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Abstract

Retinopathy of prematurity (ROP) is a condition which affects premature infants
and is a cause of childhood blindness. Screening is performed repeatedly during the
preterm period, using binocular indirect ophthalmoscopy (BIO), to identify disease
at a treatable stage; unfortunately screening and treatment are considered to be
painful and stressful for infants. Pain and stress during the preterm period can
lead to negative consequences for infant development. Reduction of pain and stress
during ROP procedures has therefore been attempted using pharmacological and non-
pharmacological strategies. However, it is challenging to evaluate the effectiveness of
such interventions, due to limitations in the accurate measurement of infant pain and
stress.

In this thesis, novel approaches to quantifying infant pain and stress evoked by
ROP procedures are presented. Infant brain activity was characterised using quantit-
ative electroencephalography (EEG) analysis to test the hypothesis that ROP screen-
ing evokes noxious-related changes in infant brain activity. The results of this study
suggest BIO ROP screening evokes a significant increase in higher frequency brain
activity (12 - 30 Hz), and that increase in relative beta power may be a measure of
nociception in preterm infants.

Infant cardiac autonomic reactivity was characterised using heart rate variabil-
ity (HRV) analysis to test the hypothesis that ROP screening evokes stress-related
autonomic changes. The results of this study suggest BIO ROP screening evokes
significant reduction in HRV measures of parasympathetic nervous system activity,
indicating a physiological stress response in preterm infants.

An approach to characterising the infant response to non-contact ultra-widefield
photography (Optos screening) and ROP treatment was also demonstrated. Recruit-
ment of subjects was curtailed by the outbreak of COVID-19, therefore the invest-
igations are presented as an example of approaches which could be performed in a
larger sample size.

In summary, the research described in this thesis aims to contribute to under-
standing of the infant experience of ROP procedures; to characterise changes in
noxious-related brain activity and stress-related cardiac reactivity evoked by BIO
ROP screening, and to use these measures to investigate the infant response to an
alternative screening method and to ROP treatments. Improved understanding of
the infant experience of ROP screening and treatment may allow clinicians to better
identify and treat infant pain and stress during essential clinical procedures.
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Chapter 1

Introduction

1.1 Thesis Overview

Birth before 37 completed weeks of gestation, termed preterm birth (World Health Or-

ganisation, 1977), affects 14.8 million live births per year globally (Chawanpaiboon et

al, 2019). In economically developed countries, infants born prematurely are suppor-

ted in a clinical environment termed the Neonatal Intensive Care Unit (NICU). The

NICU provides essential care to this fragile population, such as airway and breathing

support, maintenance of body temperature, and identification and treatment of infec-

tion. However, the NICU differs significantly from the uterine environment (Als and

McAnulty, 2011), and may present challenges to preterm infant neurodevelopment

(Grunau, 2013).

During normal gestation, certain external stimuli are processed by the develop-

ing brain. For example, the visual, auditory and the somatosensory cortical regions

receive afferent input from physiologically-occurring stimuli before birth (Fabrizi et

al, 2016). However after preterm birth, the neonate is exposed to greater levels of

light, sound and tactile stimulation in the NICU environment than would occur in

utero, which may influence the developing neural pathways (Blackburn, 1998; Als and

McAnulty, 2011).

1



Noxious stimulation received in the NICU is of particular concern for infant

neurodevelopment (Walker, 2019; Williams and Lascelles, 2020). Premature infants

may undergo up to 17 clinically-necessary painful procedures daily while admitted to

the NICU (Carbajal et al, 2008; Cruz et al, 2016). These include venepuncture, heel

lance blood sampling, endotracheal suction, chest drain insertion, lumbar puncture,

and eye screening.

Noxious input is not a feature of normal gestation, and nociceptive pathways

do not receive physiological afferent input during brain development (Verriotis et

al, 2016). Exposure to early life pain may adversely influence neurodevelopment in

premature infants, including altered brain structure and function, reduced intelligence

quotient, and altered pain perception (Brummelte et al, 2012; Ranger et al, 2013;

Doesburg et al, 2013; Vinall and Grunau, 2014; Vinall et al, 2014).

It is therefore critical to identify and treat infant pain. However, both diagnosing

pain and providing effective pain-relief strategies are challenging in the infant pop-

ulation (Simons et al, 2003). The International Association for the Study of Pain

(IASP) defines pain as ‘an unpleasant sensory and emotional experience associated

with, or resembling that associated with, actual or potential tissue damage’ (IASP,

2020). Pain, therefore, is a subjective experience which cannot be fully communicated

in non-verbal subjects including infants.

Certain approaches have been used as surrogate measures of pain in infants. These

include measurements of physiological parameters, such as pain-associated changes

in heart rate, heart rate variability, and oxygen saturation (Stevens and Johnston,

1994; De Jonckheere et al, 2011; Stevens et al, 2016), and characterisation of be-

havioural changes, such as facial expression, body movement, and cry (Grunau and

Craig, 1987; Rushforth and Levene, 1994). Pain associated with clinically-necessary

procedures such as heel lancing, chest drain insertion, and eye screening has been

estimated in preterm infants using these methods (Boyle et al, 2006; Stevens et al,

2014; Buyuktiryaki et al, 2018).
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Brain activity has also been used as a surrogate measure of the pain experience

in infants. Using electroencephalography (EEG), a characteristic pattern of brain

activity has been identified following acute painful procedures such as heel lancing and

vaccination (Slater et al, 2010c; Fabrizi et al, 2011a; Verriotis et al, 2015). This central

measure of noxious-related brain activity has been demonstrated to encode stimulus

intensity (Hartley et al, 2015), and is modulated by pain-relieving interventions such

as gentle stroking, paracetamol, and topical anaesthesia (Hartley et al, 2017; Gursul

et al, 2018; Cobo et al, 2021).

A combination of measures may provide the best estimate of the infant pain

experience (Van der Vaart et al, 2019). Acute noxious clinical procedures such as

heel lancing and inoculation have been characterised using a multimodal approach

(Slater et al, 2010; Hartley et al, 2015; Hartley et al, 2017; Gursul et al, 2018; Cobo

et al, 2021). However, longer duration, complex procedures such as lumbar puncture,

eye screening, and intubation have not been assessed in this manner.

In this thesis, screening and treatment for retinopathy of prematurity (ROP) are

selected as the central focus for novel research into the infant pain experience. ROP

is a disease of the retinal vasculature, and is a cause of childhood blindness (Blencowe

et al, 2013; Tan et al, 2015; Norman et al, 2019). In many countries, a programme of

screening exists in order to detect ROP at a sufficiently early stage at which treatment

is possible (Royal College of Ophthalmologists, 2008; Fierson, 2013). Unfortunately

screening and treatments for ROP are considered to be painful and stressful for infants

(Belda et al, 2004; Gal et al, 2005; Grabska et al, 2005; Rush et al, 2005; O’Sullivan

et al, 2010; Sun et al, 2010; Kandasamy et al, 2011; Mandel et al, 2012; Hartley et al,

2018; Sethi et al, 2020).

Screening for ROP using binocular indirect ophthalmoscopy (BIO) involves ex-

amining the retina with bright illumination, while the infant is gently restrained

and the eyelids held open using an infant eyelid speculum. During the examina-

tion, the eye is stabilised using a scleral depressor. The screening examination takes
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place repeatedly during the neonatal period, until the retinal vasculature is satisfact-

ory. Alternative screening methods include RetCam screening, a method of fundal

photography that requires contact with the ocular surface, and Optos screening, a

ultra-widefield method of fundal photography which requires holding the infant to

the camera aperture.

Treatment for ROP is performed either by applying laser photocoagulation to the

retina, or by intravitreal injection of anti-vascular endothelial growth factor (anti-

VEGF). In this centre, laser treatment is performed to awake, sedated infants, and

intravitreal injection is performed to awake, alert infants in the NICU setting.

In this thesis, screening and treatment for ROP were selected in order to invest-

igate whether multimodal pain assessment can be used to assess longer duration,

complex painful procedures performed in preterm infants in the NICU. Behavioural,

physiological and electrophysiological measures are used to characterise the infant

nociceptive response to BIO ROP screening, Optos ROP screening and ROP treat-

ments.

In this introductory Chapter, further background information will be provided

regarding ROP, including the pathogenesis and epidemiology as well as details of

screening and treatment. An overview of brain development will be given, with par-

ticular emphasis on the development of nociceptive pathways. Next, a discussion of

early life pain will include the history of pain research in infants, the phenomenon

of pain perception, and the consequences of early life pain. Further detail will be

provided regarding previous studies into multimodal pain assessment including beha-

vioural, physiological and brain-derived measures, upon which the work in this thesis

rests. The Chapter will end with an overview of the thesis aims.
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1.2 Retinopathy of Prematurity

1.2.1 Overview

ROP is a retinal vascular condition which is a cause of childhood blindness (Blen-

cowe et al, 2013; Tan et al, 2015; Norman et al, 2019). The disease affects infants of

low gestational age and birthweight (Appelbaum, 1952; Hellström et al, 2013; Razak

and Faden, 2020). In the UK and many other developed countries, a programme of

screening exists to detect ROP at an early stage (Royal College of Ophthalmologists,

2008; Fierson, 2013; Roohipoor et al, 2016). In most infants, ROP resolves spontan-

eously and does not progress to treatment-indicated disease (Foos, 1987; International

Committee for the Classification of Retinopathy of Prematurity, 2005; Hellström et

al, 2013). Severe ROP is treated with diode laser photocoagulation and intravitreal

injection of anti-vascular endothelial growth factor (anti-VEGF).

1.2.2 Pathogenesis

The retina begins to develop from the fifth week of life (O’Rahilly, 1975). Around

the sixteenth week of life, blood vessels form at the centre of the retina near the optic

nerve, and grow outward in an organised branching pattern over the retina to reach

the periphery (ora serrata) (Ashton, 1970). The relatively low oxygen concentration

in avascular retina leads to the release of VEGF (Alon et al, 1995), a cytokine which

mediates blood vessel growth in the presence of insulin-like growth factor 1 (Hellström

et al, 2001). Retinal angiogenesis is usually complete by the eighth month of life

(Ashton, 1970).

The pathogenesis of ROP can be described in two distinct phases: firstly, slowing

of blood vessel growth due to high oxygen concentration; secondly, uncontrolled blood

vessel growth due to low oxygen concentration (Smith, 2003; Hellström et al, 2013).

When an infant is born prematurely, retinal angiogenesis is incomplete. During resus-

citation of the premature infant, high-concentration oxygen is administered in order
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to improve chances of survival for the infant (SUPPORT, 2010; BOOST II, 2013).

High tissue oxygen concentration in the avascular retina results in reduction of VEGF

and premature cessation of angiogenesis (Alon et al, 1995; Owen and Hartnett, 2014;

Darlow and Husain, 2019).

During the preterm period, infant growth results in increased metabolic demand

from the retina. The avascular retina becomes relatively hypoxic, signalling release

of VEGF (Hartnett and Penn, 2013). Angiogenesis restarts at the junction between

perfused and non-perfused retina (Smith et al, 1994) but proceeds in an aberrant

manner; new vessels grow into the vitreous gel rather than along the retinal surface

(Foos, 1987). The new vessels are permeable, due to loss of the blood-retinal barrier

(Smith et al, 1994), resulting in retinal haemorrhage and disruption of the vitreous

structure (Coats, 2005). Retinal detachment is caused by fibrovascular proliferation

and contraction of vitreous collagen fibres (Faris et al, 1971; Chan-Ling et al, 1992),

and results in vision loss.

1.2.3 Epidemiology

In 2010, an estimated 32,000 infants worldwide were visually impaired or blind from

ROP (Blencowe et al, 2013). In developed countries, approximately 66% of preterm

or low birthweight infants develop ROP (Tasman, 1988). The epidemiology of ROP

is influenced by trends in neonatal care. High-income countries experienced the “first

epidemic” of ROP, due to the widespread use of 100% oxygen therapy for prema-

ture infants (Campbell, 1951; Patz et al, 1952; Ashton et al, 1954; Flower and Patz,

1971; Patz, 1975; Owen and Hartnett, 2014; Gilbert et al, 2019). The epidemic

ended after oxygen therapy was optimised, both in terms of reduced target oxygen

saturations following landmark clinical trials (SUPPORT, 2010; BOOST II, 2013),

and improved oxygen saturation monitoring through pulse oximetry (Wasunna and

Whitelaw, 1987). It is now well understood that 100% oxygen administration in the

resuscitation of premature infants is a significant risk factor for ROP, while maintain-
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ing oxygen saturations below 90% is significantly associated with increased risk of

neonatal mortality (SUPPORT, 2010). Therefore, for infants requiring supplemental

oxygen where pulse oximetry is available, it is recommended to maintain a target

range of 89-95% oxygen saturation (World Health Organisation, 2016; Sweet et al,

2017; Darlow and Husain, 2019).

However, ROP continues to occur despite optimal clinical practice for oxygen

supplementation (Hellström et al, 2013). This “second epidemic” of ROP is due to

the survival of previously non-viable premature infants (Wood et al, 2000; Gilbert et

al, 2019). Further risk factors for progression to severe ROP have been characterised

including low levels of insulin-like growth factor 1 (Hellström et al, 2001; Perez-

Munuzuri et al, 2010), systemic illness (Klinger et al, 2010; Lundgren et al, 2016;

Kim et al, 2018), and poor postnatal weight gain (Hellström et al, 2009; Van der

Veen et al, 2013; Lin and Binebaum, 2019).

1.2.4 Screening and Treatment

In developed countries, approximately 1-6% of preterm or low birthweight infants

develop ROP requiring treatment (Tasman, 1988; Slidsborg et al, 2008; Adams et

al, 2017; Gerull et al, 2018). If timely treatment is not delivered, the risk of visual

impairment is 64% (Palmer et al, 2005) and the risk of blindness is 43% (Tasman,

1988). Therefore, screening for ROP is recommended to identify disease at a stage at

which treatment is likely to be effective (Fierson, 2013).

In the UK, ROP screening is performed for all infants born at less than 32 weeks

gestation, or birthweight less than 1501g (Royal College of Ophthalmologists, 2008).

Screening is performed between 3-4 weeks postnatal age in infants born extremely

premature (less than 27 weeks gestation). In infants born very premature (between

27 to 32 weeks gestation), and in infants born at more than 32 weeks gestation

but with birthweight less than 1501g, the first ROP screening takes place between

4-5 weeks postnatal age. Screening is repeated at weekly intervals when the retinal
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vasculature is very immature, or when there are signs of ROP development. Otherwise

screening is repeated fortnightly until the retinal vessels have reached the ora serrata,

which usually occurs after 37 weeks gestational age, or until there are signs of ROP

regression.

Epidemiological evidence suggests screening is effective in reducing visual impair-

ment from ROP. Between 1969 to 1985, ROP was the cause of 5% of severe childhood

visual impairment in the UK (Rahi and Dezateux, 1998). In 1988, effective treatment

for ROP was identified (Tasman, 1988c), and screening was introduced in the UK in

1990. Subsequently, the incidence of severe visual impairment from ROP decreased

to 3% in 2000 (Rahi and Cable, 2003). It is inferred from the epidemiological trends

that UK ROP screening programme is effective since, despite increased survival of

extremely preterm infants at risk for ROP (Wood et al, 2000), there is a decreased

incidence of ROP-related visual impairment (Haines et al, 2005)Haines et al. (2005).

Unfortunately, BIO ROP screening is considered to be painful and stressful for

infants (see Table 1.1). BIO ROP screening involves viewing the posterior segment of

the eye using a headset and bright illumination. An eyelid speculum is used to open

the eyelids and a scleral indenter is used to stabilise and rotate the eye. Previous

studies suggest that each of these elements may be painful or aversive.

Table 1.1: Infant responses to binocular indirect ophthalmoscopy screening for retinopathy
of prematurity

Increase in heart rate and blood pressure1-3

Decrease in oxygen saturations1-3

Increase in apnoeas 24-72 hours after screening3-5

Clinical pain score indicating moderate to severe pain5-14

1. Laws et al , 1996; 2. Rush et al , 2004; 3. Jiang et al , 2016; 4. Mitchell et al , 2011; 5. Hartley et al , 2018; 6. Sun
et al , 2010; 7. Cogen et al , 2011; 8. Moral-Pumarega et al , 2012; 9. Mandel et al , 2012; 10. Dilli et al , 2014; 11.
Rosali et al , 2015; 12. Kabatas et al , 2016; 13. Nayak et al , 2020; 14. O’Sullivan et al , 2010.

A study of non-indented BIO ROP screening in 15 infants identified greater in-

crease in heart rate (HR) and blood pressure following screening in which a speculum
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was used than without, as well as increased brow bulge and fellow eye squeeze(Mehta

et al, 2005). In a group of 17 infants undergoing BIO ROP screening with an eye-

lid speculum, a higher PIPP score was measured when scleral depression was used

than without (10.4 with vs 7.3 without scleral depression) (Cogen et al, 2011). In a

larger study of 92 infants undergoing BIO ROP screening, use of an eyelid speculum

and indenter was associated with a significantly higher HR and Neonatal Infant Pain

Score during the procedure than without speculum and indenter (187 vs 167 bpm, p

< 0.001; 5 vs 3.8, p < 0.001 respectively)(Kirchner et al, 2009). A review of 29 studies

of pain relief for ROP screening (Disher et al, 2018) highlighted that the lowest pain

score for BIO ROP screening was obtained in a group of 15 infants examined without

the use of an eyelid speculum (median PIPP score = 6) (Olsson and Eriksson, 2011).

In view of this evidence, researchers have questioned whether an eyelid speculum

and scleral depression are necessary components of BIO ROP screening (Mehta et

al, 2005; Kirchner et al, 2009; Disher et al, 2018). The presence of ‘plus disease’, an

indicator of treatment-warranted ROP, is determined by the appearance of retinal

vessels near the optic nerve, which can be viewed without a speculum and scleral

depression. However, accurate grading of ROP requires inspection of the retinal peri-

phery to detect signs which may occur even in the absence of well-defined plus disease.

Vascular ridge formation, retinal traction and detachment occur in the retinal peri-

phery and lead to sight impairment or blindness unless treated in a timely manner

(Tasman, 1988; International Committee for the Classification of Retinopathy of Pre-

maturity, 2005; Royal College of Ophthalmologists, 2008). The retinal periphery may

not be visualised adequately during BIO ROP screening without use of a speculum

and indenter (Dhillon et al, 1993; Rani and Jalali, 2010).

Bright light is an anxiogenic and aversive stimulus in neonatal and adult animal

models (Warthen et al, 2011; Delwig et al, 2012). It has been suggested that bright

lighting conditions may also be stressful for preterm infants (Blackburn, 1998; Weber

and Harrison, 2019). A study of 27 sleeping preterm infants identified a significant
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reduction in oxygen saturation after a sudden increase in light (switching on an over-

head fluorescent lamp) (Shogan and Schumann, 1993). A later study of 8 preterm

infants also identified oxygen desaturation occurred after a rapid increase in light

(switching on a fluorescent or incandescent light) but not after a gradual increase in

light (incandescent light with dimmer switch) (Ozawa et al, 2010). This evidence sug-

gests that the bright retinal illumination used in BIO ROP screening may be stressful

for infants, and accordingly the use of a dimmer switch is advocated by the American

Academy of Pediatrics to avoid sudden changes in procedural lighting.

1.2.5 Analgesic Strategies for ROP Screening and Treatment

A wide variety of pain relief strategies have been investigated for BIO ROP screening

(see Table 1.2). Pharmacological approaches include local anaesthetic eye drops, ni-

trous oxide, oral paracetamol, and oral morphine. Non-pharmacological approaches

include skin-to-skin care, swaddling, non-nutritive sucking, and sweet taste. Unfortu-

nately, no ideal strategy for pain relief during BIO ROP screening has been identified.

Topical anaesthetic is administered routinely prior to eye examination and produces

temporary corneal anaesthesia, however it does not fully relieve pain associated with

the procedure (Marsh et al, 2005; Dempsey and McCreery, 2011; Sun et al, 2010).

Oral sucrose, though frequently used for procedural pain in infants (Stevens et al,

2016), does not significantly reduce pain scores associated with BIO ROP screening

(Boyle et al, 2006; Kandasamy et al, 2011). Analysis of pooled results of four studies

of sucrose for pain relief in BIO ROP screening (Gal et al, , 2005; Grabska et al, 2005;

Boyle et al, 2006; Mitchell et al, 2011) identified only a modest reduction in PIPP

scores (1.38 points) (Sun et al, 2010).
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1.3 Early Brain Development

1.3.1 Overview

The development of the brain begins at approximately two weeks post-conception,

with differentiation of neural stem cells. The neural stem cells, or neural progenitor

cells, develop from embryonic epiblast cells during gastrulation, a complex process in

which the embryo transforms into a multilayered structure (Stiles and Jernigan, 2010).

During the third week post-conception the neural plate develops (Tierney and Nelson,

2009). The neural plate folds to form the neural tube (Wilde, 2014), which closes

by four weeks post-conception. The anterior end of the neural tube develops into

three brain vesicles - hindbrain, midbrain, and forebrain - which eventually develop

into distinct regions of the central nervous system (CNS) - brainstem, midbrain,

and cerebral hemispheres and deeper structures including the thalamus, respectively

(Gilbert, 2003).

At a cellular level, the inner layer of the neural tube (ventricular zone) gives

rise to neuroblasts and glioblasts, which migrate into the middle layer of the neural

tube (intermediate zone). These cells form two collections; the alar plate, which

will develop into the spinal cord dorsal horn sensory neurons, and the basal plate,

which will form the ventral horn motor neurons (Gilbert, 2003). Marked neuronal

proliferation occurs during this process, which is completed by approximately 22

weeks (Stiles and Jernigan, 2010; Kostovic et al, 2019; Wallois et al, 2021)

During the second trimester, neurons migrate from the neural tube to form cortical

layers; cells in earlier migrations are destined for deep cortical layers, while later

migrations pass through to superficial cortical layers (Tierney and Nelson, 2009).

Neuronal migration is completed by approximately 25 weeks post-conception (Wallois

et al, 2021), and the six cortical layers are fully established by approximately 32

weeks (Kostovic and Judas, 2010). Differentiation of neurons occurs during the third

trimester; cells then undergo axon development and dendrite outgrowth (Kostovic et
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al, 2019) allowing communication with other neurons via synapses. A period of rapid

synapse formation begins, which continues into postnatal life (Wallois et al, 2021).

After birth nerve fibres are myelinated, which facilitates faster conduction (Kostovic

et al, 2019).

1.3.2 Subplate Development

In the second trimester (12-18 weeks), a structure termed the subplate develops in

the neonatal brain. The subplate is a transient layer of neuronal cells located in the

cortical white matter (Kanold and Luhmann, 2010; Kostovic and Judas, 2010), and

is essential for cortical development.

Afferent neurons from the thalamus enter the subplate around 23-25 weeks and

synapse with subplate neurons. The subplate sends output to layer IV of the cortex,

thereby forming the first thalamo-cortical connections (Kostovic and Judas, 2010;

Kostovic et al, 2019). The subplate also receives input from the cortical plate, and acts

as a temporary relay back to the thalamus, as well as to the contralateral hemisphere

via the corpus callosum after 30 weeks post conception (Kostovic and Judas, 2010;

Wallois et al, 2021). These connections allow early processing of external input, hence

subplate neurons are the first cortical neurons to respond to sensory stimuli (Wess et

al, 2017).

In the third trimester, afferent neurons from the thalamus synapse directly with

layer IV cortical neurons (Burkhalter et al, 1992; Kostovic and Judas, 2010), and

afferent neurons from cortical layers V and VI synapse directly with thalamic neurons

(Stile and Jernigan, 2010). These connections allow cortical processing of sensory

input; evoked potentials can be recorded from the primary somatosensory, visual

and auditory cortex at this stage (Vanhatalo and Lauronen, 2006; Vanhatalo and

Kaila, 2006). From 34 weeks post conception, the subplate begins to break down

by apoptosis and has disappeared by the first postnatal month (Kostovic and Judas,

2010; Kostovic et al, 2019).
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1.3.3 Development of Nociceptive Pathways

The nociceptive pathway commences with the detection by peripheral nociceptors

of a noxious stimulus, such as heat, cold, pressure or a chemical signal of actual or

potential tissue damage (Dubin and Patapoutian, 2010). Cutaneous sensors develop

between 7 to 15 weeks gestation (Lowery et al, 2007).

Nociceptive signals are conducted along afferent nociceptive neurons termed C-

fibres and A-fibres, which are present by 20 weeks gestation (Lowery et al, 2007).

C-fibres are narrow-diameter, unmyelinated neurons with a conduction velocity of

0.4-1.4 m/s (Djouhri and Lawson, 2004; Woolf and Ma, 2007) which project to the

spinal cord dorsal horn layers I and II. A-fibres are myelinated with a faster conduction

velocity (5-30 m/s), and project to dorsal horn layers I and V (Djouhri and Lawson,

2004).

Reflex withdrawal from a noxious stimulus is mediated by synapses with second-

order neurons in the spinal cord (Dubin and Patapoutian, 2010). The spinal reflex

response to noxious stimulation develops by 19 weeks gestation (Lowery et al, 2007).

Central responses to a noxious stimulus are mediated by ascending pathways from

the dorsal horn to the thalamus, which develop by 20 weeks gestation (Lowery et

al, 2007). Nociceptive signals are transmitted from the thalamus to the cortex ini-

tially via the subplate described above. These connections are considered immature

prior to 25 weeks gestation, and therefore unlikely to process external noxious stim-

uli (Kostovic and Judas, 2010); after 25 weeks gestation, neuronal responses can be

measured in response to an external noxious stimulus in premature infants (Slater et

al, 2006; Bartocci et al, 2006; Fabrizi et al, 2011). Pain processing and perception are

facilitated by maturing thalamo-cortical connections from approximately 30 weeks

gestation (Verriotis et al, 2016).
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1.4 Early Life Pain

1.4.1 History

Until the 1980’s, there was a misconception that infants did not feel pain (Lippmann

et al, 1976). The medical community believed that newborn babies were not capable

of perceiving or localising pain, and that they were not capable of discriminating

pain from other stimuli (Richards, 1985; Anand et al, 1987). A change in opinion was

brought about partly due to clinical research and partly due to parental advocacy. A

landmark randomised controlled trial was led by Anand at the John Radcliffe Hos-

pital, Oxford, in 1987, which investigated the effect of opioid anaesthesia on infants

undergoing cardiac surgery (Anand et al, 1987). There was a greater ‘stress response’

in the infants who did not receive fentanyl anaesthesia – for example, there was a

significant increase in adrenaline levels persisting until 24 hours post operatively, as

well as significant differences in glucose, lactate and mineralocorticoid hormones. Im-

portantly, the group that did not receive anaesthesia also had a poorer clinical course

post-operatively, including increased ventilation requirements, increased number of

bradycardias and increased incidence of metabolic acidosis.

At a similar time, a premature infant named Jeffrey Lawson underwent cardiac

surgery while paralysed but not anaesthetised, as per usual practice. His mother,

on learning this was the current standard of care, became a strong advocate for

anaesthesia for premature infants undergoing surgery and other clinical procedures

(Lawson, 1986). Opinion changed quickly such that by the end of 1987 the New

England Journal of Medicine published a review of pain in infants citing over 200

references in support of their argument (Anand and Hickey, 1987), and the American

Academy of Pediatrics published a statement that the available anaesthetic agents

were safe for use in neonates (Poland et al, 1987).

Pain in infants is now understood to be a serious clinical issue. Infants born

prematurely spend on average 81 days in the NICU (Lee et al, 2013), and during
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their admission may undergo between 2 to 17 painful procedures daily (Carbajal et

al, 2008; Simons et al, 2003; Cruz et al, 2016). It is therefore of critical importance

to better detect and treat pain in infants.

1.4.2 Pain Perception

As stated in Section 1.1, pain is defined by the International Association for the

Study of Pain as ‘an unpleasant sensory and emotional experience associated with,

or resembling that associated with, actual or potential tissue damage’. Pain, there-

fore, is a personal, subjective experience which can be communicated both verbally

and through pain-related behaviours. Pain is different to nociception, which is the

conduction of a noxious stimulus along the ascending nociceptive neuronal pathways

described in Section 1.3.3.

Pain is currently considered to arise from a functional network of brain regions

termed the ‘dynamic pain connectome’ (Kucyi and Davis, 2015). These are defined

as the ascending nociceptive pathway discussed in Section 1.3.3, the descending anti-

nociceptive pathway, the salience network, and the default mode network. The des-

cending anti-nociceptive pathway is considered to be active during ‘mind-wandering’

from pain stimulation, and may comprise the amygdala, mid-prefrontal cortex, peri-

aqueductal grey, and the rostoventral medulla. The salience network is considered

to be active during attention to pain, and may include the temporoparietal junction,

the anterior insula, and the dorsolateral prefrontal cortex. The default mode net-

work is considered to be active in the absence of pain stimulation. It may comprise

the posterior cingulate, the medial temporal lobe, the anteromedial prefrontal cortex,

and the dorsomedial prefrontal cortex. These regions are not specific to pain, but to-

gether are considered capable of generating the conscious experience of pain through

a coordinated change in neuronal activity (Verriotis et al, 2016; Kucyi and Davis,

2017).

It is not known at which stage of development the brain becomes able to generate
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the experience of pain (Verriotis et al, 2016). In order to investigate physical pain in

infants, in the absence of verbal confirmation, surrogate markers of pain are required

such as measurement of behavioural responses, physiological responses, and neuronal

responses to painful stimuli.

1.4.3 Consequences of Early Life Pain

Visual, auditory and tactile pathways receive afferent input during gestation, whereas

nociceptive pathways are not routinely activated prenatally (Fitzgerald, 2005; Fab-

rizi et al, 2016). Painful stimuli during the preterm period may negatively influ-

ence neurodevelopment, including the structure of the developing brain, activity of

nociceptive pathways, and individual pain sensitivity (Williams and Lascelles, 2020).

Higher number of painful procedures in the early preterm period (before 32 weeks

gestation) is associated with reduced white matter maturity in infants reaching term-

equivalent age (Brummelte et al, 2012), and at 7 years of age (Vinall et al, 2014).

These factors are associated with lower intelligence quotient at the same age (Vinall

et al, 2014). Greater number of painful procedures during the early preterm period is

also associated with reduced thalamus growth and altered thalamo-cortical pathways

(Duerden et al, 2018).

Alteration in nociceptive activity has been identified in children aged 7 to 11

years old who had been born before 32 weeks gestation. Higher numbers of painful

procedures during NICU admission is associated with reduced descending inhibitory

modulation of noxious input, and reduced autonomic response to pain (Goffaux et

al, 2008). During experimental noxious stimulation in children aged 11 to 16 year

old who had been born prematurely, increased activity has been identified in pain-

related brain regions including the thalamus, anterior cingulate cortex and insula

(Hohmeister et al, 2010).

Pain sensitivity may be altered in infants who experience early life pain (Slater et

al, 2010c). Infants who had previously undergone circumcision without analgesia have
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been observed to have increased pain sensitivity following vaccination (Taddio et al,

1997). Similarly infants who had undergone surgery within the neonatal period were

noted to have increased pain sensitivity during repeat surgery in the same dermatome

aged 0 to 3 years old (Peters et al, 2005).

1.5 Infant Pain Assessment

1.5.1 Behavioural Measures

Infants respond to an acute noxious stimulus with pain-related behaviours such as

crying, body movement, and facial expression (eye squeeze, brow bulge, nasolabial

furrow, grimacing) (Grunau and Craig, 1987; Rushforth and Levene, 1994).

Several clinical pain scores exist for preterm infants which quantify infant beha-

vioural and physiological responses to a noxious stimulus. Pain scoring provides a

surrogate indicator of the infant pain experience, and can be used to evaluate the

severity of pain (Buyuktiryaki et al, 2018; Sethi et al, 2020) and the effectiveness

of pain-relieving interventions (Boyle et al, 2006; Hartley et al, 2018). Examples

of clinical pain scores for premature infants include the Behavioural Indicators of

Infant Pain score (Holsti et al, 2008); the COMFORT scale (Ambuel et al, 1992);

the Echelle Douleur Inconfort Nouveau-Ne score (Debillon et al, 2001), the Neonatal

Infant Pain Score (Lawrence et al, 1993), and the Premature Infant Pain Profile -

Revised (PIPP-R score) (Stevens et al, 1996; Stevens et al, 2010; Stevens et al, 2014).

In this thesis the PIPP-R score is used. This scoring system incorporates the age

and baseline behavioural state of the infant in addition to behavioural and physiolo-

gical variables. Gestational age is considered because older infants display more

consistent behavioural responses than younger infants (Green et al, 2019). Baseline

behavioural state is considered because alert awake infants are more likely to respond

to a stimulus than infants in quiet sleep (Grunau and Craig, 1987). The PIPP-R score

was validated predominantly in acute skin-breaking procedures (see Table 1.3), and
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has been used widely to characterise the infant response to acute clinical procedures

such as heel lancing and venepuncture (Stevens et al, 1996; Ballantyne et al, 1999;

Stevens et al, 2010; Stevens et al, 2014; Gibbins et al, 2014). BIO ROP screening is a

complex non-skin-breaking procedure of longer duration than heel lancing, therefore

cautious interpretation of the PIPP score may be required (Sun et al, 2010).

Table 1.3: Validation studies for the Premature Infant Pain Profile (PIPP) and the Pre-
mature Infant Pain Profile - Revised (PIPP-R) clinical pain scores

Study Procedure Score

Stevens et al (1996) Heel lance, circumcision PIPP

Ballantyne et al (1999) Heel lance, venepuncture, intravenous line insertion PIPP

Jonsdottir & Kristjansdottir (2005) Heel lance PIPP

Vederhus et al (2006) Heel lance, cannulation PIPP

Ahn & Jun (2007) Heel lance, venepuncture, endotracheal suction PIPP

Eriksson et al (2008) Heel lance PIPP

Stevens et al (2014) Heel lance PIPP-R

Gibbins et al (2014) Heel lance, venepuncture PIPP-R

There are limitations to the use of behavioural measures as surrogate markers

for pain in infants. Firstly, these measures must be used with caution in infants

younger than 34 weeks, because the ability to respond discriminatively to stimuli

emerges around 33 weeks (Fabrizi et al, 2011a; Green et al, 2019). In a study of 105

infants aged 28 to 42 weeks, younger infants were as likely to display pain-associated

facial behaviours (brow bulge, eye squeeze, nasolabial furrow) to noxious or innocuous

stimuli, whereas older infants were more likely to display facial behaviours to noxious

stimuli only (Green et al, 2019).

Secondly, changes in infant physiology and behaviour are not a specific response

to painful stimuli; similar changes may be evoked as a stress or distress response

(Stevens et al, 1993; Holsti et al, 2005a; Ahola Kohut and Pillai Riddell, 2009). For

example, nappy change is a routine procedure that is not considered to be painful
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(Blauer and Gerstmann, 1998; Mörelius et al, 2006; Lyngstad et al, 2014). However,

in a study of 12 term infants, the mean PIPP score for nappy change was 9 (range

7.8 to 10.9), indicating moderate pain (Ballantyne et al, 1999). In a larger study of

30 term infants, there was a significant increase in pain scores during nappy change

(p < 0.01) (Mörelius et al, 2006). Studies of pre-term infants have also identified

significant increases in HR and decreases in oxygen saturation during nappy change

(Wang and Chang, 2004; Lyngstad et al, 2014).

1.5.2 Physiological Measures

Autonomic responses to noxious stimulation in infants include increase in HR and

decrease in oxygen saturation (Stevens and Johnston, 1994; Stevens et al, 2016).

For all preterm infants receiving oxygen therapy, the recommended lower limit for

oxygen saturation is 89% and the upper limit is 95%. While for infants who have been

weaned off oxygen therapy onto room air, the upper limit is 100%. The target range

for neonatal oxygen saturation has been established on the basis of evidence from

meta-analysis of several randomised controlled trials. A Cochrane systematic review

(Askie et al, 2017) included data from 4965 infants born before 28 weeks gestation en-

rolled in five randomised controlled trials. It investigated the effect of a lower oxygen

saturation target range (85-89%) or a higher target range (91-95%) on major infant

disability (bilateral blindness, deafness, or cerebral palsy) or death at 18-24 months.

Lower oxygen saturation target range was associated with decreased incidence of ROP

treatment (p < 0.003). However, it was also associated with significantly increased

incidence of death at 36 weeks postmenstrual age, at hospital discharge, and at 18-24

months (p = 0.01). Oxygen therapy is therefore implicated in the development of

ROP requiring treatment, nonetheless a lower oxygen saturation target range is not

recommended due to the risk of increased mortality.

A period during which oxygen saturation falls below 80% for � 10s is termed

a desaturation. Oxygen desaturation in preterm infants may be indicative of lung
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pathology, circulatory shunting, or inadequate gas exchange which may occur during

periods of stress and pain (Pokela, 1994; Stevens et al, 1996; Fairchild and O’Shea,

2010; Martin et al, 2012). Between 3-26% of infants undergoing BIO ROP screening

experience oxygen desaturations during or after the procedure (Laws et al, 1996;

Belda et al, 2004; Mehta et al, 2005; Moral-Pumarega et al, 2012; Dilli et al, 2014),

indicating that BIO ROP screening may be a source of pain or stress for infants.

Continuous electrocardiography (ECG) monitoring in the NICU allows identific-

ation of significant excursions from normal heart rate and rhythm. A tachycardia

occurs when the HR exceeds 200 beats per minute (bpm) for � 15s, and a bradycar-

dia is a period during which HR falls below 100 bpm for � 15s. Increased heart rate

may be indicative of hypovolaemia, sepsis, stress, or pain (Anand et al, 1987; Anand

et al, 1999; Mitchell et al, 2011; Moral-Pumarega et al, 2012). Bradycardias may

arise concurrently with a desaturation event due to an apnoea, with valsalva man-

oeuvre, or due to vagal stimulation, including the oculocardiac reflex due to pressure

on the eyeball (Phillips et al, 1964; Gamble et al, 2007; Eichenwald, 2016). Increase in

apnoeic episodes in premature infants occurs due to acute illness or stress (Fairchild

et al, 2016).

