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Abstract

Background

Sleep is the primary activity during early brain development and an essential part of
healthy cognitive, physical and psychosocial development. Electroencephalography
(EEG) provides detailed information about brainwave activity during sleep which

changes in different sleep states and advancing gestational age (GA).

The moderate to late preterm (MLP) infant is defined as an infant born between 32-36
+6 weeks GA. MLP’s are under-researched in terms of developmental outcome.

We hypothesise that:

® The sleep architecture of healthy MLP infants at 36 weeks may differ according
to birth GA, birth weight, sex, mode of feeding or location (cot/incubator) at time

of monitoring.

® The developmental outcome of healthy MLP infants may be different to that of

a term control group at 4 months and 18 months PMA.
Aims

e To describe the sleep architecture of healthy MLP infants in the neonatal unit
at 36 weeks and the frequency of sleep interruptions using continuous EEG
monitoring with video.

e To describe parameters for the main EEG feature of quiet sleep i.e. inter-burst

intervals (IBI) of MLP group with a normal developmental outcome at 18 months

XiX



e To compare neurodevelopmental outcome of the MLP infant group to that of a

term control (TC) infant group at 4 months and 18 months.

Methods

MLP infants recruited in the neonatal unit had overnight continuous EEG monitoring
(12 hours) with video at 36 weeks post menstrual age (PMA). Post-acquisition, sleep
states and sleep interruptions were annotated and quantified based on visual analysis

of EEG, behavioural observation and cardiorespiratory parameters.

Using an inter-burst interval (IBI) detection algorithm five IBI features of QS were

extracted from MLP infants with a normal developmental outcome at 18 months.

Outcome of MLP infant group was compared to a healthy term control (TC) group
based on scores achieved in the Griffiths Il mental development scales at 4 and 18

months PMA.

In comparing outcome of MLP and TC infant groups, the Mann—-Whitney U test was
used for continuous variables and the Chi-squared test or Fisher’s exact test was
used for categorical variables. A p-value <0.05 is considered to be statistically
significant. Cohens d (the standardized mean difference between the MLP and TC

groups) was used as the measure of effect size.

XX



Results

Ninety-eight infants had overnight EEG’s included in this study. In the neonatal unit
23.3% of sleep cycles were interrupted primarily for feeding. The total overnight sleep
time (TST) was 7.09(6.61-7.76) hrs including 4.58(3.69-5.09) hrs in active sleep (AS),
2.02(1.76-2.36) hrs in quiet sleep (QS) and 0.65(0.48-0.89) hrs in indeterminate sleep
(IS). The total duration of AS was significantly lower in infants born at lower GA (p=

0.007) whilst the duration of individual QS periods was significantly higher (p=0.001).

Sixty infants had a normal outcome at 18 months and were included in the QS analysis
study using the IBI detection algorithm. Normative data for five IBI features was
extracted from QS. All IBI features were significantly longer for infants cared for in

incubators although these infants were chronologically younger ( p<0.001)

When neurodevelopmental outcome of the MLP and TC groups were compared at 4 and 18
months PMA, the MLP infant group achieved lower scores than in overall general
development. The greatest differences were in the area of gross motor development (p <0.001,
with a Cohen’s d effect size of -0.665), eye-hand coordination (p<0.001, with a Cohen’s d
effect size of -0.648). Using the reported Giriffith’s cut off of < 90 for delayed development, 7%

(5/75) of the MLP group had delayed development at 18mths compared to 2% (2/92) of the TC

group.

XXi



Conclusion

EEG provides an objective insight into sleep organisation and may be considered a
biomarker of brain development. This thesis provides detailed analysis of the sleep
EEG of a cohort of healthy MLP infant at 36 weeks PMA and provides useful reference
criteria for studies that may assess brain maturation in the future, particularly for those

infants in neonatal intensive care units.
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Chapter 1

1.1. Introduction

1.1.1 Background to this research study

Preterm birth is defined as birth before 37 weeks gestation.(1) The American Medical
Association Workgroup defined the subcategory of moderate to late preterm(MLP) as
preterm infants born between 32- 36+6 weeks GA.(2, 3) Globally the MLP infant group
account for approximately 85% of all preterm births.(4) Despite representing the
largest group of preterm infants, there is a paucity of literature about developmental

outcome of this group.

There is increasing clinical evidence supporting the importance of sleep in the
maintenance of neural networks, supporting connectivity and brain plasticity. This in
turn promotes optimal neurosensory and neurocognitive development (including
learning and memory), behavioural functioning, physical growth and overall health and
wellbeing. (5, 6, 7) This is particularly relevant during a critical period of development

that occurs in the last trimester.(8)



Sleep and brain development may be disrupted because of preterm birth. Sleep
architecture refers to the structural organisation of sleep and how sleep cycles change
from one sleep state to another throughout the night. (9) An environment that supports
the preservation of sleep will facilitate neural maturation and provide the scaffolding
for future higher-order functions. Admission to the highly stressful environment of the
neonatal unit may disrupt and fragment sleep and negatively impact the developing
brain. Protecting sleep is a critical component of neonatal care. The quality of sleep in
early life has been identified as a predictor of physical, cognitive, motor, neurologic,

and psychosocial development. (10, 11, 12)

EEG provides detailed insight into the microstructure of sleep and sleep organisation
providing objective information regarding ongoing sleep quality and quantity. (13, 14)
Accurate interpretation of EEG considers normal sleep state alterations that occur with
advancing GA and the appearance of EEG features unique to each gestational age
(GA). Inter-burst intervals (IBI) are periods of discontinuity or low voltage activity which
is a normal feature of QS in the preterm infant. With maturation, the duration of IBI’s
decrease and the EEG becomes more continuous. This makes EEG a valuable tool
for confirming a normal trajectory of brain maturation and cerebral functioning whilst

highlighting those infants who warrant further follow up.

For the most part, EEG in the neonatal unit is associated with the critically ill infant at
risk of seizures, typically undergoing hypothermia treatment. EEG monitoring and

sleep state analysis is not routinely performed in the healthy MLP infant group prior to



discharge, hence little is known of the potential prognostic value of EEG at this time

point amongst this specific cohort.

Preterm infants are at risk of increased mortality and morbidity in comparison to term-
born infants (15, 16) which decrease with advancing gestational age. (17, 18)
Developmental outcome of the healthy MLP infant has been explored less in the
literature in comparison to the very preterm infant or the term infant with hypoxic
ischaemic encephalopathy (HIE). Accurate assessment of outcome requires
standardised and validated tools with developmental assessment carried out by

trained professionals.

| devised the name SLEEPI for this study based on the acronym for Monitoring SLeep

through EEg in Premature infants.

1.1.2 Aims

This study has the following aims:

e To describe the nocturnal sleep organisation of MLP infants in the neonatal unit
at 36 weeks PMA using continuous video EEG and cardio respiratory
parameters.

e To quantify the number of overnight sleep interruptions, the state from which
sleep state the interruption occurs and the purpose of same.

e To provide a detailed analysis of the proportion of sleep states overnight and

investigate if sleep measures are influenced by birth gestational age(GA), birth



weight, sex, location (cot/incubator) and mode of feeding at the time of
monitoring

To describe detailed normative data regarding features of inter-burst intervals
(IB1) in quiet sleep (QS) of a MLP group with a normal developmental outcome
at 18 months using an adapted IBI detection algorithm. | will also investigate if
factors such as birth GA, birth weight, sex, sleep location (cot/incubator) and

pregnancy type are associated with 1Bl features.

Finally, this study will investigate the developmental outcome of a healthy
uncomplicated MLP infant group (admitted to the neonatal unit at birth) at 4
months and 18 months post menstrual age (PMA) compared to that of a healthy

term control group.



1.1.3 Scope of this thesis

Chapter 1 provides introductory literature relevant to the study including
physiological of brain development with an emphasis on the moderate to late
preterm (MLP) infant group. The physiological principles of EEG will be outlined and

the sleep architecture of the MLP infant will be discussed.

Chapter 2 describes the methods used in this study. It describes the

inclusion/exclusion criteria and procedures to which the infants were subjected.

Chapter 3 is the first of the results chapters and describes the main findings in
relation to the quantification of overnight sleep cycles and interruptions to sleep in

the neonatal unit at 36 weeks PMA and the purpose of same.

Chapter 4 provides a detailed analysis of overnight sleep in the neonatal unit and
the proportion each sleep state based on visual analysis, behaviour observation and

ECG/ respiratory parameters using the same overnight EEG.

Chapter 5 describes the analysis of inter-burst intervals a feature of quiet sleep in
preterm infants. An adapted IBI detection algorithm will used quantify five features of

guiet sleep amongst MLP with a normal developmental outcome at 18 months.

Chapter 6 describes the comparison of Griffiths 11l scores between MLP admitted to
the neonatal unit and term controls and a term control group at 4 months and 18

months post menstrual age (PMA).



Chapter 7 is the concluding chapter that provides a brief summary of the
contribution of this study to the literature and identifies the strengths, limitations and

areas requiring further research.



1.2 An introduction to early brain development

Development of the central nervous system (CNS) is a highly organised process

guided and shaped in the early stages by genetic factors, while later development is

also modulated by activity and external input. (19, 20, 21) Characterizing patterns and

timing of normative brain development is fundamental to understanding the

neurodevelopmental processes, disorders of development and diseases that may

occur in infancy and early childhood (22, 23, 24). In this section early brain

development will be described and subsequently, development unique to the MLP will

be described in more depth (section 1.2) (25).
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1.2.1 Embryology and early CNS development

Early brain development is primarily genetically driven during the first and second
trimester, hence gene irregularities will influence early brain morphology and the
developmental outcome of the newborn.(26) Two weeks after fertilization, the rapidly
growing embryo has implanted. Gastrulation results in the development of three germ
layers including ectoderm, endoderm, and mesoderm. (27) Each layer will
differentiate and grow into specific cell bodies which will lead to all types of human
tissue. (28) Ectodermal cells thicken and flatten forming the neural plate(neurulation).
Folding of the plate forms the neural tube which closes (rostral end first followed by
caudal region) during week five GA (approx. day 30). (29) This structure forms the
basis of CNS development.(30)Failure of the neural tube to close may lead to

abnormal development e.g. anencephaly or spina bifida.

Three primary vesicles are formed in the anterior end of the neural tube which
develops into the forebrain (prosencephalon), the midbrain (mesencephalon) and the
hindbrain (rhombencephalon) from which all components of the brain are derived
(Figure 1.1). Further subdivisions are each associated with the development of specific

structures of the brain and complete by 7 weeks GA.(31)

Once the general structure of the neural tube has been laid out, proliferation occurs in
the periventricular zone with each cell dividing in two, repeatedly adding a layer of
cells with each division. From day 42 post-conception, cells multiply at a rate of up to
250,000 neurons a minute. Disorders of proliferation and a reduction in the duration of

proliferation impacts CNS development and the overall size of the brain.



The 12th week of gestation is considered the timepoint for the start of neuronal
migration from the germinal zone. Migration occurs to predetermined sites where
differentiation into the specific type of cell appropriate to that location occurs. Early
migrating cells occupy the deeper cortical layers whilst later migration passes through
previously formed layers and ultimately form a multi-layered cortex (inside-out
development) e.g. neurons formed in the ventricular zone migrate to their final
locations in one of the six layers of the mature cortex. By 25 weeks gestation the

characteristic six layers of the cortex will have formed (Figure 1.2).

(N LT

s

Figure 1.2 Schematic representation of the development of the 6 layers of the mature cortex.

The first neurons migrate from the ventricular zone (VZ) to form the preplate (PP). As shown in the
second panel, the next neurons split the PP into the marginal zone (MZ) an the subplate (SP), both
transient brain structures. The mature brain, shown in the third panel, has six well developed cortical
layers (I-VI1), but none of the embryonic structures (MZ, SP, VZ). The intermediate zone (1Z) has become
a mature white matter layer (WM). From Stiles and Jernigan(22)


https://en.wikipedia.org/wiki/Neuron
https://en.wikipedia.org/wiki/Ventricular_zone

During the MLP period, migration continues to support the gathering of similar cell
types forming connections across many distinct regions and thereafter forming
functioning neural circuits.(32) Failure or delay in neural migration may be caused by
antenatal exposure to toxic substances, which is associated with a number of

conditions, including autism and developmental delay. (33, 34)

Under genetic control, neuronal fate can proceed along one of two routes. Firstly, with
adequate neurotrophic factors the neuron can mature and develop axons and
dendrites, or it can be retracted through apoptosis. Apoptosis, the natural process of
programmed cell death, is a prerequisite for normal neurodevelopment. This process
of controlling cell survival continues during the MLP period and beyond, ensuring the
appropriate cell populations are present in each area of the brain. (35) Apoptosis is an
essential process required to balance cellular homeostasis needed to maintain
immune responsiveness.(36) Apoptosis in early development may remove 40-60% of

unnecessary, surplus, aged or damaged cells.(37)

The central nervous system continues to build on early fetal development and
maturation toward term GA and beyond. Billions of neurons form synapses or
connections with other neurons, leading to trillions of connections between cells.(38)
Commencing in the third trimester (28 weeks) synapse formation may occur between
the axon of one neuron and the dendrite of another or between the axon of one neuron
and the cell body of another.(39) Achieving intracellular connections is a prerequisite
for communication and the driving principle of CNS multicellular organization.

Impaired connectivity is associated with disability. (40) It is important to note that the
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various structures of the brain reach their peak synaptic activity at different time points.
In contrast to the prefrontal areas, in which synaptic production does not peak until 15
months after birth, the visual cortex reaches its peak production four or five months

after birth.(25)

Brain development results in a complex structure of more than 100 billion neurons that
communicate through trillions of connections or synapses.(41) Maximum global
synaptic density occurs by 3mths post-term and continues until 2 years of age. (42)
The difference of timing in peak synapse production is important because it affects the
timing of the plasticity of these regions; the later the peak synapse production, the

longer the region remains plastic.

Synapse over-production is a normal aspect of brain development.(43) The final
number of neurones or glia cells is genetically controlled through pruning. The more
active a cell is, the less likely it is to be pruned. The timing of pruning varies within
different brain areas. The brain also retains some unused synapses which will allow
the brain to evolve, adapt and switch or develop functions as the need arises.
Traditionally the literature supports the concept of the more synapses the better;
however, when considering that pruning is part of development, increased synaptic
activity could also be attributed to the failure of the process of pruning. (44) Pruning
may also be considered the body’s way of maintaining more efficient brain function as
we get older and learn new complex information. (45) Altered synaptic pruning is
associated with neurodevelopmental disorders including autism, attention-deficit

hyperactivity disorder, and schizophrenia based on histological studies.(46)
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Despite being described individually, processes of brain development occur in
overlapping phases (Figure 1.3). These phases include migration or the gathering of
similar cell types forming connections, and ultimately functioning neural circuits occur
during the MLP period and is complete by term gestational age.(32) Brain-derived
neurotrophic factors play a vital role in neural development determining neuronal
survival (i.e. which neurons continue to mature with axons and dendrites or are
retracted through apoptosis (Figure 1.3).(47, 48) Synaptic and axon pruning also leads
to the degeneration of excessive axon branches while maintaining the integrity of the
cell body.(48) It is estimated that anywhere between 40% to 60% of neurons are
retracted.(49) Neurotrophins also increase myelination during the MLP period

improving the speed of impulse conduction

Myelination generates multiple layers of insulating myelin membrane around axons,
supporting long-range cortical connectivity and the rapid transmission of information
between neurons.(50) Myelination occurs during a critical period of development when
the brain is most vulnerable to environmental influences peaking in the last trimester.
(51) Whilst it commences in the visual system it extends to the other sensory
systems over the first year of life, progressing at different rates in different areas of the
brain largely in a caudo-rostral direction. (52) The process continues toward
adolescence and to a lesser extent throughout adulthood (Figure 1.3). Disorders or
delays in myelination are associated with adverse developmental outcomes including

childhood cognitive processes, learning and processing speed. (53)
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Figure 1.3 Timeline of human brain development from conception to adulthood. From Tau and
Paterson®

Synaptic passage of impulses or neuronal transmission, is mediated by chemical
neurotransmitters which propagate signals from the presynaptic neuron to the
postsynaptic neuron. Neurotransmitters play a vital role in brain development
including neurogenesis, migration, differentiation and synaptogenesis. (54)

Neurotransmitters such as gamma-Aminobutyric acid (GABA) regulate neural
migration by creating a chemical stimulus that alters intracellular calcium.(54)
Changes in intracellular calcium result in neurotransmitter release, hormone secretion,
cell fate and gene expression.(55) During the development of the CNS neurons may
release transmitters targeting migrating neurons and growing axons before
establishing contact and synapsing with their target cell.(56) Hence interference with

the neurotransmitter system may lead to a range of developmental difficulties. (57)

1.2.2 The Macrostructure of the brain

Overall the brain triples in overall weight in the third trimester with an accelerated

35%-40% increase in brain weight and a 500% increase in brain volume in the last 6
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weeks of pregnancy.(58) The transformation of the brain from a smooth surface into a
convoluted dense structure with folds(sulci) and ridges (gyri) allows a large surface
area of cortex to be fitted into the limited confines of the cranial vault. With advancing
GA the cerebrum divides into a left and right hemisphere identical in appearance and
separated by the cerebral or longitudinal fissure. Both hemispheres are divided into

four separate lobes each associated with a different function (Figure 1.4).
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Figure 1.4 The macrostructure of the human brain From Tortora and Reynolds(59)

The protective cerebral spinal fluid (CSF) that circulates the brain and spinal cord is
produced in the choroid plexus epithelium and ependymal cells of the ventricular
system. CSF flows into the interconnecting chambers and the subarachnoid spaces.
The vascular system of the brain becomes more complex and the blood vessels more
robust with advancing GA, thus reducing the risks of intraventricular haemorrhage

(IVH) associated with the fragility of capillaries in the germinal matrix.
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1.2.3 Genetic influence of brain development

Brain development is the result of interactions of genetic and environmental
influences. Whilst early brain development is predominantly genetically defined only
one third (approx.10,000) of the whole genome is expressed during brain
development(60). Age-specific gene expression plays an important role in several
critical events during rapid fetal brain development, including neuronal cell migration
and synaptogenesis.(61) Studies on adult twins have found that many aspects of brain
anatomy are heritable, hence genetic factors contribute significantly to the variation in

brain structure(62).

After birth development is predominantly experience dependant.(63) Experiences may
also determine how genes are expressed or not expressed. Hence in early life the
epigenome can be affected positively or negatively and have lifelong effects. Providing
a positive supportive environment for the preterm infant in the NICU and prevent

potential adaptations that may negatively impact an infant’s life.

1.2.4 The environmental influence on brain development

It is not possible to consider brain development based on gene expression alone.
Vasung et al describe genetic factors as being silenced in the last weeks of pregnancy
with the environmental factors having the greatest impact on brain development.(25)
Environmental influences and life experiences play a major role in shaping

development. As embryological and fetal development is sensitive to maternal health
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and biochemical make up, environmental interaction commences in-utero which may

influence the genetically determined developmental processes.(64) (Fig 1.5)

Impaired maternal nutritional status in pregnancy will have knock-on effects on normal
fetal growth and organ development especially during a vulnerable period of rapid
development that occurs during the last ten weeks of pregnancy.(41) The timing of
deprivation of specific nutrients during pregnancy e.g. proteins, fats, iron, zinc, iodine
and vitamin B12 may potentially alter the trajectory of early fetal brain
development.(65) This has led to a greater emphasis on maternal antenatal education

and ultimately optimising the maternal nutritional status and that of the newborn. (66)

The spectrum of the teratogenic effects of toxin exposure such as nicotine and alcohol
are well documented (Figure 1.5). (67, 68) Smoking may reduce fetal oxygenation
which is associated with a variety of adverse fetal outcomes such as stillbirth, low birth
weight (LBW), and being born small for gestational age (SGA). Both prescribed and
illicit drugs may cross the placental barrier and impact fetal development leading to a
variety of adverse outcomes and a prolonged stay in a neonatal unit. The nature and
severity of alteration in brain architecture and the sequela of physiological and
neurological adversities that may occur are dependent on the causative factor and the

level, duration and timing of exposure during development.(41, 69)

Obstetric related medical conditions such as hypertension decrease the flow of
nutrients and oxygen compromising synaptogenesis and axonal myelination.(70)
Maternal infection and chorioamnionitis have a profound impact on developing
neuronal circuits with the degree of physiological immaturity at the time of exposure

reflecting the degree of morbidity particularly amongst the preterm infant
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population.(71, 72) Obstetric complications such as placental abruption also increase
the risk of early surgical delivery with associated complications of prematurity, low birth
weight and small for gestational age.(73) Whilst maternal pregnancy-related
complications generally resolve within the post-natal period the effect on the newborn

may persist into adulthood.

o Prenatal infection

o Maternal Stress

o Diabetes, Hypertension

o Alcohol, tobacco, recreational drugs
o Prescribed medication

o Nutritional deficiency

Structural and functional
brain deficits

Permanent alteration in
brain development

Long term physical and
mental handicaps

| N |

Fig 1.5 Antenatal factors that may influence developmental

1.2.5 Brain plasticity

The brain is an organ of adaptation, a feature termed plasticity.(74) Brain plasticity is
considered the ability of the CNS to alter, rewire or reorganize its structure, functions
and strength of connections in response to learning, environmental experiences/
stimuli or injury.(75, 76) Plasticity of the brain underlies much of the learning that
occurs during the early newborn and childhood period.(48) This is especially relevant
to the preterm infant who faces challenges of varying degrees (depending on the
degree of prematurity) in the extrauterine environment for which they are poorly

prepared.
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The potential recovery from an alteration to the brain’s microstructure following an
insult (e.g. stroke, injury or environmental exposure to stress) is also facilitated through
brain plasticity; however, the degree of plasticity is not unlimited.(77) Hence when
severe damage occurs from a single event or continuously recurring negative events,
the degree of the brain’s plasticity may be insufficient to recover without development
being compromised. As brain plasticity is greatest in the early newborn period, it also

impacts the infant’s vulnerability to early adverse experiences.

1.3 Preterm birth

The aetiology of preterm birth is frequently multifactorial. In many cases there may be
no easily identifiable cause. Blencowe et al. describe preterm birth as a syndrome
caused by both fetal and/ or maternal factors leading to spontaneous or provider-
initiated delivery of a premature infant. (78) Goldenberg et al proposed that all factors
that increase systemic inflammation and uteroplacental ischaemia/haemorrhage,
infection (endometritis), uterine overdistension and stress may contribute to preterm
birth.(79) Goldberg identifies maternal risk factors to include previous preterm birth,
low interpregnancy interval, high levels of psychological stress, black race, low BMI,
women with a short cervical length and a raised fetal fibronectin concentration. (79)
Societal or maternal pressure may also influence the timing of delivery. However, the
timing of a decision to electively deliver a preterm infant must be made on a case-by-
case basis by expert obstetricians balancing the potential neonatal risks and maternal

outcome.

18



1.3.1 Defining terms

Preterm birth is defined as birth before 37 weeks GA with subcategories of preterm
birth categorized based on birth GA. For the purposes of this study, we used the World
Health Organisation guidelines to define the subcategory of prematurity. These
definitions include extremely preterm (<28 weeks birth GA), very preterm (28- 31+6
weeks birth GA) and moderate to late preterm (MLP) as preterm infants born between
32- 36+6 week’s GA unless otherwise specified (2, 3). The MLP infant group may be
further sub-grouped as moderately preterm (MPT) defined as infants born between 32
to 33+6 weeks GA and late preterm (LPT) infants defined by a birth GA of 34 to 36+ 6

weeks.

1.3.2 Incidence of preterm birth

The estimated global preterm birth rate is 10.6% and rising, resulting in 15 million
babies born too soon each year. (80, 81) (Figure 1.6). The preterm birth rate has risen
by 5.6% between 1990 and 2019(82) and is likely to continue due to the increased
use of artificial reproductive technology and an associated increase in multiple
births.(83, 84) There is an associated increase in fetal and maternal morbidity with
multiple pregnancies and consequently an increase in spontaneous or surgically

indicated delivery.(85) Up to 50% of multiple births occur prematurely. (86, 87)

Preterm birth is more common in boys (55% of all preterm births are male) but the
cause of this is unknown.(88) Approximately 12% of babies born too soon are from
lower-income countries compared with 9% in higher-income countries, (81) with an

estimated 81.1% of lower income preterm births occurring in Asia and sub-Saharan
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Africa.(80) Hence country of birth is in itself a risk factor with racial disparities

remaining evident. (81, 89)

In the USA, an increase in the total preterm birth rate for 2017-2018 was exclusively
due to the number of infants born late preterm (34—36 weeks). Based on data from 41
countries (n=131 296 785), 84.3% of all preterm infants were born between 32-36+6
weeks gestational age (GA). (81, 90) Globally moderate to late preterm (MLP, defined
by Cheong et al as 32—-36 weeks GA) account for approximately 80-85% of all preterm
births.(4) Data from the UK indicate that the overall percentage of preterm live births

decreased from 7.8% in 2019 to 7.4% in 2020.
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Figure 1.6 Estimates of worldwide incidence of preterm birth. From Cao et al(82)

In 2019, 59084 infants were born in Ireland, 3657 were born prematurely equating to
6.2% of births (data provided by the National Women and Infants Health Programme).
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This was a reduction from 4290 infants born prematurely in 2017 equating to 6.9% of

births, 3550 or 82.8% occurring during the MLP period.(91)

In CUMH in 2020, 352 infants were born between 32-36+6 weeks GA, 269 of whom
required admission to the neonatal unit. By comparison in 2021, 360 infants were born
from the same GA group with 309 requiring admission to the neonatal unit. The
greatest difference in admissions was evident amongst the late preterm (LPT) infant
group defined as infants born between 35-36+6 weeks GA. In 2020 61% of LPT infants
were admitted to the neonatal unit whilstin 2021 66% required admission. More infants
with a birth GA of 36-36+6 weeks in 2021 also had a stay in the neonatal unit (n=122)
compared to the same GA in 2020 (n=103). Interestingly in 2021 with the exception of

one, all infants born <36 weeks required admission to the neonatal unit.

Table 1.1 Moderate to late preterm admissions to the neonatal unit by gestational age group in 2020 and 2021
in Cork University Maternity Hospital

2020 2020 2021 2021

Birth GA  group Number of Infants admitted | Number of Infants admitted
(weeks + days) infants born to NNU infants born to NNU

32 to 32+6 22 22 13 13

33 to 33+6 37 37 35 35

34 to 34+6 46 46 57 57

35 to 35+6 71 61 83 82

36 to 36+6 176 103 172 122

Total 352 269 360 309

GA; gestational age, NNU: neonatal unit
Data obtained from the Maternal and Newborn Clinical Management System, Cork University Maternity Hospital

1.3.3 Preterm infant mortality
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Preterm babies born before term are at a greater risk of increased mortality and
morbidity in comparison to term-born infants. (15, 16) A progressive decrease in
mortality occurs with advancing gestational age. (17, 18, 92, 93, 94) Preterm birth,
intrapartum-related complications, birth defects, infections, (e.g. pneumonia) and
diarrhoea are the leading causes of most neonatal deaths in 2019. Based on the CSO
statistical publication in May 2021, neonatal mortality rates in Ireland (< 28 days)

decreased from 2.4 to 2.0 deaths per 1.000 live births.(91)( Fig 1.7)
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Figure 1.7 Mortality rate in Ireland per 1000 live births. Irish statistics relating to infant and neonatal mortality.
From office of CSO 2020 statistics (91)

Globally, the vast majority of childhood deaths (85%) occur in the first 5 years of life
which equates to 52 million children under 5 who will die between 2019 and 2030 (95)
almost half (47 %) of which occur within the first month of life. Preterm birth remains
the leading cause of mortality in children under 5 years with approximately 1 million
children who die each year due to complications of preterm birth (many of which are
preventable). (96, 97) A disparity is evident based on geographical location with the

majority of deaths occurring in low & middle-income countries. (95) Ethnicity and sex
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have also proved to impact mortality. Matthews reported that the preterm related infant
mortality rate (defined as death before 1 year of age) for non-Hispanic black women
was three times higher than that of non-Hispanic white women with preterm males

noted to be at an increased risk in comparison to female infants.(98)

In 2017, infant mortality rates for preterm infants in the USA were 20.50/ 1000 births
between 32-33 weeks GA falling to 8.50 /1000 births between 34-36 weeks GA and a
further decreased to 2.10/1000 by term GA.(99) In an overall analysis of neonatal
mortality (<28 days of age) amongst all infant groups i.e. term and preterm (n=21771)
over an 18year period, Mclntire et al. reported that birth during the late preterm period
(identified as infants born at 34, 35, and 36 weeks GA) equated to 76% of all preterm
births. Mortality rate associated with LPT at birth was reported as 1.2, 1.5 and 0.5
deaths per 1000 infants born. (100) Mortality rates are 25 times higher for low
birthweight infants (less than 2,500 grams) (50.26 per 1,000) than for infants with birth
weights of 2,500 grams or more (2.05 per thousand births).(98)Although the risks of
mortality for the MLP infant group is low, there remains a higher risk in comparison to

the term-born infants. (64)

Perinatal mortality audits on a national and worldwide scale that include a thorough
investigation of contributing factors would assist in identifying potential treatments and
the training required, possibly enhance the standard of care, and influence clinical and
national policy.(101) Improving outcomes of newborn infants has become a priority of
the United Nations Children’s Emergency Fund (UNICEF) and the World Health
Organisation (WHO) in the Every Newborn Action Plan which promotes accelerated

efforts in reducing infant and child mortality by 2030. (95)
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1.3.4 Short-term physiological morbidity of the MLP infant

All babies born before term are at a greater risk of short- and long-term physiological
morbidity in comparison to term-born infants. (15, 16, 102) MLP’s are at a higher risk
of admission to the neonatal intensive care unit; the lower the GA and/or weight the
greater the risk.(103) ( Fig 1.8) Whilst some of the difficulties encountered by the MLP
infant may be transient and require minimal medical intervention, there is a higher
demand for NICU resources amongst MLP infants in comparison to term infants. (102,

104, 105).

Immature
immune system
infection risk

Reduced brain
volume

Increased Risk of
respiratory illness

Increased risk of
neurological
injury

Moderate to Late
Preterminfant

32-36+6 Wks

Hepatic
Immaturity

Impaired
temperature
regulation

Jaundice

Immature feeding skills
Hypoglycaemia
Weight loss

Figure 1.8 Common physiological difficulties associated with mid to late preterm birth
RDS: respiratory distress syndrome, TTN: Transient tachypnoea of the newborn.

The immature brain and lung are especially susceptible to the consequences of
preterm birth leading to high rates of short (and long-term) neurological and respiratory
health problems.(64, 70, 106) Almost 29% of infants born between 35-36 weeks

gestation are noted to exhibit some form of respiratory distress as opposed to 5.3% of
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term infants.(107, 108) Respiratory distress syndrome occurred in 14% of neonates
born at 33 weeks and 3% of those born at 34 weeks.(109) In a population-based study
of 150,426 live-born singleton infants, respiratory failure decreased from 19.8% at 34

weeks’ GA to 0.28% at 39 - 41 weeks GA.(110)

In a study conducted by Boyle et al, late to moderate preterm (LMPT)(n=1146)
required a higher level of resuscitation, respiratory support, nutritional support with
overall higher clinical care needs in comparison to a term control group (n=1258).(111)
When subdivided into a MLP group (32-33+6 weeks GA) (n=124) and a LPT group
(34-36+6 weeks GA) (n=799), all MLP infants required admission to the neonatal unit

whilst 64.3% of the LPT group were cared for on the post-natal ward with mother.

From a physiological perspective, autoregulation and autonomic control are immature
in the MLP infant. Pain and stress-related events may potentially impact breathing
(e.g. may cause apnoea), blood pressure and overall psychological wellbeing. (112,
113) Approximately 7.1% of late preterm infants have short term issues with
hypoglycaemia in comparison to 0.69% of term infants.(107) Developmentally
immature feeding skills, poor suck swallow coordination may challenge the MLP infant
to meet his/her nutrient requirement orally.(114) MLP infants may tire easily which can
be easily mistaken for intake sufficiency.(115) This increases the infant’s susceptibility
to slow weight gain, the potential need for supplementary tube feeding/intravenous

fluids and prolonged maternal separation.

MLP infants are also at risk of hypothermia requiring an intervention in comparison to

term-born infants with the incidence highest amongst infants of lower birth weight and
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GA (107, 111). Hypothermia and sepsis that may contribute to hypoglycaemia must
also be considered and ruled out in the care of a preterm infant (107, 116). A
systematic review conducted by Teune et al. identified 22 studies that focused on the
LPT group including a total of (n=2,368, 471) anda total of term born infants
(n=27,007,204).(64) LPT infants are more likely to require: ventilation (2.5% versus
1.2%), nasal CPAP (5.5% v 0.14%), and have apnoeic episodes (0.87% versus
0.05%), intra ventricular haemorrhage of any grade (0.41% versus 0.09%) or have
seizure activity (0.2% versus 0.12%). LPT had higher metabolic morbidity also
including hypoglycaemia (7.1% versus 0.69%) and feeding problems (34% versus
6.7%). Rates of hyper-bilirubinaemia in the late preterm group (34-36 weeks gestation)
were identified as being over fourfold that of term infants, with infants of 35-37
gestation over twice as likely to require phototherapy.(108) As the immaturity immune
system increases so too does the infant's vulnerability to infection, hence sepsis
evaluation was performed more frequently amongst MLP infants in comparison to the

term born infant (36.7%in MLP vs 12.6% in term infant).(107)

In the absence of medical concerns, healthy uncomplicated MLP infants in the
neonatal unit have been considered to have a prognosis similar to full-term infants.
(117).The effect of being born between 32-36+6 weeks GA on brain development and
potential long-term neurological consequences is underappreciated. Evidence is
growing that the MLP infant group are at increased risk for neurodevelopmental delay,

cognitive deficits, and learning difficulties compared with term-born peers.(118)

1.3.5 Prematurity and developmental outcome
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Despite increasing survival rates of preterm infants, improvements in survival have not
collectively reduced adverse developmental outcomes. Prematurity impacts brain
development with findings supporting a decrease in cerebral volumes, cortical grey
matter, cortical white matter, basal ganglia, with smaller cerebellums in comparison to
term born infants. (119) Challenges preterm infants may experience for the rest of
their lives include learning challenges, vision and hearing impairments, as well as

other long-term developmental issues.

There is an inverse relationship between birth GA and risk of adverse
neurodevelopmental outcome.(87, 120, 121) Therefore, the time frame of interruption
to the normal in utero maturation continuum impacts the sequela of potential
physiological and neurological adversities that may occur. (22, 105) In reviewing the
literature pertaining to outcome of the healthy uncomplicated MLP infant group,
defining uncomplicated may prove problematic as preterm birth itself is not normal and
its’ aetiology may involve deteriorating fetal or maternal health resulting in confounding

by indication.

1.3.5.1 Developmental assessment tools

Developmental assessments have been conducted using multiple methodologies
amongst multiple different birth GA groups and under variable conditions. The age at
which developmental assessments are carried out and the precise domains that are
assessed must be considered in determining its predictive value.(122) Accuracy in
determining presence and degree of adverse development is also dependant on the
skill of the examiner. An awareness that variation in performance across testing
sessions may not necessarily imply an evolving developmental disability but rather the

child’s status (tired/ unwell) at time of assessment is important. (123)
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Developmental assessments generally focus on multiple factors including but not
limited to cognitive development, school/academic performance, working memory,
processing speed, vocabulary and mathematical ability, co-ordination, sensory
perception, gross motor skills, personal /social and emotional skills and relating these
skills to age and developmental status at time of assessment .(124, 125, 126) Whilst
assessment of an infant or toddler may be an important predictor of outcome, it is not
always predictive of school-age cognitive functioning, long term learning disabilities or
academic achievement.(127) Many behavioural problems do not become evident until

the preschool and school age years.(87, 92, 93, 117, 128)

1.3.5.2 An overview of developmental outcome of the MLP infant

The range and frequency of sub-optimal developmental outcomes is lower in the MLP
group in comparison to the very preterm infant, but greater in comparison to the term-
born infant. (64, 117, 120, 129) Despite this incidence decreasing with advancing GA,
a spectrum of developmental deficits remains evident in the MLP infant group. (Fig
1.9). Birthweight is closely associated, but does not exactly correspond with
gestation.(130) Low birth weight (LBW) further increases risk factors for adverse
developmental outcome. (131, 132) The MLP infant has an overall 1.4% increased

risk of intellectual disability which increases to 2.3% if birth weight < 2.499kg.(133)

28



M
- —
ZIN
Slow
processing

@ sPeed é)

Poor fine

Poor working motor

memory 3 P skills

Social &
emotional
problems

Poor
attention

Figure 1.9 Spectrum of developmental deficits that may become apparent in the MLP infant group. Available
from: www.pretermbirth.info (134)

Cognitive deficits with or without major motor disabilities are now the dominant
benchmark for a neurodevelopmental outcome.(24) In an Australian study Cheong et
al. compared outcome of a MLP infant group (n=198) to a term control group (n=183)
at 2 yrs corrected age.(135) Development was assessed by means of clinical exam
(assessed for motor, visual hearing impairments and cerebral palsy), the Bayley
Scales of Infant Development—Third Edition, (Cognitive assessed language, and
motor development) and a parent reported questionnaire (Infant Toddler Social and
Emotional assessment) assessed social-emotional and behavioural development.
(136) Developmental delay was defined as more than 1 SD below the mean i.e.
relative to the mean in a term control group in any domain of the Bayley’s scales. In
comparison to the term control group, MLP infants were delayed in cognitive, language
and motor development i.e. 0.5-0.7SD (-6.3 to -11.8, points) with the greatest

difference noted in the area of language development (-11.4 (95% ClI, -15.3 to -7.5).
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Parent reported questionnaires are valuable sources of information about school-
going children. Johnson et al's analysis was based on the validated Parent Report of
Children's Abilities-Revised (PARCA) questionnaire completed by parents of MLP
infants (n=638) and the term control group (n=765) at 24 months.(137) This study
concluded the majority of impairments identified were in the cognitive domain, evident

in 6.3% of MLP infants versus 2.4% (RR 2.09, 95% CI 1.19 to 3.64) of the term control

group.

The EPIPAGE 2 study, focused on developmental outcome of preterm infants with a
birth GA of 22-34 weeks(n=3083) and a term control group (n=592).(138)Assessment
of outcome at 5 years included parental input (questionnaire and interview), a clinical
exam and psychological evaluation. 1187 of the participating infants were moderately
preterm (MPT) defined as infants with a birth GA between 32-34 weeks (Tablel.
2).12% of this group MPT infants had severe or moderate developmental difficulties
and 34% had mild disabilities. Only 54.6% of MPT infants had no disability in
comparison to 71.3% of term born infants. Impairments present after five years of age

have a greater association with challenges which persist into adult life.(105, 139)

Table 1.2 Percentage of infants born moderately preterm (32-34 weeks GA) and outcome (developmental delay)
at 5yrs

32-34 weeks GA (n=1187) Term control (n=552)
3 [Median (IQR]) 3% (Median (IQR])
Zevers delay 3.0(1.7-4.4) 1.1{0.2-3.5)
Moderate delay 2.6{B.5-10.7) 3.9{15-7.9)
Mild delay 33.8(30.2-27.4) 23.7(18.5-29.4)
None 54 5(50.6-58.7) 71.3{63.3-76.9)

IQR: Interquartile range. Data extracted from the Pierrat et al (138)
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Kerstjens et al. explored the percentage of developmental delay amongst preterm
infants (including MLP infants defined as infants born between 32-35+6 weeks GA)
and term born infants at 4 years using the Ages and Stages Questionnaire
(ASQ).(140)(Fig 1.10) This developmental and social-emotional parental completed
screening tool focuses on five domains of development including communication, fine
motor function, gross motor function, personal-social functioning, and problem solving.
(141) MLP infants were reported as having more difficulties within all domains of
development in comparison to term born infants. The rate of developmental delay
amongst the MLP (n=927) infant group was 8% with an odds ratio (OR) of abnormal
ASQ total scores calculated as 2.1 (95% CI, 1.3-3.4) for the MLP infant group in

comparison to term born infant group.(140)
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Figure 1.10 Percentages of children with abnormal scores on ASQ at 4 years who were born early preterm
moderately preterm or at term. **P < .01; ***P<0.001. Extracted from Kerstjens et al (140)

In a systematic review and a meta-analysis of the literature (n = 74 studies; 64 061
children), Allotey et al aimed to quantify the effect of preterm birth on cognitive, motor,
behavioural and academic performance of children born of various degrees of
prematurity versus a term control group. (126) Overall cognitive performance of

children in the moderately preterm group (defined as infants born between 28-33+6
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weeks GA) was consistently lower in comparison to term born group in terms of
working memory and processing speed in all the assessment age groups. This review

serves as a reminder of the lack of consistency in defining the MLP group.

Of the domains/academic areas studied, maths is the subject where preterm infants
frequently experience difficulties.(142) Working memory, counting, processing speed,
and flexible thinking are just a few of the specialised abilities needed to solve
mathematical issues. Any area of weakness could potentially have a negative impact

on math ability and exam performance.(143)( Figure 1.11).

Working memory Estimation
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Figure 1.11 Domains of development active when solving mathematical problems Source: e-learning resource
Preterm Birth Information for Educational Professionals www.pretermbirth.info (accessed March 21 2022

Scores achieved in general conceptual ability assessments are similar to intelligence
guotient (1Q).(144) In a meta-analysis (27 eligible studies) of general conceptual ability
(GCA) of preterm (n=3504) and term infants (n=3540) at 4 years, preterm infants
scored 11.94 points less in 1Q score (95% CI: 10.47-13.42, p<0.001) in comparison to

term born infants.(145) Allotey et al considered the degree of prematurity (grouped as
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very preterm, MLP and LPT infants) had an intermediate effect on full scale 1Q (SMD:
0.70; 95% CI:0.73 to 0.66; 12 = 70.8%), performance 1Q (SMD: 0.67; 95% CI: 0.73 to
0.60), and verbal 1Q (SMD:0.53; 95% CI: 0.60 to 0.47) (126). As IQ has been has been
correlated with problem solving and educational performance hence children with a

high 1Q generally excel academically (146).

However conflicting results were reported by Odd et al from the Avon Longitudinal
Study of Parents and Children (ALSPAC) (n=14000 participants) which included MLP
infants (n=741 or 5.4% of total eligible population).(147) Cognitive functions was
investigated in 6957 infants (randomly chosen 50% of participants) at 11 yrs. Findings
reported no variation in summary 1Q measures between MLP and term born infants
(p=0.059). When the MLP infant group was split into a MPT and LPT infant group,
there was still no difference found between IQ scores between both groups (p=0.430).
It is also worth considering that Odd et al’s findings were based on one study, at one
timepoint with assessment carried using an identical tool and participants from the
same location at 11 years. By comparison Allotey et al’'s conclusion was based on a
review which included multiple studies (n = 74; 64 061 children) of children at 4 years,
using multiple methodologies from multiple geographical locations across a prolonged

time frame.

1.3.5.3 Special education needs (SEN)

Special education needs (SEN) are defined as learning difficulties that require special
education provision, including children with a physical disability that prevents them
using school educational facilities.(148) There is an elevated incidence of SEN
amongst children born preterm based on assessments carried in younger children or

young adults up to 19 years.(149, 150, 151, 152) This is not unique to preterm infants
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alone but a higher incidence has also been identified amongst infants born 37-38

weeks GA versus infants of 39-40 weeks birth GA.(121, 153)

Van Baar investigated the SEN of a MLP infant group (n=377) and term control infants
(n=182) after 3 years in school (approx. 8 years of age) (151) using the Child
Behaviour Checklist, a screening tool completed by parents and teachers. Overall the
MLP infant group had a 7.7% SEN requirement in comparison to 2.8% of the term
control group. When GA was further subdivided into moderately preterm (MPT) (32-
33 weeks GA) and late preterm infants (LPT) (34-36 weeks birth GA) results indicated
that SEN requirement was 9.7% and 7.3% respectively. Based on data obtained
through the Avon longitudinal study of parents and children (ALSPAC) (154, 155), Odd
et al identified MLP infants(n=885) as almost 50% more likely to have SEN requiring
support in comparison to the healthy term born infant (h=13102).(156). Reports linking
birth GA to school census data at a median age of 12 years (n=362,688) concluded

that 7.6% children born between 33-36 weeks GA (n=18035) had SEN. (121)

1.3.5.4 Behavioural Issues

Problems are not limited to cognitive functioning for the MLP infant group.
Developmental concerns include social and emotional difficulties with behavioural
difficulties. Johnson et al investigated the social competence of MLP infants at 2 years
PMA (n=1130) and a term control group of infants (n=1255) using two parental
completed questionnaires, namely the Brief Infant and Toddler Social Emotional
Assessment (BITSEA) and Parent report of Children’s Abilities-Revised (PARCA-R)
guestionnaires.(118) MLP infants were at an increased risk of delayed social

competence (26.4% in MLP infant group versus 18.4% of term control group).
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Similarly, Cheong et al described MLP infants as having a higher prevalence of social
behavioural issues scoring four times higher than the term control group. (4) Higher
scores imply MLP infants have a predisposition to more challenging behaviour which
increases with decreasing birth GA.(64, 157) At 7 years Huddy assessed hyperactivity
scores of children with a birth GA of 32-35 weeks(n=117) using the Strengths and
Difficulties Questionnaire.(158, 159) This study described19% of participants having
an abnormal hyperactivity score (10% is the population norm),25 % were in receipt of
non-teaching assistance with a higher incidence of emotional, conduct, hyperactivity
and peer related problems (94). In Allotey’s analysis, MLP infants were identified as
being three times more likely to have a diagnosis of ADHD. (126) However, the
strength of association of prematurity to hyperactivity was not shown to be inversely
related to GA at birth, with 21.7% of infants with a birth GA of 35 weeks were reported
as hyperactive in comparison to 8.8% of infants with a birth GA of 32 weeks GA. (94)
Odd et al found no differences in scores achieved in attention screening (taken from
the Everyday Attention for Children) between MLP infants and term born infants at
8yrs (n=6132) (p=0.099).(147) In a smaller study Wang et al also supported these
findings with no difference found in attention/working memory between infants born
34-36 weeks gestation in comparison to term born infants.(107) Difficulties in
sustaining attention will generally have a knock-on effect on learning and educational

outcomes and an increased need for teaching and non-teaching assisted help.

1.3.5.5 Neuromotor dysfunction

Reduced mortality has also led to a higher prevalence of motor abnormalities, poor

coordination and conditions such as cerebral palsy (CP) amongst surviving preterm
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infants.(160) A strong correlation is evident between prematurity and a diagnosis of
CP with the absolute risk of CP decreasing with advancing birth GA.(161, 162, 163,
164). Pierrat et al. reported 1.0% of infants of 32 to 34 weeks birth GA having a
diagnosis of CP at 2 years of age. (165) Although more mature infants usually
experience better outcomes, MLP infants have shown a six times higher prevalence
of CP than children born at term (7 per 1000 vs. 1.1 per 1000 live births).(166) Marrett
et al’s findings that 4% of children born at 33 weeks GA and 1% of children born at 34
weeks GA are diagnosed with cerebral palsy at 5 years which is 10 times higher than
that expected based on the general population norms.(92) Han et al’s study of preterm
infants <1500g (n-448) described a prevalence of 14.5% of CP, which decreased to

3.1% amongst infants weighing > 1500 g at birth.

Based on parental completion of the Ages and Stages questionnaire coupled with
neurodevelopmental outcome at 2 years corrected age (n=3321), Leroux et al
indicated an overall suboptimal neuromotor status in 10.7%(n=355) of participants
which when subdivided by birth GA, 3% (1.9-4.8) of infants born between 33 and 34
weeks had a diagnosis of CP.(167) Williams et al identified non-CP motor skill
impairment such as developmental coordination disorder (DCD) as a common
negative outcome of pre-term birth and impaired motor skills such as those observed
in children with DCD are commonly associated with deficits in educational,

behavioural, and social domains.178

1.3.5.6 The impact of Socio-economic disadvantage

Evidence of developmental delay is more prevalent amongst MLP infants born within

disadvantaged groups. Lower parental education, and socio-economic status have
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been associated with poorer developmental outcomes.(137, 149, 168, 169). Through
linear regression, the additional variable of poverty was tested amongst preterm and
term born children based on data generated through the Millennium Cohort study in
the UK.(170) Children born preterm and living in poverty had poorer outcome and
scored 0.3 to 0.4 SD worse than children not living in poverty on all assessments.(169)
Overall, there is a paucity of research published on developmental outcome of the
MLP infant in low to middle income countries (LIMC) countries. This may in part be
attributed to lack of reliable data and the capacity to invest/prioritise research with
clinical follow up. In such environments socio-economic disadvantage and lack of

education further contribute to the potential adverse outcome the MLP infant group.

