 -4.0+3.1
UVH 0 09+3.1 -5.5+£33 -1.8+£23
BPD 0 1.1+£3.8 -3.1+10.8 -3.5+£33
Smoke 0 1.2+4.5 -4.6+7.7 -5.6+33
Preterm 0 -2.7+5.0*% -39+94 2.7+£5.7
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Figure 9. Systolic blood pressure responses (% from baseline) to the supine head-up tilt test. At the top, table
with average group responses. * p<0.05 for pairwise comparisons to control infants when ANOVA showed
significant group differences. For each study group, individual curves are in the left panel. The middle panel
shows a mean curve and a shaded area of + 2 SD. In the right panel, time intervals according to which statistical
analysis was performed. ANOVA compared to control infants. ns.= non-significant
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HEAD-UP TILT TEST SUPINE — DIASTOLIC BLOOD PRESSURE

baseline 20-5s before  initial 0-5s early 10-15s late 25-40s
test onset from test onset from test onset from end of tilt test
Control 0 4.6+45 -3.6+5.5 2.1+£2.8
UVH 0 24+34 -4.5+4.0 -1.6+2.2
BPD 0 49+43 0.5+£104 2.1+£3.7
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Figure 10. Diastolic blood pressure responses (% from baseline) to the supine head-up tilt test. At the top, table
with average group responses. * p<0.05 for pairwise comparisons to control infants when ANOVA showed
significant group differences. For each study group, individual curves are in the left panel. The middle panel
shows a mean curve and a shaded area of = 2 SD. In the right panel, time intervals according to which statistical
analysis was performed. ANOVA compared to control infants. ns.= non-significant
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HEAD-UP TILT TEST SUPINE — HEART RATE

baseline 20-5s before  initial 0-5s early 10-15s late 25-40s
test onset from test onset from test onset from end of tilt test
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Figure 11. Heart rate responses (% from baseline) to the supine head-up tilt test. At the top, table with average
group responses. * p<0.05 for pairwise comparisons to control infants when ANOVA showed significant group
differences. For each study group, individual curves are in the left panel. The middle panel shows a mean curve
and a shaded area of + 2 SD. In the right panel, time intervals according to which statistical analysis was
performed. ANOVA compared to control infants. ns.= non-significant
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5.4 Linear side motion test — prone position

Figures 12-14 present the cardiovascular responses of those control and UVH infants who
were successfully studied both supine and prone (8 controls and 6 UVH infants). As is evident
from the graphs, neither BP (Figure 12 for SBP, and Figure 13 for DBP) nor HR (Figure 14)
responses to side motion differed between sleeping positions in controls or in UVH infants.
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LINEAR SIDE MOTION TEST PRONE - SYSTOLIC BLOOD PRESSURE
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Figure 12. Systolic blood pressure responses (% from baseline) to prone side motion test (8
controls and 6 UVH infants). For each group individual curves are drawn in the left panel.
The middle panel shows a mean curve and a shaded area of + 2 SD. In the right panel, time
intervals according to which statistical analysis was performed. ANOVA showed non-
significant differences between the groups.
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LINEAR SIDE MOTION TEST PRONE — DIASTOLIC BLOOD PRESSURE
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Figure 13. Diastolic blood pressure responses (% from baseline) to prone side motion test (8
controls and 6 UVH infants). For each group individual curves are drawn in the left panel.
The middle panel shows a mean curve and a shaded area of + 2 SD. In the right panel, time
intervals according to which statistical analysis was performed. ANOVA showed non-
significant differences between the groups.
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LINEAR SIDE MOTION TEST PRONE — HEART RATE
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Figure 14. Heart rate responses (% from baseline) to prone side motion test (8 controls and 6
UVH infants). For each group individual curves are drawn in the left panel. The middle panel
shows a mean curve and a shaded area of + 2 SD. In the right panel, time intervals according
to which statistical analysis was performed. ANOVA showed non-significant differences
between the groups.
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5.5 Head-up tilt test — prone position

Figures 15-17 show the cardiovascular responses to the head-up tilt test of those control and
UVH infants who were successfully studied both supine and prone (8 controls and 5 UVH
infants). Sleeping position did not have an effect on BP (Figure 15 for SBP, and Figure 16 for
DBP) or HR (Figure 17) responses to the tilt test in either control or UVH infants.
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Figure 15. Systolic blood pressure responses (% from baseline) to the prone head-up tilt test
(8 controls and 5 UVH infants). For each group individual curves are drawn in the left panel.
The middle panel shows a mean curve and a shaded area of + 2 SD. In the right panel, time
intervals according to which statistical analysis was performed. ANOVA showed non-
significant differences between the groups.



HEAD-UP TILT TEST PRONE - DIASTOLIC BLOOD PRESSURE
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Figure 16. Diastolic blood pressure responses (% from baseline) to the prone head-up tilt test
(8 controls and 5 UVH infants). For each group individual curves are drawn in the left panel.
The middle panel shows a mean curve and a shaded area of + 2 SD. In the right panel, time
intervals according to which statistical analysis was performed. ANOVA showed non-
significant differences between the groups.