BIO ROP screening has been associated with a 7-26 bpm increase in HR during

the procedure (Laws et al, 1996; Rush et al, 2004; Jiang et al, 2016), a further

indication that the examination may be painful for infants. Bradycardia related to

the oculocardiac reflex has been observed in up to 31% of infants undergoing BIO

ROP screening (Clarke et al, 1985). The reflex may be elicited by components of the

screening examination including instillation of eyedrops, eyelid speculum insertion,

scleral indentation, or stretching of the rectus muscles (Clarke et al, 1985). BIO

ROP screening has also been associated with increase in new-onset apnoeic episodes

in the 24 hours following the examination (Mitchell et al, 2011; Jiang et al, 2016;

Hartley et al, 2018); the incidence of new onset apnoea is related to gestational age at

examination, occurring in 24% of infants aged less than 31 weeks, and 1% of infants
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older than 37 weeks (Jiang et al, 2016). Acute increase in apnoea events is a further

indication that ROP screening may be stressful for infants.

Increased frequency of physiological instability events has been associated with

negative sequelae such as severe ROP, disability and death (Butcher-Puech et al,

1985; DiFiore et al, 2012; Poets et al, 2015). The mechanism by which these events

cause adverse outcomes is not fully understood (Fairchild et al, 2019). However, in

view of the negative long-term consequences of instability events, minimising infant

pain or stress during clinical procedures is vital.

Cardiac monitoring in the NICU has further value in allowing assessment of

neonatal cardiac autonomic reactivity. Heart rate variability (HRV) describes the

time-varying intervals between consecutive heart beats (Quintana and Heathers, 2014),

and reflects the influence of the sympathetic and parasympathetic divisions of the

autonomic nervous system on the cardiac rhythm (Task Force of the European Soci-

ety of Cardiology, 1996).

The autonomic nervous system divisions have distinct functions in the mainten-

ance of cardiovascular homeostasis, as illustrated in Figure 1.1. The sympathetic

nervous system generates a ‘fight or flight’ stress response to perturbations within the

environment, acting within 5 seconds to increase HR. Conversely the parasympathetic

nervous system generates a ‘rest and digest’ response, acting within 0.5 seconds to

decrease HR and promote systemic energy conservation. Parasympathetic HR mod-

ulation is mediated by the vagus nerve. HRV results from the complex interaction

between the divisions of the autonomic nervous system, together with modulation

from the intrinsic cardiac nervous system, and feedback to higher centres from car-

diac afferent pathways (Nunan et al, 2010; Dilsizian and Narula, 2017; Shaffer and

Ginsberg, 2017).

HRV also reflects the influence of the hypothalamic-pituitary-adrenal axis on the

autonomic nervous system (Kim et al, 2018). The endocrine stress response is ini-

tiated by corticotrophin-releasing hormone released from the hypothalamus, which
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stimulates cortisol release from the adrenal glands (Egliston et al, 2007). Cortisol

enhances the sympathetic cardiovascular stress response, for example increasing HR

(Sapolsky et al, 2000), which in turn influences HRV (Rotenberg and McGrath, 2016).

Heart rate variability results from complex interactions between the parasympathetic (shown in red) and sympathetic
(shown in purple) divisions of the autonomic nervous system, together with modulation from the intrinsic cardiac
nervous system (not shown), feedback to higher centres from the cardiac afferent nervous system (shown in blue),
and the action of the hypothalamic-pituitary-adrenal (HPA) axis (shown in green), mediated by cortisol, on the
sympathetic nervous system. OpenStax College, CC BY 3.0 via Wikimedia Commons.

Figure 1.1: Simplified schematic of cardiac autonomic innervation

HRV analysis requires identification of consecutive heart beats from an ECG re-

cording. As illustrated in Figure 1.2, each heartbeat is composed of a P wave, a QRS

complex, and a T wave. The heartbeat originates in the sinoatrial node of the heart,

depolarising first the atria (P wave) then the ventricles (QRS complex). The T wave

is generated by ventricular repolarisation. Although sinoatrial node activity coincides

most closely with the timing of the P-wave, the QRS complex has greater amplitude

and is better detected than the P-wave. Beat-to-beat time difference is therefore cal-

culated using consecutive QRS complexes. The interbeat interval is termed the RR

interval, or the normal-to-normal (NN) interval after artefact has been removed from

the ECG recording. The derivation of HRV indices included in this thesis is described

in Section 2.5.4.
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Each heartbeat is composed of a P wave, generated by atrial depolarisation; a QRS complex, generated by ventricular
depolarisation; and a T wave, generated by ventricular repolarisation. The R-R interval is the interbeat interval.
Tedburke, CC BY-SA 4.0, via Wikimedia Commons.

Figure 1.2: Schematic of two heartbeats on electrocardiogram recording

In adults, HRV analysis is used as a tool for evaluating cardiac physiology and

assessing cardiac health. The Task Force of the European Society of Cardiology

and the North American Society of Pacing and Electrophysiology endorsed the use

of HRV analysis in assessing risk of cardiac arrhythmias following acute myocardial

infarction and cardiac transplant, and in assessing the quality of cardiac innervation

in patients with diabetic neuropathy. Cardiac status in conditions such as congestive

heart failure, left ventricular hypertrophy, and valvular disease can be evaluated using

HRV analysis (Coumel et al, 1991; Stys and Stys, 1998). HRV analysis has been used

as a research tool to evaluate autonomic functioning in a range of physiological and

psychological states (see Table 1.4).

In relation to pain in adults, the high frequency component of HRV has been

identified as a measure of nociception; noxious stimulation during surgery evokes a

decrease in high frequency HRV, which may be modulated by analgesia (Jeanne et al,

2009). The high frequency component of HRV reflects parasympathetic tone (Szental

et al, 2015); parasympathetic tone prior to a surgical procedure has been identified

as a predictor of intraoperative pain experience (Adjei, 2019). Stress in adults has

also been observed to evoke a decrease in high frequency HRV, indicating a relative

reduction in parasympathetic activity compared to sympathetic activity (Kim et al,

2018).
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Table 1.4: Applications of heart rate variability analysis in adults

Evaluation of physiological change due to:

Exercise1,2

Obstructive sleep apnoea3,4

Renal failure5,6

Tobacco smoking7,8

Alcohol consumption9,10

Evaluation of psychophysiological change due to:

Surgical pain11,12,13

Stress14,15

Attention16,17

1. Tulppo et al , 1996; 2. Verlinde et al , 2001; 3. Drinnan et al , 2000; 4. Roche et al , 2003; 5. Forsström et al , 1986;
6. Axelrod et al , 1987; 7. Hayano et al , 1990; 8. Barutcu et al , 2005; 9. Malpas et al , 1991; 10. Rossinen et al , 1997;
11. Jeanne et al , 2009; 12. Szental et al , 2015; 13. Adjei, 2019; 14. Houtveen et al , 2002; 15. Kim et al , 2018; 16.
Richards, 1985; 17. Weber et al , 1994.

HRV has been used to characterise the development of autonomic nervous system

control in infants. HRV is low at birth then increases during the first few days

of postnatal life as autonomic nervous system regulation matures (Javorka et al,

2017; Cardoso et al, 2017). Increasing gestational age at birth, and increasing post-

conceptional age (that is, gestational age combined with postnatal age), are associated

with higher HRV (van Ravenswaaij-Arts et al, 1991; Longin et al, 2005; Cardoso et al,

2017; Joshi et al, 2019). At birth, healthy infants have higher HRV than infants with

birth complications such as low birth weight or hypoxia (Rother et al, 1987; Aziz et

al, 2012). Preterm infants at term-equivalent age have lower HRV than term infants

(Hunt, 2006; Fyfe et al, 2015; Burtchen et al, 2019). This may reflect autonomic

dysregulation increasing the risk of sudden infant death syndrome in this population

(Schechtman et al, 1989). Reduced HRV has been associated with a range of neonatal

pathologies, listed in Table 1.5.
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Table 1.5: Pathological associations of reduced heart rate variability in neonates

Neurological

Hypoxic ischaemic encephalopathy1,2,3

Ventricular haemorrhage4

Brain death5,6

Cardiac

Congenital heart defect7

Patent ductus arteriosus8,9

Coarctation of the aorta10

Infective / Inflammatory

Sepsis / systemic inflammatory response syndrome11,12,13

Necrotising enterocolitis14

1. Massaro et al , 2014; 2. Goulding et al , 2015; 3. Goulding et al , 2017; 4. Tuzcu et al , 2009; 5. Kero et al , 1978;
6. van der Moer et al , 1985; 7. Butera et al , 2004; 8. Prietsch et al , 1992; 9. Goudjil et al , 2013; 10. Polson et al ,
2006; 11. Kovatchev et al , 2003; 12. Fairchild and O’Shea, 2010; 13. Moorman et al , 2011; 14. Stone et al , 2013.

The infant stress response to a painful stimulus has been investigated using HRV

analysis. Studies of healthy term infants undergoing heel lance blood sampling iden-

tified a significant decrease in high frequency HRV (Jones et al, 2017) and nonlinear

HRV indices (Weissman et al, 2012; Kramaric et al, 2019) between the baseline period

and the clinical procedure. Preterm infants also demonstrated a significant reduction

in high frequency, linear, and nonlinear HRV indices following a painful procedure

(heel lance blood sampling, intramuscular injection, cannulation, tracheal suctioning,

surfactant administration, or chest drain insertion) (Buyuktiryaki et al, 2018; Okur

et al, 2019; Cremillieux et al, 2018). One study investigated the effect of prolonged

pain on HRV in infants over 34 weeks gestation: high frequency HRV and the Échelle

Douleur Inconfort Nouveau-Né (EDIN) clinical pain score were calculated at median

5 hours after surgery; reduction in high frequency HRV was predictive of a score �5,

indicating moderate pain (Faye et al, 2010).
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1.5.3 Brain-derived Measures

Near-Infrared Spectroscopy

Near-infrared spectroscopy is a non-invasive indirect neuroimaging technique which

measures cortical haemodynamic changes occurring as a result of brain activity.

Neural activation increases cellular metabolic demand, which results in increased

local blood flow and oxygenation (Lloyd-Fox et al, 2010). Near-infrared spectroscopy

is portable and can be used safely in the clinical environment to monitor awake alert

infants (Verriotis et al, 2016). It has good motion tolerance and is capable of more

precise spatial localisation than electroencephalography (Verriotis et al, 2016). Near-

infrared spectroscopy may provide more precise temporal resolution than magnetic

resonance imaging (Lloyd-Fox et al, 2010), although the haemodynamic activity de-

tected is a delayed representation of cortical activity. Near-infrared spectroscopy has

been used to characterise infant responses to noxious stimuli including heel lancing,

venepuncture and chest drain removal (Slater et al, 2006; Bartocci et al, 2006; Bem-

bich et al, 2015; Verriotis et al, 2016).

Magnetic Resonance Imaging

Magnetic resonance imaging is a non-invasive neuroimaging technique that measures

haemodynamic changes in the brain. Blood oxygen level dependent activity is used as

an indirect marker of neural activation. It has greater spatial localisation than near-

infrared spectroscopy and electroencephalography, being able to image the cortex

and subcortical regions (Verriotis et al, 2016). Magnetic resonance imaging cannot

be performed at the bedside; infants are removed from the clinical environment and

closely supervised while undergoing scanning (Goksan et al, 2015; Williams et al,

2015). Infants can undergo scanning while awake but frequently require sedation

(Williams et al, 2015; Verriotis et al, 2016). Magnetic resonance imaging has been

used to characterise the infant response to brushing and to experimental non tissue-
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damaging stimuli (Goksan et al, 2015; Williams et al, 2015; Goksan et al, 2018;

Duff et al, 2020; Baxter et al, 2021). Magnetic resonance imaging has identified

activity in regions such as the primary somatosensory cortex, insula, and thalamus

during experimental noxious stimulation in infants, which are also active during pain

experience in adults (Goksan et al, 2015; Duff et al, 2020; Baxter et al, 2021).

Electroencephalography

EEG is a non-invasive direct neuroimaging technique which measures electrical activ-

ity generated by synchronised populations of cortical neurons (Wallois et al, 2021). It

provides more precise temporal resolution than near-infrared spectroscopy and mag-

netic resonance imaging (Wallois et al, 2021). EEG is portable and can be safely

applied at the bedside to awake alert infants, including fragile infants in the NICU

setting (Lloyd et al, 2015; El Ters et al, 2018; Whitehead et al, 2018).

Clinical conditions such as intraventricular haemorrhage, periventricular leuk-

omalacia, seizure activity, and hypoxic ischaemic encephalopathy can be diagnosed

and monitored using EEG (Pressler et al, 2001; Pavel et al, 2020; Wallois et al, 2020;

Wallois et al, 2021). EEG is also a well–established research tool used in premature

infants, for example in assessment of sleep state (Dereymaeker et al, 2017a) and brain

maturation (Dereymaeker et al, 2017; Stevenson et al, 2017; Pillay et al, 2020).

With regard to pain research, EEG has been used to characterise infant neuronal

activity associated with acute noxious stimulation. The infant nociceptive response

has been characterised in experimental non tissue-damaging pinprick (Hartley et al,

2015) and clinical procedures such as heel lancing and vaccination (Slater et al, 2010b;

Slater et al, 2010c; Fabrizi et al, 2011a; Verriotis et al, 2015).

A template of noxious-related brain activity has been identified from raw EEG

at the Cz electrode 400-700 ms after noxious stimulus application (Hartley et al,

2017). The template was derived from principal component analysis of event-related

potentials from 18 term infants in response to heel lancing or experimental weighted
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noxious probe, and is not evoked by visual, auditory or tactile stimuli. The template

can be scaled to fit independent data, in order to quantify brain activity evoked by an

acute noxious stimulus: a magnitude < 1 implies the observed response is less than

the template response and vice versa (Gursul et al, 2018; Kasser et al, 2019). The

template is validated for use in preterm infants aged 34 weeks or older, and has been

used as an outcome measure in studies of topical and oral analgesic efficacy for acute

clinical procedures (Hartley et al, 2017; Hartley et al, 2018; Cobo et al, 2021).

Unlike heel lancing, which is a phasic skin-breaking stimulus of milliseconds dura-

tion that can be accurately time-locked in the EEG signal, and which evokes a specific

event-related potential, BIO ROP screening is a tonic complex stimulus lasting sev-

eral minutes. Brain activity responses to BIO ROP screening therefore may be better

characterised by quantitative analysis of EEG than measurement of evoked potentials

(Nir et al, 2012a). A common method of EEG analysis is data transformation to the

frequency domain (Nir et al, 2010), then characterisation of the component frequency

bands: delta (0.5-3 Hz), theta (3-8 Hz), alpha (8-12 Hz), beta (12-30 Hz), and gamma

(30-100 Hz).

Frequency-domain EEG analysis has been used in studies of experimental and

clinical tonic pain in adults (Chen et al, 1983; Peng et al, 2014; Li et al, 2016; Gram et

al, 2017). However, these studies show conflicting results which may be due to small

sample size, as well as differences in choice of noxious stimulus, study population,

experimental design, and analysis approach. Table 1.6 shows an example of conflict-

ing observations (theta activity increase or decrease) in two studies with differences

in experimental design. These conflicting results highlight the need for caution in

EEG analysis and interpretation (O’Toole and Boylan, 2019). Recommendations for

a consistent approach to quantitative analysis of preterm EEG include ensuring the

recording is free from artefact, of appropriate duration, and that the analysis in-

cludes a wide range of features, that is, computed values which represent the signal

quantitatively (Palaniappan, 2010).
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Table 1.6: Differences in experimental design of studies of tonic pain in adults

Study Misra et al , 2017 Gram et al , 2015

Stimulus Thermal stimulus Cold pressor test

Sample size 30 39

Sample age 20 yrs ±2 22-65 yrs

Experimental design 5.5s epoch; 5.5s window; 0s overlap 2 min epoch; 15s window; 7.5s overlap

EEG analysis Sinusoidal wavelet transform Complex Morlet wavelet transform

Result Theta increase Theta decrease

In this study, these considerations have been taken into account and a wide range

of quantitative features of EEG are analysed including those from the time-domain

and frequency-domain, aiming to better represent the complexities of the preterm

EEG (O’Toole and Boylan, 2019). This analysis approach has been used in studies

of infant brain maturation (Janjarasjitt et al, 2008; Zhang et al, 2009; De Wel et

al, 2017; Stevenson et al, 2017; Dereymaeker et al, 2017; Koolen et al, 2017; Pillay

et al, 2018), seizure detection (Greene et al, 2008; Temko et al, 2011), and hypoxic

ischaemic encephalopathy (Hathi et al, 2010; Korotchikova et al, 2011), and may be

applicable to investigating infant nociceptive responses (Roué et al, 2021).

Characteristics of the normal EEG in preterm and full-term infants

Prior to gestational age 29 weeks, the EEG pattern is termed tracé discontinu (St.

Louis et al, 2016). This pattern is discontinuous, containing periods of high amplitude,

mixed frequency activity called bursts, separated by periods of lower amplitude called

interburst intervals (St. Louis et al, 2016). An interburst interval may last up to 30

seconds in infants of 29 weeks gestational age (André et al, 2010). Burst activity

includes monorhythmic slow delta waves in the occipital region, and theta activity

initially in the occipital region and later in the temporal regions (Bourel-Ponchel et

al, 2021). An EEG pattern termed a delta brush occurs, in which slow delta waves are

superimposed with faster frequency activity of between 8-20 Hz (André et al, 2010;
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Bourel-Ponchel et al, 2021). The incidence of delta brushes peaks between 32 and 35

weeks gestational age, after which they occur less frequently, disappearing by term

(Boylan et al, 2008; André et al, 2010). EEG response to external stimuli, termed

reactivity, begins to emerge between 28 to 30 weeks gestational age (André et al,

2010; Bourel-Ponchel et al, 2021).

Between 30 to 32 weeks gestational age, during quiet sleep, the EEG displays tracé

discontinu with bursts of slow delta activity in temporal and occipital regions, as well

as temporo-occipital delta brushes (André et al, 2010; Bourel-Ponchel et al, 2021).

Rhythmic temporal theta activity is demonstrated during sleep during this period; it

disappears from active sleep at 32 weeks (André et al, 2010; St. Louis et al, 2016).

Interburst intervals occurring during quiet sleep last 15 seconds at gestational age

32 weeks (André et al, 2010). Active wakefulness can be identified in the EEG at this

age by the presence of near-continuous activity (Bourel-Ponchel et al, 2021), and by

the occurrence of muscle artefacts indicating limb movements (André et al, 2010).

At gestational age 33-34 weeks, during wakefulness and active sleep, burst activity

comprises frequent delta brushes in the temporal and occipital regions (André et al,

2010; Bourel-Ponchel et al, 2021). Temporal theta disappears during quiet sleep at

this age (André et al, 2010). Interburst intervals occurring during quiet sleep last

10 seconds at 34 weeks gestational age (André et al, 2010). Behavioural states of

quiet sleep, active sleep, and wakefulness can be determined from the EEG at this

period: during wakefulness, EEG activity is continuous and muscle artefacts may

be present; during sleep, EEG activity is discontinuous with the longest interburst

intervals occurring during quiet sleep (Bourel-Ponchel et al, 2021).

At gestational age 35-36 weeks, during active sleep and wakefulness, the inter-

burst interval disappears and burst activity becomes continuous (Bourel-Ponchel et

al, 2021). Two further EEG patterns appear by this age, termed frontal transients

and anterior slow dysrhythmia. Frontal transients are frontal sharp waves which are

typically synchronous and symmetrical, meaning the activity is of similar amplitude
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and frequency in each hemisphere (André et al, 2010; Bourel-Ponchel et al, 2021).

Anterior slow dysrhythmia is a normal pattern of delta activity in anterior regions,

which is also synchronous and symmetrical (Boylan et al, 2008; St. Louis et al, 2016).

Between 37 to 40 weeks gestational age, tracé alternant occurs during quiet sleep

(Bourel-Ponchel et al, 2021). This pattern comprises bilateral, synchronous and sym-

metrical delta bursts on theta activity (André et al, 2010; Bourel-Ponchel et al, 2021).

Bursts are separated by interburst intervals lasting 5 seconds (André et al, 2010;

St. Louis et al, 2016). During active sleep and wakefulness, polyfrequency activity at

25–50µV, termed activité moyenne occurs, as well as frontal transients and anterior

slow dysrhythmia (Boylan et al, 2008; André et al, 2010; Bourel-Ponchel et al, 2021).

1.6 Thesis Aims

• Characterise the effect of BIO ROP screening on infant brain activity using

quantitative EEG analysis.

• Evaluate noxious-related change in infant brain activity following BIO ROP

screening.

• Characterise the effect of BIO ROP screening on infant physiology using con-

tinuous recordings of HR and oxygen saturations.

• Evaluate stress-related change in infant heart rate variability following BIO

ROP screening.

• Characterise the effect of Optos ROP screening on preterm infants using beha-

vioural, physiological and EEG data.

• Characterise the effect of ROP treatment on preterm infants using behavioural,

physiological and EEG data.
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Chapter 2

General Methods

This thesis comprises three studies including a total of 62 infants. Here the general

methods used across all studies are presented. Each study is described in detail in

individual chapters.

2.1 Ethics

Studies were performed under ethical approval obtained from the National Research

Ethics Service for the applications “Imaging pain in the developing human brain”

(reference 12/SC/0447) and “Is morphine an effective analgesic for procedural pain in

infants?” (reference 15/EM/0310), and from the Medicines and Healthcare products

Regulatory Agency for the randomised controlled trial ‘A blinded randomised placebo-

controlled trial investigating the efficacy of morphine analgesia for procedural pain in

infants’ (EudraCT number 2014-003237-25). All studies conformed to the principles

of the Declaration of Helsinki and to Good Clinical Practice requirements.

2.2 Recruitment

Infants were recruited to the studies carried out in this thesis between October 2017

and March 2020 in the John Radcliffe Hospital NICU, Oxford University NHS Found-
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ation Trust. As shown in Figure 2.1, 62 infants were recruited specifically for this

thesis: 36 infants were studied during BIO ROP screening with or without nappy

change, 7 infants were studied during Optos photography screening with or without

nappy change, 6 infants were studied during ROP treatment, and 9 infants were

studied during nappy change alone. Four infants were withdrawn after recruitment.

The figure illustrates the total number of infants consented, studied and included in analysis for each clinical pro-
cedure. Reasons for participant withdrawal are noted in boxes. BIO = binocular indirect ophthalmoscopy; ROP =
retinopathy of prematurity; OCT = ocular coherence tomography; CGA = corrected gestational age; NIDCAP =
newborn individualized developmental care and assessment program; EEG = electroencephalography.

Figure 2.1: Recruitment diagram

This thesis also includes data for 31 infants which were collected previously: 8 in-

fants underwent ROP screening as part of the placebo arm of the Poppi trial (Hartley

et al, 2018), and 23 infants were studied during heel lance blood sampling. Inclusion

and exclusion criteria for study participation are shown in Table 2.1.
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Table 2.1: Eligibility criteria for participation in studies

Inclusion criteria

Patient eligible for retinopathy of prematurity screening

Patient treated under NHS

Clinically stable at time of study

English language ability sufficient for valid informed consent

Maternal age 16 years or older

Maternal custody of infant

Maternal consent or paternal consent if parents married or father named on birth
certificate

Exclusion criteria

Neurological, developmental or genetic condition affecting pain processing

Grade 3 or 4 intraventricular haemorrhage

Patient treated with analgesic or sedative medication (except for ROP treatment studies)

History of maternal substance misuse during pregnancy

Infant ‘barrier nursed’ for infection control

Safeguarding concerns for the infant

Screening Methods

When an infant was identified as eligible, a member of the research team discussed

approaching the parents with the NICU nursing staff. The nurse caring for the infant

was well-placed to know whether there were any reasons not to approach the parents

at that time - for example, if the infant was likely to be transferred to another hospital

or discharged within the timeframe of the study, if the infant was scheduled to have

surgery (and therefore have analgesic or sedative treatment within the timeframe of

the study), or if the parents had previously stated they did not wish to participate

in research.

Approaching parents involved introducing oneself as a member of the research
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team, then asking if the parents would like to hear about research studies for which

their baby was eligible. If so, it was explained that the study aimed to improve

understanding of the infant experience during clinical procedures, details of the study

were explained, and a Patient Information Leaflet was given (Appendix A). If parents

accepted the leaflet and expressed interest in taking part, they were given some time

for reflection (approximately 1-2 days, unless the procedure to be studied was sooner)

and re-approached afterward. At that time, any further questions were answered.

It was explained that study participation was voluntary, parental consent could be

withdrawn at any time, and study participation (or not) would not affect the infant’s

clinical care. If parents had understood the study procedure, considered their options,

and communicated their decision, valid written informed consent was obtained using

the study Consent Form (Appendix B). The infant was assigned a study participant

number, and three copies of the consent form were distributed: one given to parents,

one filed in the medical notes, and one retained by the research group.

Impact of COVID-19

The recruitment of subjects into both studies was curtailed by the outbreak of the

coronavirus pandemic. Clinical activity continued, including ROP screening and

treatment, however non-essential staff including research staff were not permitted

access to the NICU. This resulted in limited recruitment to later studies involving

Optos ROP screening and ROP treatment. The analyses in Chapter 5 therefore are

underpowered to achieve statistical significance, but demonstrate approaches that

could be applied to a larger group.

2.3 Clinical Procedures

All procedures were clinically indicated and scheduled by the clinical team caring for

the infant.
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2.3.1 Binocular Indirect Ophthalmoscopy

Binocular indirect ophthalmoscopy is a method of viewing the posterior segment of

the eye, namely the retina and optic nerve. A headset is used to direct a bright light

source through a handheld condensing lens to obtain a stereoscopic, real, inverted

image of the ocular structures. In order to optimally view the retinal periphery

(Dhillon et al, 1993), an eyelid speculum is inserted and a scleral indenter is used to

stabilise and rotate the eye. Screening for ROP using BIO is considered the ‘gold

standard’ approach to ROP screening because it affords a dynamic stereoscopic view

of the entire fundus including the ora serrata (RCOphth, 2008; Fierson, 2013).

2.3.2 Non-Contact Ultra-Widefield Scanning Laser Ophthal-

moscopy

Optomap (Optos Plc. Dunfermline, UK) is a non-invasive retinal imaging system

that is used as an adjunct to BIO ROP screening in the NICU of the John Radcliffe

Hospital, Oxford University NHS Foundation Trust. The ‘flying baby’ technique is

used for Optos imaging of premature infants (Patel et al, 2013). The infant is placed

securely along the ophthalmologists upturned forearm, such that the body is sup-

ported along its length, and the infant’s head is supported by the ophthalmologists’s

hand. The free hand of the ophthalmologist is used to fine-tune the head position of

the infant in front of the Optos (see Figure 2.2).

General advantages of fundus photography as an adjunct to BIO ROP screen-

ing include obtaining an objective record of the retinal findings for monitoring and

treatment planning, and the ability to share images between remote locations for the

purposes of telemedicine (RCOphth, 2008; Fierson, 2013). A specific advantage of

Optos imaging is the ‘ultra-widefield’ capability - images are approximately 200 de-

grees horizontally (Kato et al, 2019) which visualises the retina and choroid beyond

the equator of the eye (see Figure 2.3).
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Optos imaging is used by the local clinical team for two indications. Firstly, Optos

is used to perform ROP screening in infants in the Low Dependency Unit. This group

of infants are clinically stable, and therefore the handling that is required to position

the infant for Optos screening is considered to be safe. Optos ROP screening may

be a less aversive experience for infants than other methods of screening since bright

light and scleral depression are not used and the eye is not touched (Patel et al,

2013). The procedure provides a valuable digital record of the infant’s retinal vessel

development. This is useful both on an individual level, for example, if the infant is

transferred to another hospital for ongoing care; and on a population level, because

the images aid clinical understanding of normal retinal vessel development during

the preterm period. Optos ROP screening is not used in infants who are due their

final screening examination; in this case BIO ROP screening is performed. This is

because it is imperative to fully assess the retina at the final screening, and BIO ROP

screening is considered the ‘gold standard’ for visualising the ora serrata.

Secondly, Optos imaging is used to record ROP disease in affected infants and to

monitor disease progression or regression. The images provide an objective record

of the infant’s retinal disease and are used for teleconsultation, treatment planning,

and assessing the effect of ROP treatment. While there have been no reports of

adverse events associated with Optos imaging for ROP (Mao et al, 2020; Fung et al,

2021), it has been suggested that the handling required for Optos imaging may risk

physiological instability in premature infants (Patel et al, 2013; Fung et al, 2018).

Imaging is performed therefore in the presence of clinical NICU staff, and is not

attempted in the most fragile infants.

2.3.3 Laser Treatment

Laser treatment for ROP aims to reduce retinal demand for oxygen by thermal abla-

tion (photocoagulation) of the peripheral retina. Laser treatment is performed using a

binocular indirect diode laser headset together with a condensing lens, speculum and
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The infant is held with the body resting along the ophthalmologist’s right forearm. The clinician’s right hand supports
the infant’s neck and chin, and the left hand steadies the infant’s head such that the forehead is resting in the required
location on the Optos camera. An eyelid speculum may be used to aid eyelid opening. Image from Patel et al (2013)
used with permission.

Figure 2.2: ‘Flying baby’ technique for Optos imaging in the Neonatal Intensive Care Unit

Optomap, CC BY-SA 4.0, via Wikimedia Commons.

Figure 2.3: Example of an Optos ultra-widefield retinal image
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indenter as for BIO ROP screening. Diode laser is the standard treatment for ROP

because it results in fewer unfavourable structural outcomes (e.g. macular dragging,

retinal detachment) and better visual acuity outcomes than cryotherapy, the historic

alternative treatment (Fallaha et al, 2002; Ng et al, 2002; Connolly et al, 2002).

Diode laser treatment is known to be painful in adults (Balles et al, 1990; Friberg

and Venkatesh, 1995; Lira et al, 2010), hence various analgesic strategies have been

used in infants undergoing laser treatment for ROP. The optimal analgesic strategy

would provide effective pain relief while minimising adverse systemic side effects.

Local anaesthesia for laser treatment provides insufficient pain relief when used

alone (Batton et al, 2006). A study of 15 infants who underwent laser treatment

for ROP with local anaesthesia alone identified high clinical pain scores during the

procedure (Sato et al, 2015). Two studies observed life-threatening cardiorespiratory

instability post-procedure in infants treated with local anaesthesia alone for ROP

laser (Haigh et al, 1997; Jiang et al, 2017). A survey of practice in the UK identified

that treating clinicians do not use local anaesthetic alone for laser ROP treatment

(Chen et al, 2007).

Intravenous sedation is used in several UK centres (Chen et al, 2007). However,

intravenous sedation may not provide adequate pain relief when used in combination

with local anaesthesia. Two studies of infants undergoing laser treatment for ROP

with intravenous fentanyl sedation identified moderate clinical pain scores during the

procedure (Sato et al, 2015; Sethi et al, 2020) and physiological instability during and

after the procedure (Sethi et al, 2020).

Intubation and mechanical ventilation with sedation or inhaled general anaesthesia

are used in many UK centres (Chen et al, 2007). This approach is performed in the

operating theatre, and a paediatric anaesthetist is required to deliver the anaesthesia.

Intubation with sedation or general anaesthesia provides effective pain relief for ROP

treatment (Sato et al, 2015). However, several studies have reported post-operative

physiological instability and difficulty in weaning infants from ventilatory support
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following the procedure (Haigh et al, 1997; Sato et al, 2015; Jiang et al, 2017).

In our centre, oral sedation and analgesia (chloral hydrate 50mg/kg, oral morphine

100µg/kg, oral paracetamol 15mg/kg) are given 45 minutes to 1 hour prior to the start

of the laser procedure by the NICU clinical staff, and anaesthetic eye drops (oxybup-

rocaine) and sub-Tenon’s anaesthesia (bupivacaine) are given by the ophthalmologist

just prior to the procedure (Woodhead et al, 2007; Ah-Chan et al, 2008; Parulekar et

al, 2008).

Chloral hydrate and morphine are known to evoke changes in the EEG of term

infants. Chloral hydrate is a mild sedative which induces sleep in premature infants

(Litman et al, 2010); it does not have analgesic properties (Boswinkel and Litman,

2005). Chloral hydrate is converted by the liver and by red blood cells to its active

metabolite trichloroethanol, and cleared by excretion in urine (Jacqz-Aigrain and

Burtin, 1996). When used as a single oral dose of 25 - 50 mg/kg, chloral hydrate is

considered safe in premature infants. Chloral hydrate sedation evokes morphological

changes in event-related potentials in the EEG of term neonates (Zhang et al, 2019).

Morphine is an opioid which provides sedation in preterm infants when admin-

istered via intravenous infusion (Scott et al, 1999; Pacifici, 2016). Morphine is also

commonly prescribed for the treatment of infant pain, however morphine infusion is

not effective in reducing infant pain during invasive ventilation (Bellu et al, 2010),

and the efficacy of oral morphine in the treatment of pain from ROP screening has

not been established (Hartley et al, 2018). Morphine is converted by the liver and

kidneys to its active metabolite morphine-6-glucuronide, and cleared by excretion in

urine (Jacqz-Aigrain and Burtin, 1996). Neonates may be less sensitive to morphine

analgesic effects than adults, because infants have a lower rate of morphine meta-

bolism, and immature target receptors (Jacqz-Aigrain and Burtin, 1996). Morphine

sedation results in EEG depression with increased inter-burst intervals and longer

periods of discontinuity (Bell et al, 1993; Norman et al, 2013; Young and Da Silva,

2000).
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The procedure is performed on the NICU in a treatment room. There is no pre-

emptive increase to the infant’s level of ventilatory support and a paediatric anaes-

thetist is not required. This peri-procedural management was developed in response

to difficulties in delivering timely treatment when co-ordination with anaesthetic sup-

port was required.

2.3.4 Intravitreal Injection Treatment

Intravitreal injection of inhibitory monoclonal antibodies targeting VEGF is a more

recent treatment option for ROP, which inhibits the neovascularisation process cent-

ral to ROP pathogenesis (Mintz-Hittner and Best, 2009; Mintz-Hittner et al, 2011).

Intravitreal injection is performed via the sclera using a narrow gauge sterile needle

to introduce anti-VEGF into the vitreous. An eyelid speculum and toothed forceps

are used to access and stabilise the eye. Anti-VEGF is used alone (Mintz-Hittner and

Kuppel, 2008) or as an adjunct to ROP treatment (Law et al, 2010; Axer-Siegel et al,

2011), and has been shown to reduce unfavourable structural outcomes and maintain

longterm good visual acuity (Martinez-Castellanos et al, 2013; Stahl et al, 2019).

Intravitreal injection is the treatment choice for ROP developing in a very preterm

infant (World Health Organisation, 2012). In this case, much of the retina is still

avascular, and laser ablation would result in a greatly reduced visual field, whereas

intravitreal injection spares the peripheral retina. Caution is required in intravitreal

injection in extremely preterm infants because systemic absorption of anti-VEGF

may adversely influence vascular development in the brain, resulting in impaired

neurodevelopment (Morin et al, 2016; Lien et al, 2016). Intravitreal injection is also

used for treating ROP in unwell or unstable infants.

In our centre, laser is the first-line treatment for most infants while intravitreal

injection is used for select indications; this is in line with UK practice (Adams et

al, 2017). Laser treatment is a lengthy procedure lasting approximately an hour,

whereas intravitreal injection can be performed within minutes. Elements of laser
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treatment that are considered to be painful or stressful, such as administration of

sub-Tenon’s anaesthetic, scleral indentation, and bright retinal illumination, are not

used in the intravitreal injection procedure and therefore the treatment is considered

suitable for infants who may not tolerate laser treatment safely. A third indication for

intravitreal injection is in combination with laser treatment for managing aggressive

posterior ROP (Law et al, 2010; Axer-Siegel et al, 2011), a situation in which both

treatments are required to halt progression of unusually pernicious disease.

Intravitreal injection treatment causes mild pain in adults and local anaesthetic

eye drops are widely used to treat pain associated with the procedure (Rifkin and

Schaal, 2012; Moisseiev et al, 2014; Han et al, 2020). One study of 9 infants undergo-

ing intravitreal injection for ROP treatment with local anaesthetic eye drops identified

moderate clinical pain scores during the procedure. It was noted that pain behaviour

was temporally related to eyelid speculum insertion, while the injection itself ap-

peared well-tolerated (Castellanos et al, 2013). For intravitreal injection treatment in

our centre, oral paracetamol 15mg/kg is given 45 minutes to 1 hour prior to the pro-

cedure. Oral chloral hydrate is used on a case-by-case premise. Anaesthetic eye drops

are given by the ophthalmologist just prior to the procedure, which is performed on

the NICU in a treatment room.

2.3.5 Heel Lance

Heel lancing is a standard method of capillary blood sampling in term and preterm

infants. In our centre, heel lancing is performed using sterile, single-use BD Quikheel

lancets (Becton, Dickinson and Company), either in the ‘Infant’ size (width 2.50mm,

depth 1.0mm) for term infants, or ’Preemie’ size (width 1.75mm, depth 0.85 mm) for

premature infants. A heel lance blood sample is performed by cleaning the infant’s

heel, pressing the lancet against the side of the heel, and depressing the lancet trigger

to release a retractable blade.

During studies, 30 seconds elapsed prior to gentle pressure on the foot to stimulate
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blood flow from the lancet incision. This interval allowed pain score assessment in

response to the heel lance stimulus alone.

2.3.6 Nappy Change

Nappy change is part of routine care in the NICU that takes place approximately

every 3 hours for clinically stable infants, every 6 hours for infants that are clinically

unstable, and can be deferred up to 12 hours if necessary. The nappy changes analysed

in this thesis were performed by a member of the research team trained to deliver

care to premature infants in a neurodevelopmentally supportive manner, in line with

the principles of the Newborn Individualized Developmental Care and Assessment

Program (NIDCAP) (Als and McAnulty, 2011). Nappy change included the following

steps: alert infant to nappy change with gentle tone and light touch; place infant in

lateral position and use containment holding to settle infant (see Figure 2.4); loosen

and remove soiled nappy; clean and dry perineal area; replace fresh nappy, fasten

clothing and return infant to original position.