In summary, MLP infants have double the risk of neurodevelopmental disability
(almost exclusively cognitive deficits) compared with term-born infants.(137) Although
survival without neurodisability in the preterm infant increases with advancing GA, a
higher degree of poor cognitive development and academic performance, language
and mathematics scores, and the need to be enrolled in special education programs
is evident amongst children born between 32-36+6 weeks GA. Whilst developmental
deficits of MLP infants may be more subtle and varied in comparison to the very
preterm infant there appears to be less evidence of MLP exhibiting ‘no’ deficits in

comparison to their term counterparts.

1.3.5.7 Opportunities to identity and improve outcome for MLP

infants

The causes of adverse outcome for the MLP infant must be considered multifactorial

and incorporate several etiologic pathways not limited to birth GA, nature of neonatal
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course and duration of neonatal unit stay. Maternal age, level of education and
socioeconomic background are factors that also warrant consideration in determining
a child’s risk profile and the degree of surveillance warranted. (109, 169, 171, 172,
173).

The weight of evidence supporting suboptimal developmental outcome in the MLP
infant group has implications for obstetric practice in providing a case for delivery
before 37 weeks or increasing the degree of monitoring and surveillance. Pre-
eclampsia toxaemia (PET) and interventional delivery (174) and male sex (175) are
identified as antenatal/perinatal risk factors for poor school performance which
Johnson et al. also identified as independent risk factors for cognitive impairment.(137)
Parental input into all decisions relating to provider-initiated delivery should be

informed with regards to preterm infant care and rates of mortality and morbidity.

Pre-discharge assessment tools may provide early identification of infants who warrant
close surveillance and targeted interventions. Large longitudinal studies with
consideration for birth demographics, data obtained through school-age testing using
validated assessment tools (incorporating parental and teacher input) must be
considered gold standard in determining developmental outcome to specific GA
groups. Robust neurodevelopmental research studies will have implications for
resource allocation to assist in the provision of a supporting pathway of

multidisciplinary surveillance for all preterm infant groups.

Alteration in a phenotype as a result of experience is particularly relevant to the
preterm infant who may be exposed to high levels of stress at a sensitive period of

development. This epigenetic imprint may potentially alter the normal trajectory of
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development. (22, 78, 105, 176) Reducing stress and negative environmental

exposure may positively impact the trajectory of network development.

Recent trends have shown a small decrease in adverse developmental outcomes in
all preterm infant groups than what has previously been recorded. It is likely that
education pertaining to neuroprotective measures, optimal environmental measures
and advances in neonatal technology have contributed to improved outcomes.

Environmental factors will be discussed in further detail in section 1.3.6.1.

Improving the preterm infant’s neurodevelopment outcome is a key aim of neonatal
research. A Cochrane neonatal review supported a positive influence of early
intervention programmes on cognitive and motor outcomes which persisted into school
age years. (177) Follow up strategies must also be available for the ‘at-risk’ infant
which will further assist in ensuring early interventions (such as the need for
physiotherapy, speech and language therapy) having the greatest positive impact on
outcome of the infant's overall quality of life.(177) Early intervention must be coupled

with an enriched supportive home environment with high cognitive stimulation.

MLP infants meeting developmental milestones in the early years require ongoing
surveillance as deficits may not develop until early childhood years. In order to improve
the lives of children affected by impaired learning, educational professionals must
have appropriate training to ensure challenges and the early signs of learning
difficulties acknowledged. Active engagement with parents will contribute to
identification, diagnosis, intervention and provision of support to the child with learning

difficulties (178)
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1.4. Neonatal sleep

Sleep is the predominant behavioural state of the newborn.(179) Preterm infants may
sleep up to 90% of the day whilst this may fall to ~70% for the term born infant. (180)
There is no one all-encompassing definition of sleep, but rather variable definitions
exist with common threads. The literature describes sleep through behavioural
observations, utilising terms such as reversible diminished responsiveness, inactive
nervous system, suspension of consciousness, suspension of muscle activity or
muscle relaxation, eyes closed, hypotonic and for the most part motionless +/- noisy
nasal breathing.(13, 126) Much of the scientific literature has focused on disorders of

sleep and conditions that impact sleep with less on the positive aspects of sleep.(181)

1.4.1 The functions of sleep

Infant sleep is a regulated neurological function and a prerequisite for normal neural
network development, synaptogenesis, synaptic plasticity and for overall health and
wellbeing.(6) Structural and functional connectivity in the brain coincides with the
ontogeny of sleep. Therefore, sleep may be used as a framework in understanding the
early organisation of brain networks and the implications of a neurological insult (e.g.

hypoxic ischaemic encephalopathy) on later development.

Sleep is a prerequisite for neural reorganization and growth of the brain’s structure
and function. During sleep, synapses are forming, connections are established and
there is a conservation in energy.(182) Sleep is of particular importance during the
critical period of development and enhanced neurological activity, that occurs during

the MLP period.
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Evidence suggests that the brain drives sleep for its own maturational needs(183)
requiring the interplay of multiple neural circuits and cellular factors.(184) The states
that constitute the main sleep states are evident from 30-32 weeks GA and identified
as active sleep (AS) (see section 1.4.2.1), quiet sleep (QS) (see section 1.4.2.2) and
transitional periods of indeterminate sleep (IS) (see section 1.4.2.3).(185) Whilst AS
and QS may be considered a precursors to rapid eye movement (REM) sleep and

non-rapid eye movement(NREM) sleep respectively they are not synonymous.

Both AS and QS are prerequisites for neuronal development, but the contribution and
role of each are likely to be different and unique to gestational age.(186) During sleep
memories are stored and its restorative nature is associated with tissue repair(187),
thermoregulation and metabolic regulation (188) and psychological wellbeing.(112)
Sleep also has a role in brain housekeeping and the clearance of toxins and metabolic
waste products that accumulate during wakefulness.(189, 190) By downregulating
specific biological processes during sleep, there is an overall energy conservation of

up to 10% in the newborn potentially enhancing weight gain.(191)

Theories of sleep explored include:
e The Inactivity theory (animals sleep at night as less die from injury in darkness),
e The Energy Conservation theory (decrease in body metabolism by up to 10%),
e The Restorative theory (allows body an opportunity for tissue repair, muscle
repair and the production of hormones for growth which are increased at night)
e The Brain Plasticity theory suggesting sleep is necessary for neural

reorganisation, growth of brain structure and function.(182)
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1.4.2 Sleep regulation

States of sleep and wakefulness are regulated, co-ordinated and promoted by the
hypothalamus, thalamus, brainstem, pineal gland and basal forebrain. The preoptic
area (POA) plays an important role in the initiation and maintenance of sleep.(192)
This area contains clusters of sleep activating neurones that increase firing during

sleep and inhibit the arousal centres of the brain. (193, 194)

Due to immaturity of the brain at birth, newborn infants have an unprogrammed and
poorly developed circadian rhythm. A sleep-wake ultradian rhythm is functional in the
early postnatal period with multiple short bouts of sleep and wakefulness throughout
a 24hour period. Sleep may be dictated in part by a need for feeding or by the
homeostatic regulation of sleep pressure. (195, 196) The drive for sleep gets stronger
the longer the infant is awake and decreases during sleep, being at its lowest after a

prolonged sleep period.(197)

Cortisol, melatonin, body temperature, blood pressure, and digestion consolidate
sleep and are all part of the circadian rhythm.(198) Fetal adrenal steroidogenesis and
the secretion of cortisol commences as early as the eight week of gestation. By nine
weeks postnatal age, the suprachiasmatic nucleus signals the pineal gland, to
increase its production of melatonin promoting the coordination of sleep and darkness
solidifying sleep by night. Body temperature rhythm and that of circadian genes

develop at 11 weeks.
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Within the hypothalamus, the suprachiasmatic nucleus (SCN) contains light-sensitive
cells that trigger the circadian rhythm. By producing an alerting signal during daylight,
the SCN or biological clock offsets sleep drive whilst it promotes sleep by turning off
the alerting signal. In addition, the SCN actively maintains sleep throughout the night
even after the sleep drive has decreased in the second half of the night. The activity
of SCN neurones also changes in parallel to cycling between sleep states as
evidenced by an increase in SCN activity during AS and waking and a decrease during

QS.(199)( Fig 1.12)
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Figure 1.12 Anatomy of the brain indicating the arousal centres
downloaded from  https://sleep.hms.harvard.edu/education-training/public-education/sleep-and-health-
education-program/sleep-health-education-48 (200)

The accumulation of metabolites such as adenosine (a chemical by-product of cellular
energy consumption) during wakefulness has a signalling function which shifts the
balance toward sleep. GABAergic neurons (located in the hippocampus, thalamus,
basal ganglia, hypothalamus and brainstem) produce Gamma-aminobutyric acid
(GABA), an inhibitory neurotransmitter reducing neuronal excitability by inhibiting

nerve transmission and histaminergic cells (required for regulating arousal and
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maintain wakefulness) and promoting AS.(193) GABA is more active in QS than AS.
The reticular activating system (RAS) in the brain stem facilitates alteration in brain
wave activity that occurs between slow sleep rhythms and fast sleep rhythms and for

general cortical activation. (201)

1.4.3 Sleep in the neonatal unit environment

The uterine environment is controlled with minimal sensory input providing an optimal
environment for development and maturation of the fetal brain. Infants born too soon
lose this regulated naturally supportive environment in exchange for the extrauterine

environment of the neonatal unit in which the developmental process must continue.

The growing brain of the preterm infant is especially vulnerable to environmental
influences for which preterm brains are poorly prepared. Sensory overload caused
environmental noxious factors (including visual, auditory, tactile and painful stimuli)
within the neonatal unit during a critical period of development may disrupt normal
neuronal rhythms and synchronized oscillatory activity that may be essential for the
formation of neuronal cortical circuits. (202) The protective nature of neuroplasticity
may not be sufficient to overcome prolonged and continuous exposure physiological
stressors, with tolerable stress evolving to toxic stress which may weaken brain circuits
and impact development.(203, 204, 205, 206, 207) Alteration in the pathway of

development may lead to subtle or profound long-term effects.

1.4.3.1 The neuroprotective nature of sleep

Sleep is a naturally protective prerequisite for normal cortical organisation (208, 209,

210, 211) and a buffer in protecting infants from the negative impact of the
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environmental stressors of the neonatal unit. (208, 212) Disturbance to the normal
ontogeny, quality or quantity of sleep and the multiple neurological processes that are
actively taking place, may lead to a reorganisation of neural networks, with a positive

or negative effect on development.(213)

High disability rates remain evident amongst surviving low birth weight very preterm
infants. Exposure to stress and interference with sleep may underlie many of the soft
and subtle deficits experienced by the preterm infant with downstream effects causing
generative changes with lifelong effects. (177, 214) The challenge for the clinical team
is to identify specific risk factors for impaired sleep and to support interventions that

will improve the quality and quantity of sleep for the infant in the neonatal unit. (6)

1.4.3.2 Sensory exposure

Sleep may be disturbed in an environment with high levels of noise (209, 215, 216),
light (113, 217, 218), frequent handling and painful procedures (204, 205, 219)
overloading the immature sensory system and negatively impacting physiological
responses. (220) Identifying optimal light and sound thresholds of (which alter with
advancing GA and clinical condition) in the neonatal unit continue to pose a challenge
to the clinicians and managers who play a critical role in early regulation of stress and
the preservation of the normal neurodevelopment trajectory of the preterm infant. (221,
222, 223) Our knowledge pertaining to the timing and exposure to environmental
stressors and the impact it may have on maintaining neural, neuroendocrine, and

immune systems integrity remains incomplete.
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1.4.3.3 Environmental modifications to improve sleep

Several components of care in the NICU can contribute to sleep disruption. As part of
this thesis we investigated factors related to the number of overnight disruptions to
sleep cycles of healthy MLP for the purpose of feeding which will be discussed in
Chapter 3.(224) Levy et al. described their observations concluding that only 50% of
neonates in the NICU completed a complete sleep cycle before being disturbed for

care. (212)

The recommended limit for noise in the neonatal unit is 45 decibels, as per the
American Academy of Paediatrics Committee on Environmental Health.(225) Despite
this recommendation, noise levels frequently rise above this acceptable limit and
fall on the sensitive ears of the immature preterm infant. Modifying the environment
may require reducing telephone ring tones, bleeps carried by personnel, removing
printers to an area outside the neonatal unit and lowering and limiting cotside
conversation. Sound may also be modified through the use of earmuffs and reducing
volume on alarms. (209, 226) Acoustic detectors such as visible ears on the wall of
the neonatal unit serve as traffic light systems for noise levels and as a reminder to
clinicians and parents when sound is at an acceptable level, escalating when noise

levels have exceeded the set recommended limits (Figure 1.13)
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Figure 1.13 Acoustic sensors on the walls in CUMH. A visible ear which serves as a traffic light system measures
noise levels in the neonatal unit. The outer Green area in Ear A- informs staff that the noise level is within normal
limits. Ear B- the noise level is increasing. Ear C- the noise level has exceeded the manual set upper limit in
decibels.

Daily specific time periods or ‘quiet periods’ in NICU are observed, during which lights
are dimmed and no unnecessary procedures are carried out. Cycled lighting which
mimics day and night helps to develop normal transition to night-time sleeping
patterns. Supporting dimmed or cycled lighting and adapting lighting between “cares”
will support sleep and reduce disturbance.(227) Lights should be dimmed to a safe
level where the neonate can still be seen with all neonates assessed on a regular

basis with additional lighting.

The clinical demands of the nursing team for feeding preterm infants in the NICU are
generally time-based and carried out two hourly, three hourly or four hourly depending
on weight, clinical need, previous feed intake and parental presence. This comes at a
cost in terms of disturbing and fragmenting sleep to ensure adequate nutritional intake.
An emphasis on routine caregiving based on infant cues whenever possible, rather
than scheduled “care times”, is preferable. Clustering nursing care activities together

and clinical interventions allowing more sleep between interventions have also been
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considered as a protocol for developmentally appropriate care. (212) Developmental
care emphasizes protecting sleep and uninterrupted sleep cycles and allowing rest

periods of at least 60 minutes to complete a normal sleep cycle.

There is a need for continuous investment in staff education pertaining to sleep and
neurodevelopmental practices that support optimal neurodevelopmental in the NICU.
Staff and parent education about the benefits of sleep, kangaroo care supporting skin
to skin, clustering care, in a safe environment will positively impact developmental

outcomes. (228, 229, 230)

1.4.4 Neonatal individualised developmental care and assessment

programme (NIDCAP)

With an increased emphasis placed on developmental outcome in preterm infants,
many neonatal units have structured neonatal individualised and developmental care
and assessment programs (NIDCAP) for preterm infant care. All infants differ in the
continuum of development, a factor which in itself supports a need for an ongoing
behavioural assessment which will support the provision of a developmentally
appropriate, brain sensitive neuroprotective care to all high-risk neonates.(42, 231) An
individualised developmental support plan is based on observation of the infant and
his/her ability to regulate their physiological or neurological status within a specific

environment or following a clinical or nursing intervention.

The NIDCAP strategy is based on a set of general principles which incorporates
environmental modifications whilst recognising the importance of emotional
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development in infancy. Based on the synaptic theory of development, emphasis is
placed on the interaction of various subsystems of development unique to GA and is
dependent on the environment to positively impact development. Environmental
modifications aim to optimise sleep, reduce stress and protect neurodevelopment
whilst maintaining parent infant interaction in the neonatal environs.(232) NIDCAP
principles also promotes and supports family centred care (FCC) with parental
involvement in making decisions about their infant(s).(Fig 1.14) FCC warrants
consideration for cultural differences and evidence-based interventions to each family.
Parental involvement as a prerequisite for physical well-being as well as for the child’'s

cognitive, motor and social affective interactive development.(233, 234)
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Figure 1.14 A model of Family Centred Care (FCC)
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Als et al. have produced a large body of literature reporting on the positive affect of
NIDCAP on the care of low birth weight preterm infants to include fewer days on
mechanical ventilation, less time to establish feeding and hence reduced duration of
enteral feeding, more rapid weight gain, shorter inpatient stay, lower age at discharge

and an overall lower cost of care.(233, 235, 236, 237, 238)

In a randomized controlled trial of 38 preterm infants (< 29 weeks postmenstrual age)
NIDCAP intervention demonstrated lasting effects into school age.(239) EEG
coherence and developmental assessment in the NIDCAP intervention group (n=11)
demonstrated better right hemisphere and frontal lobe function in comparison to a
control group (n=11) at 8 years. The effect of NIDCAP on two groups of IUGR preterm
infants (with comparable in health and demographics) was described based on EEG,
MRI, growth and neurobehavior at 42 weeks and 9 months post menstrual
age(PMA).(240) The follow up intervention group were healthier with improved brain
development concluding that NIDCAP improved participants neurobehavior,

electrophysical activity and brain structure.

However, not all researchers supported the findings of Als et al. In a randomised
control trial Westrup et al. sought to identify the impact of NIDCAP on sleep maturation
(identified as the duration of QS) (n=22) of very low birth weight preterm infant < 32
weeks birth GA. Infants were randomised to receive NIDCAP care (n=11) or
conventional care within NICU (n=11). For the most part infants in the intervention
group were cared for in single rooms and based on observation, an individualised care
plan was devised. A twenty-four period of monitoring with aEEG was used as an

objective measure to quantify the duration QS at 32 weeks and 36 weeks respectively.
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Whilst the percentage of QS decreased with advancing GA on both intervention
(NIDCAP) group and controlled group, there was no significant differences between
the intervention versus control group on QS duration at 32 weeks (33.5% versus

33.3%) or at 36 weeks (24.5% versus 25.7%) PMA.

Als et al. also reported higher Bayley’s scores at 9 months amongst low-birth-weight
preterm infants in the NIDCAP intervention group. (241) Peters et al reported less
disability amongst intrauterine growth restricted preterm infants especially in the area
of mental delay at 18 months (NIDCAP: 10%; control: 30%; odds ratio: 0.25 [95%CI::
0.08-0.82]; P = .017). Contrary to these findings, based on Bayley assessments
carried out at 4,12 and 24-months PMA Ariagno showed 64% of the NIDCAP
intervention group had low Bayley’s scores versus 33% of the control group. Despite
further investigation neither medical condition or socioeconomic demographics could

explain this negative finding. (242).

Ohlsson and Jacobs conducted a systematic review and meta-analysis to determine
impact of NIDCAP on developmental outcome. (232) Criteria for inclusion required a
NIDCAP intervention to have been applied to inpatient low-birth-weight preterm
infants. Research had to be of a randomized controlled trial design with a non-
interventional control group. The primary outcomes were death or major sensorineural
disability at 18 months corrected gestational age (CGA) or later in childhood (3 trials,
302 children; relative risk 0.89 [95% confidence interval 0.61 to 1.29]) and survival free
of disability at 18 months CGA or later in childhood (2 trials, 192 infants; relative risk
0.97 [95% confidence interval 0.69 to 1.35]). The authors concluded that there is no
clear benefits of NIDCAP for long term neurodevelopmental outcome or short-term

medical outcomes. The duration of the intervention was not associated with neurologic
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and developmental outcome. Outcome of this review was echoed in a study carried
out by Wallin and Erickson in 2009. (243) These authors went one step further
concluding that based on findings they could not recommend NIDCAP in its current
form. However, Jacobs et al. (pg.705) acknowledged that Modification of the
extrauterine NICU environment and care giving according to each infant’s current
physiologic and neurobehavioral functioning is a rational and intuitive approach to
caring for preterm infants and their families and to supporting infant development.

(244)

There does seem to be an issue with the research design amongst NIDCAP studies
with multiple hypothesis and outcome variables measured. Differences between a
control group and an intervention group may not have been captured and for the most
part studies were small with minimal follow up. However, this does not imply that the
impact of a NIDCAP approach to care does not have its benefits. Firstly, parental
involvement in care and closeness to the infant will support parental wellbeing and will
assist in embedding a parental bond. All positive experiences in early life support the

establishment of a firm foundation for optimal brain development.(245)

The concept of minimal sensory exposure may be counter-productive, depending on
the postnatal age of the infant, as areas such as the visual cortex are genetically
programmed to use exposure to light to proceed along the normal trajectory of
development.(246) A greater understanding of this process may help prevent
developmental disorders that result from disturbances to neural activity.(214) More
research is required in this area particularly with regard to the healthy MLP infant
during a critical phase of development.(247) With the exception of the study by

Westrup et al study there was little evidence of research quantifying the effect of
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NIDCAP on infant’s sleep.(248) Whilst it is important to provide a balanced viewpoint
there is less evidence of negative consequences of a developmental approach to care

in comparison to positive effects.

1.4.5 Kangaroo Mother Care

Kangaroo mother care (KMC) with skin-to-skin contact is a developmental approach
to newborn care with that ensures a physical and emotional connection between
mother/ father and infant.(Fig 1.15) KMC is associated with physiological stability,
temperature regulation, improves growth and development, is associated with less
arousals and enhances neurological and neuro-behavioural outcomes of preterm
infants (13, 234, 249), whilst also reducing parental stress, anxiety and
depression.(135, 250) Supporting parental wellbeing can only have a positive effect

on an infant’s long term physical and psychosocial development.

Skin to skin contact (SSC) has also been shown to accelerate brain maturation in
healthy preterm infants at 40 weeks PMA.(249) Scher carried out sleep EEGs on
preterm infants (31-32 weeks, n=8) who had SSC for 8 weeks and two non-SSC
cohorts at term (n=126) one of which was preterm group at term PMA the other born
at term GA. Preterm infants who had SSC showed increased EEG connectivity/
maturation closer to that of a term born infant in comparison to the preterm infant
without SSC. This study supports the neuroprotective benefits of SSC in preterm

infants.
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Figure 1.15 Kangaroo mother care- skin to skin care

Family nurture intervention (FNI) is standard care but incorporates skin to skin care
(minimum of 1 hr per session) in conjunction with mother and infant scent cloth
exchange, gently sustained touch, maternal eye contact and maternal voice soothing.
Walsh et al. conducted a randomised control trial to investigate if EEG activity was
altered between standard of care alone (n=63) versus FNI (n=71). This study found
that EEG power increased in both AS and QS in FNI group suggesting more stable
sleep organisation, but the impact of these findings and the relationship to

developmental outcome remains unknown.

Feldman et al. also sought to identify the effect of skin-to-skin care on sleep state
organisation of preterm infants (n=146) with two groups (n=73 in each group) matched
for birth weight, GA, medical risk, single/multiple pregnancy and family demographics
(251). The intervention group received skin to skin care (n=73) and a control group not
in receipt of skin to skin (n=72) were observed at 10 second intervals over a 4 hour

period by trained observers to determine sleep state organisation. At term, cyclicity
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had increased for both groups of infants but a higher rhythmicity in sleep and
wakefulness was evident in the intervention group. Hence, infants who had skin to skin
care showed more mature sleep. This study however did not control for interrater

subjectivity.

A comparison study explored the effects of KMC versus in-arms-cradling on the sleep
and wake states of stable MLP infants in a NICU in Tehran (n=72). (252) After a 20
minute pre-intervention period during which infants were placed in an incubator in a
diaper only, infants were randomised to either 70 minutes of arm cradling by mother
or Kangaroo care (KC) (skin to skin contact). Based on behavioural cues such as
breathing patterns, facial expressions, body/eye/mouth movements, sounds and skin
colour sleep state observations were carried out at 2 minute intervals. Sleep states
were identified as one of six levels of sleep (including deep sleep, light sleep, drowsy,
quietly awake and/or alert, actively awake and aroused, and highly aroused and
agitated/crying). There was no difference in AS duration between groups however, the
kangaroo care group had longer periods of QS (p < .001). The in arm holding group
spent significant more time in light sleep, the drowsy state (p <.001), and the actively

awake state (p = .02) than the KC group.

1.5 Electroencephalography and behavioural

observation

Richard Caton (1842-1926), was the first to detect electrical activity in both

hemispheres in animals, noting fluctuations and oscillations in activity. However, it was
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Hans Berger (1873-1941) who conducted the first recording of electrical activity in
humans in 1924, calling the device an electroencephalogram (EEG).(253). This
recording was carried out on his 15 year old son from which he observed an 8-12 Hz
rhythm while his son sat passively with his eyes closed and called it the alpha rhythm.
(254) Through further EEG observation he commenced identifying age related
features. Many scientists thereafter confirmed Berger's findings with scientific
publications relating to specific features of activity in healthy and pathological

conditions.

The EEG has made a major contribution to neuroscientific discovery. In clinical
practice, EEG technology continues to have a high level of importance in the diagnosis
of neurological conditions. It is a safe and non-invasive neuromonitoring tool providing
a measure of electrical activity and information on the functional status of the cerebral
cortex. In neonatology, EEG is especially useful as an unobtrusive cot-side tool in the
NICU providing continuous real-time monitoring of brain activity of the critically ill infant
with minimal burden to the infant (255). As EEG measures differences in electrical
voltage it plays a key role in seizure detection and in monitoring the efficacy of

treatment.(256, 257) .

EEG can be used to differentiate between levels of consciousness and provides a
unique overview of sleep state organisation and an opportunity to gain further insight
into the complex nature of sleep and the presence of sleep-wake cycling - a marker of
neurological wellbeing.(258) EEG can be used to accurately identify disorganised and

dysmature sleep state organisation of newborn infants.(10) However, the prognostic
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value of electrographic monitoring in the healthy MLP infant remains unclear.(259,

260)

1.5.1 Physiological principles of EEG activity

An understanding of the neurophysiological processes that underpin EEG is a
prerequisite to understanding its use. Neurons are the functional units of the central
nervous system.(261) Synapse formation between neurons facilitates the
transmission of electrochemical signals to a target neuron. Millions of neurons form
synapses with other neurons, leading to trillions of connections between cells creating
an information processing network through which information is transmitted within the

central nervous system.

For the nervous system to function, neurons must be able to send and receive signals.
Electrical potentials are generated across the membranes of neurons because there
are differences in the concentration of specific ions across the membrane, mediated
by ATP-dependent ion exchange pumps and the fact that the membrane has selective
permeability to ion flow. This results in polarisation of the membrane (positive outside,
negative inside) and a resting membrane potential of -70uV. For a given target neuron,
inputs from other upstream neurons onto its cell body or dendrites result in the influx
of either positive Na+ ions (excitatory post synaptic potentials-EPSP) or negative ClI-
ions (inhibitory post synaptic potentials -IPSPs). If a number of EPSPs summate at the
same time to depolarise the membrane beyond a certain threshold (-55mv), an all or
nothing event, known as the action potential (Fig 1.16) occurs. First voltage gated Na+
channels are activated, resulting in a rapid further depolarisation of the membrane to

~+30mV. Following this rise, sodium (Na+) channels inactivate and potassium(K+)

57



channels activate and K+ leaks out of the cell, leading to a decrease in the potential.
Finally, all channels attain steady states and the membrane reverts back to the resting
membrane potential. lon flow is not only determined by ionic concentration gradients,
but also is dependent on the selective permeability of ion channels as well as electrical

forces that arise from the membrane potential.(22)
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Figure 1.16 A schematic representation of an action potential.
Created by an Unknown Author and licensed under CC BY-SA-NC (share alike/ non-commercial)

The action potential is rapidly conducted down the length of the axon. When an action
potential, or nerve impulse, arrives at the axon terminal, it activates voltage-gated
calcium channels in the cell membrane. Ca+ which is present at a much higher
concentration outside the neuron than inside, passes into the cell depolarising the
terminal and releasing neurotransmitter into the synaptic cleft. The molecules of
neurotransmitter diffuse across the synaptic cleft and bind to receptor proteins on the

postsynaptic cell. The excitatory post synaptic potentials require neurotransmitters
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glutamate and acetylcholine, depolarizing the membrane and moving closer to the
threshold for an action potential. An Inhibitory post synaptic potential involves
neurotransmitters gamma-aminobutyric acid (GABA) and glycine which open chloride
channels, hyperpolarising the membrane and decreases the likelihood a neuron will
be able to fire an action potential. Inhibitory neurotransmitters such as GABA open
chloride channels allowing negative Chloride ions (CL-) in, and hyperpolarising the
cell. The normal function of neural networks is determined by a balance between

excitatory and inhibitory synaptic input (262).

Scalp electrodes record potential differences that are caused by postsynaptic
potentials in the cell membrane of cortical neurons. Hence activity displayed on EEG
is generated by post synaptic potentials (263) and reflects the summed synchronous
electrical activity generated by populations of neurons (pyramidal cells) in the more
superficial layers of the cortex. (264, 265) The site of the synapse (dendritic vs cell

body) may affect the polarity detected on the surface of the skull.

1.5.2 Visual analysis of sleep on EEG

Activity generated and displayed on EEG varies with degree of brain maturation and
functional integrity of the brain. EEG activity is influenced by the interplay between
genetics and the environment. Observed sleep behaviours of the neonate become
more pronounced and integrated with recognizable patterns on EEG from 30 weeks
GA.(13, 260) When reviewing EEG activity, consideration must be given to GA and
any underlying pathology or medications given that may alter background activity. The
most frequently used terms describing the architecture of sleep on EEG include

frequency, amplitude, and continuity.(266, 267)
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e 1.5.2.1 Frequency:

Frequency is a key descriptor of the EEG and simply describes the number of
waves per second expressed in hertz (Hz). Neonatal EEG shows a mixture of
frequencies including delta activity (1-3 Hz), theta activity (4—7 Hz), alpha

activity (8—13 Hz) and beta activity (14—-30 Hz).(268, 269) (Fig 1.17)
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Figure 1.17 Frequency of brain wave activity through sleep and wakefulness.
Created by an Unknown Author and licensed under CC BY-SA-NC ( share alike/ non-commercial)

e 1.52.72 Amplitude

The magnitude of the brain wave activity detected is referred to as the
amplitude of the EEG and is measured from the upper to lower peak in
microvolts (uV). (14) Amplitude is noted to generally decrease with advancing
GA. A decrease in amplitude of both delta and theta occurs with maturation.

(270) (Table 1.3)
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Table 1.3 Summary of amplitudes during sleep states of moderate to late preterm infants

Sleep State Voltage value

Quiet sleep 50-300 uV bursts of activity with IBI periods of <25uV
Active sleep 30-70 pV, may be <2 secs voltage attenuation of <25 uV
Indeterminate sleep 100-200 pv

Awake 70-100 pv

Table devised based on literature by Tsuchida (271), Scher (272), Britton?’® and Andre(273)

1.5.2.3 Continuity

Continuity on neonatal EEG refers to the relatively constant and uninterrupted
presence of activity above a certain amplitude. This thesis defines continuity
as predominantly over 25 pV while periods of < 1 second of below 25uV are
permitted. Periods > 1 second at <25 uV are described as discontinuous. In the
very preterm infant the natural occurring background activity is predominantly
discontinuous becoming more continuous with advancing GA with a
lengthening of burst activity and a shortening of inter-burst activity (Figurel.18-

1.20).

61



| D e e R T R T K B e I o e [ e e |

e pomirme A mede T M R st BT e ) T e

pruys | E i IS W il NG L SIS R S SHSSNSN SRS S S I o WU G e S S

L T il B B U B U SRR S PR S

P S e L SR SR SRS SR

1 | T

Y - e - e —— - ~ e - RN e e

e S cunl = - - - | IR — v mesmioncrmie L L M E LA IR

Tl bt ¥ /) yE= - A ) W — IS ST —
A N Y™

x| PSS BRSS B o ) BRI S e~ — e, /.‘._._,r‘m_\\’ P e S e ey

I
s 4 20
{
cof 3
’ A
B0 ———— i g I BRSNS IR RIS RS S A T s e o S e

W0 e 0y

Figure 1.18 EEG monitoring of infant at 24 weeks birth GA, predominately discontinuous activity with bursts of
activity every 30-60 seconds
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Figure 1.19 EEG monitoring of infant at 28 weeks birth GA- predominately discontinuous activity with 2-3 second
bursts of mixed frequency high amplitude activity
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Figure 1.20 EEG monitoring of infant at 30 weeks birth GA —increasing continuity and decreasing discontinuity.
AS is pre- dominantly continuous at this GA with short periods of discontinuity. QS remains discontinuous.

1.5.3 Sleep states of the MLP infant group

Three sleep states dominate MLP infant sleep. These are Active sleep, Quiet sleep

and Indeterminate sleep

1.5.3.1 Quiet sleep

Quiet sleep (QS) is precursor of non-rapid eye movement (NREM) sleep has been
identified from 25-27 weeks GA.(274) The function of QS is thought to relate to
supporting the development and preservation of brain plasticity, consolidation of
learning, memory and cognitive functioning (195, 275) and the maintenance of
physiological homeostasis The synaptic homeostasis hypothesis proposes that at the
end of a day of wakefulness and learning there is an increase in widespread synaptic

strength and a subsequent increased energy requirement. While some circuits
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containing pertinent information are strengthened during sleep, net synaptic strength
is downregulated during the down-time provided during quiet sleep when there is a
disconnection from the environment. This resetting of synaptic strength facilitates an
environment for subsequent new learning (276) Developmentally, sleep onset

changes from AS to QS by 4-5 weeks post-term. (274)

Discontinuity is described as relatively higher amplitude bursts of activity that alternate
with intermittent periods of discontinuous activity or inter-burst intervals ie. <25 pV on
EEG channels. Discontinuity may be pathological i.e. associated with hypoxia
ischaemia encephalopathy in the term born infant or as a normal pattern in the preterm
infant EEG known as tracé discontinu. An increase in burst duration and a decrease
in the inter-burst interval (1BI) occurs with advancing GA and is a measure of neuronal
maturation. An alternating pattern of high voltage (50-150uV) mixed frequency activity
= 3 seconds separated by an inter-burst interval or period of hypoactivity (lower-
voltage activity which may be greater than or equal to 25 pV) on all EEG channels is

termed trace alternant. (271, 277) (Figure 1.21, A and B).

Duration of IBI's appropriate to GA include up to 60 seconds amongst preterm infants
23-27 weeks GA, <30 seconds @ 28-29 weeks GA, <20 seconds@ 30-31 weeks GA,
<10-15 seconds@32-34 weeks GA and <10 seconds@ 35-36 weeks GA.(13, 273)
This decrease in IBI duration with advanced GA is in itself an indicator of
neurodevelopment and has a positive association with cortical folding and normal
cortical function.(278) Prolonged periods of quiescence or longer IBI were associated
with reduced total brain volume at term.(279) IBI's will be discussed in greater detail

in Chapter 5.
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Figure 1.21 EEG activity during quiet sleep. The black horizontal line on raw EEG equates to 1 second of
recording, the black line on aEEG equates to 1 hour of recording. Fig 1.21a Infant 36+3 GA at birth and recorded
at -36+5 weeks PMA (Day 3 of life). EEG recording during QS — trace Discontinu pattern. The IBI of <5 seconds is
within the normal range. Fig 1.21b Infant 33+6 weeks GA at birth and recorded at 35+5 weeks PMA (Day 13 of
life). EEG recording during QS — trace discontinu pattern. IBl of >10 seconds (13 secs indicated by a broken line)..
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1.5.3.2 Active sleep

Active sleep (AS) is a precursor of rapid eye movement (REM) sleep.(Fig 1.22) REM
sleep has been identified in the fetus at 23 weeks GA but becomes more frequent
between 24-40 weeks GA with variability noted amongst infants.(280) Sleep onset
commences with AS in the newborn infant. As the dominant sleep state of the preterm
infant during early brain development, AS with REM provides an endogenous source
of stimulation i.e. neuronal discharges unrelated to the environment, facilitating axon
growth, neural network maturation, establishing new connections/synapse formation
and facilitating synaptic plasticity and overall normal healthy development of the
central nervous system.(281, 282) This specifically relates to emotional, motor,
psychosocial development (283) and sensory system development including visual,
auditory, somaesthetic, olfactory, and limbic systems, as well as development of the
hippocampus, pons, brainstem, and midbrain. A reduction in AS and reduced synaptic
activity in the preterm infant may reduce the efficiency of information transmission,
potentially leading to sensory motor issues and decrease overall brain volume.(284,
285) One such example includes the impact of AS deprivation on the connection
between retinal ganglion cells and the lateral geniculate nucleus. Hence REM sleep

deprivation, may result in underdevelopment of the central visual system.(286).
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Figure 1.22 EEG recorded during AS. Infant 35+4 weeks GA at birth and recorded at 35+6 weeks PMA (Day 9 of
life). Continuous mixed frequency activity is evident with low to medium amplitude and irregular respirations
may be observed. The black horizontal line on raw EEG equates to 1 second, black line on aEEG equates to 1

hour of recording.

AS phase is the dominant sleep state in MLP infants with its duration gradually
decreasing with advancing gestational age. (260) During AS the EEG displays a mixed
frequency low to medium amplitude activity with a predominance of delta and theta
waveforms. (273)(Figure 1.22). REM activity associated with AS will be described in
section 1.5.3.2 (206, 287, 288) A higher degree of importance is placed on AS and
REM activity in comparison to wakefulness with regard to supporting neural activity-
dependent sensorimotor development of the preterm infant during early cortical

development (289) .

1.5.3.3. Indeterminate sleep

Indeterminate sleep (IS)(Fig 1.23), a gradual transitional state where an infant

demonstrates behavioural and electrographic features associated with both AS and
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QS and wakefulness as he/she transitions between states. (185, 290) The functions

of IS are non-specific in the literature.

M, |

Resp

Figure 1.23 EEG activity during indeterminate sleep - incorporating low to mixed amplitude high frequency
activity seen in AS and periods of hypoactivity <25uV seen in QS

IS does not fit into either sleep states with an activity referred to as semi-discontinuous

(273) or undifferentiated (291)

1.5.4 Behaviour classification of sleep

We cannot physically observe fetal sleep. However, fetal movements (observed with
ultrasound) and fetal heart rate (recorded on cardiotocograph) may be considered
surrogate features of sleep states.(Table 1.4) A change in both indices may be
associated with change in sleep state. From 30-31 weeks GA both eye and body

movement along with respiratory rate become increasing concordant with changes in
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EEG state.(13) Behavioural features observed during AS, QS, IS and wakefulness

include:

In AS there is a range of motor activity of both upper and lower limbs and occasional
sucking movements with abrupt rapid eye movements (REM)/eye rolling (Table 1.5).
Infants may grimace or smile and exhibit periodic groaning or crying. Respirations

become shallow and irregular with an increase in heart rate variability.(206)

In QS there is no REM activity seen. An atonic level of tone is evident, and the infant
is more difficult to rouse. Motor activity is restricted to occasional startles and breathing
and heart rate becomes more regular and slower that AS. In IS behaviours and
respirations of each sleep state may occur which may include brief periods of eye
opening as the infant transitions between states. Wakefulness may be expressed as
guiet wakefulness, infant's eyes may be open but remains motionless, regular
respirations and heart rate with EEG activity similar to that during AS or alternatively
as actively awake with eyes open, gross motor movement or upper and lower limbs,

unsettled, crying, irregular respirations and an increase in heart rate.

69



Table 1.4 Behaviour observations and background EEG and aEEG activity during each sleep state

Active Sleep (AS) Quiet Sleep (QS) Indeterminate Sleep (IS) Wakefulness
Behaviour Eyes closed, may open slightly, +/- REM Eyes closed-no eye movement Periods of opening/closing eyes Eyes open
Range of intermittent sporadic motor activity Infant lying still / atonia Slow eye movements May be quiet, still or active
- Low motor activity +/- Myoclonic twitching May have some mouth/ sucking motion Slow startles Fussing or crying
High intensit ross motor
- Upper and lower limb movement May have slight startle, jerk Intermittent sucking & v 8
movements
. . . o Irregular respirations with
Occasional sucking movements More difficult to rouse Regular respirations
movement
Quiet and low muscle tone between movements Respirations slower, more regular than AS Variable irregular heart rate
Irregular shallow respiration, variable heart rate Decreased heart rate variability than in AS
EEG activity Continuous activity above a threshold of 25uVv Periods of discontinuity evident in QS Similar to AS in quiet wakefulness

Less than 3 seconds voltage attenuation <25 pV
mainly high frequency >8 Hz, low/mixed amplitude (30-70 pV)

Artefact with movement

High amplitude bursts 50-300 pV, minimum 3 secs

Inter-burst intervals decrease with advancing PMA

Artefact with movement

Continuous activity high voltage (100-

200 uv)

Mixed continuous activity

Increased artefact with movement

Duration increasing with

advancing age

aEEG activity

Lower amplitude represented by narrower portion of band

Normal: a lower margin >5 uV and upper margin > 10 uv

High amplitude represented by wider portion of
band
Lower margin <5 pV in QS

Variable bandwidth

Not discriminated on aEEG

Quiet  wakefulness  displayed
similar to AS
High amplitude activity with

movement

The behaviours identified above are based on the similar themes generated by Curzi-Dascalova(288), Prechtl (287) and Brazelton(292).
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It is difficult to identify the exact timing of onset of AS and QS sleep states through
behavioural observation alone in a preterm infant, due to frequent body movements
associated with prematurity and rapid alterations between states.(293) Visual
observation of respiratory state is a valuable characteristic for scoring sleep stage in
the newborn.(185) In a study by Stefanski et al which designed a system for identifying
sleep states in term and preterm infants there was a lower level of agreement of 77.6%
in identifying sleep states based on behaviour pattern in comparison to an 87.4%

agreement of sleep state based on EEG patterns.(294)

1.5.5 Sleep maturation

The normal ontogeny of sleep follows a specific, pre-programmed process that begins
in utero. As the brain matures changes occur during identified time windows
throughout infancy with more subtle changes occurring throughout childhood and into
adulthood. Hence the background of the EEG evolves with advancing GA.

Sleep-wake cycling (SWC) refers to transitions between the neurophysiologic states
of AS, QS, IS and wakefulness(W). Sleep changes developmentally undergoing

guantitative and qualitative changes with advancing age.

1.5.5.1 Sleep wake cycling

Sleep cycling is influenced by GA, becoming well defined on EEG from 30-32 weeks
GA (295)(Figures 1.18 -1.20). Varied definitions of a sleep cycle are evident in the
literature. Bourel-Ponchel et al. define a sleep cycle as a period of sleep that
commences from the end of post-waking AS to the end of the next AS period without
awakening,(179) whilst Korotchikova et al. identified a sleep cycle as complete if it

lasted from the onset of QS/AS through a required period of AS/QS (and IS if present)
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to the onset of the next QS/AS phase(296). However, as the MLP infant commences
sleep in the AS phase, for the purposes of uniformity in the onset of monitoring, we
defined newborn sleep cycling as commencing with an AS phase which transitions to
and completion of a QS phase without interruption. A complete sleep cycle may end
in wakefulness or the infant may enter another phase of AS. Sleep cycling is readily
identified on aEEG as fluctuations in the width of the trace but AS and waking are

difficult to differentiate due to similar appearance (Described in section 1.3.5.6.)

Kidokora et al presented a simple view of a SWC in the term infant by identifying four
different patterns of EEG background activity in one sleep cycle which are seen at
term in healthy infants.(297) AS is divided into AS1 and AS2. AS1 is a mixed frequency
activity and precedes QS. AS2 is a low-voltage irregular (LVI) activity following QS.
Transitioning into QS there is evidence of a brief period of high-voltage slow wave
(HVS)(QS1) followed by diffuse high-voltage bursts of 100 to 150 pyV alternating with
attenuated activity of 25-50 yV termed trace alternant (QS2)(Figure 1.29). However,
the course of cycling from AS to QS and wakefulness is also impacted by physiological

and environmental factors which may interrupt and fragment sleep (230, 298)

An environment that supports the preservation of sleep cycling will strengthen sleep
architecture, support optimal physiology, neuronal growth, connectivity and provide
the scaffolding for future higher-order functions and normal neurodevelopment as the
infant grows toward adolescence and adulthood.(190, 267) Established SWC’s are
necessary for optimal growth, normal neurosensory and cortical development. (299,

300) Sleep cycling is a surrogate marker of neurological wellbeing. (301, 302) Delayed
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onset or disrupted cycling is associated with neurological dysfunction. (5, 300, 303,

304, 305)

More mature cycling had been described amongst very preterm infants at the same
corrected GA as infants born at a later GA. This suggests a more mature sleep
organisation with advancing chronological age. (306, 307, 308) Sleep cycles are
shorter in preterm infants which increase in duration with advancing GA but a wide
range in cycle duration is evident. (179, 271) Based on a collaborative review Tsuchida
et al.described the duration of a sleep cycle for infants <35 weeks PMA as 30-50
minutes, which increases to 50-65 minutes after 35 weeks PMA (271). Scher et al.
described findings comparing preterm-infants (29-32 weeks GA at birth)( n=18) and
found that preterm born infants had longer sleep cycles (70 mins versus 53 mins) and
a higher percentage of QS suggesting more mature sleep state organisation.(309)

This will be further discused in Chapter 4.

1.5.5.2 Sleep state organisation

The preterm infant who fails to achieve mature sleep organisation appropriate to GA,
have shown lower scores on neurodevelopmental scales at 9 months but this did not
persist at 18 months. (303) A neurological condition and poor clinical wellbeing may
affect the development of sleep cycling (e.g. HIE) whilst medications (morphine or

phenobarbital) may suppress cycling.(310)

The architectural organization of sleep refers to the coordination of AS, QS, IS and
wakefulness. Changes in sleep occur developmentally with advancing GA (Figure

1.24). Whilst the very preterm infant may sleep up to 90% of the day this decreases to
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70% by term GA. Changes in sleep organisation include an increase in QS, a decrease
in AS, a decrease in IS and an increase in wakefulness.(274, 311, 312, 313) Changes

in the organisation of AS also occur overtime with an increase in REM activity.(206)
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Figure 1.24 Changes in sleep organisation that occur with advancing GA. (197)(permission for use received)

Video EEG (VEEG) with polygraphy is currently considered the gold standard for
identifying sleep states. This may be further facilitated through automated sleep

detection algorithms which will be discussed in Chapter 5.

Overall sleep duration alters with GA (308) and correlates with measurable structural
changes in the brain.(314) Similar sleep states are evident between and within similar
GA groups. Infants with medical conditions that require oxygen for prolonged periods,
or with inborn errors of metabolism and altered metabolism may have disrupted

cycling, showing a decrease in AS and increase in QS. (315) Infants with neonatal
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abstinence syndrome generally exhibit prolonged periods of wakefulness and
increased sensitivity to noise and light which fragments sleep and disrupts sleep

cycling.(274, 316, 317).

Mirmiram describes the normal progression in preterm sleep pattern to include an
increase in the duration of wakefulness, decrease in IS, increase in QS whilst the
duration of AS remains the same with advancing age.(195).In a review of unobtrusive
sleep states in preterm infants, Werth et al. concluded that AS decreases from 28 to
30 weeks, plateau’s for approximately 4 weeks until 34 weeks GA before decreasing
again toward term GA, whilst QS increases until 34 weeks but then starts to decrease
with advancing GA (Table 1.5).(258) Dereymaeker et al. also concluded that QS slowly

increases with advancing GA. (13)

Table 1.5 Alteration in the percentage of active and quiet sleep unique to each GA group

% Active % Quiet
GA in weeks sleep sleep

29-30 80 20
30-32 32 64
32-34 22 64
34-36 38 64
36-38 35 58
38-40 32 55

Data derived from Werth et al (258)

Scher et al. compared preterm infants (29-32 weeks GA at birth)(n=18) to that of term
infants (n=18) at term corrected GA. Preterm infants had a higher percentage of QS
suggesting more mature sleep state organisation. (309) However, not all research

supported a notion of accelerated brain maturity in preterm neonates. At term PMA,
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Hoppenbrouwers et al. described a higher percentage of AS amongst infants born
preterm in comparison to term-born infants which may reflect the importance of AS in
brain development and plasticity.(318) Sleep architecture will be further investigated

and discussed in Chapter 4.

Information pertaining to medications, montage used and environmental factors that
may cause undue artefact on EEG are necessary in determining if EEG is appropriate

for GA.

1.5.5.3 Normal transient features seen on EEG in premature infants

uniqgue to GA

As well as changes in continuity and sleep cycling, there are also a number of unique
transient waveforms seen during certain developmental periods from prematurity to
term. Dysmaturity of the EEG of a preterm infant is difficult to ascertain as normal EEG
ranges in the preterm infant are more variable than that of the term infant. Not all
preterm EEG activity is unique to a specific age, nor do we know the relevance of
some waveforms.(269) Normally features of the neonatal EEG evolve in parallel with
brain maturation and are uniquely associated with GA.(14) The presence of rhythms
and activity outside the normal range for GA may be associated with long-term

adverse developmental outcomes.(319)

A normal MLP EEG may show occasional sharp waves originating in different regions
of the brain (particular to the developing cortex) which are considered normal in the

preterm infant.(14, 320) Transient waveforms of prematurity relevant to the MLP infant
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period include; Delta brushes, Frontal Transients such as Encoche Frontales, Slow
Anterior Dysrhythmia (SAD), Premature Temporal Theta (PTT) and Sharpened Theta
on the Occipitals of Premature infants (STOPS), as described by Pavlidis et al and

Andre et al, and will be discussed further below .(14, 321) (Figure 1.25).
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Figure 1.25 Summary of maturation of preterm EEG features by Pavlidis et al.(14) .