HEAD-UP TILT TEST PRONE - HEART RATE
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Figure 17. Heart rate responses (% from baseline) to the prone head-up tilt test (8 controls
and 5 UVH infants). For each group individual curves are drawn in the left panel. The middle
panel shows a mean curve and a shaded area of + 2 SD. In the right panel, time intervals
according to which statistical analysis was performed. ANOVA showed non-significant
differences between the groups.
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5.6 Heart rate responses to spontaneous arousals

HR responses to spontaneous arousals in a supine position were successfully carried out in all
control, BPD and smoke-exposed infants, for 8/9 (89%) of UVH infants (missing data for no
1), and 17/20 (85%) of preterm infants (missing data for subjects no 2, 3, and 7). HR
responses to spontaneous arousals were similar to control infants' in BPD, smoke-exposed,
and preterm infants (Table 15). BPD infants with suppression in the side motion test showed
similar increases in HR to spontaneous arousals as the other BPD infants. UVH infants
showed significantly attenuated HR increases to spontaneous arousals compared with the
twenty control infants (p = 0.0006) (Viskari-Lédhdeoja et al., unpublished results). Baseline
HR levels were similar in infants at 2-4 months of age. In preterm infants studied at term,
however, the baseline HR was higher compared with control infants (P < 0.0001).

In a prone position, HR responses to spontaneous arousals were analyzed for 9 of 11
(82%) controls and 4 of 9 (44%) UVH infants. There were no differences between the groups
in the HR response to spontaneous arousals or baseline HR levels (Table 14). The values for
baseline HR or HR responses to spontaneous arousals did not differ between the sleeping
positions in control or UVH infants.

Table 15. Heart rate responses to spontaneous arousals in slow-wave sleep

Position Group n HR acceleration HR (/min)
(beats/min/min)

Supine
Control 20 147 £ 45 (48-205) 118 £9 (96-132)
UVH 8 73 + 44 (14-158)* 118 + 13 (97-136)
BPD 10 186 £ 58 (92 — 266) 122 £15(91-143)
Smoke 11 122 + 26 (79-172) 121 £ 6 (108-134)
Preterm 17 137 £50 (65 —235) 146 £ 14 (123-175)*

Prone
Control 9 127 £ 39 (77-197) 122 £ 9 (103-134)
UVH 4 100 + 48 (55-159) 122 £4 (118-126)

Definition and abbreviations: BPD = infants with bronchopulmonary dysplasia; Control =
control infants; HR = heart rate; Preterm = preterm infants studied at gestational age of 34-39
weeks = Smoke = infants exposed to maternal smoking during pregnancy; UVH = infants
with univentricular heart; *p < 0.05 (comparisons made to control infants)

5.7 Heart rate variability

Table 16 presents heart rate variability (HRV) in supine and prone positions during slow-
wave sleep. When supine, HRV was analyzed in 18 of 20 (90%) control infants (no HRV
analysis for infants no 7 and 9), all UVH, smoke and BPD infants, and 11 of 20 (55%)
preterm infants. The low ratio of successful analyses of HRV for preterm infants stems from
the different study set-up as described above. The preterm infants without HRV analysis were
subjects no 2, 3, 9, 10, 12, and 16-19. When prone, HR variability was computed for 6 of 9
(67%) UVH infants and 8 of 11 (73%) control infants.

Baseline HR was similar at 2-4 months of age, but significantly higher in preterm
infants studied near term. Breathing frequency during the analyzed 2-min periods was similar
in all infants studied at (corrected) 2-4 months of age. Preterm infants studied at term age,
however, showed a significantly higher breathing frequency compared with control infants (p
< 0.0001). Average HR or breathing frequency did not differ between sleeping positions in
either control or UVH infants.
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In Study I, supine HRV was not significantly different between the study groups, but
only nine control infants were studied. When compared with a total of 18 control infants,
UVH infants showed lower values of LF variability, HF variability, and TP. The LF/HF ratio
in UVH infants was similar to that of control infants, showing equal decreases in both LF and
HF variability (Viskari-Léhdeoja et al., unpublished results).

When prone, UVH infants showed significantly lower LF variability (p = 0.004) and TP
(p = 0.02) compared with control infants (Table 15). However, in HF variability, the
difference was insignificant. Those control (n = 6) and UVH (n = 8) infants with both supine
and prone measurements, showed no differences in any HRV indices (LF, HF, TP, LF/HF)
between sleeping positions. The small number of infants with prone HRV measurements
reduces the value of these findings.