In Chapter 3, the change in EEG features following BIO ROP screening is char-

acterised. BIO ROP screening is a complex stimulus including elements which are

considered to be painful (eyelid speculum insertion, scleral indentation), as well as

elements which are considered to be stressful but not painful (bright light, manual

restraint). In order to better interpret the findings of Chapter 3, nappy change was

included as a negative control procedure for noxious-related changes in brain activity.

Nappy change is a frequently performed clinical procedure of similar duration to BIO

ROP screening. It is not considered to be painful, but has been observed in previous

studies to evoke similar trends in physiological stress responses as BIO ROP screening

(Wang and Change, 2004; Lyngstad et al, 2014). I hypothesised that EEG changes

following BIO ROP screening which were related to the infant nociceptive response

would not be observed following nappy change.
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During containment holding, the infant’s head is gently cupped, and the infant’s feet are held such that
the legs are bent and tucked in. The contained position recreates the foetal position in utero. Image
from https://www.nationwidechildrens.org/family-resources-education/health-wellness-and-safety-resources/helping-
hands/hand-containment.

Figure 2.4: Containment holding for preterm infants

2.4 Recording Techniques

2.4.1 Electroencephalography

To apply EEG electrodes, the infant’s head was measured using a paper measuring

tape, and a chinagraph pencil was used to mark the electrode locations. The infant’s

scalp was gently cleaned using a cotton bud and preparation gel (Nuprep gel, D.O.

Weaver and Co.). Single use sterile electrodes (Ambu Neuroline disposable Ag/AgCl

cup electrodes) were placed onto the scalp using conductive paste (Elefix EEG paste,

Nihon Kohden) and secured using paper hypoallergenic surgical tape.

The practical application of EEG in the neonatal setting is challenging due to vari-

ous factors. The infant may be nursed in an incubator which restricts the space for

applying EEG electrodes. The electrode array must be placed efficiently to minimise

the time spent handling the infant. An electrode cap was not used, allowing indi-

vidualised electrode placement and avoiding cap-related scalp indentation. Premature

infants are vulnerable to infection, therefore strict hand hygiene is necessary as well

as the use of single-use disposable equipment where possible (Lloyd et al, 2015). Due

to the fragile nature of preterm infant skin, gentle cleaning is necessary to avoid skin

abrasions, and any adhesive must be removed with care (St. Louis et al, 2016). The
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premature infant’s head size is small therefore care must be taken during electrode

placement to avoid salt bridge formation between closely adjacent electrodes. The

EEG studies in this thesis were performed by members of the research team trained

in neonatal EEG placement, in the presence of at least one clinical member of the

research team trained in Neonatal Life Support. An example of study equipment

set-up is shown in Figure 2.5.

An array of 8 electrodes was placed to form a longitudinal and transverse montage:

Fz (reference), FPz (ground), FCz, Cz, CPz, C3, C4, T3, T4 and Oz (see Figure 2.6).

The reduced array was chosen due to the small head size of the premature infants,

time considerations in the NICU, and precedent from previous studies of infant pain

carried out by the research group (Hartley et al, 2018; Green et al, 2019). A decision

was taken after data collection to analyse recordings from a single central recording

electrode (Cz). Data from one subject included in this thesis but studied previously

was originally referenced to FPz and re-referenced to Fz during analysis. The electrode

impedance was below 10 kOhms for all studies.

EEG was recorded and amplified using the SynAmps RT system (Compumedics

Neuroscan). The signal was sampled at 2000 Hz using the CURRYscan7 neuroimaging

suite (Compumedics Neuroscan). Neonatal EEG frequencies may be as slow as 0.01

Hz (St. Louis et al, 2016), however this lower range overlaps with sweat artefact low

frequency oscillations (White and Van Cott, 2010; Reis et al, 2014), therefore the

signal was high-pass filtered at 0.5Hz. A low-pass limit of 70 Hz was used, with a

notch filter at 49-51 Hz added to removed 50 Hz mains interference. All equipment

was compliant with international safety standards for medical devices (IEC 60601-1).

For studies involving ROP screening, ROP treatment or nappy change, a marker

was added to the EEG signal at the time of the study to indicate the timing of the

pain score baseline period, the start of the procedure, and the end. For ROP screening

and treatment studies, the start was defined as instillation of anaesthetic eye drops

prior to the procedure, and the end was defined as removal of the eyelid speculum
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Clockwise from top left: Optos imaging system; electroencephalography recording system; wires for pulse oximeter
and electrocardiogram leads (white); electroencephalography electrodes. Shown with parental permission.

Figure 2.5: Example of equipment for a study involving Optos screening

Schematic of infant’s head seen from above. An array of 8 electrodes was placed to form a longitudinal and transverse
montage: Fz (reference), FPz (ground), FCz, Cz, CPz, C3, C4, T3, T4 and Oz.

Figure 2.6: Electrode placement
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from the second eye. For nappy change studies, the start was defined as opening the

nappy fastenings, and the end was defined as closing the nappy fastenings.

The pain score baseline for BIO ROP screening studies was recorded median 405s

following the start of the EEG recording, and median 198s prior to the start of

screening. The nappy change pain score baseline was recorded median 452s following

the start of the EEG recording, and median 164s before screening.

Additional markers indicating drug administration or handling were also marked

where relevant. For studies involving heel lancing, the deployment of the lance was

time-locked to the EEG signal using methods described previously (Worley et al,

2012). A K-shear accelerometer (Kistler Instruments Ltd.) held against the lance al-

lowed detection of the lance deployment, which in turn triggered the contemporaneous

addition of a marker in the EEG recording.

2.4.2 Physiological Monitoring

Infants in the Intensive Care and High Dependency areas of the NICU have routine

continuous monitoring of HR and oxygen saturations via ECG and pulse oximetry

respectively. For such infants, the monitoring leads were disconnected from the Unit

monitors and connected to a research monitor (IntelliVue MX800 patient monitor,

Philips). The research monitor was connected to a laptop which recorded the physiolo-

gical data using ixTrend software (ixellence GmbH, now ixitos GmbH, Germany).

Infants in the Low Dependency area of the NICU do not have routine physiological

monitoring. For these infants, the research team attached ECG leads to the chest

and a pulse oximeter to the foot. All non-routine monitoring was removed at the

end of the study. As for the EEG signal, markers were added manually in ixTrend to

indicate the timing of the PIPP-R baseline period, the start and end of the procedure,

and any other important events such as drug administration or handling.
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2.4.3 Facial Video

After the EEG and physiological monitoring equipment had been set up and the infant

was settled, a hand-held digital camera was used on video mode to record the infant’s

face for 15 seconds. This provided a record of the infant’s baseline behavioural state.

Immediately following the clinical procedure, a second facial video was recorded for

30 seconds to record any pain-related facial behaviours (eye squeeze, brow bulge, and

nasolabial furrow). The two videos were used to calculate a PIPP-R score, together

with corrected gestational age, HR and oxygen saturations as described in Section

2.5.3.

2.5 Analysis

2.5.1 Subjects

BIO ROP screening Twenty-seven infants had EEG recorded during BIO ROP

screening, of whom 17 were included in analysis. Reasons for exclusion were: 2 in-

fants’ EEG recording had artefact precluding analysis; 1 infant did not have BIO

ROP screening but underwent optical coherence tomography scanning instead; 2 in-

fants were diagnosed with excluded conditions on the day of study (interventricular

haemorrhage, meningitis); and 5 infants were aged < 34 weeks corrected gestational

age at study. A post hoc decision was taken to include only infants of corrected gest-

ational age 34 weeks or older in analysis of brain activity. The intention was to align

inclusion criteria with previous studies of event-related potentials (ERP). The tem-

plate of noxious-related ERP described in Section 1.5.3 was characterised in infants of

corrected gestational age 34 weeks or older, because the ability to respond discrimin-

atively to stimuli is reported to emerge around 33 weeks (Fabrizi et al, 2011a; Green

et al, 2019). Younger infants are more likely to display non-specific neuronal activity

to a noxious stimulus, whereas after approximately 34 weeks corrected gestational
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age noxious-specific activity is likely to be generated (Fabrizi et al, 2011; Hartley et

al, 2017).

Additionally, data were included from an independent group of infants who had

EEG recorded during BIO ROP screening as part of the placebo arm of a randomised

controlled trial. The placebo group comprised 15 infants, of whom 8 had sufficient

duration artefact-free EEG before and after screening recorded for inclusion in this

study.

Optos ROP screening Seven infants had EEG recorded during Optos ROP screen-

ing, of whom 6 were included in analysis. EEG data from one infant was excluded

due to insufficient duration of post-procedure recording for analysis.

ROP treatment Six infants had EEG recorded during ROP treatment, of whom

5 were included in analysis. One infant was excluded because the procedure was

performed while intubated and ventilated; a decision was taken to include only non-

ventilated infants because this represented usual clinical practice in our centre.

Nappy change Fifteen infants had EEG recorded during nappy change, of whom 9

were included in analysis. Reasons for exclusion were: 2 infants’ EEG recording had

artefact precluding analysis, 2 had other experimental stimuli applied prior to nappy

change (light, sound, touch) and were excluded to avoid confounding the response to

experimental stimuli with the response to nappy change; 1 infant was excluded due to

a different nappy change technique (the infant’s legs were lifted rather than turning

the infant on its side); and 1 infant had stoma care performed in addition to nappy

change. The number of infants recruited for study during nappy change was low,

because recruitment was stopped in March 2020 following the outbreak of COVID-

19. This meant that access to the NICU was restricted for clinical researchers, and

clinical studies were prohibited as part of wider restrictions introduced to limit the

spread of coronavirus.
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Heel lance Data were included from a database of infants who had EEG recorded

during heel lancing as part of previous research studies. Twenty-three healthy infants

had sufficient duration artefact-free EEG before and after heel lancing for inclusion

in this study. Infants with normal blood test results were included because previous

research suggests that intercurrent illness may affect nociceptive responses (Sellam et

al, 2011).

2.5.2 Electroencephalography

EEG epochs at the Cz electrode of 120 seconds duration were identified using CURRY-

scan7 and exported as .dat files. Recording length for analysis of the effect of complex

stimuli on EEG is not standardised, with 1-5 minute recordings having been reported

(Le Pera et al, 2000; Ishitani et al, 2005; Nir et al, 2012); in this thesis, a period of

120 seconds was analysed.

For BIO ROP screening studies, three 120s epochs were selected (see Figure 2.7):

one epoch (A) was selected at the start of EEG recording as early as possible following

electrode placement with the intention that subjects be in a similar state of arousal

during the baseline recording. This baseline epoch was selected median 17s (lower

quartile (LQ) 5s, upper quartile (UQ) 142s) following the start of the EEG recording.

A second epoch (B) was chosen immediately prior to screening in order to identify

changes which occurred due to non-noxious stimulation - tactile stimulation from

handling, auditory stimulation from voices of the ophthalmology team, and visual

stimulation from the ophthalmoscope near the infant. The third 120s epoch (C) was

selected immediately following the procedure with the intention of capturing post-

procedure changes in brain activity before recovery to baseline.
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The figure illustrates the timing of epoch selection in the studies presented in this thesis. Epoch A = baseline epoch of
120 seconds duration selected as early as possible in the study recording, with the intention that study subjects be in
a similar state of arousal following electrode application. Epoch B = 120 second epoch immediately before the start of
the study procedure. This epoch was selected only for studies of BIO ROP screening, with the intention of identifying
EEG changes related to non-noxious stimulation associated with the arrival of the clinical team. Epoch X = epoch
representing the approximate duration of the study procedure, during which EEG was recorded but not analysed due
to excessive motion artefact. Epoch C = post-procedure epoch of 120 seconds duration selected immediately following
the procedure, with the intention of capturing post-procedure changes in brain activity before recovery to baseline.

Figure 2.7: Schematic of electroencephalogram epoch selection

For Optos ROP screening, ROP treatment, heel lance, and nappy change studies

an epoch of 120s duration was selected before (A) and after (C) the procedure. The

baseline epoch was selected median 334s (LQ 278s, UQ 413s) following the start of

the EEG recording for Optos ROP screening; median 16s (LQ 5s, UQ 94s) for ROP

treatment; median 5s (LQ 5s, UQ 30s) for heel lancing, and median 61s (LQ 8s,

UQ 243s) for nappy change subjects. EEG recorded during the study procedures was

frequently affected by movement and muscle artefact, therefore EEG from this period

was not analysed.

Forty-five quantitative features of EEG were calculated for each 120s epoch using

MATLAB code developed by Pillay (Pillay et al, 2018). The features are listed in

Table 2.2.
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Table 2.2: Quantitative features of the electroencephalogram investigated in this thesis

Fourier transformation

Average power of full electroencephalogram signal

Relative power of delta, theta, alpha & beta bands

Average frequency of full electroencephalogram signal power spectrum

Frequency-domain Average frequency of delta, theta, alpha and beta bands

Spectral entropy

Wavelet transformation

Mean & standard deviation of detail levels 3 to 5 and approximation level
5 coefficients

Sum of squared detail levels 3 to 5 and approximation level 5 coefficients

Amplitude

Mean & standard deviation of the signal amplitude

Mean & standard deviation of the amplitude in delta, theta, alpha and
beta bands

Amplitude range (max-min)

Sum of amplitudes

Sum of squared amplitudes

Time-domain Maximum value of first derivative of the signal

Coastline distance

Zero crossing rate

Range electroencephalogram

Mean & standard deviation

Median & interquartile range

Lower & higher margins

Frequency domain features
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Fourier transformation Frequency domain analysis is commonly performed
using Fourier transformation of the EEG signal, which decomposes the signal into
its component frequencies. The frequencies are then divided into classical frequency
bands: delta (0.5-3 Hz), theta (3-8 Hz), alpha (8-12 Hz), beta (12-30 Hz). However,
there are limitations to applying the Fourier transform to an EEG signal. Fourier
analysis requires the data to be strictly periodic or stationary, that is, unchanging
with regard to time. EEG does not fulfil this requirement because the signal changes
over time, hence cautious interpretation of EEG analysis using Fourier transformation
is required. Nonetheless, the Fourier transform is widely used in EEG research and
therefore the approach was included in this thesis.

Average power of full EEG signal & relative delta, theta, alpha, and beta

power The Welch method (Welch, 1967) (MATLAB command ‘pwelch’) was used to

estimate the power spectral density, that is, the power of the signal at each component

frequency. Welch’s method was chosen because it minimises noise in the signal by

windowing the total signal (Proakis and Manolakis, 1996). A Hamming window was

used with 50% overlap to better reduce ringing artefact than a simple rectangular

window. In Welch’s method, after windowing, the Discrete Fourier Transform is used

in calculating a periodogram (that is, a power spectral density estimate) per window.

The resultant modified periodograms are averaged to give a periodogram for the whole

signal.

The MATLAB command ‘bandpower’ was used to calculate the average power

of the signal from the periodogram within the full filtered range (0.5 to 30 Hz).

Relative bandpowers were calculated using the MATLAB command ‘bandpower’ for

each frequency band, then dividing by the full power of the signal within the filtered

range.

Average frequency of full EEG signal & delta, theta, alpha and beta

bands The MATLAB command ‘meanfreq’ was used to calculate the average fre-

quency of the signal from the periodogram within the full filtered range. The average
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delta, theta, alpha and beta frequencies were similarly calculated.

Spectral entropy Power spectral entropy is a measure of complexity of the

EEG signal. High entropy implies a complex signal and low entropy an ordered or

predictable signal (Gomez and Hornero, 2010). EEG complexity may reflect neural

network connectivity (Bosl et al, 2011; Sporns et al, 2000) and brain maturation in

infants (Zhang et al, 2009; Scher et al, 2010). Previous studies have observed that

EEG complexity increases with age through the neonatal period (Janjarasjitt et al,

2008; Lippe et al, 2009; Zhang et al, 2009), and decreases in pathological states (Costa

et al, 2005; Bosl et al, 2011; Al-Nuaimi et al, 2018).

Spectral entropy was estimated using Powell and Percival’s approach (Powell and

Percival, 1979) to calculate Shannon’s entropy from the periodogram (Shannon, 1948).

Wavelet transformation Wavelet transformation is a method of spectral ana-

lysis that takes into account the non-stationary or time-varying nature of the EEG

signal. The frequency content of the signal is represented temporally as a series of

wavelet functions. A “mother wavelet” is selected which can be scaled to approximate

the signal as it changes over time (see Figure 2.8a). The Daubechies order 4 wavelet

was chosen because of precedent in previous studies of preterm infant EEG (Greene

et al, 2008; Sen et al, 2014; Pillay et al, 2018). The EEG signal is low-pass filtered us-

ing the mother wavelet function to produce approximation coefficients, and high-pass

filtered to produce detail coefficients. The approximation coefficients of the signal at

each scale of the wavelet are termed An for the nth level of signal decomposition. The

detail coefficients of the signal between each scale are termed Dn (see Figure 2.8b).

The EEG signal was resampled to 250 Hz for wavelet transformation. The frequencies

contained in each decomposition level are shown in Table 2.8c.

The MATLAB command ‘wavedec’ with the option ‘db4’ was used to perform the

Discrete Wavelet Transformation. Measures calculated from detail levels 3 to 5 and

approximation level 5 coefficients included the mean, standard deviation, and sum of
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(a) A ‘mother wavelet’ is selected, which can be scaled to approximate the EEG signal as it changes over
time. In this schematic, the Daubechies order 4 wavelet is scaled to approximate the EEG signal at timepoints
A and B.

(b) The EEG signal is low-pass filtered using the mother wavelet function to produce approximation coeffi-
cients (termed An for the nth level of signal decomposition). The signal is high-pass filtered to produce detail
coefficients (termed Dn for the nth level of signal decomposition).

Discrete Fourier Transform Discrete Wavelet Transform

Band Range Level Range

Beta 12 - 30 Hz Detail 3 15.6 - 31.3 Hz

Alpha 8 - 12 Hz Detail 4 7.8 - 15.6 Hz

Theta 3 - 8 Hz Detail 5 3.9 - 7.8 Hz

Delta 0.5 - 3 Hz Approximation 5 0 - 3.9 Hz

(c) This table highlights that, for a sampling frequency of 250 Hz, the frequencies contained in wavelet decom-
position levels 3 to 5 overlap with the Fourier frequency bands. For example, level 3 detail coefficients contains
beta frequencies, and level 4 detail coefficients contains alpha and beta frequencies.

Figure 2.8: Description of the Discrete Wavelet Transformation
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squared coefficients. The sum of squared coefficients is a measure of signal power in

the coefficients frequency range (Bradshaw and Spies, 1992).

Time domain features

Amplitude MATLAB was used to calculate amplitude features of the full signal

and the delta, theta, alpha and beta bands, including mean, standard deviation,

range, sum, sum of squared amplitudes and the maximum value of the first derivative

of the signal. The coastline distance was calculated, which is the sum of the absolute

differences between consecutive data points (Yetton et al, 2016). The zero-crossing

rate was calculated by counting the number of times the signal crossed zero per 1

second window, then calculating the standard deviation across all windows.

Range EEG The range EEG is a compressed representation of the EEG, similar

to amplitude-integrated EEG that is used in clinical practice (O’Reilly et al, 2012;

Navakatikyan et al, 2016). It estimates inter-burst intervals by measuring peak-to-

peak amplitude in the EEG signal, and reflects EEG discontinuity. The range EEG

was summarised using the mean, standard deviation, median, IQR, 5th percentile,

and 95th percentile.

Event-related potentials

EEG epochs at the Cz electrode of 5 second duration were selected before and after

heel lancing using CURRYscan7 and exported as .dat files. For each subject, the

ERP evoked in response to heel lancing was compared to a template of noxious-

related infant brain activity that has been developed previously, and is described in

Section 1.5.3. MATLAB was used to scale the template to fit the infant brain activity

evoked by heel lancing, thereby quantifying the ERP magnitude for each subject.

When projecting the template onto a single subject’s ERP, latency-corrected adaptive

filtering (Woody, 1967) was used to account for temporal variability, and thereby
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maximise correlation between the template and subject. A template magnitude <

1 implied the observed ERP response was less than the average response evoked by

heel lancing in healthy term infants, and vice versa.

Artefact identification

EEG recordings were visually inspected for artefact including transient electrode arte-

fact, single electrode artefact in Cz, movement artefact, muscle artefact, and electrical

interference. If artefact were present, an alternative 120s epoch was selected as soon

as possible from that point in the recording. For ERP analysis, the subject was re-

jected if artefact occurred in either 5s epoch. Examples of EEG artefact are shown

in Figure 2.9.

A.

C.

E.

B.

D.

Figure 2.9: Examples of EEG artefact: A. Transient electrode B. Single electrode C.
Movement D. Muscle E. Electrical.
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2.5.3 Behaviour

Pain score

A Premature Infant Pain Profile-Revised (PIPP-R) score (Stevens et al, 2014) was

calculated for all subjects using corrected gestational age at study, the facial video

of the baseline behavioural state, the physiological recording of change in heart rate

and oxygen saturation, and the facial video following the procedure. The subject’s

corrected gestational age at study was assigned a score of 0 to 3. Younger infants

received a higher score due to the influence of corrected gestational age on behavioural

responses - at earlier corrected gestational age, infants are less likely to display a

behavioural response to noxious stimulation (Johnston et al, 1993; Johnston et al,

1996; Stevens et al, 1996).

Using the pre-procedure 15 second facial video recording, the subject’s baseline be-

havioural state was identified (active awake, quiet awake, active sleep, or quiet sleep)

and assigned a score from 0 to 3 according to the PIPP-R scoring chart (see Fig-

ure 2.10). Using the post-procedure 30 second facial video recording, the cumulative

duration of each component of facial expression (brow bulge, eye squeeze, nasolabial

furrow) was timed with a stopwatch, and each component was assigned a score from

0 to 3 according to the scoring chart. For ROP screening and treatment studies,

the post-procedure video was recorded immediately after eyelid speculum removal to

allow assessment of eye squeeze.

The continuous physiological recordings were exported as .csv files and analysed

in MATLAB to calculate the difference between the mean value during the 15 second

pre-procedure period and the maximum value during the 30 second post-procedure

period. A score of 0 to 3 was assigned according to the number of beats per minute

increase in HR and the percentage decrease in oxygen saturation. Finally, a composite

score was calculated for each subject (maximum possible score = 21). An example of

the PIPP-R scoring form used is shown in Figure 2.10.
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2.5.4 Physiology

Subjects

Thirty-six subjects had physiological data recorded during BIO ROP screening, of

whom 22 were included in analysis. Reasons for exclusion were: 1 infants’ physiology

recording had artefact precluding analysis; 1 infant did not have BIO ROP screening

but underwent optical coherence tomography scanning instead; 12 infants had less

than 15 minutes physiology recorded. A post hoc decision was taken to exclude

infants with less than 15 minutes duration of physiological recording. The intention

was to select a recording duration that allowed calculation of heart rate variability

measures across consecutive 5 minute windows, while excluding as few infants as

possible. Seven infants had physiological data recorded during Optos ROP screening,

of whom 6 were included in analysis; 6 infants had physiological data recorded during

ROP treatment, of whom 5 were included in analysis. Reasons for exclusions are

stated in Section 2.5.1.

Physiological instability

Physiological instability events (bradycardia, tachycardia, desaturation, and apnoea)

do not have standardised parameters for preterm infants. Bradycardia has been

defined as a reduction in HR below 80-100 bpm for more than 10-20 seconds, and

tachycardia as an increase in HR above 180-200 bpm for more than 10-15 seconds

(Litman et al, 2010; O’Sullivan et al, 2010; Mitchell et al, 2011; Hartley et al, 2018).

Oxygen desaturation has been defined as a reduction in oxygen saturation below

80-90% for more than 10 seconds, and apnoea as cessation in breathing for more

than 20 seconds or a shorter pause associated with bradycardia (Litman et al, 2010;

O’Sullivan et al, 2010; Mitchell et al, 2011; Eichenwald, 2016; Chandrasekharan et

al, 2018; Hartley et al, 2018). The definitions used in this thesis were used in a

randomised controlled trial (Hartley et al, 2018), and are listed in Table 2.3.
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Table 2.3: Instability event definitions used in this thesis

Bradycardia Heart rate less than 100 beats per minute for � 15 seconds

Tachycardia Heart rate greater than 200 beats per minute for � 15 seconds

Desaturation Oxygen saturations less than 80% for � 10s seconds

Apnoea Respiratory pause for � 20 seconds associated with bradycardia

For ROP screening and treatment studies, a 15 minute epoch of continuous physiolo-

gical recording was selected before and after the procedure, exported as a .csv file, and

analysed in MATLAB to identify instability events. For BIO ROP studies, instability

events were also calculated in 1, 6 and 10 hour epochs before and after screening.

Heart rate variability

HRV measures were calculated using 15 minute epochs of continuous ECG recordings

before and after ROP screening studies. ECG recordings were pre-processed in R

(Version 3.6.3, The R Foundation for Statistical Computing) then converted into a

time series of R peaks using MATLAB. The time series was filtered to remove outlying

RR intervals occurring due to artifactual beats (RR interval < 0.2s) or missed beats

(RR interval >1.5s). Interpolation was performed using the RHRV package (Garcia

Martinez et al, 2017; Version 4.2.5) to transform the RR time series into a regularly

sampled signal (NN time series).

Frequency domain measures The NN time series was decomposed into its com-

ponent frequencies using the Fourier transform (window size 300 seconds; slide 30

seconds; Hamming window). The standardised frequency bands used in HRV ana-

lysis are: ultra-low (<0.003 Hz), very low (0.003-0.05 Hz), low (0.05-0.15Hz), and

high frequency (0.15-0.4Hz). Application of the Fourier transform to ECG data as-

sumes the data are stationary or cyclical; however this assumption is not met by ECG

data because the signal changes over time. Theoretically therefore caution is required

in interpreting frequency domain analysis using the Fourier transform, although this

62



approach is used commonly in practice. Wavelet transformation is an alternative

method of analysing the RR time series in the frequency domain; this approach was

not included in the preliminary investigation of BIO ROP screening in this thesis,

but may be considered in future.

The physiological basis of frequency domain HRV analysis is the different rate

of response of the parasympathetic and sympathetic arms of the autonomic nervous

system. The parasympathetic nervous system responds within less than 1 second

and its activity is reflected by the high frequency band (Pagani et al, 1993; Task

Force of the European Society of Cardiology, 1996; Shaffer and Ginsberg, 2017). In

adults, the high frequency band is also influenced by the synchronisation of the heart

rate and respiration, known as respiratory sinus arrhythmia (Shaffer and Ginsberg,

2017). For this reason, the upper bound of the high frequency band is adjusted in

infants, who have a higher respiration rate, to 0.15-1.5Hz (Shaffer and Ginsberg, 2017;

Kozar et al, 2018). However, several studies have found little or negligible influence of

respiratory sinus arrhythmia on HRV activity in infants (Giddens and Kitney, 1985;

Longin et al, 2005; Joshi et al, 2019), and therefore the importance of accounting for

this characteristic in infant HRV analysis is uncertain.

The sympathetic nervous system responds within 5 or more seconds and its activ-

ity is reflected by the low frequency band. The low frequency band has been con-

sidered to arise predominantly from the sympathetic nervous system (Malliani et al,

1991; Montano et al, 1994), or to represent the balance between parasympathetic and

sympathetic contributions (Akselrod et al, 1981; Appel et al, 1989). The ratio of low

frequency to high frequency activity (LF/HF ratio) is influenced by the effect of res-

piratory sinus arrhythmia on the high frequency band, the possible contribution of the

parasympathetic nervous system to the low frequency band, and the non-reciprocal

interaction of the sympathetic and parasympathetic systems in cardiac homeostasis

(Billman, 2013).

The ultra-low frequency and very-low frequency bands have uncertain physiolo-
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gical basis, and may reflect circadian rhythm and the activity of the intrinsic cardiac

nervous system respectively (Kleiger et al, 2005; Shaffer and Ginsbery, 2017). These

bands are not characterised in this thesis due to their uncertain physiological correl-

ates. Table 2.4 lists the frequency-domain HRV measures calculated for each ECG

epoch.

Table 2.4: Frequency-domain heart rate variability measures investigated in this thesis

Absolute power of the low frequency band (0.05–0.15 Hz)

Absolute power of the high frequency band (0.15–1.5 Hz)

Ratio of low to high frequency power

Time domain measures

Statistical measures of the NN interval The standard deviation of the NN

interval (SDNN) is a measure of all components contributing to variability in the

heart rate recording (Task Force of the European Society of Cardiology, 1996). Since

variance increases with recording duration, a standardised recording duration was

used in this study (15 minutes). SDNN is strongly related to the total power of the

signal, since variance is equivalent to total power in spectral analysis (Task Force of

the European Society of Cardiology, 1996).

Other windowed indices include the standard deviation of the average NN interval

over 5 minutes (SDANN) and the average of the standard deviation of the NN interval

over 5 minutes (SDNN index). Two measures of the differences between NN intervals

were included: the standard deviation of successive differences between NN intervals

(SDSD), and the number of interval differences greater than 50ms as a proportion of

the total number of NN intervals (pNN50). The SDANN is produced by ultra-low

frequency activity, the SDNN index reflects very-low frequency activity, and SDSD

and pNN50 are closely correlated with high frequency activity (Shaffer and Ginsberg,

2017).
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Geometric measures The HRV triangular index is calculated from a histogram

of NN interval, where the total number of NN intervals is divided by the number of NN

intervals in the modal bin. This measure is dependent on the width of the histogram

bins; 128 Hz is the most frequent sampling rate and was used in this study, hence

the bin width was 7.8 ms. The triangular interpolation of the NN interval histogram

(TINN) is the baseline width of the NN histogram measured as the base of a triangle.

These measures reflect all variability in the recording and therefore are measures of

the total power of the signal (Task Force of the European Society of Cardiology,

1996).Table 2.5 lists the time-domain HRV measures calculated for each ECG epoch.

Table 2.5: Time-domain heart rate variability measures investigated in this thesis

Statistical measures of the NN interval

SDNN: Standard deviation of NN intervals

SDANN: Standard deviation of the average NN intervals for each 5 min segment

SDNN index: Mean of the standard deviation of the NN intervals for each 5 min segment

SDSD: Standard deviation of successive differences between NN intervals

pNN50: Number of successive NN intervals that differ by more than 50 ms / Total
number of NN intervals

Geometric measures

HRV triangular index: Integral of the NN interval histogram divided by its height

TINN: Triangular interpolation of the NN interval histogram

NN interval = ‘normal to normal’; interbeat interval from which artifact has been removed
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Chapter 3

Does binocular indirect

ophthalmoscopy evoke

noxious-related change in the infant

brain?

3.1 Abstract

Introduction

ROP is a disorder of the retinal vasculature which develops in premature infants

and is a cause of childhood blindness. In order to detect sight-threatening disease,

BIO screening for ROP is performed repeatedly during the neonatal period. Unfor-

tunately, BIO ROP screening is considered to be painful and stressful for infants, as

inferred from changes in behaviour and physiology evoked by the procedure. Pain

and stress during the preterm period can lead to negative consequences for infant

development. Reduction of pain and stress during BIO ROP screening have therefore

been attempted using pharmacological and non-pharmacological strategies. However,
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it is challenging to evaluate the effectiveness of such interventions, due to limitations

in the accurate measurement of infant pain and stress. Physiological and behavioural

measures yield inconsistent results and do not distinguish between infant pain and

stress. Measurement of infant brain activity may be a useful additional approach to

quantifying infant pain and stress evoked by BIO ROP screening. To address this

question, the hypothesis that BIO ROP screening evokes noxious-related changes in

infant brain activity was tested.

Methods

A wide range of EEG features were investigated for change following BIO ROP screen-

ing in an exploratory analysis. The findings were tested in confirmatory analyses

comprising 1) an independent group of preterm infants undergoing BIO ROP screen-

ing, 2) a negative control group of preterm infants undergoing nappy change, and 3)

a positive control group of infants undergoing heel lance blood sampling. The find-

ings were further investigated by relating the change in EEG features following heel

lancing to the magnitude of the noxious event-related potential (ERP), a previously-

defined measure of infant nociception. Finally, the relationships between changes in

infant brain activity, behaviour and physiology evoked by BIO ROP screening were

characterised using data from the infants included in the first two analyses.

Results

Forty-five quantitative features of EEG were calculated in 17 infants undergoing BIO

ROP screening. A subset of 10 features relating to alpha and beta frequency bands

(12 - 30 Hz) changed significantly from baseline to post-procedure (p < 0.05). The

features were grouped into three clusters using cluster analysis, and the feature with

the greatest effect size per cluster was identified: standard deviation of level 3 detail

coefficients, sum of squared level 4 detail coefficients, and relative beta power. These
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findings were confirmed in an independent group of 8 infants undergoing BIO ROP

screening.

Non-noxious stimulation (nappy change in 9 infants) did not evoke a signific-

ant change in EEG activity, whereas a different noxious stimulus (heel lance blood

sampling in 23 infants) evoked a significant increase in one of the three features, relat-

ive beta power (p = 0.0061). There was a significant relationship between the change

in relative beta power and the magnitude of the noxious ERP following heel lancing

(Spearman’s rho = 0.52, p = 0.033). Finally, there was no significant relationship

between changes in infant brain activity, behaviour and physiology evoked by BIO

ROP screening.

Conclusions

BIO ROP screening evokes a significant increase in higher frequency brain activity (12

- 30 Hz) in preterm infants. The increase in relative beta power evoked by BIO ROP

screening may be noxious-related. The research described in this Chapter aims to

contribute to understanding of the noxious-related changes in brain activity evoked

by BIO ROP screening. Improved understanding of the infant experience of ROP

screening may allow clinicians to better identify and treat infant pain and stress

during essential clinical procedures.

3.2 Methods

3.2.1 Participating Infants

Seventeen subjects undergoing BIO ROP screening were included in Analysis 1, and

an independent group of 8 subjects undergoing BIO ROP screening were included in

Analysis 2. Nine subjects studied during nappy change were included in Analysis 3,

and 23 subjects studied during heel lancing were included in Analysis 4. Demographic
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information for all subjects included in Chapter 3 is shown in Table 3.1.

3.2.2 Experimental Design

This section contains an overview of the analyses comprising this Chapter. In Analysis

1, 45 quantitative features of EEG were calculated in 17 infants undergoing BIO

ROP screening. The change in each EEG feature after BIO ROP screening was

quantified, clusters of related features identified, and the features with greatest effect

size for change post-procedure were selected from each cluster for further testing. The

change in each of the subset of features of EEG identified in Analysis 1 was calculated

in 8 infants undergoing BIO ROP screening (Analysis 2), 9 infants during nappy

change (Analysis 3), and 23 infants undergoing heel lance blood sampling (Analysis 4).

Additionally in Analysis 4, the magnitude of the noxious-related ERP was calculated,

and related to the change in each of the subset of EEG features. Finally, for the

subjects undergoing BIO ROP screening and nappy change, the PIPP-R score was

calculated. For infants undergoing BIO ROP screening, the relationships between

the change in each of the subset of EEG features and behavioural and physiological

measures were characterised.

3.2.3 Recording Techniques

Brain activity was recorded using EEG in all studies. Behavioural and physiological

measures were recorded for infants undergoing BIO ROP screening and nappy change.

Chapter 2 (General Methods) describes the recording techniques in detail.

3.2.4 Analysis

Exploratory Analysis

Forty-five quantitative EEG features (listed in Table 2.2) were analysed in 17 subjects

undergoing BIO ROP screening. Three 120s EEG epochs were analysed for each
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subject (baseline, pre-procedure, post-procedure) as discussed in Section 2.5.2. Each

epoch was analysed in consecutive 30s windows with 15s overlap (see Figure 3.1).

Epoch length and window duration are not standardised in investigation of tonic

noxious stimuli; epoch length of 2-3 minutes has been reported (Gram et al, 2015;

Ki et al, 2016; Furman et al, 2018) and window duration of 1-25s has been reported

(Chen et al, 1983; Peng et al, 2014; Gram et al, 2015; Zhang et al, 2016; Li et al, 2016;

Furman et al, 2018). For this analysis, 30s was used as the window duration because

range EEG features could not be calculated across a shorter window. Overlapping

windows were used in order to increase the number of samples (Coggeshall and Wu,

2011; Dehghani et al, 2019).

The consecutive 30s windows comprising each 120s epoch were tested for outlying

values for each feature. On average, 5% of the windows were rejected for each feature.

In this thesis, outlying values were defined as more than three scaled median absolute

deviations away from the median; a robust method of outlier detection (Hampel,

1974; Leys et al, 2013) (MATLAB command ‘isoutlier’).

Following outlier rejection, the mean value was calculated across remaining win-

dows for each feature. This resulted in 17 mean values at baseline, pre-procedure

and post-procedure, for each feature. Outlier detection was performed again for the

mean baseline group, and subjects identified were rejected in the mean baseline, pre-

procedure and post-procedure groups. On average, 2% of subjects were rejected at

this stage for each feature.
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7 x 30s WINDOWS 
(15s OVERLAP)
PER SUBJECT

1 x MEAN EPOCH
PER SUBJECT

FOR EACH FEATURE BASELINE POST-PROCEDUREPRE-PROCEDURE

120s EPOCH 
PER SUBJECT

OUTLIER REJECTION

OUTLIER REJECTION

OUTLIER REJECTIONOUTLIER REJECTION

OUTLIER REJECTIONOUTLIER REJECTION

This schematic illustrates the process of EEG epoch analysis. For each subject, an artefact-free 120 second epoch was
chosen at three timepoints (baseline, pre-procedure, and post-procedure). Each epoch was analysed in consecutive 30
second windows, with 15 second overlap, resulting in seven windows per epoch. The mean value for each epoch was
calculated after rejecting outlying windows. Finally for each time-point, outlying mean epoch values were rejected for
the group of 17 subjects. The analysis was performed for each feature.

Figure 3.1: Schematic of electroencephalogram analysis procedure

Next, it was investigated whether there was a significant change from baseline

to pre-procedure for each feature. As discussed in Section 2.5.2, the pre-procedure

epoch was chosen in order to identify changes in brain activity which occurred due

to non-noxious stimulation before the start of the procedure, for example, tactile

stimulation from handling, auditory stimulation from voices of the ophthalmology

team, and visual stimulation from the ophthalmoscope near the infant. Any features

that demonstrated significant change baseline to pre-procedure were excluded from

further analysis, because the change would be evoked by non-noxious stimuli occur-

ring before the procedure of interest. The remaining features were investigated for

significant change from baseline to post-procedure using the same method.