Key: AS, active sleep; QS, quiet sleep; AW, active wakefulness; QW, quiet wakefulness; STOPS, Sharp theta on
the occipitals of premature infants; PTT, premature temporal theta; SAD, slow anterior dysrhythmia; GA,
gestational age.

77



1.5.5.3.1 Delta brushes
The most recognisable transient activity and a hallmark of preterm EEG are delta
brushes the incidence of which peaks at 34-35 weeks PMA(322). Delta brushes are
slow delta waves (1-2 Hz) with an amplitude of 100-200 uV with superimposed high-
frequency rhythmic spindle like alpha or beta activity of 8-25 Hz (41, 273)(Figure 1.26).
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Figure 1.26 Delta brushes. A characteristic feature of the preterm EEG. Circled as seen by
slow-wave delta activity superimposed high-frequency activity
Delta brushes can occur spontaneously or can be induced by sensory stimuli and are
involved in fine tuning the topographic organisation of sensory areas.(323)The peak
frequency of superimposed activity is 16-20 Hz between 32-35 weeks PMA falling to

10-15 Hz from 36 weeks PMA (322). Delta brush activity occurs in both AS and QS
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(more dominant in QS of the MLP) with the fast frequencies most frequently appearing
in the ascending arm of the delta wave (14). Whilst predominantly evident centrally
from 28 weeks GA(202), and in the temporal region between 30-34 weeks, by 36
weeks they have decreased and more evident in the occipital areas until term
equivalent age and generally disappear by 38-42 weeks PMA. (324) The bursts of
activity have a significant effect on brain maturation of preterm infants who have limited
periods of wakefulness.(314, 325) Holmes and Lambrosco propose that the absence

of delta brushes is an indication of neurological compromise and poor prognosis (326)

1.5.5.3.2 Encoche Frontale
Encoche Frontale are distinct biphasic frontal sharp waves with an initial negative
deflection followed by a positive deflection with amplitude varying from 50 and 200uV
lasting 0.5 to 0.75 seconds(327, 328)(Figure 1.28). They can be seen bilaterally or

unilaterally and more frequent in quiet sleep from 35-44 weeks GA. Andre identified

this as a feature of normal healthy maturation (321).
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Figure 1.27 Encoche Frontale on preterm EEG showing symmetrical sharp activity in frontal region. Black
horizontal line on EEG indicates 1 second of EEG activity
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1.5.5.3.3 Slow anterior dysrhythmia

Slow anterior dysrhythmia(Fig 1.28) is a maturational pattern that may be seen in late

preterm and near term infants (evident from 34-44 weeks GA but peak between 36-40

weeks GA).This pattern is characterized by short runs of rhythmic, high amplitude (50-

100 pV) slow delta activity of 1-3 Hz, over the frontal regions(329).

Figure 1.28 Slow anterior dysrhythmia over frontal regions

1.5.5.3.4 Premature temporal theta

Premature temporal theta (PTT)(Fig 1.29) is a feature of early prematurity, peaking at

29-31 weeks, disappearing from AS at 32 weeks and QS near term GA(327). Usually

the pattern is found independently on both temporal areas, but with a right-sided

preference. Pavlidis et al describe this activity as runs of rhythmic theta activity of 4.5—
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6 Hz, usually bilateral, often asynchronous.(14) The absence of PTT or diminished

PTT is associated with neurological or non-neurological (medical) conditions.(330)

. Figure 1.29 Premature Temporal Theta

1.5.5.3.5 Sharpened Theta on the Occipitals of Premature infants (STOPS)

STOPS(Fig 1.30) are similar to PTT activity but faster in frequency, lower in amplitude
and are predominately unilateral in the occipital area. (327, 331) The highest incidence
of STOPS is evident in very preterm infants at 25 weeks GA (14) and are less

prominent after 28 weeks. (331)
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Figure 1.30 Sharpened Theta on the Occipitals of Prematures.

1.5.5.4 Synchrony

Synchrony of activity refers to the timing of appearance of waveforms between
hemispheres, especially evident during the discontinuous periods of the neonatal
EEG. (332) EEG bursts during quiet sleep are considered synchronous if less than
1.5 second separates the onset of the burst between the two hemispheres.(269)
Location and synchrony of activity alter with maturity and advancing PMA. Before 30
weeks paradoxical hypersynchrony predominates as activity is primarily driven by the
thalmus. From 30 weeks there is an increase in asynchrony until 34 weeks when
synchronicity re-emerges with the development of the Corpus Callosum. After 36
weeks asynchrony decreases and it is not normal for this feature to be present at term

age.(333)

82



1.5.5.5. EEG artefact

Physiological sources of artefact include, but are not limited to, eye movement, jaw
movement, sucking, head movement, muscle activity, respiratory movement, sweat
and ECG and pulse artefact. Handling/movement artefact is shown on Figure 1.31 as
erratic high amplitude activity .Patting appears as rhythmic like activity which the video
will confirm. Sources of artefact where possible should be removed or minimised to

support accurate interpretation of EEG activity.
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Figure 1.31 Movement artefact. The black horizontal line on raw EEG equates to 1 second of recording, the
black line on aEEG equates to 1 hour of recording
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1.5.6 Amplitude integrated EEG (aEEG)

Amplitude integrated EEG (aEEG)(Fig 1.32) is derived from conventional EEG and is a
simplified compressed trend of EEG amplitude that uses a limited number of channels.
The EEG signal is filtered with a bandpass of 2 Hz to 15 Hz, rectified, processed and
displayed in a time-compressed semi-logarithmic scale. The band produced has values
for upper and lower margins that represent the minimum and maximum EEG amplitude
over time. The semi logarithmic scale is a linear form 0-10 uV then logarithmic from 10-
100 uV (334) to attenuate the influence of high amplitude movement artefact. aEeG
provides an easily interpretable visual trend of EEG activity providing broad information

on sleep states(335, 336) and sleep-wake cycling (337).
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Figure 1.32 Amplitude integrated EEG (aEEG) derived from the raw EEG
EEG signal that is filtered, rectified, processed, and displayed on a time-compressed scale

A single interhemispheric bipolar aEEG recording may include central (C3-C4) or
parietal (P3-P4) electrodes, or one channel on each hemisphere i.e. centro-parietal
electrodes (C3-P3, C4-P4) or front-central electrodes (F3-C3, F4-C4). Positioned as

per the international 10/20 system of electrode placement.(319)
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Cyclic variations or sleep state alterations are identified on aEEG from 30-32 weeks GA
as sleep architecture emerges.(275, 307, 338) The narrow areas of the aEEG trace
represent the more consistently lower amplitude activity that occurs in AS and
wakefulness(W) whilst the wider sections of the aEEG represent the alternating higher
voltage bursts of activity followed by periods of quiescence or discontinuity that occur in
QS of the preterm infant (Figurel1.33). Research findings support the prognostic value
of aEEG in assessing general neurological wellbeing and in determining the long-term

outcome of both the term and preterm infant (339, 340).

31

E

Fp3-C3

Figure 1.33 Over 6 hours of aEEG recording of a preterm infant of 34 weeks birth GA, recorded at 36 weeks PMA.
Recording displays 4 QS periods (within green boxes) and periods of AS (identified by purple brackets) displayed on
semi log-rhythmic scale. The narrower portion of aEEG represents the relatively low amplitude and higher frequency
activity that occurs in AS and wakefulness (indicated by black circles). The wider band of aEEG represents the bursts of

high amplitude activity that occur in QS.

Originally referred to as a cerebral function monitor (CFM), amplitude-integrated EEG
(aEEG) has a greater presence than EEG in the neonatal unit due to ease of application
with limited electrodes and a trend that is easily interpreted with minimal cot-side
education. aEEG provides a general overview of EEG activity easily interpreted and
especially valuable for the identification of sleep cycling.(297, 338, 341) Seizure activity
on aEEG may be seen as an upward deflection of the trace. There is however a reduced
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sensitivity of the aEEG to seizure detection, as seizures of short duration may not be
seen, aEEG channels may not cover the area of a focal seizure and artefact such as

movement may cause similar deflections and be misinterpreted as seizure, (342)

1.5.6.1 aEEG scoring and classification systems

aEEG classification and scoring systems have been developed to measure brain
activity and maturation. A system based on pattern classification (voltage) was
proposed by Toet et al(343) and by Al Nageeb.(344) In the voltage method, a normal
term and near term aEEG trace displays a lower margin >5 pV and an upper margin
>10 pV. A moderately abnormal aEEG displays a lower margin <5 pV and upper
margin >10 pV. A severely abnormal aEEG has a persistent low voltage with lower

margin <5 pV and upper margin <10 pV. Both systems are summarised in Fig 1.34.
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Figure 1.34 Combined representation of aEEG voltage and pattern recognition systems by Toet(343) and al
Nageeb(344) From Thoresen et al(345) (Permission for use received)

1.5.6.2 Continuous EEG (cEEG) versus amplitude integrated EEG (aEEG)

Although EEG has been recommended as the gold standard for identifying neonatal
seizures by the World Health Organisation and the American Clinical Neurophysiology
Society, it's use in neonatal units is limited.(346, 347) In a survey of neonatal units
(n=25) in Canada, 92% of neonatologists reported using continuous EEG, however
significantly more neonatologists favour the use of amplitude integrated EEG (aEEG)
alone or in combination with cEEG.(348) A survey of neonatologists in China (n=251)
found the only 64% used EEG and 78% used aEEG. A UK survey of NICU'’s (n=57)
reported that only 4% did not have access to some form of EEG monitoring (aEEG or
conventional EEG) with 46% having access to out of hours formal EEG
monitoring.(349) An lIrish national neonatal unit survey (n=18) reported that 5 units
used aEEG which included all level 3 neonatal units and 75% of level 2 units
(n=4)(350). Across all surveys, barriers to implementing EEG in neonatal units include

cost, access to technology, lack of education and expertise in interpreting recordings.

1.5.7. Conclusion

Despite advances in neonatal care there is still a great deal we do not know about
sleep. In the last few years there has been much research published about the
importance of sleep, the environmental impact of the NICU along with measures we
can take to support sleep in the NICU. However, much of the research has been based

on behaviour observation alone which has some limitations.
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The methods used to monitor sleep in this thesis combine subjective and objective
measures using gold standard continuous EEG with video. EEG is a reliable bedside
tool that has excellent diagnostic and prognostic properties. Unfortunately, the real
time availability of expert neurophysiologists to interpret EEG is more the exception
rather than the rule. A quantitative approach to analysis of EEG replaces the need for
expert and subjective interpretation by a computer-based objective interpretation

which will accurately identify, classify and interpret the background EEG activity.

Methods used to record and interpret EEG during sleep will be described in Chapter

2.

Developmental assessments are used to identify infants with a developmental delay
or at risk of adverse outcome. Despite the healthy MLP infant requiring minimal
support in the neonatal unit they have at high risk of adverse development. The
Griffiths Il assessment may also considered a gold standard method of scoring
development. Further information and methods used in assessment will also be

described in Chapter 2.
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Chapter 2

Methodology

Methods used in this chapter for EEG monitoring have been published

(Appendix V)

2.0 Introduction

| conducted a prospective cohort observational study of moderate to late preterm
(MLP) infants who had overnight continuous multichannel video-EEG monitoring
performed at 36 weeks post menstrual age (PMA) and follow up developmental
assessments conducted at 4 months and 18 months PMA. This chapter will describe
the general methodology of this thesis and sub-studies contained within. The content

includes research setting, participants, recruitment and informed consent, data
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collection/management, education/training, procedures to which infants were

subjected, EEG analysis, retention strategies and statistical analysis.

2.1 Research setting

Figure 2.1 Cork University Maternity Hospital

This was a single centre study in the neonatal unit of Cork University Maternity Hospital
(CUMH)(Fig 2.1), and the Infant Centre research facility, UCC between 2017-2019.
CUMH is the largest maternity hospital outside the country’s capital with approximately

7500 births per annum.

The neonatal unit is a 36-bed facility close to the delivery suite and theatre.(Fig 2.2)
This unit provides tertiary level care for infants born in CUMH and transfers (in utero
or at birth) from smaller provincial hospitals in southern Ireland. As a designated
therapeutic hypothermia centre, nursing and medical staff are familiar with caring for
infants on continuous video EEG, whilst a research support team is responsible for the
application and maintenance of recordings and all clinical recordings are reviewed by

a consultant clinical neurophysiologist.
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Figure 2.2 The neonatal unit incorporating Neonatal intensive care area (A), High dependency area (B) and a
single room in special care are (C).
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The INFANT centre is a research centre focused entirely on pregnancy, birth and early
childhood. The centre is committed to improving maternal and child health, hence our
research priorities lie in these areas. The centre team comprises primary Investigators,
researchers, a research support team, postgraduate students and a multi-disciplinary
team who implement and support our research. The centre is located in the Paediatric
Academic Unit, Department of Paediatrics, Cork University Hospital. The facilities at

INFANT include:

e INFANT Early life lab where children return for clinical follow up and
neurodevelopmental follow up assessments with facilities that include EEG
telemetry, high-resolution eye-tracking, heart rate variability assessments and
near infra-red spectroscopy monitoring during multiple assessments of infants
and children.(Fig 2.3)

e A data hub that provides the infrastructure to support physiological, cognitive
and developmental assessments and data storage, curation and analysis for
children participating in INFANT research.

e Infant Biobank which stores thousands of biological samples that have been

collected for over a decade of research.

An INFANT research priority of particular relevance to this study includes sleep and

exploring ways of enhancing the long-term wellbeing and development of children.
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Figure 2.3 INFANT early life lab, INFANT centre, Cork University Hospital

2.2 Ethical Approval

Ethical approval was sought from the Cork Research Ethics Committee (CREC) prior
to the commencement of the study. As per hospital policy, local approval of the South-

South West hospital group was also required and obtained (Appendix 1).

2.3 Participants

This study focused on MLP infants (identified as those born between 32-36+6 weeks
gestation) who required admission to the neonatal unit. Gestation was based on the
first day of a mothers last menstrual period and confirmed scan in early pregnancy. In
the case of a discrepancy, the expected date of delivery (EDD) was based on an

ultrasound scan report.
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A healthy term control (TC) group of infants who had a Griffiths assessment at 4
months and 18 months were used as a comparative group in this study (chapter 6).
These infants were a part of the non-intervention group that participated in the
BabySMART study which was an arm of a study called ENRICH

(https://clinicaltrials.gov/ct2/show/NCT03381027?term=enrich&cntry=IE&draw=2&ra

nk=9) a randomised controlled trial to investigated the effect of parent-led
massage.The TC infant group were born in CUMH and cared for by mothers on post-

natal floor before discharge home.

2.4 Inclusion/ Exclusion criteria

SLEEPi had very clear inclusion and exclusion criteria (Figure 2.4/ Fig 2.5). Infants
were included if, according to the electronic health record (EHR) and following
discussion with clinical team, there were no concerns regarding the neurological status
of the infants, or congenital/chromosomal concerns. Visual inspection of the infant’s
head was performed to confirm the skin integrity of the scalp was intact. All parents of
infants who satisfied inclusion criteria irrespective of infant’s gender ethnicity or from

a single/multiple pregnancy were invited to participate.
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Inclusion criteria

>32wks or < 37 weeks

No actual or suspected chromosomal
abnormalities

Skin integrity on the infant’s head
maintained

Understanding oral/written English
Clinically stable with parental consent

Exclusion criteria
< 32 weeks or >36+6 weeks
Actual or suspected chromosomal abnormality,
clinically unstable
Reduced skin integrity on the infant’s head
Poor understanding of English, declined
consent

Figure 2.4 SLEEPi study Inclusion and exclusion criteria for the moderate to late preterm (MLP) infant group

Inclusion/exclusion criteria for the non-intervention TC group to which outcome was

compared are presented in Figure 2.5 below.

Inclusion criteria
= 37wks birth GA

Mo actual or suspected
chromosomal abnormalities or
metabolic disorders

Mot admitted to NNLU
Singleton birth
Parental Consent

Exclusion criteria
<37wks birth Ga

Actual or suspected chrosomal or
metabolic disorder requiring
ongoing care

Poor understanding of English,
Multiple birth/ Admitted to NNU

Declined consent

Figure 2.5 Inclusion /exclusion criteria for the non-intervention term control (TC) group
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2.5 Informed Consent

Contact was made with the nurse caring for the infant to ensure appropriate timing of
approach for consent. | also ensured that parents had a good understanding of English
and there were no other extenuating medical/social circumstances that may delay
approach or exclude the infant from potential participation. Consent was sought as per
good clinical practice (GCP) ICH GCP E6 (R2) guidelines and data was recorded

following General Data Protection and Regulations (GDPR 2016/679).

Parental consent for participation in SLEEPi also included consent for access to
maternal and infant electronic health records (EHR) (electronic records were
introduced to the hospital prior to commencing this study) (Appendix 2). A Patient
information leaflet (PIL) was provided to parents detailing the study (Appendix 3). If
parents agreed verbally, the researcher returned the following day, at which time
parents were given an opportunity for further discussion and to ask questions they
may have relating to procedures and follow up. If parents wished to participate a
unique study ID number was assigned a consent form was provided and mother alone
or both parents/guardians were asked to read, sign and date after which it was

returned directly to the researcher.

Obtaining valid informed consent in the emotionally charged high tech environment of
the neonatal unit can be challenging at times. Obtaining consent for this observational
study that required EEG (which many parents had never encountered) further
challenged recruitment. Identifying the timing of parental approach was key to

obtaining consent for participation.
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2.6 Data collection

Data collected including both demographic and clinical data which was pseudo
anonymised with a protocol unique study ID number. A database was generated on a

secure UCC server (CEREBRO) incorporating the following data for each participant:

Maternal demographic information recorded included: EHR number, date of birth,

marital status, medical/ surgical history, recent and previous obstetrical history, twin/
multiple pregnancy gravida, parity, mode of delivery, smoking status, medications

prescribed during pregnancy.

Infant data generated from EHR included: birth gestation, gender, weight, head
circumference and mode of feeding (oral or via nasogastric tube), Apgar score, the
reason for preterm delivery, medications given (including caffeine and antibiotics),
respiratory support required (if any), requirement for phototherapy, and any
complications throughout the stay in the neonatal unit. Additional data was also
generated including date of EEG recording, postmenstrual age (PMA) (i.e.birth
gestational age (GA) plus chronological age), mode of feeding, medications (if any),

weight and location of monitoring (cot/incubator).

Data generated in follow up appointments included anthropometric measurements,
any medical history to date including any illness/hospitalisation required, and any
maternal concerns. Griffiths Ill assessment at 4 month and 18 months PMA also gave
rise to a large volume of data relating to scores achieved in each subscale of

development.

2.7 Data management

97



All data generated was stored and maintained as per Good Clinical Practice (GCP) -
ICH GCP EG6 (R2) and General Data Protection Rules (GDPR 2016/679). Digital data
was stored on a secure UCC drive. A site file was maintained with each participant’s
paper records identified using a unique study ID number. Records included consent
forms, records of follow up appointments, completed Griffiths Ill developmental
assessment books and written reports by the assessor. The site file was stored in a

folder, in a locked cabinet in a swipe accessed secure research room.

2.8 Education and training

e For the neonatal unit staff:
Brief informal information sessions were provided individually or small groups of staff
about the study and its background. My contact details were posted on the neonatal

unit notice board for any queries.

e For the researcher

Continuous group and individual presentations and informal cot side education
sessions were provided by Dr Sean Mathieson, Professor Geraldine Boylan and the
INFANT team. Monthly INFANT seminars and in-house weekly presentation/ journal
club provided experience in public presentations. Education and training in the
recognition of sleep specific states, sleep-wake cycling in the preterm versus term
infant and identification of abnormal EEG/aEEG recordings took place before the
commencement of this study. Training of the researcher in the clinical application of
EEG as per a standardised protocol for the application of a reduced neonatal montage

EEG was provided by Dr Sean Mathieson. This ensured minimal variability in the
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technique used in EEG applications. This training has also paved the way for the

researcher’s involvement in future studies requiring EEG monitoring.

2.9 Procedures to which the infants were subjected

Participation of MLP infants in the SLEEPI study required infant participation at three
specific time points including:
e Pre-discharge overnight EEG
e Follow up Griffiths Il developmental assessment 4 months PMA and a full head
sleep EEG (nap time)

e Follow up Griffiths lll developmental assessment 18 months PMA.

Participation in the TC group required:
e Follow up Griffiths Il developmental assessment 4 months PMA and a full head
sleep EEG (nap time)

e Follow up Griffiths lll developmental assessment 18 months PMA follow up

2.9.1 Pre-discharge EEG for the MLP infant group

All included infants had overnight video EEG (VEEG) monitoring performed by MAR
before discharge from the neonatal unit or at 36+6 weeks gestation (whichever came
first). All studies followed a standardised protocol. For the most part, recordings were
made using Lifelines iEEG machines (Lifelines Neuro, Woking, United Kingdom) (Fig
2.6). When a lifelines machine was not available the NicoletOne EEG monitor was

used (Natus, USA). Both systems could be accessed remotely and displayed both
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conventional EEG and amplitude-integrated EEG (aEEG) on the screen. Standard
operating procedures in keeping with hospital and manufacturers infection control

policy were adhered to in cleaning and maintenance of machines.

Figure 2.6 Lifelines machines used to record EEG at 36 weeks PMA and 4 months PMA

The timing of electrode application was agreed in coordination with the clinical team,
parents and feeding regime, EEG recordings commenced between 17:00 hours and
20:00 hours and discontinued the following morning between 07.30 hours and 10.00
hours. All equipment required was prepared on a tray before arrival to the cotside of
the infant (Figure 2.7). Rubbing the skin with a cotton tip stick and Nu-prep gel
prepared the skin for electrode application. This served to remove residue or dead

cells on the scalp, ensuring good electrode contact and low impedance, reducing
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electrical noise on the recording. A water-soluble conductive fixative paste (Ten20TM,
Covidien) was used with the primary purpose of conducting an electrical signal. Mefix
tape (2.5 cms) and a cotton adjustable hat were also used which aimed at reducing
electrode displacement overnight. Single-use disposable surface gel electrodes
(Ambu Neuroline 700) of 100cm or 150 cm in length were used in this study. The
longer lead electrodes facilitated a greater range of movement without handling the
amplifier and more appropriate for breastfeeding mothers. Length of the electrode did

not alter the quality of the EEG recording.

Respiratory Probe \

Adjustable elasticated hat

Fosleads \v
Mefix tape

Sterile cup, spatula and

cotton tipped swab

Neuroline EEG Electrodes

Figure 2.7 Preparation and requirements for EEG application

For appropriate assessment of preterm EEG, recordings used a standardised reduced
neonatal montage or modified version of the standardised international 10/20 system
of electrode placement (351) including electrode placement at positions F3, F4, C3,
C4, Cz, T3, T4, 01, 02, plus a reference (R) applied to position Fz and a ground
electrode (G) placed behind the left ear (Figure 2.8). O1 is applied to the back of the

head 1 cm up from the inion (base of the skull) and 2cm to the left of the midline, O2
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is applied in the same position on the right side. A bipolar montage displaying channels
F4-C4, C4-02, F3-C3, C3-01, T4-C4, C4-CZ, CZ-C3, C3-T3 was used. Activity from
two channels (F3-C3 and F4-C4) of aEEG were simultaneously displayed on the

screen above the raw EEG recording
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Figure 2.8 Reduced neonatal montage used for EEG monitoring.
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Channels incorporated into a neonatal montage are displayed on EEG (Fig 2.9)
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Figure 2.9 EEG screenshot with channels displayed including ECG and respiratory trace. aEEG displayed above
raw EEG on channel F3-C3. Black line on aEEG indicates one hour of recording. Black line on EEG indicates one
second of recording

ECG leads were applied to the left shoulder and right shoulder to monitor heart rate
and to provide a reference channel to aid the identification of ECG artefact on the
EEG. Respirations were recorded using a micro movement sensor (MMS/TP, Unimed,
UK) secured to the abdomen which also provided a reference channel to aid the
identification of respiration artefact on the EEG. All electrodes were connected to the

amplifier (Figure 2.10).
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Figure 2.10 Lifelines amplifier with position of leads inserted corresponding to placements on
infant’s head

e Channel 33 + for left ECG and channel 33 — for right ECG.
e Channel 34 connected the respiration electrode into the + and — sockets

e The headbox was placed in a plastic bag before recording commenced

Time locked video recordings to EEG recordings facilitated visual observation of infant
activity post EEG acquisition. Biological and non-biological artefact was identified and
minimised where possible to ensure clarity of EEG recording and accurate
interpretation. All EEGs were displayed on screen at 3 cm/s and 7uV/mm with a low
pass filter set at 0.5 Hz and the high pass at 70Hz. EEG monitoring commenced when

electrode impedances were < 10 kOhm’s on all electrodes.

All overnight EEGs were reviewed by Dr Sean Mathieson and the researcher for

potential incidental findings.
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2.9.2 Follow up visits

Developmental outcome was determined using the validated Griffiths Il mental

developmental scales (MDS) at 4 months and 18 months PMA.

2.9.2.1 Four months follow up visit

All infants from the MLP and TC groups returned to our dedicated sleep laboratories
in the INFANT Research Centre, Department of Paediatrics, Cork University Hospital
at 4 months for a full head nap time EEG and a follow-up Griffiths Il Mental
development assessment/ scales. All efforts were made to have infants return at the
exact age required, however a +1month leeway for each assessment ensured parental
time constraints, work commitments, and unforeseen circumstances could be

accommodated.

Visits were coordinated by the researcher to suit routine feeding and nap times of the
infans. Additional data generated at each of these visits included up to date weight,
length and head circumference, mode of feeding, if infant had commenced solids, had
any illnesses, hospitalisations or medications, if vaccinations have been given and any

other concerns parents may have had were discussed.

A small group experienced ARCHID (Association for research in Infant and Child
Development) assessors carried out developmental assessments following the same
protocol throughout all assessments. This group was limited to two psychologists and
2 research fellows. Training in the use of Griffiths Il was updated prior to
commencement of the study which aimed to further improve the accuracy of findings

and consistency in scoring. The 4month assessment was carried out whilst the infant
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was positioned sitting facing forward on a parent’s/carer’s knees took approximately.

30 minutes to complete.

A multichannel EEG accompanied by video with additional polygraphy
(electrooculogram, submental EMG, ECG, respiration) to aid sleep state identification
was set up when the infant was feeding (Lifelines machine used). All EEG’s were
carried out by the researcher (MAR) with the initial guidance of Dr Sean Mathieson.
Electrode positioning was made as per the recommended international 10—20 system,
disposable cup electrodes were applied in positions, FP2, FP1, F8, F7, F4, F3, Fz, A2,
Al, T4, T3, C4, C3, Cz, T8, T7, P4, P3, Pz, with a reference and ground electrode
also applied. A bipolar montage was used with channels displayed including F8-A2,
A2-T6, F7-Al, A1-T5, Fp2-F8, F8-F4, T4-T6, T6-02, Fpl-F7, F7-T3, T3-T5, T5-01,
Fp2-F4, F4-C4, C4-P4, P4-O2, Fpl-F3, F3-C3, C3-P3, P3-01, Fz-CZ, Cz-Pz, C4-Cz,
Cz-C3. Screen shot also displays EMG(Chin), ECG, Respirations, EOG (right), EOG

(left) (Fig 2.11).

Figure 2.11 Multi channel EEG at 4 months
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e Two submental electrodes were also applied to chin to monitor EMG tone

e ECG disposable gel electrodes were placed on the posterior aspect of
shoulders

e An easily removeable sponge tape was used to secure a respiratory probe to

abdomen

Bilateral gel electrooculogram electrodes were applied with the right electrode 1 cm
above the outer canthus of the right eye and the left electrode 1 cm below the canthus
of the left eye to acquire both lateral and horizontal eye movements. Infants slept in a

parent/guardian’s arms or in a cot provided until the infant woke spontaneously.

Analysis of data from the 4 month EEG was beyond the scope of this PhD. | did
however partake in analysis and annotation of EEG spindle activity and co-authored

two papers relating to same. (352, 353) (see appendices (viii)) and (ix))

2.9.2.2 18 months follow up visit here

The infants returned again at 18 months PMA for another Griffiths Ill MDS assessment
carried out by the same group of assessors. All infants sat on a chair in front of a table
(parent alongside him/her). This assessment was complete within 60 minutes.
Additional data generated at each of these visits included up to date weight, length
and head circumference, mode of feeding, diet, illnesses or hospitalisations,

vaccinations given and any other concerns parents may have had were noted.
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2.9.2.3 Referral pathway

Within 2-3 weeks following each neurodevelopmental assessment all parents (MLP
and TC group) received a written report by mail. In the event of any concerns or
incidental findings at either time point, a pathway of care was in place (planned prior
to commencement of this study). This included a rapid referral to the Professor of
Neonatology (Professor Eugene Dempsey) for further investigation with further rapid
referral to appropriate services/ department and ongoing surveillance if deemed

necessary.

2.10 Post-acquisition visual analysis of EEG at 36 weeks PMA.

Periods of each sleep state were identified based on visual analysis of EEG activity
(Chapter 1, section 1.5.2), heart rate and respiratory rate/regularity and behaviour
observations (Chapter 1 section 1.5.4). Duration annotations were made for each
phase of sleep by the researcher (MAR), identifying periods of active sleep (AS), quiet
sleep (QS), indeterminate sleep (IS) and wakefulness (W) which supported the
identification of sleep-wake cycles (SWC) and created a sleep profile for each infant.
Periods of wakefulness (spontaneous or interrupted) were identified on EEG and the
reason for same identified through video. A random sample of 50% of EEGs/- recorded
were also reviewed by an experienced neurophysiologist Dr Sean Mathieson to ensure
consistency in sleep state identification. Analysis conducted included those identified

in Chapter 3, 4, 5 and 6.
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2.11 IBI Detection algorithm development

Dr John O’'Toole from the INFANT research centre adapted an algorithm previously
developed to detect bursts and inter-burst intervals on EEG in QS of preterm infants
< 30 weeks PMA for use in the MLP infant group. A random sample of QS epochs in
MLP infants (n=12) were manually annotated by the researcher to train and adapt the
algorithm’s performance in recognising IBI’s in the MLP infant group. The algorithm
provided quantitative analysis of five IBIl features of QS in the MLP infant group. These
measures included IBI length maximum, IBI length median, IBI length IQR, IBI number
and percentage of QS epoch that was an IBI. For each infant, each IBI feature was
averaged across two uninterrupted QS epochs and summary measures were used in
the analysis amongst infants with a normal developmental outcome at 18mths. This

provided descriptive normative data unique to the MLP infant group.

2.12 Statistical analysis

All statistical analysis was conducted under the primary supervision of Dr Vicki
Livingstone, INFANT centre biostatistician, who advised on the appropriate methods
for analysis and reviewed analysis/results. Statistical analysis was performed using
IBM SPSS Statistics (version 25.0, IBM Corp, Armonk, NY, USA). All tests were two-
sided and a p-value<0.05 was considered statistically significant. Continuous variables
were described using the median and interquartile range (IQR) /mean(SD) and
categorical variables using frequency and percentage. Parametric testing was used
for normally distributed data whilst non-parametric testing was used when data were

not normally distributed. Statistical approaches made in data analysis depended on
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the research question which will be described in further detail within each of the

following chapters.

2.13 Strategies used for retention

Once consent was obtained a laminated SLEEPi logo was attached to the cot,
identifying the infant as a study participant(Fig 2.12). In many cases, consent for
participation in the SLEEPI study was obtained days or even weeks before overnight
EEG monitoring. A conscious effort was made by the researcher to have ongoing
engagement with parents in the neonatal unit which served to positively empower
parental knowledge/interest in neonatal research and enhance the parent/researcher

relationship.

z‘

Figure 2.12 SLEEPi logo

Consent to participation in this study also provided permission for the research team
to contact parents by phone following discharge to arrange follow-up appointments.

Calls were made to parents 2 weeks in advance of an appointment date. Text
reminders were also sent the day before the appointment. To limit the burden on

parents, SLEEPI follows up appointments were carried out the same day as routine
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follow clinical appointments if possible. Parents/guardians were also given a contact
number for the researcher should they need to cancel/ reschedule an appointment. All
infants were sent a specially designed birthday card from the SLEEPi team on their 15t
birthday (Figure 2.13). This served as a thoughtful gesture to families and a reminder
that contact would be made before 18 months corrected age for the final

developmental assessment.
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Figure 2.13 First Birthday card

112



Chapter 3

Overnight interruptions to sleep of the
healthy Moderate to Late preterm infant in

the Neonatal Unit

This chapter has been published — Appendix VI

Abstract
Introduction

Neonatal electroencephalography (EEG) is a useful cot-side tool providing detailed
real-time information about brain activity of preterm infants and the changes that occur
during sleep-wake cycling. Preserving and supporting optimal sleep organisation

amongst infants will support a normal neural pathway of development.
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Aim
The aim of this observational study is to describe the overnight sleep architecture of
mid to late preterm (MLP) infants in a NICU setting. It will quantify the number of

overnight uninterrupted sleep wake cycles. We will also quantify sleep interruptions

and the sleep state from which they occur.

Methods

All participating infants had video EEG carried out overnight for a minimum of 12 hours.
Duration annotations were made on all EEG’s identifying sleep states, sleep

interruptions, periods of wakefulness and feeding.

Results

98 infants had overnight EEG suitable for analysis. All infants displayed SWC with a
median (IQR) of 6(5-7) per infant. 22.9% of the total SWC were interrupted for the
purpose of feeding and <1% for clinical reasons. The majority of sleep interruptions

occurred during active sleep (AS) (78.8%).

Conclusion

We have identified that disturbances to overnight sleep in MLP infants were frequent
in the NICU, predominantly for the purpose of feeding. Reducing the number of

interruptions and preserving sleep provides an opportunity to enhance brain

development.
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3.0 Introduction

Sleep is a prerequisite for neuronal maturation, and normal growth. It is a naturally
neuroprotective activity providing a buffer in protecting infants from the negative
impact of environmental stressors in the neonatal unit. The quality and quantity of
infant sleep in the NICU is impacted by gene expression which may predispose a
preterm infant to be more or less susceptible to adverse side effects of sleep loss.
Sleep supports learning, the consolidation of memories, maintaining attention and
assisting in regulating emotions and behaviours, whilst having a positive association
with immune system wellbeing.(282, 354) It is likely therefore that repeated sleep
interruptions will affect these processes. A careful balance between endogenous and
exogenous stimulation is required in the last weeks of pregnancy during the peak

period of cortical organisation.

This chapter presents an observational study of nocturnal sleep of healthy MLP infants
at 36 weeks postmenstrual age in the neonatal unit. This study was designed to
identify and quantify:
e The number of overnight sleep-wake cycles
e Through visual analysis of conventional EEG (CEEG), behaviour observations
and alterations in rate and rhythm of respiration (and to a lesser extent heart
rate) to identify sleep states, periods of wakefulness and feeding
e To describe awakenings as spontaneous or an intended interruption and
identify the sleep state from which the interruptions occurred
e To determine the impact of spontaneous awakenings versus intended sleep

interruptions on the duration of feeding
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3.1 Monitoring sleep by Electroencephalography (EEG)

Electroencephalography (EEG) provides an opportunity to gain further insight into the
complex nature of sleep and assists in achieving a high level of objectivity in identifying
sleep states rather than base identification on behavioural sleep analysis alone. Gold
standard EEG monitoring includes video recording time-locked to EEG activity.

Electroencephalography (EEG) is more frequently associated with monitoring the
brain activity of the critically ill newborn at birth and to a much lesser extent as a cot
side tool for monitoring background activity during sleep. Each sleep state is
associated with uniqgue EEG features.(13, 185, 275)(Chapter 1, section 1.3.3.3).
Observed sleep behaviours of the neonate become more pronounced and integrated
with recognizable patterns of activity on EEG from 30-31 weeks GA (260,
355)(Chapter 1, section 1.3.4). Sleep undergoes quantitative and qualitative changes
with advancing GA (308) correlating with measurable structural changes in the
brain.(314) Therefore, sleep at a micro-level reflects the degree of prematurity of the

infant.

As previously described (Chapter 1, section 1.3.6), aEEG compliments cEEG
providing an easily interpretable visual trend of activity.(337) Alteration in bandwidth
on aEEG is representative of sleep-wake cycling (SWC) evident on aEEG from 30-32
weeks gestation as sleep-wake architecture emerges.(356) As described by Barbeau
et al amplitude-integrated EEG (aEEG) may be used as a stand-alone mode of
monitoring brain activity or in conjunction with cEEG (both frequently displayed on
modern cEEG monitors).(274) aEEG has a greater presence in the neonatal unit
which is due to ease of application with limited electrodes and a trend that is easily

interpreted with minimal cot-side education.
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EEG provides a blueprint for sleep-wake patterns and a signature for neurological well-
being confirming a normal trajectory of development it also identifies abnormal or
immature activity. However, the prognostic value of electrographic monitoring in

uncomplicated medically stable MLP infants remains unclear (259, 260).

3.2 Method

Ethical approval was obtained prior to commencement of the study (ECM 4 (w)
09/05/2017). Clear inclusion /exclusion criteria identified (Chapter 2.0 Methodology,
section 2.4). As described in Chapter 2, section 2.9.1 overnight EEG’s were performed
at 36 weeks postmenstrual age (PMA) in a quiet area of the neonatal unit, which
commenced between 16.00.hrs and 18.00 hrs for a minimum of 12 hrs. As per unit
policy, no routine examinations or routine neonatal procedures are carried out

overnight.

Periods of each sleep state were identified and annotated based on visual analysis of
EEG activity (Chapter 1, section 1.3.3.3), heart rate and respiratory rate/ regularity and
behaviour observations (Chapter 1 section 1.3.4). Duration annotations were also
placed on periods of feeding identified by video. All recordings were reviewed by a
neurophysiologist for any abnormal incidental findings and thereafter pseudo-

anonymised and transferred to a secure server for long-term storage.

3.3 Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics (version 25.0, IBM Corp,

Armonk, NY, U.S.A.). Demographic data is presented based on median and
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interquartile ranges and frequencies are presented as percentages. For infants who
fed orally with <1 NGT feed overnight, a random-effects model was used to investigate
if the duration of oral feeding (feed given closest to midnight) differed by type of
awakening (interrupted versus spontaneous). The type of awakening was a fixed effect
and the subject a random effect in the model. The Mann-Whitney U test was used to
investigate if the duration of oral feeding differed by sleep state from which the infant

was woken (quiet vs active).

3.4 Results

Informed parental consent was obtained for 117 MLP infants admitted to the neonatal
unit. Reason for admission to the neonatal unit included: low birth weight, respiratory
concerns (e.g. tachypnoea, increased work of breathing, low saturations), low blood
sugars, poor feeding and >10% weight loss, suspected sepsis, and for treatment of
jaundice. Due to early discharge, transfers to provincial hospitals, later exclusion
criteria or technical issues,101 cEEG with video were carried out, 98 of which were

suitable for analysis

In excess of 1,176 hrs of conventional EEG were reviewed and annotated in this study.
All participants were clinically stable at the time of the recording. Demographic data
and overnight SWC of infants are shown in Table 3.1. Similar numbers of male and
female infants participated in this study, the majority of whom were nursed in a cot

(83.9%).

SWC was identified on the EEG recording of all participants. The median (IQR)

number of SWCs overnight was 6(5-7) (Table3.1). On two occasions sleep was
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interrupted for clinical reasons, (once to obtain a capillary sample of blood for bilirubin
levels and a second for medical review following a desaturation with a vomit post
feeding). The remaining interruptions were exclusively for feeding and occurred during
both AS (77.8%) and QS (22.2%). Of the total overnight SWCs recorded (n=589), 23.3

% (n=137) were interrupted.

Table 3.1 Demographic data and overnight sleep wake cycling recorded over a
12 hr period (n=98)

Median (IQR)
Birth gestational age (weeks) 34.1(33.5-35.1)
Gestation at time of EEG (weeks) 36.00 (35.6-36.6)
Birth weight (g) 2100 (1868-2378)
Weight at the time of EEG (g) 2270 (2123-2508)
Postnatal age at the time of video EEG (days) 11 (5-17)
Sleep-wake cycles per infant per night 6 (5-7)
Range 3-11
n (%)
Sex
Male 52 (53.1)

Female 46 (46.9)
Accommodation on EEG monitoring

Cot 79 (80.6)
Incubator 19 (193))
Participants displaying SWC on EEG 98 (100)
Total number of sleep cycles recorded overnight 589 (100)
Total number of SWC interrupted 137 (23.2)
SWC interruptions clinical reasons 2 (<1)
SWC interruptions for feeding 135 (22.9)

Interquartile range, Wks: weeks, Kg: kilogram, vEEG: video electroencephalograph, hrs: hours, SWC:
sleep-wake cycling

Feeds were given either orally (78.7%) or via a nasogastric tube (NGT) (21.3%) (Table
3.2). 68.8% of infants woke spontaneously before oral feeds whilst 31.2% were

actively woken for one or more feeds. Some infants not actively feeding had sleep

119



disturbed before an NGT feed (61.8%) whilst 38.2% were undisturbed and slept
throughout NGT feed.

Table 3.2 Overnight interruptions for feeding.

n (%)

NG feeds (n=76)

Uninterrupted sleep 29 (38.2)
Interrupted sleep 47 (61.8)

Oral Feeds (n=282)

Woke Spontaneously 194 (68.8)
Sleep interrupted 88 (31.2)

Timing of interruptions (n=135)

Active sleep 105 (77.8)

Quiet sleep 30(22.2)

NGT: nasogastric tube

Further analysis compared the duration of feeding and sleep state from which the
infant was interrupted (AS versus QS)). A total of n=44 babies are included in the
analysis, n=34 in the AS group and n=10 in the QS group. Although the feeding
duration was higher in the group woken from QS (median (IQR): 28.0 (15.8 to 40.8))
than the group woken from AS (median (IQR): 22.5 (14.0 to 26.3), the difference

between groups was not statistically significant (p=0.102).

3.5 Discussion

All MLP infants in this study displayed periods of AS, QS, and wakefulness (W) with a
wide range in the number of SWC seen. Interruption of overnight sleep was primarily

for feeding purposes (both oral and NGT feeds), and equated to 23.3 % of all overnight
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SWC. It is not unreasonable to consider that the number of interruptions would
increase during daytime hours due to routine procedures and examinations carried
out. Each sleep interruption will revert to a recommencement of a sleep cycle in AS
which may lead to less time spent in QS. In a study carried out by Levy et al (212), 4-
hour VEEG monitoring of clinically stable near-term at risk of neurological
abnormalities and term infants in the NICU (n=25) showed that provider contact
occurred for 27% (65 mins) of the recording time and only 50 % of infants engaged in
a full SWC before interruption for care. Similar to our study, the majority of infant
contact/disturbances occurred during AS, a state which has a greater association with

the growth and development of complex neural networks. (357)

We investigated if there was a difference in feed duration based on spontaneous
awakening from sleep versus sleep being interrupted. Considering the feed closest to
midnight (n=83) the estimated marginal mean was 24.13 (95% confidence interval
(ClI): 20.55 to 27.71) minutes when the baby was interrupted from their sleep and 17.85
(95% CI: 15.38 to 20.31) minutes when the infant woke spontaneously (difference in
means (95% CI): 6.28 (2.22 to 10.35) mins, p=0.003). Hence in the absence of clinical
concern, spontaneous awakenings support’s less time taken to feed. This significant
difference has resource implications and perhaps policy implications when it comes to

establishing oral feeding.

Preterm birth brings with it a sudden change in the quality and intensity of sensory
information received which may lead to disrupted and fragmented sleep, impacting
sleep organisation and developmental outcome.(212, 230) Prolonged and repeated

sleep interruptions lead to continuous exposure to the multisensory environment of the
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neonatal unit and may impact not only the physiological status but long-term
neurodevelopmental outcome of the preterm infant including long-term sensory
processing disorders. (203, 303, 358, 359) A priority to creating a culture of ‘sleep
protection’ requires knowledge about SWC and recognition of sleep states which will
assist in identifying the appropriate timing of handling for infant care (260, 288, 310).
Despite being closest to the point of care of the preterm infant in the NICU, a low level
of knowledge of behavioural features and sleep state identification has been found
amongst neonatal nurses and this may lead to misinterpretation of sleep activity (i.e.

active sleep) for wakening (360).

MLP infants frequently display disorganised feeding behaviours with difficulties
evident in an ability to co-ordinate ‘suck, swallow and breathe’ when feeding (361).
This factor is reflected in this study as 21% of feeds were given via NGT (n=76).
Feeding ability may be further diluted by environmental factors leading to inadequate
sleep in the NICU impacting clinical condition, growth and development, neuro-
behaviour and the establishment of oral feeding.(361, 362) Hence in the absence of
clinical need, disturbing sleep when the infant is not actively feeding does little to
support brain development and is an area that warrants further research.(212) In the
absence of a specific plan of care or local guidelines, the mode, frequency and
schedule of feeds are very much guided by the bedside nurse which has led to ‘ad
hoc’ practices used in establishing oral feeding. Longer feed duration, as reported in
this study when sleep is interrupted, has a knock-on effect on human resources,
duration of stay, and cost to the health care provider and warrants further
consideration. In the absence of medical concerns allowing a healthy MLP preterm to

wake spontaneously for feeding at 36 weeks will ensure little interruption to the natural
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course of a SWC which may positively impact neurodevelopmental outcome.

The strengths of this study include the number of participants, similar clinical status,
gestational age and the timing/duration of EEG monitoring. The use of time locked
video supported visual observation of the infant with respiratory monitoring supporting
sleep state identification i.e. rapid irregular respirations in AS (REM) with slower
regular breathing in QS (NREM). Whilst a focus on sleep during night time hours only
may be considered a limitation of this study, it did standardise care somewhat for all
infants as no routine disturbances would occur, hence maximising sleep potential.
Further research may incorporate a full 24 hr monitoring period providing insight into
both day and night SWC and interruptions observed. The prognostic value of EEG in
uncomplicated medically stable MLP infants remains unclear (259, 260). Hence the
significance of the outcome of the number of SWC seen on EEG and the duration of

each sleep state has yet to be determined and will constitute part of a future study.

3.6 Conclusion

We have confirmed overnight SWC is present in all participating MLP infants.
Overnight disruptions to sleep were common, and accounted for 23.3% of the total
SWC recorded. The primary reason was for routine cares/ feeding. Reducing this
number of interruptions and protecting sleep provides an opportunity to enhance brain
development but presents a real operational challenge in the NICU. Preserving optimal
sleep organisation will support a normal neural pathway of development and positively

support long- short-term outcomes and warrants further studies.
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Chapter 4

Sleep state organisation of moderate to
late preterm infants in the neonatal unit

This study has been published (Appendix VIII)

Abstract

Background

Sleep supports neurodevelopment and sleep architecture reflects brain maturation.
This prospective observational study describes the nocturnal sleep architecture of
healthy moderate to late preterm (MLP) infants in the neonatal unit at 36 weeks post

menstrual age (PMA).
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Method

MLP infants, in the neonatal unit of a tertiary hospital in Ireland from 2017 to 2018,
had overnight continuous electroencephalography (cEEG) with video for a minimum
12 h at 36 weeks PMA. The total sleep time (TST) including periods of active sleep
(AS), quiet sleep (QS), indeterminate sleep (IS), wakefulness and feeding were
identified annotated and quantified.

Results

A total of 98 infants had cEEG with video monitoring suitable for analysis. The median
(IQR) of TST in the 12 h period was 7.09 h (IQR 6.61-7.76), 4.58 h (3.69-5.09) in AS,
2.02 h (1.76-2.36 h) in QS and 0.65 h (0.48-0.89) in IS. The total duration of AS was
significantly lower in infants born at lower GA (p = 0.007) whilst the duration of
individual QS periods was significantly higher (p = 0.001).

Conclusion

Overnight cEEG with video at 36 weeks PMA showed that sleep state architecture is

dependent on birth GA. Infants with a lower birth GA have less AS and more QS that

may have implications for later neurodevelopment.
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4.0 Introduction

One of the most important regulated processes in the development of newborn neural
circuitry is sleep.(310) The activity of sleep supports optimal structural and functional
integrity of the brain and a prerequisite for development of neural connections and
myelination in all regions. (230, 281) As the primary activity of the developing brain,
sleep plays a crucial role in brain development. As the dominant sleep state of the
MLP group, AS provides endogenous stimulation facilitating neural network
maturation, synapse formation and synaptic plasticity. AS supports memory, learning,
emotional and motor development and has a strong correlation with brain growth.(357)
It is also a prerequisite state for psychosocial and normal sensory system
development.(363) A reduction in AS in the preterm infant may reduce the efficiency
of information transmission and decrease overall brain volume. QS is a prerequisite
for maturation, supporting connectivity between networks and the preservation of brain
plasticity.(6) QS is also associated with cognitive function and the pre-consolidation

phase of learning, memory and the maintenance of physiological homeostasis.