HRYV was calculated only in a supine position for BPD infants, infants with intrauterine
smoke exposure, and preterm infants near term age. For BPD infants, LF variability, HF
variability and LF/HF ratio were similar to those observed in control infants, but TP was
slightly higher (p = 0.02). The HRV of those infants with suppression in the side motion test
supine (infants no 1, 3, 4, 6, 7) did not differ from the other BPD infants. In smoke-exposed
infants, HRV was similar in all frequency domains to that in the control infants. Preterm
infants near term age showed lower HF variability (p = 0.006) and a higher LF/HF ratio (p <
0.0001) compared with control infants, but these infants also showed higher HR and breathing
rate (Viskari-Lahdeoja et al., unpublished results).

Table 16. Heart rate variability in slow-wave sleep

Position  Group n LFV HFV TP LF/HF ratio HR RR
(min) (/min)
Supine
Control 18 29+03 2.84+0.3 33+£0.2 1.0+0.1 120+ 9 33+8
UVH 9 2.6 +£0.5% 2.4 +0.6* 3.1£0.4* 1.1+£0.2 123+ 11 40+ 10
BPD 10 3.0+£04 3.0£04 3.5£0.2% 1.0+0.2 120+ 7 33+7
Smoke 11 3.0+03 294+0.2 34+£0.2 1.0+0.1 121 £13 32+6
Preterm 11 3.0+0.4 24 +0.3* 34+£0.3 1.3+0.1* 146 £ 12* 59 + 15*
Prone
Control 8 3.0+0.2 2.7+0.2 34+£0.3 1.1+0.1 122+ 6 34+38
UVH 6 2.3+0.5*% 2.54+0.6 2.9+ 0.4* 1.0+ 0.1 127+9 39+8

Definition and abbreviations: BPD = infants with bronchopulmonary dysplasia; Control =
control infants; HFV = high-frequency heart rate variability; LFV = low-frequency heart rate
variability; Preterm = preterm infants near term age; RR = respiratory rate; Smoke = infants
exposed to maternal smoking during pregnancy; TP = total power of heart rate variability;
UVH = infants with univentricular heart; for heart rate variability, values are log;o value,
arbitrary units; *p < 0.05 (comparisons made to control infants)

5.8 Arterial oxyhemoglobin saturation (ll)

We could find no correlation between the degree of response deviation from the control or
BPD group mean at 10-15 seconds from the test onset and the estimated amount of total
hypoxic exposure (area under SpO, of 100% or 85%) or number of SpO, desaturations under
85% during the early neonatal period (Figure 5).
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6 DISCUSSION

In this thesis, the main hypothesis was that infants at risk of SIDS would show impaired
vestibulo-mediated cardiovascular control. The hypothesis arose from previous animal studies
showing the importance of vestibular and cerebellar nuclei function in the recovery from
cardiovascular shock, and from the autopsy studies of human SIDS victims showing
disruption in some of the nuclei participating in blood pressure (BP) control, including
VeStibUIar HUCICi (Filiano, et al. 1992,Kinney, et al. 1995,Kinney, et al. 2001sLavezzi, et al. 2005,Matturri, et al. 2006, Waters, et al.
1999). Our SIDS hypothesis was that the SIDS victims would have impaired cardiovascular
responses during life-threatening events that would contribute to their death. Possible
causative factors for the impaired blood pressure control and vestibular nuclei dysfunction
could be previous hypoxic episodes either during pregnancy or postnatally as parts of
vestibulo-fastigial pathways, such as cerebellar Purkinje cells are known to be sensitive to
hypoxia (Hutton, et al. 2007,>Pae, et al. 2005,Sarna, et al. 2003).The impaired vestibular function should be
seen as altered heart rate and blood pressure responses to the tilt and side motion test at the
highest SIDS risk age of 2-4 months.

The main finding of the study was that UVH, antenatally smoke-exposed, preterm
infants close to term age, and some BPD infants had altered BP responses to side motion. In
the tilt test, UVH, BPD, and smoke-exposed infants showed as a group normal average BP
responses. Heart rate (HR) response to the tilt test was normal in BPD and smoke-exposed
infants, but UVH infants presented with tachycardia. Preterm infants at term, therefore,
showed flat BP and HR responses. BPD and premature infants also showed highly variable
tilt test BP reponses where some showed increased and some decreased BP levels when
compared to healthy controls. The explanation for this observed high inter-subject but not
intra-subject variability in BP reponses to tilting is not evident.

6.1 Blood pressure control and sudden infant death syndrome

The observed defective vestibulo-mediated cardiovascular control is not expected to be
manifested in infants’ normal life since infants have a limited need for postural blood pressure
compensation, and there are several other compensatory mechanisms involved in BP control.
Cardiovascular control is a complex process with several inputs improving the accuracy of the
regulatory system (persson. 1996,Yates, et al. 2005). Overall BP control does not seem to be altered by
a long-term absence of one type of signal, but acute control of BP is found to become more
INACCUTALE (Kerman, et al. 1998 sPersson. 1996+ Timmers, et al. 2003sYates, et al. 2000)- 1 € IN@ppropriate, acute BP control
could become important when the cardiovascular system is challenged more severely in
extreme, life-threatening situations, and predispose these infants to SIDS. Failure of
vestibulo-mediated cardiovascular control in critical situations has been implicated as one
possible mechanism is SIDS (harper. 2000). However, it is likely that this impaired control
mechanism would not be a sufficient precursor for SIDS alone, but other factors would also
have to be present (iliano, et al. 1994), SUCh as appropriate age, prone position, and respiratory
infection.