Features which demonstrated significant change from baseline to post-procedure

were analysed to identify related features using cluster analysis. Frequency domain

features were expected to be related since both the Fourier and the Wavelet trans-

forms decompose the EEG signal into its component frequencies. The relationship

between Fourier bands and wavelet levels is shown in Figure 2.8c. For each cluster

identified, the feature with greatest effect size was selected for further investigation

in confirmatory analysis. The statistical approaches used in this analysis are detailed
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in Section 3.2.5.

Confirmatory Analyses

For an independent group of 8 subjects undergoing BIO ROP screening, a group of 9

subjects undergoing nappy change, and a group of 23 subjects undergoing heel lance

blood sampling, the subset of features identified in the first analysis was calculated

in two 120s epochs (baseline, post-procedure) for each subject. Outlier rejection was

performed as for Analysis 1. For each feature, it was investigated whether there was

a significant increase from baseline to post-procedure.

Additionally, for the heel lancing group, the magnitude of the noxious-related ERP

was calculated for each subject. As discussed in Section 1.5.3, a template of noxious-

related brain activity has been characterised in infants undergoing experimental and

clinical noxious stimulation (Hartley et al, 2017). The template was projected onto

individual EEG responses evoked by heel lancing, allowing calculation of the response

magnitude for each subject. In order to investigate the relationship between the

magnitude of the noxious-related ERP and the change from baseline to post-procedure

for each EEG feature, correlation analysis was performed. Subjects were rejected prior

to correlation analysis if outlying values were identified within the ERP responses or

the EEG responses.

Finally, for all infants studied during BIO ROP screening (25 infants), nappy

change (9 infants), and heel lancing (23 infants), a PIPP-R score was calculated as

described in Chapter 2 (General Methods). Additionally, for the BIO ROP screening

group, the relationships between EEG feature change post-procedure and PIPP-R

score, mean baseline HR (15s before the baseline marker), and mean change in HR

(30s after the procedure end marker) were characterised.
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3.2.5 Statistical Analysis

Exploratory Analysis

The differences in baseline to pre-procedure epoch were tested for whether they were

drawn from a normal distribution using the Anderson-Darling test (MATLAB com-

mand ‘adtest’). For normally distributed differences, a paired-sample two-tailed t-test

was performed; for non-normally distributed values, a Wilcoxon signed rank test was

performed.

The False Discovery Rate (Benjamini and Hochberg, 1995) method was used to

correct for multiple hypothesis testing. This method was selected because False Dis-

covery Rate has greater power and a lower type II error rate than the more con-

servative Bonferroni method. A less conservative approach was acceptable because

the results of Analysis 1 were tested in subsequent confirmatory analyses. The False

Discovery Rate method is described here in brief: p-values (p) were ranked from least

to greatest, then corrected p-values (pc) were calculated using:

pc = Q
⇣

i
m

⌘

where Q = 0.2 (accepted type I error rate), i = rank, and m = number of tests. The

greatest rank where p  pc was identified and all hypotheses above this rank were

accepted.

After excluding any features that demonstrated significant change baseline to

pre-procedure, the remaining features were investigated for significant change from

baseline to post-procedure using the same method of parametric or non-parametric

testing with False Discovery Rate control for multiple testing.

Features which demonstrated significant change from baseline to post-procedure

were analysed to identify related features. Linkage analysis was used to group fea-

tures into a hierarchical cluster tree based on the correlation coefficients (MATLAB

command ‘linkage’; using parameters ‘single’ (shortest distance) and ‘correlation’ (1 -

sample correlation between points)). Cluster accuracy was assessed using the cophen-
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etic correlation coefficient (Sokal and Rohlf, 1962), where the closer the coefficient is

to 1, the more accurate the clustering solution (Saracli et al, 2013). Finally, Cohen’s

d effect size (Cohen, 1988; Lakens, 2013) was calculated for the change from baseline

to post-procedure for each feature, using the MATLAB function ‘computeCohen_d

(paired)’. Hedge’s correction (Hedges and Olkin, 1985) for a small sample size was

applied:

Hedge’s g = d
⇣
1� 3

4(n1+n2)�9

⌘

where d= Cohen’s d, n1= sample size baseline, and n2 = sample size post-procedure.

Confirmatory Analyses

The differences in baseline to post-procedure were tested for whether they were drawn

from a normal distribution using the Anderson-Darling test, then a paired-sample one-

tailed t-test was performed for normally-distributed values, and a Wilcoxon signed

rank test for non-normally distributed values. The MATLAB Multiple Testing Tool-

box (Martinez-Cagigal, 2021) was used to apply the Hochberg method to correct

for multiple hypothesis testing. This method controls the Family Wise Error Rate,

and was selected because it strongly controls Type 1 errors, which is important in

confirmatory analysis of a small number of hypotheses. The Hochberg method also

has greater power than the Holm and Bonferroni methods of controlling Family Wise

Error Rate (Benjamini and Hochberg, 1995; Chen et al, 2017).

For infants undergoing heel lancing, the magnitude of the noxious-related ERP was

calculated using methods developed by Hartley (Hartley et al, 2017). The relationship

between the magnitude of the noxious-related ERP and the change from baseline to

post-procedure for each EEG feature was characterised using Spearman’s correlation,

since the magnitude of the noxious-related ERP was non-normally distributed.

The same method was used to characterise the relationships between EEG feature

change post-procedure and PIPP-R score, baseline HR, and post-procedure change
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in HR for all infants studied during BIO ROP screening. Pearson’s linear correla-

tion coefficient for normally distributed values, and Spearman’s rho for non-normally

distributed values.

3.3 Results

3.3.1 BIO ROP screening evokes significant change in infant

brain activity

Forty-five quantitative features of EEG were calculated in 17 infants undergoing BIO

ROP screening. Non-noxious stimuli arising prior to the procedure of interest did

not evoke significant change in EEG features: no features demonstrated a significant

change from baseline to pre-procedure epochs. A subset of 10 features relating to

alpha and beta frequency bands changed significantly from baseline to post-procedure

(see Table 3.2).

Table 3.2: Electroencephalographic features which demonstrated significant change from
baseline following BIO ROP screening in a group of 17 preterm infants

Feature Uncorrected p-value Corrected p-value

Sum of squared level 3 detail coefficients 0.00085 0.0044

Standard deviation of level 3 detail coefficients 0.0010 0.0089

Standard deviation of beta amplitude 0.0017 0.013

Mean of level 3 detail coefficients 0.0019 0.018

Mean of beta amplitude 0.0031 0.022

Standard deviation of level 4 detail coefficients 0.010 0.027

Sum of squared level 4 detail coefficients 0.011 0.031

Relative beta power 0.022 0.036

Coastline distance 0.033 0.040

Mean of level 4 detail coefficients 0.043 0.044

For each EEG feature, the uncorrected p-value (paired-sample two-tailed t-test or Wilcoxon signed rank for
non-parametric features) and corrected p-value following False Discovery Rate correction are shown.
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Linkage analysis identified three clusters (see Figure 3.2): cluster 1 contained

features characterising the signal in the alpha frequency range (7.8 - 15.6 Hz) derived

from wavelet analysis. Cluster 2 contained features characterising the signal in the

beta frequency range (12 - 31.3 Hz), derived from the Fourier transform and wavelet

analysis. Coastline distance, a feature relating to signal amplitude, was also included

in cluster 2. Cluster 3 contained relative beta power, a feature characterising the

signal power in the frequency range 12 - 30 Hz derived from the Fourier transform.

The cophenetic correlation coefficient for the hierarchical structure determined by

linkage analysis was 0.94, indicating a good representation of the data.

This figure shows a dendrogram plot of the hierarchical cluster tree created by linkage analysis. Three clusters are
identified: cluster 1 (red) comprises 3 features (mean D4 = mean of level 4 detail coefficients; SD D4 = standard
deviation of level 4 detail coefficients; sum D4 sq = sum of squared level 4 detail coefficients). Cluster 2 (blue)

comprises 6 features (coastline = coastline distance; mean beta = mean of beta amplitude; mean D3 = mean of level
3 detail coefficients; SD beta = standard deviation of beta amplitude; SD D3 = standard deviation of level 3 detail

coefficients; sum D3 sq = sum of squared level 3 detail coefficients). Cluster 3 (black) comprises 1 feature (beta
power = relative beta power).

Figure 3.2: Linkage analysis of the change in 10 electroencephalographic features following
BIO ROP screening in a group of 17 infants

The corrected Cohen’s d effect size for change from baseline to post-procedure is

listed in Table 3.3 for the subset of 10 features. The feature with greatest effect size
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in cluster 1 was the sum of squared detail coefficients in wavelet transform level 4, a

measure of signal power in the alpha and low beta frequency range (7.8 - 15.6 Hz).

For cluster 2, the standard deviation of the detail coefficients in wavelet transform

level 3, a measure of signal amplitude in the beta frequency range (12 - 31.3 Hz);

and for cluster 3, the relative beta power. The median increase from baseline to

post-procedure was 11% for the standard deviation of level 3 detail coefficients, 18%

for the sum of squared level 4 detail coefficients, and 39% for relative beta power (see

Figure 3.3a).

Table 3.3: Cohen’s d effect size for the change in 10 electroencephalographic features
following BIO ROP screening in a group of 17 infants. The feature with greatest effect size
for each cluster is highlighted.

Cluster Feature Effect size

1
Sum of squared level 4 detail coefficients 0.70
Standard deviation of level 4 detail coefficients 0.69

Mean of level 4 detail coefficients 0.52

2 Standard deviation of level 3 detail coefficients 0.95
Sum of squared level 3 detail coefficients 0.91
Standard deviation of beta amplitude 0.89

Mean of level 3 detail coefficients 0.83
Mean of beta amplitude 0.82

Coastline distance 0.57

3 Relative beta power 0.57
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(a) Percentage change in three electroencephalographic features following BIO ROP screening
in a group of 17 infants

(b) Percentage change in three electroencephalographic features following BIO ROP screening
in a group of 8 infants

(c) Percentage change in three electroencephalographic features following nappy change in a
group of 9 infants

Figure 3.3: Percentage change in three electroencephalographic features following
clinical procedures: standard deviation of level 3 detail coefficients (D3 SD), sum of
squared level 4 detail coefficients (D4 Sumsq), and relative beta power.
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3.3.2 Changes in infant brain activity evoked by BIO ROP

screening are confirmed in an independent dataset

The first analysis presented in this Chapter was exploratory in nature; the aim was

to investigate whether there is a change in infant brain activity following BIO ROP

screening.A wide range of candidate features of EEG was reduced to a subset of

features for further investigation. This confirmatory analysis tested the hypothesis

that BIO ROP screening evokes a change in the subset of features highlighted in

Table 3.3. The change in these features was calculated in an independent group of 8

infants undergoing BIO ROP screening. Each feature again demonstrated a significant

change from baseline to post-procedure (see Table 3.4), confirming the robustness of

the observations. One feature which did not change significantly following BIO ROP

screening, relative delta power (p-value = 0.48), was re-tested in the independent

dataset group as a control: again there was no significant change in relative delta

power following BIO ROP screening (p-value = 0.96). The median increase following

screening was 13% for the standard deviation of level 3 detail coefficients, 41% for the

sum of squared level 4 detail coefficients, and 9% for relative beta power (see Figure

3.3b).

Table 3.4: Electroencephalographic features which demonstrated significant change follow-
ing BIO ROP screening were re-tested in an independent group of 8 infants undergoing BIO
ROP screening

Feature Uncorrected p-value Corrected p-value

Standard deviation of level 3 detail coefficients 0.0039 0.012

Sum of squared level 4 detail coefficients 0.0085 0.017

Relative beta power 0.048 0.048

For each EEG feature, the uncorrected p-value (paired-sample one-tailed t-test or Wilcoxon signed rank for
non-parametric features) and corrected p-value following Hochberg correction are shown.
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3.3.3 Changes in infant brain activity following BIO ROP

screening are not evoked by a non-noxious control pro-

cedure

A negative control procedure (nappy change) was used to test the hypothesis that

EEG feature change observed following BIO ROP screening was non-noxious-related.

The change in the subset of features highlighted in Table 3.3 was calculated in 9

infants during nappy change. The number of infants included in this analysis is small;

although more data was intended to be collected, further recruitment was limited by

restrictions on carrying out clinical studies during the COVID-19 pandemic.

Nappy change did not evoke a significant change in EEG activity from baseline to

post-procedure (see Table 3.5), which may suggest the results of the previous analyses

were not due to non-noxious stimulation arising during screening. There was a median

reduction following nappy change of 2% for the standard deviation of level 3 detail

coefficients, 5% for the sum of squared level 4 detail coefficients, and 4% for relative

beta power (see Figure 3.3c). For all infants in BIO ROP screening and nappy change

groups, the PIPP-R score, baseline HR and change in HR post-procedure are listed in

Table 3.6. The median PIPP-R score for infants undergoing BIO ROP screening was

9, indicating moderate pain (Fatollahzade et al, 2020), whereas the median PIPP-R

score for nappy change was 5, indicating minimal or no pain (Stevens et al, 1996).

Table 3.5: Electroencephalographic features which demonstrated significant change from
baseline following BIO ROP screening were re-tested in a group of 9 infants undergoing
nappy change

Feature Uncorrected p-value Corrected p-value

Standard deviation of level 3 detail coefficients 0.84 0.99

Sum of squared level 4 detail coefficients 0.99 0.99

Relative beta power 0.25 0.74

For each EEG feature, the uncorrected p-value (paired-sample one-tailed t-test or Wilcoxon signed rank for
non-parametric features) and corrected p-value following Hochberg correction are shown.
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Table 3.6: Behavioural and physiological outcomes for infants undergoing BIO ROP screen-
ing and nappy change

BIO ROP screening (n=25) Nappy change (n=9)

Premature Infant Pain Profile - Revised score 9 (7.5, 11.5) 5 (4.5, 5.25)

Mean baseline heart rate (bpm) 154 (142, 163) 154 (152, 157)

Mean post-procedure heart rate change (bpm) 40 (27, 60) 20 (11.5, 27)

Figures are median (lower quartile, upper quartile). bpm = beats per minute.

3.3.4 Changes in infant brain activity following BIO ROP

screening are evoked by a noxious control procedure

In the fourth analysis, a positive control procedure (heel lancing) was used to test

the hypothesis that EEG feature change identified following BIO ROP screening is

noxious-related. Firstly, the change in the subset of features highlighted in Table

3.3 was calculated in 23 infants during heel lancing; a significant change following

heel lancing was identified in relative beta power only (see Table 3.7). There was

a median increase following heel lancing of 5% for the standard deviation of level 3

detail coefficients, 7% for the sum of squared level 4 detail coefficients, and 12% for

relative beta power (see Figure 3.4). The median PIPP-R score for heel lancing was

5, and the median post-procedure change in HR was 13 bpm (see Table 3.8).

Next, a template of noxious-related brain activity was used, which was charac-

terised in response to heel lancing as discussed in Section 1.5.3. The template is

specific to noxious stimuli, and is validated for use in independent data to quantify

the noxious-related response to a stimulus. In this analysis, the template was fitted

to the brain activity evoked by heel lancing in a group of 23 infants in order to cal-

culate the magnitude of the noxious-related ERP. The relationship was characterised

between the change in EEG features and the magnitude of the noxious-related ERP.

Following heel lancing, there was a significant positive correlation between the change

in relative beta power and the magnitude of the noxious-related ERP (Spearman’s
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rho = 0.52, p-value = 0.033, see Figure 3.5). There was no significant relationship

between the magnitude of the noxious-related ERP and either the standard deviation

of level 3 detail coefficients (Spearman’s rho = -0.036, p-value = 0.87) or the sum of

squared level 4 detail coefficients (Spearman’s rho = 0.045, p-value = 0.85). These

findings suggest the change in relative beta power may be noxious-related.

Table 3.7: Electroencephalographic features which demonstrated significant change from
baseline following BIO ROP screening were re-tested in a group of 23 infants undergoing
heel lancing

Feature Uncorrected p-value Corrected p-value

Standard deviation of level 3 detail coefficients 0.046 0.92

Sum of squared level 4 detail coefficients 0.31 0.31

Relative beta power 0.0020 0.0061

For each EEG feature, the uncorrected p-value (paired-sample one-tailed t-test or Wilcoxon signed rank for
non-parametric features) and corrected p-value following Hochberg correction are shown.

D3 SD = standard deviation of level 3 detail coefficients; D4 Sumsq = sum of squared level 4 detail coefficients; Beta
power = relative beta power.

Figure 3.4: Percentage change in three electroencephalographic features following heel
lancing in a group of 23 infants
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Table 3.8: Behavioural and physiological outcomes for infants undergoing BIO ROP screen-
ing and heel lancing

BIO ROP screening (n=25) Heel lancing (n=23)

Premature Infant Pain Profile - Revised score 9 (7.5, 11.5) 5 (4, 9)

Mean post-procedure heart rate change (bpm) 40 (27, 60) 13 (5, 28)

Figures are median (lower quartile, upper quartile). bpm = beats per minute.

Figure 3.5: Change in relative beta power and the magnitude of the noxious event related
potential evoked by heel lancing were positively correlated in 23 infants (Spearman’s rho =
0.52, p-value = 0.033)

3.3.5 Changes in brain activity evoked by BIO ROP screening

are not related to changes in behaviour and physiology

The change in features of EEG evoked by BIO ROP screening was also compared

to behavioural and physiological surrogate measures of pain. For the 25 subjects

undergoing BIO ROP screening there was no significant relationship between the

change in the subset of EEG features identified following BIO ROP screening and

PIPP-R score, baseline HR or change in HR following BIO ROP screening (see Table

3.9 and Figure 3.6). There was a strong correlation between the baseline HR and the
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change in HR following BIO ROP screening (rho = -0.77, p-value = 0.0000062; see

Figure 3.7). Notably, one subject had a baseline HR of 170 bpm, with no increase

following screening. This is an example of the ceiling effect of the maximum HR

achievable for each subject, wherein the HR cannot further increase from baseline in

response to stimulation.

Table 3.9: Correlations between electroencephalographic feature change and behavioural
& physiological measures following BIO ROP screening in 25 infants

PIPP-R score Baseline HR HR change

rho p-value rho p-value rho p-value

Standard deviation of level 3 detail coefficients -0.059 0.81 0.26 0.25 -0.17 0.46

Sum of squared level 4 detail coefficients -0.057 0.80 -0.13 0.54 0.10 0.64

Relative beta power 0.011 0.96 0.16 0.47 -0.0071 0.97

PIPP-R = Premature Infant Pain Profile-Revised; HR = heart rate; Pearson’s linear correlation or Spearman’s rho
for non-parametric measures is shown.

85



Figure 3.6: Change in three electroencephalographic features was not significantly cor-
related to Premature Infant Pain Profile-Revised (PIPP-R) score, baseline heart rate, or
change in heart rate following BIO ROP screening in 25 infants. (SD = standard deviation;
bpm = beats per minute).
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Figure 3.7: Baseline heart rate and change in heart rate following BIO ROP screening were
strongly negatively correlated in 25 infants (Pearson’s rho = -0.77, p-value = 0.0000062)

3.4 Discussion

3.4.1 Overview

The effect of BIO ROP screening on infant brain activity was characterised in 17

infants: screening evoked a significant change in 10 features of EEG which related to

the alpha and beta bands (7.8 - 15.6 Hz, and 12 - 31.3 Hz). This observation was

confirmed in an independent set of 9 infants undergoing BIO ROP screening.

BIO ROP screening evokes changes in infant brain activity that may be noxious-

related: the increase in relative beta power observed following BIO ROP screening

was also observed following a different noxious procedure (heel lancing), and was

not observed following a non-noxious stressful procedure (nappy change). Moreover,

following heel lancing, the increase in relative beta power was significantly correlated

to a previously-characterised noxious-related ERP.

3.4.2 A shift to higher frequency brain activity is observed

following BIO ROP screening

Following BIO ROP screening, an increase in relative beta power and beta amplitude

was observed, as well as an increase in signal power at 7.8 - 15.6 Hz, spanning alpha
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and beta frequencies. Increase in relative beta power may be a measure of nocicep-

tion in infants, since this change was identified again following a different noxious

procedure (heel lancing) and was not identified following a non-noxious control pro-

cedure (nappy change). Moreover, the change in relative beta power was significantly

correlated to the magnitude of the noxious-related ERP evoked by heel lancing, a

validated measure of nociception in infants.

An association between increased high frequency activity and nociception in in-

fants has been identified previously: in a study of 18 infants, an increase in beta and

gamma oscillations was observed at the Cz electrode following heel lancing (Fabrizi et

al, 2016). Studies of tonic pain in adults have also observed an increase in beta and

gamma frequency activity in response to experimental tonic noxious stimuli such as

intramuscular capsaicin injection, cold pressor test and thermal pain. (Chang et al,

2001; Gram et al, 2015; Peng et al, 2014; Li et al, 2016; Misra et al, 2017). Clinical

tonic pain in adults has been investigated in the context of noxious stimulation dur-

ing anaesthesia. In a study of 20 anaesthetised patients, a noxious clinical procedure

(laryngoscopy and intubation) evoked a reduction in relative delta and increase in

relative beta activity (Wilder-Smith et al, 1995). A similar approach has been used

in animal models. A shift toward higher frequency EEG activity was observed in an

anaesthetised dog during noxious pressure stimulation. The change in brain activity

was associated with physiological markers of nociception such as increased HR and

BP (Otto, 2008).

Higher frequency brain activity may have a role in nociceptive perception and pro-

cessing. Peng et al observed that tonic pain evokes widespread cortical increase in

high frequency brain activity, and suggested this may reflect synchronisation between

cortical regions involved in pain processing (Peng et al, 2014). More specifically,

Ploner et al observed that tonic pain evokes high frequency brain activity first over

sensorimotor cortical regions, and later over cortical regions encoding emotional pro-

cessing (Ploner et al, 2017; Gross et al, 2007; Schulz et al, 2015). In this study, the
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increase in high frequency brain activity at the Cz electrode may arise from the under-

lying sensorimotor cortex (Slater et al, 2010c; Marshall and Meltzhoff, 2015; De Klerk

et al, 2015; Dall’Orso et al, 2018). High frequency brain activity over sensorimotor

regions in response to a tonic noxious stimulus may relate to the transformation of

nociception into a motor response (Schulz et al, 2012).

The changes observed in the sum of squared level 4 detail coefficients may be due

to differences in alpha and beta oscillatory responses contained within the feature. As

discussed above, beta oscillations increase in response to noxious stimulation. Hence,

following BIO ROP screening, a beta-mediated noxious-related increase in the sum

of squared level 4 detail coefficients may be observed.

However, following nappy change, a decrease in the sum of squared level 4 detail

coefficients was observed. This decrease may have been mediated by a decrease in al-

pha oscillations. A large body of evidence underpins the role of alpha power in adults:

increase in alpha oscillations represents active cortical suppression of distracting in-

formation, while decreased alpha power reflects removal of this suppression during

attention (Fries et al, 2001; Foxe and Snyder, 2011; Klimesch, 2012). An association

between alpha suppression and arousal in infants has been identified previously: in a

study of 59 infants, a decrease in alpha oscillations was observed in central electrodes

during sustained attention (Xie et al, 2018). As discussed in Section 2.3.6, nappy

change is a salient stimulus, evoking behavioural and physiological arousal-related

changes. Therefore, following nappy change, an alpha-mediated arousal-related de-

crease in the sum of squared level 4 detail coefficients may have been observed.

No significant change in the sum of squared level 4 detail coefficients was identified

following heel lancing, which may be indicative of the balance between beta-mediated

increase in response to nociception, and alpha-mediated decrease in response to stim-

ulus saliency.

The high frequency brain activity observed following BIO ROP screening is un-

likely to have been generated by muscle artefact. All EEG recordings were visually
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inspected for artefact and contaminated segments were manually rejected. Record-

ings were obtained from a centrally located electrode, which is the location least

vulnerable to muscle contamination (Ma et al, 2012; Li et al, 2016).

3.4.3 Relating brain activity to behaviour and physiology

If the changes in brain activity following BIO ROP screening are related to nociceptive

cortical processing, then a relationship may be expected between brain activity and

other measures of nociception (Hartley et al, 2017). However, in this study there

were no significant correlations between the change in brain activity after BIO ROP

screening and the baseline HR, change in HR, or PIPP-R score.

Limitations to the PIPP-R score have been discussed; the score is not specific to

BIO ROP screening and may not fully capture noxious-related changes in behaviour

and physiology evoked by the procedure. The screening procedure is comprised of var-

ied stimuli, including tactile (head restraint, eyelid speculum, scleral indentation) and

visual (bright retinal illumination) stimulation. The behavioural, physiological and

neurological responses observed may be evoked differently by the component stimuli.

The experimental approach did not characterise the effect of individual components

of BIO ROP screening on the outcome measures and so conclusions cannot be drawn

regarding this hypothesis.

PIPP-R scores may range from 0 to 21, however in this study there was a nar-

rower range of PIPP-R scores (5 to 17). This study may have been underpowered

due to small sample size; a larger sample with greater variability may be required

to better identify significant relationships between brain activity and PIPP-R score

(Haegerstrom-Portnoy et al, 2000; Armstrong, 2019).

Moreover, in this study the baseline EEG epoch and the baseline physiological

and behavioural observations were not precisely temporally aligned. As described in

Chapter 2 (General Methods), the baseline EEG epoch was selected retrospectively

by identifying a period of 120s as early as possible in the EEG recording that was
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unaffected by artefact. The PIPP-R baseline was marked contemporaneously during

each study when the infant was settled. It is possible that a difference in infants’

activity state may have influenced the evaluation of the relationship between brain

activity and physiological or behavioural measures.

Additionally, the baseline HR was strongly related to the change in HR after

screening. The post-procedure change in HR may have been limited by the physiolo-

gical maximum HR achievable. This ‘ceiling effect’ may have influenced the relation-

ship between change in brain activity and change in HR after screening. In Chapter 4,

heart rate variability (HRV) is investigated, which may avoid a physiological ‘ceiling

effect’ and therefore may better characterise physiological changes during BIO ROP

screening.

3.4.4 Strengths and Limitations

To date, this is the first study of clinical tonic pain in preterm infants using explor-

atory analysis of quantitative features of EEG. A wide range of EEG features was

included with the intention of representing the complexities of the preterm EEG. The

feasibility of recording EEG in infants during a complex clinical procedure is demon-

strated, and an approach toward defining a novel measure of nociception in infants is

described.

Limitations include a small sample size, particularly in Analysis 3 (nappy change),

meaning that the study was underpowered for statistical significance. Recruitment

and study of preterm infants is challenging, given the fragile nature of newborn in-

fants, and the care required to sensitively approach parents or caregivers regarding

consent for study. Additionally, following the outbreak of the coronavirus pandemic,

recruitment and study of infants in the NICU was suspended to reduce risk of infection

spread.

A limitation of the study design was the selection of EEG epochs for analysis

without determination of the infants’ behavioural state. This is particularly relevant
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for the baseline EEG epoch, which was selected at the start of the recording period,

but not precisely aligned to the time of the PIPP-R scoring facial video identifying

the infants’ behavioural state (active awake, quite awake, active sleep, or quiet sleep).

It is possible that the study observations are associated with a change in behavioural

state evoked by the clinical procedures.

The observations from this study are based on recordings from a single central

electrode. This approach was based on precedent from previous studies (Hartley et al,

2017; Gursul et al, 2018; Green et al, 2019). However, a greater number of electrodes

may better identify cortical regions involved in nociceptive processing (Tokariev et al,

2016; Wallois et al, 2021).

Nappy change was selected as a negative control for BIO ROP screening. Nappy

change is a frequently performed clinical procedure that is not considered to be pain-

ful, but has been observed in previous studies to evoke similar trends in physiological

stress responses as BIO ROP screening (Wang and Change, 2004; Lyngstad et al,

2014). Both procedures are of similar duration; in this study nappy change duration

was median 2.5 minutes, and BIO ROP screening was 2.9 mins duration. However,

there are notable differences between the procedures, for example, the location of

tactile stimulation differs: in nappy change, bottom care is performed, whereas in

BIO ROP screening the head and eyes are touched. The type of tactile stimulation

also differs: in nappy change, intermittent gentle touch is used to clean the skin,

whereas in BIO ROP screening, manual head restraint is firm and continuous. In this

study, the median PIPP-R score was 5 for nappy change, and 9 for BIO ROP screen-

ing. It is possible that the developmental-care based nappy change was less salient

than BIO ROP screening. While it has been argued that increase in higher frequency

EEG activity is unlikely to reflect stimulus saliency (Chang et al, 2001; Zhang et al,

2012; Peng et al, 2018), comparison with other clinical procedures may be appro-

priate. In Chapter 5, an alternative screening procedure is investigated which may

better compare to the stimulus saliency of BIO ROP screening than nappy change.
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3.4.5 Future Directions

An increase in power in the frequency range 12-30 Hz following clinical tonic noxious

stimulation may represent an additional surrogate marker for procedural pain in in-

fants. Characterisation of other complex painful procedures such as immunisation,

intravenous line placement, or alternative ROP screening methods, using quantitative

analysis of EEG may improve understanding of the effect of tonic noxious stimulation

on infant brain activity. Efficacy of pain-relief strategies could also be investigated us-

ing the multimodal approach demonstrated in this Chapter, to better characterise the

effect of non-pharmacological and pharmacological treatments for procedural pain in

infants. Since hospitalised infants undergo multiple painful procedures daily (Cruz et

al, 2016), further research is vital to better detect and treat infant pain. The ongoing

observational prospective study by Roué (Roué et al, 2021) will evaluate infant pain

using multimodal assessment including quantitative analysis of EEG, physiological

measures (HR, HRV, oxygen saturations), facial myography, and skin conductance,

and may provide further insight into infant pain responses.

3.5 Conclusions

This Chapter demonstrates a shift to higher frequency brain activity following BIO

ROP screening. This finding may be noxious-related, and may represent a novel

surrogate marker for procedural pain in infants. Improved measurement of pain in

infants may lead to better evaluation of pain-relief strategies and thereby improved

treatment of infant pain.
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Chapter 4

Characterising the infant response to

binocular indirect ophthalmoscopy

using physiological measures

4.1 Abstract

Introduction

Infants admitted to the Intensive Care and High Dependency areas of the NICU

undergo continuous physiological monitoring. Pulse oximetry is used to monitor oxy-

gen saturations, an indicator of airway and respiratory status, and ECG is used to

monitor heart rate and rhythm, indicators of circulatory status. In this Chapter the

effect of BIO ROP screening on infant physiology was characterised using detailed

continuous recordings of HR and oxygen saturations. Heart rate variability (HRV),

a measure of neonatal cardiac autonomic reactivity, was also quantified. Since BIO

ROP screening is considered to be a painful and stressful experience, a reduction in

the high frequency component of HRV following BIO ROP screening was hypothes-

ised, as has been noted after other noxious clinically-indicated procedures in infants.
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Methods

The trend in HR and oxygen saturation before, during and after BIO ROP screening

was evaluated, and the number of instability events (bradycardia, tachycardia, desat-

uration, apnoea) occurring before and after the procedure was calculated. Time and

frequency-domain HRV measures were quantified before, during and after BIO ROP

screening. The COVID-19 pandemic occurred during recruitment for this Chapter,

and therefore the number of infants included is small. The investigations are an

example of an approach which could be performed in a larger sample size.

Results

Physiological data from 22 infants was characterised during BIO ROP screening. The

average HR increased throughout screening then rapidly decreased once the proced-

ure was completed. The average oxygen saturation showed a trend toward decreased

saturations during screening. Screening was not associated with an increase in in-

stability events. Following BIO ROP screening there was a significant reduction in

two indicators of parasympathetic activity: pNN50 (p = 0.013, high baseline HRV

group; p = 0.008, low baseline HRV group), and the absolute power of the high

frequency band (p = 0.032, low baseline HRV group).

Conclusion

These findings suggest that BIO ROP screening evokes a physiological stress response

in preterm infants. Measurement of HRV during BIO ROP screening and other stress-

ful clinically-necessary procedures may help clinicians better recognise and manage

infant stress. It is vital to monitor and ameliorate stress in infants, since stress dur-

ing the neonatal period may adversely affect neurodevelopment and exert negative
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influence into adulthood.

4.2 Methods

4.2.1 Participating Infants

Physiological recordings from 22 infants during BIO ROP screening were included in

analysis. Demographic information for all subjects is shown in Table 4.1.

Table 4.1: Demographic information for subjects included in Chapter 4

Number of infants analysed 22

Corrected gestational age at study (weeks) 34.43 (32.86, 44.57)

Postnatal age at study (weeks) 7.71 (6.14, 9.71)

Birthweight (g) 865 (756, 1510)

Number of males 11 (48%)

Apgar score at 5 minutes 8 (7, 10)

Normal vaginal delivery 10 (43%)

Figures are median (lower quartile, upper quartile) or number (percentage).

4.2.2 Experimental Design

In the first section of this study, HR and oxygen saturation trends were characterised

in 22 infants undergoing BIO ROP screening. In the second section, the change in

physiological instability following BIO ROP screening was investigated by calculat-

ing the number of instability events before and after BIO ROP screening. Fifteen

minute, 1 hour, 6 hour, and 10 hour recording periods before and after screening were

analysed. Next, the change in HRV following BIO ROP screening was calculated by

analysing time and frequency domain HRV measures for 15 minutes before and after

the procedure. Finally, the relationship between change in each HRV measure and

baseline HRV was characterised to investigate whether HRV measures are limited by

physiological maximal values, that is, a ‘ceiling effect’.
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4.2.3 Recording Techniques

Continuous ECG and oxygen saturation recordings were obtained during BIO ROP

screening. Chapter 2 (General Methods) describes the recording techniques in detail.

4.2.4 Analysis

MATLAB was used to analyse physiological data contained in the output file of the

recording software.

Heart rate and oxygen saturation

HR data were selected from the start of BIO ROP screening (placement of eye drops)

to the end of the procedure (removal of eyelid speculum) for each subject. The group

mean HR and 95% confidence intervals were calculated at each time point in order

to visualise the trend in HR. The time taken for HR recovery following BIO ROP

screening was analysed: the mean baseline HR was calculated for each subject during

a 15 minute period immediately prior to placement of eye drops, then following BIO

ROP screening, the time taken for the HR to return to baseline was calculated using

a 15 minute period immediately following speculum removal. Non-parametric cluster

analysis of the same 15 minute epochs was used to identify temporal differences

between the baseline and post-procedure HR. The statistical approach used for non-

parametric cluster analysis is detailed in Section 4.2.5. The above analyses were also

performed for the continuous oxygen saturation recordings.

In order to investigate the effect of infant age on HR change and recovery following

BIO ROP screening, the relationship was characterised between corrected gestational

age at study and the following parameters: baseline HR, time to recovery of baseline

HR, and percentage increase in HR following BIO ROP screening. Pearson’s linear

correlation coefficient was calculated for normally distributed values, and Spearman’s
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rho was calculated for non-normally distributed values.

Instability events

The number of instability events which occurred before and after BIO ROP screening

was calculated, with the intention of characterising whether the procedure was asso-

ciated with an increase in physiological instability. The definition of each instability

event - tachycardia, bradycardia, desaturation, and apnoea - is listed in Table 2.4.

Events occurring within symmetrical 15 minute, 1 hour, 6 hour and 10 hour intervals

before and after BIO ROP screening were analysed. The standardised difference in

number of instability events after BIO ROP screening was also calculated for each

time interval. The standardised difference in instability events was calculated by di-

viding the difference between the number of events in the baseline and post-procedure

intervals by the total number of events. A negligible amount (0.01) was added to each

event total to avoid division by zero.

Cluster analysis

The HR trace was visualised for each subject, which led to the observation that there

were differences in the visual characteristics of the baseline HR between subjects.

Baseline HRV may influence the change in HRV after BIO ROP screening, therefore

the preliminary observation of between-subject differences in baseline HRV was fur-

ther investigated using cluster analysis of time-domain HRV measures. The intention

was to cluster all subjects by baseline HRV before analysing the effect of BIO ROP

screening.

Time-domain HRV measures were calculated for baseline and post-procedure for

each subject. A 5 minute window was chosen with a 30s slide, as is typical for HRV

analysis. For each subject, outlying window values were identified and rejected (see

Section 3.2.4 for approach). On average, 7% of data were rejected at this stage.

Following outlier rejection, the subject mean baseline value was calculated for each
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HRV measure.

The k-means method was used to separate the baseline mean values into two

clusters (MATLAB command ‘kmeans’). This clustering approach identifies the

centre of each cluster - as distant as possible from each other - and assigns each

data point to the nearest cluster centre (Orhan et al, 2011). The cluster iterations

were initialised using the k-means++ algorithm, and the optimal partition was chosen

out of 15 initialisations. Proximity of data points was based on the squared Euclidean

distance. The quality of clusters was evaluated using silhouette values, in which values

range from -1 to 1, and higher values indicate a better clustering result.

HRV change during BIO ROP screening

In order to visualise the time course of each HRV measure before, during, and after

BIO ROP screening, an epoch from 40 minutes before BIO ROP screening to 15

minutes after screening was selected for each subject. HRV measures were calculated

using a 5 minute window with a 30s slide. Subjects were grouped by high or low

baseline HRV based on the k-means cluster analysis detailed above. For each window,

outlying subject values were identified and rejected. On average, 8% of data were

rejected in the high baseline HRV group, and 6% of data in the low baseline HRV

group. The mean and 95% confidence intervals were calculated for each HRV measure

for the high and low baseline HRV groups.

Finally, non-parametric cluster analysis was performed, in order to characterise

the temporal change in HRV following BIO ROP screening. The analysis approach

described in Section 4.2.5 was used to analyse the difference between the baseline and

post-procedure periods for each HRV measure.