Sleep state organisation is an expression of emerging neural network development
reflecting the underlying functioning of the brain and degree of CNS maturation and a
marker of neurological wellbeing.(310, 364) Human sleep undergoes quantitative and
gualitative changes from birth, hence organisation of sleep alters with increasing GA
as the brain matures. (137, 365) Given the relationship between sleep and brain

development, interference with sleep may underlie many of the neurodevelopmental
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deficits experienced by the preterm infant with downstream effects on developmental

processes and lifelong effects. (177, 214, 267)

Previous studies examining sleep architecture in the MLP group have analysed short
periods of sleep alone which may not be fully representative of sleep at this age or

classified sleep based on behaviour observation alone.209:334,396

Maintaining the structural and functional integrity of the fragile preterm brain during in
the extrauterine environment of the NICU is the primary challenge faced by the
vulnerable preterm brain.(314) Preterm infants are less competent in coping with
external environment and stressors within the neonatal unit may compromise the
quality and quantity of sleep. (12, 230, 366) The genetically defined pre-programmed
pathway of normal sleep ontogenesis may be altered or supported through
physiological and sensory environmental factors. (293, 298) Supporting good quality
sleep, of adequate duration and without disturbance will strengthen sleep architecture

and support optimal neurodevelopment. (190, 267)

This study aims to describe the sleep state organisation of the healthy moderate to

late preterm (MLP) infant at 36 weeks PMA. We will describe sleep by carrying out:

e An analysis of duration of sleep, feeding and wakefulness over a 12-h period (sleep-
wake analysis).

e A total sleep time (TST) analysis, i.e., the total duration of all periods of

AS, QS and IS in the 12-h recording period.

e A sleep cycle analysis described in terms of the median time in AS, QS
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and IS across overnight uninterrupted complete sleep cycles.
We hypothesised that the sleep architecture of all healthy MLP infants at 36 weeks
PMA would be the same, irrespective of birth GA, sex, mode of feeding or

accommodation (cot or incubator) at time of monitoring.

4.1 Methods

Sleep states are more robustly measured by EEG in combination with behavioural
observations and physiological activity (respirations and heart rate). In this prospective
observational study conventional EEG (neonatal montage) at 36 weeks PMA was
used to record the electrical activity of the brain during sleep overnight in the neonatal
unit of a group of healthy MLP infants (Described in chapter 2, section 2.9 and section
2.10). Defining terms of sleep cycling, AS, QS, and IS based on EEG activity and
behaviours observations was a prerequisite to this study. As each sleep state is
associated with a unique pattern of EEG, periods of each sleep state were identified
based on visual analysis of EEG activity (Chapter 1, section 1.5.2 and 1.5.3), heart
rate and respiratory rate/ regularity and behaviour observations (Chapter 1, section
1.5.4). Inclusion and exclusion criteria have been highlighted in Chapter 2
Methodology, section 2.4 with details pertaining to EEG monitoring in Chapter 2

Methodology Section 2.9.

4.2 Statistical Analysis

Statistical analysis was performed using IBM SPSS Statistics (version 25.0,

IBM Corp, Armonk, NY). Continuous variables were described using the
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median and interquartile range (IQR) and categorical variables using frequency and
percentage. The Mann—Whitney U test was used for comparisons of sleep parameters
between two groups and the Kruskal-Wallis test was used when there were more than
two groups. If statistically significant differences were found between groups for the
Kruskal-Wallis test, pairwise comparisons were performed using the Mann—-Whitney
U test, with Bonferroni correction. The groups investigated were GA at birth (32-32 +
6, 33-33+ 6, 34-34 + 6, 35—-35 + 6 and 36—36 +6 weeks), sex, accommodation at the
time of monitoring (cot or incubator) and mode of feeding (oral only, mixed mode). The
Mann-Whitney U test was also used to investigate the relationship between GA

and mode of feeding. Relationships between number of interruptions and GA and
active sleep duration were investigated using Spearman’s correlation coefficient

(rs). All tests were two-sided and a p value <0.05 was statistically significant.

4.3 Results

The results of this study include an analysis of uninterrupted SWC’s and an analysis
of total sleep time (TST) overnight in the neonatal unit for the healthy MLP infants at
36 weeks PMA pre-discharge. All infants were healthy MLP infant’s and transitioned
through the neonatal unit without complications. Although 117 infants were recruited
to this study, 98 infants had EEG’s carried out that were suitable for analysis (Figure

4.1).
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Recruited to the study, n=117

Discharged pre-EEG, n=13
Chromosomal investigations, n=3
EEG unsuitable for analysis, n=3

EEG suitable for analysis, n=98

Figure 4.1 Recruitment

4.3.1 Sleep staging-Interrater agreement

Post-acquisition, each 12h cEEG with video were annotated by the same reviewer
(M.A.R.) and a 2 h epoch of 50% of EEG’s recorded were also annotated by a second
reviewer (S.R.M.). A two-way random effects intraclass correlation was calculated
between the two raters on a random sample of half the EEGs. Results showed the
correlation between raters for AS was 0.910 (95% CI: 0.834-0.952), QS 0.901 (95%
Cl: 0.817-0.947) and IS was 0.668 (95% CI: 0.448-0.812). The total duration of each

sleep state was recorded, rounded to the nearest minute, and exported to SPSS.

4.3.2 Demographics

Infants were from singleton (n=51) and multiple pregnancies (n=47) and nursed in a
cot (n=80) or incubator (n=18) at time of monitoring. The majority of infants were
exclusively fed orally (n=61) whilst the remainder had either a mixed-mode of feeding

(n=36) or were fed exclusively via nasogastric tube (NGT) (n=1) (Table 4.1)
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Table 4.1 Demographics of moderate to late preterm infant group(n=98)

Demographics(n=98)

Maternal age (years)

Birth gestation (weeks)
Gestation at time of EEG (weeks)
Birth weight (kg)

Weight at the time of EEG (kg)

Postnatal age on EEG (days)

Median (IQR)
34.50(31.00-37.30)

34.00(33.00-35.00)
36.10(35.60-36.60)
2.10(1.87-2.40)
2.26(2.02-2.47)
10.50(4.80-14.00)

n(%)
Ethnicity — Irish 88(89.8)
Pregnancy
Multiple 47(48.0)
Singleton 51(52.0)
Sex
Male 52(53.1)
Female 46(46.9)
Accommodation at time of monitoring
Cot 80(81.6)
Incubator 18(18.4)
Mode of overnight feeding
All oral feeds 61(62.2)
All NGT feeds 1(1.0)
Mixed feeding (Oral and NGT) 36(36.7)

IQR: interquartile range, Kg: kilogram, VEEG: video EEG, NGT: nasogastric tube
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4.3.3 Sleep-wakefulness analysis

The median (IQR) of TST over the 12 h monitoring period was 7.09 h (6.61-7.76)
(Table 4.20 The remaining overnight hours were spent attending to the infant's
care/feeding and periods of wakefulness. The median time spent attending to infant
cares and feeding was 1.58 h (IQR: 1.18-2.13) and the median duration of
wakefulness was 3.19 h (IQR:238-3.85) (Table 4.2, Pie graph representation Figure
4.2). Wakefulness incorporated periods of quiet wakefulness, time spent
unsettled/fussing and/or crying. As expected, infants who were fully feeding orally
spent a significantly longer time feeding in comparison to infants who had a mixed
mode of feeding (p=0.004) and had a significantly longer duration of wakefulness
outside of feeding (p=0.033). Infants with a mixed mode of feeding had a significantly
longer time spent sleeping (p<0.001), and shorter time feeding (p=0.004) and shorted
time awake (p=0.033). There were no differences in TST, feeding or wakefulness

based on GA, sex or accommodation at the time of monitoring.

Overnight activity

Figure 4.2 Pie graph representation of overnight duration of sleep, wakefulness and feeding. TST: total sleep
time, W: wakefulness, F: Feeding .
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Table 4.2 Overnight total sleep time(TST), duration of feeding/cares and duration of wakefulness at

36 weeks post menstrual age(n=98)

Feeding and cares

Wakefulness

T5T (hours) P! value |duration [hours) P! value |duration (hours) P* value
Median (IOR) Median (IOR)

Overall 7.09(6.61-7.76) 1.58(1.18-2.13) 3.19(2.38-3.85)

E::pﬁfiﬁ;"al Age 0.143 0.625 0.128

32(n=19) 6.96(6.06-7.34) 3.57(2.63-4.13) 1.60(1.34-2.06)

33(n=12) 7.09(6.84-8.01) 3.67(2.45-3.96) 1.34(1.03-1.89)

34(n=36) 5.96(6.30-7.84) 3.36(2.22-3.91) 1.47(1.12-2.36)

35(n=15) 7.50(6.91-7.82) 3.05(2.07-3.29) 1.52{1.13-2.09)

36(n=16) 7.17(6.83-8.16) 2.80(2.35-3.16) 1.87(1.13-2.20)

Sex 0.606 0.177 0.586
Male (n=52) 7.06(6.59-7 73) 1.75(1.26-2.17) 3.02(2.29-3.90)
Female(n=46) 7.21(6.70-7.83) 1.46(1.10-2.13) 3.32(2.43-3.84)

Accommeodation 0.271 0.319 0.176
Cot({n=80) 7.03(6.52-7.73) 1.53(1.16-2.11) 3.27(2.39-3.90)
Incubator(n=18) 7.30(6.83-7.83) 1.87(1.18-2.28) 2.82(2.31-3.62)

Mode of feeding * <0.001 0.004 0.033

COral{n=61)
Mixed(n=36)

6.91(6.30-7.35)
7.57 (6.94-8.20)

1.83(1.32-2.26)
1.28(1.09-1.71)

3.37(2.43-3.99)
2.87(2.09-3.69)

TST: total sleep time, IQR: interquartile range,

The Kruskal- Wallis test was used for gestational age and the Mann-Whitney U test was used for sex,
accommodation and mode of feeding. 20One infant fed exclusively via NGT tube and eliminated from mode of

feeding analysis (n=97). A p<0.05 is statistically significant.

4.3.4 Total sleep time analysis

Time and percentage of time (out of 12h) in each sleep state overall and by birth GA

group, sex, accommodation at time of monitoring and mode of feeding are presented

in Table 4.3 (Pie graph representation of time spent in each sleep state see Figure

4.3) AS was the dominant sleep state with a median (IQR) duration of 4.58 h(3.69-
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5.09h) or 63% of TST. The median (IQR) for QS and IS were 2.02 h (1.76-2.36 h) or

28% and 0.65 h (0.48-0.89 h) or 9% respectively.

There was a statistically significant increase in AS noted with advancing GA
(p=0.007). Using pairwise comparisons, we found this difference was primarily due
to the significantly lower duration of AS in the youngest birth GA group (32 weeks)
compared to older GA groups of 35 weeks (adjusted p=0.019) and 36 weeks

(adjusted p-value=0.017).

EHAS mO5 miIS

Figure 4.3 Pie graph representation of percentage of total sleep time spent in each sleep state
AS: active sleep, QS: quiet sleep, IS: indeterminate sleep

We investigated if the relationship between GA and AS was confounded by mode of
feeding. We did not find a statistically significant relationship between mode of feeding
and GA (weeks) (p=0.107) and therefore, the decreased time spent in AS amongst

infants born at a younger GA cannot be explained by mode of feeding. Although there
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was a trend for lower QS duration in older GA groups, the difference was not significant

(p=0.825). There was no difference in duration of IS (p = 0.544) by GA group.

In a previous study of this MLP group (n = 98), we found that 23.3% of overnight seep
cycles in an MLP infant group were interrupted, almost exclusively for the purposes of
feeding.(224) Therefore, we investigated if this increase in AS with increasing GA
could have been due to a difference in the number of sleep interruptions that are
followed by a period of wakefulness and then a recommencement of AS. The number
of interruptions increased with increasing GA (rs =0.20, p = 0.048) but no association
was found between number of interruptions and duration of AS (rs =0.05, p = 0.593).
Thus, number of interruptions was not a confounder of the association between GA
and AS. The total duration of AS did not significantly differ based on sex or
accommodation (p=0.457 and 0.790, respectively). There were no differences in
duration of QS based on sex, accommodation or mode of feeding (p=0.089, 0.073 and
0.291, respectively) or IS based on the same groupings (p = 0.845, 0.989 or 0.852,

respectively).
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Table 4.3 Duration of each sleep state expressed in hours and as a percentage of total sleep time(n=98)

AS (hours) p- % AS p- Qs (hours) p- %05 p- IS (hours) p- % IS p-
median (IQR) value' median (IQR) value' | median (IQR) value' median (IQR) value' median(IQR) value' median (IQR) value'

Overall 4.58(3.69-5.09) 63.07(56.25-67.43) 2.02(1.76-2.36) 27.88(24.26-34.24) 0.65(0.48-0.89) 9.13(6.30-12.24)

:::::p ?;::akt:;’"a' Age 0.007 0.097 0.825 0.122 0.544 0.298

32(n=19) 3.86(3.28-4.38) 56.22(49.43-64.79) 2.07(1.88-2.50) 33.33(26.63-36.00) 0.68(0.50-0.92) 9.51(8.36-13.59)

33(n=12) 4.76(4.09-5.15) 63.01(58.49-68.29) 2.07(1.70-2.46) 29.14(24.68-32.77) 0.56(0.34-0.86) 7.23(5.31-12.92)

34(n=36) 4.45(3.45-5.09) 64.11(51.20-68.33) 2.04(1.78-2.23) 27.65(23.39-34.84) 0.68(0.48-0.94) 9.86(6.96-12.61)

35(n=15) 4.87(4.60-5.08) 64.94(60.49-66.86) 1.98(1.70-2.35) 26.19(22.43-30.65) 0.65(0.57-0.87) 8.87(6.51-11.73)

36(n=16) 4.95(4.14-5.48) 65.91(57.62-69.35) 1.92(1.43-2.55) 26.15(21.53-34.21) 0.56(0.37-0.87) 7.16(5.44-12.26)

Sex 0.457 0.200 0.089 0.129 0.845 0.825
Male (n=52) 4.59(3.70-5.24) 64.55(55.40-69.52) 1.95(1.71-2.28) 26.55(23.08-33.65) 0.64(0.48-0.88) 8.43(6.06-13.38)
Female(n=46) 4.40(3.68-5.06) 61.76(56.25-65.73) 2.14(1.88-2.49) 29.59(25.84-35.09) 0.65(0.50-0.91) 9.23(6.78-11.69)

Accommodation 0.790 0.335 0.073 0.263 0.989 0.869
Cot(n=80) 4.49(3.70-5.15) 63.78(56.23-68.22) 1.99(1.71-2.31) 27.88(23.62-34.09) 0.65(0.48-0.88) 9.23(6.38-12.26)
Incubator(n=18) 4.75(3.60-4.98) 60.98(55.44-65.10) 2.24(1.93-2.51) 27.88(26.18-36.19) 0.60(0.49-0.93) 8.43(6.03-12.35)

Mode of feeding 2 <0.001 0.433 0.291 0.473 0.852 0.229
Oral(n=61) 4.29(3.45-4.86) 63.25(52.19-68.05) 2.01(1.75-2.33) 27.90(24.62-34.66) 0.65(0.47-0.88) 9.68(6.42-12.81)
Mixed(n=36) 4.94(4.47-5.32) 63.09(59.31-67.01) 2.04(1.73-2.52) 27.65(22.76-30.92) 0.59(0.51-0.93) 8.01(6.04-11.49)

IQR: interquartile range. p-value! was calculated by Mann Whitney test for sex, accommodation, and mode of feeding and by the Kruscall-Wallis for GA group.

Ta p-value<0.05 was significant. 20One infant fed exclusively via NGT tube and eliminated from mode of feeding analysis (n=97).
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4.3.5 Uninterrupted sleep cycle analysis

All infants displayed sleep cycling on cEEG with a median (IQR) of 6.0 (6.0-7.3)
uninterrupted sleep cycles throughout the night. Sleep cycle duration and the duration
of AS, QS and IS within are described by GA group, sex, accommodation at time of
monitoring and mode of feeding are presented in Table 4.4. The median (IQR) duration
(min) of an overnight uninterrupted sleep cycle was 37.00 (32.00-45.13) min with
median (IQR) of 16.50 (12.50-22.50) min for AS, 16.75 (14.00-19.50) min for QS and

2.75 (2.00-3.50) min for IS.

Within sleep cycles, QS duration differed by GA group (p=0.001). Pairwise
comparisons revealed significant differences between the youngest GA group (32
weeks) and the older GA groups of 34 weeks (adjusted p = 0.001) and 36 weeks
(adjusted p = 0.010). The duration of AS, IS or sleep cycle duration did not differ
between GA groups (p= 0.247, 0.210 and 0.105 respectively). There were no
differences in the duration of AS, QS, IS within an uninterrupted sleep cycle or overall

cycle duration based on sex, accommodation, or mode of feeding.
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Table 4.4 Sleep cycle duration overall by sleep state/ groups including feeding and wakefulness (n=98)

Overnight sleep cycle

AS duration(mins)

p-

QS duration(mins)

IS duration(mins)

1“;::;::“(IQR) il value' median (IQR) value' median (IQR) value' median (IQR) el
0|verall 37.00(32.00-45.13) 16.50(12.50-22.50) 16.75(14.00-19.50) 2.75(2.00-3.50)
g::;:ixzz:(sfge per 0.105 0.247 0.001 0.210
32(n=19) 40.50(31.00-50.00) 15.00(9.00-23.00) 19.50(17.00-22.50) 3.00(2.00-4.00)
33(n=12) 39.00(31.13-43.75) 16.50(13.00-22.00) 17.75(16.00-19.00) 2.00(1.63-3.00)
34(n=36) 34.50(30.00-39.00) 14.25(12.00-21.38) 15.00(11.63-18.38) 2.75(2.00-3.38)
35(n=15) 39.00(35.00-45.00) 19.00(15.00-23.00) 16.00(15.00-20.00) 2.00(1.50-3.00)
36(n=16) 41.50(35.13-48.75) 20.00(15.00-25.88) 15.00(13.00-18.00) 2.75(1.63-3.38)
Sex 0.706 0.591 0.151 0.294
ale (n=52) 37.00(32.00-44.50) 16.75(13.00-23.00) 16.00(13.00-19.38) 3.00(2.00-3.50)
emale(n=46) 38.00(32.00-46.50) 16.25(9.88-22.13) 17.25(15.00-19.63) 2.50(2.00-3.13)
Arcommodation 0.151 0.451 0.666 0.386
ot(n=80) 36.75(32.00-44.25) 15.50(12.63-22.00) 16.50(14.00-19.50) 2.50(2.00-3.00)
Incubator(n=18) 43.00(33.50-48.25) 21.25(11.25-24.63) 18.00(14.63-19.63) 3.00(1.88-4.00)
ode of feeding 2 0.098 0.143 0.363 0.820

Oral(n=61)
Mixed(n=36)

37.00(31.50-44.00)
39.50(34.63-46.50)

15.00(11.50-22.25)
19.50(13.25-23.75)

17.00(13.25-20.00)
16.25(14.25-18.00)

2.50(2.00-3.50)
2.75(2.00-3.00)

AS : active sleep, QS: quiet sleep, IS::indeterminate sleep., IQR: interquartile range. p-value! was calculated by Mann Whitney test for sex, accommodation and mode of
feeding and by the Kruscall-Wallis for GA group.” p-value <0.05 is significant. 20One infant fed exclusively via NGT tube and eliminated from mode of feeding analysis (n=97).
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4.4 Discussion

In this study, we used cEEG with video to quantify the overnight sleep of a large cohort
of healthy MLP infants in the neonatal unit. The duration of overnight sleep was shorter
than expected whilst the duration of wakefulness was longer. Interestingly, at 36
weeks infants born in the lower GA groups had the longest duration of wakefulness
however, these differences did not reach a level of significance (p = 0.128). We have
shown that MLP infant group slept for a median (IQR) duration of 7.09 h (6.61-7.76 h)
or 59.1%(55.1 -64.7%) of 12 hr monitoring period. It could be considered that 14.18 h
extrapolated over a 24-h period falls short of the expected average of 16—18 h of sleep
for newborn infants.(195, 367) Intuitively, this might be expected to be an overestimate
of TST as an increase in clinical activity and sensory exposure by day may lead to
infants sleeping less during daytime hours. However, Ardura et al. suggested the
opposite to be true finding that preterm infants at 35 weeks GA(n=11) slept for 8.88hrs
during day time hours (08.00hrs-20.00hrs) and 8.22 hrs overnight (20.00hrs -08.00hrs)
whilst at 36 weeks GA (n=14) infants slept for 8.96 hrs by day and 7.51 hrs

overnight.(180)

When investigating the effects of handling on sleep in late preterm low birth weight
infants nursed in an incubator(n=12), Maki et al. found no significant difference in
duration of AS, QS, IS or wakefulness between day and night time sleep (p=0.83, 0.84,
0.73 and 0.99 respectively).(368) These authors also observed that the infant group
understudy slept for approximately 13.7 hrs of the 24hour period i.e. 57.2% of 24
hours. As we found no significant difference in total sleep time between infants nursed
in a cot or an incubator (p= 0.271), these findings are comparable to ours. However,

sleep duration recommendations for infants are based on weak scientific evidence.
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(369) The preterm infant may spend up to 90% of the day sleeping which decreases
with advancing GA.(370) Whilst 14-17 hrs are identified as appropriate for term
newborn any duration between 11 and 19 hours has been considered acceptable.

(369)

In our TST analysis, we found that the majority of overnight sleep was AS, representing
63.07% (56.25—67.43%) of the TST. As sleep in the newborn begins with AS it is not
surprising that overall, TST was dominated by AS, as following each. interruption (or
spontaneous awakening) a new phase of AS sleep must begin. It is interesting that at
36 weeks in comparison to infants born in the lower GA groups had the longest
duration of wakefulness versus those born at a higher GA age however, these

differences did not reach a level of significance (p = 0.128).

The overall duration of AS was significantly lower amongst infants born in a lower birth
GA group (p = 0.007), whilst the duration of QS was longer differences were not
statistically significant (0.825). Consistent with other studies, our results support a
trend towards changes in sleep organisation with advancing GA. EEG maturation
occurs with increased chronological age, i.e. a decrease in the overall time spent in
AS and an increase in QS (Table 4).(303, 371, 372) However, there is some conflicting
evidence suggesting the opposite trajectory may be true. Han et al. utilised cEEG,
aEEG, EOG, EMG over a 4-h period and described the changes that occurred with
advancing GA. In comparing the percentage of each sleep state between a 34-35 GA
group (n = 20) and a 36—37 GA group (n = 23), results showed an increase in the
percentage of AS sleep duration from 39.8 to 46.6%, a decrease in the percentage of

QS duration from 36.8 at to 32.3%, a decrease in IS from 7.9 to 5.3%, whilst duration
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of wakefulness differed minimally 15.5-15.8% between groups.(266) In a review of
sleep state measurement, Werth et al described a plateau in AS duration between 30-
and 36-weeks GA at 60—-65% of sleep time,(258) which is similar to our results of a
median of 63.07%. QS was described as increasing until 36 weeks to approximately
38% which is higher than our findings of a median of 27.88%. Thereafter, Werth et al.
described both sleep states decrease as wakefulness increases. Similar to Foreman

et al we found no disparities based on sex in our analysis of sleep state duration.(310)

In our methodology we defined an uninterrupted sleep cycle. (271) However,
inconsistencies in sleep cycle definitions have been noted, (271, 373) whilst some
studies did not define it but described sleep cycling in broad terms as fluctuations

between sleep states. (305)

In our analysis of uninterrupted sleep cycles, the median (IQR) duration was 37
(32.00- 43.13) minutes which is shorter than previously reported for MLP infants at 36
weeks PMA.(271, 313, 373) The duration of QS was significantly longer amongst
infants born at younger GA ( p<0.001). While our sleep cycle analysis also showed
differences in the duration of AS by GA group within an uninterrupted sleep cycle these

differences did not reach statistical significance.

Learning and memory development are dependent on normal cycling.(374) There is
extensive variability in the literature pertaining to the duration of a sleep cycle in
preterm infants at 35-36 weeks PMA. Tsuchida et al reported a sleep cycle duration
of 50 to 65 minutes for infants >35 weeks PMA.(271) Curzi-Dascalova et al. described
a sleep cycle duration of a small group of participants (n=11 between 35- and 36-

weeks GA) by the mean +/- standard error as 69.4 +/- 6.1 min. (313) Even for healthy
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term born infants, sleep cycles typically last a mean of 50—-60 min however, a wide
range of 30—70 mins was also noted.(375) Dereymaeker et al also report extensive
variability in uninterrupted sleep cycle duration amongst infants of 35 -36 weeks GA

which ranged from 6.3—109 minutes with a mean (SD) of 50.9(19.2) minutes.(356)

Heterogeneity in methodology is evident in the literature making it difficult to compare
like with like. Many sleep studies carried out have been based on behavioural
observation, with or without inclusion of ECG, EMG and EOG,(180, 195, 310, 368,
376) or sleep state determined based on activity or actigraphy.(377) Whilst some
studies did utilise cEEG with video, differences in inclusion/exclusion criteria, duration
and timing of monitoring and the environment where monitoring was carried out were
evident. (266, 312, 313, 367) Although environmental factors may impact the duration
and intensity of sleep, intra-individual variation in sleep organisation may also be
attributed to endogenous factors with genetic links.(310, 378) Shorter duration of
monitoring incorporating one or two sleep cycles, may not be truly representative of
sleep cycle duration for an infant group. No other study to date has utilised cEEG over
a 12 hour to determine sleep state organisation of a healthy group of MLP infants at
36 weeks PMA. To date, the majority of studies using EEG to monitor preterm sleep
have been during day time hours, recording duration has rarely been longer than 4
hours, inclusion/ exclusion criteria were variable, little information is provided in
relation to mode of feeding and little detail provided about the lay out of the sleeping
environment. (206, 266, 312, 376) All infants in this study were healthy at time of
monitoring, and had no history of medical problems and were cared for under similar

environmental conditions with no disturbances for clinical purposes.
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Infant feeding in our unit is time based, generally 3 hourly for infants learning to feed
or four hourly when larger volumes are tolerated well orally. Infants that had a mixed
mode of feeding overnight (i.e. actively engaging with oral feeds combined with
passively feeding via nasogastric tube) had a longer TST (p<0.001). This is the first
study to report these findings. With respect to guidelines for establishing feeding in
preterm infants we use an individual developmentally supportive approach. Infants are
passively tube fed to varying degrees if feeding skills are not established with oral
feeds offered on an individualised basis. Allowing the infant to sleep and grow through
passive feeding may support neurodevelopment which in turn supports the
development of the infants suck swallow coordination. When TST in both mode of
feeding groups was broken down by sleep state, the more immature infants who were
partially tube fed had a longer AS duration in comparison to infants who were more
mature and fed exclusively orally (p=0.001). Achieving a balance between supporting

the infant in establishing feeding and protecting sleep is key.

4.5 Strengths and Limitations

This is the largest study to date focusing on sleep of the healthy uncomplicated MLP
infant through overnight cEEG monitoring carried out at a similar PMA, and time point
of the day, under similar environmental conditions. These factors reduced the risk of
sleep being compromised by morbidity or environmental exposure during EEG
monitoring. The number of male and female participants was reasonably balanced as
was the number of multiple and singleton pregnancy's, removing bias related to these
factors in the study. We also identified mode of feeding for each infant, a factor that

has not been widely reported in previous sleep studies. Previous EEG sleep studies
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have based percentages of each sleep state on the interpretation of a single sleep

cycle or short periods of EEG.(13, 258, 271, 321)

This study also had some limitations. Our study was conducted in an open plan
neonatal unit where we aimed to minimise environmental stimuli by caring for infants
in a quiet low-lit area of the unit during monitoring. However, we did not measure
ambient sound or control for potential confounding factors such as environmental
temperature, sleeping position or clinical workload. We did not use electrooculogram
(EOG) like many studies but we did use video to assess overall behavioural

observations including ocular and facial movements.

4.6 Future research

As variations in infant sleep play an important role in cognitive development and
physical growth,(196) future sleep research incorporating sequential and prolonged
EEG monitoring should be considered gold standard. This will provide an objective
robust estimate of TST and a greater insight into sleep architecture unique to GA. It
will also provide confirmation of achievement of sleep state organisation appropriate
for GA which may be a potential biomarker of future outcome.(321, 379) Alteration in
EEG-sleep organization or maturation may be an expression of brain
dysfunction.(380) Further research is also required to assess any associations

between sleep variables and long-term developmental outcome.(18)

Whilst much of the literature highlights the adverse effects of the neonatal environs on
sleep and neurodevelopment, it must also be considered that the neonatal unit

provides an opportunity for intervention that may positively influence the development
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of the fragile immature preterm brain especially vulnerable to environmental
influences. As neonatal nurses are possibly most in touch with the uncomplicated
healthy MLP infant’'s needs, they are best placed carry out further research in this

area.

Sleep staging in preterm infants is complex and time consuming and requires a degree
of expertise in EEG. A growing body of researchers have used machine learning in
health care to design algorithms such as seizure detection algorithms.(381) Sleep
detection algorithms, detect specific features of sleep, (277) automate sleep staging,
(382) and estimate brain maturity.(383) Automated approaches have shown great
promise in providing robust quantitative data pertaining to sleep organisation and
perhaps identify future biomarkers of developmental outcome. Identifying infants who
warrant increased ongoing surveillance and provide early intervention if required
would potentially improve outcome of infants, which is the ultimate aim of neonatal

care.

4.7 Conclusion

This is the first study to describe overnight twelve-hour sleep architecture in a large
homogenous group of MLP infants using video EEG. Our findings provide robust
normative data for each week of GA unique to the MLP infant group (healthy at birth).
Quantitative changes in sleep state may be used as a reference point in future studies

and a potential biomarker of developmental outcome.
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Chapter 5

Quantitative analysis of quiet sleep in
moderate to late preterm infants with a
normal developmental outcome at 18
months

Abstract

Background

Moderate to late preterm (MLP) infants are at risk of adverse outcomes. Brain function
can be measured using electroencephalography (EEG) which changes between sleep
states. Inter-burst intervals (IBI) are a specific feature of quiet sleep (QS) and a marker
of brain maturation.
Aim
This study aims to describe features of IBI in MLP infants with a normal developmental
outcome at 18 months and investigate potential influencing factors whilst patients in

the neonatal unit.
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Methods

MLP infants had overnight cEEG with video performed in the neonatal unit at 36
weeks post menstrual age (PMA). All parents were invited to return with their infants
for a follow-up Griffiths Ill neurodevelopmental assessment at 18 months. Quantitative
analysis of EEG (QEEG) of infants with a normal developmental outcome at 18 months
was performed using an adapted IBI detection algorithm. Five quantitative features of
IBI were extracted (maximum IBI length, median IBI length, IBI variability, number of

IBls/minute and percentage of epoch that was IBI) for each infant.

Results

Sixty MLP infants had overnight EEG and a normal developmental outcome at 18
months. The median (IQR) features were: IBI maximum length 6.89(5.97-7.86) secs,
median length 3.00(2.60-3.27) secs, IBI length variability 2.49(2.00-2.90) secs,
number of IBIs per minute 5.58(4.81-5.88) and percentage 1Bl 32.90(24.68-39.02) %.
There was a significant reduction in values for all IBI features except IBI median length
with PMA (p=0.02-0.08). All IBI features, were significantly longer/higher for infants
nursed in incubators. Infants from multiple pregnancies had longer IBI length
maximum (p=0.030), IBI length median (p=0.038) and a higher IBI length variability

(p=0.043) than infants from singleton pregnancies.

Conclusion

We have described for the first time, detailed quantitative features of IBIs in QS of the
MLP infant with a normal developmental outcome at 18 months PMA. This normative
data which can be used in future studies of infants at risk of abnormal development.
Automated analysis may be a useful pre-discharge screening tool for all preterm
infants.
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5.0 Introduction/Background

As described in Chapter 1 section 1.3, sleep has a critical role in optimising neural
network development, functional connectivity, synaptogenesis, preservation of brain
plasticity and has a strong correlation with brain growth.(282) Disturbance to the
normal quality or quantity of sleep and the multiple neurological processes that are
actively taking place, may lead to a reorganisation of neural networks. Structural and
functional connectivity in the brain coincides with the ontogeny of sleep and brain
maturation. Although the literature frequently describes sleep through behavioural
observations, EEG monitoring is the gold standard for identifying sleep states (Chapter

1 sections 1.5.3, 1.5.4) (326, 384)

In the moderate to late preterm (MLP) infant group, the background EEG activity in AS
is continuous mixed frequency activity of low to moderate amplitude (30-70 pV). A
defining feature of QS in the EEG of the MLP is discontinuity or tracé discontinu. The
degree of discontinuity is directly related to maturity and the degree of cortical
folding.(385) On the EEG, a discontinuous EEG pattern displays high voltage bursts
(50-300 V) of mixed frequency activity separated by a period of quiescence or lower
voltage activity on all EEG channels, termed an inter-burst interval (IBI) (Figures 1.22
A and 1.22 B). The high voltage bursts of activity between IBIs are generated by the
interaction between the subcortical and cortical plate(373) or through environmental
stimuli both of which support the normal construction of cortical networks, brain circuit

development and the preservation of brain plasticity.(6, 386)
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Vanhatalo and Kaila described 2 types of EEG activity in preterm infants to term age;
spontaneous activity transients (SATs) which are intermittent, endogenously
generated, mixed frequency bursts (with nested oscillations) of activity corresponding
to the ‘bursts’ described above, and ongoing continuous lower amplitude oscillatory
cortical activity occurring between SATs.(387) SATs occur in both AS and QS but QS
is marked by a paucity of ongoing oscillatory cortical activity relative to AS, and this
paucity defines the interburst interval (IBl) or inter-SAT interval seen in QS. SATs are
proposed to be events triggered by spontaneous activity in pyramidal neurons
connected by excitatory glutamatergic synapses and are fundamental to early
neuronal network formation while sensory pathways are still developing. Ongoing
oscillatory activity on the other hand, is believed to develop with maturation of inter-
neuronal GABAergic signalling. While SATs often occur spontaneously, they are also
modifiable; studies in both rat models and humans have indicated that a component
of SATs called delta brushes, consisting of a delta slow wave crested by rhythmic fast
activity, are elicited both following spontaneous myoclonic twitches in sleep and by
somatosensory stimulation, and are involved with fine tuning the topographic mapping
of the cortical somatomotor system.(202, 373, 386) Age-specific features or
oscillations are identified on EEGs. Delta brushes are a normal feature of maturation

and frequent in the EEG of the MLP infant group.(202)

AS (a precursor of rapid eye movement sleep, REM) is critical to normal development
(Chapter 1 section 1.3.2.3). By providing the brain with endogenous stimulation,
Mirmiran and Ariagno contend that AS promotes neuronal processes such as synapse

formation and pruning. This theory is consistent with the fact that AS predominates in
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infancy.(388) Mirmiran et al’'s animal studies have shown that AS deprivation during

the neonatal period is associated with reduction in cortical and brain stem volume(389)

As described in Chapter 1 section 1.5.3.2, features of QS undergo significant changes
in a short period of time. The focus of this study is on QS (a precursor of non-rapid
eye movement sleep, NREM) and the IBI duration within QS because of the
association between IBl and brain maturity. There is no universal definition of an
IBI.(390) Heterogeneity exists in identifying cut-off threshold values for the minimum
and maximal amplitude and duration of an IBI. (271, 373, 391) Thresholds for
amplitude used include < 50 pV (373), 45 pV (392), <30 uV(291), and <10 puv(393)
but some researchers have advised against very restrictive criteria (<10 pV) which
have shown to result in shorter measurements of IBIs in comparison to less restrictive
criteria of <25 pV.(391) There is agreement that discontinuity in QS diminishes with
age and the maturation of excitatory synapses, increased connectivity, the overall
functional maturity of cortical activity and the degree of cortical folding. (385).(391,
394) Duration thresholds suggest normative values for IBI durations at different GA’s
include as < 20 sec @30 -31 weeks GA, < 10 -15 sec @32 -34 weeks GA and < 10
sec @ 35 -36 weeks GA. However, there is variability in these values in the literature.
(260, 271, 373, 391, 395) Hence IBIs are a biomarker of central nervous system
maturation(281, 385) and a useful parameter in determining whether brain activity is

appropriate for GA.(14, 396)

Changes in background pattern in QS with advancing GA also include changes in
amplitude of the IBI which progressively increases toward term.(397) By term age an

alternating pattern develops, consisting of high voltage bursts (50-150uV) of activity
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which last for longer periods of up to 4-10 seconds, alternating with lower-voltage
activity (but > 25 pV) on all EEG channels, termed trace alternant. (271, 273, 398)

Several recent preterm EEG studies have utilised automated quantitative analysis
(QEEG) which provides an objective method of quantifying multiple EEG features
(QEEG).(383, 399, 400) Whilst amplitude EEG (aEEG) is a valuable tool and the tool
of choice adopted by many neonatal units, visual analysis of aEEG does not allow for

the identification and quantification of IBI and duration.

5.1 Aim

The primary aim of this study is to:

e Describe features of IBI in the EEG of healthy moderate to late preterm (MLP)
infants at 36 weeks PMA who have a normal developmental outcome at 18
months.

e The secondary aim is to investigate if factors such as birth GA, birth weight,

sex, pregnancy type and location in the neonatal unit influence IBI features.

5.2 Methods

Chapter 2 describes, in detail, all methods used in this study (see sections 2.1 to
section 2.12 inclusive). Two uninterrupted QS epochs at two different time points were
pruned from each overnight EEG recording. The first epoch selected was as close to
midnight as possible (before or after) and the second epoch was between 03.00hrs
and 6.00hrs. Neonatal unit activity is at a minimum at these time points and hence the

potential for sleep disruption is reduced.
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5.2.1 The IBI detection algorithm- training and adapting

A computer algorithm previously developed by our group to detect burst and inter-
burst intervals on the EEG of preterm infants < 30 weeks GA was used in this study.
(401)To train and optimize the algorithm’s performance in recognising IBI's in the MLP
infant group, QS epochs (from the beginning to the end of a QS period) were randomly
chosen from the EEGs of infants based on birth GA week group (32,33,34,35 or 36
weeks birth GA (n=12). We defined an IBI as a period =21 second with low voltage
activity of < 25 pV. All IBls were manually annotated by a researcher (MAR) with

extensive EEG experience (Figure 5.1).

A AT
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Figure 5.1 Post acquisition manual annotations of IBI on EEG of MLP infants for algorithm development. Grey
bars indicate IBl annotated

Slow wave activity <1 Hz was noted to be more pronounced in the IBIs of the MLP

group compared to the younger preterm group for which the detector was originally
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designed.(401) Dr O’Toole, senior biomedical engineer at the INFANT Research
Centre, applied a high pass filter to suppress this slow wave activity which improved
the performance of the algorithm (Figure 5.2). Details of the filter used and optimisation

process are given in Appendix (iv)
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Figure 5.2 Annotation of IBI detection algorithm compared to human annotation. Screenshot of more
than 60 seconds of quiet sleep (time point of epoch expressed in seconds, 470-530). Inter-burst interval
(1Bl) annotation by reviewer in blue. IBI algorithm detector outlined at end of the figure.

For supplementary material relating to algorithm development see Appendix (i)
5.2.2 1Bl detection algorithm
All pruned QS epochs were analysed using the IBI detection algorithm and the five IBI

features were extracted. For each infant, each IBI feature was averaged across two

QS epochs and summary measures were calculated.
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Summary IBI features included:

IBI length maximum (secs), the maximum duration of an IBI in the QS epoch
estimated as the 95™ centile (95" centile used to avoid potential artefact
outliers).

IBI length median (secs), the median duration of the IBls in the QS epoch.
IBI length variability, the variability in the duration of the IBIs throughout the
QS epoch(secs).

IBI number (per minute), the number of IBIs per minute in the QS epoch.
IBI percent, the percentage of the QS epoch that was quiescent activity

(=25pV) and identified as an IBI.

5.3.4 Developmental assessment

As described in Chapter 2 Methods, all infants returned at 18 months PMA for a

Griffiths 11l Mental Developmental Scales (MDS) assessment.(402) Assessments were

performed by trained assessors. Infants with a general developmental quotient score

of <90 in one or more subscales of development were considered to be at risk of

developmental delay and were excluded from this study.

5.3.5 Statistical methods

Statistical analysis was performed using IBM SPSS Statistics (version 25.0, IBM Corp,

Armonk, NY, USA). All tests were two-sided and a p-value <0.05 was considered

statistically significant. Continuous variables were described using the median and

interquartile range (IQR) and categorical variables using frequency and percentage.
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The Wilcoxon signed rank test was used to compare the differences between the
algorithm and the reviewers IBI estimates. The Mann-Whitney U test was used for
comparisons of Bl features between two groups (sex, mode of feeding,
accommodation and pregnancy type). We grouped infants by birth weight ( <1.5 kgs,
1.5-1.99kg, 2.0-2.49kg, 2.5-2.99kg and >3 kg) and by GA at birth group(32,33,34.35
or 36 weeks).The Kruskal-Wallis test was used to compare IBI features by birth weight
group and GA at birth group. The Mann-Whitney U test was also used to compare
birthweight and chronological age by accommodation. The Spearman's rank
correlation coefficient (rs) was used to measure the strength of the associations
between chronological age and IBI features. Linear regression was used to investigate
the relationship with PMA and IBI features. The chi-squared test was used to
investigate the association between two categorical variables (accommodation and
pregnancy type). All tests were two-sided and a p-value<0.05 was considered

statistically significant.

Investigation of the relationships between accommodation type and IBI features was
carried out using linear regression. An adjusted and unadjusted analysis regarding the
potential confounding effect of pregnancy type was undertaken when looking at the

relationships between accommodation type and IBI features.

5.3 Results

Seventy-two MLP infants with full overnight EEG monitoring returned for a Griffiths Il
developmental assessment at 18 months. Twelve infants had a developmental

quotient (DQ) score <90 in one or more subscales and were excluded from the study.
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Sixty infants with overnight EEG data and a normal developmental outcome were

included in the final analysis.

5.3.1 Inter-rater variability between human and algorithm annotations

For the five IBI features, the algorithm’s estimates were compared to the reviewer
(MAR) estimates using a sample of 12 infants with a normal outcome (Table 5.1).
There were no significant differences between the algorithm and reviewer estimate of
the five summary IBI features (p>0.05 from Wilcoxon signed rank test for all features)

which supports strong performance of the algorithm.

Table 5.1 Summary measures of Inter-burst interval features based on human annotation and algorithm
performance, n=12

Human annotation median

Feature Algorithm median (1QR) (IQR) p-value!
IBI-length variability (s) 3.14 (2.32 to 3.69) 2.22 (2.11to0 2.98) 0.133
IBI-length maximum (s) 7.82 (6.03 t0 9.61) 7.00 (6.09 to 8.54) 0.419
IBI-length median (s) 3.18 (2.68 to 3.45) 2.71 (2.56 to 2.96) 0.126
IBI number (per minute) 5.33 (5.07 to 5.98) 6.37 (5.59 to 6.64) 0.074
IBI% 35.30(29.3 to 38.4) 33.20 (31.5 to 37.0) 0.817

p -value from the Wilcoxon signed rank test
IBI: inter-burst interval, IQR: interquartile range, s: seconds. A p-value<0.05 was statistically significant.

5.3.2 Infant characteristics

The characteristics of the infants are described in Table 5.2. Over half (58.3%, n=35)
of the infants were female. The median (IQR) birth GA was 34 weeks (33-35 weeks)
and birth weight was 2.05kg (1.80-2.30kg). The median (IQR) chronological age at
time of monitoring was 10.00 days(4.00-14.00 days) and weight at time of EEG was

2.26kg(2.02-2.47KQ).
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Table 5.2 Characteristics of infants, n=60"

Infant Characteristics, n=60'

Birth weight of group in total(n=60) (kg)
Weight at EEG (Kg)

Gestational age at birth (weeks)

Gestational age at EEG (weeks)
Chronological age of group at EEG (days)
Duration of stay (nights) in the Neonatal Unit

Median (IQR)
2.05(1.80-2.30)
2.26(2.02-2.47)
34.00(33.00-35.00)

36.00(35.00-36.00).

10.00(4.00-14.00)
14.50(8.50-23.00)

n(%)

Birth GA (weeks)

32 11(18.3)
33 11(18.3)
34 20(33.3)
35 9(15.0)
36 9(15.0)
Sex
Male  25(41.7)
Female 35(58.3)
Pregnancy
Singleton 30(50.0)
Multiple 30(50.0)
Accommodation
Cot  45(75.0)
Incubator  15(25.0)
Mode of feeding
Exclusively oral  37(61.7)
Mixed  22(36.7)
NGT  1(1.7)
Median (IQR) p-value
Birth weight by pregnancy type 0.003
Singleton pregnancy 2.19(1.89-2.65)
Multiple pregnancy 1.91(1.74-2.12)
Birth weight by location at EEG 0.579
Birth weight infants in cots (n=45) 2.04(1.80-2.26)
Birth weight of infants in incubators(n=15) 2.10(1.77-2.68)
Head circumference at birth(cm) (n=59) 31.50(30.50-32.50)
Chronological age by pregnancy type at EEG 0.164
Age of singletons on EEG(n=30) 9.00(3.75-14.00)
Age of multiples on EEG(n=30) 12.50(8.00-19.25)
Chronological age by location at EEG of: <0.001

Infants nursed in cot on EEG (n=45)

Infants nursed in incubators on EEG(n=15)

13.00(8.00-19.00)
3.00(5.00-10.00)

Kg: kilogram, cm: centimetres, IQR: interquartile range
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EEGs were generally recorded while infants were cared for in a cot (75.0%, n=45) and
the majority were exclusively feeding orally (61.7%, n=37). Half the infants in this study
were from multiple pregnancies (50%, n=30). Infants from a multiple pregnancy (h=30)
had a significantly lower birth weight (p=0.003) and were older chronologically

however, differences in age were not significant (p=0.164).

5.3.3 Quantitative analysis of QS

The median (IQR) duration of the pruned uninterrupted QS epochs (based on two QS
sleep epochs per infant) was 21.1(17.1-24.3) minutes with a range of 8.8 -29.4
minutes. IBI features overall and by birth GA, infant weight, sex, mode of feeding,
location (cot or incubator) and pregnancy type are described and compared in Table

5.3.