Infants who have succumbed to SIDS show evidence of suffering hypoxia before death
(Jones, et al. 2003,0pdal, et al. 1998,Rognum, et al. 1988). Also many risk factors for SIDS are associated with
hyp0XiC exposure, inCIUding obstructive Sleep apnea (Kahn, et al. 1992,Kato, et al. 2001,McNamara, et al. 2000),
maternal smoking during pregnancy (kelly, et al. 1984>Longo. 1976sLongo. 1977), placental dysfunction
(Smith, et al. 2004), and prematurity (parmatl, et al. 2006)-
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Study I included infants with univentricular heart, who suffered from chronic postnatal
hypoxia with pulse oximetry values of around 75-85% after the first stage of palliative
surgery performed during the neonatal period. Although not a traditional SIDS risk group,
these infants have similar sudden, unexplained deaths during infancy (penton, et al. 2003). In Study
II we evaluated preterm infants who had developed BPD and demonstrably had suffered from
repetitive hypoxia during early life. The infants in Study III were all exposed to moderate
maternal smoking during pregnancy which presumably causes intrauterine hypoxia (key, et al.
1984,Longo. 1976;Longo. 1977)- Both prematurity and maternal smoking during pregnancy are risk
factors fOI' SIDS (Alm, et al. 1998,Blair, et al. 19965Blair, et al. 2006sBlair, et al. 2009,Cnattingius. 2004sHalloran, et al.
20065 Thompson, et al. 2006)- 1 Study IV, we aimed to characterize the development of cardiovascular
control in preterm infants to see if altered cardiovascular responses are already present close
to term age.

6.2 Blood pressure measurement

One of the strengths of this study is the novel study method of the linear side motion test that
enables the evaluation of vestibulo-mediated cardiovascular responses. To our knowledge,
there are no other previous reports on a similar approach. In addition, acute cardiovascular
responses to the head-up tilt test especially in UVH, BPD and smoke-exposed infants had not
previously been characterized. We also used considerable effort to exclude arousals because
arousal is known to cause a prominent cardiovascular response (Horner. 1996, Trinder, et al. 2003)- Lhe
considerable effect of arousal on the study variables was also evident from Study I. All the
tests were performed during polysomnograhically confirmed NREM sleep reducing possible
variability in responses due to different sleep stages, as it was evident from Study I that tests
performed during REM sleep showed more arousal responses.

The continuous, noninvasive measurement of blood pressure using an adult finger cuff
around the infant's wrist has recently been validated for term and preterm infants offering a
novel noninvasive method of continuous BP measurement (prouin, et al. 1997a,Harrington, et al.
2001>Yiallourou, et al. 2006)- Lhis method enables characterization of acute cardiovascular responses
without the risks and ethical problems of invasive catheters.

In this thesis, heart rate and blood pressure responses were studied in sleep, when the
cardiovascular state is stabile and arousal does not influence the responses. Infants with
different types of exposure to hypoxia and concurrent risk of SIDS were selected for the
study. Originally, blood pressure measurements and tests were planned to be performed in
both NREM and REM sleep. However, during the first study with UVH and control infants, it
became evident that the propensity to arouse to blood pressure measurement and tests in REM
sleep was very high. For most infants studied in both NREM and REM sleep, no successful
tests without arousal were acquired in REM sleep. This lower arousal threshold in REM sleep
has also been nOted il’l Other StUdieS (Galland, et al. 1998,Harrington, et al. 20015 Yiallourou, et al. 2008)- Therefore,
the intention to study responses in REM sleep was abandoned, as repeated arousals to tests in
REM sleep result in sleep fragmentation and the test results would mainly display the arousal
response.
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6.3 Linear side motion test

The linear side motion test was used to study vestibular and fastigial pathways in
cardiovascular control. Other methods to evaluate vestibulo-mediated cardiovascular control
are head rotation (Carter, et al. 2008,Radtke, et a1, 2003) and linear forward-backwards acceleration (yates,
et al. 1999). The head down rotation test would easily induce arousal from sleep, and thus
requires the awake state for stabile testing condition. To our knowledge, linear side motion
has not been used as a vestibular test in other studies, so direct comparison to other studies is
not possible.

Healthy control infants at 2-4 months of age show biphasic HR and BP responses to the
linear side motion test. UVH, BPD, smoke-exposed and preterm infants had clearly attenuated
initial HR responses compared to control infants, and furthermore, in UVH infants this initial
response was virtually absent. BP responses showed somewhat more variation among the
groups. UVH, smoke, and preterm infants at term all showed initially attenuated BP responses
to the side motion test, suggesting defective vestibulo-mediated cardiovascular control. This
type of response was also evident in some of the BPD infants.