HRV ‘ceiling effect’

In Chapter 3, it was observed that the change in HR following BIO ROP screening was

strongly related to the baseline HR, and the magnitude of change in HR was limited
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by the physiological maximum limit. In this Chapter, the relationship between change

in HRV following BIO ROP screening and baseline HRV was characterised in order

to investigate whether HRV measures demonstrate a similar ‘ceiling effect’. Non-

parametric cluster analysis identified the specific time window during which HRV

differences occurred between the baseline and post-procedure periods. The same

time window was chosen to calculate the the baseline HRV and the change in HRV

following BIO ROP screening.

Outlying data were identified and rejected before correlations were performed. On

average, 12% of data was rejected for each correlation. Pearson’s linear correlation

coefficient was calculated for normally distributed values, and Spearman’s rho was

calculated for non-normally distributed values.

4.2.5 Statistical Analysis

Non-parametric cluster analysis of the HR and oxygen saturation recordings was per-

formed using Maris and Oostenveld’s method (Maris and Oostenveld, 2007). Firstly,

for each second, a t-statistic was calculated using the formula:

t = (mp�mb)vuut (�2
p(np�1)+�2

b
(nb�1))

(np+nb�2)

q
( 1
np

+ 1
nb )

where mb = mean of baseline epochs; mp = mean of post-procedure epochs; �b = standard deviation

of baseline epochs; �p = standard deviation of post-procedure epochs; nb = number of subjects in

baseline group; np = number of subjects in post-procedure group.

Next, the baseline and post-procedure epochs were combined into a single set from

which 1000 random partitions were created. A permutation t-statistic was calculated

for each random partition using the same formula as above. Finally, a Monte Carlo

estimate of the p-value was calculated, which was the proportion of random partitions

in which the observed t-statistic was larger than the permutation t-statistic. The

baseline and post-procedure were deemed significantly different if the Monte Carlo

p-value estimate was less than 0.05. This was repeated for each second to identify
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clusters of significant t-statistics. The same non-parametric cluster approach was used

to compare the baseline and post-procedure HRV time courses for time and frequency

domain measures.

4.3 Results

4.3.1 Heart rate increases during BIO ROP screening with

rapid recovery post-procedure

The average HR for 22 infants undergoing BIO ROP screening is shown in Figure

4.1 (mean and 95% confidence intervals). The group mean baseline HR was 153 bpm

(standard deviation 13 bpm). HR increased throughout BIO ROP screening then

rapidly decreased once the procedure was completed. Non-parametric cluster analysis

of the baseline and post-procedure HR time courses identified the post-procedure HR

was significantly higher than baseline from 0 to 56 seconds after ROP screening (p =

0.007; see Figure 4.2).

95% CI = 95% confidence intervals; mean HR = mean heart rate; ROP end = removal of speculum from second eye
examined. Time-point zero indicates the end of screening as identified by the removal of the eyelid speculum.

Figure 4.1: Trend in heart rate during BIO ROP screening in 22 infants (mean and 95%
confidence intervals)
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The top figure shows the average heart rate for a baseline epoch immediately preceding screening (dashed line), and
a post-procedure epoch immediately following screening (bold line). The bottom figure shows non-parametric cluster
analysis of the two epochs. A significant cluster (highlighted in red) indicates that the heart rate was significantly
higher than baseline for 56 seconds post-procedure (p = 0.007)

Figure 4.2: Non-parametric cluster analysis of heart rate before and after BIO ROP screen-
ing in 22 infants
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There was a significant negative relationship between corrected gestational age at

study and baseline HR (Pearson’s correlation coefficient = 0.57, p = 0.0046). Cor-

rected gestational age was also significantly related to the time to return to baseline

HR (Spearman’s rho = 0.48, p = 0.022) and the percentage increase in HR following

BIO ROP screening (Spearman’s rho = 0.43, p = 0.039). Correlations are shown in

Figure 4.3.
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HR = heart rate; bpm = beats per minute.

Figure 4.3: Corrected gestational age at study (weeks) was significantly correlated to
baseline heart rate (p = 0.0046), time to return to baseline heart rate (p = 0.022), and
percentage increase in heart rate (p = 0.039) following BIO ROP screening in 22 infants.
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4.3.2 Oxygen saturation does not change significantly during

or after BIO ROP screening

The average oxygen saturation for 22 infants undergoing BIO ROP screening is shown

in Figure 4.4a (mean and 95% confidence intervals). The baseline oxygen saturation

was mean 96.8% (standard deviation 2.4%). The trend in oxygen saturation is also

shown grouped by method of ventilation (low flow oxygen, high flow oxygen, or spon-

taneous ventilation in air; Figure 4.4b). The mean baseline oxygen saturation was

94.6% for infants receiving high flow oxygen (n = 10), 97.4% for infants receiving low

flow oxygen (n = 7), and 98.4% for infants not receiving supplementary oxygen (n =

5).

The averaged time course shows a trend toward decreased oxygen saturation dur-

ing eye screening. This corresponds with previously published observations that oxy-

gen saturations decrease during BIO ROP screening (Laws et al, 1996; Rush et al,

2004; Jiang et al, 2016). Following screening, the average oxygen saturations rose to

above baseline levels, again corresponding with previously published data (Rush et al,

2004). At 7 minutes post-screening, the average oxygen saturation decreases to 86%,

driven by an oxygen desaturation event in the group of infants receiving high flow

oxygen. This group may be expected to demonstrate greater physiological instability,

since infants requiring high flow oxygen have poorer clinical status.

Non-parametric cluster analysis of the baseline and post-procedure oxygen satura-

tion time courses did not identify significant difference between the baseline and post-

procedure epoch (see Figure 4.5). Similarly, no significant differences were identified

between baseline and post-procedure oxygen saturations when analysed by ventilation

method.

105



(a) Mean oxygen saturation and 95% confidence intervals (95% CI = 95% confidence intervals; mean O2 =
mean oxygen saturations; ROP end = removal of speculum from second eye examined).

(b) Mean oxygen saturation grouped by method of ventilation (low flow, high flow, or spon-
taneous ventilation in air). Time-point zero indicates the end of screening as identified by the
removal of the eyelid speculum.

Figure 4.4: Trend in oxygen saturation during BIO ROP screening in 22 infants
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The top figure shows the average oxygen saturations for a baseline epoch immediately preceding screening (dashed
line), and a post-procedure epoch immediately following screening (bold line). The bottom figure shows non-
parametric cluster analysis of the two epochs. No significant clusters were identified, indicating that post-procedure
oxygen saturations were not significantly different from baseline.

Figure 4.5: Non-parametric cluster analysis of oxygen saturation before and after BIO
ROP screening in 22 infants

4.3.3 BIO ROP screening was not associated with a change in

instability events

Instability events (bradycardia, tachycardia, desaturation, apnoea) are presented for

15 minute, 1 hour, 6 hour, and 10 hour intervals before and after BIO ROP screening

in Table 4.2. The standardised difference in number of instability events after BIO

ROP screening for each time interval is also listed. The duration of physiological

recording available varied per subject; fewer subjects had recordings of 1 hour, 6

hours and 10 hours.
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4.3.4 Older infants have higher resting heart rate variability

Subjects were clustered by baseline HRV before investigating the effect of BIO ROP

screening on HRV. Differences in the visual characteristics of the baseline HR were

observed between subjects, which was reflected in HR standard deviation. 12 of 22

subjects could be grouped into high or low baseline HR standard deviation (see Figure

4.6).

(a) Examples of subjects with high baseline heart rate standard deviation (�14 beats)

(b) Examples of subjects with low baseline heart rate standard deviation (8 beats)

Figure 4.6: Single subject heart rate traces showed differences in standard deviation during
the 15 minute baseline period prior to BIO ROP screening
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The preliminary finding of between-subject differences in baseline HR standard

deviation was further investigated using cluster analysis of the seven time-domain

HRV measures listed in Table 2.5. Multidimensional k-means clustering of all infants

resulted in one large and one small cluster. The sample size in the small cluster was

too small for further analysis (2 subjects), hence alternative partitioning of the data

was investigated. Two-dimensional k-means clustering was performed, in which all

pairs of HRV measures were analysed consecutively. For the pair of measures standard

deviation of the NN interval and standard deviation of the average NN interval, seven

infants were allocated to the high baseline HRV cluster, and 15 infants to the low

baseline HRV cluster (see Figure 4.7). Twenty of twenty-two subjects’ silhouette

values were greater than 0.6, which indicated the clusters were well-separated.

The left-hand plot shows that clustering based on the standard deviation of the NN interval (SDNN) and the standard
deviation of the average NN interval (SDANN) yielded two clusters of sufficient size for further analysis. The right-
hand plot shows that twenty of twenty-two subjects’ silhouette values were greater than 0.6, which indicates the
clusters were well-separated.

Figure 4.7: 2-dimensional k-means clustering was used to group 22 subjects into high
or low heart rate variability based on the 15 minute baseline period prior to BIO ROP
screening.
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There was a significant difference in corrected gestational age between the high

baseline HRV group (mean 38.4 weeks, standard deviation 3.5 weeks) and the low

baseline HRV group (mean 33.8 weeks, standard deviation 1.9 weeks; two sample

two-tailed t-test, p = 0.00067). Two HRV measures, the triangular interpolation of

the NN interval histogram and the HRV triangular index, demonstrated a significant

relationship between baseline values and corrected gestational age at study (p = 0.027

and p = 0.027; Figure 4.8).

Subjects coloured by 2-dimensional k-means cluster allocation to high or low baseline heart rate variability.

Figure 4.8: Corrected gestational age at study (weeks) was significantly related to the
triangular interpolation of the NN interval histogram (TINN; p = 0.027) & the HRV tri-
angular index (p = 0.027) in 22 infants during the 15 minute baseline period prior to BIO
ROP screening.

4.3.5 BIO ROP screening evokes a reduction in time domain

heart rate variability measures

The time course for each HRV measure during BIO ROP screening is shown in Figures

4.9 to 4.15; subjects were grouped by baseline HRV. The low baseline HRV group

appeared more stable during the baseline period than the high baseline HRV group,

however this may be due to the larger group size. There appeared to be an increase

in several measures of HRV temporally related to BIO ROP screening in the both

baseline HRV groups, and a decrease in the triangular interpolation of the NN interval
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histogram and the HRV triangular index in the high baseline HRV group during the

same period. However the signal was at risk of contamination by motion artefact

during screening (Perez-Riera et al, 2018), hence the impact of the screening procedure

on HRV was further investigated by comparing the HR recording prior to screening

and after screening.

Time-point zero indicates the end of screening as identified by the removal of the eyelid speculum. Mean and 95%
confidence interval shown for each HRV measure. Subjects grouped by high or low baseline heart rate variability.

Figure 4.9: Time course for the standard deviation of NN intervals from 35 minutes before
BIO ROP screening to 10 minutes after screening

Time-point zero indicates the end of screening as identified by the removal of the eyelid speculum. Mean and 95%
confidence interval shown for each HRV measure. Subjects grouped by high or low baseline heart rate variability.

Figure 4.10: Time course for the standard deviation of the average NN intervals from 35
minutes before BIO ROP screening to 10 minutes after screening

112



Time-point zero indicates the end of screening as identified by the removal of the eyelid speculum. Mean and 95%
confidence interval shown for each HRV measure. Subjects grouped by high or low baseline heart rate variability.

Figure 4.11: Time course for the mean of the standard deviation of the NN intervals from
35 minutes before BIO ROP screening to 10 minutes after screening

Time-point zero indicates the end of screening as identified by the removal of the eyelid speculum. Mean and 95%
confidence interval shown for each HRV measure. Subjects grouped by high or low baseline heart rate variability.

pNN50 = Number of successive NN intervals that differ by more than 50 ms / Total number of NN intervals.

Figure 4.12: Time course for pNN50 from 35 minutes before BIO ROP screening to 10
minutes after screening
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Time-point zero indicates the end of screening as identified by the removal of the eyelid speculum. Mean and 95%
confidence interval shown for each HRV measure. Subjects grouped by high or low baseline heart rate variability.

Figure 4.13: Time course for standard deviation of successive differences between NN
intervals from 35 minutes before BIO ROP screening to 10 minutes after screening

Time-point zero indicates the end of screening as identified by the removal of the eyelid speculum. Mean and 95%
confidence interval shown for each HRV measure. Subjects grouped by high or low baseline heart rate variability.

Figure 4.14: Time course for the triangular interpolation of the NN interval histogram
from 35 minutes before BIO ROP screening to 10 minutes after screening
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Time-point zero indicates the end of screening as identified by the removal of the eyelid speculum. Mean and 95%
confidence interval shown for each HRV measure. Subjects grouped by high or low baseline heart rate variability.

Figure 4.15: Time course for the HRV triangular index from 35 minutes before BIO ROP
screening to 10 minutes after screening

Following ROP screening, non-parametric cluster analysis identified a significant

decrease in pNN50 (that is, the number of successive NN intervals that differ by more

than 50 ms divided by the total number of NN intervals). The difference in pNN50

was observed between 3.0 to 8.5 minutes in the group with high baseline HRV (p =

0.013; Figure 4.16), and from 1.5 to 4.0 minutes in the low baseline HRV group (p =

0.008; Figure 4.17). A significant increase in standard deviation of the average NN

interval following BIO ROP screening was also identified. The difference in standard

deviation of the average NN interval was observed between 0 to 1.0 minute in the low

baseline HRV group (p < 0.0001; Figure 4.18).
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The top figure shows the average pNN50 for a baseline epoch immediately preceding screening (dashed line), and a
post-procedure epoch immediately following screening (bold line). The bottom figure shows non-parametric cluster
analysis of the two epochs. A significant cluster (highlighted in red) indicates that the pNN50 was significantly higher
than baseline for 3.0 to 8.5 minutes post-procedure (p = 0.013). pNN50 = Number of successive NN intervals that
differ by more than 50 ms / Total number of NN intervals.

Figure 4.16: Non-parametric cluster analysis of pNN50 before and after BIO ROP screen-
ing in 22 infants - high baseline heart rate variability group

The top figure shows the average pNN50 for a baseline epoch immediately preceding screening (dashed line), and a
post-procedure epoch immediately following screening (bold line). The bottom figure shows non-parametric cluster
analysis of the two epochs. A significant cluster (highlighted in red) indicates that the pNN50 was significantly higher
than baseline for 1.5 to 4.0 minutes post-procedure (p = 0.008). pNN50 = Number of successive NN intervals that
differ by more than 50 ms / Total number of NN intervals.

Figure 4.17: Non-parametric cluster analysis of pNN50 before and after BIO ROP screen-
ing in 22 infants - low baseline heart rate variability group
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The top figure shows the average SDANN for a baseline epoch immediately preceding screening (dashed line), and a
post-procedure epoch immediately following screening (bold line). The bottom figure shows non-parametric cluster
analysis of the two epochs. A significant cluster (highlighted in red) indicates that the SDANN was significantly
higher than baseline for 1.0 minutes post-procedure (p < 0.0001)

Figure 4.18: Non-parametric cluster analysis of the standard deviation of the average NN
interval (SDANN) before and after BIO ROP screening in 22 infants - low baseline heart
rate variability group

There were no significant clusters in other time domain HRV measures, however

the standard deviation of successive differences between NN intervals showed a trend

toward decrease post-procedure. The difference in the standard deviation of successive

differences between NN intervals was observed between 3.5 to 5.5 minutes in the group

with high baseline HRV (p = 0.078; Figure 4.19), and from 2.5 to 3.5 minutes in the

low baseline HRV group (p = 0.071; Figure 4.20).
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The top figure shows the average SDSD for a baseline epoch immediately preceding screening (dashed line), and a
post-procedure epoch immediately following screening (bold line). The bottom figure shows non-parametric cluster
analysis of the two epochs. A cluster (highlighted in blue) indicates that there was a trend toward higher SDSD
between 3.5 to 5.5 minutes post-procedure (p = 0.078).

Figure 4.19: Non-parametric cluster analysis of the standard deviation of successive dif-
ferences between NN intervals (SDSD) before and after BIO ROP screening in 22 infants -
high baseline heart rate variability group

The top figure shows the average SDSD for a baseline epoch immediately preceding screening (dashed line), and a
post-procedure epoch immediately following screening (bold line). The bottom figure shows non-parametric cluster
analysis of the two epochs. A cluster (highlighted in blue) indicates that there was a trend toward higher SDSD
between 2.5 to 3.5 minutes post-procedure (p = 0.071).

Figure 4.20: Non-parametric cluster analysis of the standard deviation of successive dif-
ferences between NN intervals (SDSD) before and after BIO ROP screening in 22 infants -
low baseline heart rate variability group
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4.3.6 BIO ROP screening evokes a reduction in frequency do-

main heart rate variability measures

The time course for each frequency-domain HRV measure during BIO ROP screening

is shown in Figure 4.21 (mean & 95% CI). Non-parametric cluster analysis identified

a significant decrease in the power of the high frequency band following BIO ROP

screening, shown in Figure 4.22. The difference in the power of the high frequency

band was observed between 1.5 to 3 minutes in the low baseline HRV group (p =

0.032). Baseline high frequency activity was significantly related to baseline pNN50

(Pearson’s correlation coefficient = 0.94, p-value <0.0001; Figure 4.23).
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Mean and 95% confidence interval shown for each HRV measure. Subjects grouped by high or low baseline heart
rate variability.

Figure 4.21: Time course for each heart rate variability measure from 35 minutes before
BIO ROP screening to 10 minutes after screening. Time-point zero indicates the end of
screening as identified by the removal of the eyelid speculum.
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The top figure shows the average high frequency power for a baseline epoch immediately preceding screening (dashed
line), and a post-procedure epoch immediately following screening (bold line). The bottom figure shows non-
parametric cluster analysis of the two epochs. A significant cluster (highlighted in red) indicates that the high
frequency power was significantly lower than baseline for 1.5 to 3 minutes post-procedure (p = 0.032).

Figure 4.22: Non-parametric cluster analysis of high frequency power before and after BIO
ROP screening in 22 infants - low baseline heart rate variability group

Figure 4.23: Baseline high frequency power was significantly related to baseline pNN50
(Pearson’s correlation coefficient = 0.94, p < 0.0001)

There were no significant clusters in other frequency domain HRV measures, how-

ever the ratio of low to high frequency power showed a trend toward an increase

post-procedure. The difference in the ratio of low to high frequency power was ob-

served from 7 to 8 minutes in the high baseline HRV group (p = 0.096, Figure 4.24).

and from 7.5 to 8.5 minutes in the low baseline HRV group (p = 0.10, Figure 4.25).
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The top figure shows the average LF/HF for a baseline epoch immediately preceding screening (dashed line), and a

post-procedure epoch immediately following screening (bold line). The bottom figure shows non-parametric cluster

analysis of the two epochs. A cluster (highlighted in blue) indicates that there was a trend toward higher LF/HF

between 7 to 8 minutes post-procedure (p = 0.096).

Figure 4.24: Non-parametric cluster analysis of the ratio of low to high frequency power
(LF/HF) before and after BIO ROP screening in 22 infants - high baseline heart rate vari-
ability group

The top figure shows the average LF/HF for a baseline epoch immediately preceding screening (dashed line), and a
post-procedure epoch immediately following screening (bold line). The bottom figure shows non-parametric cluster
analysis of the two epochs. A cluster (highlighted in blue) indicates that there was a trend toward higher LF/HF
between 7.5 to 8.5minutes post-procedure (p = 0.10).

Figure 4.25: Non-parametric cluster analysis of the ratio of low to high frequency power
(LF/HF) before and after BIO ROP screening in 22 infants - low baseline heart rate vari-
ability group
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4.3.7 Heart rate variability demonstrates physiological limits

The time domain HRV measures which demonstrated a significant difference following

BIO ROP screening were further investigated for the presence of a physiological limit

or ‘ceiling effect’ to the change in HRV. For pNN50, the difference in baseline and

post-procedure time courses occurred 3.0 to 8.5 minutes following screening in the

high baseline HRV group and 1.5 to 4.0 minutes after screening in the low baseline

HRV group. For this exploratory analysis, the groups were combined to increase

the sample size, and a time window of 3.0 to 4.0 minutes was chosen. There was

a negative relationship between mean baseline pNN50 and mean change in pNN50

post-procedure (Spearman’s rho = -0.65, p = 0.0046; Figure 4.26a).

For the standard deviation of the average NN interval, at 0 to 1.0 minutes after

BIO ROP screening, there was a trend toward a negative relationship between mean

baseline standard deviation of the average NN interval and mean change in standard

deviation of the average NN interval (rho = -0.32, p = 0.18; Figure 4.26b). Similarly

for the power of the high frequency band, at 1.5 to 3.0 minutes after BIO ROP

screening, there was a trend toward a negative relationship between mean baseline

high frequency power and mean change in high frequency power (rho = -0.37, p =

0.16; Figure 4.26c).
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(a) Baseline pNN50 was significantly related to the change following BIO ROP screening (p =
0.0046)

(b) Baseline standard deviation of the average NN interval was not significantly related to
change following BIO ROP screening

(c) Baseline power in the high frequency band was not significantly related to change following
BIO ROP screening

Figure 4.26: Correlation between baseline and change in HRV measure following BIO
ROP screening
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4.4 Discussion

4.4.1 Overview

This Chapter provides a detailed characterisation of the infant physiological response

to BIO ROP screening.

Heart rate As hypothesised, there was an increase in HR during BIO ROP screen-

ing, followed by a return to baseline HR within 1 minute of the end of the procedure.

There was a significant negative relationship between corrected gestational age at

study and baseline HR (p = 0.0046), which corresponds with previous observations

that resting HR is lower in older infants than younger infants (Alonzo et al, 2018).

Older gestational age was significantly related to greater increase in HR following BIO

ROP screening (p = 0.039). Since HR rise is limited by the physiological maximum,

older infants, who have lower resting HR than younger infants, have potential for

greater HR increase.

Oxygen saturation The baseline oxygen saturation for infants receiving high flow

oxygen therapy was within the recommended target limits. For infants receiving low

flow oxygen, the baseline oxygen saturation was higher than the recommended upper

limit. This may be due to pre-emptive increase in oxygen flow prior to the procedure

by bedside clinical staff, which was noted on occasion by the author. This deviation

from standard NICU practice was intended was to prevent oxygen desaturations dur-

ing the procedure, and may have been the underlying cause of higher-than-target

oxygen saturation in this group.

No change in oxygen saturation was observed during BIO ROP screening; when

analysed by ventilation method there was a visual trend suggesting a decrease in sat-

urations at the start of screening in infants receiving supplementary oxygen. Healthier

infants do not require supplementary oxygen, and therefore ventilation method may

be considered a surrogate measure for infant health status. Oxygen saturation may

125



reduce during BIO ROP screening in vulnerable infants but not in more robust in-

fants. The sample size in each ventilation group was small, and therefore a larger

cohort is needed to test this hypothesis.

Physiological instability events There was no change in the standardised num-

ber of instability events following BIO ROP screening; however there were few in-

stability events captured in each symmetrical interval, particularly the shorter dura-

tion intervals. A larger sample with longer duration recording is needed to accurately

characterise the occurrence of instability events before and after BIO ROP screening.

One infant had an apnoea episode following screening; this infant was in the lowest

quartile for corrected gestational age, which corresponds with previous findings that

younger infants display greater physiological instability following BIO ROP screening

(Royal Collage of Ophthalmologists, 2008; Jiang et al, 2016).

4.4.2 Effect of age on heart rate variability

Baseline HRV was higher in older infants, which corresponds with previous obser-

vations that HRV increases with gestational age (van Ravenswaaij-Arts et al, 1993;

Chiera et al, 2020). The median resting HRV for infants in this study, who were

on average 7.71 weeks postnatal age, was between the 5-50th centile for pNN50, and

between the 50-95th centile for power in low and high frequency bands, of normat-

ive data collected from healthy term infants during the first week of life (Longin et

al, 2005), and below the 3rd centile for normative data collected from healthy term

infants during the first month of life (Patural et al, 2019)(see Table 4.3). These find-

ings correspond with previous observations that preterm infants at term-equivalent

age have lower HRV than term infants (Hunt, 2006; Fyfe et al, 2015; Burtchen et al,

2019).

There was a negative relationship between HRV at baseline and change in HRV

following BIO ROP screening. This suggests that there may be a physiological limit
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to HRV increase. Caution may be needed in interpreting the magnitude of change in

HRV, since infants with higher baseline HRV (such as older or healthier infants) have

limited potential for HRV rise.

Table 4.3: Median HRV values from study infants aged average 7.7 weeks postnatal
age, presented alongside normative values for healthy term infants aged 1 week (Patural
et al) and 4 weeks postnatal age (Longin et al).

Study data

Normative data

Patural et al , 2019 Longin et al , 2005

Centile 50th 3rd 50th 97th 5th 50th 95th

HRV measure

Standard deviation of NN intervals 23.82 25.5 47.5 75.9

pNN50 0.25 0.56 3.62 27.49 0 1.00 23.5

HRV triangular index 4.99 11.7 20.5 32.9

Triangular interpolation of the NN histogram 78.02 183 320 513

Low Frequency power (0.05-0.15 Hz) 33.87 137 435 1513 8.60 25.65 84.25

High Frequency power (0.15-1.5 Hz) 10.48 66.7 247.5 1555.4 2.09 6.40 33.50

LF/HF ratio 3.04 0.99 2.69 5.26 1.83 3.85 6.70

4.4.3 BIO ROP screening causes physiological stress

As discussed in the Chapter Introduction, high frequency HRV activity predomin-

antly reflects the parasympathetic modulation of the heart rate through vagal tone.

In infants, parasympathetic activity emerges around 32 weeks gestation, increases

greatly around 37 weeks gestation, and continues developing in the postnatal period

(Fyfe et al, 2015; Mulkey and du Plessis, 2018; Chiera et al, 2020). The infants in-

cluded in this study were median 34.43 weeks gestation and therefore at a stage of

ongoing parasympathetic neurodevelopment.

Several studies have observed reduction in parasympathetic activity in preterm

infants following a painful clinical procedure such as heel lancing, intramuscular in-
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jection and chest drain insertion (Buyuktiryaki et al, 2018; Cremillieux et al, 2018;

Okur et al, 2019). The reduction in parasympathetic activity in infants undergoing

physiological stress is considered to result from failure of the immature infant para-

sympathetic nervous system to maintain equilibrium with the sympathetic nervous

system and the hypothalamic-pituitary-adrenal axis (Chiera et al, 2020; Hashiguchi

et al, 2020).

In this study, a reduction in pNN50 and high frequency activity was observed

following BIO ROP screening. These measures were highly correlated, which corres-

ponds with previous findings that the pNN50 is related to high frequency HRV activity

(Taskforce of the European Society of Cardiology, 1996; Kleiger et al, 2005; Shaffer

and Ginsberg, 2017). The ratio of low to high frequency power increased following

BIO ROP screening, reflecting the decrease in high frequency activity observed. BIO

ROP screening was also associated with an increase in standard deviation of the aver-

age NN interval, and a trend toward decrease in the standard deviation of successive

differences between NN intervals. These measures are most closely related to ultra-

low frequency and high frequency activity respectively. The physiological source of

the ultra-low frequency band (<0.003 Hz) is uncertain, although slow-acting biolo-

gical processes such as circadian rhythm have been suggested (Shaffer et al, 2014). In

sum, a decrease in HRV indices of parasympathetic activity was identified following

BIO ROP screening, which may suggest that the procedure is a painful physiological

stressor for preterm infants.

4.4.4 Strengths and Limitations

This study provides a detailed analysis of the physiological changes that occur during

and after BIO ROP screening. HRV measures are used to evaluate the impact of the

procedure in preterm infants, and identified an autonomic response indicative of pain

and stress. The study was limited by a small sample size; as discussed previously,

recruitment to the study was curtailed by the outbreak of the COVID-19 pandemic.
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A second limitation of the study was the duration of the physiological recordings was

between 15 minutes and 10 hours; a longer period such as 24 hours may better identify

new-onset apnoea events, changes related to circadian rhythm, or cycles of care within

the NICU. Analysis of the baseline or resting state may lead to greater understanding

of the development of physiological instability after BIO ROP screening. Infants

who develop new-onset apnoea after BIO ROP screening may display behaviours

that may predict physiological instability, such as pauses in breathing, or increased

desaturations (Mitchell et al, 2011). Further research is needed with larger sample

size and longer recording duration to investigate this question.

A limitation of the study design was that the infants’ behavioural state was not

determined prior to the clinical procedures. It is possible that the study observations

are associated with a change in behavioural state evoked by the clinical procedures. In

future, the baseline behavioural state of the infant should be documented, to ensure

the effect of behavioural state change can be understood.

The influence of respiration on heart rate, that is, respiratory sinus arrhythmia,

has not been specifically considered in this study. Respiratory sinus arrhythmia is

considered to influence high frequency activity in adults. However, previous data

suggest that respiration has little or negligible effect on HRV in infants (Giddens

and Kitney, 1985; Longin et al, 2005; Joshi et al, 2019), therefore the importance of

accounting for this characteristic in infant HRV analysis is uncertain.

Frequency analysis using the Fourier transform assumes the HRV signal is station-

ary or cyclical. Since this assumption is not met, wavelet transform and non-linear

analysis methods may contribute additional insights into infant HRV (Quintana and

Heathers, 2014). Non-linear approaches have been used previously in the investigation

of infant pain (Weissman et al, 2012; Cremillieux et al, 2018). This study included

only HRV indices recommended by the Task Force with a known physiological basis,

however, non-linear indices may be considered in future work as understanding of

these measures advances.
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4.4.5 Future Directions

The findings from this study suggest that BIO ROP screening is a source of physiolo-

gical stress for preterm infants. In future, it would be interesting to further charac-

terise the relationship between stress and pain in neonates. In adults, stress increases

pain sensitivity to noxious stimuli (Crettaz et al, 2013; Jennings et al, 2014). In

newborn infants aged 36-42 weeks, greater stress (as indicated by salivary cortisol)

results in increased noxious-related brain activity following an acute noxious stimulus

(Jones et al, 2017). Preterm infants at term-equivalent age display greater magnitude

of noxious-related brain activity following an acute noxious stimulus than term born

infants (Slater et al, 2010). This difference in sensitivity may be due to immature pain

processing, prior pain experience, or greater physiological stress. It would be inter-

esting to investigate whether stress evoked by a complex procedure such as BIO ROP

screening results in heightened responses to subsequent acute noxious stimulation in

preterm infants. Multimodal data could be recorded in infants undergoing clinically-

required heel lancing before and after BIO ROP screening. This could provide insight

into the cumulative effect of procedures on infants in the NICU, and allow clinicians

to optimise timing of care and interventions.

Following discharge from the NICU, ex-preterm infants display raised cortisol

levels up to 18 months of age; this may be due to their early life experience includ-

ing physiological stress and mechanical ventilation (Grunau et al, 2007). Previous

studies have suggested that postnatal stress may increase the risk of metabolic and

cardiovascular conditions later in life, due to altered functioning of the hypothalamic-

pituitary-adrenal axis (Reynolds, 2013; Spencer, 2013). Raised cortisol levels may

contribute to the neurodevelopmental abnormalities that occur in this population-

Grunau et al. (2007). It is therefore vital to identify and ameliorate stress in infants

admitted to the NICU.

A promising approach in identifying stress in infants is the use of automated HRV

algorithms which measure parasympathetic activity in infants in real-time. For ex-
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ample, Butruille et al developed the Newborn Infant Parasympathetic Evaluation

index (Butruille et al, 2015), which is based on the high frequency component of

HRV. Decrease in the Newborn Infant Parasympathetic Evaluation index has been

used as a surrogate measure of infant pain after assisted birth (Rakza et al, 2018), and

after surgical interventions (Faye et al, 2010). Increase in the Newborn Infant Para-

sympathetic Evaluation index has been used as a surrogate measure of infant comfort

during kangaroo care and facilitated tucking (Butruille et al, 2017). Measurement

of the the Newborn Infant Parasympathetic Evaluation index or similar real-time al-

gorithm in infants undergoing BIO ROP screening may improve NICU staff ability

to monitor infants physiological stress during the procedure (Chiera et al, 2020), and

may create opportunity for caregivers to respond with comfort measures or analgesia

in order to improve the infants experience of screening.

4.5 Conclusions

In sum, this study suggests that BIO ROP screening causes physiological stress in

infants, and may be a painful physiological stressor. HRV analysis may provide

insight into the infant experience of stressful clinical procedures. Using HRV to

monitor infant stress in the clinical environment may allow caregivers to better detect

and manage infant stress during the critical neonatal period of neurodevelopment.

Improved monitoring and treatment of infant stress may confer benefit into adulthood.

.
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Chapter 5

Is Optos ROP screening less painful

and stressful than BIO ROP

screening?

Does oral sedation and analgesia

reduce pain and stress associated

with ROP treatment?

5.1 Abstract

Introduction

Retinopathy of prematurity is detected through a programme of repeated retinal

screening of preterm infants. In the John Radcliffe Hospital NICU, BIO ROP screen-

ing is supported by the use of Optos ROP screening, an ultra-widefield retinal imaging

system. Optos imaging differs from BIO ROP screening in that it does not involve
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stimuli such as bright retinal illumination, scleral indentation, or contact with the

eye. In this Chapter, the hypothesis that Optos ROP screening is less painful and

stressful than BIO ROP screening was tested by characterising the infant response

to Optos screening using a multimodal approach and comparing the results to those

from BIO ROP screening presented in Chapter 3 and Chapter 4.

Treatment options for ROP comprise diode laser photocoagulation and intravitreal

injection of anti-VEGF, as discussed in Section 2.3. In the John Radcliffe NICU, ROP

treatments are performed under oral sedation and analgesia (chloral hydrate and

morphine). In this Chapter, the hypothesis that pharmacological sedation reduces

EEG complexity was tested by quantifying baseline EEG complexity prior to ROP

treatment and comparing the results to non-medicated infants. Additionally, the

hypothesis that ROP treatment under sedation and oral analgesia is less painful and

stressful than BIO ROP screening was tested by characterising the infant response

to ROP treatment using a multimodal approach and comparing the results to those

from BIO ROP screening presented in Chapter 3 and Chapter 4.

Method

Quantitative EEG analysis was performed to characterise the change in standard devi-

ation of level 3 detail coefficients, sum of squared level 4 detail coefficients, and relative

beta power following Optos screening and following ROP treatment. EEG complex-

ity was quantified by measuring the entropy of the signal in medicated infants in the

baseline period prior to ROP treatment, and compared to that of non-medicated age-

matched infants. The changes in HR, oxygen saturations, and physiological instabil-

ity events occurring after Optos ROP screening and ROP treatment were calculated.

HRV analysis was performed to characterise the change in measures of parasympath-

etic activity (pNN50 and absolute high frequency power) following Optos screening

and following ROP treatment. The recruitment of subjects into both studies was cur-

tailed by the outbreak of COVID-19, therefore the number of subjects studied during
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Optos ROP screening and ROP treatment was small. The analyses in this Chapter

demonstrate approaches that could be applied to a larger sample size.

Results

Six infants were studied during Optos ROP screening. No significant difference was

identified between infants undergoing Optos screening and an age-matched group of

infants undergoing BIO ROP screening regarding the change in standard deviation

of level 3 detail coefficients, sum of squared level 4 detail coefficients, or relative

beta power, nor with regard to the percentage change in HR and oxygen saturation

following screening. There was a trend toward a lower clinical pain score following

Optos ROP screening compared to BIO ROP screening (p = 0.12). Screening was

not associated with an increase in instability events. No significant reduction was

observed in pNN50 or absolute high frequency power following Optos ROP screening.

Five infants were studied during ROP treatment. Each feature of complexity

was significantly lower in infants who had received medication compared to an age-

matched group of non-medicated infants (p < 0.05). No significant increase in stand-

ard deviation of level 3 detail coefficients, sum of squared level 4 detail coefficients, or

relative beta power was identified following ROP treatment. There was significantly

lower HR (p = 0.031) and a trend toward lower oxygen saturation (p = 0.084) and clin-

ical pain score (p = 0.074) in medicated infants undergoing ROP treatment compared

to a non-medicated age-matched group undergoing BIO ROP screening. Treatment

was not associated with an increase in instability events. There was a trend toward

a reduction in pNN50 following ROP treatment (p = 0.15); no significant reduction

in absolute power of the high frequency band was identified.

Conclusions

This Chapter demonstrates an approach to evaluating the infant response to Optos

imaging, an alternative method of ROP screening to BIO ROP screening. The findings
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were consistent with the hypothesis that Optos screening may be less stressful and

painful than BIO ROP screening. An approach to characterising the infant response

to treatment for ROP under oral sedation and analgesia is presented. The findings

were consistent with the hypothesis that oral sedation and analgesia may reduce brain

activity complexity, and may be effective in reducing pain and stress related to the

procedure. However, more data are required to establish the significance of the results

presented in this Chapter.

5.2 Methods

5.2.1 Participating Infants

EEG and physiological recordings from 6 subjects undergoing Optos ROP screening

were included in Study 1, and from 5 subjects undergoing treatment for ROP in Study

2. Demographic information for all subjects included in Chapter 5 is shown in Table

5.1.

Table 5.1: Demographic information for subjects included in Chapter 5

Study 1 Study 2

Number of infants analysed 6 5

Corrected gestational age at study (weeks) 36.21 (35.89, 37.5) 37.86 (36.0, 39.14)

Birthweight (g) 1050 (1012.5, 1107.5) 660 (600, 800)

Number of males 6 (100%) 3 (60%)

Apgar score at 5 minutes 9.5 (9.13, 10) 5 (5, 7)

Normal vaginal delivery 4 (67%) 4 (80%)

Procedure duration (minutes) 5.39 (4.62, 6.16) 61.13 (45.69, 68.75)

Figures are median (lower quartile, upper quartile) or number (percentage).
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5.2.2 Experimental Design

This section contains an overview of the studies comprising this Chapter. In Study

1, data collected from 6 infants undergoing Optos ROP screening were considered.

Firstly, EEG recordings were analysed for three frequency-domain features - relative

beta power, standard deviation of level 3 detail coefficients, and sum of squared level

4 detail coefficients - and the change in each EEG feature after Optos ROP screening

was quantified. The percentage change in each feature was compared to an age-

matched subgroup of infants undergoing BIO ROP screening. Secondly, physiological

and behavioural data were characterised and compared to age-matched infants un-

dergoing BIO ROP screening. Finally, heart rate variability analysis was performed

for two measures - pNN50 and absolute high frequency power, and the change in each

measure after Optos ROP screening was quantified.