The median (IQR) for the five features were: maximum length: 6.89(5.97-7.86)
seconds, median length: 3.00(2.60-3.27) seconds, variability: 2.49(2.00-2.90)
seconds, number of IBIs per minute:5.58(4.81-5.88) and percentage IBI: 32.90(24.68-
39.02) %. IBI features did not differ significantly by birth GA group, birth weight group,

sex, or infant’'s mode of feeding (Table 5).
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Table 5.3 Quantitative analysis of IBI features on EEG in quiet sleep overall and by gestational age group, birth weight,, sex, location, mode of feeding and pregnancy type
at 36 weeks PMA(n=60)

1Bl length
Maximgum IBI.Iength I.BI !e.ngth IBI number/min 1Bl percent (%)
n=60 (secs) p-value' Median(secs) p-value' variability(secs)  p-value’ p-value' p-value'
Median (IQR) Median (IQR) Median (IQR) Median (IQR) Median (IQR)
Overall 6.89(5.97-7.86) 3.00(2.60-3.27) 2.49(2.00-2.90) 5.58(4.81-5.88) 32.90(24.68-39.02)
Birth GA (weeks) 0.960 0.789 0.953 0.569 0.813
32 (n=11) | 6.88(5.68-8.21) 2.98(2.63-3.34) 2.49(1.91-3.07) 5.65(4.90-5.90) 32.95(23.44-39.86)
33 (n=11) | 7.17(6.34-7.86) 3.09(2.76-3.35) 2.61(2.31-2.76) 5.66(4.80-6.25) 37.22(25.55-39.22)
34 (n=20) | 6.84(5.26-7.98) 2.90(2.40-3.27) 2.40(1.81-2.85) 5.46(4.53-5.64) 32.10(22.67-37.38)
35(n=9) | 6.89(5.67-7.75) 2.64(2.46-3.25) 2.48(1.93-3.02) 5.64(4.79-5.99) 30.95(23.78-39.26)
36 (n=9) | 6.51(6.22-7.95) 3.07(2.82-3.30) 2.31(2.21-2.85) 5.61(4.76-5.71) 30.53(25.71-36.84)
Birth Weight 0.317 0.336 0.545 0.226 0.232
<1.5(n=3) | 7.89 3.00 2.93 5.73 30.04
1.50-1.99(n=25) | 7.17(6.09-8.08 3.03(2.64-3.35) 2.53(2.01-3.100 5.65(4.93-6.16) 35.16(29.93-39.46)
2.00-2.49(n=23) | 6.84(5.68-7.74) 3.02(2.54-3.24) 2.58(1.98-2.87) 5.55(4.70-5.70) 32.61(24.31-37.62)
2.50-2.99(n=7) | 6.31(5.65-6.89) 2.73(2.22-3.00) 2.27(1.92-2.50) 4.88(4.08-5.50) 27.10(19.51-30.95)
>3.00(n=2) | 6.81 2.93 32.41 5.20 5.20
Sex 0.544 0.905 0.472 0.290 0.440
Male (n=25) | 6.84(5.36-7.79) 3.02(2.47-3.33) 2.50(1.85-2.83) 5.43(4.39-5.89) 31.58(21.09-38.50)
Female (n=35) | 6.89(6.03-7.89) 3.00(2.63-3.20) 2.49(2.05-3.02) 5.61(4.90-5.88) 33.36(25.31-39.10)
Mode of feeding? 0.433 0.088 0.173 0.256 0.183
Oral (n=37) | 6.84(5.38-7.71) 2.87(2.43-3.20) 2.49(1.87-2.87) 5.60(4.41-5.78) 32.61(22.54-37.66)
Mixed(n=22) | 6.96(6.00-8.05) 3.05(2.86-3.37) 2.63(2.23-3.05) 5.50(4.90-6.16) 35.49(28.19-39.13)
Location 0.024 0.014 0.014 0.048 0.026
Cot (n=45) | 6.68(5.68-7.67) 2.87(2.52-3.20) 2.49(1.93-2.74) 5.48(4.54-5.71) 31.58(23.87-38.14)
Incubator(n=15) | 7.73(6.31-8.55) 3.07(3.00-3.69) 2.91(2.31-3.26) 5.88(5.38-6.16) 37.22(29.77-43.75)
Pregnancy 0.030 0.038 0.043 0.188 0.089
Singleton (n=30) | 6.39(5.67-7.10) 2.82(2.45-3.10) 2.29(1.92-2.64) 5.43(4.55-5.70) 30.28(24.17-35.83)
Multiple (n=30) | 7.54(6.15-8.07) 3.10(2.80-3.37) 2.70(2.24-3.07) 5.64(4.82-5.91) 35.98(27.12-39.28)

IBI: inter-burst interval, IQR: interquartile range. Max: maximum, GA: gestational age. ' The p-value calculated from the Kruskall- Wallis test was used for gestational age and
weight and a p-value calculated from Mann-Whitney U test was used for sex, location and mode of feeding and pregnancy type. A p-value<0.05 is statistically significant. A

2
mixed mode of feeding included both oral and nasogastric tube feeds. One infant fed exclusively via nasogastric tube and was eliminated from the mode of feeding analysis.
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All IBI features were significantly longer/higher for infants cared for in incubators in

comparison to open cots. At the time of EEG monitoring infants nursed in

incubators(n=15) were younger chronologically with median (IQR) age(days) of infants

in cots(n=45) of 13(8-19)days in comparison to infants in incubators(n=15) of 5(3-10)

days (p<0.001). However interestingly infants in incubators were significantly older by

birth GA than infants nursed in cots(p=0.011).

There was a significant effect of PMA age on IBI maximum length, variability, number

and percent, with values decreasing with increased PMA (p=0.002-0.008) (Table 5.4,

Figure 5.3-5.7). Changes in 1Bl median length with PMA were not significant (p=0.083).

Table 5.4 Results of a linear regression analysis of effect of PMA on IBI features

Variables Beta coefficient R? F p-value
PMA vs IBI_MAX -0.724 0.151 10.295 0.002
PMA vs IBI_MEDIAN -0.173 0.051 3.114 0.083
PMA vs IBI_IQR -0.342 0.158 10.896 0.002
PMA vs IBI_NUMBER -0.439 0.115 7.554 0.008
PMA vs IBI_PERCENT -4.892 0.136 9.158 0.004
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Fig 5.7 Scatter plot of IBI median v PMA (weeks)

Significant differences were also evident by pregnancy type for 3 IBI features. Infants
from multiple pregnancies had significantly longer IBI max, IBI median and IBI
variability(IQR) (p=0.030, 0.038 and 0.043 respectively) (Table 5.3). There was no
difference in birth GA by pregnancy type (p=0.107).Infants from multiple
pregnancies(n=30) were chronologically older with a median (IQR) of 12.50 (8.00-
19.25) days in comparison to infants from a singleton pregnancy(n=30) with a
median (IQR) of 9.00(3.75-14.00) days however, this difference was not significant
(p=0.164) (Box plots Figure 5.8 and 5.9). In our group, 9/30 singleton infants and

6/30 multiple infants were nursed in incubators.
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Given the differences in IBI features found between infants from singleton and

multiple pregnancies, we used linear regression to determine if the relationship

between IBI features and infant location (cot or incubator) remained evident when we

controlled for pregnancy type. In an adjusted and unadjusted analysis controlling for

pregnancy type (singleton or multiple) the relationship between all IBI features and

location remain statistically significant. (Table 5.5).

Table 5.5 The relationship between IBI features and infant location when unadjusted and adjusted

for pregnancy type

Relationship Re::latlonslflp
IBI Feature with location,
Unadjusted for pregnancy type Adjusted for pregnancy type
p-value p-value
1Bl length Max 0.021 0.010
IBI length median 0.009 0.005
IBI length variability 0.01 0.005
IBI Number 0.019 0.012
IBl % 0.016 0.007
IBI length maximum IBl length median
(p=0.030) (p=0.038)
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5.4 Discussion

In this study, we have described five IBI features of the EEG in healthy MLP infants
with normal neurodevelopmental outcome at 18 months. As all infants were healthy at
time of monitoring, 36 (35-36) weeks, QS was not affected by the infant’s clinical status
or prescribed medication. This is the first study to describe these features in a large

group of MLP infants with a normal developmental outcome.

Sleep architecture undergoes quantitative and qualitative changes with maturation
which is reflected in the EEG. As previously described in Chapter 4, the overnight
duration of QS did not differ based on GA (p= 0.825), sex (p=0.089), accommodation
(p=0.073) or mode of feeding (p=0.291). However, in our uninterrupted sleep cycle

analysis, the duration of QS significantly differed by GA group showing that infants
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born at the earlier GA of 32 weeks had a median (IQR) of 19.50(17.00-22.50) mins in
comparison to infants born at the later GA of 36 weeks 15.00(13.00-18.00) mins
(p=0.001). As previously described also in Chapter 4, AS was significantly lower in
infants born at earlier GA weeks groups suggesting a more mature sleep organisation
amongst infants born at an earlier GA and chronologically older. These maturational
effects based on birth GA do not seem to have extended to the features of IBls we

have described.

Maturational effects were noted however with increasing PMA as would be
expected(14, 260), with 4 of the 5 IBI features showing decreasing values with
increasing PMA. While advancing PMA did not significantly affect the median IBI
duration, it did reduce maximum IBI length and perhaps consequent to that, reduce
the variability (IQR). The interburst number/min also decreased which may be due to
longer duration of bursts, which would be expected but are not measured here. A
decrease in interburst percentage could be a combination of a shortening of the longer

bursts and an increase in burst length.

The median (IQR) duration of a QS epoch in our analysis was 21.1(17.1-24.3) mins.
This is similar to Dereymaeker et al who reported a mean of 19.0 (SD=3.6) minutes
based on visual analysis and behaviour observation at 35-36 weeks PMA. (13) Our
shortest and longest QS epochs (range: 8.8-29.4 minutes) were shorter than those

reported by Andre et al(273) at 35-36 weeks GA (range:12.0-35.7 minutes).

The median (IQR) results of 6.88(6.00-7.05) sec for IBI maximum length and
2.99(2.59-3.25) sec for IBI median length at 36 weeks based on automated analysis
are consistent with previously published results for this GA based on visual analysis

of the EEG.(356)
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An incubator allows preterm infants of all GA’s to be supported and observed in a
neutral thermal zone (irrespective of weight) while he/she adapts to the extrauterine
environment. MLP infants who are healthy and clinically stable, such as the cohort
under study are cared for in an incubator if they are low birth weight and/or require
observation prior to transfer to a cot. However, in our study there was no significant
difference in birth weight between the infants nursed in a cot or incubator (p=0.579)
and the infants in incubators were significantly older chronologically adds weight to

our suggestion that observation was the primary reason for incubator care.

As presented, IBI features in our healthy MLP infant group were significantly longer/
higher amongst infants cared for in incubators compared to cots suggesting more
immature brain wave activity. In the neonatal unit we aim to provide an environment
close to the minimal sensory intrauterine environment. As per our unit policy,
incubators are generally covered over, in part to reduce light exposure (but allow for
observation) and muffle sound.(403).Infants cared for in incubators are generally
handled less with less sleep interruptions and are in a neutral thermal zone. Our
findings are possibly a reflection of an environment with less stimuli. 1Bl differences
were also associated with pregnancy type (singleton versus multiple). While birth GA
and chronological age were the same in multiples and singletons, birth weight and
head circumference were smaller in the multiple pregnancy group. This needs further
analysis and future research will examine other EEG features in this group such as

amplitude and spectral power.
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It must also be considered that infants in incubators(n=15) were significantly younger
chronologically(p=0.001), many of whom had < 3 days to adapt to the extrauterine
environment. O’'Toole at al explored how the preterm EEG evolved in the first postnatal
72 hours (infants <32 weeks birth GA).(404) During this period there was considerable
post- natal adaptation with the EEG evolving rapidly in this period. This study
describes the evolution of the EEG in 1 day as being equivalent to the slower
maturation that occurs that occurs over 1 to 2.5 weeks GA. O’Toole et al also describe
how the IBI duration decreases over the first 3 days in preterm infants.(404)(Fig 5.10)
Preliminary analysis conducted by O’Toole et al suggest differences in IBI features
remained significant between infants nursed in cots vs incubators after controlling for

chronological age.
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Figure 5.10 Decrease in IBI duration with by GA week and post-natal hours(404)
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Based on sequential EEG’s conducted on very low birth weight infants (<1500g) at a
mean(SD) of 32(2.1) weeks and repeated at 39+4(1.2) Nunes et al described major
developmental changes occurring in the first weeks of life.(405) However, she
described the EEG of this low birth weight preterm infant group at term GA as delayed
and had not reached the same level of maturity as a term born infant. By comparison
Soubasi et al considered four features of aEEG (including continuity, bandwidth, the
presence of sleep —wake cycling and the lower border) when investigating the maturity
of clinical stable preterm infants of 25-34 birth GA(h=96).(406) Sequential weekly
aEEG’s concluded that preterm infants had a more mature or advanced EEG at the

same PMA of infants born at a later GA,

There is a growing body of research using machine learning to design algorithms that
provide a rapid and easily accessible trend of brain activity. Previously developed
algorithms include sleep state detection algorithms (407) and multi-feature detection
algorithms (401, 408) for use in preterm infant. The choice of features used in
algorithm development is based on the research question being addressed and the
advice and expertise of personnel in the area of signal processing. As we were
investigating the maturity of QS amongst a group of MLP infants with a normal
developmental outcome at 18 months, features of 1Bl were used. The algorithm used
five features of the IBI, which are dependent on each other i.e. measuring the same
feature using a different metric and providing complementary information. Other
studies have incorporated burst detection algorithms (409), age specific wave forms
and synchrony.(410) The novel value of automated technology is that algorithms may
be trained to incorporate multiple EEG features on multiple channels unique to specific

PMAs or infant groups with similar characteristics.
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Overall our findings related to the differences between groups by location must be
interpreted with caution as in absolute terms the IBI differences between groups by
location were very small and of uncertain clinical significance except for IBI max where
differences were of the order of 1 second. Also given the small numbers involved, it is
difficult to draw definite conclusions about this finding which would need to be

confirmed with a much larger study.

5.5 Strengths and limitations

Homogeneity is a major strength of this study. This homogenous group of healthy MLP
infants were admitted to the neonatal unit and had overnight cEEG with video at 36
weeks PMA. All Infants had a benign neonatal stay and were healthy on discharge
with no clinical or neurological concerns and a normal developmental outcome at 18
months. A limitation of this study was that although all infants were healthy, they
required admission to the neonatal unit for specialist care. MLP infants cared for in an
open plan NNU are separated from parents and have potential for greater exposure
to a stressful environment and increased exposure to painful procedures which
frequently interrupt sleep. All efforts were made to control environmental conditions
and EEGs were recorded in a quiet area of the neonatal unit, and as per unit policy
there were no overnight disturbances for routine procedures. Disturbances to an
infant’s sleep have been linked to unfavourable clinical outcomes, including growth
and development. (267) A further limitation was that in the absence of clinical concern,
MLP infants >35 weeks birth GA were cared for by mothers on the postnatal ward

were excluded from this study.
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We also described normative features of IBl based on a conservative threshold of <25
MV for = 1 second in defining an IBI (269) as opposed to more liberal threshold < 50

MV which may increase the duration of IBI’s. (373)

5.6 Areas for future research

In our primary analysis we quantified features of IBI in QS but excluded features of
bursts of activity in QS. We did this as IBI features are easily identified based on visual
analysis and as suggested previously one of the first parameters evaluated when
making an overall assessment of the maturity of the brain wave activity displayed on
the EEG. However, features of IBI's may not be the only useful indicators of
maturation. Combining multiple features of EEG such as spectral power, changes in
frequency bands of bursts of activity in QS with features of IBls may provide a more
accurate assessment of the overall functional maturity of cortical activity of the preterm
brain.(411) Standardising the IBI definition based on amplitude and duration
thresholds will provide more comparable normative values for different GA groups and

facilitate collaborative research.(271)

Identifying the PMA of greatest prognostic value for a preterm group is key prior to
introducing EEG as a pre-discharge screening tool to the neonatal unit. Future
research should explore training of automated algorithms on infants also with
abnormal outcome which may assist in identifying features predictive of abnormal

outcome.

The clinical relevance of our secondary findings warrants further research. Does

chronological age and accommodation type in the neonatal unit have developmental
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effects? Are there differences in maturation of preterm infants born form multiple and
singleton pregnancies? There is need for further studies with large sample sizes, of
good design, and optimal measurement of all relevant variables with long term
developmental surveillance in order to determine the clinical relevance for these
findings. Finally, conducting a similar sleep study of MLP infants cared for on postnatal
wards would make a valuable contribution to the literature. These infants are exposed
to natural cycled light and mothers are also immediately on hand to comfort, hold and
feed the infant on demand, all of which are more conducive to sleep and support

normal sleep architecture development and maturation.

5.7 Conclusion

We have adapted an IBI detection algorithm for gEEG of QS in a healthy MLP infant
group. This has provided robust normative data which may be used for reference in
future studies. Pre-discharge EEGs are an important consideration in identifying
infants that warrant close ongoing surveillance. There is a need to standardise EEG

thresholds or cut-off parameters for IBI for each GA group under study.

The IBI algorithm in this study is freely available as Matlab code

(https://github.com/otoolej/burst_detector commit: 573a641) and as Python code

(https://github.com/otoolej/py_burst_detector commit: e31753c). A simple pre-
processing filter, as described in this manuscript, can be added to this detector for the

MLP cohort.
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Chapter 6

Neurodevelopmental outcome of the
moderate to late preterm infant at 4
months and 18 months

Abstract

Introduction

Moderate to late preterm (MLP) infants (32-36+6 weeks gestational age at birth) are
the largest and fastest growing proportion of the preterm infant population. The
availability of developmental outcome data in healthy MLP infants is often hindered by
the belief that these infants are low risk and hence require little developmental
surveillance.

Aim

The aim of this study is to describe the developmental outcome at 4 months 18 months

postmenstrual age (PMA) of a cohort of healthy moderate to late preterm (MLP) born
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infants admitted to the neonatal unit at birth and to compare their outcome to that of a

healthy term born infant group at the same PMA

Method

MLP infants were recruited in the neonatal unit between July 2017 and September
2018 as part of a sleep monitoring study. A healthy term control (TC) group were
recruited during the same period. Both groups had a neurodevelopment assessment

(Griffiths 1ll) at 4 months and 18 months post menstrual age (PMA).

Results

At 4 months 81 MLP infants and 97 TC infants returned for follow up whilst 75 MLP
and 92 TC infants returned at 18 months for Griffiths Il developmental assessment.
MLP infants scored significantly lower in subscales A; Foundations of learning,
(p=0.004), C; Eye/Hand co-ordination, D; Personal/Social and Emotional
Development, E; Gross Motor Development and GD: General Developmental Quotient
(all p=0.001) in comparison to the TC infant group with Cohen’s d effect sizes ranging
from -0.665 to -0.460. There was no difference in mean scores achieved in subscale

B — language and communication between groups.

Conclusion/ interpretation

MLP infants are at risk of adverse developmental outcome. Ongoing surveillance of

the developmental trajectory of this group of premature infants is require.
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6.0 Introduction

The World Health Organisation (WHO) has acknowledged that whilst reducing

mortality is the priority for newborns there is also a need to prioritise improving

As discussed in Chapter 1 Section 1.2.5, all infants born before term are at a greater
risk for developmental delay and school-related problems in comparison to the term
born infant. Whilst a more positive outcome is associated with the low-risk
uncomplicated preterm infant, defining the term ‘uncomplicated’ may prove
problematic as preterm birth itself is not normal and its aetiology may relate to
deteriorating fetal or maternal health. The lower the GA of the infant the greater the
impact on mortality and morbidity.(413, 414, 415) Very preterm infants may have
more complex developmental needs, however all infants born preterm are at high risk
for adverse development. Prematurity combined with low birth weight and intrauterine

growth retardation (IUGR) further increases the risk of adverse outcome.(415)

Comprehending and producing language is a complex human cognitive skill which
may be impaired by preterm birth. Difficulties experienced by preterm infants are not
limited to cognitive functioning but a spectrum of social and emotional issues that have
been identified (Figure 6.1). Infants born preterm are at risk of poorer orienting, alerting
and executive attention skills (416) with a higher prevalence of neurological disorders

related to psychological behaviour and emotional developmental.
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Figure 6.1 A summary of the key social and emotional difficulties that children born preterm might experience.
An e-learning resource Preterm Birth Information for Educational Professionals accessed 23August 2021
www.pretermbirth.info (134)

A higher prevalence of CP (166) and non-CP motor impairment (417) are evident
amongst preterm infant groups with the risk of impairment decreasing with advancing
GA.(166) Although the risk of CP is low in the healthy MLP infant group, further
research is warranted pertaining to subtle non-CP motor impairments such as
developmental coordination disorder (DCD).(418) Williams concluded that children
born preterm are at three to four times greater risk of non-CP motor impairment (two
levels of impairment identified i.e., mild to moderate or moderate) in comparison to
term born infants. For many DCD may only become evident at school going age.
Children with DCA have also been shown to have psychosocial issues such as poor
self-esteem and self-worth due to poor performance in physical education and sporting

activities.(419)

Preterm infants from varying GA’s have lower I1Q (145) which correlates with problem-
solving and educational performance.(146) An elevated incidence of special

educational needs (SEN) has been described across the spectrum of GA’s. (148, 149,
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150, 151, 420) Mathematics is a frequently reported subject in which preterm infants
experience difficulties and require support.(142) Any area of weakness could
potentially have a negative impact on math ability including working memory,
processing speed and ability for flexible thinking and exam performance.(143) In
describing the outcome of any preterm infant group consideration must be given to
factors such as cultural background and socioeconomic status (SES). SES metrics
are derived from many different aspects of life include maternal education,(169, 421,
422, 423) income,(424, 425, 426) occupation,(427, 428) ethnicity,(429) maternal
age,(429) and maternal marital status.(430) Social disadvantage is an added risk for

adverse development.(431, 432)

Not all research supports adverse developmental outcomes in a MLP infant group in
comparison to term born infant group. Odd et al described no variation in summary 1Q
measures between MLP and term born infants at 11 years.(147) Wang et al concluded
no difference in attention/working memory between infants born 34-36 weeks
gestation and term born infants.(107) Ramdin et al described no difference in the mean
cognitive, language and motor scores on a Bayley’s lll assessment of late preterm
infants at 16 months PMA (with a birth weight >1500 g) and term-born healthy infants

who were discharged home with their mothers.(433)

Normative scores in developmental assessments of healthy moderate to late preterm
(MLP) infants are less well established in comparison to the very preterm or the term-
born infant.(21) However, the ever increasing proportion of MLP infants substantiates

a need for a better understanding of the development outcome of this group. (434)
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6.1 Aims
The aims of this study include
e To describe the developmental outcome of a cohort of healthy MLP infants
at 4 months PMA and 18 months PMA
e To compare outcome of this MLP infant group to that of a cohort of healthy

term born infants at the same PMA

6.2 Methods

Chapter 2 Methods, describes all aspects of this study including research setting
(Section 2.1), participants (Section 2.3) and inclusion/ exclusion criteria (Section 2.4)
This was a single centre study carried out in Cork University Maternity Hospital
(CUMH) between July 2017 and September 2018. Ethical approval was granted by

the Cork Research Ethics Committee (CREC) of the Cork Teaching Hospitals.

6.2.1 Participants

Proxy consent was sought from parents of MLP infants admitted to the neonatal unit
as part of an observational sleep study. Inclusion criteria required infants to be
clinically stable without neurological concern by the clinical team and no actual or
suspected chromosomal abnormalities (See chapter 2, section 2.4). Infants from
singleton and multiple pregnancies were included in the MLP infant group.

During the same period, term-born singleton infants (37-42 weeks GA with no
metabolic or genetic anomalies) were recruited on the postnatal wards as part of a
clinical trial of a massage intervention in the first months of life (Clinicaltrials.gov
NCT03381027) (n=97). The non-intervention arm of this study served as the term

control (TC) group for our study.
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As described in chapter 2, section 2.9, parents of both groups were invited to return to
the INFANT Early Life Lab for an infant neurodevelopmental assessment at 4 months
and 18 months post menstrual age (PMA). Anthropometric measurements including

weight, length and head circumference were also recorded at the follow up visits.

Information on maternal occupation was obtained from a questionnaire completed by
the TC group whilst this information was obtained from the maternal electronic health
record for the MLP group where documented. We categorised occupation as:
professional, lower professional, manager/technical/administration, non-manual or
skilled (based on Central Statistics Office 2016 criteria for categorising occupation

groups).(435).

As both the MLP infant group and the TC group were recruited from the same hospital,
within the same time frame and assessments carried out at the same age by the same
small group of assessors, variability in sample groups and methodology was
minimised. The mean (standard deviation) (SD) of the scores achieved by the TC
group served as a reference test to determine the developmental outcome of the MLP
infant group at the same PMA. Developmental achievements of both groups were

compared to at 4 months and 18 months post menstrual age (PMA).

6.2.2 Griffiths lll developmental assessment

In assessing developmental outcome of our MLP group we used the Griffiths 11l mental

developmental scales. This allowed for an accurate comparison with the TC group (non

intervention arm of the clinical trial) which used this developmental assessment tool in

assessments at 18mths. The Griffiths Il is a revision of the Griffiths Il Mental Development
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Scales which had a mean (SD) developmental quotient (DQ) score of 100(13). By
comparison the Griffiths Il has a mean (SD) DQ score of 109(19).(436) Griffiths Il provides
an overall general developmental score and an individual profile of strengths and
weaknesses across five areas or subscales of development (Table 6.1).(437) Subscales of
development include: learning (curiosity, communication creativity, learning and memory),
hearing/speech and communication, eye and hand coordination, personal—-social
performance, and gross motor development (Table 6.1). Each subscale was equally
weighted. Developmental quotient (DQ) scores were calculated for each subscale of

development based on the mean score obtained for the group under study.(438)

Input from primary caregivers is required into the Griffiths test with some subscales requiring
more input than others.(439) Caregiver input confirms the infant’s ability to carry out specific
activities in the home that may not be completed on day of assessment. In calculating scores
achieved the Giriffiths Ill uses a ‘ratio transformation’, dividing developmental age in months
by chronological age giving rise to slightly different means and standard deviations for each

subscale of development.(440)

The same expert group of assessors performed the developmental assessments on both

groups. Due to the nature of the study and the assessment used, we were unable to blind

assessors to MLP group
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Table 6.1 Subscales of development in the Griffiths |l Mental Developmental Scales

Subscales of Development

Area of assessment

Subscale A: Foundations of learning

Assesses critical aspects of learning during the early childhood years including
attention, processing speed, aspects of executive functioning such as flexibility,
dimensions of reasoning, curiosity and creativity, organising and planning,
concept formation and sequencing thought.

Subscale B: Language and Communication

Measures overall language development, including expressive, receptive,
language to communicate socially. Memory has also been incorporated into the
Scale.

Subscale C: Eye hand co-ordination

Considers fine motor skills, manual dexterity and visual perception skills

Subscale D: Personal Social and Emotional

Child’s developing sense of self, growing independence, interactions with others,
emotional development

Subscale E: Gross Motor development

Overall postural control, balance, coordination and other motor abilities

GD: General Development

A total overall development quotient score and to what estimated age the infant
is achieving

Summary of information accessed 22Aug 2021 from accessed 22Aug 2021 https://www.aricd.ac.uk/about-the-

griffiths-scales/griffiths-iii/(437)

6.2.3 Statistical methods

Statistical analysis was performed using IBM SPSS Statistics (version 25.0, IBM Corp,

Armonk, NY, USA). In the demographic data recorded, continuous variables were

described using the median (IQR). Categorical variables were described using

frequencies and percentages. Comparisons between continuous variables were made

using the Mann-Whitney U test and between categorical variables using chi-squared

test, A p-value <0.05 was significant.
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Griffiths DQ scores at 4 months and 18 months were described by the mean and
standard deviation (SD) and the independent samples t-test was used to scores in
each subscale of development between MLP and TC groups. Cohens d formula was
used to determine the standardized mean difference between the MLP and TC groups.
A d of 0.2 was considered a small effect size, 0.5 a medium effect size and 0.8 a large

effect size.(441)

As Griffiths is a norm-based test we also used the mean (standard deviation) (SD) of
the scores achieved by the healthy TC group at 18 months as a reference test to
determine the developmental outcome of the MLP infant group at the same PMA.
Categories were defined as normal (within 1SD of TC group), mildly abnormal (>1SD
below the healthy term group), moderately abnormal (>1-2 SD below the TC group)

and severely abnormal (>2SD below the TC group).

Finally, we performed a post-hoc analysis of the MLP group to examine the effect of
absolute GA in weeks, sex and pregnancy type on outcome at 18 months. Within the
MLP infant group analysis, comparisons of scores between subgroups (e.g. sex or
pregnancy type) were calculated using an independent sample t-test and outcome by

gestational age week group using a one-way ANOVA
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117 recruited

Discharged prior to sleep study(n=13]
Chromosomal investigations and excluded
as per exclusion criterian=3)

101 included in study

20 infants lost to follow up at 4 months

81 infants returned at 4 months

Further & infants lost to follow up

75 infants returned at 18 months for
developmental assessment

Figure 6.2 Recruitment of MLP infant group

6.3 Results

One hundred and seventeen MLP infants were recruited to this study in the neonatal
unit and 101 infants participated in this study.(Fig 6.2) Ninty seven infants participated
in the term control (TC) group. The median (IQR) birth GA (wks) of MLP infant group
was 34.00 wks (IQR:33.75-35.21) and the TC group was 39.86 weeks (IQR:38.93-
40.82). As expected, the TC group(n=204) had significantly higher birthweight and
larger head circumference than the MLP group (n=101) (Table 6.2). The majority of

infants in the MLP and TC groups were male (52.5.% and 55.9% respectively).

At time of recruitment, within the MLP group 52.5% of infants were from singleton
pregnancies and 47.5% from multiple pregnancies. Nine infants had a birth
weight<10™ centile for GA i.e. small for gestational age (SGA)(442). All SGA infants
had normal developmental outcome at 18 months. Infants from a singleton

pregnancy had significantly higher birthweight than infants from a multiple pregnancy
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(median (IQR): 2.27(1.95-2.65) vs 1.97(1.78-2.14), p<0.001); however, this
difference in weight was not evident at 18 months (median (IQR): 11.29(10.80-12.49)

vs 11.37(10.60-12.24), p=0.666).

At 4 months PMA 81 MLP infants and 97 infants in the term control returned for their
first follow up visit and Griffiths Il assessment. Anthropometric measurements
including weight, head circumference and length were also recorded at the follow-up
visit. There was no significant difference in these measurements between groups at
this time (p=0.057, 0.133 and 0.423 respectively|) (Table 6.2). In the MLP infant group,
Infants from multiple pregnancies had a significantly lower birth weight than infants

from a singleton pregnancy (p=0.004).

6.3.1 Maternal occupation

Data relating to maternal occupation of the MLP group was obtained from the maternal electronic
health record. Data relating to maternal occupation for the TC group data was obtained from a
parental questionnaire completed as part of the clinical trial. Occupation was not recorded in the
electronic health record for 18.7% (n=14) of MLP infant mothers (Table 6.2). In the TC group
2.2%(n=2) of mothers did not disclose their occupation. Based on data recorded there was no
difference based on category of occupation between study groups (p=0.784). Based on
information recorded on employment, 71.4% of MLP and 64.0% of TC mothers were
professionals with a university degree or higher, with14.3% of mothers of MLP infant group and
15.7% of TC group were employed in managerial/ technical or administrative roles. All mothers

of TC group were employed whilst 2.7% of MLP group were unemployed.
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Table 6.2 Demographics of infants recruited to the study at birth, at 4 months and 18 months

Moderate to late preterm
group (MLP)

Term Control

group (TC)
Median (IQR)(n=101) Median (IQR)(n=97) p-value
Maternal age in years 35.00(31.00-38.00) 35.00(32.50-37.00) 0.189
Gestational age at birth(weeks) 34.0(33.0-35.0) 39.86(38.93-40.93) n/a
Birth Weight (Kg) 2.10(1.87-2.40) 3.53(3.23-3.83) <0.001
Birth Head Circumference (cm)(n=100) 32.00(30.85-32.90) 35.20(34.50-36.15) <0.001
n(%) n(%)
Sex
Male 53(52.5) 56(57.7)
Female 48(47.5) 41(42.3)
Pregnancy
Singleton 53(52.5) 97(100)
Multiple 48(47.5) 0(0)
4 months assessment Median (IQR)(n=81) Median (IQR)(n=97)
Chronological age 6(5-6) n/a
Corrected age(months) 4(4-5) 4(4-4)
Weight (Kg) 6.78(6.28-7.25) 7.08(6.36-7.82) 0.057
Head Circumference (cm)(n=80) 43.00(42.00-44.00) 42.40(41.40-43.60) 0.133
Height (cm)(n=79) 64.00(62.38-66.20) 65.00(63.00-66.50) 0.423
n(%) n(%)
Sex
Male 39(48.1) 56(57.7)
Female 42(51.9) 41(42.3)
Pregnancy
Singleton 41(50.6) 97(100)
Multiple 40(49.4) n/a
18 months MLP(n=75) Term (n=92)
Weight (Kg)' 11.36(10.75-12.40) 11.50(10.70-12.60) 0.518
Height (cm)’ 81.50(79.10-84.00) 83.00(80.00-85.00) 0.079
Head Circumference (cm)’ 48.00(47.90-48.50) 48.80(47.53-49.50) <0.001
Chronological age * 19.65(19.32-20.44) 18.46(18.17-18.72) <0.001

Adjusted age on assessment *

Sex

Male

Female

Pregnancy

Singleton

Multiple

Maternal Occupation
Unemployed

Not documented
University Student
Employed
professional

lower professional
Manager/ technical/ admin
Non-manual

Skilled

18.00(18.00-19.00)
n(%)

35 (46.7)
40(53.3)

38(50.7)
37(49.3)

2(2.7)
14(18.7)
3(4.0)
56(74.7)
38(65.5)
2(3.4)
8(13.8)
6(10.3)
1(1.7)

18.46(18.17-18.72)

0.091
55(59.8)
37(40.2)

92(100)
0.383

0(0)
3(3.3)
1(1)
88(95.7)
57(63.3)
3(3.3)
14(15.6)
10(11.1)
5(5.6)

MLP: moderate to late preterm infants, IQR: interquartile range, Kg: kilogram, cm: centimetre

The Mann—Whitney U test was used for comparisons of continuous variables between groups. The Chi-squared
test was used to determine the relationship between categorical variables. A p-value <0.05 is significant

* Delay in 18 months assessment for MLP (n=14) infants due to Covid restrictions. 'Missing data as not recorded
in electronic health record or failure to obtain at 18 months. In MLP group missing data includes: weight at 18
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months (n=4), Head circumference (n=6), Height (n=1) and maternal occupation (n=14). In the term control
group missing data includes, head circumference at birth (n=16) and at 18 months includes Weight(n=4), Head
Circumference (n=16), Height (n=3) and Maternal Occupation (n=3)

6.3.2 4 months PMA assessment

At 4 months PMA 81 MLP infants and 97 of TC group returned for assessment. There
was no significant difference in weight, length or head circumference between the MLP
and TC groups at 4 months (p=0.057, 0.133 or 0.423 respectively) (Table 6.2). Almost
half of the MLP infant group were from multiple pregnancies whilst singleton infants
only were recruited to the TC group (exclusion criteria). There was minimal sex
difference within the MLP group at 4mths PMA (48.1% were male and 51.9% were
female) and the majority of the TC group were males (57.7%).Significant differences
were evident in between groups in all subscales of development with the exception of

Subscale A, Foundations of learning (p=0.127). (Table 6.3, Figure 6.3).
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Figure 6.3 Boxplot representation of 4 month Griffiths assessment scores achieved by moderate to late
preterm(n=81)(red) and term control group (n=97)(blue)
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At 4 months PMA singleton infants (n=41) outperformed the multiples group in

Subscale B (Language / Communication) (p=0.015) and Subscale C (Eye Hand

Coordination) (p=0.022) with a higher overall General development scores (p=.044).

Table 6.3 Developmental outcome of moderate to late preterm (MLP) and term control (TC) groups at 4 months
and 18 months post menstrual age (PMA)

Griffiths Il
Mental Developmental Scales 4 Months 18 Months
Preterm(n=81) Term(n=97) Preterm(n=75) Term (n=92)
Subscales of development Median (IQR) ~ Median (IQR) C;Iue Median (IQR)  Median (IQR) f;lue
Subscale A: Foundations of Learning 112(101-129) 119(109-129) 0.127 110(97-118) 114(105-122) 0.002
Subscale B: Language / Communication ~ 124(112-136)  131(125-142) <0.001 | 106(96-114) 109(99-117) 0.286
Subscale C: Eye-hand coordination 117(108-117)  120(110-126) 0.005 109(103-118) 118(109-122) <0.001
Subscale D: Personal Social/ Emotional 118(113-123) 128(120-133) <0.001 | 115(108-122) 122(117-125) <0.001
Subscale E: Gross Motor development 121(110-124) 124(117-131) <0.001 | 124(112-130) 135(126-135) <0.001
GD: General Development 120(117-126) 128(120-135) <0.001 | 112(108-122) 122(112-127) <0.001

GD: general development, IQR interquartile range, DQ; developmental quotient. a p-value calculated from the
Mann-Whitney U test. A p-value <0.05 was significant

6.3.3 18 months follow-up assessment:

At 18 months PMA, 75/101 (74.3%) of the MLP infant group and 92/97 (95%) of the
TC group returned for a second Griffiths Ill developmental assessment. At this time
there was no difference in weight (p=0.518) or height (p=0.079) between groups but a
significant difference persisted in head circumference(p<0.001) (Table 6.2). At this
timepoint, 49.3%(37/75) of the MLP group were from a multiple pregnancy. At this
assessment MLP infants continued to score significantly lower than TC group in all
subscales of development and overall general development with the exception of

Subscale B, Language and Communication (p=0.286) (Table 6.3, Fig 6.4).
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All infants born with a birth weight <10" centile(n=9) or small for GA (SGA) had a
normal developmental outcome at 18 months. Five of these infants were from a

multiple pregnancy whilst four infants were from a singleton pregnancy.
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Figure 6.4 Boxplot representation of 18 months Griffiths assessment scores achieved by moderate to late
preterm(n=75)(red) and term control group(n=92)( blue)

The Cohens d effect size calculations at 18 months showed a medium negative effect size
difference was evident between groups in overall general development at 18 months (p<0.001)
with a Cohens d=-0.602)(Table 6.4). Differences were evident in scores achieved in Subscale
C Eye-hand coordination (p<0.001, with a Cohens d effect size of -0.648), Subscale D
Personal /Social /Emotional (p <0.001, with a Cohen’s d effect size of -0.590) and Subscale E

Gross Motor (p <0.001, with a Cohen’s d effect size of -0.665). These findings indicate that the
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MLP group scored 0.648, 0.590 and 0.665, standard deviations below the TC group within

these three subscales of development. A small-medium effect size was seen in Subscale A (d=

-0.460) and a small effect size in Subscale B (d= -0.252).

Table 6.4 Comparison of Griffiths Ill general development DQ scores of the moderate to late and term
control groups at 18 months and effect size difference described using Cohens d

Term Control
Group(n=92)

Moderate to
late preterm

(n=75)
mean (SD) mean (SD) Difference (95% Cl)* f/)alue** Cof;ens
Subscale A DQ ,Foundations of learning 112.46(11.92) 106.45(14.30) 6.00(2.00to 10.01) 0.004 0.460
Subscale B DQ, Language / Communication 107.99(14.85) 103.97(17.19) 4.02(-0.88 to 8.91) 0.107 0.252
Subscale C DQ, Eye -hand co-ordination 116.16(10.75) 108.36(13.45) 7.80(4.11 to 41.50) <0.001 0.648
Subscale D DQ, Personal/social/emotional 119.04(8.17) 113.56(10.51) 5.48(2.63t08.34) <0.001 0.590
Subscale E DQ, Gross Motor 130.30(13.58) 120.85(14.94) 9.45(5.09 to 13.81) <0.001 0.665
GD DQ, General Development 119.45(10.78) 112.12(13.67) 7.33(3.59to0 11.06) <0.001 0.602

DQ: developmental quotient score, SD: standard deviation, Cl

difference between the TC and MLP groups
*difference is TC-MLP

**from independent samples t-test

: confidence Interval.
A p-value <0.05 is considered statistically significant. Cohens d formula was used to determine the standardized mean
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Table 6.5: Scores on Griffiths Il MDS achieved at 18 months by moderate to late preterm infant group by birth gestational age, sex and pregnancy type

Subscale D:

Gestational age Subscale A: Subscale B: Subscale C: Subscale E:
. p- p- - Personal - General

group (weeks) Foundations of Language and Eye-hand . p-value  Gross Motor p-value

. value L value . value Social / value Development
(n=75) Learning Communication coordination . development

Emotional
0.978 0.450 0.741 0.573 0.713 0.585

32 weeks GA (n=12) 108.58(12.26) 109.17(7.38) 110.25(9.72) 116.50(6.95) 120.50(13.35) 115.25(6.09)
33 weeks GA (n=13) 106.31(14.23) 101.54(20.70) 108.15(15.69) 114.38(16.52) 125.08(14.61) 112.46(16.86)
34 weeks GA (n=28) 105.57(16.68) 100.14(18.31) 105.79(14.20) 111.00(10.02) 108.29(18.92) 108.82(15.14)
35 weeks GA (n=10) 105.50(12.38) 108.70(20.99) 111.60(14.86) 115.10(7.94) 120.00(8.60) 114.00(12.98)
36 weeks GA (n=12) 107.33(13.67) 106.42(13.49) 110.00(12.02) 114.42(8.36) 123.17(10.32) 114.75(12.69)
Sex 0.075 <0.001 0.003 0.001 0.582 0.001
Male (n=35) 103.31(16.69) 95.80(19.38) 103.46(15.89) 109.26(12.41) 119.83(14.49) 106.66(16.53)
Female (n=40) 109.20(11.34) 111.12(11.00) 112.65(9.08) 117.33(6.66) 121.75(15.44) 116.90(8.14)
Pregnancy type 0.959 0.040 0.230 0.298 0.216 0.319

Singleton (n=38)

Multiple (=37)

106.37(11.50)

106.54(16.89)

107.97(14.51)

99.86(18.89)

110.21(10.69)

106.46(15.71)

114.82(7.48)

112.27(12.90)

118.74(16.20)

123.03(13.39)

113.68(10.41)

110.51(16.36)

The p-value was calculated using the one-way ANOVA for gestational age and the p-value calculated using an independent sample T-test for sex and pregnancy type. A p-
value<0.05 was considered significant
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In the MLP group we conducted a post-hoc analysis to investigate the effect of degree of
prematurity (GA week group), sex and pregnancy type on outcome at 18 months (Table
6.5). Although numbers in each GA group (32, 33, 34, 35 and 36 weeks) were low, we
found no significant differences in assessment scores, based degree of prematurity.

In the MLP infant group, sex was found to be associated with Griffiths scores with female
infants outperforming male infants in Subscale B (p<0.001), Subscale C (p=0.003),
Subscale D (p<0.001), and overall general development (GD) (p<0.001). There was
however an imbalance between MLP and TC groups in terms of sex (i.e. 53.3% of MLP
infants were females in comparison to 40.2% of TC group). To account for sex imbalance
between MLP and TC groups we used regression analysis with both study and sex as
independent variables. When we adjusted for sex imbalance scores achieved in Subscale

B significantly differed between groups(p=0.028).(Table 6.6)

Table 6.6 The relationship between Griffiths scores in each subscale of development between groups
when adjusted and unadjusted for sex

Unadjusted analysis Analysis adjusted for sex

Difference in means* (95% Cl) p-value**  Difference in means* (95% Cl)  p —value***

Subscale A 6.00(2.00 to 10.01) 0.004 6.55(2.55 to 10.55) 0.001
Subscale B 4.02(-0.88 to 8.91) 0.107 5.30(0.58 to 10.02) 0.028
Subscale C 7.80(4.11 to 11.50) <0.001 8.56(4.93 to 12.20) <0.001
Subscale D 5.48(2.63 to 8.34) <0.001 6.20(3.44 to 8.96) <0.001
Subscale E 9.45(5.09 to 13.81) <0.001 9.76(5.36 to 14.16) <0.001
Subscale GD 7.33(3.59 to 11.06) <0.001 8.25(4.63 to 11.87) <0.001

Cl: confidence interval,

A p-value <0. 05 is considered statistically significant

*difference is TC-MLP

**from linear regression analysis with group as the independent variable

***from linear regression analysis with group and sex as the independent variables

Adjustment for pregnancy type: At 18 months PMA there was no difference in overall

general developmental (GD) scores between infants born from singleton and multiple
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pregnancies (p=0.319) (Table 6.5). Significant differences by pregnancy type were
only evident in Subscale B (Language and Communication) (p=0.040) in which

singleton infants out performed infants born from a multiple pregnancy. As the TC
group was limited to singleton infants only, we conducted an analysis restricted to
singleton infants only. Again there was a statistically significant difference in all

subscales (except subscale B) between the MLP and TC groups (before and after
adjustment for sex).We next adjusted for sex which again showed no difference in

subscale B with or without adjustment.(Table 6.7)

Table 6.7 Restricted analysis to singleton infants before and after adjustment for sex

Unadjusted analysis Adjusted analysis

Difference in means (95% Cl) * p-value** Difference in means (95% Cl)* p —value***
Subscale A 6.09 (1.59 to 10.59) 0.008 6.38(1.86 to 10.91) 0.006
Subscale B 0.016(-5.61 to 5.64) 0.996 0.79(-4.79 to 6.35) 0.779
Subscale € 5.95( 1.86 to 10.05) 0.005 6.49(2.43 to 10.54) 0.002
Subscale D 4.23(1.19 to 7.27) 0.007 4.72(1.73 to 7.70) 0.002
Subscale E 9.45(5.09 to 13.81) <0.001 11.80(6.26 to 17.33) <0.001
Subscale GD 5.76(1.69 to 9.83) 0.006 6.39(2.40 to 10.39) 0.002

Cl: confidence interval,
A p-value <0. 05 is considered statistically significant
*difference is TC-MLP

**from linear regression analysis with group as the independent variable

***from linear regression analysis with group and sex as the independent variables

Using the reported Griffith’s cut off as < 90 for delayed development, 5/75(6.7%) of the
MLP group were <90 compared to 2/92(2.2%) of the TC group at 18mths. When we
standardised Giriffiths lll scores based on the general development DQ score of the healthy TC

group (n=92) with a (mean=119, SD=10), 29.3% of MLP group had an abnormal outcome versus
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18.5% of the TC group (Table 6.8). Cognitive skills are most affected in this group which may

limit later academic performance and consequently, vocational opportunities.

Table 6.8 Developmental outcome of the Moderate to late preterm (MLP) standardised based on mean (SD) of
the term control group at 18 months

TC(n=92) MLP(n=75)

n(%) n(%)
Normal Outcome (>109)" 75(81.5) 53 (70.7)
Abnormal Outcome 17(18.5) 22 (29.3)
Mild delay, One SD below mean (100-109) 13(14.1) 14 (18.7)
Moderate delay, two SD below the mean (90-99) 2(2.2) 3(4.0)
Severe delay, three SD below the mean (0-89) 2(2.2) 5(6.7)

Scoring of Griffiths was standardised based on the general development developmental quotient score of a
healthy term control group (n=92) with a (mean=119, SD=1)

6.4 Discussion

We have shown that MLP infants had significantly lower in Griffiths MDS at 4 months
and 18 months PMA. No difference was seen in subscale A Foundations of learning
at 4 months (p=0.127) and at Subscale B Language and Communication at 18 months

(p=0.286) between the groups.(Table 6.3).

We did not find any difference in outcome at 18 months due to gestational age at birth
(32-36 weeks). This may be because of low numbers in each gestational week and
we were underpowered to examine this effect.. In a similar study that investigated the
developmental outcome and social-emotional competence of MLP infants versus a TC
infant group at 2 years, Cheong et al (135) also found no evidence of an association
with birth gestational age. As all infants had an uncomplicated neonatal stay, factors

such as maternal well-being, obstetric/fetal complications, level of maternal education,
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socioeconomic and cultural background may come into play when considering the risk

of adverse outcome and the level of surveillance warranted. (109, 171, 172, 443)

Outcome of infants born very prematurely and small for GA (SGA) (defined as a birth
weight <10th centile (442) is described as significantly associated with hyperactivity
scores (coefficient 0.81, p < 0.04) when assessed using the Strengths and Difficulties
Questionnaire at 5 years(n=342).(158). Bickle et al’s study concluded that birthweight
<10th percentile does not appear to be a risk factor for adverse outcome in MLP infants
in the area of cognition and neurodevelopmental at 18 months. Longitudinal follow up
will provide data on the longterm effects prematurity and SGA. An increase in neonatal
complications and prolonged hospitalisation have been described in in SGA MLP

infants (444).

Maternal level of education, has been described as having a significant and consistent
relationship with the cognitive development of preterm children from birth through
school years.(445, 446) Maternal education is also the most frequently evaluated
indicator of SES.(447) Lower parental education and SES are associated with poorer
developmental outcomes in preterm infants. (117, 137, 149, 168, 169, 445, 448)
Detailed data on maternal education and maternal 1Q were not available for our MLP
cohort. However, similar profiles in occupation were seen in the MLP and TC
groups(p=0.070) and those employed (p=0.784), with 71.40% of MLP group and
64.0% of the TC group identified as professionals requiring a minimum of a university
degree. It is reassuring that differences between the groups were not driven by

differences in maternal education.
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There is a higher risk of preterm birth with a multiple pregnancy (449) (supported by
the fact that approximately half of the MLP infants in this study were from multiple
pregnancies). In our analysis of the MLP infant group at 18 months DQ scores of
singleton and multiple infants of MLP infants differed only in Subscale B Language

and Communication (p=0.040) (Table 6.5).

Manuck et al, (controlled for GA at delivery and maternal education) described no
difference in outcome of preterm singleton and multiple pregnancies (<33.9 weeks
birth GA) using the Griffiths Mental Developmental Scales or Bayley Scales of Infant
Development at 2-3 years.(132) However, Raz et al described twins < 34 weeks birth
GA to have lower global language performance a lower visual processing scores

compared to singleton infants during preschool years (3-6 years).(450)

MLP infants in this study also had significantly lower scores in the personal, social and
emotional subscale of development (p<,0.001) with a moderate effect size (Cohens d
of -0.590) (Table 6.4). This finding supports Johnson et al’s results of an increased
risk of delayed social competence. (118) Cheong described social behavioural issues
to be four times higher amongst MLP in comparison to term-born infants.(4) This may
also suggest a predisposition to challenging behaviour, (64, 157) an increased risk of
hyperactivity and a diagnosis of ADHD.(126) However, Huddy et al concluded that an
association between prematurity and hyperactivity was not always inversely related to
GA.(94) Children with learning, social, behaviour, motor and sensory impairments

have a higher special educational needs (SEN) requirement.(151, 152)

Previous research studies have shown a strong correlation between prematurity and

a diagnosis of cerebral palsy(CP) with the absolute risk of CP decreasing with
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advancing birth GA.(162, 164) Pierrat et al. reported that 1.0% of infants born between
32 to 34 weeks GA weeks had a diagnosis of CP at 2 years of age. (165) Although
more mature preterm infants generally have better outcomes, MLP infants have shown
a six times higher prevalence of CP than children born at term (7 per 1000 vs.1.1 per
1000 live births). (166) (135) This study has shown that the greatest difference
between groups was in the area of gross motor development with a moderate effect
size of -0.665. Our findings support Williams suggestion that non- CP motor
impairment may be the most common form of impairment in the preterm
population.(418) Motor milestones in early infancy have been associated with children
needing full time special education.(451) However, no participating MLP infants had a
diagnosis of CP at 18 months. As mild motor impairment may only become apparent
beyond 18 months, a diagnosis of CP or a non-CP motor disorder at a later age cannot

be ruled out.