Smoke-exposed and preterm infants at term showed delayed BP recovery from the side
motion test, and 50% of the BPD infants showed flat or decreased BP responses. We could
not find a correlation between demographic data and hypotensive side motion test responses
in BPD infants. However, it is possible that the small group size prevented us from finding
significant differences. This increased and delayed hypotensive response is most likely caused
by inadequate peripheral vasoconstriction (wicling, et al. 1998). This inadequate vasoconstriction is
not likely to be caused by immaturity alone, as already term and preterm newborns as a group
have been observed to possess the ability to respond to postural challenge adequately, i.e. by
increasing peripheral vascular resistance (Lagercrantz, et al. 19905Picton-Warlow, et al. 1970,Waldman, et al. 1979)-
Nevertheless, there, was considerable variability in the vascular resistance responses induced
by the tilt test in these reported studies.

The effect of sleeping position was evaluated in the first study of control and UVH
infants. Because the cardiovascular responses to side motion and head-up tilt tests were
similar in both sleeping positions, this was not studied in BPD, smoke-exposed and preterm
infants.

These findings show that initial cardiovascular responses especially to the vestibular test
are altered in some SIDS risk groups. The exact causes of these alterations in vestibulo-
mediated cardiovascular control remain unclear, but hypoxia may be one of them. However,
especially in the case of BPD and UVH infants, the diseases themselves may affect these
pathways by other means than through hypoxia. In UVH infants, however, we could find no
correlation between cardiovascular responses and the extent of surgery or possible perfusion
during surgery, and as the cardiac anomalies were variable, the most evident common factor
in these infants was chronic postnatal hypoxia. Similarly, in BPD infants, we tried to correlate
HR and BP responses to several background characteristics, but no such correlations were
found. Smoke-exposed infants, therefore, were healthy and did not have other possibly
confounding morbidities. Results in preterm infants suggest that at least in preterm infants
vestibulo-mediated cardiovascular control is attenuated near term age, and this raises the
question of how these pathways develop in full-term infants from birth up to four months.

The specific location of defective vestibulo-mediated BP control remains speculative.
The deficit may reside anywhere in the signaling pathway, from afferent vestibular neurons to
the central commanding regions. In animal studies, both direct damage to the vestibular nerve
and bilateral lesions in the cerebellar fastigial nuclei were found to produce similar, unstable
BP control (poba, et al. 1974-Jian, et al. 1999). Furthermore, after transection of vestibular nerves,
fastigial nuclei lesions do not produce any further deficit in the BP control, indicating a
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common reflex arc for these pathways (boba, et al. 1974,Vates. 1992). On the other hand, cerebellar
fastigial regions are considered especially important for compensatory actions during
hypotension (Luterer, et al. 1983) These BP compensatory actions of the cerebellum are suggested
to function through vestibular pathways to restore spontaneous drops in BP during sleep
(Harper, et al. 20006); this may be important considering the assumption that at least some SIDS
deaths result from a cardiovascular collapse (Harper, et al. 2000bsHarper. 2000)-

6.4 Head-up tilt test

The head-up tilt test measures orthostatic response mainly from the baroreflex, although
peripheral venous reflexes and vestibular sympathoreflexes are known to participate in
cardiovascular control during postural challenge (persson. 1996, Thompson, et al. 1983,Yates, et al. 1987)- L he
baroreflex shows a fast vagal inhibition and a slower sympathetic activation, and the latency
for vasoconstriction during orthostatic challenge has been estimated to be several seconds
(Gulli, et al. 2005,Scher, et al. 1963,Wamer. 1958)- Lhis rather long latency would suggest a longer, initial
hypotensive period during the head-up tilt test before compensation of BP, but instead the
cardiovascular response is almost immediate (carter, et al. 2008,Doba, et al. 1974,Sprangers, et al. 1991)-
Vestibulo-mediated cardiovascular control during postural challenge is physiologically
plausible as vestibular end-organs sense changes in orientation and movement. Animal studies
have shown that vestibulo- and fastigial-mediated rapid compensation is responsible for this
initial cardiovascular response before the baroreflex-mediated response is activated (poba, et al.
1974, Jian, et al. 1999,Yates, et al. 2005). Combined baroreflex denervation and fastigial nuclei lesions also
produce an additive hypotensive effect, which supports their compensatory effects on
cardiovascular control. This vestibulo-mediated cardiovascular control appears to be
especially important during movement and dangerous situations such as during hypovolemia
and endotoxin shock (popa, et ai. 1974sLutherer. ot a1, 1983)- DUring orthostatic testing, bilateral vestibular
lesions induce increased BP variability (jian, et al. 1999), and abolishing vestibular or fastigial
information during hypotensive situations causes an accentuated hypotensive response (poba, et
al. 1974,Lutherer, et al. 1983)~