In Study 2, data collected from 5 infants undergoing treatment for ROP were

considered (4 infants treated with laser, 1 infant treated with intravitreal injection).

Firstly, EEG recordings were analysed for 13 features related to signal complexity

during the baseline period prior to ROP treatment, and compared to the same period

in age-matched non-medicated infants. Next, the change in three frequency-domain

features - relative beta power, standard deviation of level 3 detail coefficients, and sum

of squared level 4 detail coefficients - was quantified after ROP treatment. Physiolo-

gical and behavioural data were characterised and compared to age-matched infants

undergoing BIO ROP screening. Finally, heart rate variability analysis was performed

for two measures - pNN50 and absolute high frequency power, and the change in each

measure after ROP treatment was quantified.

5.2.3 Recording Techniques

EEG, ECG, oxygen saturation recordings, and behavioural measures, were obtained

during Optos ROP screening and during treatment for ROP. Chapter 2 (General
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Methods) describes the recording techniques in detail.

5.2.4 Analysis

Study 1 - Optos ROP screening

Electroencephalography Three frequency-domain features of EEG were calcu-

lated in 120s epochs using MATLAB code developed by Pillay (Pillay et al, 2018).

Two features - standard deviation of level 3 detail coefficients and sum of squared

level 4 detail coefficients - were derived using the Discrete Wavelet Transform, and

one feature - relative power of the beta band - was derived using the Discrete Fourier

Transform. Both analysis approaches are described in detail in Section 2.5.2.

A baseline and post-procedure 120s epoch was analysed for each subject (see

schematic in Figure 2.7). Epochs were analysed in consecutive 30s windows with

15s overlap, then the 30s windows were tested for outlying values for each feature.

Outlying values were defined as more than three scaled median absolute deviations

away from the median (Hampel, 1974; Leys et al, 2013) (MATLAB command ‘isout-

lier’). On average, 5% of the windows were rejected for each feature. Following outlier

rejection, the mean value was calculated across remaining windows for each feature.

For each feature, it was investigated whether there was a significant increase

from baseline to post-procedure. The differences from baseline to post-procedure

were firstly tested for whether they were drawn from a normal distribution using

the Anderson-Darling test, then a paired-sample one-tailed t-test was performed for

normally-distributed values, or a Wilcoxon signed rank test for non-normally distrib-

uted values.

The MATLAB Multiple Testing Toolbox was used to apply the Hochberg method

to correct for multiple hypothesis testing. This method controls the Family Wise

Error Rate, and was selected because it strongly controls Type 1 errors, which is

important in confirmatory analysis of a small number of hypotheses. The Hochberg
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method also has greater power than the Holm and Bonferroni methods of controlling

Family Wise Error Rate (Benjamini and Hochberg, 1995; Chen et al, 2017).

Finally, the percentage change in each feature following Optos ROP screening was

compared to an age-matched subgroup of infants following BIO ROP screening. A

paired-sample two-tailed t-test was performed for normally-distributed values, or a

Wilcoxon signed rank test for non-normally distributed values.

Physiology MATLAB was used to analyse physiological data contained in the out-

put file of the recording software. The mean HR and oxygen saturation and 95%

confidence intervals were calculated at each time point during Optos ROP screening.

Non-parametric cluster analysis of the baseline and post-procedure HR and oxygen

saturation recordings was performed using the approach described in Section 4.2.5.

A PIPP-R score following Optos ROP screening was calculated as described in

Chapter 2 (General Methods). Components of the PIPP-R score were used to calcu-

late the percentage change in HR and oxygen saturation following screening. Subjects

studied during Optos ROP screening were age-matched to subjects studied during

BIO ROP screening; the intention was to compare the two procedures effect on infant

physiology and behaviour.

The number of instability events (bradycardia, tachycardia, desaturation, apnoea)

which occurred within 15 minutes before and after Optos ROP screening was calcu-

lated. The definition of each instability event is listed in Table 2.3. The standardised

difference in number of instability events after Optos ROP screening was also cal-

culated for the same interval. The standardised difference in instability events was

calculated by dividing the difference between the number of events in the baseline and

post-procedure intervals by the total number of events. A negligible amount (0.01)

was added to each event total to avoid division by zero.

Two HRV measures - pNN50 and absolute high frequency power - were calculated

in the baseline and post-procedure recordings. The HRV measures’ definition and
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derivation are described in Section 2.5.4. An epoch of 3.5 minutes was used from 1.5

to 4 minutes in each recording, based on the timing of the post-procedure reduction

in parasympathetic activity identified in Chapter 4. Epochs were analysed in con-

secutive 5 minute windows with 30s overlap, then the 5 minute windows were tested

for outlying values for each measure; on average, 4% of the windows were rejected

for each measure. Following outlier rejection, the mean value was calculated across

remaining windows for each measure.

For each measure, it was investigated whether there was a significant decrease

from baseline to post-procedure. The differences from baseline to post-procedure

were firstly tested for whether they were drawn from a normal distribution using

the Anderson-Darling test, then a paired-sample one-tailed t-test was performed for

normally-distributed values, or a Wilcoxon signed rank test for non-normally distrib-

uted values.

Study 2 - ROP treatment

Electroencephalography Twelve features of EEG which reflect signal complex-

ity were calculated: multi-scale entropy scales 1 to 10, maximum multi-scale entropy,

and the area under the multi-scale curve (multi-scale entropy AUC). EEG complex-

ity analysis has been used previously to characterise non-pharmacological sleep in

preterm infants (Janjarasjitt et al, 2008; Zhang et al, 2009; De Wel et al, 2017).

Measures of entropy quantify the regularity of the EEG signal; low entropy indicates

a more regular and less complex signal, higher values indicate a more disordered,

complex signal (Richman and Moorman, 2000). Multi-scale entropy is a measure

of EEG complexity in which sample entropy is calculated for a sample of the EEG

signal. The EEG signal is sampled at increasingly coarse scales (Costa et al, 2005).

Sample entropy is measured by dividing the signal into consecutive sections, termed

templates. Each template is compared to the others and the total number of similar

templates is quantified. Templates are identified as similar if the maximum of the
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differences between each pair of template values is below a specified threshold value

(Pincus et al, 1991). In this thesis, the template length was 2s and the threshold

value was 0.2*SD (where SD = standard deviation of the signal amplitude). These

values were selected due to precedent from other EEG studies in premature infants

(Lu et al, 2015; De Wel et al, 2017).

Complexity features were calculated during a 120s baseline epoch for two groups of

infants: 5 infants who received ROP treatment (4 treated with laser, 1 treated with

intravitreal injection) and 5 age-matched infants who had not received medication

prior to BIO ROP screening. The intention was to investigate the effect of medications

given for ROP treatment on baseline brain activity by comparing infants who had

received medication with non-medicated infants. Epochs were analysed in consecutive

30s windows with 15s overlap, then the 30s windows were tested for outlying values

for each feature. On average, 5% of the windows were rejected for each feature in the

treatment group, and 2% in the age-matched control group. For each feature, it was

investigated whether complexity in the ROP treatment group was significantly lower

than the non-medicated group, using the same statistical approach as for Study 1

EEG analysis.

A further three features of EEG - standard deviation of level 3 detail coefficients,

sum of squared level 4 detail coefficients, and relative power of the beta band -

were calculated during a baseline and post-procedure 120s epoch for the 5 infants

undergoing treatment for ROP. Epochs were analysed in consecutive 30s windows

with 15s overlap, then the 30s windows were tested for outlying values for each feature.

On average, 6% of the windows were rejected for each feature. For each feature, it was

investigated whether there was a significant increase from baseline to post-procedure

using the same statistical approach as for Study 1 EEG analysis.

Physiology MATLAB was used to analyse physiological data contained in the out-

put file of the recording software. HR and oxygen saturation data were visualised
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during ROP treatment and instability events were identified for each subject. The

timing of medication administration and the procedure duration varied between sub-

jects so group parameters were not calculated for the procedure time course.

A PIPP-R score following ROP treatment was calculated as described in Chapter 2

(General Methods). Subjects studied during treatment for ROP were age-matched to

subjects studied during BIO ROP screening, in order to compare the two procedures

effect on infant physiology and behaviour.

.Measures of parasympathetic activity were be used to characterise the effect of

BIO ROP treatment under pharmacological sedation on infant HRV. In an adult

study, morphine evoked a decrease in the ratio of low to high frequency power which

reflected increased parasympathetic activity (Michaloudis et al, 1998). Similarly in an

animal model, chloral hydrate evoked an increase in high frequency activity (Moldovan

et al, 2004). Two HRV measures - pNN50 and absolute high frequency power - were

calculated in the baseline and post-procedure recordings using the same approach as

for Study 1 physiology analysis. On average, 8% of the windows were rejected for each

measure. Following outlier rejection, the mean value was calculated across remaining

windows for each measure. For each measure, it was investigated whether there

was a significant decrease from baseline to post-procedure using the same statistical

approach as for Study 1 physiology analysis.
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5.3 Results

Optos Screening

5.3.1 Optos ROP screening may not evoke noxious-related

brain activity

The increase in three frequency-domain features of EEG was calculated following

Optos ROP screening. There was a significant increase in the standard deviation of

level 3 detail coefficients (p = 0.020) and sum of squared level 4 detail coefficients (p

= 0.027). No significant increase in relative beta power was identified following Optos

ROP screening (p = 0.23). There was no significant difference in percentage feature-

change following ROP screening between the Optos and age-matched BIO groups for

the standard deviation of level 3 detail coefficients (p = 0.14), sum of squared level 4

detail coefficients (p = 0.43), or relative beta power (p = 0.76; Figure 5.1).

This figure shows the percentage increase in each feature following Optos screening in a group of 6 infants, and
following BIO ROP screening in an independent age-matched subgroup of 6 infants. No significant difference in
percentage feature-change following ROP screening was identified between the two groups. SD = standard deviation.

Figure 5.1: Percentage change in electroencephalographic features in a group of 6
infants following Optos ROP screening, and an age-matched group of 6 infants following
BIO ROP screening

142



5.3.2 Physiological and behavioural changes following Optos

ROP screening

The trend in HR and oxygen saturation during Optos ROP screening are shown in

Figure 5.2. Non-parametric cluster analysis of the baseline and post-procedure time

courses did not identify significant changes in HR and oxygen saturation following

Optos screening (see Figure 5.3). No significant difference was identified between

infants undergoing Optos screening and an age-matched group of infants undergoing

BIO ROP screening with regard to the percentage change in HR and oxygen satura-

tion following screening (p = 0.70 and p = 0.67 respectively; see Figure 5.4). There

was a trend toward a lower PIPP-R score following Optos ROP screening compared

to BIO ROP screening (age-matched subgroup) (paired sample one-tailed t-test; p =

0.12; Figure 5.5).
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(a) Heart rate

(b) Oxygen saturation
95% CI = 95% confidence intervals; mean HR = mean heart rate; mean O2 = mean oxygen saturations; Optos end

= end of screening as indicated by removal of speculum from second eye examined.

Figure 5.2: Trend in physiology during Optos ROP screening in 6 infants (mean and
95% confidence intervals).
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(a) Heart rate
The top figure shows the average heart rate for a baseline epoch immediately preceding screening (dashed line), and
a post-procedure epoch immediately following screening (bold line). The bottom figure shows non-parametric cluster
analysis of the two epochs.

(b) Oxygen saturation
The top figure shows the average oxygen saturation for a baseline epoch immediately preceding screening (dashed line),
and a post-procedure epoch immediately following screening (bold line). The bottom figure shows non-parametric
cluster analysis of the two epochs.

Figure 5.3: Non-parametric cluster analysis of physiology before and after Optos ROP
screening in 6 infants
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Figure 5.4: Percentage change in physiological parameter in 6 infants following Optos
ROP screening, and in an age-matched group of 6 infants following BIO ROP screening

Figure 5.5: PIPP-R scores in 6 infants following Optos ROP screening, and in an
age-matched group of 6 infants following BIO ROP screening

5.3.3 Optos ROP screening may not be associated with a

change in instability events

The total number of instability events (bradycardia, tachycardia, desaturation, apnoea)

in the 15 minutes before and after Optos ROP screening, and the standardised dif-

ference in number of instability events following screening for the same time interval

are listed in Table 5.2.
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Table 5.2: Number of instability events which occurred 15 minutes before and af-
ter Optos ROP screening, and standardised difference in number of events following
screening

Events before screening Events after screening Standardised difference in events

Bradycardia 0 0 0 (0 to 0)

Tachycardia 0 0 0 (0 to 0)

Desaturation 1 0 0 (0 to 0)

Apnoea 0 0 0 (0 to 0)

Median (interquartile range) shown.

5.3.4 Optos ROP screening may not evoke stress-related para-

sympathetic activity

Two measures of HRV - pNN50 and absolute high frequency power - were calculated

in the baseline and post-procedure recordings using an epoch of 3.5 minutes, based

on the timing of the post-procedure reduction in parasympathetic activity identified

in Chapter 4. A reduction was not observed in either measure following Optos ROP

screening (paired sample one-tailed t-test; p > 0.05; Figure 5.6).

pNN50 = Number of successive NN intervals that differ by more than 50 ms / Total number of NN intervals

Figure 5.6: Heart rate variability measures reflecting parasympathetic activity before
and after Optos ROP screening
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ROP Treatment

5.3.5 Medication prior to ROP treatment may reduce brain

activity complexity

The difference in 12 complexity features of EEG was calculated from baseline record-

ings in 5 infants prior to treatment for ROP and 5 age-matched infants prior to BIO

ROP screening. Each feature of complexity was significantly lower in infants who had

received medication prior to ROP treatment compared to non-medicated infants (p

< 0.05; Figure 5.7).

MSE 1-10 = multiscale entropy scales 1 to 10; MSE max = maximum multiscale entropy; MSE AUC = area under

multiscale curve

Figure 5.7: Measures of baseline complexity in infants who had received medication
prior to ROP treatment compared to age-matched non-medicated infants prior to BIO
ROP screening. Bar and asterisk indicate significant difference (p < 0.05).
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5.3.6 Treatment for ROP screening may not evoke noxious-

related brain activity

The increase in three frequency-domain features of EEG was calculated in 5 infants

following treatment for ROP. There was no significant increase in standard deviation

of level 3 detail coefficients (p = 0.11), sum of squared level 4 detail coefficients (p =

0.11), or relative beta power (p = 0.24). The change from baseline is shown in Figure

5.8 for each feature.

D3 SD = standard deviation of level 3 detail coefficients; Sumsq D4 = sum of squared level 4 detail coefficients.

Figure 5.8: Change from baseline for three EEG features following ROP treatment.
Infants were treated with either laser (n = 4) or intravitreal injection (n = 1).

5.3.7 Characterisation of physiological changes and instability

events during ROP treatment

The HR and oxygen saturations for each subject undergoing ROP treatment are

shown in Figures 5.9 to 5.13.
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Intravitreal injection (Figure 5.9)

The subject was 45+0 weeks corrected gestational age at study and was spontaneously

ventilating in room air. The HR demonstrated a gradual decrease during the initial

60 minutes which may correspond to the onset of medication effect (given before

the start of the recording). Intravitreal injection was associated with an increase in

HR and one tachycardia; the HR rapidly decreased after the procedure. There was

one transient decrease in oxygen desaturation prior to the start of the procedure.

Oxygen saturations remained within baseline levels during the intravitreal injection,

then increased following the procedure.

Procedure start indicated by line labelled IVI (intravitreal injection); procedure end indicated by second pink line.
Tachy = tachycardia.

Figure 5.9: Physiological changes during intravitreal injection in a single infant
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Laser treatment

Participant 1 (Figure 5.10)

The subject was 36+0 weeks corrected gestational age at study and was receiving high

flow oxygen therapy. There was one apnoea event within 30 minutes of the start of

the procedure, which may correspond to the onset of action of chloral hydrate. Laser

treatment was not associated with an increase in HR; Optos examination following

treatment was associated with a small HR rise. There was one oxygen desaturation

at the start of the recording not associated with bradycardia. Oxygen saturations

remained within baseline levels during the procedure.

Procedure start indicated by line labelled Laser; Optos imaging indicated by line labelled Optos; procedure end
indicated by third pink line. Instability events indicated by labelled black lines.

Figure 5.10: Physiological changes during laser treatment for Participant 1
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Participant 2 (Figure 5.11)

The subject was 37+6 weeks corrected gestational age at study and was receiving

high flow oxygen therapy. There was no change in HR following drug administration.

Laser treatment was associated with an increase in HR; the HR rapidly decreased

after the procedure. There was one small decrease in oxygen saturation following

drug administration; oxygen saturations remained within baseline levels during the

laser procedure.

Medication administration indicated by line labelled Drug; procedure start indicated by line labelled Laser; procedure
end indicated by third pink line.

Figure 5.11: Physiological changes during laser treatment for Participant 2
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Participant 3 (Figure 5.12)

The subject was 39+1 weeks corrected gestational age at study and was receiving low

flow oxygen therapy. Following drug administration, there was a gradual decrease in

HR. Laser treatment was associated with an increase in HR and four tachycardias;

Optos examination following treatment also was associated with a tachycardia. The

HR steadily decreased after the procedure. There was one oxygen desaturation before

drug administration. Oxygen saturations remained within baseline levels during the

laser procedure and Optos examination.

Medication administration indicated by line labelled Drug; procedure start indicated by line labelled Laser; Optos
imaging indicated by line labelled Optos; procedure end indicated by fourth pink line. Instability events indicated by
labelled black lines. Tachy = tachycardia.

Figure 5.12: Physiological changes during laser treatment for Participant 3
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Participant 4 (Figure 5.13)

The subject was 40+1 weeks corrected gestational age at study and was receiving

low flow oxygen therapy. The HR demonstrated a gradual decrease from 20 minutes

which may correspond to the onset of medication action (given before the start of

the recording). Laser treatment was associated with moderate increases in HR; the

HR rapidly decreased after the procedure. There was a gradual modest decrease in

oxygen saturation prior to the procedure; during laser treatment saturations remained

within baseline levels.

Procedure start indicated by line labelled Laser; procedure end indicated by second pink line.

Figure 5.13: Physiological changes during laser treatment for Participant 4
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There was a significant difference between percentage change in HR following

ROP treatment and following BIO ROP screening (age-matched subgroup) (paired

sample two-tailed t-test, p = 0.031; Figure 5.14). There was a trend toward a differ-

ence between percentage change in oxygen saturation following ROP treatment and

following BIO ROP screening (age-matched subgroup) (paired sample two-tailed t-

test, p = 0.084; Figure 5.14).There was a trend toward a higher PIPP-R score in the

BIO ROP screening subgroup than in the treatment group (paired sample one-tailed

t-test; p = 0.074), as shown in Figure 5.15.

Figure 5.14: Percentage change in physiological parameters in 5 infants following ROP
treatment, and in an age-matched group of 5 infants undergoing BIO ROP screening

Figure 5.15: PIPP-R scores in 5 infants following ROP treatment, and in an age-
matched group of 5 infants following BIO ROP screening
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5.3.8 ROP treatment may not evoke stress-related parasym-

pathetic activity

Two measures of HRV - pNN50 and absolute high frequency power - were calculated

in the baseline and post-procedure recordings using an epoch of 3.5 minutes, based on

the timing of the post-procedure reduction in parasympathetic activity identified in

Chapter 4.. There was a trend toward a reduction in pNN50 following ROP treatment

(paired sample one-tailed t-test; p = 0.15; Figure 5.16); there was no reduction in

high frequency activity (paired sample one-tailed t-test; p = 0.53; Figure 5.16).

pNN50 = Number of successive NN intervals that differ by more than 50 ms / Total number of NN intervals

Figure 5.16: Heart rate variability measures reflecting parasympathetic activity before
and after ROP treatment

5.4 Discussion

5.4.1 Overview

The first study of this Chapter demonstrates an approach to evaluating the infant

response to Optos imaging, an alternative method of ROP screening to BIO screening.

The findings from Study 1 were consistent with the hypothesis that Optos ROP

screening is less stressful and painful than BIO ROP screening.

An approach to characterising the infant response to treatment for ROP is presen-

ted in the second study of this Chapter. The findings from Study 2 were consistent

156



with the hypothesis that oral sedation and analgesia reduce brain activity complexity,

and reduce pain and stress from ROP treatment. However, more data are required

to draw firm conclusions from the results presented in this Chapter due to the small

sample size.

5.4.2 Optos ROP screening may be less painful and stressful

than BIO ROP screening

Unlike BIO ROP screening, Optos screening does not involve stimuli such as bright

retinal illumination, scleral indentation, or contact with the eye, which may be stress-

ful or painful for infants. In view of this, I hypothesised that Optos ROP screening

is less stressful and painful than BIO ROP screening.

In Chapter 3, it was observed that BIO ROP screening evokes an increase in higher

frequency brain activity (12 - 30 Hz), which may be a surrogate measure of the infant

pain response. Specifically, three frequency-domain features of EEG - relative beta

power, standard deviation of level 3 detail coefficients, and sum of squared level

4 detail coefficients - increased following BIO ROP screening, of which increase in

relative beta power was observed to be noxious-related.

In this Chapter, EEG of infants undergoing Optos ROP screening was analysed:

firstly, no significant increase in relative beta power was identified after the procedure.

This finding may suggest that Optos ROP screening does not evoke noxious-related

brain activity in infants. Secondly, a significant increase in standard deviation of

level 3 detail coefficients was observed, which reflects an increase in beta amplitude,

and a significant increase in sum of squared level 4 detail coefficients was observed,

which reflects an increase in frequency range 7.8 - 31.3 Hz (comprising alpha and beta

bands).

A hypothesis for interpreting these findings is that the increase in sum of squared

level 4 detail coefficients in this study may be alpha-mediated. As discussed pre-

viously, during attention to a stimulus, alpha activity increases in cortical regions
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under active suppression. Differences in the Optos screening method compared to

BIO ROP screening, including physical handling (lifting from the cot), may result in

different patterns of arousal-related brain activity. An alternative hypothesis is that

increase in these two features may be evoked by a non-noxious stimulus common to

both procedures, for example, eye drop administration, eyelid speculum insertion, or

auditory stimulation from clinician’s voices during the procedure. Further investig-

ation is required to better understand the change in standard deviation of level 3

detail coefficients and sum of squared level 4 detail coefficients following Optos ROP

screening.

In Chapter 4, it was observed that BIO ROP screening evokes an increase in HR,

and an increase in physiological stress. Specifically, there was a reduction in measures

of parasympathetic activity (pNN50 and absolute high frequency power) reflecting

the physiological stress state. In this Chapter, a significant increase in HR was not

identified following Optos ROP screening, and no significant decrease in pNN50 or

high frequency activity was identified. This finding may suggest that Optos ROP

screening does not evoke stress-related parasympathetic changes in infants, however

the study was underpowered to detect this given the small sample size. The trend

toward lower clinical pain scores in infants undergoing Optos ROP screening compared

to BIO ROP screening supports the hypothesis that Optos screening is less painful

and stressful than BIO ROP screening, since pain scores are a surrogate marker of

the infant pain and stress response.

5.4.3 Oral sedation and analgesia may reduce brain activity

complexity, and may reduce pain and stress from ROP

treatment

Infants receive oral analgesia and sedation prior to ROP treatment; I hypothesised

that these medications would reduce EEG complexity. Analysis of background EEG
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of infants who had received medication prior to ROP treatment identified significantly

lower complexity, as quantified by multi-scale entropy, than the background EEG of

non-medicated infants. This finding provides insight into the effect of oral analgesic

and sedative medications on the infant brain.

I hypothesised that the medications given prior to ROP treatment reduce pain and

stress associated with the procedure. Again, the findings from Chapter 3 and 4 were

used to investigate this hypothesis. In this Chapter, EEG of infants undergoing ROP

treatment was analysed, and no significant increase in relative beta power, standard

deviation of level 3 detail coefficients, or sum of squared level 4 detail coefficients was

identified after the procedure. This finding may suggest that ROP treatment with

pre-medication of oral analgesia and sedation does not evoke noxious-related brain

activity in infants, however the small sample size means the study was underpowered

to detect this.

Heart rate variability analysis identified no significant decrease in pNN50, and no

reduction in high frequency activity, following ROP treatment. This finding may sug-

gest that ROP treatment with pre-medication of oral analgesia and sedation does not

evoke stress-related parasympathetic changes in infant, however as stated previously

the study was underpowered to detect this. There was greater increase in HR, and

a trend toward higher PIPP-R score, following BIO ROP screening than following

ROP treatment. This finding supports the hypothesis that medications reduce pain

and stress associated with ROP treatment.

Prior to laser treatment, the youngest subject (corrected gestational age at study

36+0) had an apnoeic episode after receiving medication. Apnoea may occur as a sign

of chloral hydrate toxicity (Jacqz-Aigrain and Burtin, 1996). While chloral hydrate

sedation is considered to be safe for a single dose in the range 25 - 50 mg/kg (Jacqz-

Aigrain and Burtin, 1996; Litman et al, 2010), the active metabolite trichloroethanol

has an extended half-life in neonates, and may accumulate in premature infants with

hyperbilirubinaemia, or compromised liver or kidney function (Mayers et al, 1992;
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Jacqz-Aigrain and Burtin, 1996). The affected infant had a history of jaundice and

anaemia requiring transfusion, and therefore may have been at risk of trichloroethanol

accumulation. There were no episodes of bradycardia in infants receiving treatment

for ROP, which may occur as a sign of morphine toxicity (Jacqz-Aigrain and Burtin,

1996; Hartley et al, 2018).

5.4.4 Strengths and Limitations

This Chapter presents a preliminary investigation of important clinical questions,

namely characterising the infant experience of Optos ROP screening and ROP treat-

ments. Detailed analysis of infant brain activity, physiology and behaviour allow a

multimodal approach toward better understanding the effect of these essential pro-

cedures on preterm and ex-preterm infants. The findings from Study 1 suggest that

Optos ROP screening is well-tolerated in eligible infants and may be a less painful

and stressful screening modality compared to BIO ROP screening. Further invest-

igation with a larger sample is needed to confirm the findings from this preliminary

study. The findings of the study may not be generalisable to all infants requiring

ROP screening. As discussed in the introduction, Optos ROP screening is avoided in

infants for whom handling is not considered safe by the clinical team. Where possible,

infants with a range of ventilatory support, including CPAP and intubation, should

be included in future studies of Optos ROP screening, because clinicians would value

evidence as to the feasibility and safety of Optos ROP screening in such infants.

The results from Study 2 suggest that oral analgesia and sedation reduce pain

and stress associated with ROP treatment. The individual effect of each systemic

medication - chloral hydrate, morphine, paracetamol - have not been elucidated, and

the findings relate to the combined effect of the medications. Local anaesthetic (sub-

Tenon’s injection and eye drops) may also have a contributory role in modifying the

infant response to ROP treatment, although evidence suggests that when used indi-

vidually, local strategies provide inadequate pain relief during ROP treatment. Based
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on the study sample, the safety of chloral hydrate as a single oral dose appears to

depend on the degree of prematurity and presence of comorbidities, which is consist-

ent with previous studies. There were no adverse effects from oral morphine in this

sample, however, oral morphine has previously been identified to cause physiological

instability in non-ventilated preterm infants (Hartley et al, 2018). Further investiga-

tion with a larger sample is required to confirm the observations from this study.

Heart rate variability analysis in this Chapter was limited by the small sample

size - a larger sample of subjects studied during Optos screening and ROP treatment

would have enabled subjects to be grouped into low- and high baseline HRV clusters,

as for Chapter 4, before age-matching to subjects undergoing BIO ROP screening

within the same baseline HRV cluster.

The recruitment of infants undergoing ROP treatment was challenging prior to

the outbreak of the coronavirus pandemic. Recruitment was necessarily opportunistic,

because development of treatment-indicated ROP is unpredictable. Infants requiring

treatment for ROP are often transferred from other centres, and may not travel

with the parents or caregiver. In this scenario, consent could not be obtained for

participation in research because telephone consenting was not covered by the study

ethical approval. Treatment for ROP must be delivered within 72 hours of a decision

to treat, and therefore the process of approach and consent was subject to time

constraints.

In this study, laser and intravitreal injection treatments were analysed together

due to the small sample size, despite procedural differences between the two treat-

ments including differences in medication. A larger sample of subjects undergoing

ROP treatment would enable analysis of laser and intravitreal injection treatments

separately. This would be of interest to clinicians who would value characterisation

of the infant response to laser and intravitreal injection treatments separately.

Age-matched EEG analysis of subjects undergoing ROP treatment to subjects

undergoing BIO ROP screening was not possible, as for Optos ROP screening, because
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infants receiving treatment were older than the BIO ROP screening cohort.

EEG analysis was performed using a single electrode - Cz - in order to maintain

a consistent analysis approach with Chapter 3 and previous studies examining the

effect of nociception and analgesia. However, the effect of sedative medication may

be better characterised using multiple electrodes and further investigation is required

to test this approach.

5.4.5 Future Directions

The findings from this Chapter suggest that Optos ROP screening may be a less

painful and stressful method compared to BIO ROP screening. Optos imaging is not

as widely used for ROP screening as other methods such as RetCam (Clarity Medical

Systems, Pleasanton, USA). RetCam is digital widefield imaging system in which a

probe is placed in contact with the eye using a coupling gel. It is a popular method of

ROP screening because it does not require specialist skill to acquire images and can

be used by non-ophthalmologists. However, the field of view requires several images

to be obtained per examination to create a composite of the entire fundus. For this

reason, RetCam image acquisition takes longer than BIO ROP screening and Optos

ROP screening. Table 5.3 compares RetCam screening with BIO and Optos ROP

screening.
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Table 5.3: Comparison of screening methods for retinopathy of prematurity

BIO RetCam Optos

Field of view 30º 120º 200º

Handling / restraint ! ! !

Eyelid speculum ! !* !*

Eye contact ! !*

Bright retinal illumination !

*Use of an eyelid speculum is optional with RetCam and Optos methods.
BIO = binocular indirect ophthalmoscopy; RetCam = contact widefield photography; Optos =

non-contact ultra-widefield photography.

Previous studies have compared the infant response to RetCam imaging with BIO

ROP screening using physiological and behavioural measures. RetCam imaging was

associated with lower clinical pain scores than BIO ROP screening in a study of 24

infants (Moral-Pumarega et al, 2012), however no difference in clinical pain score

was identified between the two methods in a separate study of 52 infants (Dhaliwal

et al, 2010). One study observed more oxygen desaturations with RetCam than

BIO screening, and the authors’ opinion was that RetCam was more distressing for

infants than BIO ROP screening (Mehta et al, 2005). The method and analysis

approaches demonstrated in this Chapter could be used to characterise the infant

response to RetCam ROP screening, and thereby aid clinicians better understand

how the established screening approach of RetCam compares to the ‘gold standard’

of BIO ROP screening, and the promising alternative approach of Optos imaging.

The findings from this Chapter suggest that oral analgesia and sedation may re-

duce pain and stress from ROP treatment. Further investigation in a larger cohort

is required to confirm the robustness of this observation. Effective oral analgesia and

sedation for ROP treatment has the potential to allow treatment delivery without the

need for invasive ventilation. Advantages of this include reduced risk of prolonged
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intubation post-procedure in infants with chronic lung disease, and improved avail-

ability of timely ROP treatment delivery in settings where paediatric anaesthetic

support is not available. Timely treatment for ROP is essential in achieving good

structural and visual outcomes for infants, and in preventing childhood blindness

from ROP.

5.5 Conclusions

This Chapter suggests that Optos ROP screening may be a less painful and stressful

method of ROP screening compared to BIO ROP screening, and that oral sedation

and analgesia may reduce pain and stress associated with ROP treatment. These

exciting preliminary findings warrant further investigation in a larger cohort, and if

robust, have the potential to improve the infant experience of ROP screening and

treatment.
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Chapter 6

General Discussion

6.1 Thesis Summary

Quantitative EEG analysis was used to characterise the effect of BIO ROP

screening on infant brain activity, and to evaluate noxious-related change

in brain activity

• BIO ROP screening evokes a significant increase in higher frequency brain activ-

ity (12 - 30 Hz) in preterm infants.

• Increase in relative beta power may be a measure of nociception in preterm

infants, since this change was identified following different noxious procedures

(BIO ROP screening, heel lancing) and was not identified following a non-

noxious control procedure (nappy change). Moreover, the change in relative

beta power was significantly correlated to the magnitude of the noxious-related

ERP evoked by heel lancing, a previously-defined measure of nociception in

preterm infants.
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Physiological recordings were used to characterise the effect of BIO ROP

screening on infant physiology, and to evaluate stress-related change in

heart rate variability

• Infant heart rate increased significantly during BIO ROP screening with rapid

recovery post-procedure. No significant change in oxygen saturations was iden-

tified during or after BIO ROP screening. No significant change in instability

events was identified following BIO ROP screening.

• A reduction in HRV measures of parasympathetic nervous system activity was

observed following BIO ROP screening. This indicates that BIO ROP screening

evokes a physiological stress response in preterm infants.

Quantitative EEG analysis and physiological recordings were used to char-

acterise the effect of Optos ROP screening and ROP treatment on infant

brain activity and physiology

• The effects of Optos ROP screening and ROP treatment were investigated in

a small cohort of infants; the sample size was too small to identify statistical

significance.

• Optos ROP screening may not evoke noxious-related brain activity, nor stress-

related parasympathetic nervous system activity. Clinical pain score may be

lower following Optos ROP screening than BIO ROP screening. These findings

were consistent with the hypothesis that Optos screening may be less painful

and stressful than BIO ROP screening.

• Medication prior to ROP treatment (oral analgesia, oral sedation, and local an-

aesthesia) may reduce brain activity complexity. Noxious-related brain activity

and stress-related parasympathetic nervous system activity were not identified

following ROP treatment in infants who received pre-medication. Clinical pain

score may be lower following ROP treatment than BIO ROP screening. These
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findings were consistent with the hypothesis that pre-medication for ROP treat-

ment may be effective in reducing pain and stress related to the procedure.

The following sections of this Chapter will discuss various aspects of the research

presented in this thesis. Firstly, the topic of recruitment in an infant population will

be addressed. Secondly, aspects of the methodology used in this thesis will be ex-

amined, including the single-centre design, and practical considerations in recording

physiology and brain activity. Limitations of the research, including regarding ana-

lysis approaches used in this thesis, will be considered. Finally there will be a general

discussion of the results interpretation and future directions for further research.

6.2 Recruitment

Recruitment in the NICU setting is a challenge. From the perspective of the clinical

team caring for the infant in the NICU, the key priority is to protect the infant

from adverse experiences and maintain access to the continuous care and support

required. In terms of BIO ROP screening, this procedure is unpopular with NICU

staff who are by the bedside during the examination. They have first-hand experience

of the infant’s behavioural changes during screening, such as crying and body tension,

which intuitively indicate distress or stress to the observer. Additionally, the bedside

staff were familiar with tachycardia events during the procedure, and risk of oxygen

desaturation and apnoea afterward. For these reasons, clinical staff were sometimes

reluctant to allow researchers to approach parents for consent for research studies

during ROP screening, appearing to consider the research study an extra burden on

their fragile patients during an already challenging procedure.

Parents of infants admitted to the NICU endure an extremely stressful life event,

in which their infant is born or delivered at an unexpected time. Moreover, their

infant requires emergency resuscitation to preserve life, and is immediately cared for

in a highly medicalised environment. The infant’s physical vulnerability often means
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that parental contact with their newborn is limited by environmental factors such

as the incubator, intravenous lines, and monitoring wires. Additionally, the need for

infection control and temperature control contribute to minimised touching of their

infant. As a consequence of the above, parents may be hesitant to consent to a

research team handling their infant.

ROP screening takes place at 4 to 5 weeks post birth, and is repeated at fortnightly

intervals for the majority of infants. Parents were often reluctant to consent for

their infant to participate in research during the infant’s first ROP screen, intimating

that they would like to wait and see how their infant responded to the examination

without the addition of the research study. Parents appeared reassured to know that

a study would not take place (despite consent) if at the time of the study, the infant

appeared clinically unstable. In general, parents did not wish to expose their infants

to additional challenges at an already difficult time.

However, in the NICU there were several research trials underway. For this reason,

the idea of participating in research was familiar to parents of infants admitted to

the NICU. Parents were often aware that the care their infants received was built

on a foundation of research, and that by participating in research they felt able to

give something back to the NICU unit which was supporting their infant. Parents

were emotionally invested in contributing to better care and better understanding of

the infant experience of preterm birth by consenting to their infant’s participation in

research.

From the researcher’s perspective, succeeding in gaining consent for an infant to

participate in research required several conversations. As a first step, the list of all

patients admitted to the NICU was required, in order to check which infants were

due eye screening. This list contained confidential patient information and therefore

access to this list required smart-card access to the NICU and discussion with the

NICU team to obtain the list. Subsequently the medical notes of potential study

participants were reviewed; again this was confidential information and therefore
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NICU staff would require the researcher to identify themselves and explain why the

notes were required before allowing access. Next, if an infant was identified as eligible,

the member of the clinical team caring for the infant at the bedside was approached by

the researcher to check if it would be appropriate to consider recruitment for a study

taking place at the next ROP screening, which occurred weekly. This conversation

was very useful in gaining the trust of the bedside member of staff, who had a key

gate-keeper role in terms of access to the patient and parents. It was advantageous

once the nursing team were familiar with the members of the research team, and

the broad details of the research studies undertaken. Next, the researcher needed

to attend the NICU at the time at which the parents usually visited their infant.

Since time between parent and infant should be protected, liaison with the bedside

staff was needed to identify the appropriate time to approach parents during their

visit. If parents had received difficult news, or the infant was navigating a challenging

period, it would not be a suitable time to suggest participation to parents who might

be feeling distressed or stressed. In discussing the research study with parents, it

was important to introduce oneself clearly and be candid that participation (or not)

in research did not affect the clinical care of their infant. Parents were given an

information leaflet and time to reflect before signing their consent. After consent

was signed, it was important to be mindful that the infant’s clinical condition could

deteriorate during the time between obtaining consent and the next weekly ROP

examination. Thus each study participant in the research presented in this thesis was

the result of multiple interactions with the care team and parents.