Identifying developmental deficits through early assessments of preterm and term-
born infants supports the use of Early Intervention Services (EIS). The importance of
early intervention has been acknowledged by international health organizations some
of which recommend regular developmental surveillance screening for all
children.(452) A Cochrane neonatal review group identified a positive influence of
early intervention programmes on cognitive and motor outcomes which persisted into
school age years.(177) Reichow et al acknowledged EIS as critical to optimizing
language, socio-emotional development, educational success, and the prevention of
additional future developmental delay.(453) EIS have demonstrated quantitative
improvement in developmental outcomes for children with a moderately positive effect
on children with established developmental deficits.(454) As the smallest

improvement in abilities may have a major impact on life choices and earning potential,
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EIS services have the potential to affect the quality of life of all infants born preterm

into adulthood and reduce a potential long-term socio-economic impact.

This study has provided detailed information relating to the developmental outcome of
healthy MLP infant and the strengths/weaknesses of the group in comparison to a
healthy TC group. Maturation and development of all areas of the brain are both linear
and non-linear and may accelerate or abate at different weeks of gestation.(455) Using
the TC group means in a group similar in all aspects to the MLP infant group under
study (with the exception of location of care), isolates the effect of GA on outcome. As
our TC group scored high, a score within 1 SD of the mean of the TC group was
considered a normal outcome (>109 general development DQ score). 29.3 % of MLP
infants had an abnormal outcome. Putting this into perspective 3 out of every 10 MLP

infants had an abnormal outcome, the majority of which showed mild delay.

6.5 Strengths and Limitations

This study provides robust data that describes the developmental outcome of a large
group of healthy MLP infants. Homogeneity is a major strength of this study. All
participating MLP infants had an uncomplicated journey through the neonatal unit and
were considered healthy at discharge. Both MLP and TC groups were recruited over
the same period (2017-2018) with the same standardised developmental assessment
performed by the same small group of expert assessors(n=4) at the same PMA of 4
months and 18 months. From a research perspective, homogeneity is an important

factor in terms of identifying norms for specific groups of preterm children.
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Neurodevelopmental assessments were completed using a tool which has recently

been validated a representative sample of infants born in Ireland and the UK. (456)

Limitations include the vast majority of participants (96%) of the MLP infant group were
Caucasian, reflecting the local population. This limits the generalisability of our
findings. The MLP infant group was inclusive of singleton and multiple births. Only
MLP infants admitted to the neonatal unit were included in this study, to the exclusion
of those cared for on postnatal wards. This may have had implications in terms of level

of stress or sensory exposure for the MLP infant in comparison to the TC group

Research has shown that developmental delay is more prevalent amongst MLP infants
from disadvantaged groups.(149, 423) As this data was not available in our study, we
utilised education level (where documented) as a proxy for socioeconomic status
which was similar between groups. A total of 18.7% of MLP infants did not have this
data recorded another possible limitation includes the fact that developmental

outcome assessors were not blinded to birth GA at time of assessment.

6.6 Opportunities to improve the outcome for MLP infants

At the outset, improved developmental outcomes for newborn infants must start with
prioritising the health of women in general and specifically during pregnancy. Parents
are central to children’s health and development hence supporting parental wellbeing
can only have a positive effect on a child’s long-term physical and psychosocial

development.(457) The weight of evidence supporting suboptimal neurodevelopment
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of MLP infants also has implications for obstetric practice and discussions with parents
in providing a case for early delivery during the MLP period versus increased

monitoring and surveillance.

The architectural framework of brain development is predominantly genetically
defined. However, brain development is experience dependent and relies on circuits
reinforced and strengthened by repeated use. (458) Both genetics and the
environment (nature with nurture) interact, playing a role in shaping the development
and influencing maturation of neural circuits and the strength of connections within the
brain. (51)This interaction commences in early fetal life and continues as the infant
grows toward childhood and adolescence. This is particularly relevant to the preterm
infant who may be exposed to high levels of stress at a sensitive period of development
within an environment such as the neonatal unit. All environmental exposures (positive
and negative) may potentially affect the preterm infants' well-being and impact the
normal trajectory of brain network development .(459) The embedding of positive
experiences in early life when developmental plasticity is at its highest will contribute
greatly to establishing the foundation for either optimal or suboptimal brain
development. (245) ). Recent trends have shown slightly lower rates of certain
neurologic and developmental conditions amongst preterm infants than previously
recorded (162, 165, 460). Education on neuroprotective measures and advances in

neonatal care are likely to be contributing to these improved rates(122).

To date research on developmental outcomes has placed a greater focus on very
preterm infants, late preterm infants or the term hypoxic infants. By comparison there

is a paucity of literature pertaining to the neurodevelopmental outcome of healthy MLP
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infant as a stand-alone group. Further robust longitudinal research studies on
neurodevelopment will have implications for resource allocation to assist in the

provision of a supportive pathway of multidisciplinary surveillance for all MLP infants.

Early diagnosis of developmental delay presents a unique opportunity for surveillance,
and intervention with targeted therapies. Further research will inform decisions relating
to tools used and screening intervals for MLP infants at a local and national level

There does appear to be some positivity (although small) on the overall developmental

outcome of preterm infants (including MLP group

6.7 Conclusion

There is a paucity in the research literature on the long-term developmental outcome
of the uncomplicated MLP infant with benign neonatal stay and normal neurological
exam on discharge. This study’s findings confirm that MLP infants are at higher risk of
adverse outcomes in comparison to term-born infants. This study also highlights the
effect size of moderate to late preterm birth on developmental outcomes. Our findings
support the need for a broader effort for ongoing surveillance of the ‘at risk’ healthy

MLP infant group.

As developmental delay can be transitory or sustained we do not know the value of
suboptimal scores at 4 months or indeed 18 months and how these results will play
out long term. However, infants who do show an abnormal outcome at 4 months and/or

18 months may be identified as being ‘at risk’ and require ongoing close surveillance,
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Chapter 7

Summary, conclusion and areas of
future research

This chapter provides an overview of the various studies performed. This research
programme consisted of an observational study using EEG technology to assess the
sleep architecture of healthy MLP infants in the neonatal unit at 36 weeks post
menstrual age (PMA). Participating infants had follow-up developmental assessments
at 4 months and 18 months PMA using the Griffiths Il mental development scales.
Finally, we compared developmental outcomes of MLP to that of a term healthy cohort
at the same PMA. Below is a summary of each chapter and highlights the strengths
and limitations of the study. Areas that warrant further research will be explored and

personal reflections are made.
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/7.1 Summary

This study described the sleep architecture of healthy MLP infants overnight at 36
weeks in the neonatal unit. Using cotside EEG with ECG /respiratory monitoring with
video, sleep states were identified and annotated for MLP infants(n=98). Of the total

overnight SWC’s recorded (n=589), 23.3% (n=137) were interrupted.

A more detailed analysis of the nocturnal sleep architecture of MLP was also
described. The overall total sleep time (TST) duration(hours) was 7.09(6.61-7.76),
1.58(1.18-2.13) feeding/ attending to care and 3.19(2.38-3.85) awake. Participants
were grouped by birth GA week (32,33,34,35 or 36), sex, mode of feeding and location
at the time of monitoring (cot or incubator) there was a statistically significant increase
in AS noted with advancing birth GA (p=0.007). The median (IQR) duration of an
overnight uninterrupted sleep cycle was 37.00 (32.00-45.13) mins. Whilst the duration
of QS in sleep cycles was significantly higher amongst infants born at a lower GA

(p=0.001),

An IBI detection algorithm was used to calculate the features of QS of MLP infants.
Values for five summary measures of inter-burst intervals IBls in QS at 36 weeks GA
with normal developmental outcome at 18 months(n=60). Features described include:
IBI length maximum (secs), IBI length median (secs), IBI length variability, IBI number
(per minute) and IBI percent of the QS epoch. The values of these features amongst
this very healthy homogenous preterm infant group provides valuable base line data

which may be used in future studies.
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Developmental outcome of the MLP infant group was compared to a healthy control
group at 4 months and 18 months PMA. 75/101 MLP and 92/97 TC infants had a
Griffith’s Il assessment at 18 months. With the exception of Subscale B - Eye and
Hand Coordination (0.286) there was a significant difference in scores achieved in all
subscales between the two groups. MLP infants scored significantly lower in all other
four subscales of development and overall general development (p< 0.002) in
comparison to TC infants with a Cohen’s D effect size of - 0.460 to - 0.665. When
standardised based on the general development DQ score of the healthy TC group
(n=92) with a (mean=119, SD=10), 29.3% of MLP infants had an abnormal outcome
with 18.7% were mildly delayed (one SD below the mean i.e. 100-109), 4 %
moderately delayed (two SD below mean i.e. 90-99) and 6.7% were severely delayed

(three SD below the mean i.e. 0-89).

7.2 Contribution to the literature

Moderate to late preterm (MLP) infants are the largest and fastest growing proportion
of the preterm infant population yet are poorly represented from a research
perspective. The development of sleep architecture is a highly dynamic process and

progresses rapidly during the MLP infant period.(312, 461).

The main contribution of this thesis is in describing detailed sleep architecture for
healthy MLP infants in the neonatal unit at 36 weeks post menstrual age. It also
describes how factors such as birth GA, birth weight, sex, accommodation, mode of
feeding impact sleep. EEG used in sleep studies contributes to our understanding of
brain development and can assist in identifying infants with immature sleep

organization and who warrant close ongoing surveillance.
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Sleep has been identified as an important factor in cognitive and developmental
outcome, physical growth and overall wellbeing.(196, 394) This thesis also describes
the frequency of overnight sleep interruptions occurring in an open plan neonatal unit
for a healthy MLP infant group at 36 weeks PMA, the majority of whom were preparing
for discharge home. Whilst previous studies have described the handling of infants in
the NICU, (212, 462) the number of night-time interruptions to a healthy MLP infant
group for the purpose of feeding have not been previously described. Irrespective of
the cause, frequent interruptions to preterm infant sleep may impact the pathway of
normal neurodevelopment, compound underlying medical conditions (463) and
potentially trigger many conditions such as anxiety disorders, attention deficit
hyperactivity disorder,(ADHD) and depression.(212, 283)This work lays the

groundwork for potentially optimising sleep in the neonatal unit in the future.

This study also describes the normative sleep architecture of a large cohort of the
healthy MLP infant group at 36 weeks post menstrual age (PMA) over a 12 hour period
combining visual analysis of EEG, behavioural observation and physiological
parameters of cardiac and respiratory well-being. This is the first study to provide an
overview of overnight normative sleep architecture MLP infant group increasing the
dept of knowledge on what we know about MLP infant’s sleep. Previous studies by
Han et al(266) Curzi-Dasclova et al (313)and Georgoulas et al(197) have produced
data on the duration of sleep cycles and sleep states. Whilst these studies did utilise
EEG they were of shorter duration with recording of 1 to 4 hours and had fewer infants.
Other studies relating to sleep state identification by Mirmiram et al (464) and
Foreman et al(310) did not use EEG and scored sleep state based on behavioural
observation (video) alone which may not give reliable data. Our prolonged recording
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with sleep scored by the gold standard of EEG +video should provide accurate and

reliable normative data for this group.

Inter-burstintervals (IBI's) are quiescent periods of activity in QS, which normally occur
in the EEG of premature infants and decrease in duration with advancing GA.(391)
Initial assessment of EEG normality is frequently based on the duration of discontinuity
and if it is within normal limits for the GA of the infant.(328) Previous studies have
described IBI features of very preterm infants with a normal developmental outcome.
However, often the neonatal clinical course of participants varied as did the criteria
and cut off cut-off threshold values for the minimum and maximal amplitude(179, 328,

393) and duration of an IBI.(179, 260, 271)

Automated technology and machine learning provide an objective means of
guantifying EEG features, making EEG interpretation faster to interpret at the cot-side
(356, 465) especially when there is limited access to the expertise of a specialist
neurophysiologist.(466)This study has adapted an algorithm previously developed for
very preterm infants for use in the MLP infant group. Through automated methods,
features of quiet sleep (QS) of infants with a normal developmental outcome at 18
months are described. This normative data can be used as baseline data for future

studies of IBI analysis in this age group to predict outcome.

The relationship between sleep activity and healthy cognitive development is difficult
to demonstrate based on a neonatal stay which varied from 3 days to 6 weeks, and
relatively wide gestational age groups. However, birth during a critical period of
development and period of accelerated brain growth outside the normal uterine
environment (8) in itself substantiates a need for developmental surveillance.
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This study also investigated the developmental outcome of this group of healthy MLP
infants at 4 months and 18 months PMA in comparison to term born infants using the
Griffiths Il developmental assessment tool. Despite recent trends in research
describing the developmental outcome of the MLP infant group, in terms of long-term
sequela there remains a paucity of literature in comparison to studies specific to
developmental outcome of the very preterm or the term hypoxic infant. Amongst
research studies that have been published differences were highlighted between MLP
and term born infants in relation to short term neonatal course and admission to
neonatal unit.(107, 111, 467) Despite a benign neonatal course and a normal clinical
exam we have shown that outcome of the MLP infant group differed significantly at 18

months from a comparative healthy term control (TC) group.

This study identified the strengths and weaknesses of the MLP infant group using the
Griffiths lll mental developmental score. (437) Whilst assessment of an infant or toddler
may be an important predictor of outcome, it is not always predictive of school-age
cognitive functioning, long term learning disabilities or academic achievement.(127)
Many behavioural problems do not become evident until preschool and school age
years.(87, 92, 93, 117, 128) which highlights the need for ongoing surveillance with

advancing age.

7.3 Areas requiring further research

This observational study does not provide sufficient evidence to recommend changes
to clinical practice. However, it does highlight the number of areas that warrant further

research. These include but are not limited to:
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e Greater utilisation of EEG in the neonatal unit

e The impact of feeding on the duration of sleep

e Screening and surveillance strategies for MLP infants

e Long-term developmental studies unique to the MLP infant group

e The impact of training of education professionals to increase awareness of
deficits that may be associated with prematurity

e Correlating 36 weeks EEG with outcome in MLP infants

e Assessing the relationship between 36 weeks EEG and 4 months EEG in
MLP infants

e Determine if IBI features are a maker of abnormal brain development

7.3.1 Greater utilisation of EEG in the neonatal unit

EEG provides an objective sensitive measure of brain activity and accurate reliable
data pertaining to sleep in comparison to the subjective reported measures. Cotside
education surrounding sleep state recognition on real time EEG, will assist clinicians
in identifying sleep states and inform clinical decisions relating to routine interventions
such as feeding, clinical exam or procedures. Knowing the infants sleep state may
help reduce sleep cycle interruptions and avoid disturbaNces that can wait until infant
is in indeterminate or transitional sleep. Evaluating the impact of such measures as
sleep education on overnight sleep disturbances and duration is worthy of further

research

EEG is an underutilised tool that is a valuable adjunct to neurological clinical exam.
As all healthy MLP infants may not be followed up in a specialist neonatal clinic, EEG

with automated analysis may be a useful pre-discharge screening tool which will assist
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in identifying the presence or absence of normal features appropriate to GA and
identify how the preterm brain has adapted to the extrauterine environment.(411)
Early prognostic information is valuable to parents and the heath care team in identify
infants at risk and warrant close ongoing surveillance. The value of providing EEG as
a routine pre-discharge tool for all categories of prematurity (very preterm, moderate

or late preterm) within the neonatal unit warrants further exploration.

7.3.2 The impact of feeding on the duration of sleep

Whilst some immature infants may not have established feeds and require occasional
passive tube feeding, the majority of infants were fed orally and not passively tube fed.
For many healthy MLP infants, the duration of stay in the neonatal unit is dependent
on establishing oral feeding. Feeding in the neonatal unit is time and volume based
(generally 3 or 4 hourly or demand) to ensure adequate hydration and nutrition. Infants
in our study who woke spontaneously and were demand fed, fed more efficiently over
a shorter period. In the absence of clinical concerns, studies that challenge MLP
infants over 35-36 weeks PMA to wake spontaneously and declare themselves as
ready to feed rather continue with a 3 or 4 hourly regime feeding will provide further

information on the impact of feeding on total sleep time and duration of stay.

7.3.3 Screening and surveillance strategies for MLP infants

The Child Health Screening and Surveillance (CHSS) programme in Ireland provides
a free systematic, evidence-based assessment of all preschool and primary school
children.(468) This service provides seven contacts with this health screening and
development services commencing at birth to 4-5 years. However, there is currently

little in the way of nationally guided follow-up strategies for at risk preterm infant
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groups. Further research is required relating to all preterm infant groups which may
inform decisions relating to standardising such strategies, screening intervals and
protocols for preterm infant groups. Referral criteria and pathways of care also warrant

review, with high risk infant categories prioritised.

7.3.4 Investigating long term outcomes of the healthy MLP infant

The performance of the MLP infant group in comparison to the TC group at both time
points substantiates a call for further research. An early assessment at 4months and
18 months is valuable in highlighting infants who may warrant an intervention,
developmental assessments at this age is but not always predictive of school-age
cognitive functioning, long-term learning disabilities or academic achievement.(127)
Assessment at five years of age and older will have a greater association with
challenges which persist into adult life. (105, 139) Larger longitudinal research studies
incorporating sequential assessments will inform the Department of Health and the
Department of Education on budgetary requirements to provide resources required to
support preterm infants. Without the resources to support and treat prematurity-related

cognitive, motor and behavioural disabilities, assessment is of little benefit.(3)

7.3.5 Training and engagement with educational professionals

Investment in training for educational professionals of the potential challenges faced
by children and adolescents with preterm birth histories. Future research may include
identifying practices to support active engagement of educational professionals and
parents which will contribute to the early identification of the child with learning

difficulties. ldentifying the early signs of learning difficulties with timely and effective

209



early intervention targeted therapies will have the greatest positive impact on children

affected by impaired learning.

7.3.6 Correlating a 36 week EEG with neurodevelopment in the MLP infant group

Quantitative analysis of EEG has been used to predict outcome. Studies have shown
that infants with abnormal EEG back round activity are at high risk of neurological
disorders. Detailed quantitative analysis of EEG, including features of both AS and QS
of the MLP infant can provide valuable information about the development of infants.
Sequential EEG’s may track the trajectory of development and identify infants that may

benefit from ir targeted therapies.

7.3.7 Assessing the relationship between 36week EEG and 4month EEG in MLP
infants
At 4 months infants are in the early stages of development and their brains are highly
plastic implying an infant’s development is highly sensitive to experiences and
environmental factors. Further research comparing features a normal EEG at 36
weeks to that at 4 months will not alone determine normality but also may identify
infants with an altered trajectory of development. Quantitative analysis of multiple
features at 36 weeks may be predictive of EEG at 4 months which may also be

predictive of neurodevelopment.

7.3.8. Determine if IBI features are a maker of abnormal brain development
Further research on IBI features is warranted (perhaps increasing the number of
features) over prolonged periods and inclusive of infants with a normal and abnormal

developmental outcome. This will assist in identifying specific features that are
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associated with adverse outcome. Further study will also provide a better
understanding of the underlying neural mechanisms. This information may be used to
develop interventions which may protect the immature preterm infant brain from

exposure to various stressors in a neonatal unit.

7.4 Strengths of this thesis

This study follows MLP infants from their time in the neonatal unit through their
developmental follow-up at 4 months and 18 months. The detail of the study
(Methods, Chapter 2) ensures it is readily reproducible which will help confirm the
validity of the results and confidence in this study’s conclusion. The study design
allows for the observation of changes that occur over time providing a more
comprehensive understanding of the developmental outcome of healthy MLP infants

in comparison to the healthy TC infant group.

Homogeneity was a strength of this study. A high level of thoroughness was used in
phenotyping this large group of MLP infants understudy. This precision assisted in
minimising measurement error whilst supporting the identification of subtle
relationships between variables understudy and outcomes of interest. All MLP infants
were clinically stable, with no underlying medical or neurological concerns on
discharge. The TC group were also healthy without a medical condition that warranted
ongoing specialist care and hence considered to be at low risk of developmental

sequelae.

211



All EEGs in the neonatal used were done by the researcher and monitoring was carried
in a quiet area of the neonatal unit (which reduced stimuli experienced by participants)
over a minimum 12 hour duration. Meticulous recordings ensured EEG’s had low
impedances and staff contacted the researcher if any concerns with regard to EEG
leads or excessive artefact displayed. Post-acquisition all EEG’s had sleep states
scored by the same researcher based on background EEG activity, video observation
and ECG / respiratory monitoring. Poor quality EEG’s (i.e. with excessive artefact due
to lead displacement were excluded from the total sleep time analysis carried out

(Chapter 4).

Conscious efforts were made to maintain communication with parents which included
written feedback from developmental assessments, birthday cards on first birthday

which there is little doubt contributed to 75% of infants active in this study at 18 months.

Developmental assessments of both groups were carried out by a small group of
ARCHID, trained assessors at the same timepoints (i.e. 4 months and 18 months
PMA). To reduce potential interrater variability, assessors updated their training before
the commencement of this study. The time of assessments was coordinated with the
mother and the infant's normal sleep-wake daytime pattern. This aimed at ensuring

infants were not overly tired or hungry on assessment.

All scores recorded in developmental assessments were input meticulously to the

study data base. These scores were audited by the organisational monitor to confirm

accurate data entry. The results of this study provide important information of the
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potential impaired domains of development of this ‘low risk® MLP infant group in

comparison to a full-term healthy control group

7.5 Limitations of this thesis

Firstly, this study was limited to the clinically stable MLP infant in the neonatal unit to
the exclusion of comparative group of MLP infants with a complicated journey through
the neonatal unit that may require specialist follow or up. It also excluded healthy MLP
infants cared for by their mothers on the postnatal wards. A case for selection bias
could be presented in the TC group which recruited healthy term infants from singleton

pregnancies only. Both of these factors limit the generalisability of this study’s findings.

A further limitation was that EEG monitoring was performed primarily during night time
hours only, so daytime sleep was not analysed. Whilst monitoring was carried out in a
quiet place in the neonatal unit we did not measure sound or light which may be
considered confounding factors. As we wanted to minimise the number of electrodes
used we did not use EMG or EOG electrodes but video assisted in identifying facial
movements and REM activity. Clinical load did not always allow for infants (who were
feeding well) to wake spontaneously for all feeds. We could not control the level of
experience the parent/ nurse had in terms of feeding technique and supporting the

infant in returning to sleep.

Whilst we conducted a comprehensive EEG at 4 months with the same precision, we
did not use the data in this thesis. Sleep spindles as a feature of non-REM sleep(469,
470) were annotated by the researcher on all EEG’s and those of the comparative

group of TC infants in this study. However, these annotations will serve as an
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invaluable resource for a further sleep analysis comparing MLP and TC groups by
Ventura et al which is currently underway. (470) Future research may relate to the

identification of features at 4 months that predict long term outcome

A further limitation was that assessors of Griffiths MDS were not blinded to the birth
GA of participants hence there may be a bias in scoring the performance of infants of

a lower bhirth GA.

Ideally, sequential monitoring throughout a neonatal stay may be considered the gold
standard however, without resources this is merely aspirational. Timely use of EEG
will identify infants with immature sleep organisation and require close ongoing

surveillance.

7.6 Personal reflections

This reflection is based on my personal experience throughout this journey from the
study design to the completion and publication of the results of this thesis.

| started this journey with timelines displayed on impressive colour coded highly
organised wall charts allowing some extra time for the odd pot-hole | may encounter
along the way. Who could have possibly predicted a global pandemic and the massive

diversion it caused to many research projects including this study.

| believe there is no book that can explain the personal buy in that is necessary to
complete a PhD. What | take away from this journey is so much more than its content.
Whilst | undoubtedly take away a high level of knowledge, | also take away greater

critical thinking skills. | have gained valuable research skills including experience in
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project management, time management, academic writing and working independently.
In addition to these academic skills and knowledge | have also experienced personal
growth and development. | believe completing this thesis is a significant personal

accomplishment that will have a lasting impact on my life.

| also take away from this experience nothing but admiration and respect for the
researchers of this world. | also know | will always be involved in research for the

remainder of my career.

7.7 Concluding remarks

EEG provides valuable accurate insights into brain activity however its interpretation
requires expertise. A lack of resources that support expert timely interpretation is a
deterrent to the use of EEG in many neonatal units. | suggest this has led to a

hesitancy to engage with EEG technology, limiting its use to critically ill infants.

With advances in technology machine learning has provided automated ‘add-ins’ built
into the EEG hardware such as seizure detection algorithms. These algorithms
immediately alert the clinical team to seizure activity, providing prompt treatment and
ultimately reducing the seizure burden. This current and future application of artificial
intelligence (Al) may incorporate analysis of multiple normal and abnormal EEG
features reducing the expertise required by human interpreters. This makes routine
pre-discharge EEG a powerful, non-invasive tool and potential biomarker of
developmental outcome and possibly more acceptable and usable in the neonatal
community. On-going research incorporating machine learning is the way forward.

With the buy in from organisations and resources available a pre-discharge EEG on
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‘an opt- in’ basis could be offered to parents prior to discharge. With the buy in from
organisations and resources available a pre-discharge EEG on ‘an opt- in’ basis could
be offered to parents prior to discharge. Currently pre-discharge EEG’s conducted
over one sleep cycle may be a starting point for introduction of this service which may
be interpreted by experts and highlight potential abnormalities. However, this would

require resources.

Prematurity is a public health issue. Abnormal outcome is not limited to very preterm
infants or infants with a complicated history from birth but all preterm infants are at risk
of adverse development. Obstetricians need to adopt a high threshold for preterm
delivery whilst parents and educators need to be aware of potential risks of adverse
outcomes with any degree of prematurity. Surveillance and resources for infants born

before term warrant greater government investment.
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Appendix (i)

Supplementary material re algorithm development

The algorithm to detect periods of inter-burst intervals (IBIs) in quiet sleep was developed and
tested on the EEG of preterm infants with a gestational and postmenstrual age less than 30
weeks. During testing with the older moderate-to-late preterm (MLP) cohort, we found that

applying a pre-processing high-pass filter improved detection performance of the algorithm.

The pre-processing high-pass filter was designed using a Butterworth filter with an infinite-impulse
response. Two parameters, cut-off frequency and filter order, were selected from a brute-force
two-dimensional grid search. This grid extended from 1, 2, ..., 8 for filter order and from 0.2, 0.3,
..., 1.2 Hz for cut-off frequency. Performance was assessed using Matthew's correlation coefficient
(MCC) in a leave-one-baby-out cross validation across the 12 epochs. MCC was used to account
for class imbalance between ratio of the IBIs and burst activity. After applying the high-pass filter,
the IBI detector was applied to the pre-processed EEG. Testing performance of this modified

algorithm was evaluated using the left-out-baby.

Selection of filter parameters

The algorithm's performance improved when applying the high-pass filter before detecting the IBIs:
median (95% confidence interval) MCC without the filter was 0.593 (0.468 to 0.752) versus 0.776
(0.638 to 0.824) when the filter was applied, p<0.001 (n=12). The most common parameters
selected during the grid search was 0.9Hz for filter cut off, selected 9/12 times, and filter order of

1, selected 12/12 times. Figure S1 shows the performance grid for 1 iteration.
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Figure S 1 Performance of the IBI detection algorithm dependent on 2 parameters of a pre-processing
high-pass filter. Best filter parameters in this example are a 1st order filter at a cut-off frequency of
0.9 Hz. This figure shows 1 iteration of a 12-fold cross validation process to find the best parameters.
MCC: Mathew’s correlation coefficient.

Algorithm Implementation

All EEGs were down-sampled from 512 Hz to 64 Hz. An anti-aliasing filter, with a cut-off of 30Hz,
was applied before down-sampling. The modified algorithm was applied to all EEG records using
the high-pass filter parameters selected from the grid search. The 5 IBI metrics, detailed in the
previous paragraph, were used to capture the temporal organisation of IBls across the QS epoch.
Each metric was generated on a 5 minute segment of EEG, with a 50% overlap, for each channel.
The median value of all segments, and then over all channels, was used to calculate the metric

per QS epoch.
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Appendix (iii)

Z _
The ‘Sleepi’ study @

Parent Information Leaflet

Introduction

My name is Mary Anne Ryan, and | am conducting a study called “Sleepi’ (monitoring Sleep through EEG
in Premature infants). I am a midwife and paediatric nurse who has worked in this neonatal unit for many
years. | and am now involved in research within the unit. This study | am conducting is looking at sleep in

the premature infant and developmental outcome.

This study is focused on the sleep patterns of healthy premature infants born between 32- and 36+6-week’s
gestation. Sleep plays a huge part in the growth and development of your premature baby. Your baby was
born early and some of his/her body systems are immature. The brain is one such area. We want to know
more about the brain activity of the premature infant during sleep and how the brain waves of your

premature baby develop as they get older.

How will I do this?

To obtain this information | will firstly need your permission for your baby to participate. Your consent is
completely voluntary and you are under no obligation to part take. Your Clinical Research Ethics Committee
decision not to be involved in this study will not affect the care you will receive. You are also free to

withdraw from the study at any point.

We will need to access your medical notes and your baby’s medical notes to obtain details your past medical
and obstetric history and your overall health. We will also require information about your baby’s delivery

and any medical issues that may have occurred when in the neonatal unit.

I will monitor your baby’s brain activity bay carrying out an electro encephalogram (EEG). The EEG is a
reading of your baby’s brainwaves which we measure by applying a number of soft pad type sensors to your
baby’s head. This is a painless procedure and will not distress your baby, in fact the greater majority of

babies will sleep throughout the process.

During this EEG test we are specifically trying to record your baby’s sleep patterns. Premature infants have

their own unique brain wave patterns. Through this study we will identify the EEG pattern of your baby and
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others born at similar gestation (32 to 36+6 weeks gestation) and compare patterns of all babies who partake.

You will see the brain waves converted into wavy lines on a computer screen alongside your baby.

When will it be carried out?

If you consent to your baby being involved in the study, the first EEG (electroencephalogram) recording will
be made while your baby is in the neonatal unit. We would like to carry out this EEG when your baby is 36
weeks gestation or prior to discharge. This will be carried out overnight, ideally over 12 hrs in the unit. This

allows the research team to look at your baby’s brain waves over a prolonged period.

Is this the end of my involvement in this study?

No, you will be contacted and your baby will be followed up at 4 months (corrected age). At this time, we
ask that you to bring your baby to Cork University Hospital to the INFANT research centre, baby sleep lab
where a further EEG will be carried out. We are aiming to conduct this EEG when your baby is sleeping and
will work it around what suits you and your baby’s nap time. Your infant (s) will be weighed with length
and head circumference also measured. A developmental assessment will be carried out which will take

approx. 30 minutes.

We would also like to monitor your infants developmental and carry out a second assessment when your

infant is 18 months corrected age. We will contact you about this follow up nearer the time.

Will you tell me if there is a problem?
If there are any concerns at any stage of the study about your baby’s EEG, your infant’s growth and
development you will be informed and referred to the appropriate medical team. You will receive a copy of

the results of your infant’s developmental assessment by mail within 2-3 weeks of assessment.

What happens to the information and recordings collected?

All information collected about you and your baby will be stored in a secure web-based database. The
information will be coded and any information that could identify you or your baby will not be stored on the
database. EEG recordings will be stored in the INFANT Research centre in Cork University Hospital.
Initially EEG’s will be analysed by research staff based in the INFANT centre. We will publish results from
the study in International medical journals. In the future, researchers and commercial companies may apply
to the study to access and use the anonymised data and samples collected for related research projects. There

will be no financial gain from this request.

Confidentiality
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The ’Sleepi’ study will be managed by a team of health care professionals. Your identity and the identity of
your baby will remain confidential at all times. Neither your baby’s or your name will be published or
disclosed to anyone outside the research team. With your permission we will keep your family doctor up to

date with any relevant health issues should they arise.

Statement of approval
The “Sleepi” study has been granted ethical approval from the Cork University Hospitals Research Ethics

Committee. We have the necessary insurances as required by law.

For further information
Should you have any further questions or require any further information pertaining to the study please do
not hesitate to contact Professor Geraldine Boylan Cork University Maternity Hospital ph: 0214920509 or

email g.boylan@ucc.ie: or maryanne.ryan@ucc.ie
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Appendix (iv) Parental consent form >
6
The ‘Sleepi’ study )

Yes No

Please indicate Yes or No to each of the following

I have read the information leaflet about this research and have been
given a copy to keep. The information has been fully explained to me.

I am aware that participation is voluntary and I may withdraw consent
at any time. | am aware that my decision not to participate or to
withdraw at any stage will not affect the treatment my baby will
receive, or restrict my access to health care services normally available
to my baby.
® | agree to an overnight EEG being performed on my baby prior to discharge
from the neonatal unit

® | agree to a repeat nap EEG at 4 months corrected age

® | agree to a developmental assessment being carried out at 4 months and 18
months corrected age
I understand that research team and ethical committees may look
at my baby’s or my maternal medical (labour and delivery) notes
for research and/or audit purposes.

| agree that my GP or other specialist doctor will be contacted if

any health issues arise for my baby and that a copy of my baby’s
neurodevelopmental assessment will be sent for information purposes.

I give permission for my baby’s EEG and information collected about my baby to be
stored for possible future research unrelated to this study without my further consent
being required and subject to approval by a research ethics committee.

I have been assured that all information collected pertaining to me and by baby will be
kept confidential. | understand that all information will be coded and the results of this

study will be published.
| agree that I can be contacted to arrange a follow-up of my baby’s progress.

Signed: Date:
Name of research participants parent

Signed: Date:
Name of research participants parent

Signed: Date:
Name of person taking consent
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An Introduction to Neonatal EEG
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ABSTRACT

Meswbom care has witnessed significant improvernments

i aurvival, but ongoing concenns persist about neurode-
welopmental cutcorme. Protecting the newborn brain is

the foeus of neurocritical care in the intenshe care unit
Brainfocwsed care places emphasis on clincel practices
supporting neurodeveloprment in conjunction with earky
detaction, diagnosis, and treatrment of bren injury. Technok
oy i Tacilitates continuous cot-side monitoring of brain
function. Meurornonitoring technigues in neonatal inten-
give cafe wnits include the use of electroencephalography
|[EEG) or arnplitude-integrated EEG aEEG) and nearinfraned
speciroscopy. This artcle aims to provide an introduc-

tson 1o EEG, wivich i appropriate for neonatal healthcare
prfessionals.
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THE FOURMAL OF FERIMATAL & MEORATAL MURSING

he elecwroencephalogram (EEG) characrerizes
amd quantifies the eecwrical activity of the
beain amd serves as a unique marker of neu-
rological well-being moadulis, children, and sewhom
infants. EEG is the noninvasive real-time monitonng
of brain funciion recorded continuously wsing a stan-
dard bedside/cot-side monitor! With the advent of
neuroproiective therapies for newhom infamis such as
therapeutic hypothermiza, its use has gained impostance
in thee mecnatal intensive care undt {NICLD2 While many
NICUs use a more limited version of EEG called the
amplinsde-integrated EEG (QEEG), conventional EEG
{cEEG) with simmulianecus video recording remains the
gold standard for seuromonitoring m the necmaral vmin,
providing information abour the overall funcriomal in-
tegrity of the brain with simulineous recording  of
hehavios
The aim of this articke 15 o provide a general in-
troduction o EEG monditoring for neonatal healthcane
peofessiomils. We first discuss the chimical wiliny of EEG
and the differences herween conventional EEG and
amplinede-imegrared EBEG. Standardized systems of EEG
application have been described as well as an incroduc-
non o general rerms used o describe the features of
EFLs.

UNDERLYING NEUROPHYSIOLOGICAL
PROCESSES OF EEG

An understanding of the neurophysiological processes
that underpin EEG 15 a prerequisite 1o understanding
its use. Meurons afe structusal amd functional wndes of
the central nervous system.” The function of neurons is
1o feceve and transmml inforanon 1o other Tk Ons,
mivsches, and glinds, Millions of neurons fosm synapses
with other meusons, leading to wwllions of conmec-
tons between cells creating a sophistcated information
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processing nerwork within the centeal nervous system.”
Neurons comimunicate theough an electrochemacal peo-
cess, and the normal function of newral nerworks is
determuned by a abince between excitatory and in-
hibitory synaptic input.” Electrical inputs are received
via the dendrites into the cell body and if strong enough
will wrigger an all or nothing signal, the action potential,
which will travel down the axon o the enminal boeds
af the newron.

EEG s a measure of the sunmmed synchronois elec-
rrical activity gemerated by populitions of newrons
(pyrumidal cells) in the more superdficial layers of the
Cormes.™

NEUROMONITORING —THE CLINICAL UTILITY
OF EEG IN THE NEOMNATAL UMNIT
Neomanil EEG is most frequently wsed for diagnosing
and managing seizures. Neonatal setaures ane caused by
sudden, abnormal, and excessive electrical dﬂ'h;ll;.;,l.-'h ar
the brain and ane often the sign of a mose serows under-
Iying comdition. A lasge proportion of neonatal sedsures
s mot have any associated clinical signs and are oaly
seen on FEG.™ As a result, continuous beiin monitoning
i5 essentl 1o scourately diagnose seipures, 1o determine
the area of the brain where the setmure originates, w as-
sess howy the sedzure propagates, and o determine how
frequently they occur and their durestion. &izures are
assoctated with a significant sk of momalicy and poor
long-term neusological outcome.” EEG can also asses
the severity of newbom encephalopathy™ " and i also
very useful for preterm infants at risk of brain inpury.™

Feamres of the neonatal EEG are uniguely associ-
ated with gestational age (GAL™® The presence of
rhythons and activity cutside the normal range for GA
can be associated with long-rerm adverse developanen-
tal outcomes. ¥ EEG differentiaes between levels of
consciousness and provides a unique overview of sleep
sbite organizition and an opporiinidy o glin funher
insight o the complex namere of sleep. The EEG cin
accurately identfy discrganized amd dysmatre sleep-
state organization of newborn infanis ™ Sequential EEG
recordings of healthy pretesmm and term infanes show
the alteraticons that oocur with mansason and advanc-
ing GA®

Ampliude-integrated EEG (aBEG) 15 derived from
comventional EEG and is a simplified version that uses
a limited number of channels® The EEG signal & fl-
tered, processed, and displayed in a time-compressed
scile peoducing a representation of activity based on
the amplinude of the EEG wavefosms (see Figure 1)
aFEG provides an easily interpretable viswal rend of
EEG activity and sleep-wake cveling ™
ira
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Figure 1. Rew EEG signal thet iz filtered, rectified, pro-
cessed, and displayed on 8 time-compressed scake. This
figure is available in color online (Wi jpnnjoumeal.com).

Research findings supporn the prognostc vabee of
aEEG i assessing general neurclogical well-being and
in determining the kong-term caconye of both the term
amd preterm nfans Y However, its wse for neonatal
setzure detection is more lmdred 42

Althowgh EEG has been recommended as the gold
standard For wdentifying neonacil seizures by the Wordd
Health Organizanon and the Amersican Neurophysiol-
gy Sociery, it is ot consistently used in meomatal umics.
In a survey of meonatal wnits (8 = 25) in Camada, 92%,
af necnatologists reported using contmueous EEG; how-
ever, hi.;.u'l:lfll.':ll'l[l'!.' more |'||.-'|.:-|'|;l|!|.:||.:-giﬁl'_h favor the use of
aFEG alone of in combinaton with cEEG.™ A survey of
mecraodogisis in Chima (= 251) found the only G4%
used EEG and 78% used aBEG. A UK survey of NICLUs
(i = 57 reported that only 4% did not have access o
some form of EEG monitoring (aBEEG o conventiod:l
EECG) with 446% having access 1o an out of houss for-
mal EEG monitoring.” An Insh naional seceatal unit
survey (n = 18} reported that 5 units used aEEG, which
included all level 3 neomatal unms and 75% of level 2
units (8 = 407 Across all surveys, barders o imple-
meniing Ekle m mecratal vrdts mcluded oost, access to
techmology, and lack of formal traimning.

STANDARDIZED ELECTRODE PLACEMENT OF
EEG ELECTRODES
The EEG i measured using electsodes or sensors at-
tached to the scalp at vanows predefined spatial points
amdd displaved as channels of activity that peovide infor-
mation abour undedying brain actvity. This activiry is
amplified, and digitized and displaved continuously on
the connputer screen of an EEG machine. Electrodes are
wlentified by symbsols (generally 2-3 symbols consisting
af 1 os 2 lemess and one number). The fisst symbol s
thee first leter, which reflects the undeslying brain segion
(eg, F for frontal and C for centeal), and the second is
a number also indicating s exact position and henm-
sphere (odd numbers on the lefi hemisphere and even
numbers on the rght hemsphere) ™

Tor ensure standardizaion of EEG electrode place-
ment, recordings adhere 10 an intermational electrode
phicement system referred o as the 10720 system.
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This system serves as a reference map for electrode
placement and the distance between each electrode
is proportionate to skull size and shape and covering
all underlying brain regions.” The 10 and 20 system
represents either 10 % or 2006 of the distance from land-
murks of the head" and rypically involves the placement
of a set of 21 recording electrodes (see Figure 1)7%
Each EEG channel commonly displiys the difference
in electrical potential between 2 electrodes (bipolar).
The bipolar channels are displayed, either in chains
from antenor 10 posterior or trnsverse from one side
of the head to the other and are called montages (see
Figure 2).

Electrode placement for neonatal EEG recording
A muluchannel assessment of neonatal EEG is required
10 provide spatial information about EEG activity in dif-
ferent regions of the briin. Considering the size and
surface area of the neomatal head and the need for
minimal handling, a2 modified version of a standard-
ized 10/20 system is recommended for neonates (see
Figure 2).

Despite a reduction in electrodes, this plicement
design has been identified as sufficient for the assess-
ment of background EEG activity and the detection
of seizures in neonates.™ Reduced elearode neonatal
montages generally contain both anteropostenior and
ransverse elements, and there may be insttutional vari-
ations in how montages are configured.™ ™ A typical
necnatal moatage includes electrode placement at po-
sitions Fp3, Fp4, C3, C4, Cz, Pz, T3, T4, O1, O2, plus a
reference (R) and ground electrode (G) placed behind
the left ear (see Figure 2A). As per American guidelines
a viable alternative 10 Fp3 and Fp4 is Fpl and Fp2.®

Amplitude-integrated EEG (aEEG)

Many centers that do not have access to conventional
video EEG benefit from the use of aEEG. Electrodes
used for aEEG monitoring may use a single channel (2
electrodes, 1 on each side of the head, eg, C3-C4 central
electrodes) or 2 channels (4-electrode placement with
2 at esther side of the head, eg, Fp3-C3 or Fp4-C4) (see
Figure 2B). A viable alternative of Fpl and Fp2 in may
also be used instead of Fp3 and Fp4 as per Amernican
guidelines ™

APPLICATION OF EEG METHODS

Obtaining a technically satsfactory EEG is critical o
accurate interpretation ™ Electrical activity generated
must propagate through brain tissue, the skull and scalp
10 be recorded on EEG; hence, adequate preparation
and technique s a prerequisite 10 accurate electrode
placement.

THE JOURNAL OF PERINATAL & NEONATAL NURSING

Figure 2. (A) Neonatal montage of electrode placement
as per the modified version of the 10/20 system for
neonates.? (B) aEEG electrode positions. In both A and
B, the left side mimors the nght sde, with odd num-
bers on the left side of the head and even numbers
on the right side. This figure is available in color online
twaww.|pnnjournal.com).

Flat disposable gel electrodes may be used on
preterm and term neonmates although instimutions may
also use cup-type electrodes™ Scalp sites for surface
electrode placement are prepared by parting hair and
rubbing the skin (34 strokes) with a sterile cotton up
stick and u slightly abrasive gel (such as Nu Prep gel),
removing dead cells and debns from the scalp. Whilst
electrode paste is 3 prerequisite for cup elecrrodes
applying an appropeiate quantity of conductive fixatuve
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paste 10 the electirode before application will assist in
reduding interference on EEG recording ™ Adding 2
small amount of easily removable beeathable medical
tpe (eg, Mefix) along with a well-fiting adjustable
hat will reduce the nsk of electrode displacement with
movement and handling. The aim 5 10 achieve and
maintain a scalp electrode interface impedance of less
than 10 kQ on all electrodes throughout EEG record-
ing. Regular checks of the EEG by tained personnel
will ensure electrode placement is maintained and
impedances remuin low.

EEG monitoring generally also incorporates heart
rate and respiration monitoring. Elecirocardiogram
(ECG) electrodes are applied to each shoulder to moni-
tor the heart rate and 1o provide a reference channel to
aid the identification of any ECG amfact. A micromove-
ment sensor may be attached to the infant’s abdomen
IO MONMIOL 1eSPIratory ACtvity

SOURCES OF INTERFERENCE WITH THE EEG
RECORDING

The EEG may be easily overwhelmed by unwanted bi-
ological or environmental signals or artifact.™ ¥ Sources
of amtifact mnclude:

Physiclogical sources such as eye movement, tongue
movement, sucking, head movement, muscle activity
and sweat, ECG, and pulse. Infant response to loud
noises, flashes of light, and handling for nursing orc
parental care can also be seen as general movement
artifact on the EEG (see Figure 3).

Environmental sources include mains interference
due to poor elecirode contact with the scalp, sur-
rounding interference from dectrical devices such as
ascillaring ventilation incubators, and intravenous infu-
sion pumps.”

Whilst environmental artfact may be minimized or
removed, physiological sources such as movement,
sweat, or ECG cardiac anifact are more difficult to con-
trol. Where possible sources of anifaa are identified
and removed or minimized to support accurate EEG
inerpreaion.

VISUAL ANALYSIS OF EEG

Neonatal EEG is most accurately interpreted with
knowledge of the mfant's GA, medical history, and
averall clinical condition.” ™ EEG interpeetation also re-
quires knowledge of recent medication use, some of
which may ahlier background EEG activity and mask
abnormalities.” Accurate interpretation of the EEG re-
quires many years of specialist training. This section
provides a general overview of the most common fea-
tures used 1o describe the EEG.

Features of EEG

As EEG features vary with degree of mamration, a vi-
sual analysis will determine whether the EEG patern
is appropriate for the GA. This is accurately interpreted
through expert knowledge concerning specific thythms,
waveforms, andd developmental features unique 10 GA.
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Figure 3. Movement artifact during feeding. The black line on aEEG Indicates 1 hour of
recording whde the black kine on EEG indicates 1 second of recording. This figure is available

in color online {www.jpnnjournal.com).
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To describe all of these fearures is beyond the scope
of this article. Background or baseline EEG activity
is described in terms of features of acuviy including
frequency (Hz), amplitude (uV), continuity, and the
presence or absence of sleep-wake cycling. "

Frequency

The frequency of the EEG refers to the number of waves
of activity seen per second. Frequency is measured in
Henz (Hz) and classified into 4 main bands: delta ac-
uvity (the slowest frequency of 0.5-3.5 Hz—dominant
frequency in neomtes), theta (4-7.5 Hz per second), al-
pha (7.5-12 per second), and beta activity (12.5-30 Hz
per second).

Amplitude

The amplitude of the activity seen on EEG is measured
in microvolts (uV) and can be described as low (0-
25 uV), moderate (25-75 uV), or high (=75 uV) (see
Figure 4). Amplitude varies with GA, sleep state, and un-
derdying conditions but may also be affected by anifact
and/or caput or localized edema at the site of electrode
placement or by the interelectrode distance

Continuity

Continuity of activity refers to the degree to which back-
ground activity is continuous and showing an amplinude

of more than 25 puV" (see Figure 5), or discontinu-
ous with periods of activity of less than 25 uV" (see
Figure 4). Period of discontinuity s a normal phe-
nomenon in the preterm infant; however, duration and
patterns of discontinuity outside normal parameters
may be associated with underdying pathology in the
preterm term. Discontinuity is not norml on the healthy
term infant EEG and its presence may signify an undes-
Iving pathology.