Tilt angle in animal studies has varied between 20° and 60° with graded responses
where the most prominent cardiovascular changes are seen at a head-up tilt of 60° (poba, et al.
1974,Jian, et al. 1999). In adults, the acute cardiovascular responses are essentially the same when
the tilt angle varies from 70° to 90° and the tilt rise time varies from 1.5 to 3s (sprangers, et al.
1991). In children and adolescents, a 30 min tilt test for syncope shows similar results between
60° and 70° (Lewis, et al. 1997), but it seems that cardiovascular effects of lower tilt angles and
acute responses are not well characterized. In earlier infant tilt studies (Tables 2-5) the tilt
angle has varied between 15° and 90°, but most authors have given no rationale for the chosen
tilt angle. For this thesis study, the angle of the tilt was selected as 45° because a more vertical
end-tilt angle would have made it more difficult to perform the tests without inducing arousals
in the sleeping infants. This angle of tilt produces 70% of the changes the 90° tilt would
induce (andrasyova, ct al. 1996); however, a greater angle of tilt could have resulted in more
prominent cardiovascular responses.

As reported earlier in adults (sprangers, et al. 1991), €ven healthy infants showed variability in
their BP responses to the head-up tilt test. This inter-subject variability was exaggerated in
BPD and preterm infants, possibly indicating impaired vestibulo-mediated cardiovascular
control. As these study groups share prematurity as a common factor, another possibility is
that immaturity itself may contribute to a more labile BP control during postural challenge.
However, the tilt responses of the preterm infants and some of the BPD infants also resemble
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those of anesthetized, paralyzed cats after bilateral fastigial lesions (poba, et al. 1974)- In these
animals, fastigial or vestibular lesions produced augmentation of the initial fall in BP, a delay
in the initial compensated phase, and a failure of BP to return to baseline levels.

The performed current studies did not clarify or explain for the exact cause of BP
variability in either healthy controls or in other study infants. Moreover, we do not know
whether the BP variability remains after the acquisition of upright posture with standing and
walking. The increased BP variability may also be associated with a certain developmental
phase, so BPD and preterm infants may present an earlier (“more immature”) developmental
stage of cardiovascular control. It may be that acquisition of upright posture increases the
vestibular stimulus, but it appears that there is a paucity of data concerning this. A literary
search revealed only two studies performed both before and after the infant learns to stand or
walk, i.e. around 12-18 months of age. In the earlier study by Magrini et al. (Magrini, et al. 1989),
the authors used a discrete method for BP measurement, and thus there are no data concerning
acute BP responses. Cohen et al. (conen, et al. 2010) performed head-up tilt tests in infants from
birth up to one year of age with the Finometer. They reported that both peak HR and BP
responses, as well as postural BP compensation, improve with age. The authors did not find
significant variability in the cardiovascular responses between the study infants, which
suggests that the capability to adjust BP improves with increasing age. However, sleep
staging was based on behavioral criteria and subcortical arousals were not excluded; thus,
there is a possibility that the tilt test responses in this study are in fact cardiovascular
responses to subcortical arousals induced by the tilt test. However, this is the only study
currently providing data on acute cardiovascular responses to postural challenge at the time of
acquisition of upright posture.

Initial tachycardic HR response did not differ between control infants and other study
groups. Interestingly, however, UVH and preterm infants did not show the following
bradycardic response, but instead the HR of these infants remained above baseline levels.
This tachycardic response to tilt may be associated with an impaired ability to increase
systemic vascular resistance in these infants. However, similar HR responses are also reported
during the head-up tilt test in infants with a life-threatening event (gdner, et al. 1997)-

If the final sequelae in SIDS involves hypotension and inadequate restoration of BP
(Harper. 2000,Ledwidge, et al. 1998), those infants presenting with hypotension in the tilt test could be
assumed to be at a greater risk of SIDS. Furthermore, some BPD and preterm infants
presented with a hypertensive response, which could even be protective if faced with this type
of shock-like situation. It is not clear, however, why and which infants respond differently to
postural challenge.

6.5 Cardiac reactivity and baroreflex sensitivity

HR responses to spontaneous arousals were evaluated to assess general cardiovascular
reactivity. HR changes during the initial 10 s of spontaneous arousals were similar among
control infants and BPD, smoke-exposed, and preterm infants. This makes the interpretation
of the other test results more straightforward. As the general cardiovascular reactivity was
normal, the altered BP responses to the side motion test implies abnormal vestibulo-mediated
cardiovascular control instead of abnormal control through final common control pathways.
In UVH infants, however, HR reactivity was significantly slowed down compared with
control infants, although there was a significant overlap. Baseline HR was similar between
control and UVH infants. This lower HR reactivity could suggest damaged innervation of the
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heart in UVH infants. Nevertheless, in that case, baseline HR levels should also be higher;
thlS was not Observed (Alexopoulos, etal. 1988)-

HRYV was assessed in the studied infants to gain more information about the balance
between sympathetic and parasympathetic cardiovascular control. HRV analysis was not the
major target of the studies, and not all the studied infants had long enough periods with stabile
breathing in quiet NREM sleep to gain data for reliable HRV analysis. The HRV analysis
period was selected not to coincide with the tests, and it was made from quiet NREM sleep to
exclude external causes of variation and possible (spontaneous) arousals, which could
influence the HRV parameters. The values of HRV analysis are directly comparable among
infants studied at 2-4 months of age, since the baseline HR and breathing frequencies were
similar in these infants. Thus, relatively similar HRV parameters between control, BPD, and
smoke infants can be considered as an additive indication of normal baseline cardiovascular
function.