In the author’s case, being both a member of the ophthalmology team and the

lead researcher in the studies presented in this thesis required particular care when

communicating with parents of infants in the NICU. It was important to separate the

roles where possible, to avoid parents feeling pressure to consent to participation and

to safe-guard the patient-doctor relationship. To this end, information regarding the

procedure of ROP screening and treatment was given first, and at a separate occasion

169



to the approach regarding research participation. The duality of the author’s role was

most challenging during ROP treatment. ROP treatment must be performed within

72 hours of diagnosis of treatment-indicated ROP, hence the time-frame was shorter

and therefore there was less time between discussions with parents.

Since Oxford is a centre of ROP expertise, in many cases infants were transferred

for treatment from other hospitals in the country. Transfer involves the infant arriv-

ing by ambulance transport, with parents arriving separately by private transport.

Thus, parents may be unable to attend if they do not have access to transport, or if

they have responsibility for care of other children, or they may plan to arrive after

the treatment has taken place. Consent for ROP treatment could be obtained by

telephone consultation, whereas consent for research participation had to be face-to-

face due to the stipulations of the research study ethical approvals. Thus it was not

possible to recruit all patients who were received ROP treatment during the research

period.

The NICU population are vulnerable to infection, which can have devastating

consequences such as permanent disability or death. During the period of recruitment

there were two infectious outbreaks in the NICU with unknown source. During these

outbreaks, research studies were not permitted on the Unit, in order to minimise

access to infants and thereby reduce risk of infection. After discussion with Infection

Control, it was determined that the procedures used by the research team for cleaning

equipment after studies were appropriate, and no additional measures needed to be

adopted.

6.3 Methodology

6.3.1 Single-centre design

The ROP Service at the John Radcliffe Hospital is a national referral centre, and

as such, local patient investigation and management may differ from other centres
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in the UK due to patient complexity and caseload. Firstly, regarding screening: as

mentioned in Chapter 3, insertion of an eyelid speculum and indentation with a scleral

depressor are standard practice in our centre, but may not always be included in the

BIO ROP examination in other centres. Although BIO examination is considered the

gold-standard examination method and is standard practice in our centre, it is not

a universally performed screening method; examination of the fundus with a contact

fundal imaging device termed the RetCam is another commonly-used method of ROP

screening. Optos imaging is a seldom-performed method of ROP screening. Reasons

for this include the cost of the imaging system, its portability to the NICU from the

Ophthalmology department, and practitioner reluctance to handle and lift preterm

infants toward the camera - including both ophthalmologists and NICU clinical staff.

Secondly, regarding ROP treatment: locally, ROP treatment is performed under

oral sedation, oral analgesia and local anaesthesia; in other centres, ROP treatment is

performed using intubation and sedation, or general anaesthesia. The infants included

in this study received standard-of-care management, and no clinical practice was

altered in order to perform the study. Oral morphine was included in the ROP laser

treatment protocol until the results of the Poppi trial were published, which advised

that it should not be used for procedural pain due to potential for harm without

evidence of analgesic efficacy. Following the Poppi trial results, oral morphine was

given on as case-by-case basis to infants who were considered appropriate by the

NICU clinical team.

In view of these considerations, clinicians may therefore question whether BIO

ROP examination without scleral indentation or eyelid speculum insertion, or a dif-

ferent method of ROP screening such as RetCam, may result in the a different pattern

of brain activity and autonomic nervous system activity than that observed in this

thesis. Similarly, clinicians may be interested to understand whether infant physiolo-

gical responses and brain activity, including measures of complexity, following ROP

treatment are influenced by different peri-operative pain-relief strategies, such as in-
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tubation and sedation, or general anaesthesia. Further research including multiple

centres is required to address these important clinical questions.

6.3.2 Practical considerations in data recording

As described in Chapter 2, the study design compared periods of EEG recording

before and after the clinical procedure. During the procedure there was significant

EEG artefact, especially motion artefact.

The method used for recording EEG in this thesis involved eight recording elec-

trodes which were applied manually to each infant by the author, a trained member

of the research team, or a research electrophysiologist. A similar EEG montage has

been used in previous studies of infant brain activity (Hartley et al, 2015; Green et al,

2019; Cobo et al, 2021). An advantage of the manual approach is that the electrodes

were measured and sited precisely in accordance with the 10-20 system nomenclature.

However, manually-affixed electrodes were vulnerable to becoming dislodged by in-

fant movement or clinician touch during the procedure. More securely fixed electrodes

may have allowed EEG recording to continue for longer before and after the proced-

ure, without concern that the need to avoid disturbing the electrodes was interfering

with routine care and parental access. Other groups have used an electrode cap to

record EEG in infants aged 6 to 24 months (Bosl et al, 2011; De Klerk et al, 2015)

which may limit electrode motion (Wallois et al, 2021) and moreover obviates the

need for scalp preparation and electrode fixation with paste, tape or bandages.

Physiological recordings were obtained by exporting data from the patient monitor

to a laptop at the bedside, as described in the General Methods. The majority

of infants in the NICU have continuous physiological monitoring, generating large

amounts of data per patient stay. However, with the method used in this thesis,

recordings were often interrupted for practical reasons, such as relocating an infant

to a different bed space. Automatic recording of physiological data during an infant’s

admission is performed in other centres (Poppe et al, 2020; den Boer et al, 2021),
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which avoids the practical problems associated with a separate bedside recording

device. Achieving a similar approach in the local unit would greatly increase capacity

for physiological data collection.

6.4 Limitations

6.4.1 Analysis approaches

The characterisation of brain activity presented in this thesis was based on data from

a single recording electrode, which was positioned at Cz and therefore considered to

record activity from the primary somatosensory cortex. However, data from seven

other electrodes were recorded during the studies, and could be used in future to

characterise brain activity in other cortical regions associated with painful proced-

ures. Given that pain is considered to arise from activity across the dynamic pain

connectome, it may be advantageous to analyse data from a greater number of re-

cording electrodes (Wallois et al, 2021). Detecting neural activity more widely across

brain regions rather than in one locus may better characterise brain activity evoked

by noxious stimulation (Gursul et al, 2019).

6.4.2 Baseline state identification

Infant sleep state was not determined from the EEG recordings, which were generally

too short to capture an entire sleep-wake cycle (St Louis et al, 2016). The PIPP-R

score baseline behavioural state provided information as to the infant’s likely sleep

state. However, as detailed in the General Methods, the EEG baseline period did

not align precisely with the PIPP-R baseline, because the EEG baseline period was

identified retrospectively as an artefact-free period during the EEG recorded prior to

the procedure. Since sleep state markedly influences both EEG and heart rate (Grigg-

Damberger, 2016; Dereymaeker et al, 2017), the study design could be improved by
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identifying the infant behavioural state more precisely.

6.4.3 Sample size

Recruitment to the studies presented in this thesis was curtailed by the outbreak of the

COVID-19 pandemic in February 2020. The recruitment of infants undergoing Optos

screening was particularly affected, as all recruitment to the NICU was stopped during

this phase of research. Clinicians’ access to the Unit was maintained, but researchers

were no longer allowed access in order to minimise the risk of introducing COVID-19

into the Unit. Parental access was also severely limited which would have affected the

consenting process; parents of neighbouring infants in the Unit were given staggered

visiting slots in order to maintain 2 metre distance between parents, and to reduce

the total number of people in the Unit.

6.5 General Discussion

During NICU admission, infants undergo multiple painful clinically-necessary proced-

ures daily. Pain during early life has deleterious consequences for the developing brain

and neural pathways, therefore detecting pain in infants and delivering effective pain

relief is essential. Identifying pain in a non-verbal population is challenging, hence

surrogate measures of pain are required to estimate the pain experience in infants.

In this thesis, the clinical procedures of ROP screening and treatment are invest-

igated using a multimodal approach to infant pain assessment. Particular attention is

given to defining brain-derived responses and autonomic responses to pain and stress

in infants. The aim of the research was to use quantitative analysis of EEG features to

better understand the infant response to complex noxious stimulation, and to analyse

heart rate variability to better understand the infant physiological stress response.

The research presented in this thesis contributes to better understanding of nocicept-

ive processing in preterm infants: higher frequency brain activity (12 - 30 Hz) is ob-

174



served following noxious clinical procedures, and an approach toward defining a novel

measure of nociception in infants is described. The work also adds to knowledge of

infant physiological stress during eye screening: a reduction in HRV measures as-

sociated with parasympathetic nervous system activity is observed, indicative of an

autonomic stress response. These findings have not been reported previously and

therefore represent a novel contribution to the scientific field.

The thesis may inform future research and clinical practice: the shift to higher

frequency brain activity associated with BIO ROP screening may be a marker of

nociception in infants. It may represent a useful outcome measure to include in

future investigations into infant pain, particularly pain associated with clinical pro-

cedures. The reduction in EEG complexity observed during pre-medication with oral

sedation, oral analgesia and local anaesthesia may also represent a useful outcome

measure in clinical research. Peri-procedural approaches to pain-relief could be evalu-

ated in terms of the effect on EEG complexity, providing an indication of effectiveness

and ultimately improving infants’ experience of clinical procedures. The multimodal

approach to pain assessment could be applied to a larger cohort to investigate which

method of ROP screening is optimal and thereby inform clinical management de-

cisions.

Regarding clinical practice, HRV measures of parasympathetic nervous system

activity may be useful indicators of infant stress during eye screening. Automated

heart rate variability monitoring is available in the NICU, and this research supports

its implementation during ROP screening. Measurement of real-time parasympathetic

activity in infants undergoing BIO ROP screening may improve NICU staff ability to

monitor infants physiological stress during the procedure, and may create opportunity

for caregivers to respond with comfort measures or analgesia in order to improve the

infants experience of screening.

There are several directions in which the research could be developed in future.

Firstly, it may be beneficial to standardise certain characteristics which are con-
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sidered to influence pain sensitivity in infants. For example, prior exposure to painful

experiences may influence infant responses to pain - previous studies suggest that

prior pain may evoke increased brain activity (Slater et al, 2010) and reduced beha-

vioural responses (Johnston and Stevens, 1996; Grunau et al, 2005; Morison et al,

2003) following a noxious stimulus. Since infants admitted to the NICU accumulate

considerable pain experience, future studies of noxious-related responses from this

population could be improved by accounting for previous pain.

An approach to accounting for individual pain sensitivity has been recently de-

scribed (Cobo et al, 2021). The magnitude of brain activity evoked by an experimental

pinprick stimulus has been used to predict sensitivity to heel lancing in infants, based

on the observation that the magnitude of brain activity evoked by pinprick and heel

lance is highly correlated. The analgesic effect of paracetamol was characterised

by demonstrating that the magnitude of brain activity evoked by heel lancing with

paracetamol treatment was lower than the predicted magnitude of brain activity to

heel lancing without paracetamol. This paradigm was also used to demonstrate the

analgesic effect of gentle stroking.

This approach could be applied to ROP screening procedures, if baseline sensit-

ivity to an experimental pinprick were strongly correlated to the measures of brain

activity identified in this thesis. The infant response to alternative methods of screen-

ing, such as Optos screening, could be compared to the predicted response to BIO

ROP screening, using the baseline sensitivity to experimental pinprick. This experi-

mental design would be advantageous in avoiding subjecting infants to both types of

screening, as has been the case in previous comparisons of screening methods (Fung

et al, 2018).

Another exciting direction would be to investigate the effect of parental voice as

a potential non-pharmacological analgesic or comfort measure during ROP screening

or treatment. Recently, maternal voice was demonstrated to significantly reduce

clinical pain score and increase endogenous oxytocin during heel lancing in preterm
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infants (Filippa et al, 2021). This intervention may be welcomed by parents of infants

undergoing ROP screening in the NICU, who are encouraged to be involved with the

care of their infant where possible.

Accounting for inter-individual variation in pain responses has been demonstrated

to reduce the sample size required (Cobo et al, 2021). Using this paradigm, the

robustness of the findings presented in this thesis could be confirmed by demonstrating

repeatability, without the challenges of recruiting a larger cohort from the NICU

population as discussed above.

An interesting future direction would be to develop an automated process by

which EEG and ECG changes related to pain and stress could be identified. Feature

extraction from a biological signal is often performed in order to facilitate machine

learning. EEG features have been used to classify sleep state and detect seizure activ-

ity in infants (Dereymaeker et al, 2017; Koolen et al, 2017; Pillay et al, 2018; Pavel

et al, 2020). Automated pain assessment has been attempted using EEG features in

adults following experimental thermal noxious stimulation (Misra et al, 2017), and

using HRV features in infants after surgery and after delivery (Butruille et al, 2015).

The research presented in this thesis contributes to this field by characterising both

EEG and HRV features related to nociception in infants, and by focussing on pain

resulting from clinical procedures.

Combining EEG with near-infrared spectroscopy neuroimaging would be advant-

ageous in future, firstly in order to improve data quality during the clinical procedure,

since near-infrared spectroscopy is less vulnerable to motion artefact. In addition, us-

ing haemodynamic and electrophysiological neuroimaging methods may allow more

comprehensive understanding of the changes that occur in the infant brain in response

to nociception (Verriotis et al, 2016).

The results discussed in this thesis could be used as outcome measures to charac-

terise the infant response to other noxious clinical procedures such as lumbar puncture

or chest drain insertion. It would be interesting to investigate whether the infant re-
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sponse to procedural pain demonstrates intensity encoding. Many clinical procedures

performed in infants have a counterpart in adult medical care, and adult pain ratings

could form the basis of an expected severity for a given procedure. Characterising the

intensity of clinical procedures would allow improved understanding of the impact of

frequently-performed procedures on the NICU population.

In future, the results presented in this thesis could be included as outcome meas-

ures in multimodal characterisations of different methods of ROP screening. It is of

particular interest to ophthalmologists and NICU staff to better understand which

screening method is optimal in terms of pain and stress experienced by the infant.

A randomised controlled trial of BIO ROP screening, RetCam screening and Optos

screening, for example, would answer important clinical questions regarding the im-

pact of screening techniques on infants, and assist clinical decision-making. With

increased survival of preterm infants, demand for ROP screening is likely to increase

and outstrip the capacity of trained ophthalmologists (Brady et al, 2020). Therefore,

’telemedicine’ screening methods that can be performed by non-specialists and which

facilitate image-sharing will be increasingly adopted, rather than the BIO technique

which requires specialist skill. It is essential to understand the impact of such methods

on the infant population.

6.6 Concluding Remarks

To conclude, the research presented in this thesis contributes to understanding of the

infant response to clinically-required noxious stimulation. Features of brain activity

and heart rate variability related to procedural pain and stress have been charac-

terised, which may be useful outcome measures in future investigations of infant

nociception evoked by clinical procedures. The features identified may also be used

in the development of automated pain detection using machine learning approaches.

Improved diagnosis of pain in infants may lead to better evaluation of pain-relief

178



strategies and thereby improved treatment of infant pain. Improved treatment of

infant pain is critical in order to avoid the negative effects of early life pain arising

from clinically-necessary procedures performed in the NICU.

179



Bibliography

Adams, G. G., C. Bunce, W. Xing, L. Butler, V. Long, A. Reddy, and A. H. Dahlmann-Noor (2017).

Treatment trends for retinopathy of prematurity in the UK: Active surveillance study of infants

at risk. BMJ Open 7 (3), 1–7.

Adjei, T. A. B. (2019). Enabling the quantification of human stress from physiological responses. Ph.

D. thesis, Imperial College London.

Ah-Chan, J., A. Rubinstein, and C. Patel (2008). Anterior sub-Tenon’s anesthesia for the treatment

of retinopathy of prematurity. Journal of Pediatric Ophthalmology and Strabismus 45 (3), 186–8.

Ahn, Y. and Y. Jun (2007). Measurement of pain-like response to various NICU stimulants for

high-risk infants. Early Human Development 83 (4), 255–262.

Ahola Kohut, S. and R. Pillai Riddell (2009). Does the Neonatal Facial Coding System differen-

tiate between infants experiencing pain-related and non-pain-related distress? The Journal of

Pain 10 (2), 214–20.

Akselrod, S., D. Gordon, F. A. Ubel, D. C. Shannon, A. C. Barger, and R. J. Cohen (1981). Power

spectrum analysis of heart rate fluctuation: A quantitative probe of beat-to-beat cardiovascular

control. Science 213 (4504), 220–222.

Al-Nuaimi, A., E. Jammeh, L. Sun, and E. Ifeachor (2018). Complexity Measures for Quantifying

Changes in Electroencephalogram in Alzheimer’s Disease. Complexity (8915079), 1–12.

Alon, T., I. Hemo, A. Itin, J. Pe’er, J. Stone, and E. Keshet (1995). Vascular endothelial growth

factor acts as a survival factor for newly formed retinal vessels and has implications for retinopathy

of prematurity. Nature Medicine 1 (10), 1024–8.

Alonzo, C., V. P. Nagraj, J. V. Zschaebitz, D. E. Lake, J. Randall, and M. Spaeder (2018). Heart

180



rate ranges in premature neonates using high resolution physiologic data. Journal of Perinato-

logy 38 (9), 1242–1245.

Als, H. and G. McAnulty (2011). The Newborn Individualized Developmental Care and Assess-

ment Program (NIDCAP) with Kangaroo Mother Care (KMC): Comprehensive care for preterm

Infants. Current Women’s Health Reviews 7 (3), 288–301.

Ambuel, B., K. Hamlett, and C. Marx (1992). Assessing distress in pediatric intensive care

environments- the Comfort scale. Journal of Pediatric Psychology 17, 95–109.

Anand, K. and P. Hickey (1987). Pain and its effects in the human neonate and fetus. New England

Journal of Medicine 317 (21), 1321–9.

Anand, K. J., N. McIntosh, H. Lagercrantz, E. Pelausa, T. E. Young, and R. Vasa (1999). Analgesia

and sedation in preterm neonates who require ventilatory support: Results from the NOPAIN

trial. Archives of Pediatrics and Adolescent Medicine 153 (4), 331–338.

Anand, K. J., W. G. Sippell, and A. Aynsley-Green (1987). Randomised trial of fentanyl anaesthesia

in preterm babies undergoing surgery: Effects on the stress response. The Lancet 329 (8524), 62–

66.

André, M., M. D. Lamblin, A. M. D’Allest, L. Curzi-Dascalova, F. Moussalli-Salefranque, S. Nguyen

The Tich, M. F. Vecchierini-Blineau, F. Wallois, E. Walls-Esquivel, and P. Plouin (2010). Elec-

troencephalography in premature and full-term infants. Neurophysiologie Clinique 40 (2), 59–124.

Appel, M. L., R. D. Berger, J. P. Saul, J. M. Smith, and R. J. Cohen (1989). Beat to beat variability

in cardiovascular variables: Noise or music? Journal of the American College of Cardiology 14 (5),

1139–1148.

Appelbaum, A. (1952). Retrolental fibroplasia; blindness in infants of low weight at birth. California

Medicine 77 (4), 259–265.

Armstrong, R. (2019). Should Pearson’s correlation coefficient be avoided? Ophthalmic and Physiolo-

gical Optics 39 (5), 316–327.

Ashton, N. (1970). Retinal angiogenesis in the human embryo. British Medical Bulletin 26 (2),

103–106.

181



Ashton, N., B. Ward, and G. Serpell (1954). Effect of oxygen on developing retinal vessels with par-

ticular reference to the problem of retrolental fibroplasia. British Journal of Ophthalmology 38 (7),

397–432.

Askie, L., B. Darlow, P. Davis, N. Finer, B. Stenson, M. Vento, and R. Whyte (2017). NeOProM: Ef-

fects of targeting lower versus higher arterial oxygen saturations on death or disability in preterm

infants. Cochrane Database of Systematic Reviews (4).

Axelrod, S., M. Lishner, O. Oz, J. Bernheim, and M. Ravid (1987). Spectral analysis of fluctuations

in heart rate: An objective evaluation of autonomic nervous control in chronic renal failure.

Nephron 45 (3), 202–206.

Axer-Siegel, R., M. Snir, Y. Ron, R. Friling, L. Sirota, and D. Weinberger (2011). Intravitreal

bevacizumab as supplemental treatment or monotherapy for severe retinopathy of prematurity.

Retina 31 (7), 1239–1247.

Aziz, W., F. S. Schlindwein, M. Wailoo, T. Biala, and F. C. Rocha (2012). Heart rate variability

analysis of normal and growth restricted children. Clinical Autonomic Research 22 (2), 91–97.

Ballantyne, M., B. Stevens, M. McAllister, K. Dionne, and A. Jack (1999). Validation of the

premature infant pain profile in the clinical setting. Clinical Journal of Pain 15 (4), 297–303.

Balles, M. W., C. Puliafito, D. D’Amico, J. J. Jacobson, and R. Birngruber (1990). Semiconductor

diode laser photocoagulation in retinal vascular disease. Ophthalmology 97 (11), 1553–61.

Bartocci, M., L. L. Bergqvist, H. Lagercrantz, and K. J. Anand (2006). Pain activates cortical areas

in the preterm newborn brain. Pain 122 (1-2), 109–117.

Barutcu, I., A. Esen, D. Kaya, M. Turkmen, O. Karakaya, M. Melek, O. Esen, and Y. Basaran

(2005). Cigarette smoking and heart rate variability: Dynamic influence of parasympathetic and

sympathetic maneuvers. Annals of Noninvasive Electrocardiology 10 (3), 324–329.

Batton, D. G., K. J. Barrington, C. Wallman, and G. A. Finley (2006). Prevention and management

of pain in the neonate: An update. Pediatrics 118 (5), 2231–2241.

Baxter, L., F. Moultrie, S. Fitzgibbon, M. Aspbury, R. Mansfield, M. Bastiani, R. Rogers, S. Jbabdi,

E. Duff, and R. Slater (2021). Functional and diffusion MRI reveal the neurophysiological basis

of neonates’ noxious-stimulus evoked brain activity. Nature Communications 12 (1), 1–14.

182



Belda, S., C. R. Pallás, J. De La Cruz, and P. Tejada (2004). Screening for retinopathy of prema-

turity: Is it painful? Biology of the Neonate 86 (3), 195–200.

Bell, A. H., G. Greisen, and O. Pryds (1993). Comparison of the effects of phenobarbitone and

morphine administration on EEG activity in preterm babies. Acta Paediatrica 82 (1), 35–9.

Bellu, R., K. De Waal, and R. Zanini (2010). Opioids for neonates receiving mechanical ventilation:

A systematic review and meta-analysis. Archives of Disease in Childhood: Fetal and Neonatal

Edition 95 (4), 241–251.

Bembich, S., P. Brovedani, G. Cont, L. Travan, V. Grassi, and S. Demarini (2015). Pain activates

a defined area of the somatosensory and motor cortex in newborn infants. Acta Paediatrica,

International Journal of Paediatrics 104 (11), e530–e533.

Benjamini, Y. and Y. Hochberg (1995). Controlling the false discovery rate : A practical and

powerful approach to multiple testing. Journal of the Royal Statistical Society 57 (1), 289–300.

Billman, G. E. (2013). The LF/HF ratio does not accurately measure cardiac sympatho-vagal

balance. Frontiers in Physiology 4 FEB(February), 1–5.

Blackburn, S. (1998). Environmental impact of the NICU on developmental outcomes. Journal of

pediatric nursing 13 (5), 279–289.

Blauer, T. and D. Gerstmann (1998). A simultaneous comparison of three neonatal pain scales

during common NICU procedures. Clinical Journal of Pain 14 (1), 39–47.

Blencowe, H., J. E. Lawn, T. Vazquez, A. Fielder, and C. Gilbert (2013). Preterm-associated visual

impairment and estimates of retinopathy of prematurity at regional and global levels for 2010.

Pediatric Research 74 (Suppl 1), 35–49.

Bosl, W., A. Tierney, H. Tager-Flusberg, and C. Nelson (2011). EEG complexity as a biomarker for

autism spectrum disorder risk. BMC Medicine 9.

Boswinkel, J. and R. Litman (2005). The pharmacology of sedation. Pediatric Annals 34 (8), 607–13.

Bourel-Ponchel, E., S. Gueden, D. Hasaerts, C. Héberlé, G. Malfilâtre, L. Mony, P. Vignolo-Diard,

and M. D. Lamblin (2021). Normal EEG during the neonatal period: maturational aspects from

premature to full-term newborns. Neurophysiologie Clinique 51 (1), 61–88.

183



Boylan, G. B., D. M. Murray, and J. M. Rennie (2008). The normal EEG and aEEG. Neonatal

Cerebral Investigation, 83–91.

Boyle, E. M., Y. Freer, Z. Khan-Orakzai, M. Watkinson, E. Wright, J. R. Ainsworth, and N. McIn-

tosh (2006). Sucrose and non-nutritive sucking for the relief of pain in screening for retinopathy of

prematurity: A randomised controlled trial. Archives of Disease in Childhood: Fetal and Neonatal

Edition 91 (3), 166–168.

Bradshaw, G. and T. A. Spies (1992). Characterizing canopy gap structure in forests using wavelet

analysis. Journal of Ecology 80 (2), 205–215.

Brady, C. J., S. D’amico, and J. P. Campbell (2020). Telemedicine for Retinopathy of Prematurity.

Telemedicine and e-Health 26 (4), 556–564.

Brummelte, S., S. P. Miller, R. Grunau, V. Chau, K. J. Poskitt, R. Brant, J. Vinall, A. Gover, and

A. Synnes (2012). Procedural pain and brain development in premature newborns. Annals of

Neurology 71 (3), 385–96.

Burkhalter, A., K. Bernado, and V. Charles (1992). Development of local circuits in human visual

cortex. Journal of Neuroscience 13 (May), 1915–1931.

Burtchen, N., M. Myers, M. Lucchini, M. Ordonez Retamar, D. Rodriguez, and W. Fifer (2019).

Autonomic signatures of late preterm, early term, and full term neonates during early postnatal

life. Early Human Development 137 (March), 104817.

Butcher-Puech, M. C., D. J. Henderson-Smart, D. Holley, J. L. Lacey, and D. A. Edwards (1985).

Relation between apnoea duration and type and neurological status of preterm infants. Archives

of Disease in Childhood 60 (10), 953–958.

Butera, G., D. Bonnet, D. Sidi, J. Kachaner, M. Chessa, E. Bossone, M. Carminati, and E. Villain

(2004). Patients operated for tetralogy of Fallot and with non-sustained ventricular tachycardia

have reduced heart rate variability. Herz 29 (3), 304–309.

Butruille, L., A. Blouin, J. De Jonckheere, S. Mur, T. Margez, T. Rakza, and L. Storme (2017).

Impact of skin-to-skin contact on the autonomic nervous system in the preterm infant and his

mother. Infant Behavior and Development 49 (August), 83–86.

Butruille, L., J. De Jonckheere, R. Marcilly, C. Boog, S. Bras Da Costa, T. Rakza, L. Storme, and

R. Logier (2015). Development of a pain monitoring device focused on newborn infant applications:

The NeoDoloris project. IRBM 36 (2), 80–85.

184



Buyuktiryaki, M., N. Uras, N. Okur, M. Oncel, G. Simsek, S. Isik, and S. Oguz (2018). Evaluation

of prolonged pain in preterm infants with pneumothorax using heart rate variability analysis and

EDIN scores. Korean Journal of Pediatrics 61 (10), 322–326.

Campbell, K. (1951). Intensive oxygen therapy as a possible cause of retrolental fibroplasia; a clinical

approach. The Medical Journal of Australia 2 (2), 48–50.

Carbajal, R., A. Rousset, C. Danan, S. Coquery, P. Nolent, S. Ducrocq, C. Saizou, A. Lapillonne,

M. Granier, R. Lenclen, A. Corsol, P. Hubert, L. de Saint Blanquat, P.-Y. Boelle, D. Annequin,

P. Cimerman, K. Anand, and G. Breart (2008). Epidemiology and treatment of painful procedures

in neonates in intensive care units. JAMA - Journal of the American Medical Association 300,

60–70.

Cardoso, S., M. Silva, and H. Guimarães (2017). Autonomic nervous system in newborns: a review

based on heart rate variability. Child’s Nervous System 33 (7), 1053–1063.

Castellanos, M., S. Schwartz, R. Leal, R. Chan, and H. Quiroz-Mercado (2013). Pain assessment in

premature infants treated with intravitreal antiangiogenic therapy for retinopathy of prematurity

under topical anesthesia. Graefe’s Archive for Clinical and Experimental Ophthalmology 251 (2),

491–4.

Chan-Ling, T., S. Tour, H. Hollander, and J. Stone (1992). Vascular changes and their mechan-

isms in the feline model of retinopathy of prematurity. Investigative Ophthalmology and Visual

Science 33 (7), 2128–2147.

Chandrasekharan, P., M. Rawat, A. Reynolds, K. Phillips, and S. Lakshminrusimha (2018). Apnea,

bradycardia and desaturation spells in premature infants - Impact of a protocol for duration of

"spell-free" observation on inter-provider variability and readmission rates. Journal of Perinato-

logy 38 (1), 86–91.

Chang, P., L. Arendt-Nielsen, T. Graven-Nielsen, P. Svensson, and A. C. Chen (2001). Different EEG

topographic effects of painful and non-painful intramuscular stimulation in man. Experimental

Brain Research 141 (2), 195–203.

Chawanpaiboon, S., J. P. Vogel, A. B. Moller, P. Lumbiganon, M. Petzold, D. Hogan, S. Landoulsi,

N. Jampathong, K. Kongwattanakul, M. Laopaiboon, C. Lewis, S. Rattanakanokchai, D. N. Teng,

J. Thinkhamrop, K. Watananirun, J. Zhang, W. Zhou, and A. M. Gülmezoglu (2019). Global,

185



regional, and national estimates of levels of preterm birth in 2014: a systematic review and

modelling analysis. The Lancet Global 7 (1), e37–e46.

Chen, A., S. Dworkin, and M. Drangsholt (1983). Cortical power spectral analysis of acute patho-

physiological pain. International Journal of Neuroscience 18 (3-4), 269–278.

Chen, S., Z. Feng, and X. Yi (2017). A general introduction to adjustment for multiple comparisons.

Journal of Thoracic Disease 9 (6), 1725–1729.

Chen, S. D., V. Sundaram, A. Wilkinson, and C. K. Patel (2007). Variation in anaesthesia for

the laser treatment of retinopathy of prematurity - A survey of ophthalmologists in the UK.

Eye 21 (8), 1033–1036.

Chiera, M., F. Cerritelli, A. Casini, N. Barsotti, D. Boschiero, F. Cavigioli, C. G. Corti, and A. Man-

zotti (2020). Heart rate variability in the perinatal period: A critical and conceptual review.

Frontiers in Neuroscience 14 (September), 1–23.

Clarke, W. N., E. Hodges, L. P. Noel, D. Roberts, and M. Coneys (1985). The oculocardiac reflex

during ophthalmoscopy in premature infants. American Journal of Ophthalmology 99 (6), 649–

651.

Coats, D. (2005). Retinopathy of prematurity: Involution, factors predisposing to retinal detach-

ment, and expected utility of preemptive surgical reintervention. Transactions of the American

Ophthalmological Society 103, 281–312.

Cobo, M. M., C. Hartley, D. Gursul, F. Andritsou, M. van der Vaart, G. Schmidt Mellado, L. Baxter,

E. P. Duff, M. Buckle, R. Evans Fry, G. Green, A. Hoskin, R. Rogers, E. Adams, F. Moultrie,

and R. Slater (2021). Quantifying noxious-evoked baseline sensitivity in neonates to optimise

analgesic trials. eLife 10, 1–24.

Cogen, M. S., J. Parker, T. Sleep, F. Elsas, T. Metz, and G. McGwin (2011). Masked trial of topical

anesthesia for retinopathy of prematurity eye examinations. Journal of AAPOS 15 (1), 45–48.

Coggeshall, S. and G. Wu (2011). Asset allocation and long-term returns: An empirical approach.

SSRN Electronic Journal , 1–53.

Cohen, J. Statistical power analysis for the behavioral sciences (2 ed.). Lawrence Erlbaum Associates.

186



Connolly, B., E. Ng, J. A. McNamara, C. Regillo, J. F. Vander, and W. Tasman (2002). A comparison

of laser photocoagulation with cryotherapy for threshold retinopathy of prematurity at 10 years:

Part 2. Refractive outcome. Ophthalmology 109 (5), 936–41.

Costa, M., A. L. Goldberger, and C. K. Peng (2005). Multiscale entropy analysis of biological signals.

Physical Review E - Statistical, Nonlinear, and Soft Matter Physics 71 (2), 1–18.

Coumel, P., J. S. Hermida, B. Wennerblom, A. Leenhardt, P. Maison-Blanche, and B. Cauchemez

(1991). Heart rate variability in left ventricular hypertrophy and heart failure, and the effects of

beta-blockade: A non-spectral analysis of heart rate variability in the frequency domain and in

the time domain. European Heart Journal 12 (3), 412–422.

Cremillieux, C., A. Makhlouf, V. Pichot, B. Trombert, and H. Patural (2018). Objective assessment

of induced acute pain in neonatology with the Newborn Infant Parasympathetic Evaluation index.

European Journal of Pain (United Kingdom) 22 (6), 1071–1079.

Crettaz, B., M. Marziniak, P. Willeke, P. Young, D. Hellhammer, A. Stumpf, and M. Burgmer

(2013). Stress-Induced Allodynia - Evidence of Increased Pain Sensitivity in Healthy Humans and

Patients with Chronic Pain after Experimentally Induced Psychosocial Stress. PLoS ONE 8 (8),

1–7.

Cruz, M. D., A. M. Fernandes, and C. R. Oliveira (2016). Epidemiology of painful procedures

performed in neonates: A systematic review of observational studies. European Journal of Pain

(United Kingdom) 20 (4), 489–498.

Dall’Orso, S., J. Steinweg, A. G. Allievi, A. D. Edwards, E. Burdet, and T. Arichi (2018). Soma-

totopic mapping of the developing sensorimotor cortex in the preterm human brain. Cerebral

Cortex 28 (7), 2507–2515.

Darlow, B. and S. Husain (2019). Primary prevention of ROP and the oxygen saturation targeting

trials. Seminars in Perinatology 43 (6), 333–340.

De Jonckheere, J., T. Rakza, R. Logier, M. Jeanne, R. Jounwaz, and L. Storme (2011). Heart rate

variability analysis for newborn infants prolonged pain assessment. Proceedings of the Annual

International Conference of the IEEE Engineering in Medicine and Biology Society, EMBS , 7747–

7750.

187



De Klerk, C. C., M. H. Johnson, and V. Southgate (2015). An EEG study on the somatotopic

organisation of sensorimotor cortex activation during action execution and observation in infancy.

Developmental Cognitive Neuroscience 15, 1–10.

De Wel, O., M. Lavanga, A. Caicedo Dorado, K. Jansen, A. Dereymaeker, G. Naulaers, and S. Van

Huffel (2017). Complexity analysis of neonatal EEG using multiscale entropy: Applications in

brain maturation and sleep stage classification. Entropy 19 (10), 516.

Debillon, T., V. Zupan, N. Ravault, J. F. Magny, and M. Dehan (2001). Development and initial

validation of the EDIN scale, a new tool for assessing prolonged pain in preterm infants. Archives

of Disease in Childhood 85 (1), 36–41.

Dehghani, A., O. Sarbishei, T. Glatard, and E. Shihab (2019). A quantitative comparison of overlap-

ping and non-overlapping sliding windows for human activity recognition using inertial sensors.

Sensors 19 (22), 10–12.

Delwig, A., A. M. Logan, D. R. Copenhagen, and A. H. Ahn (2012). Light evokes melanopsin-

dependent vocalization and neural activation associated with aversive experience in neonatal

mice. PLoS ONE 7 (9), 3–10.

Dempsey, E. and K. McCreery (2011). Local anaesthetic eye drops for prevention of pain in preterm

infants undergoing screening for retinopathy of prematurity. Cochrane Database of Systematic

Reviews (9), CD007645.

den Boer, M. C., M. Houtlosser, R. S. Witlox, R. van der Stap, M. C. de Vries, E. Lopriore, and

A. B. te Pas (2021). Reviewing recordings of neonatal resuscitation with parents. Archives of

Disease in Childhood: Fetal and Neonatal Edition 106 (4), 346–351.

Dereymaeker, A., K. Pillay, J. Vervisch, M. De Vos, S. Van Huffel, K. Jansen, and G. Naulaers

(2017). Review of sleep-EEG in preterm and term neonates. Early Human Development 113,

87–103.

Dereymaeker, A., K. Pillay, J. Vervisch, S. Van Huffel, G. Naulaers, K. Jansen, and M. De Vos

(2017). An automated quiet sleep detection approach in preterm infants as a gateway to assess

brain maturation. International Journal of Neural Systems 27 (6), 1750023.

Dhaliwal, C. A., E. Wright, N. McIntosh, K. Dhaliwal, and B. W. Fleck (2010). Pain in neonates

during screening for retinopathy of prematurity using binocular indirect ophthalmoscopy and

188



wide-field digital retinal imaging: A randomised comparison. Archives of Disease in Childhood:

Fetal and Neonatal Edition 95 (2), 2009–2011.

Dhillon, B., E. Wright, and B. W. Fleck (1993). Screening for retinopathy of prematurity: Are a lid

speculum and scleral indentation necessary? Journal of AAPOS 30 (6), 337–81.

Di Fiore, J., F. Kaffashi, K. A. Loparo, A. Sattar, M. Schluchter, R. Martin, and C. Wilson (2012).

Relationship Between Patterns of Intermittent Hypoxia and Retinopathy of Prematurity in Pre-

term Infants. Pediatric Research 72 (6), 606–612.

Dilli, D., N. Ilarslan, E. Kabatas, A. Zenciroglu, Y. Simsek, and N. Okumus (2014). Oral sucrose

and non-nutritive sucking goes some way to reducing pain during retinopathy of prematurity eye

examinations. Acta Paediatrica 103 (2), 76–79.

Dilsizian, V. and J. Narula (2017). Atlas of Cardiac Innervation. Springer International Publishing.

Disher, T., C. Cameron, S. Mitra, K. Cathcart, and M. Campbell-Yeo (2018). Pain-relieving inter-

ventions for retinopathy of prematurity: A meta-analysis. Pediatrics 142 (1), e20180401.