Sleep-wake cycling
Sleep state may be determined based on behavioral
observation or visual analysis of the EEG. Sleep-state
organization evolves with matunty, and fluctuanons or
cvcling between sleep states (sleep-wake cycling) be-
come evident from 30 1o 32 weeks' GAL™ Sleep cycling is
also seen on the aEEG with quiet sleep showing a wider
band, due to alternating high- and low-amplitude activ-
ity, than the narrower bands of active sleep and waking®
(see Figure 6). However, the latter 2 states are not easily
dstinguishable on the basis of the aEEG alone.
Conventiomal EEG, however, provides a more de-
ziled display of features of each sleep state. In modem
EEG machines, the aEEG trend is also available and can
be displayed above the conventional EEG display (see
Figures 4 and 5). Sleep-wake cycling is a prerequisite
10 normal neurosensory and cortical development, sup-
ports the normal neurodevelopmental process, and is
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Figure 4. Panods of low amplitude or discontinuity (background activity <25 uV indicated
by the black dashed line) seen on EEG channels in quiet sleep (of & preterm infant at 36
weeks’ gestational age) with hagh-ampltude bursts of actwity (e, =75 V) (indicated in the
black box). The black ine on sEEG indicates 1 hour of recording while the black line on EEG
indicates 1 second of recording. This figure is available in color online {wwwepnnjournal,

comy.
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Figure 5. Period of continuous activity of mixed amplitude in active sieep. The black line on
aEEG indicates 1 hour of recording while the black line on EEG indicates 1 second of recording.
This figure s avadable n color online (wwwejpnnjournal.com).

considered a surrogate marker for neurological well-
being. " Delayed cycling or disorganized sleep in
term or preterm infants is associated with neurologi-
cal dysfunction such as poor emational regulation and
cognitive development.*“* ¥

DISCUSSION
EEG s a safe and noninvasive tool providing real-ime
moaitoring of brain actviry.

EEG monfioring causes little if any discomfort 1o the
infant as evidenced by the fact that many infants sleep
through EEG application and removal. Despite being
recognized as a very valuable tool for neuromonitor-
ing in the NICU, training and education for healthcare
providers is limited and the majority are self-taught with
litle formual training in EEG " Hence, organizational
investment in EEG technology requires investment in
specialist education and training.

Prolonged continuous monitoring is a prerequisite
for adequate assessment of bram function ™ EEG moni-
toring nxay challenge the resources of the NICU, as if
providing a service supporting prolonged EEG mon-
ftoring, access 0 EEG technologists, and an expen
neurophysiology team 24/7 is required 10 ensure accu-
rate realtime interpretation of brain activity and prompt
treatment if required ™" Amencan guidelines recom-
mend 24-hour EEG monitoring when screening for
seizures and if detected to record for 24 hours after the
last seizure seen* ldentifving seizure activity on EEG
will potentially expedite treatment response and reduce
the overall seizure burden.

The prognostic vilue of EEG lies in us abality to
identify infants at risk of abnormal outcome and en-
sure intervention occurs early in life when the brain
is most likely to adapt and leamn. Effective early
support may reduce the incidence or seventy of ad-
verse outcomes that may threaten a child's development
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Figure 6. aEEC displaying sleep-wake cychng. A complete sleep-wake cycle. AS and
QS are highlighted in rectanguler boxes. Awake state in the circle. An upper ampli-
tude of 10 u\V and a lower amplitude of 5 4V are indicated by the dashed line. Black
unbroken lines indicate 1 houwr of EEG recording (9 howrs displayed on recording). This
figure 1s available in color onking (www. jpnngournal com).
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o maprove the nfants life chances and overall neu-
rodevelopmental cutcome ™ For infants with hypoxic
ischemic encephalopathy, EEG at 36 and 48 howrs had
the highest predictive value for an abnomal outcome,™
EEG carted out ar approximately 35 weeks post-
msensingl age has been wentified as a strong predictos
of outeome at 2 years for mfams less than 32 weeks'
birth GA™

However, infants undergoing therapewtic hypother-
mna ower a prolonged period and the very preterm
infant with fewer skin kivess have higher skin protection
needs MY Checking and recording electrode-skin con-
et site and frequent regular repositioning of the infant
head will ensure skin integrity s not compromised at
electrode placement sites.™

Fimally, irrespective of its clinical puspase, all vechnol-
oy surroundmg an infant m the NICU may potentially
limit a parent's physical prosdmity o their  infant
amd parent-infant interaction. This may e further
exacerated by parental fear of the echnology-rich en-
vironiment. Cot-side parental education may reduce fear
and encourage parental involvesent i foutine case.

CONCLUSION

We have provided a broad inteeduction o EEG mon-
itoging and s climical wiilioy that we feel 8 relevam
1o all healthcare professionals, We have discussed the
underlving neurophysiological processes and sandand-
iwedd practices associated with EEG. While skilled and
trained personmel are required for the application, main-
temance, and mterpretation of EEG, it 18 impostant for all
neonatal saff w be Buniliar with EEG and acknowledge
its vilue in mecnatal practice.
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Nocturnal sleep architecture of preterm
infants 1in the NICU

Sleep is the main behavioural state of the preterm infant and a prerequisite for normal neuronal
maturation and cortical development. Neonatal electroencephalography (EEC) is a useful cot-
side tool providing a unigue view of sleep state organisation. This observational study describes
the sleep architecture of mid to late preterm infants in a neonatal intensive care unit (NICU)
setting. As the preservation of sleep supports neuronal maturation, routine overnight
disturbances are recorded and quantified.

Mary Anne Ryan

mangannenfanidhuce. e

Sean Mathieson
Vicki Livingstone
Marc Paul O'5ullivan
Eugene Dempsey
Geraldine B Boylan
{see TABLE 1)

Work attributed to: INFANT Research Cenfre,
Ireland, and Department of Pasdiatrics and
Child Health, University College Cork, breland

pretenm neonalal BEEG; sleep architectune;
NICL; sleep intemuplions

Key points

Ryan M.A, Mathieson 5., Livingstone V.,

O'Sullivan M_P., Dempsey E., Boylan G.B.

Nocturnal sleep architecture of preterm

infants in the MICLL Infant 2020; 16(5):

209-14.

1. Disturbances of pocturnal sleep in
pretermn infants were frequent in the
MICU, predaminantly for feeding

2. Infants who woke spontaneowsly, fed
rhone efficiently within a shorter tirme-
frame compared to infants who were
disturbed fram their sleep for feeding.

3. Optimising sheep in the NICU will
suppart the normal trajectary of
development.

leep is a prerequisite for neunomsal
matluratbon, normal growth,

development, cognitive functbon and
memary consolidation at any age but
partculbarly during the accelerated persod
of brain devebopment that ocours in the
last trimester. Sleep architecture or sleep
organisation in the healthy newhormn infant
i characterised by regular sleep-wake
ovcling (SWC, alternating between periods
of active sleep (AS) (precursor of rapid eve
maverment gleep, REM ], quiet sbeep (05)
[precursor of non-rapid eve movement
aleep, MREM), indeterminate (15) ar
transitional sbeep (TS) (showing featunes
of both A% and Q8] and wakefulness [W).
Continuous video encephalography
[wEEG) during sleep allows for the
socurte identification of SWC

Maosderate 1o late preterm infants (MLP)
are defined a8 infants with a gestational age
between 32 and 36 weeks at birth.' This
sineghe homogenows group are the klangest
and fastest-growing proportn of the
preterm infant population and represent
75-807% of all preterm birthe This siudy

aims to describe the nocurmal sleep
architecture of MLP in the MICU and wo
auantify the mumber and purpose of SWC
interruptions during this period.

Sleep architecture development
Whils both AS and Q8 are prerequisites for
neural development, the contribution
and role of each are likely w be differen
and unbgue o gestational age. AS is the
domminant state in the MLP with the
percentage of 5 increasing with
advancing gestational age" Sleep sate
organisation evolves with maturity during
which fluctuations or eycling berween sleep
atates support the norimal neun-
developmental process and s considered

a surrogale marker for newrological
wellbeing ** SWC panerns are clearly
recognissble on EEG from 31 weeks”
gestation” although elements of dafferen-
tated states precede this time frame.
Delayed eveling or disorganised sleep in
the Loww-risk preterim infant 15 associated
with neuralogical dysfunction such as poor

emational regulstion and cognitive
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Mare Paul O0Sullivan®  Phi, Pestdoctoral Researcher
Eugene Dempsey*" MAD, FROPI, Prafessar of Pasdiatrics and Consultant
Meanatalogist
Geraldine Boylan®* PhD, Professor of Meanatal Physiology and Director of
the INFANT Redsarch Cantre
INFANT Research Centre, Ireland_ Departrment of Paediatrics and Child Health, University
Cellege Cork, Ineland. 'Department of Neanatalogy, Cork Uiniversity Maternity Hospital,
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development.™” Sleep state may be
determined based on bebavioural analysis
and/or visual analysis of EEG activity.

Behaviour sleep analysis
Behavioural sheep state analysis focuses on
attributes of the infant, presenting a
unique pattern of behaviour for each sleep
state (TABLE 2)." These states are readily
observable and can be reviewed later if
video 1s used with EEG monitoring.
Behavioural observations during sleep
in a preterm infant are less obvious in
comparison to the term born infant.
Difficulty identifying the exact timing and
onset of AS and QS may arise due to
frequent body movements and rapid
alterations between states in the preterm
infant." A decrease in body movements
and respiratory patterns becoming more
regular reflect the preterm infant’s
neurological maturation.

Visual analysis of sleep on EEG
EEG provides an opportunity 1o gain
further insight into the complex nature
of sdeep, particularly the microstructure.
While interpretation of the complex
features of the immature preterm EEG
requires a specialist neurophysiologist,
sleep state idennification may be achieved
with minimal cot-side training/ed ucation
and i a useful marker of brain function
and maturay.”

Prior to evaluation of the EEG,
information pertaining 1o gestational age
at birth, postmenstrual age (PMA),
medication and physiological condition is
crucial. Non-cerebral changes in the EEG
may be due to artefact due to technical (eg
rhythmic vibration caused by a high
frequency ventilator) or physiological (eg
sucking or movement related or muscle
related or blinking)" causes and may be
sustained, transient or repetitive. Correct
idenufication of artefacts will ensure
accurate interpretation of recordings. ™

Modern EEG devices display both the
raw EEG and a compressed EEG trend
called the amplitude-mtegrated eectro-
encephalogram (aEEG), as seen in FIGURES
1-4. The aEEG is derived from the raw EEG
by filtering and processing the signal to
produce a compressed representation of
the maximum and minimum amplitude
range of the EEG. The narrower band areas
of aEEG represent the low amplitude high-
frequency activity that occurs in AS and W
and the wider band representing QS.
Long-term trends or SWC over many

Active sleep Quiet sleep

Eyes closed +/- rapid eye mavements Eyes dlosed. No rapid eye movernents

Irregular Breathing (rapid and shallow)  Regular abdominal respiration

Variable heart rate Regular heart cate

Reduced muscle tone Muscle atonia

Facial grimacing, smiling, groaning, ary  Occasional startles, sighs or sucking movements

wmm&m More difficult to rouse

TABLE 2 Behavioural features of sleep
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FIGURE 1 Active sleep. Infant born at 33" weeks’ gestation, recorded st 35 weeks’ PMA {day 16
of life). One cormplete SWC cirded on 3EEG. Raw EEG showing high frequency continuous
activity of low to medium amplitude. Irregular respirations observed.
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FIGURE 2 EEC recording during OS. Infant 36 weeks gestation at birth and recorded at 36
weeks' PMA [day 3 of life). The broken black line indicates the 1Bl duration. An |8l or period of
discantinuity for S seconds & evident in and within normal range for a this gestational age

infant

hours are best seen on aEEG.

In the healthy MLP infant, EEG back-
ground activity varies and is dependent
on sleep state and degree of prematurity.**
Knowledge of age-appropriate features
of prematurity will assist in assessing
sleep states on the EEG. [n general terms,
the EEG can be assessed within the
following parameters:

Frequency of brain wave activity per
second (Hz). The four main frequencies of

inferest in neonates ares delta activity,
which has a frequency of 4Hz or less; theta
4-7Hz alpha 8-13Hz, and beta activity of
13-30Hz. Higher frequencies exist but are
minimally present in neonatal EEG.
Amplitude or size of the waveforms.
On the EEG amplitude is measured in
microvolts (V). Amplitude may be
described as low (0-254V), moderate (as
25-75uV) or high (>75uV). In AGURE 1 the
amplitude of the recording during AS is

210
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low to medium. [n FIGURES 2 and 3 the
amplitide in QS is low with intermittent
bursts of high amplitude activity.

Continuity of background activity. This
describes whether EEG activity is
continuously present or is intermittent
(discontinuous). The amount of continuity
increxses with advancing gestational age
and is dependent on sleep state. From 32
weeks' gestation, continuous activity is
evident in AS (AGURE 1) In QS, discon-
tinuity is seen on EEG of the preterm
infant, which reduces with advancing
gestational age (FIGURES 2 and 3).

Origin (location) of activity. For
example, frontal, temporal, parsetal,
occipital or central.

Degree of synchrony and symmetry.
The extent of synchrony (brain wave
activity of similar type occurring
simultaneously over both hemispheres)
and symmetry (similar EEG amplitude and
frequency content aver both hemispheres)
of EEG activity.

The EEG in AS in the MLP infant shows
continuous low o moderate amplitude,
higher frequency activity with frequent
physiologacal artefacts due to movement
and REM activity (AGURE1). In QS,
persods of low voltage activity alternating
with periods of higher amplitude activity
{bursts) are seen (AGURES 2 AND 3). The
period between bursts of activity is termed
the interburst interval (IB). In healthy
preterm infants, the [BI decreases with
advancing age as the EEG becomes more
continuous.” The expected 1Bl for MLP is
10-15 seconds at 34 weeks’ PMA and <10
seconds at 36 weeks” PMA. The black
broken line on FIGURES 3 and 4 highlights
the duration of the IBL

Spontaneous activity transients are
independent waveforms of activity,
acknowledged as having distinet functional
properties, evident on EEG and associated
with particular gestational age. ™" The
most recognisable spontaneous activity of
the preterm EEG are delta brushes, which
are seen as slow delta waves (1-2Hz) with
an amplitude of 100-200uV (peaking at
34-35 weeks' PMA) with supenimpaosed fast
or high-frequency alpha or beta activity. "
The peak frequency of this superimpaosed
activity is 16-20Hz between 32-35 weeks
PMA, falling 1o 10-15Hz from 36 weeks’
PMA.™ Delta brush activity occurs in both
AS and QS (more dominant in QS of the
MLP) with the fast frequencies most
frequently appearing in the ascending arm
of the defta wave.” The presence of delta

RESEARCH STUDY
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FIGURE 3 EEG recording during Q5. Infant 337 weeks’ gestation at birth and recarded at 35"
weeks' PMA (day 13 of life). A more immature EEG in comparison to that dllustrated in FIGURE 2

Alonger 1Bl of approximately 13 seconds is seen.
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FIGURE 4 Delta brushes — a characternistic festure of the preterm EEG indicated in the black

circle. Delta brushes are seen 25 delta wave activity (<4M2) with superimposed fast activity

brushes is most evident between 32-35
weeks' PMA and disappearing by 38-42
weeks' PMA (FIGURE 4).!

The disappearance of delta brushes
occurs in conjunction with the develop-
ment of dear sleep state differentiation,
suggesting an association with neuronal
maturation and development. = Other
normal spontaneous transient waveforms
of prematurity include: premature
temporal theta; encoches frontales, and
anterior show dyschythmia, as described
by Pavlidis et al and Andre et al.* " The
aim of this study was to identify and
quantify SWC on EEG of a cohort of MLP
infants and quantify sleep disturbances
overnight in the neonatal unit.

Methods
This is a single centre observational study
focusing on sleep patterns of healthy MLP

infants who required admission to the
neonatal unit at Cork University
Maternity Hospital (CUMH), which has a
birth rate of approximately 7,500 babies
per year. All infants with a gestational age
of 32-36" weeks at birth, who were
clinically stable with no actual or
suspected congenital or chromosomal
abnormality and no neurological concerns
were digible for inclusion in the study.
Ethical approval was granted by the Cork
Research Ethics Committee.

All EEGs were performed in a quiet area
of the neonatal unit between 16.00hrs and
18.00kss for 2 minimum of 12hrs. A
reduced neonatal montage was used based
on a standardised international 10/20
system of electrode placement propor-
tional to skull size ** Electrode positions
included F3, F4, C3,C4, T3, T4, 01,02,
Cz, reference (R) and ground (G) with

infant VOLUME 1& I1SSUE 5 2020
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ECG and an abdominal respiratory sensor
was also applied. Impedances were < 10kL2
before the commencement of EEG
recording. All efforts were made o keep
EELG artefact a1 a minimuwm for accuraie
interpretation of recording,

A SWE svas defined as the commence-
ment or ansel of AS follvwed by 05 (+/-
15) with -::g.'l.l:il:lg'l:lt'lwuu:u. ALales LH.IL'IJI.'I'i.I:IE,
until awakening, Sleep stales were
annotated by a research nurse (Mary Anne
Ryan — MR) with extensive EEG experience
and based on vEEG which combined
typical infant behaviours and visual
analysis of EEG activity, Annotations fromm
a random sample of recordings were also
independently reviewed by two neuro-
plysialogists to verify sleep annotations by
ME. SWC was quantified by wisual
inspection of the EEG and the duration of
all sleep-wake states and feeding periods
were annotited on eadh recording. As per
unil policy, fo routine procedures or
examinations were carried oul overnight
and the neonatal unil sandard of care was
not altered throughout the monitoring.
Al recordings were reviewed by a
neurophysiobogist for any abnormal
incsdental Aindings. All recordings were
then psewdo-anomymised before tramsfer 1o
a secure server for long-term storage.

Statistical analysis was performed using
1BM SPSS Stanistics. {versiom 250, TBM
Corp, Armonk, NY, USA). Continuwows
variables were described wsing the median
and mterquartile range (IOR) and
categorical variables wsang frequency and
percentage. For infants who fed orally with
=1 masogasiric tube (MGT) feed IJ'.'I-.'I.'I:IiH]I[.
a random-efects maodel was used o
investigate if the duration of aral feeding
{feed given closest 1o midnight) differed by
type of awakening (interrupted versus
spontanesis]. Type of awakening was a
fixed effect in the model, subject was a
rancom effect and an wsstructured oo-
variance was used. The Mann-Whitney U
test was used o investigate if the duration
of oral feeding differed by deep state from
which the infant was woken [quiet versus
active). All tess were two-sided and a
p-wilue of <005 was considered
statistically stgnaficant.

Results

Tnbormed parenta] cornsent was obtained
for 117 MLF infanis. Due v early
discharge home or transfer to provincial
haspital {14 infanns), later exclusion
criteria (two infants) or poor quality EEG

Median (IQR)

Birth gestation [weeks) 341 (33.5-35.1)
Castatian at tirme of 36,0 |35 6-36.6)
EEC (weeks)
Birth weight (g 2,100 {1,868-2,378)
Weight at the time  2,270(2,123-2,503)
of EEG [g)
Postnatal age at the 11 (5-17)
tirme of vEEG {days)
Sleep-wake cytles per &(5-7)
infant per night
Range 31

n (%)
Gender Male 52(53.1)
Residence on EEG

- Cot 79 {@0.8)

— Incubatar 1919.4)
Participants displaying 98 (100)
SWC on BEC
Tatal number af sdesp 89 (100)
eycles recorded avernight
Tatal numbser af SWC interruptions

—linical purpeoses 2iel)

- Feeding purposes 135 (22.9)

TABLE 3 Demographic data and avernight
EWC recorded over a 12hr periad (n=938)

[three infanis), 94 1:lwr:||.i|_¢J|L vEES were
available for analyais. All participants were
climically stable ar the time of the
recording. Dermographical data and
overndght SWC of inEants are shown in
TABLE 3. The number of male and Fernales
were stmilar (52 males, 46 femabes) the
majority of whom were nursed ina oot
| Bl

SWIC wad idennified on the EEG
recording of all participants. The median
(IR mumber of SWCs overnight was 6
[5-7) (TABLE 3)_ OF the total overnmgha
SWCs reoorded (n=58%9), 23.3% (n=137)
were interrupted. On two oceasions slesp
was interrupted for clinieal reasons. The
remaining interruptsons were exclusively
fior feeding and ocourred during both AS
(77.8%) and 5 (22 7%).

Feeds were given either orally (78.8%:) or
via a NGT (21.2%, TABLE 4), Omn 6H.8%
[ 194/ 282 of pocasions when mfants were
being fed orally, tse infant woke
sponlanesusly prios 1o the feed. For the
remmaining 31.2% (B8/282) of oocasions,
infants were actively woken When infants

were fed via a NGT, they had their sleep

disturbed prior o the NGT feed on 61 8%
[4TF76) of sccassons. For the rumu:il:li.ula_
I8.2% { 29/78) of oocasions, infants wene
undisturbed and slept throughout the
MGT feed (TABLE 4).

Based on the feed given closest o
|:||id.'||.i|_q,J|L, the duration of the oral feed was
significantly longer when the baby was
interrupied from their sheep compared to
whaen the infant woke spontaneously
(n=83). The estimated average feed
duration was 24.13 minutes [95%
coffidence interval: 20055 10 27.71) wlsen
the baby was inperrupted from their sleep
and 17.85 minutes (95% confidence
interval: 15.38 1o 20.31) when they woke
sponlaneousty (difference in means: 6.28
mdnuies: 95% conlidence interval: 2.22 1o
10.35 muinubes; p=0.003].

Further analysis investigated if the
duration of feeding depended on the sleep
state from which the infant was
interrupied (AS versus O5). A total of 44
babies were tncluded (=34 in the AS
group, n=10 in the OF group). Although
the feeding duration was higher in the
group woken from Q8 (median: 280; 10R:
15.8 to 408} than the group wiolkcen fromm
AS (median: 22.5; IQHR: 14.0 1 263, the
difference between groups was no
statistically hipl.iﬂv::au[ {p=0.102).

Discussion

All MLP infans in thas stady displayed
periods of A5, 05 and W with SWC seen
o all recordings. ™™ [nterruption of
overnight sleep was primarily for feeding
purposes (both oral and NGT feeds) and
edquates 1o interruption of 23.3% of all
overnight SWC. I & not unreassonable o
awsume an increase in this percentage of
interruptions may occur during day-time
havuars when routine procedunes and
examimations are carried oul. In a sudy
carried out by Levy et al,™ vEEG momnit-
oring of dinically stable near-term and
terrm infants in the NICU (a=25) shosed
thait prosvider comtact occurred for 27%
(65 minutes) of the four hours of recording
tirne and only 50% of infants engaged ina
full SWC prios o interruplion for care.
Sarmilar 1o our study, the magority of infan
contact/disturbances ocourred during AS,
a state which has a greater association with
the grovwth and development of complex
neural metworks =

MLP infams frequently display
disorganised feeding behaviours with
difficuliies evident in ability w co-ondimate
“suck, swallow and breathe” when rﬂding.“

12
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n (%)

Tatal number of feeds given overnight
NGT feeds (n=76)

Oral Feeds (n=282)

Tirming of interruptions [n=135]

358 (100)

Uninterrupted sleep 20 (39.2)
interrupted deep 47 (61.5)
Wioke spantansausly 194 (GE.8)
Interrupted sleep 88 (31.2)
Active sleep 105 (78.8)

Quiet sleep 30(21.2)

TABLE 4 Owernight feading interruptions.

This facvor is reflected in this siudy as
21.2% of feeds were given via NGT
{Aa=7T&). Fuudi.ug ability iy be further
diluted by inadequate sheep in the NICU
impacting cinical condition, growth and
development, neurobelaviour and the
establihment of oral feeding =" Sleep
disturbances for routine care in the KICU
affects brain maturation,”™ ence in the
absence of clinical need, disturbing sleep
for routine care when the infant is not
actively feeding warrants further research,
In the absence of specific direction, the
mude, frequency and schedule of feeds and
sleep interruptions are very musch guided
by the bedside nurse and relate 1o feeding
volumes taken/tolerated. Longer fied
duration, as reporied here when seep is
interrupted, has a knock-on effect an
hurman resourced, duration of stay, cost 1o
the healtheare provider and warrants
further conaderation. Allowing a growing
preterm 1o wake spontaneously for feeding
will ensare Hile interruption o the natural
coarse of a SWC, which may positively
impact neurodeveloprmental oulcorme.
However, further research is warranted in
relation Lo the bmpact of this practice on
nursing resournces, parental visiting and
overall health and wellbeing of the infant.
A lsealthyy o wfero environment provides
optimal conditions for normal central
nervows sysiem development.” Preterm
birth brings with it a sudden change in the
quality and intensity of sensory
information received, which may kead 1o
disrupted and fragmented deep, impacting
sleep organisation and developmental
outcome ™" Prolonged and continuous
exposure o the mullisensory envinomment
and stress-related events of the neonatal
unil and/for deep interruplions may impact
oot only the physiological status bur the
long-term neurodevelopmental ouleome of
the preterm infnt, including long-term
sensory processing disonders.
Preterm birth is sssociated with significant

mmerbiadiny™ ™ including long-term
comsequences, such as difficulties with
u:lﬂn:iliun, ]a:lq_qualu' development, mator
skills, behaviour and overall physsological
wellbeing """ A priority W creating a
culture of “sleep protection” requines
knowledge about SWC and recogrition of
sleep states, which will assist in identifring
the appropriate lning of handling for
infant cares™" " Despate being closest to
the point of care of the preterm infant in
the MICU, & low lewve of l.l.'ll:l'H']Elet' off
Ielavioural features and sleep stae
identification has been found among
neonatal aurses and this may lead o
misdrmerpretation of sleep activity (e active
sleep) for wakemng.®

Strengths of this study include the
mumber of partieipants, similar clinical
atatus, duration and li:||.'|.i.|:||_{ 1:!I'|.1h'ur|:|i;_q|'|[
vEEG and the use of video-supporied
visual abservation with respiratory
maniloring supporting sheep state
identifcatson, e raphd ireegular
respirations in AS (REM) with slower
rugu]ar |.1n-.".1.|l|.inﬁ i 5 (WREM): &
limitatbon of this study is its focus on
overnight deep only. Further research
shoubd incorporate a full 24-hour
manitoring period, providing insight e
It day and night SWC and interruptions

observed. The prognoestic value of EEG in
uncomplicated medically stable MLP

v Henge the

infants remsing undlear.
significance of oulcome o the number of
SWC seen on EEG. The duration of sach
sleep state Juas vet to be determined and

will comstiiute part of a future sowdy.

In conclusion

EEG provides detailed real-ume
information about beain actvity of
preterim infints and the changes that secur
during sleep wake cycling. Seep
disturbances may affect the developmen
and organisation of sleep-wake patterns of
the preterm infant and impact sleep state

RESEARLCH STUDY

organisation and potentially long- and
short-term developmental outcomes.
Preterm infants are an rsk of sdverse

neunological development especially
during the eritical phase of brain develop-
el that aocurs during the MLE period.
Preserving and supporting optimal sleep
organisation among infants will support a
normal neural pathway of development
and help improve long- and short-term
outeombes. This study has provided an
introduction to preterm infant stales as
seen in vEEL, prl:n'id.'inﬁa il IJlruulaJl
which we can view brain activity during
each sleep state.

This study has quantified overnighi
SWIC and interruptions. With minimal
exception, overnight disruptions 1o sleep
were found 0 be a consequence of routine
care, accounting for disturbance 1o 23 3%
of the il SWC reconded. Reducing this
number and preserving sleep provides an
opporiwnity W enhance brain development

but presents a real operational challenge

in the NICLL
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Sleep state organisation of moderate to late preterm infants in
the neonatal unit
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BACKGROUND: Sleep supports neurodevelopment and sleep architecture reflects brain maturation. This prospective observational
study describes the noctumal sleep architecture of healthy moderate to late preterm (MLP) infants in the neonatal unit at 36 weeks
post menstrual age (PMA).

METHODS: MLP infants, in the neonatal unit of a tertiary hospital in Ireland from 2017 to 2018, had overnight continuous
electroencephalography (CEEG) with video for a minimum 12 h at 36 weeks PMA. The total skeep time (TST) including periods of
active sleep (AS), quiet sheep (QS), indeterminate sleep (IS), wakefulness and feeding were identified, annotated and quantified.
RESULTS: A total of 98 infants had cEEG with video monitoring suitable for analysis. The median (JQR) of TST in the 12 h period
was 709 h (IQR 6.61-7.76 h), 4.58 h (3.69-5.09 h) in AS, 202 h (1.76-236 h) in QS and 0.65 h (0.48-0.89 h} in IS. The total duration of
AS was significantly lower in infants born at lower GA (p = 0.007) whilst the duration of individual QS periods was significantly
higher (p = 0.001).

CONCLUSION: Ovemight ¢EEG with video at 36 weeks PMA showed that sleep state architecture is dependent on birth GA. Infants

with & lower birth GA have less AS and more QS that may have implications for later neurodevelopment.
Pediatric Research (2023) 93:595-603; https://doi.org/10.1038/¢41390-022-02319-x

IMPACT:

EEG provides objective information about the sleep organisation of the moderate 1o late pretermn (MLP) infant.

Active sleep (AS) is the dominant sleep state that was significantly lower in infants bom at lower GA.

.
e Quantitative changes in sleep states occur with each week of advancing gestational age (GA).
.
.

MLP infants who were exclusively fed orally had a shorter total sleep time and less AS compared to infants who were fed via

nasogastric tube.

BACKGROUND

Of the 15 million preterm births that occur worldwide each year,
>80% occur between 32 and 36 weeks GA' Current trends have
shown that the rise in the rate of preterm birth is primarily
attributed to the moderate to late preterm (MLP) infant group,
defined as those born between 32 and 36 + 6 weeks gestation.”
MLP infants have a higher risk of adverse neurodevelopment in
comparisen to term-bom infants.

As the main behavioural state of the newbom infant, sleep is a
prerequisite for normal neural network development, synaptogen-
esis and synaptic plasticity, particularly during the accelerated
period of brain development that eccurs in the last trimester®®
Sleep contributes to neural restoration, supports body repair,
energy conservation and wellbeing.” As deep is an important
basic need and determinant of brain development, supporting
sleep and positive early life experiences for infants born during
the MLP period, will support optimal neuredevelopment.” Sleep in
the newborn infant is comprised of active sleep (AS) (a forerunner

1o rapid eye movement or REM sleep), quiet sleep (QS)
{a forerunner to non-rapid eye movement or NREM sleep) and
indeterminate sleep (1S).

Sleep architecture can be assessed using continuous electro-
encephalography (¢EEG) with video®'" Each sleep state is
associated with a distinct pattern of ¢EEG activity that alters
between sleep states (Figs. 1 and 2). EEG activity describes
background continuity (comtinuous or discontinuous), frequency
of activity, and amplitude or voltage (uV) of activity, with
associated alterations in behaviour and cardiorespiratory para-
meters (Table 1).""""? Frequency of activity measured in Hertz (Hz)
incdudes delta (0.5-4Hz), theta {4-8Hz), alpha (B-12Hz) and
beta (12-35Hz) activity. Amplitude is describad as either high
{>50 uV), medium (between 50 and 25 V) or low amplitude,
which for the purposes of this manuscript we have identified
as <25uv. ™

Sleep architecture undergoes quantitative and qualitative
changes with maturation that is reflected in the EEG.'™'®
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Fig. 1 Period of continuous activity of mixed amplitude in active sleep. The black line on aEEG indicates 1 h of recording whilst the black
line on cEEG indicates 1 s of recording. The arrow indicates the point on the aEEG that is displayed on cEEG. The scale of the cEEG is displayed
in a grey bax with amplitude measurement expressed in pV vertically and duration expressed in milliseconds horizontally.
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Fig. 2 Periods of low amplitude or discontinuity (
quiet
black line on cEEG indicates 1 s of recording. The arrow indicates the

background activity <25 pV indicated by black dashed line) seen on cEEG channels in
with high amplitude bursts of activity, i.e., >75 uV in a black box. The black line on aEEG indicates 1 h of recording whilst the

point on the aEEG that is displayed on cEEG. The scale of the cEEG is

displayed in a grey box with amplitude measurement expressed in PV vertically and duration expressed in milliseconds horizontally.

Alterations in sleep architecture correlate with measurable
structural changes in the brain.'” Cycling between deep states
requires the integration of multiple beain  networks'™.
Sleep cycling is a surrogate marker of neurological wellbeing.
Delayed cycling is associated with neurclogical dysfunction in
preterm and term infants. ™Y ¢EEG provides accurate identifica-
tion of changes in sleep states or cycling that is clearly evident
from 30 to 32 weeks gestation. This in itself i reassuring in terms
of a normal trajectory of sleep organisation and may be a useful
biomarker of cutcome,

There is a paucity of research on sleep architecture, particularly
in the atrisk MLP infant group. We designed a prospective
observational study to describe and guantify sleep of the healthy
MLP infant in the neonatal unit at 36 weeks post menstrual age
[PMA) (defined as birth GA plus chronological age) using cEEG
with video. We hypathesised that the sleep architecture of all
healthy MLP infants at 36 weeks PMA would be the same,
irrespective of birth GA, sex, mode of feeding or accommodation
at time of monitoring.

SPRINGER NATURE

METHODS

This was 2 single-centre prospective cbservational study camied out in our
open-plan neonatal unit in Cork University Matemity Hospital, Irdand,
between July 2017 and September 2018. Ethical approval was obtained
from the Clinical Research Ethks Committee of the Cork Teaching
Hospitals prior to the commencement of the study.

Pa

Cinkally stable MLP infants admitted to the neonatal unit, with no
chromasomal/congenital abnormalities and no neurologcal concerns were
identified as potential participants. Whist the development of sleep may
be compromised by the morbidaty of the preterm Infant, all infants In this
study were healthy with no physiclogkal or newrological concems
throughout thelr neonatal unit stay. An invitation to particpate was
extended to parents whose infants satishied the indusion criteria. Written
Informed parental consent was cbtained for all partkipating Infants.

Monitoring sleep
All infamts had cEEG wath videa for a minimum aof 12 h in the neonatal unit
(pre-discharge) and as close as possible to 36 weeks but not exceeding

Pediatric Research (2023) 93595 - 603
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Tabile 1. Behavioural observations, cardiorespiratory parameters and EEG featunes identifying sleep states and walbefulness.
Ative sleep [AS) Quiet sheap (O5) Indeterminate sleep [I5) Wakelhaness
Behawiour  Eyes choded, may open slighthy, $REM Eyes chosed, N @ye Movement Patiods of opaning’ Eyis O
closing ayes
Range of intermrittent sporadic mobar Indant kping soillfatonia Sloww S IMOVEMENES May be quiet, sill
acthvity of active
= Low mdtod activity £ myodonic May have soma mauth’ Slow Stantes Fussing of crying
Twiiching sucking mation
- Upper and bower limb movement  May have slight startle, jork Intanmittent sucking High-intensity gross
OO IO MAEnES
Occaional sucking MoweTents Mane diffioult o nouse Rigular respirations Imequiar respisations with
ETRAETIENE
Cuiet and low musck tone betwaan Regpirationds slowes, mos regular Varkable irreguilar
T NS than AS reart mbe
Irreguiar shallow respistion, wanable Decreased hoar rate vasiabilicy
hisart rae than in AS
EEG Continucal activity above 3 threshald Pariads of discontinuity evident in Similar to AS in quiet
activicy af IS v Q5 (525 P e fLalned-is
Less than 35 woltage attenuation High amgltude bursts 50-300WY,  Coetinuous acthity high Mied continuous activity
25 v rrinimiEn 35 waltzge [100-200 uW]
Maindy high froquency =8 Hz, kow Inter-burst intervals decrease with Inecreased artefact with
miboed amplitude [30-70 V) achancing PMA movEment
Artefact with mowement Artefact with movement Duration increasing with
adwanding age
aEEG Lower amplinsde represented by High amplitude repeesented by Variabde bandhideh Quiet wakefulness
activity naTower partion of band wider portion of band displayed silar to A5
Manral: a lower margin =5 ¥ and Lower mangin <5 p¥ in Q5 Mot discriminated on High amplitude activity

UppE margin = 10 v
Table compiled haced on fAindings in the B '

35 4 & weeks PRUA. We used gold stardand cE8G wath wideo to score sleep
stabe of wakefulmess based on minute-by-menute visual analysis of
electrophysiologcal features. As heart and resparatony rate are nfluenced
by sheep state, we also incoeporated ECG (one ekectrode placed on each
shoulder) and a respiratony sensar was secured to the abdomen with
hiypoalienge: tape. Together these provided a visual dsplay of alterabon in
hieast and respiratory rate and rhythm. We did not use electrooculography
(B0} or electromyography [EMG) a5 we wanited to minimise the recording
charnels for ovemight menitoring but the video was ublised 1o cbserve
behaviour induding ooular ard facial movements. The standard of care
wias niot altered throughout the: monitonng period.

cEEG manitonng was conducted in a quiet area of the neonatal unit. To
facidtate feeding schedules and parental wsits, all EEG monitoring
commeenced betweeen 1700 and 20000 h and ended the follicssng moming
between 07:30 and 10c00h. Ufelnes EEG (Lifelines Mewodisgnostic
Systemns, UK) and the MooletOne monitor (Carefusion, Wisconsing were
used for ¢EEG monitonng that alse displayed the ampitude-integrated
EEQ: (2£ES) a5 a trend of two charmels abowve the cEEG. 'Whilst 2EEG can be
useful for the identification of sleep cycling, the nformation provided & a
general ceervees of BEG actnity from which it is not possible to distinguish
A5 fram periods of quiet wakefulness and 157"~

Al recordings adhered to a standard modified neoratal version of the
irtemnaticnal 1V20 systemn that ensured consistercy in the positioning of
EEG electrodes. tcalp edectrode sies were prepared by cleaning with
Muprep gel and eleven stenle disposable hydrogel electrodes were appled
with additonal water-soluble conductive paste. Electrode placement
positons were at F3, F4, €3, {4, Oz, T3, T4, 01, 02, plus a reference
electrode on the frontal region of the head () and ground electrode (G)
placed betond the left sar. in adjustable cotton hat was placed on the
head ower the electrodes to assist in secwring electrodes awemaght. cEEG
monitonng commenced when all electrode impedances were <10 k3hms.

Post-acquisition ¢EEG annotation

When monitonng was complete, recordings were peeudonymised and
trarafermed 1o @ secwe server and stored for further analyss. Post-
acquisition an experienced neonatal reuraphysologist (SRM.) revesed
EEGs for any incidental abnormad EEG activity. Many infants exceeded
12h of monitoring: howeves, only 12h was wed in the analyss
(commencing with the cnset of A% and a5 close as possible to 18:00 k).

Pediatric Research (3023) 93:595 - 803

amplitusde EEG with Mot

Mg there is a lack of consistency pertaining to the starting point of a skeep
cycle in the liberbare, "™ we defined a sleep cycle a5 commencing with an
% phase, wath transitioning and completion of a OF phase withouwt
mtesruption.™ A complete sleep cycle may end in wakefuiness oo the
infant may enter anather phase of AS. 1S ocours duning the period of
transition between sleep states incorporating features of A% and 5 but
not clearly identifable s either states an each offG recording
wese dentified and annotated as A% (Fig. 11 Q% (Rg. 3 or 15 besed on
mirate-by-minute visual analyss of cEEG actwity, behavional cbsenatcn
by tme-ocked video and cardlm:sgqm:q' parameters fsee Table 1
compiled based on exisbng Inerature™"

tHeep mteruptions that resulted in wakefulness were idendfied as
continuous imegulsr or miked EEG pattem with movemnent ard muscle
artefact, whilst candiorespiratory observations recorded an imegular heart mie
ard respiration. Behawvioural chsenations an a time-locked video provided a
wisual confirnation of skeep internuption and wekefulness. in gquiet
wakefulness, a continsous low to medum voltage mised freqguency pattem
was seen with regular heart rate and respirations (Tabke 1)

Each 1xh cEEG with video was annotated by the same reviewer
(MALR) and a 2-h epoch of each EEG was also annotated by a second
reviewer (SRM) A teoc-way random effects intraclass comelation was
caloulyted between the two raters on a andom sample of half the EEGs.
Besults shorased the correfabion between raters for AS was 09710 (95%
0B34-0552), Q5 0907 {95% C1: 0.817-0947) and B was 0648 (55% O
0L448-08120 The total dustion of each sheep state v recordied, rounded
to the nearest menute, and euported to SFES

Heep was described as follows:

*  an analyss of the duration of sleep, feeding and wakefulress aver a
12-h penod (sleep-wake analysis). Wakefulness inconporated periods of
guiet wakefulness, time spent unsettled/fussing, ﬂr)'l}.

A tofal sleep time (TST) analysis, Le, the total duration of all penods of
A%, Q% and 15 in the 12 h recording perod.

& Aslesp opcle aralysis described in terms of the median time in &S, 05
and 15 based on two ovemight uninterupted complete sleep opcles at
simalar time points for all infants. Cycle 1 was between Z200hms and
02.00hrs and Cycle 2 was between 03.000rs and 07 00hrs. Our shesp
cyche analysis was based on the median of the values abtained from
thie two time points.
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Statistical analysis

Statestical analysis was performed using IBM 5PS5 Stabstics {wersion 2510,
18M Corp, Amonk, WY). Continuous variables were described using the
meedian and interquartile range {I0F) and categosical variables wsing
frequency and percentage. The Mann-Whitney U test was used for
romparisons  of skeep parameters betaeen two groups and the
Kruskal-‘Walles test was used when there were more than two groups. if
statishcally significant differences were found between groups for the
Kruskal-‘Walls test, pairwsse comgpansons were performed using the
Mann=Whitney U test, wath Bonferroni comection. The growps irvestigabed
were GA at binh (32-32 08, 33-33 46, 34=-34 46, 353546 and
30=30 + & weeks), sex, accommiodation at the time of monitonng [oot or
incubator) and mode of feeding (oral only, moed mode). The Mann-
Whitney U test was also used to investigate the relationship betaeen Gh
and made of feeding. Aelationships between number of intennupticns and
GA and active skeep duraton were ireestigated using Spearman’s
coerelation coefficknt [r). All tests were two-sided and a p walue <005
wat corsadered stabstically sqnificant.

RESULTS

Of the 117 infants recruited to this prospective obsersational
sudy, 13 infants were discharged or transferred 1o another unit
priof 1o cEEG monitoring, 3 infants were excluded prior to EEG
recording due 1 suspicion of chromosormal abnomnality and a
further 3 excluded post EEG scquisition due 1o technical igsues
Hence, 98 infams wene included in the analysis Table 2. Infants
were from singleton (n=51) and rmuliple pregnancies {n = 47
and mursed in & cot (n=B0) or incubator (n=18) at tirme of
manitofing, The majority of infants were exclusively fed arally
in = &1] whilst the rermainder had either a mixed mode of feading
in =36) or were fed axclusively via nasogastric tube (7= 1).

Table . Demographics [n = 98],

Median (IQR]
Matemal age fyears) 345 (31.0-373)
Birth gestation feeelks) 340 (330-350)
Gestation at time of EEG [weeks) ) (35e-386)
Head circumference at birth [cm 3200 (30.75-32.90|
Apgar at 5 min g (9=10]
Birth weight kgl 210 (1 EF-2400
‘Weight at the time of cEEG (kg 13 (1 02-247)
Postnatal age at the time of cEEG (days) 10.50 (4.75=14.00]
Sleep cydes per infant per night G0 [B0-7.3)
n (%)

Ethnacity—Irish B8 (894
Pregnancy

Muliple 47T (28.0)

Singleton 51 (5200
Sex

Male 52 (53.1)

Female 48 (6.9
Accommodation at time of monitaring

Cat B0 (81.8)

Incubatar 18 (18.4)
Miode of overnight feeding/infant

Al oral feeds &1 (&2

All nasogastric tube feeds (MET) 10100

Mixed feeding {oral and NGT) a8 (307

CFED continuous EEG.

SPRINGER NATURE

Sleep-wakefulness analyiis

The median (0F] of TST over the 12 h manitofing period was
700 h [661-7.76L The remaining ovemight howr were spent
atending 1o the infant's feading orally and periods of wakeful-
s, The medianlQR) duration of time spem attending to infant
cares and leeding (h) was 1.58 h (1.18-2.13) and the duration of
wakefulness autside this period was 3.19 h [238-385) (Table 3)
A papected, infants who were feeding orally spent a sgnificantly
langer time feading in comparison o infants who had a rmixed
i of Teeding (o = 0L004). Infants wheo fed exchusively orally also
had & significantly longer duration of wakefulness outside af
feeding (p= 0033 Ther was no difference in leading and
wakefulness based on GA, sex or sccommedation at the time af
Frenilaring.

Total sheep time analysis
Tirme and percemage of time (out of 12h) in each sleap sane overall

and by GA, sex, accornmodation at tirme of menitoring and mode al
feeding are presented in Table 4. A5 wed the dominant deep state
with & redian (I0R) duration (h) of 458 h (368-5.05 of TST. The
rrecian (IO duration (h) of Q5 and 15 were 202 b (1.76-236) and
065 h (0AB-DEY) respectively. There was a statistically significant
increase in AS observed with advancing GA (p= 00071 Using
pairwise comparisans, we found that this difference was primarily
due 1o the significantly lower duration of AS in the youngest birth GA
group (32 wesks) cormpared 1o older GA groups af 35 wesks
iadjusted p=0019) and 36 weeks (adjusted p value = 0.017]. We
irvestigated if the relationship betwesn GA and AS was confoundexd
by mode of feeding We did not fnd & satistically significam
relationship between mode of leeding and GA (weeks) (p = 0.107)
and therefore, the decreased time spent in AS armongst infants bam
&t & younger GA cannol be explained by mode of feeding Mo
differences wene found in durations of 05 (p=0825] or 15 p = 0.544)
betwesn GA groupd.

In & previows study ol this MLP group {n=58), we found that
733% of owemight sleep cycles in an MLP infant group were
interrupted, almost ewclusively Tor the purpeses of fesding™
Therefare, we investigated if this increase in AS with increasing
GA could have been due o a differance in the number of slesp
interruptions that are followed by a period of wakefulness and then
& recommencement of AS The nurmber of iMeruptions inonased
with increasing GA [r, =020, p = 0048) but no asecition was
found betwsen number of interruptions and duration of AS
if, =005 g = 0593). Thus, nurmber of interruplions was not a
corfounder of the auodsion between GA and AS. The total
duration of A5 did not sgnificantly differ based on sex or
accommedation (o= 0457 and 0.790 respectively).

There were no differences in durstion of 05 based on sex
accommodation and mode of leeding p = 0089, 0073 and 0291,
respectively) or I5 based on the same groupings p = 0.845, 0583 or
0B52, respectivaly.

Sleep cycle analysis
&l infants displayed slesp cyeling on eEEG with a rmedian (I0R) of
60 [6.0-73) uninterupted sleep cycdes throughout the night
Sleep cycle duration and the duration of AS, Q5 and 15 within, are
described by GA, sex, sccommodation at time of monitoring and
rrocete of feeding are presented in Table 5. The median (IOR)
duration [fmin} of an ovemight uninterrupled deep oycde was
3700 min (32.00-45.13) with 8 median(QR] of 16.50 min (12.50-
22.50) for AS, 1675 min (14.00-19.500 for Q5 and 275 min [2.00-
3500 For IS

Within sleep eycles, Q5 duration differed by GA group
g =0.001). Pairwise cormparisons revealed significant differences
betwesn the youngest GA group (31 weeks) and the older GA
groups of 34 weeks (adjusted p = 0.001) and 36 wesks (adjusted
p = 0.010]. The duration of AS, I5 or sleep cycle duration did not
differ betwesn GA groups (p = 0247, 0210 and 0,105

Pediatric Research (3023) 93:535 - 603
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Table 3. Total sleep time, time spent feeding and saale over 12-h pericd [n = 98]
TET(h) pvalue’  Feeding and cares|h) pvalwe’  Wakefulness|h) p value®
enediar] MR median| QR miediand MR
Cherall T08 [B.61-T.76) 1.58 {1.18-2.17] 1.15 [2.38-1.85)
Birth gestational age 0143 [T L 0128
group (weeks)
I n=1% .58 [B.06-7.34) 150 {1.34-2.08) 157 [2.63-4.13)
Bin=1% 709 [B.B4-B.00) 1.24 {1.03-1.89) 157 [2.45-3.96)
M (n=138) 596 [5.30=-7.84) 147 {1.12=-2.36) 3136 [2.22=-391)
1% (=15 T.50 [B.91-T.83) 1.52 {1.13-2.09 1,05 [2.07-3.29)
I =18 TA7 [B.B3-B1E) 187 {1.13=-2.20) 2.80 [2.35-3.18)
Sex 0504 [ A 0580
Male (n =52 706 [5.59=7.73) 1.75 {1.26=2.17) 102 (2.29=-3.90)
Female (n = 48) 7.2 [B.70-T.03) 1.46 {1.10-2.13) 1.37 [2.43-2.84)
Sccommadation axm [UEE- Q.1 6
Cot (n = 80} 703 [B.52=7.73) 153 {1.16=2.11) 3127 (2.39-3.90)
Incubator (0= 18] 7.30 [5.83-7.83) 1.87 {1.18=2.28) 2.82 [2.31=3.62)
Mode of feeding” <0001 0,004 Qa13
Orall (=81} 591 [B.30-7.35) 1.83 {1.32-2.25) 31.37 [2.43-3.99)
Mived |7 = 36 T.57 [B.99-B.200 1.28 {1.09=1.71) 21,87 [2.09-3.659)

TET total sheep tims, IOA inmerguartile mnge.