Preterm infants studied close to term age showed markedly higher baseline HR and
breathing frequencies compared to controls. Baseline HR level and breathing frequency affect
HRYV considerably (rosenstock, et al. 1999). Thus, HRV in this study group cannot be directly
compared to that of the others. A further limitation of the HRV analysis in these preterm
infants is that due to the short recordings and the shorter quiet NREM periods than observed
in control infants, HRV analysis could be carried out in only about half of the infants (11 out
of 20). Although the role and interpretation of HRV in infants is not as well characterized as
in adults (rosenstock, et al. 1999), the developmental pattern is well described with a lower vagal
component of HRV in preterm infants compared with term infants. Thus, the lower HF
variability of HRV, and the higher HR and breathing rates in preterm infants are similar to the
findings that have previously been described in the literature.

In accordance with other studies (Buchhom, et al. 2002,0huchi, et al. 2001), UVH infants showed
significantly lower HR variability as seen in all HRV indices compared with control infants.
The reason for this HR dysregulation is not known, but it may relate to their abnormal cardiac
anatomy or previous surgery.

We were not able to find events fulfilling the criteria used by Drouin et al (prouin, et al.
1997b) for assessment of spontaneous baroreflex sensitivity. This may relate at least partly to
the study design, as blood pressure measurement was used only for the test periods, and thus
the time without tests but with BP measurement available for evaluation of baroreflex
sensitivity was rather short for each infant. Moreover, we measured BP only during quiet
NREM sleep, whereas in the earlier studies the state of the infant has not been mentioned
(Drouin, et al. 1997b) Or controlled (Gournay, et a1, 2002), Which leaves the possibility that in these studies
baroreflex sensitivity measurements were taken during wakefulness or REM sleep.

6.6 Study limitations

One significant limitation is the small group size in all the studies, as a result of the
difficulties of recruiting suitable infants, and the nature of the study with time- and work-
consuming methodology. Nevertheless, the rather small sample size makes it more difficult to
expand and draw conclusions from our results to overall infant physiology, and it may have
prevented us from finding other significant differences in these infant groups. However, many
similar studies by other groups have reported a similar group size.

The control infants were recruited from the delivery hospital by giving a general
information letter about the study to the parents, and if interested, the parents contacted the
researchers. This method of recruitment is prone to selection bias because those parents
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interested in participating in the study may not represent a general parent population. The
parents could either be more aware of the factors influencing the child's health, or they could
suspect something in their child. In a study like this, however, good parent co-operation is
crucial because participation in the study involved one night in the hospital setting and the
placement of the measuring devices, although no invasive methods were used.

We were unable to correlate cardiovascular response types to postnatal hypoxic
exposure such as SpO, during the intensive care period in Study II. In addition, all study
groups showed somewhat different cardiovascular reaction patterns although they were
mostly clearly different from that of the control group. A direct link to hypoxic exposure
during pregnancy or after birth remains speculative, although it cannot be discarded either.

One limitation of Study III is that we did not have objective data on smoking. The
classification of mother's smoking status was based on maternity charts and personal
information. Although classification of smoking status may be intentionally or unintentionally
falsified, it is unlikely that mothers would repeatedly have classified themselves as smokers if
they did not smoke. Regarding control infants, researchers verbally confirmed the non-
smoking status from the mother before the infant was included in the study. Objective data on
maternal smoking during pregnancy can be assessed by nicotine or cotinine evaluations
(blood, urine, saliva) during pregnancy (russel, et al. 2004). Thus, the study families should have
been gathered long before birth. Not all families contacted were willing to participate in the
study, and the reasons given were mostly infant characteristics, external factors such as
siblings or moving to another city, or having to spend one night in a hospital. Thus, the
number of families recruited initially should have been markedly higher than the number of
infants we intended to study. Also nicotine/cotinine evaluations should have been carried out
at least in every trimester of pregnancy to reliably quantify smoke exposure. Evaluation of
infant urine or serum cotinine levels at the time of the study is somewhat easier to organize as
the cotinine levels are evaluated in only those infants that are actually participating in the
study, but this method reliably assesses only recent postnatal exposure to tobacco smoke and
can also be acquired from other environmental sources (father, daycare provider, relatives)
(DiFranza, et al. 2004)~

Preterm infants in Study I'V had variable background characteristics such as exposure to
maternal smoking during pregnancy, BPD, theophylline or antibiotic therapy, and amount of
ventilatory support. Although the results were fairly similar in the linear side motion test,
some of the variability especially in the tilt test may result from these background differences.
On the other hand, as differences in background characteristics did not have a clear influence
on cardiovascular responses to linear side motion tests, these background variabilities did not
appear to have a general influence on our study aspects of cardiovascular control.

Although the EEG features of sleep in preterm infants are more immature compared
with the infants at the age of 2-4 months (Grigg-Damberger, et al. 2007), We tried to ensure that the
tests were made during quiet (NREM) sleep by observing the other polysomnographic
features, such as breathing, EMG tonus, and eye movements.

A significant limitation of Study IV is the lack of age-matched control infants. The
comparison with full-term infants studied at a considerably older age makes it impossible to
evaluate which of the differences are caused by prematurity and which are related to normal
maturation of the infant physiology. This could better be addressed by obtaining longitudinal
data on infant cardiovascular responses to the head-up tilt test and the side motion test. Some
TEPOTtS (Cohen, et al. 2010,Witcombe, et al. 2010 Yiallourou, et al. 2008) have already gathered some longitudinal
data, but direct comparison is difficult because of different methodology as described above
in the literature review. Future studies could evaluate this maturational aspect by studying
infants at a range of ages from birth until six or maybe even 12 months of age.
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7 SUMMARY AND CONCLUSIONS

In conclusion this study shows that

1) Healthy infants at 2-4 months of age have clear vestibulo-mediated cardiovascular
responses, seen as well-defined, uniform, and biphasic HR and BP responses to linear
side motion.

2) HR responses to 45° head-up tilting are uniform in normal infants at 2-4 monts of age.
This HR reponse is biphasic, with a sudden increase followed by a decrease and a
return to the baseline HR level. Also BP responses are biphasic; however, the initial
response may vary from an increase to a decrease followed by a slow return to the
baseline level, and there is a considerable inter-subject variation in BP responses,
especially in SBP reponses.

3) The side-motion test results indicate that vestibulo-mediated cardiovascular control is
attenuated in infants with UVH, smoke-exponsed infants, preterm infants near term
age, and in some, but not all prematurely born infants with BPD.

4) Acute blood pressure responses to postural challenge are similar to those of control
infants in UVH, BPD and smoke-exposed infants studied at 2-4 months of age, and
attenuated in preterm infants close to term age. However, there is increased inter-
subject variability in the BP responses in BPD and preterm infants when compared to
controls. This indicates more labile BP control in these study groups compared with
control infants. We suggest that this lability arises from the observed attenuated
vestibulo-mediated cardiovascular control.

5) BPD infants, smoke-exposed infants, and premature infants have normal HR reactivity
to spontaneous arousals. UVH infants show attenuated HR reactivity. HRV is normal
in BPD and smoke-exposed infants, whereas HF variability is lower in preterm
infants, and all HRV components are decreased in UVH infants.

This study presents data on the regulation of HR and BP during sleep both in healthy term
born infants and in infants with certain SIDS risk factors or hypoxemia. As the research has
shown, infants succumbing to SIDS do appear normal and healthy until they die, and most of
the infants at risk of SIDS do not die. Thus, major physiological or anatomical defects are not
likely to be found in these risk groups; it must be subtle changes and factors or responses that
are not readily measured that lead to SIDS. As some reports raise the possible role of
defective cardiovascular control in SIDS (Harper. 20005Meny, et al. 1994,Poets, et al. 1999), evaluating HR
and BP patterns to different stimuli during sleep, may help us understand how the infant
physiology works and in what ways it may be altered in those at risk of SIDS.

This study clearly indicates that infants who present with previous hypoxia, prematurity
or smoke exposure have impaired vestibulo-mediated cardiovascular control. According to
animal studies, this control is likely to be necessary or vital in life-threatening situations.
Therefore, the observed cardiovascular dysfunction may render these infants susceptible to
SIDS. Data in this thesis also clarify and confirm the earlier findings of variable responses to
the head-up tilt test in infants, and extends the knowledge to some SIDS risk groups.
Especially notewothy is the significant inter-subject variability in the tilt test responses that is
evident in some of the study groups. The observed dysfunction of vestibulo-mediated
cardiovascular control may explain the variability in BP regulation after postural challenge.

These findings raise many new questions especially about the developmental aspects of
normal infant cardiovascular control, and whether the differences found in this study persist
further into infancy and childhood. The results must be confirmed in larger studies with
possibly more emphasis on diminishing the background differences. Further, pathological
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evaluation of vestibular and fastigial pathways in SIDS infants would show if there are
anatomical correlations to this hypothesis on altered vestibular and fastigial pathways in
SIDS.

It is unlikely that the subtle alterations in cardiovascular control during sleep found in
this thesis study are of significance in the daily life of these infants, because cardiovascular
control relies on a multitude of inputs (persson. 1996,Vates, et al. 2005). When facing a critical
situation, however, together with other endogenous or exogenous risks for SIDS, these
alterations in vestibulo-mediated cardiovascular control may contribute to the sequelae
resulting in sudden death.
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