“Th Bruskal-Wallk test was ued for gemtational 3ge and the Mann-Whithey U test was used for sex, accommodation and mode of feeding.
“One indant fod sadiusively via MGT tube and elminated fram mode of feeding analysis (a = 37,

P QUD5 wik statktically significant.

respectively). There was no difference in the sleep cycle duration
ar the duration of AS, Q5 I5 within uninterrupted deep cycle
baded on 18 sccommadation oF mode af 'feeding.

DISCUSSION

In this study, we used cEEG with vides o quantily the avernight
sleep aof a large coho of haalthy BMLP infants in the reonatal unit.
AL the outsst, it must be considered that the genetically defined
pre-programmed pathway of normal sesp ortogenesis may be
ahered or supported through physiological and sensary enviren-
rental factors ™" Stessors within the neonatal unit may
compromise the quality and quantity of desp. ' """

A5 the primary activity of the developing brain, sleep plays a
erucial rale in brain developmenl As the dominant sleep state of
the MLPF group, AS provides endogenous stimulation facilitating
neural network maluration, Synapse formation and synaplic
plasticity. AS supports memory, learning, emotional and motor
development and has & strong comrelation with brain growth.® It is
alin & prerequisite sate for paychosocial and normal sensory
system development™ A reduction in AS in the preterm infant
ray reduce the efficiency of information ransmission and
decrease overall brain volume ™ Q5 is a prerequisite for
rraturation, supporting connectivity between networks and the
preservation of beain plasticity” 05 is also associated with
cognitive function and the pre-consolidation phase of Iearnin%
memory and the maintenance of physiclogical hamoeostasis ™

The: duration of avemight sheap was sharer than expected whilst
the durmation of wakelulbess was lenger in this MLP group.
Interestingly, infants born in the kower GA groups had the longest
duration of wakelulness which may suggest an increased level of
rraturation. However, these differepces did not reach a level of
sighificance [p = D2BL We have shown that in the MLP infant
groug the median (K0 duration of time spent dleaping was 709 h
(BE1-776H or 59.1% (55.1-64.7%) ol 12 hr monitoring perod.
It could be considered that 14.18 h extrapolated over a 24-h period
falls short of the expected average af 16-18 h of sleep for rewbaom

Pediatric Research (2023] 93:595 - B03

infants.">" Intuitively this might be expected 1o be an overestirmate
of T5T as an increase in dinical activity and sendory expasune by day
may lead 1o infants desping e during daytime hours. However,
Ardura et al. suggested the apposite to be true, finding that preterm
infants at 35 wesks GA (n=11] slept for 888 h during day tirme
hours (DE00-20000 h and 822 h overnight [20000-08.00 k). At 35
weeks GA (n = 14) infams slkept for 896 b by day and 751 h
avermight.”

When investigating the effects of handling on sleep in late
pratermn low birth weight infants nursed in an incubater (a = 13),
Maki et al. found no signibcant difference in duration of AS,
105, 15 or wakelulness between day and night time sleep (p = 063,
0.E4, 0.73 and 0099, respectivelyl”" These authors also obsarved
that the infant group under study slept for approsimately 137 h
of the 24-h period, e, 57.2% of 24 h, As we found no significant
difference in TST betwesn infants nursed in a cot or an incubatar
{p = 0.371), these findings are comparable 1o ours. Sleep duration
recommendations have been considered 16 be based on weak
scientific evidence.™ The preterm infant may spend up 1o 90% of
the day sleeping which decreases with advancing GASY Whilst
14-17h are identified as appropriate for term newbom ary
duration between 11 and 19 h has been considered acceptable”

In our TST analysis, we found that the majority al overnight
dleep wad A5, representing 63.07% (56.25-67.43%) ol the T5T. As
dleep in the newborn begins with AS it 5 net surprising that
overall, TST was dominated by AS, as following each slesp cycle
interruplion [or spontaneows awakening) a new phase of AS slesp
st begin. It is interesting that at 36 weaks, infants born in the
ke GA groups had the longest duration ol wakefulhess in
comparison to those bom at a higher GA. Perhaps this suggests an
increased raturity amaongst infants bom at a lower GA. However,
these differences did not reach a level of significance (p = 0.128).

The awerall duration of AS was significantly |lower armondgst
infants barn in a kewer GA growp (p = 0007, whilst the duration of
Q5 was longer differences were not statistically significant (0.825).
Consistent with other studies, our results suppornt a trend towands
changes in deep organisation with advancing GA. EEG maturation

SPRINGER NATURE
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Table 5. Sleep cycle duration owerall by sleep state/groups incuding feeding and wakefulness [0 - 28]

Heap cyche duraticn] mini P A5 durnabon
mradisiQF ‘Fechan BOAI
Crearall 1700 (120042171 D (1 E58-11.340
Cawiztional sge per group LI
Fvemlonl
BEin=1W 00 (3100200001 TS0 (RN 21000
BWin=1%H 00 (310347 LD (1 ROE-27.081
M in= 14 5] (30020001 HIE (1208-21.30
BWin=1% 0] (350045001 RO (15.08- 27 081
o in=1& +1.50 (35 13-4 TN JOO0 (15-08-25 88
S {11
Kads in = 5N 1700 (I200—4L 5] BATE (1 R08-11.080
Ferrake in = &5 R0 [E200—48 51 BAEE (R-111%
Actommcdation mwisn
Cot v =80 JETS (RO In] 530 (1243-21.080
Incuhatos i = 1H SL0 (AN S04 3] 3% (11 253-M41
Mode of feeding® L
Ciral jn = AT I (31 554001 SO0 (11 58-21.35
K fn = 381 050 (348 5T RS0 (1325-11T5

[ 05 dursticnimin| [ 15 duraiion] min| P
vEka" rresdinnd | A vEus" rrad i (B3R valus'
TA7S [1400-19.50 7S5 [RO0-1.50
T was LI
1058 {1 7.00-T2.55 B D04 D
1775 [1400-19000 2000 {1.83-1.00
1508 {1 LE3- 1038 275 (L0010
1600 |1 5.00- 70000 200 {15810
1508 {1 1.00-1058 275 {1.83-1.0
5 s D3
1808 {1 1.00-192.38 i [RO5- 1.8
1725 (1 5.00-183) 50 [ROE-115)
451 [\ EF s
TE5D [1400- 153 250 [R00-1.00
100 [14.83-183) B0 {1 B4
a3 [R5 ] LT}
1700 {1 1.35-T0L00 50 [R00-1.50)
1435 (14351088 275 (L0010

AS active slesp, 5 quist skeap, 15 indeETinate sleen, IR interguartile range

“The Knskal-Wallls test was wused for gestaticnal age and the Mann-Whiney U test was used for sex, accomemodation and mode of feeding.
“One infant fod exchsively va BGT tube and eliminaed from mode of feeding analysis (o = 97,

po Q05 wixk statktically significant.

accurs with increased chronological age, e, a decrease in the
overall time spent in AS and an increase in OS5 (Table 40"
However, there is some conflicting evidence suggesting the
apposite trajectony may be tree. Han et al. wilised cEEG, aEEG,
EOG EMG over a d-h period and described the changes that
accurred with advancing GA. In cormparing the percentage of each
sleep state between a 34-35 GA group (0= 20} and & 36-37 GA
group (n = 33}, results showed an increase in the percentage of AS
sleep duration from 358 1o 46,60, & decrease in the percentage of
Q5 duration frorm 368 at to 32.3%, & decrease in 15 frem 7.9 to
53%, whilst duration of wakefulness differed  minimally
155-158% between groups.” In a review of slesp state
reasurernent, Werth et al desoribed a plateau in AS duration
between 30 and 36 weeks GA at 60-65% of sleep time, " which is
similar to our results of & median of 63.07%. 05 was described as
increasing wtil 36 weeks 1o approxirmately 38% that is higher than
our fndings of a reedian of 27.E8%. Themsafter, Wenh et al,
described both sleep states decrease as wakefulness increases,
Similar 1o Foreman et al we found no disparities based on $&x in
our analysis of slesp state duration.*

Ir our analysis of uninterrupted sleep opdles, the median (10R)
duration was 3700 min [(3200-45.13) that iE dhomer than
previously reported for MLP infants at 36 wesks PMATHS
Learning and mernory are dependent on normal cyeling.® Our
results showed that the duration of Q5 within an unintempted
sleep cycle differed by GA age group only [p=0.001) with the
younger birth GA group having a significantly longer Q5 period.
Owr sheep opcle analysis showed differences in the duration of AS
by GA group within an uninterrupted sleep cycle but these
differences did not reach statistical significance.

There is extendive wariability in the liverature pertaining 1o the
duration of & slesp cycle in pretermn infants at 35-36 weeks PRA,
Tsuchida et al. reported a sleep cycle duration of 50-65 min for
infants »35 wesks PMA™ Cursi-Dascalova et al deseribed the
sleep cycle duration of a small group of participants n =11
between 35 and 36 weeks GAJ by the mean +/— standard ermor of
the rmean & 694 +/— 61 min'® Even for healthy term-bom
infants, sleep cycles typically last & mean of 50-60 min with a
ramge of 30-70 min described ™ Dereymasker et al. alse report
extensive variability in cyele duration amongst infants ol
35-36 weeks GA that ranged from 6.3 o 109 min with 8 mean

Pediatric Research (23023] 93:595 - 803

{50 of 50.9min (192 min)™ In our methodalodgy we defined A
sleep cycle and its starting point.”® However, inconsistencies. in
dleep cycde definitions were noted ™' Some studies did not
define it but described sleep eyeling in broad termd such as
fuctuations betwseen slesp states *

Hetenogensity in methodology is evident in the lterature making
it difficult to compare like with like. Many sleep studies carried out
have been based on behaviour observation, with or without the
inclusion of ECG, EMG and EOG ™" ar geep state determined
based on sdivity of sctigrapky.'® Whilit some studies did utilise
EEG with video, differences in inclusionyesclusion criteria, duration
and timing of monitoring and emvironmental conditions weare
evident ™" Whilst emwionmental factors may impact the
duration and inensity of sheep, intra-individual variation in sesp
organisation may aleo be atrbuted 1o endogenous factors with
genstic links. ™ To date, the majority of sudiss that wed <EEG 1o
monitor pretenm seep hove been during dagtime hours and
recording duration has rarely been longer than 4 h. Shorter duration
of monlonng may nol be tuly representative of deep cycle
duration for an infan group. Incheion//swlusion critena also vared
with ltle infarmation provided in relation 1o mode of feeding and
the sksaping ermironment ™ = To the best of our knowladge this
i the frst study 1o date o wilise ¢EEG with videa over 12h o
determing sleep state ongansation of MUP infants a0 36 weeks PMA
All infants in this sbudy were cared for under similar environmental
conditions and without disturbances for cinical purposes.

Infant feeding in our unit is tme-based, generally 3 hourly for
infants leaming o feed or 4 houdy when La volurnes are
tolerated oraly. Infants that had a mixed mode of feeding overnight
had a longer TST (o< 0D01). This is the first study 1o report thesa
findings. With respect 1o quidelines for establishing feeding in
[preterm inlants we use passive ube feeds combined with oral feeds
offered on an individualsed basis. Allowing the infant 1o sleep and
grow through passive feading supports neursdevelopment and
consequently the development of the infants suck swallow
coomdination. When TST in both mode of feeding groups was
broken down by deep state. the more immature infants who weare
partially tube fed had a longer AS duration in comparsan 1o infants
who fed exclusively orally (g < 0001). Achieving a balance between
suppoding the infant in esablishing feading and protecting desp
is key.
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There is much we do not understand aboul sléep, Theunidsen

et al proposed that the exact role of deep in brain development is

unknewn suggesting that perhaps they may be only termparally
related, or they are independant, of one may drive the ather.™ We

do not know what factors are pamicularly destructive 1o infant
deep architecture and brain development However, there is a
general consensus that an environment supporing the presena-
tion of good quality slesp without disturbance will strengthen
sleep architecture and support optimal brain development. ™

This is the largest study to date focuding on the slesp of the
heatthy uncomplicated MLP infant through evernight ¢EEG
manitoring with video caried out at & similar PMA under sirilar
ervdironrmental conditions. These factors reduced the risk of sleep
being compromised by morbidity o environmental exposure
during EEG mmoniloring. The number of male and female
participants was reasonably balanced as was the number of
multiple and singleton pregnancy’s, removing bias related 1o
these factads in the study, We also identified mode of feeding for
each infant, a factor that has not been widely reparted in previouws
sesp sudies. Previous EEG seep studies have based percentages
of each sleep state on the interpretation of a single sleep cycle or
short perods of cEEG D4415857

This study alss had some limitations. Our study was conducted
in an oper-plan neonatal unit where we aimed 1 minimise
envdirenrmental stimuli by caring for infants in & quiet low-it area of
the unit during ronitering. However, we did not measure
arnibient sownd or control for potential confounding factors such
as envimnmental temperature, sleeping podition or  clinical
workload. We did not we EOG like many studies but we did use
vided 1o asdeds overall behavioural abiervations including ocular
and facial movements,

As varigtions in infant sdeep ﬂa;-u an imponant roke in cognitive
developrment and physical growth,™ future sleep ressanch incorpor-
ating sequential and prokenged ¢EEG with video should be
eonsidared the gold standard. This will provide an ebjective rebust
eatirmate of TST and a greater insight inte seep architectune wnigue
to G I will also peovide confirrmation of achisvernent of deep state
organisalion apprﬁau- for GA which may be a potential biomarker
ol future cutesme.™"" Alteration in EEG sleep onganisation of the
maturation trajectory may be an expression of brain dysfunction ™
Further research is alsa regquired 1o assess any associalions between
sleep variables and long-temn developmental outcomes,™

Sleap staging in pretern infants is complex, labour imensive
and requires expertise. A growing body of researchers are using
machine leaming to design algodthins such as seizure detection
algorithms™ Sleep detection algorithms, detect specific features
of sleep™ smomate seep staging™ and estimate  brain
maturity.™ Automated approaches have shown great promise in
providing robust gquantitative data pertaining to sleep onanisa-
tion and perhaps identifying future biomarkers of developmental
outcorme, ldentifying infants who wananl ongoing sundeillancs
and early intervention will potentially improve outcome, which i
the ultimate sim of neonatal cane,

CORCLUSION

This is the first study 1o describe overnight 12-h sleep architectune
in & lange homegenows group af MLP infants using ¢EEG with
vides, Our findings provide robust normative data for each wesk
of GA unigue o the heahhy MUP infant group. Quantitative
changes in sleep state may be used as a reference point in future
sudies and a potential biormarker of developrnental culcame,
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Neurodevelopmental outcome of
low-risk moderate to late preterm
infants at 18 months

Mary Anne Ryan'*, Deirdre M. Murray”, Eugene M. Dempsey-”,
Sean R. Mathieson™, Vicki Livingstone™ and Geraldine B. Boylan™

Background: Of the 15 milion preterm births that occws worldwide each year,
approdimately BO¥E occur between 32 and 36+ 6 weeks gestational age (GA)
amd are defined as moderate o late preterm (MLP) infants. This percentage
substantiates a need for a better understanding of the meurcdevelopmental
autcome of this growp

Alrm: To describe neurcdevelopmental outcome at 18 months In a cohort of
healthy lowe-risk MLP infants admitted to the neonatal wnit at birth and o
compare the neurodeveloprnental outcome to that of a healthy term-boen
infant group.

Study design and methed: This single-centre observational study compared the
reurcsdeveloprnental outcome of healthy MLP infants to a group of heatthy tenm
comtrol (TC] infants recrulted durng the same period using the Griffith's 1
assessrnent at 18 months.

Results: Seventy-fve MLP infants and 92 TC infants were incleded. MLP infants
scored significantly lower in the subscales: Eye-hand coordination (C), Personal,
tocial and Emmotional Development (D), Gross Motor Developrnent [E) and
General Developmenital (G0) (p<= 00001 for each) and Foundations of Learning
{4}, {p=0004) In comparizon to the TC Infant group with Cohen's o effect
sizes ranging from 0460 to 0B&5. There was no statistically significant
difference In mean scores achieved |n subscale B Language and
Communication between groups (p=0107).

Conclusion: MLP infants are at risk of suboptimal neurcdevelopmental outcomes.
Greater surseillance of the neurodeveloprmental trajectory of this group of at-risk
preterm infants s requined.

HTWDEDS

preterm barth, premature infant, moderate to late preterm, developmental ocutcomes

Griffithe 11

Introduction

The Waorld Health Osganisation (WHO) has acknowledged that whilst reducing
muortality for newhbomns is the priority there & also a need to prioritise improving health,
psvchosocial well-being and the learming potential of children, particolarly i the early
years of life (1), Over the past decades improvement in NICU care and technology has
led to increased sorvival rates ol preterm infants. However, despite this success, gains in

survival have not been paralleled by improvemsents in morhidity.

Mbvwsmtiora

MLF, salerate 0o e preterar, TC, term controk GA, geslalonsd age.




0f the 15 million preterm births that occur worldwide each
year, approximately 75% to 84% ocour between 32 and 36+ 6
weeks pestational age (GA) and these mdaniks are dehned as
moderate to late preterm (MLP) {2, 3L Current trends have
shown that the rise in the mte of preterm birth & primarily
attributed to the MLP infant growp (4). This may in part reflect
the increased wse of artibcial reproduciive technology and its
associabion with multiple pregrancies and preterm delvery and
consequently an increased demand for neonatal unit services (50

In the laxt xix weeks of pregnancy, there is a 35% 1o 40% increass
in brain weight with a fve-fold increase in brain volume (6], After
birth, the MLF infant is no longer protected by the uterine
environment and this coritial perind of accederated development
takes place extermally in the NICU or postnatal wards (7). A
challenging extermal environment may nfluence neoral connecinaty
(8). DMsruption of the typical process of bmin development
may expase preterm infants o loog-term  neurodevelopmental
impairment Whilst 2 more positive outcome is assodated with
the low-rsk wnmomplicated preterm infamt (%, 10)  defining
“uncomplicated” may prove problematic as preterm birth dselt is
ahypical and its aeticlogy may imwolve deteriorating fetzl or
maternal health, which @ itself may lead o suboptimal oubommes.
Matarity at birth has a direct impact on owtcomes; the lower the
GA of the preterm infant, the greater the impact on mortality and
marbadity {11-14). Low barth weight associated with preterm birth
further increases risk factors tor the preterm infant {15).

The availability of neorcdevelopmental outcome data tor
healthy MLF infants is often hindered by the variation in follow-
up between instiotions intermationally (16) and the beliet that
these infants are bow risk, and hence require little developmental
surveillance. This limits owr ability to amess the prevalence of
impairments in this healthy MLP infant group. This study aims
to establish the natural neurodevelopmental baseline scores for a
healthy homogenous group of MLP infants admitted to the
neonatal wnit at birth. Secondly, we aim to compare the
neurndevelopmental outcome of the MLP growp to that of a
healthy term-borm infant’s group at 18 months postmenstrual
age, recriuited during the same persod.

Methods

Cork University Maternity Hospital is the largest Maternity
Hospital in the south ot the Republic of Ireland, serving the local
and sorrounding aress, amd is a referral centre for high sk

Pregmancics.

Participants

All participating MLF infants were recruited from the neonatal
unit between Joly 2017 and September 2008 as part of a single-
centre observational sleep stody. Indusion criteria  reguired
infants to be born between 32 and 36+ 6 weeks GA, admitted to
the neonatal unit at berth, 2 normal physical'neurological exam
for (A conducted by the clinical team at hirth, dimically stable,
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no actual or suspected chromosomal abnormalities and 2 normal
cranial wltrscund if performed.

As this study plhees a narrow focuz oo the matural
neurndevelopment of a healthy MLP infant group, this study
specifically excluded infants with a complicated neoratal stay
requiring an escalation in medical care inchsding surgery, treatment
aof sepss, requirmg prolnged invasive respmatory  support,
requiring a blood transfusion or persisent hypoglycaemia or
hyponatraemia. There is no universally accepted threshold for sale
blond glooose concentrations (17} despite the fact that
hypoglycaemia has been identihed as a r=k factor for suboptemal
development (18, Mo MLP infant had a diagnoss of
hypoglycaemia based on dmcharge summary reports. Transent
hypoglycaemia may have oocurred as part of the normal adaption
0 extrauterine life (1%) in some infamts but hypoglymema was not
a concern for amy MLP infant {local protocal defines hypoghycaemia
as laboratory bload segar level <2 8 mmol/L (45 mgfdl).

Infants requiring treatment for physiological jaundice which
resolved with phototherapy were induded in this stody and were
entihed inm the dsdiarge sommary report. Mo MLP intant
required prolonged phototherapy or phototherapy for reasons other
than nommal physiological jaundice. All infants enteral feeds
progresmed @ wvolume &= per ool feeding regEme and were
tolerated well, with full oral feeds (breast or bottle) established for
a2 minzmum of 48 h prior to discharge. In 2016, the year prior to
the commencement of this stwdy, 64097 mbnts were bom in
Ireland and 38% were multiple births. Fosty six percent of
multiple births were born between 31 and 36 weeks GA (20). We
therefore incloded MLP infants from singleton and  muhiple
pregnancies in this study. This percentage has since increased to
49.8% in 3020 (21}

[Dharing the same pericd, a cohort of kealthy term-born infanks
(37-42 weels birth GA) were recruited on the postnatal warnds as
part of a randomised climical trial of a massage intervention
(ENRICH  stody—Clinimiralsger NCTO33E1027). The non-
intervention arm of this clinical trial served as the term contral
{TC) group for the current study. Parents of mfants with no
metabolic or gemetic anomalies, mot requirmg specialist ongoing care
and not reguiring admission to the neonatal unit, were invited to
participaie. The TC group exduded infams from multiple pregnancies.

Cutcome

As per haspital criteria, cranial uhrasounds (CRLUS ) were routinely
performed on MLP infants <1500 g or # clinically indscated.

Infants tmom both groups (MLF and TC) refumed to the
INFAMT Early Life Lab for 2 neumdevelopmental assessment at 18
manths PAA [+2 weeks) Mentifying, guantifying and predicting
subopiimal development reqguires a valsd and reliable standardeed
newrodevelopmental assessment tool The Griffiths [l mentl
developmental smle (MDS), & a normebased  validated
newradevekipmental asseszment and was wsed in this study. The
Griffith’s Il was validated on a representative sample of infants
bom in Ireland and the UK (22). Children were seated at a low
table beside thewr parent’puardimn during the assessmemt which
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took on average approximately 43 min. The ame goop of
experienced  asseszors  performed  assessments  for  both  stody
groups. Due to the nature of the stody and the assessment used,
we were unable to blind assessors to group membership.

The Griffiths [l provides an overall general neurodevelopmenial
soore and am imdividoal prohle of strengths and weaknesses
acrss five ares or subscales of newodevelopment (23). Subscales
of development mclede Foundations of Learning  {cariosity,
communiction creativity, lmrning and memaory), Hearng/speech
and communication, Eye-hand coordination coordination, Personal
social performance, and Gross Motor development. Each suhscale
iz aqually weighted and i= 2 complete and separate scale i
itself. Developmental scores were caloulated for each subsale of
development based on the mean score obtained for each groap (24).
Input from primary caregivers is required for this assessment with
some sohscales requiring mare input than others (251 Caregiver
mput confirms the infant’s abality to carry owt specific activities in
the home that may not be completed on the day of assessment. In
caloalating scores achieved with Grifhiths W, “ratio fransformiation” is
used which divides developmental age in months by psychologsts
age giving rise to slightly different means and standard deviations for
ech subscale Hdﬂ:'lnpn'lﬂt {25

Using the Irish Central Statistics Office criteria {27) we
categorised  employment as:  professional, lower professional,
manager'techmical/admimistration, non-manoal or skilled. Data
relating to maternal occcupation for the TC group data was
obtzined from 2 matermal questionnaire completed as part of the
original clinical trial. Data relating t0 maternal occupatson of the
MLF group was obfained from the maternal electronic health
record system if documented. Mo data was available on paternal

occupation.

Research ethics

Ethical approval was granted by the Clinical Research Ethics
Committee (CREC) of the Cork Teaching Hospitals. Parents of
all infants included gave informed consent for participation and
publication of the results. Consent was sought as per good
clinical practice (GCF) ICH GCP E6 (F2) goidelines. Data that
was recorded followed General Data Profection and Regubions
(GDPR 2016/679).

Statistical analysis

Demographic and clinical characteristics of the MLP and TC
groups were described using the median and inter-quartile mnge
(IQR) for contineous variables and frequencies amd percentages
for categorical variables. Compansons of demographical variahles
between the MLP and TC groops were made wosing the
Mann-Whitney Ultest for continoous variables and using the
chi-squared test or Fishers exact fest (in the case of small
expected counts) for categorical variahles.

Griffiths [W) scores were described wsing the mean and standard
devation (503 and the independent samples ttest was osed fo
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compare scores between MLP and TC groups. Coben's o formula
was used to debermine the standardired mean difference between
the MLF and TC groups. A d of 02 was consadered a small effect
size, 05 a medium effect size and 0.8 2 large effect size. To adjust
jor the potential confpunding effect of sex, linear regression analysis
was pertormed with sex and group incloded as independent
variables in the model. As the type of pregmancy (singleton v
multiple] was also a potential confounder and there were no
multiples mcuded in the TC growp, linemr regression analysis,
unadjosted and adjusted for sex was also performed ming the
singleton infants anly.

Within the MLP infant group analysis, a comparison of D0
scores between two groups (e, sex and pregnancy type) was
performed using an independent samples t-test and more than
two groups [e.g., gestational age groups (week)| using a one-way
AMOVA, Infants in the MLF group were dehned as having a
normal outcome o their general development D) score was
within 1 5I} of the mean score of the healthy term control
group [mean (5000 119 {10)].

Statistical analysss was performed using 1BM SPSS Statistics
(version 25.0, IEM Corp, Armmonk, WY, USA) Al tests were two-
sided and a p-value <0.05 was consdered statistically significant.

Results

One hundred and ope MLP infants and ninty seven term
cantral [TC) infants were recruited at birth and enrolled in
this study. The median (IQR) birth GA (weeks) was 540
(33.0=-35.0) for the MLP group and 39.9(38.9-409] for the TC
group. There was no difference in maternal age betwesn growps
{p=10.785). As expected the TC group had significantly higher
hirthweight and larger head circumference than the MLP groop
{p<0.00] for both) (Table 1). A higher percentage of infants
in both groups were male (MLP 325% and TC 57.7%).
Participants from TC and MLPF groups were predominantly
[rish Caocasian (89.7% and 93.1% respectively] which reflecis
the local population. Whilst 96.7% of mothers of TC group
were employed, maternal occupation was not docomented for
two participants (2.2%). In the MLP groop, 74.7% of mothers
were emploved with maternal occupatson nmot documented in
18.7% of the group. There was no significant difference in
employment category between TC and MLP infant groups (p =
0.784)

Within the MLP groop, 52.5% (53/100) were from singleton
pregmancies. MLFP infants from a singleton pregnancy{n= 53}
had significantly higher birthweight than infants from a multiple
pregnancy(n =48] (median {IQR): 227(195-265) kg v 157
(L.78=214) kg p< 0001} however, this difference in weight
between infants from a singletonin = 36 and multiple pregnancy
(m =35 did not persist at 18 months (median(ICQR): 11.29{10.80
1249 kg ws 10137(10060-1124) kg p=0.668). In the MLP
group, nine infants had a birth weight < 1h centile for GA ie.,
small tor gestational age. Cranial uitrasoonds were performed on
three infants {all <1500 g), as per local guidelines, all of which
were normal prior to discharge.
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TABLE 1 Demnographics
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At 18 moaths (+2 weeks) PMA 74.3% (75/101) of the MLP
infant group returned for follow up. The large fall out rate (n=
26) may in part have been associated with Covid 19 and some
families chose to withdaw and some parents were not
contactable or known to have moved overseas. Assessments were
delayed for a number of MLP infants (n=14). These infants
were assessed at 22 months PMA as spon as restrictions were
lifted and Griffiths scores were adjusted according to PMA
There was no signibcant difference in birth demographics
between MLP infants who were lost to follow up and those who
returned at 18 months. Follow up of the TC group was
completed prior to the global pandemic and hence study
retention was not impacted by same. In the TC group 94.8% (92
97) retummed for a Gnoffiths developmental assessment at 18
months{+2 weeks) (Table 1).

Comparison of neurodevelopmental
outcome between MLP and TC groups

General development D) scores and the subscales of
development scores for the MLP and TC groups are described and
compared in Table 2. The mean{SD) GD IX) score in our healthy
TC group was 119.45 (10.78) and the MLP infant group was
112.12{13.67). DQ values for the TC group were significantly
higher than published values of 109(19). These higher scores seen
in the control group may be due to the fact that these infants were
low risk, term infants with normal Apgar scores and did not
require admissson to the NICU. It may also be due to the fact that
this is one of the first studies published using the Grithths III and
may present valuable data on real world use in the Irish population.

The mean DQ score in all subscales of development and
overall general development were significantly higher in the TC
group compared to the MLP group with the exception of
subscale B: Llanguage and Communication. The greatest
differences were in Gross Motor development (p<0.001,
Cohen'’s d=0.665) and Eye-hand co-ordination (p<0.001,

Cohen's d =0.648). Being within +/— 1 SD from the mean is
considered normal for data.

Adjustment for sex

As sex was a potential confounder in the relationship between
DQ scores and group, an adjusted analysis was performed
{Table 3). Larger differences were found between the two groups
in the adjusted analysis compared to the unadjusted analysis.

Alfter adjustment for sex, mean scores were significantly higher
in the TC group compared to the MLP group for all subscales,
including subscale B: Language and Communication (p = 0.028).

Adjustment for pregnancy type (singleton v
multiple) and sex

Pregnancy type was a potential confounder in the relationship
between D scores and group. As the TC group only included
singleton infants, we performed an analysis restricted to singleton
infants (n=92 in the TC group and n =138 in the MLP group,
Table 4). In the unadjusted and adjusted analysis, mean scores
were significantly higher in the TC group compared to the MLP
group for the general development DX score and all subscales of
development except for subscale B: Language and Communication.

MLP group only—investigation of variables
associated with neurodevelopmental
outcome

There were no significant differences in outcomes by birth
gestational age group. (Table 5) Female infants outperfarmed
male infants subscale B: Language and Communication (p<
0.001), subscale C: Eye-hand coordimation (p=0.003), subscale
D: Personal, Social and Emotional (p < 0.001), and overall general
development (GD) (p<0.001). (Table 5) There was no difference
in overall general developmental (GD) scores between infants
born from singleton and multiple pregnances (p=0319).

TABLE 2 Neurodewetopmental cutcome of term control [TC) and moderate Lo late preterm (MLP infart group at 18 months

Term control (TC)  Moderate to late preterm
Group {MLP) Group (n=75)
n=92
mean (SD) mean (SD) Difference in pvalue®  Cohens of
means
(95% C)*

Subscale A DQ Foundations of Learrimg | 11246 (10.92) | 1645 (14.30) | 800 (200 w 10.01) 0004 0,460
Subscale B DQ, Language and 107 99 (1455) 897 (17.19) S102 (~058 to K91) oL 0252
Cossmuscatios
Subscalee C IX), Eye - haed cocdmatain 116.16 (10.75) 10636 (13.45) 780 (4.13-11.50) 001 0546
“Subscalie D DQ, Persozal, Social and B TTYTITIE 11356 (10.51) T A (263-434) "ol 159
Ezeotional
Subscale E DN, Gros Motor 18030 (1158) LUOES (L4.9%) 9.45 (S09-1381) <0001 0865
GD DQ, General Develinpmsent 11945 (10.78) L1212 (1447 7.33 (3.59-11.06) a0l 0802

DO, dewicpmental guotert won; SO, dlandard devaton. Cl conddence merval
A p-vilue <0 05 5 conbdered statsteally Lgrificant

“Differercn 15 TC-MLP

“Fram ndeperden samples 11

“Cokin's o lormuls wis uked 1O dtenmerd [he Sandird 2ed medn diference Detween the MLP ane TC grougs
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TABLE 3 Comparison of mean soores at 18 montbs betwesn TC and MUP infamis unadjusted ard sdjusted for sex

p-value”

b
pvalue

Unadjusted analysis Analysis adjusted lor sex

"

Difference in rmeans(95% CI)° Dillerence in means95% C

bucale b [} Frandstions of Learnasg ik} (2.0 5o 1661 55 (255 & DBSE) i
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Sudsscalc © [0, Eye-hand coandinstion 7.6 (4.1 8o 11.50) 0L R56 (493 & LLIH) L0

bucal [t [0, FrmsomaliSeoxial and E i 5.4l (L3 o B34 0l B30 (544 n E5%) <AL
Subsscali E [, Grow Motar 045 (5.9 5o LLEL) e 076 [5.36 & L4.16) | nom
D D6, General Develnpezent 744 [1.59 ko L106) T R15 (453 & LLAT) L0

Ll confdirce inlirsal

B povalue = 005 & contidired sLstically sgniicant

T4 i i TC-MLP
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TE&HELE 4 Comparisen at 18 mesths betwesn TC {8 = 52) and MLP |7 = T8 groups, simgbeton infams anly.

Unadjusted analysis prvalue” Analysis adjusted for Sex prwalue®

Difference in rmeans (95% C1)°

Difference in meaans (95% C0°

Bicili: & [0} Femnditing of L -
Subscale B D0}, Language and Communication

S48 {1.59 4o 1059
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"Sobacale ) D), Peracmal, Social and Emotional | 418 (119 o 727}
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Signibcant differences by pregmancy type were only evident in
subscale B: Language and Communication {p=0.040) in which
singleton infants outperformed infants born from 2 multiple
pregrancy. All 5GA infants, (four infants from  singleton
pregrancies and 5 infants from multiple pregrances) achieved
normal Grithths II1 General Development D) score at 18 months.

Discussion

In two carefully categorised prospective healthy cohaorts we
have shown that MLPF infants had signibcantly lower scores
compared to TC infants in the Grifiths Ul M5 at 18 months.
This study shows that MLF infantx are vulnemahble to suboptimal
neuradevelopment. There were no significant  differences
scores tound in Suhscale B (Language and Communication]
betwreen the two groups {p=0107) however, when we controlled
for sex, a significant difference was evident between the groups
(p=0.028). In a study by Putnick et al. inclusive of very preterm
infants (m = 204), moderate-late preterm (r=276) and term born
infamts (m= 268, language was assessed at 5 months, 20 manths,
4 years, & years and & years of age (28). Very preterm children
consistently performed less well than term-born children, with
moderate-late preterm children also identified as being at risk for
poarer language performance compared to term-bormn children
By comparison, Perez-Pereira et al compared language
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development of low sk preterm infants (n =150, mean GA af
3262 weeks) and term born children (r= 4%, mean GA of 3070
weeks) up to 30 months and concluded that low risk preterm
children were not at risk of delayed language development (29).

Both MLP and TC infant groaps scared high in Subscale E (Gross
Motor), Howeves, statsticlly signibcnt differences were evident
between the groups (p< 0001) with the TC group out-performing
the MLP infant group. When the MLP group was suhdsvided by
pregnancy type, differences were evident in Subscale B (Langumge
and Communiation) in which MLP mfants from  singleton
pregnancies significantly catperformed MLP infants bom from a
multiple pregrancy (p=0040]. A systematic review comparing the
autcome of mfantks from twin and singleton pregnances describerd
differences i language and comnmunication but proposed that the
likely cause was due to the parental demands of managing two
infants {30). Thorpe identibed language delay in twins as mild but
prevalent especially in male infants (31). It & not certain # low birth
weight in multiple pregmancies may be 2 potential contounder which
is assncited with 6% of twin pregnances (321

Capobianco et al. compared the outcame of preterm infants
{average birth GA of 32 weeks and birth weight of 2,200 g}
with no neurclogical sequela (n=20) and 2 normal Bayley's Il
scorel>85) at 18 and 24 months with term born infants [average
hirth GA of 38 weeks and birth weight of 3,500 g] (rn=20). The
preterm. infant group demonstrated significantly slower language
acguixition bt these differences were only signihcant at 16 months
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{p < 0.001) and 18 manths ( p < 0.005] but not at 20, XF, 24 maomnkhs of
age [1%). However, in the Copabianeo study, asseszments were based
an chronological age rather than corrected age. Using the Bayley's 1l
developmental assessment, Gould et al. described differences in
scores achieved by preterm infants (n = 554) based on chronological
age v oorrected age as 173 paints bower on the mental scale (795
v 968 respectively] and 11.8 points kower on the motor scale (848
ve. 966, respectively) at 18 manths (34).

In the MLF groap, we did not fmd any signifbcant differences in
outcome related to birth (aA. This may be because of kw numbers at
each gestational age group memming that we were underpowered to
examine this effert. In a2 similar =udy investigating the
newrodevelopmental owtcome and social-emotional competence of
MLP infants vs. 2 term comtral infant group at 2 years, Cheong et al.
also found Bt evidence of an association with gestational age (7).

As infants in both stodies had an uncomplicated neonatal stay |
hospital stay on post-natal wards, factors such as suboptimal brain
development andior a high frequency of mild brain inpories (35),
maternal  well-being, obstetricitetal complicatiors  warrant
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corsideration in explaining the differences in developmental
outcome  between the groups. Pre-ecdampsia, male s and
imterventional delivery have been wentified as antenatal/perinatal
risk factars for poor schoal performance, which Johnson et al
abo  identihed as independent risk factors for  cognitive
impairment i 14).

Other determinants of nevrobehavior and intellectoal development
inchade level of parental education, socioeconomic siatus, oolhoml
background and maternal mental health conditors which may be
considered additional risks for suboptimal coteome 3641}

Socioeconomic metrics may be devived from many different
aspects mcluding matermal edwcation (40). Maternal sducation i
the most strongly associated dimension of a  childs
neurocognitive  development (42). Detalled data on maternal
education were not available for our MLP cohort. Of those
employed similar profiles of matemal occupation were seen, with
71.4% of mothers of MLP infants identified as professionals
requiring a minimum of 2 university degree whilst 64.0% of TC
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group fell into the same category. These high percentages may in
part reflect the Organimtion for Economic Co-operation and
Development (OECD) hndings that 60f% of women in Ireland
between 25 and 34 years and 51% of women between 15 and 64
years have a tevtiary education (43). It also may reflect the local
community of 210,000 persons from which the cohort was
recruited which is home to world leading infeemation technology
and soltware development ooganisations, large phammacewtical
companies, the largest acwte tertiary bospital outside the
country's capital and a high ranking university, all of which have
high employment of professionals. Fimally, it may alss be
reflective of the professsomal mothers who agree to take part in
birth cohort studies, which is gemerally higher than the general
popalation. We have reported similar high rates of tertiary
education in a previous cohaort study (44).

As 18.7% of mothers in MLP growp (vs. 2.2% of TC group) had
an undocumented occupation this led to employment analysis of a
smaller group (m = 56) of MLP infants. This may have impacted the
differences in percentage of employed professsonals in the MLP
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infant group (7L4A%) versus TC group &640% (57/89). It is
reassuring that the ditferences in mewrodevelopmental outcomes
are mot due to an imbalance in maternal employment between
the two groups {p=0784).

The results of our study are consistent with those of [ohnson
et al (m=638 MLP infapts and nm=765 TC infanmts) (14)
describing female infants outperforming male infants in the MLP
group with sigmificantly higher scores in owverall gemeral
development {p < 0L001). However, the [ohnson stody was based
on parental guestionnaires in comparison to oor stody which
used 2 well-validated neurodevelopmental assessmient toal.

A gender disparity is evident in the literature with male mfnts
having a greater moctality and respiratory morbidity than female
infants which & not explained by neonatal factars (45). In a revew
of outcomes of male and female preterm mndants, (MDinisoodl 2 al
described an increased vulnerability of male preterm infants which
they sugpest & likely to be multifactorial and perhaps nclodes
hormonal and genetic factors and immunologicl differences
between males and females (46). Romen et al. described signihcant
gender ditferences in low-nsk preterm infant groups (n=69 very
preterm and o =71 late preterm infants) and no gender differences
amongst term bom infants {1 = 48] based on the scores achseved in
the Bayley's scales of Infant Development, 2nd edition at two years
(47 However no gender differences were reported by Romeo et al
at 12 and 24 months wsing the Grithths || standardised assessment
toal which the authors suggested was atinbuted to a higher mtio ot
temale to male participants (F:M = 16:1) (45},

The risk of preterm birth and infant mortality rates are higher
in multiple pregrancies (49, 50). Almost half of the MLP infanis in
this study were from 2 multiple pregnancy (493%)L General
development DO} scores of MLP infants from singleton (r = 38)
and multiple pregnancies (r=37] at 18 months were comparable
[p=0.319). Restricting the analysiz to singletons in both groups
did mot change our findings {Tahle 4).

Overall cognitive performance of children born moderately
preterm (MPT) and MLP have been described as consstently lower
in comparisan 1o the termebom group (51). A stody by Cheong
et al (7} of MLP and term-bom infants conchoded that the greatest
differenice between the groups was in the language domain at 2
vears [—11.4 (95% CI, =153 o =751 However, our study has not
showm a statistically sigmificant difference between the MLP and TC
groups @ the domain of langmage and commumication {p = 0L107).
These differences may i part be explaimed by the differences in the
timing ot the assessment and the assessment tool used; Cheong
et al used the Bayley Scales of Infant Development assessment
[Third Edstion) at 2 years corrected age.

Fernald and Marchman cite individual differences in language
proficiency which can accelerate and abate at different time points
for each infant {52). Our single assessment provides a snapshot of
language development at one-time point at I8 months, which may
be too early to detect significant language delay and the dinical
relevance of our findings on long term outcomes has yet to be
established. We accept that newrodevelopmental dehcits may be
guite subtle and equently not become evident onbil preschool
or school-age years and may change positively or negatively at an
older age (53). All Impairments, irrespective of degree, have the
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potential to limit professional options, life opportunities and
overall quality of life.

In this stody, MLP infants had sgnificantly lower scones in the
persomal, socal and emotional sabscale of development [p< 001}
with 2 moderate effect size (Cohen's o =0.500) than the TC group.
Besearch has shown an increased risk of delayed socal competence,
with social behaviournl issues higher amongst MLP mfanbs in
comparizon o termebomn infants (54) MLP infants also hane a
predisposition to more challenging  behavioural isswes with an
increased risk of hyperactivity and attention deficit hyperactivity
dizorder (ADHD] (51). However, the a=odation between
prematurity and hyperactivity has not been frmlby esablished (55).
Children with learning, socmal, motor and sensory impairments that
challenge their performance pror to or during school-goang years
may be consdered o have specal educabional nesds (SEN)L
Increased SEN are well described in MLP -horn growups (56) Cdd
et al. identihed MLP mfants as being 50% maore likely to have SEN
requizing sapport in companson o healthy termebormn indants (57)

A strong, correlation has been shown between prematurity and a
diagmosis of cerehral palsy (CP) with the absolste sk of CP
increasing with decreasing birth GA. Pierrat et al reported that
LM% of infants born between 32 and 34 weeks GA weels (n=
1,187 had a diagnosis of CP at 2 years of age (58). Alhoogh more
mature preterm infanis genmemally have befter owtcomes, MLP
infants hawe a six times higher prevalence ot CF than children barn
at term {7 per LOO0 v, L1 per 1000 ve births) (59). Ths may be
related 1o the incidence of brain lesions in MLP infants described
previomsly on cranial ulmsound (15) the dnical redevance of which
warmants further study including long-term follow-up.

Owr study has shown that the greatest difference between the
MLP and TC groops was in the area of gross motor development
{p<minl, Cohen's d=0665) and eye-hand co-ordination (p<
001, Cohen's d=05448) with 3 moderate effect size for each
subscale. In this study no MLP infants had a2 diagnosis of CP at
18 months based on neumlogical eam mor were there amy
motor  impairment. mild mitar
impairment may only become apparent beyond 18 months.
Williams et al suggest that motor impairment (either CF or non-
CP eg Developmental Coordimation Disoeder] may be subtle and
not evident until early childhood years amd may be the meost
common form of impairment in the preterm population (40).

concems  about Hirwever,

Strengths and limitations

This study provides robust data to describe the developmental
outcome of a large group of healthy MLP infants. Homogeneity s
an impartant factor for identifying norms for specific groups of
preterm children and a major strength of this study. All MLP
infants had an uncomplicated journey through the neonatal anit
with no newrclogecal concermns and were considered bealthy at
discharge. Both the MLF and TC groups were recruited over a
similar period of time (2017-2018) and infants were assessed by
the same group of highly experenced assessors af the same time
point of 18 months PhMA with the exception of some MLP
infants with a delayed assessment duoe to Covid restrictions.
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Assesing infants based on PMA or corrected age decreases the
transient developmental gap that MLP infamts experience whilst they
catch wp to infants bom at term {61). A failure to correct for GA at
birth has implications for intervention programmes. Differences in
sCOes may assist parents/schools in decision-making relating to the
age of starting schood. Placing the child in the correct year for PAMA
rather than the schoal year bazed on calendar age has led to greater
academic success (57). The MLP infant growp included infants from
singleton and multiple pregnancies. With close to hald MLF mfants
borm from a maultiple pregnancy, melusion of muoleples in our ML
Eroup ensumes 2 fnoe representative groap.

A neurological exam was normal in the MLF group and infants
were considered healthy prior to discharge. At the time of this study
(2017-20018) bealthy preterm infanizs > 31 weeks had a cranial
ultrasound performed if < 1,500 g (1 = 3] or newrclogical concerns
[m=10) as CRUS was not standard practice in the care of MLP in
our umif at the time of study recruitment. Boswinkel et al
identified minor brain lesions on CRUS and Jor MR in over 30
of MLF infants (15). As this was not standard practice in our unit
at the time of study recruitment, we cannot role out the presence
of minor brain ahnormalises in the MLP groop, which may have
influenced neurodevelopmental outcome. Nenmilogical status was
based an clinical neuralogical examination. Infants did not have a
structured newrological exam such as the Hammersmith Infant
Neuralagical Exam at follow up appaintments in neonatal clinics.
This &= a limitation of this study. However, infants did have a
clinscal meurological examination by a neoratal comsaltamt
putpatients and if any concerns arose, infants would have been
referred for further assessment and/or intervention,

Participants were recraited from a single research site reflecting
the local population. As a resalt, there was a lack of diversity in oar
population which |imits the generalisabdlity of our hndings.

Follow up of the TC group was completed prior to Covid
restrictions. These restrictions may be considered an unavoidable
limitation of this study resulting in a delay in the assessment of a
small grouwp of MLP infants (w=14). Multiple births were an
exchusion-criteria for the TC group. All MLF particpants were
admitted to the neonatal unit to the exclusion of those cared for
in postnatal wards. This may have had implicatsons in terms of
the level of stress or sensory exposure for the MLP infant in
comiparisan io the T grouap (42).

Research has shown that neurodevelopmental delay is
more prevalent amongst MLP infants from  disadvantaged
socipeconomic groups As this data was not avatlable in oar study,
we uhlsed maternal education levels (where documented) 2= a
proxy bor socioeconomic status. This data was not recorded for
1£7% of MLP infants. Another possible limitation includes the
potential for bias in scoring infants in  neurodevelopmental
aszemsments as asseszors wene not blinded to the stody growp.

Future research

Thereis limited data available on long-term neurodevelopmental
outcomse of MLP infants with an uncomplicated neonatal stay and a
normal neurological exam on discharge. Inshitutional practices
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relating to pre-discharge screening including CRUS or MEI and
post discharge newrological sorveillance vary (16). Standardising
screening practice based on findings from multicentre longitedinal
research studies with expert input would identify best practice for
tallow wp of this at rsk group.

Accoracy in determining the presence and degree of
suboptimal neurodevelopment is dependent on the reliabality and
validity of the azsessment toal, the asessment time point and the
experience of the assessors. Hence sdentibying a screening toolis)
and scresning imtervals appropriate to all infant groups is a
pricrity. Surveillance of preterm infants presents a unique
apportunity for early diagnosis of newrodevelopmental delay and
imbervention with targeted therapies. As neurodevelipmental
delay can be transitory or sustained we do not know what these
suboptimal scores at 18 months will mean for this MLP mfant
group in the future. Early assessment is not always predictive of
school-age cognitive functioning, long-term learning disabilitzes
ar academic achievement (63). Ongoing neurodevelopmental
surveillance and sequential screening are especially pertinent o
infants who have a previous abnormal assessment.

Conclusion

MLP infants are at higher msk of suboptimal ootcome at
18 months in comparison to term-born infants. This stody
highlights the effect of moderate to late preterm birth on
neurodevelopmental outcome. Our findings support the need for
2 broader effort for longitsdingl surveillbnee of the MLF infant
group inclsding those who appear healthy.
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