Djouhri, L. and S. N. Lawson (2004). A(beta)-fiber nociceptive primary afferent neurons: A review of

incidence and properties in relation to other afferent A-fiber neurons in mammals. Brain Research

Reviews 46 (2), 131–145.

Doesburg, S. M., C. Chau, T. P. L. Cheung, A. Moiseev, U. Ribary, A. Herdman, S. Miller, I. L.

Cepeda, A. Synnes, and R. E. Grunau (2013). Neonatal pain-related stress, functional cortical

activity and visual-perceptual abilities in school-age children born at extremely low gestational

age. Pain 154 (10), 1946–1952.

Drinnan, M. J., J. Allen, P. Langley, and A. Murray (2000). Detection of sleep apnoea from frequency

analysis of heart rate variability. Computers in Cardiology , 259–262.

Dubin, A. E. and A. Patapoutian (2010). Nociceptors: The sensors of the pain pathway. Journal of

Clinical Investigation 120 (11), 3760–3772.

Duerden, E. G., R. E. Grunau, T. Guo, J. Foong, A. Pearson, S. Au-Young, R. Lavoie, M. M.

Chakravarty, V. Chau, A. Synnes, and S. P. Miller (2018). Early procedural pain is associated

with regionally-specific alterations in thalamic development in preterm neonates. Journal of

Neuroscience 38 (4), 878–886.

189



Duff, E. P., F. Moultrie, M. van der Vaart, S. Goksan, A. Abos, S. P. Fitzgibbon, L. Baxter, T. D.

Wager, and R. Slater (2020). Inferring pain experience in infants using quantitative whole-brain

functional MRI signatures: a cross-sectional, observational study. The Lancet Digital Health 2 (9),

e458–e467.

Egliston, K., C. McMahon, and M. Austin (2007). Stress in pregnancy and infant HPA axis func-

tion: Conceptual and methodological issues relating to the use of salivary cortisol as an outcome

measure. Psychoneuroendocrinology 32 (1), 1–13.

Eichenwald, E. (2016). Apnea of Prematurity. Pediatrics 137 (1), 1–9.

El Ters, N., A. Mathur, S. Jain, Z. Vesoulis, and J. Zempel (2018). Long term electroencephalography

in preterm neonates: Safety and quality of electrode types. Clinical Neurophysiology 129 (7),

1366–1371.

Eriksson, M., H. Storm, A. Fremming, and J. Schollin (2008). Skin conductance compared to a

combined behavioural and physiological pain measure in newborn infants. Acta Paediatrica 97 (1),

27–30.

Fabrizi, L., R. Slater, A. Worley, J. Meek, S. Boyd, S. Olhede, and M. Fitzgerald (2011). A shift

in sensory processing that enables the developing human brain to discriminate touch from pain.

Current Biology 21 (18), 1552–1558.

Fabrizi, L., M. Verriotis, G. Williams, A. Lee, J. Meek, S. Olhede, and M. Fitzgerald (2016). Encod-

ing of mechanical nociception differs in the adult and infant brain. Scientific Reports 6 (June),

2–10.

Fairchild, K., M. Mohr, A. Paget-Brown, C. Tabacaru, D. Lake, J. Delos, J. R. Moorman, and

J. Kattwinkel (2016). Clinical associations of immature breathing in preterm infants: Part 1-

central apnea. Pediatric Research 80 (1), 21–27.

Fairchild, K. and T. O’Shea (2010). Heart rate characteristics: physiomarkers for detection of

late-onset neonatal sepsis. Clinical Perinatology 37 (3), 581–598.

Fairchild, K. D., V. Nagraj, B. A. Sullivan, J. R. Moorman, and D. E. Lake (2019). Oxygen

desaturations in the early neonatal period predict development of bronchopulmonary dysplasia.

Pediatric Research 85, 987–993.

190



Fallaha, N., M. Lynn, T. Aaberg, and S. Lambert (2002). Clinical outcome of confluent laser

photoablation for retinopathy of prematurity. Journal of AAPOS 6 (2), 81–85.

Faris, B., F. I. Tolentino, H. M. Freeman, R. Brockhurst, and C. Schepens (1971). Retrolental

fibroplasia in the cicatricial stage: Fundus and vitreous findings. Archives of Ophthalmology 85 (6),

661–8.

Fatollahzade, M., S. Parvizi, M. Kashaki, H. Haghani, and M. Alinejad-Naeini (2020). The effect of

gentle human touch during endotracheal suctioning on procedural pain response in preterm infant

admitted to neonatal intensive care units: a randomized controlled crossover study. Journal of

Maternal-Fetal and Neonatal Medicine 0 (0), 1–7.

Faye, P. M., J. De Jonckheere, R. Logier, E. Kuissi, M. Jeanne, T. Rakza, and L. Storme (2010). New-

born infant pain assessment using heart rate variability analysis. Clinical Journal of Pain 26 (9),

777–782.

Fierson, W. (2013). Screening examination of premature infants for retinopathy of prematurity.

Pediatrics 131 (1), 189–195.

Filippa, M., M. Monaci, C. Spagnuolo, P. Serravalle, R. Daniele, and D. Grandjean (2021). Mater-

nal speech decreases pain scores and increases oxytocin levels in preterm infants during painful

procedures. Scientific Reports 11 (1), 1–10.

Fitzgerald, M. (2005). The development of nociceptive circuits. Nature Reviews Neuroscience 6 (7),

507–520.

Flower, R. and A. Patz (1971). Oxygen Studies in Retrolental Fibroplasia: IX. The Effects of

Elevated Arterial Oxygen Tension on Retinal Vascular Dynamics in the Kitten. Archives of

Ophthalmology 85 (2), 197–203.

Foos, R. Y. (1987). Retinopathy of prematurity: Pathologic correlation of clinical stages.

Forsström, J., J. Forsström, E. Heinonen, I. Välimäki, and K. Antila (1986). Effects of haemodialysis

on heart rate variability in chronic renal failure. Scandinavian Journal of Clinical and Laboratory

Investigation 46 (7), 665–670.

Foxe, J. J. and A. C. Snyder (2011). The role of alpha-band brain oscillations as a sensory suppression

mechanism during selective attention. Frontiers in Psychology 2 (JUL), 1–13.

191



Friberg, T. and S. Venkatesh (1995). Alteration of pulse configuration affects the pain response

during diode laser photocoagulation. Lasers in Surgery and Medicine 16 (4), 380–383.

Fries, P., J. H. Reynolds, A. E. Rorie, and R. Desimone (2001). Modulation of oscillatory neuronal

synchronization by selective visual attention. Science 291 (5508), 1560–1563.

Fung, T., J. Abramson, S. Ojha, and R. Holden (2018). Systemic effects of Optos versus indirect

ophthalmoscopy for retinopathy of prematurity screening. Ophthalmology 125 (11), 1829–1832.

Fung, T. M., M. Kuet, C. Patel, R. Holden, S. Ojha, and W. K. Amoaku (2021). Retinal imaging

in infants. Survey of Ophthalmology S0039-6257 (21), 00023–0.

Furman, A., T. Meeker, J. Rietschel, S. Yoo, J. Muthulingam, M. Prokhorenko, M. Keaser, R. Good-

man, A. Mazaheri, and D. Seminowicz (2018). Cerebral peak alpha frequency predicts individual

differences in pain sensitivity. NeuroImage 167, 203–210.

Fyfe, K. L., S. R. Yiallourou, F. Y. Wong, A. Odoi, A. M. Walker, and R. S. Horne (2015). The

effect of gestational age at birth on post-term maturation of heart rate variability. Sleep 38 (10),

1635–1644.

Gal, P., G. Kissling, W. Young, K. Dunaway, V. Marsh, S. Jones, D. Shockley, N. Weaver, R. Carlos,

and J. L. Ransom (2005). Efficacy of sucrose to reduce pain in premature infants during eye

examinations for retinopathy of prematurity. Annals of Pharmacotherapy 39 (6), 1029–33.

Gamble, Y. D., W. P. Lutin, and O. P. Mathew (2007). Non-sinus bradyarrhythmias in very low

birth weight infants. Journal of Perinatology 27 (1), 65–67.

García Martínez, C., A. Otero Quintana, X. Vila, M. Lado Touriño, L. Rodríguez-Liñares,

J. Rodríguez Presedo, and A. Méndez Penín (2017). HRV Analysis with the R package RHRV.

Springer International Publishing.

Gerull, R., V. Brauer, D. Bassler, B. Laubscher, R. E. Pfister, M. Nelle, B. Müller, C. Gerth-Kahlert,

and M. Adams (2018). Incidence of retinopathy of prematurity (ROP) and ROP treatment in

Switzerland 2006-2015: A population-based analysis. Archives of Disease in Childhood: Fetal and

Neonatal Edition 103 (4), F1–F6.

Gibbins, S., B. J. Stevens, J. Yamada, K. Dionne, M. Campbell-Yeo, G. Lee, K. Caddell, C. Johnston,

and A. Taddio (2014). Validation of the Premature Infant Pain Profile-Revised (PIPP-R). Early

Human Development 90 (4), 189–193.

192



Giddens, D. P. and R. I. Kitney (1985). Neonatal heart rate variability and its relation to respiration.

Journal of Theoretical Biology 113 (4), 759–780.

Gilbert, C., A. Malik, N. Nahar, S. Das, L. Visser, S. Sitati, and D. Ademola-Popoola (2019).

Epidemiology of ROP update - Africa is the new frontier. Seminars in Perinatology 43 (6), 317–

322.

Gilbert, S. (2003a). Differentiation of the neural tube. In Developmental Biology (7th Ed. ed.).

Sunderland (MA): Sinauer Associates.

Gilbert, S. (2003b). Tissue architecture of the central nervous system. In Developmental Biology

(7th Ed. ed.). Sunderland (MA): Sinauer Associates.

Goffaux, P., S. Lafrenaye, M. Morin, H. Patural, G. Demers, and S. Marchand (2008). Preterm births:

Can neonatal pain alter the development of endogenous gating systems? European Journal of

Pain 12 (7), 945–951.

Goksan, S., L. Baxter, F. Moultrie, E. Duff, G. Hathway, C. Hartley, I. Tracey, and R. Slater (2018).

The influence of the descending pain modulatory system on infant pain-related brain activity.

eLife 7, 1–16.

Goksan, S., C. Hartley, F. Emery, N. Cockrill, R. Poorun, F. Moultrie, R. Rogers, J. Campbell,

M. Sanders, E. Adams, S. Clare, M. Jenkinson, I. Tracey, and R. Slater (2015). fMRI reveals

neural activity overlap between adult and infant pain. eLife 4, 1–13.

Gómez, C. and R. Hornero (2010). Entropy and complexity analyses in Alzheimer’s disease: A MEG

study. The Open Biomedical Engineering Journal 4 (1), 223–235.

Goudjil, S., F. Imestouren, C. Chazal, G. Ghostine, F. Wallois, A. Leke, and G. Kongolo (2013).

Patent ductus arteriosus in preterm infants is associated with cardiac autonomic alteration and

predominant parasympathetic stimulation. Early Human Development 89 (9), 631–634.

Goulding, R. M., N. Stevenson, D. M. Murray, V. Livingstone, P. M. Filan, and G. Boylan (2015).

Heart rate variability in hypoxic ischemic encephalopathy: Correlation with EEG grade and 2-y

neurodevelopmental outcome. Pediatric Research 77 (5), 681–687.

Goulding, R. M., N. J. Stevenson, D. Murray, V. Livingstone, P. Filan, and G. B. Boylan (2017).

Heart rate variability in hypoxic ischemic encephalopathy during therapeutic hypothermia. Pe-

diatric Research 81 (4), 609–615.

193



Grabska, J., P. Walden, T. Lerer, C. Kelly, N. Hussain, T. Donovan, and V. Herson (2005). Can oral

sucrose reduce the pain and distress associated with screening for retinopathy of prematurity?

Journal of Perinatology 25 (1), 33–35.

Gram, M., J. Erlenwein, F. Petzke, D. Falla, M. Przemeck, M. Emons, M. Reuster, S. Olesen, and

A. Drewes (2017). The cortical responses to evoked clinical pain in patients with hip osteoarthritis.

PLoS ONE 12 (10), 1–13.

Gram, M., C. Graversen, S. S. Olesen, and A. M. Drewes (2015). Dynamic spectral indices of

the electroencephalogram provide new insights into tonic pain. Clinical Neurophysiology 126 (4),

763–771.

Green, G., C. Hartley, A. Hoskin, E. Duff, A. Shriver, D. Wilkinson, E. Adams, R. Rogers,

F. Moultrie, and R. Slater (2019). Behavioural discrimination of noxious stimuli in infants is

dependent on brain maturation. Pain 160 (2), 493–500.

Greene, B. R., S. Faul, W. P. Marnane, G. Lightbody, I. Korotchikova, and G. B. Boylan (2008).

A comparison of quantitative EEG features for neonatal seizure detection. Clinical Neuro-

physiology 119 (6), 1248–1261.

Grigg-Damberger, M. M. (2016). The visual scoring of sleep in infants 0 to 2 months of age. Journal

of Clinical Sleep Medicine 12 (3), 429–445.

Gross, J., A. Schnitzler, L. Timmermann, and M. Ploner (2007). Gamma oscillations in human

primary somatosensory cortex reflect pain perception. PLoS Biology 5 (5), 1168–1173.

Grunau, R. (2013). Neonatal pain in very preterm infants: Long-term effects on brain, neurodevel-

opment and pain reactivity. Rambam Maimonides Medical Journal 4 (4), e0025.

Grunau, R. and K. Craig (1987). Pain expression in neonates: facial action and cry. Pain 28 (3),

395–410.

Grunau, R., D. Haley, M. Whitfield, J. Weinberg, W. Yu, and P. Thiessen (2007). Altered Basal

Cortisol Levels at 3, 6, 8, and 18 months in Infants Born At Extremely Low Gestational Age.

Journal of Pediatrics 150 (2), 151–156.

Grunau, R., L. Holsti, D. Haley, T. Oberlander, J. Weinberg, A. Solimano, M. Whitfield, C. Fitzger-

ald, and W. Yu (2005). Neonatal procedural pain exposure predicts lower cortisol and behavioral

reactivity in preterm infants in the NICU. Pain 113 (3), 293–300.

194



Gursul, D., S. Goksan, C. Hartley, G. Schmidt-Mellado, F. Moultrie, A. Hoskin, E. Adams, G. Hath-

way, S. Walker, F. McGlone, and R. Slater (2018). Stroking modulates noxious-evoked brain

activity in human infants. Current Biology 28 (24), R1380–R1381.

Gursul, D., C. Hartley, and R. Slater (2019). Nociception and the neonatal brain. Seminars in Fetal

and Neonatal Medicine 24 (4), 101016.

Haegerstrom-Portnoy, G., M. Schneck, L. Lott, and J. A. Brabyn (2000). The relation between

visual acuity and other spatial vision Measures. Optometry and Vision Science 77 (12), 653–662.

Haigh, P. M., M. L. Chiswick, and E. P. O’Donoghue (1997). Retinopathy of prematurity: Systemic

complications associated with different anaesthetic techniques at treatment. British Journal of

Ophthalmology 81 (4), 283–287.

Haines, L., A. R. Fielder, H. Baker, and A. R. Wilkinson (2005). UK population based study of

severe retinopathy of prematurity: Screening, treatment, and outcome. Archives of Disease in

Childhood: Fetal and Neonatal Edition 90 (3), 240–244.

Hampel, F. (1974). The influence curve and its role in robust estimation. Journal of the American

Statistical Association 69 (346), 383–393.

Han, J., N. T. Rinella, and D. L. Chao (2020). Anesthesia for intravitreal injection: A systematic

review. Clinical Ophthalmology 14, 543–550.

Hartley, C., E. P. Duff, G. Green, G. Schmidt-Mellado, A. Worley, R. Rogers, and R. Slater (2017).

Nociceptive brain activity as a measure of analgesic efficacy in infants. Science Translational

Medicine 9 (eaah6122), 1–10.

Hartley, C., S. Goksan, R. Poorun, K. Brotherhood, G. Schmidt Mellado, F. Moultrie, R. Rogers,

E. Adams, and R. Slater (2015). The relationship between nociceptive brain activity, spinal reflex

withdrawal and behaviour in newborn infants. Scientific Reports 5 (June), 1–13.

Hartley, C., F. Moultrie, A. Hoskin, G. Green, V. Monk, J. Bell, A. King, M. Buckle, M. Van der

Vaart, D. Gursul, S. Goksan, E. Jusczak, J. Norman, R. Rogers, C. Patel, E. Adams, and R. Slater

(2018). Analgesic efficacy and safety of morphine in the Procedural Pain in Premature Infants

(Poppi) study: randomised placebo-controlled trial. The Lancet 6736 (18), 1–11.

Hartnett, M. E. and J. S. Penn (2013). Mechanisms and management of retinopathy of prematurity.

Survey of Anesthesiology 57 (5), 239–243.

195



Hashiguchi, K., N. Kuriyama, T. Koyama, D. Matsui, E. Ozaki, T. Hasegawa, S. Tokuda, F. Niwa,

K. Iwasa, I. Watanabe, S. Teramukai, J. Kitawaki, Y. Watanabe, R. Uehara, and H. Hosoi

(2020). Validity of stress assessment using heart-rate variability in newborns. Pediatrics Interna-

tional 62 (6), 694–700.

Hathi, M., D. L. Sherman, T. Inder, N. S. Rothman, M. Natarajan, C. Niesen, L. M. Korst,

T. Pantano, and A. Natarajan (2010). Quantitative EEG in babies at risk for hypoxic ischemic

encephalopathy after perinatal asphyxia. Journal of Perinatology 30 (2), 122–126.

Hayano, J., M. Yamada, Y. Sakakibara, T. Fujinami, K. Yokoyama, Y. Watanabe, and K. Takata

(1990). Short- and long-term effects of cigarette smoking on heart rate variability. The American

Journal of Cardiology 65 (1), 84–88.

Hedges, L. V. and I. Olkin (1985). Statistical methods for meta-analysis. Academic Press.

Hellström, A., A. Hård, E. Engström, A. Niklasson, E. Andersson, L. Smith, and C. Löfqvist (2009).

Early weight gain predicts retinopathy in preterm infants: New, simple, efficient approach to

screening. Pediatrics 123 (4), e638–45.

Hellström, A., C. Perruzzi, M. Ju, E. Engström, A. Hård, J. Liu, K. Albertsson-Wikland, B. Carls-

son, A. Niklasson, L. Sjödell, D. LeRoith, D. Senger, and L. Smith (2001). Low IGF-I suppresses

VEGF-survival signaling in retinal endothelial cells: Direct correlation with clinical retinopathy

of prematurity. Proceedings of the National Academy of Sciences of the United States of Amer-

ica 98 (10), 5804–8.

Hellström, A., L. Smith, and O. Dammann (2013). Retinopathy of prematurity. The Lan-

cet 382 (9902), 1445–57.

Hohmeister, J., A. Kroll, I. Wollgarten-Hadamek, K. Zohsel, S. Demiraka, H. Flor, and C. Hermann

(2010). Cerebral processing of pain in school-aged children with neonatal nociceptive input: An

exploratory fMRI study. Pain 150 (2), 257–267.

Holsti, L., R. E. Grunau, T. Oberlander, and H. Osiovich (2008). Is it painful or not? Discrim-

inant validity of the Behavioral Indicators of Infant Pain (BIIP) scale. The Clinical Journal of

Pain 24 (1), 83–88.

Holsti, L., R. E. Grunau, T. F. Oberlander, M. F. Whitfield, and J. Weinberg (2005). Body move-

ments: An important additional factor in discriminating pain from stress in preterm infants.

Clinical Journal of Pain 21 (6), 491–498.

196



Houtveen, J. H., S. Rietveld, and E. J. de Geus (2002). Contribution of tonic vagal modulation of

heart rate, central respiratory drive, respiratory depth, and respiratory frequency to respiratory

sinus arrhythmia during mental stress and physical exercise. Psychophysiology 39 (4), 427–436.

Hunt, C. (2006). Ontogeny of autonomic regulation in late preterm infants born at 34-37 weeks

postmenstrual age. Seminars in Perinatology 30 (2), 73–76.

International Association for the Study of Pain Task Force on Taxonomy (2020). Pain Terms, A

Current List with Definitions and Notes on Usage. IASP Press, Seattle.

International Committee for the Classification of Retinopathy of Prematurity (2005). The interna-

tional classification of retinopathy of prematurity revisited. Archives of Ophthalmology 123 (7),

991–999.

Ishitani, N., Y. Masumoto, T. Yoshihara, and Y. Yamasaki (2005). Changes in electroencephal-

ographic activities following pressure stimulation in humans. Psychiatry and Clinical Neuros-

ciences 59 (6), 644–651.

Jacqz-Aigrain, E. and P. Burtin (1996). Clinical pharmacokinetics of sedatives in neonates. Clinical

Pharmacokinetics 31 (6), 423–443.

Janjarasjitt, S., M. S. Scher, and K. A. Loparo (2008a). Nonlinear dynamical analysis of the neonatal

EEG time series: The relationship between neurodevelopment and complexity. Clinical Neuro-

physiology 119 (4), 822–836.

Janjarasjitt, S., M. S. Scher, and K. A. Loparo (2008b). Nonlinear dynamical analysis of the

neonatal EEG time series: The relationship between sleep state and complexity. Clinical Neuro-

physiology 119 (8), 1812–1823.

Javorka, K., Z. Lehotska, M. Kozar, Z. Uhrikova, B. Kolarovszki, M. Javorka, and M. Zibolen (2017).

Heart rate variability in newborns. Physiological Research 66 (2), S203–S214.

Jeanne, M., R. Logier, J. De Jonckheere, and B. Tavernier (2009). Heart rate variability during total

intravenous anesthesia: Effects of nociception and analgesia. Autonomic Neuroscience: Basic and

Clinical 147 (1-2), 91–96.

Jennings, E. M., B. N. Okine, M. Roche, and D. P. Finn (2014). Stress-induced hyperalgesia.

Progress in Neurobiology 121, 1–18.

197



Jiang, J., R. Strauss, X. Luo, C. Nie, Y. Wang, J. Zhang, and Z. Zhang (2017). Anaesthesia modal-

ities during laser photocoagulation for retinopathy of prematurity: A retrospective, longitudinal

study. BMJ Open 7 (e013344).

Jiang, J., Z. Zhang, J. Zhang, Y. Wang, C. Nie, and X. Luo (2016). Systemic changes and adverse

effects induced by retinopathy of prematurity screening. International Journal of Ophthalmo-

logy 9 (8), 1148–1155.

Johnston, C. and B. Stevens (1996). Experience in a neonatal intensive care unit affects pain

response. Pediatrics 98 (5), 925–930.

Johnston, C., B. Stevens, K. Craig, and R. Grunau (1993). Developmental changes in pain expression

in premature, full-term, two- and four-month-old infants. Pain 52 (2), 201–208.

Johnston, C. C., B. Stevens, F. Yang, and L. Horton (1996). Developmental changes in response

to heelstick in preterm infants: A prospective cohort study. Developmental Medicine and Child

Neurology 38 (5), 438–445.

Jones, L., L. Fabrizi, M. Laudiano-Dray, K. Whitehead, J. Meek, M. Verriotis, and M. Fitzgerald

(2017). Nociceptive cortical activity is dissociated from nociceptive behavior in newborn human

infants under stress. Current Biology 27 (24), 3846–3851.e3.

Jonsdottir, R. B. and G. Kristjansdottir (2005). The sensitivity of the premature infant pain profile -

PIPP to measure pain in hospitalized neonates. Journal of Evaluation in Clinical Practice 11 (6),

598–605.

Joshi, R., D. Kommers, C. Guo, J. Bikker, L. Feijs, C. van Pul, and P. Andriessen (2019). Statistical

modeling of heart rate variability to unravel the factors affecting autonomic regulation in preterm

infants. Scientific Reports 9 (1), 1–9.

Kabatas, E., A. Dursun, S. Beken, D. Dilli, A. Zenciroglu, and N. Okumus (2016). Efficacy of single

dose oral paracetamol in reducing pain during examination for retinopathy of prematurity : A

blinded randomized controlled trial. Indian Journal of Pediatrics 83 (1), 22–26.

Kandasamy, Y., R. Smith, I. Wright, and L. Hartley (2011). Pain relief for premature infants during

ophthalmology assessment. Journal of AAPOS 15 (3), 276–280.

Kanold, P. O. and H. J. Luhmann (2010). The subplate and early cortical circuits. Annual Review

of Neuroscience 33, 23–48.

198



Kasser, S., C. Hartley, H. Rickenbacher, N. Klarer, A. Depoorter, A. N. Datta, M. M. Cobo, S. Gok-

san, A. Hoskin, W. Magerl, E. A. Huhn, G. Green, R. Slater, and S. Wellmann (2019). Birth

experience in newborn infants is associated with changes in nociceptive sensitivity. Scientific

Reports 9 (1), 1–8.

Kato, Y., M. Inoue, and A. Hirakata (2019). Quantitative comparisons of ultra-widefield images of

model eye obtained with Optos 200Tx and Optos California. BMC Ophthalmology 19 (1), 1–6.

Kero, P., K. Antila, V. Yitalo, and I. Valimaki (1978). Decreased heart rate variation in decerebration

syndrome: Quantitative clinical criterion of brain death? Pediatrics 62 (3), 307–311.

Kim, H., E. Cheon, D. Bai, Y. Lee, and B. Koo (2018). Stress and heart rate variability: A meta-

analysis and review of the literature. Psychiatry Investigation 15 (3), 235–245.

Kim, S., A. Port, R. Swan, J. P. Campbell, R. V. Chan, and M. Chiang (2018). Retinopathy of

prematurity: a review of risk factors and their clinical significance. Survey of Ophthalmology 63 (5),

618–637.

Kirchner, L., V. Jeitler, A. Pollak, A. Müllner-Eidenböck, R. Weinzettel, R. Kraschl, T. Waldhör,

and M. Wald (2009). Must screening examinations for retinopathy of prematurity necessarily be

painful? Retina 29 (5), 586–590.

Kleberg, A., I. Warren, E. Norman, E. Mörelius, A. C. Berg, E. Mat-Ali, K. Holm, A. Fielder,

N. Nelson, and L. Hellstrom-Westas (2008). Lower stress responses after newborn individualized

developmental care and assessment program care during eye screening examinations for retino-

pathy of prematurity: A randomized study. Pediatrics 121 (5).

Kleiger, R., P. Stein, and J. Bigger (2005). Heart rate variability: measurement and clinical utility

HRV. Annals of Noninvasive Electrocardiology 10 (1), 88–101.

Klimesch, W. (2012). Alpha-band oscillations, attention, and controlled access to stored information.

Trends in Cognitive Sciences 16 (12), 606–617.

Klinger, G., I. Levy, L. Sirota, V. Boyko, L. Lerner-Geva, and B. Reichman (2010). Outcome of

early-onset sepsis in a national cohort of very low birth weight infants. Pediatrics 129 (1), 72–80.

Koolen, N., L. Oberdorfer, Z. Rona, V. Giordano, T. Werther, K. Klebermass-Schrehof, N. Steven-

son, and S. Vanhatalo (2017). Automated classification of neonatal sleep states using EEG.

Clinical Neurophysiology 128 (6), 1100–1108.

199



Korotchikova, I., N. J. Stevenson, B. H. Walsh, D. M. Murray, and G. B. Boylan (2011). Quantitative

EEG analysis in neonatal hypoxic ischaemic encephalopathy. Clinical Neurophysiology 122 (8),

1671–1678.

Kostovic, I. and M. Judas (2010). The development of the subplate and thalamocortical connections

in the human foetal brain. Acta Paediatrica, International Journal of Paediatrics 99 (8), 1119–

1127.

Kostovic, I., G. Sedmak, and M. Judas (2019). Neural histology and neurogenesis of the human fetal

and infant brain. NeuroImage 188 (October 2017), 743–773.

Kovatchev, B. P., L. S. Farhy, H. Cao, M. P. Griffin, D. E. Lake, and J. R. Moorman (2003). Sample

asymmetry analysis of heart rate characteristics with application to neonatal sepsis and systemic

inflammatory response syndrome. Pediatric Research 54 (6), 892–898.

Kozar, M., I. Tonhajzerova, M. Mestanik, K. Matasova, M. Zibolen, A. Calkovska, and K. Javorka

(2018). Heart rate variability in healthy term newborns is related to delivery mode: A prospective

observational study. BMC Pregnancy and Childbirth 18 (1), 1–9.

Kramaric, K., M. Sapina, M. Garcin, K. Milas, M. Piric, D. Brdaric, G. Lukic, V. Milas, and

S. Puseljic (2019). Heart rate asymmetry as a new marker for neonatal stress. Biomedical Signal

Processing and Control 47, 219–223.

Kristoffersen, L., R. Støen, H. Bergseng, T. Follestad, E. Theodorsson, B. Vederhus, L. Adde, and

D. Austeng (2019). Skin-to-skin contact during eye examination did not reduce pain compared

to standard care with parental support in preterm infants. Acta Paediatrica 108 (8), 1434–1440.

Kucyi, A. and K. D. Davis (2015). The dynamic pain connectome. Trends in Neurosciences 38 (2),

86–95.

Kucyi, A. and K. D. Davis (2017). The neural code for pain: From single-cell electrophysiology to

the dynamic pain connectome. Neuroscientist 23 (4), 397–414.

Lakens, D. (2013). Calculating and reporting effect sizes to facilitate cumulative science: A practical

primer for t-tests and ANOVAs. Frontiers in Psychology 4 (Nov), 1–12.

Law, J. C., F. M. Recchia, D. Morrison, S. Donahue, and R. Estes (2010). Intravitreal bevacizumab

as adjunctive treatment for retinopathy of prematurity. Journal of AAPOS 14 (1), 6–10.

200



Lawrence, J., D. Alcock, P. McGrath, J. Kay, S. MacMurray, and D. C. (1993). The development

of a tool to assess neonatal pain. Neonatal Network 12 (6), 59–66.

Laws, D. E., C. Morton, M. Weindling, and D. Clark (1996). Systemic effects of screening for

retinopathy of prematurity. British Journal of Ophthalmology 80 (5), 425–428.

Lawson, J. R. (1986). Letter to the editor. Birth 13 (June), 124–125.

Le Pera, D., P. Svensson, M. Valeriani, I. Watanabe, L. Arendt-Nielsen, and A. Chen (2000).

Long-lasting effect evoked by tonic muscle pain on parietal EEG activity in humans. Clinical

Neurophysiology 111 (12), 2130–2137.

Lee, H. C., M. V. Bennett, J. Schulman, and J. B. Gould (2013). Accounting for variation in length

of NICU stay for extremely low birth weight infants. Journal of Perinatology 33 (11), 872–876.

Leys, C., C. Ley, O. Klein, P. Bernard, and L. Licata (2013). Detecting outliers: Do not use standard

deviation around the mean, use absolute deviation around the median. Journal of Experimental

Social Psychology 49 (4), 764–766.

Li, L., X. Liu, C. Cai, Y. Yang, D. Li, L. Xiao, D. Xiong, L. Hu, and Y. Qiu (2016). Changes of

gamma-band oscillatory activity to tonic muscle pain. Neuroscience Letters 627, 126–131.

Lien, R., M. Yu, K. Hsu, P. Liao, Y. Chen, C. Lai, and W. Wu (2016). Neurodevelopmental out-

comes in infants with retinopathy of prematurity and bevacizumab treatment. PLoS ONE 11 (1),

e0148019.

Lin, L. and G. Binenbaum (2019). Postnatal weight gain and retinopathy of prematurity. Seminars

in Perinatology 43 (6), 352–359.

Lippé, S., N. Kovacevic, and A. McIntosh (2009). Differential maturation of brain signal complexity

in the human auditory and visual system. Frontiers in Human Neuroscience 3 (NOV), 1–9.

Lippmann, M., R. Nelson, G. Emmanouilides, J. Diskin, and D. Thibeault (1976). Ligation of patent

ductus arteriosus in premature Infants. British Journal of Anaesthesia 48 (4), 365–369.

Lira, R., M. Nascimento, C. Arieta, K. De Carvalho, and V. Silva (2010). Pain perception at laser

treatment of peripheral retinal degenerations with green and infrared wavelengths. American

Journal of Ophthalmology 150 (5), 726–730.e1.

201



Litman, R., K. Soin, and A. Salam (2010). Chloral hydrate sedation in term and preterm infants:

An analysis of efficacy and complications. Anesthesia and Analgesia 110 (3), 739–746.

Lloyd, R. O., R. M. Goulding, P. M. Filan, and G. B. Boylan (2015). Overcoming the practical

challenges of electroencephalography for very preterm infants in the neonatal intensive care unit.

Acta Paediatrica 104 (2), 152–157.

Lloyd-Fox, S., A. Blasi, and C. E. Elwell (2010). Illuminating the developing brain: The past,

present and future of functional near infrared spectroscopy. Neuroscience and Biobehavioral

Reviews 34 (3), 269–284.

Longin, E., T. Schaible, T. Lenz, and S. König (2005). Short term heart rate variability in healthy

neonates: Normative data and physiological observations. Early Human Development 81 (8),

663–671.

Lowery, C. L., M. P. Hardman, N. Manning, B. Clancy, R. W. Hall, and K. J. Anand (2007).

Neurodevelopmental Changes of Fetal Pain. Seminars in Perinatology 31 (5), 275–282.

Lu, W. Y., J. Y. Chen, C. F. Chang, W. C. Weng, W. T. Lee, and J. S. Shieh (2015). Multiscale

entropy of electroencephalogram as a potential predictor for the prognosis of neonatal seizures.

PLoS ONE 10 (12), 1–11.

Lundgren, P., L. Lundberg, G. Hellgren, G. Holmström, A. Hård, L. Smith, A. Wallin, B. Hallberg,

and A. Hellström (2016). Aggressive posterior retinopathy of prematurity Is associated with

multiple infectious episodes and thrombocytopenia. Neonatology 111 (1), 79–85.

Lyngstad, L., B. Tandberg, H. Storm, B. Ekeberg, and A. Moen (2014). Does skin-to-skin contact

reduce stress during diaper change in preterm infants? Early Human Development 90 (4), 169–

172.

Ma, J., P. Tao, S. Bayram, and V. Svetnik (2012). Muscle artifacts in multichannel EEG: Charac-

teristics and reduction. Clinical Neurophysiology 123 (8), 1676–1686.

Malliani, A., M. Pagani, F. Lombardi, and S. Cerutti (1991). Cardiovascular neural regulation

explored in the frequency domain. Circulation 84 (2), 482–492.

Malpas, S. C., E. A. Whiteside, and T. J. Maling (1991). Heart rate variability and cardiac autonomic

function in men with chronic alcohol dependence. British Heart Journal 65 (2), 84–88.

202



Mandel, R., N. Ali, J. Chen, I. Galic, and L. Levesque (2012). Nitrous oxide analgesia during

retinopathy screening: A randomised controlled trial. Archives of Disease in Childhood: Fetal

and Neonatal Edition 97 (2), 83–87.

Mao, J., Y. Shao, J. Lao, X. Yu, Y. Chen, C. Zhang, H. Li, and L. Shen (2020). Ultra widefield ima-

ging and intravenous fundus fluorescein angiography in infants with retinopathy of prematurity.

Retina 40 (12), 2357–2365.

March of Dimes, PMNCH, Save the Children, and WHO (2012). Born too soon: the global action

report on preterm birth. Technical report, World Health Organization.

Maris, E. and R. Oostenveld (2007). Nonparametric statistical testing of EEG- and MEG-data.

Journal of Neuroscience Methods 164 (1), 177–190.

Marsh, V., W. Young, K. Dunaway, G. Kissling, R. Carlos, S. Jones, D. Shockley, N. Weaver, J. L.

Ransom, and P. Gal (2005). Efficacy of topical anesthetics to reduce pain in premature infants

during eye examinations for retinopathy of prematurity. Annals of Pharmacotherapy 39 (5), 829–

33.

Marshall, P. J. and A. N. Meltzoff (2015). Body maps in the infant brain. Trends in Cognitive

Sciences 19 (9), 499–505.

Martin, R., J. Di Fiore, P. MacFarlane, and C. Wilson (2012). Physiologic Basis for Intermit-

tent Hypoxic Episodes in Preterm Infants. In Arterial Chemoreception. Springer International

Publishing.

Martínez-Cagigal, V. (2021). Multiple Testing Toolbox.

Martínez-Castellanos, M., S. Schwartz, M. Hernández-Rojas, V. Kon-Jara, G. García-Aguirre,

J. Guerrero-Naranjo, R. V. Chan, and H. Quiroz-Mercado (2013). Long-term effect of anti-

angiogenic therapy for retinopathy of prematurity up to 5 years of follow-up. Retina 33 (2),

329–38.

Massaro, A. N., R. B. Govindan, T. Al-Shargabi, N. N. Andescavage, M. Metzler, T. Chang, P. Glass,

and A. J. Du Plessis (2014). Heart rate variability in encephalopathic newborns during and after

therapeutic hypothermia. Journal of Perinatology 34 (11), 836–841.

Mayers, D., K. Hindmarsh, D. Gorecki, and K. Sankaran (1992). Sedative/hypnotic effects of chloral

hydrate in the neonate: trichloroethanol or parent drug? Developmental Pharmacology and

Therapeutics 19, 141–6.

203



Mehta, M., G. G. Adams, C. Bunce, W. Xing, and M. Hill (2005). Pilot study of the systemic

effects of three different screening methods used for retinopathy of prematurity. Early Human

Development 81 (4), 355–360.

Michaloudis, D., G. Kochiadakis, G. Georgopoulou, O. Fraidakis, G. Chlouverakis, A. Petrou, and

B. J. Pollard (1998). The influence of premedication on heart rate variability. Anaesthesia 53 (5),

446–453.

Mintz-Hittner, H. and L. Best (2009). Antivascular endothelial growth factor for retinopathy of

prematurity. Current Opinion in Pediatrics 21 (2), 182–7.

Mintz-Hittner, H., K. Kennedy, A. Chuang, and BEAT-ROP Cooperative Group (2011). Efficacy

of intravitreal bevacizumab for stage 3+ retinopathy of prematurity. New England Journal of

Medicine 364 (7), 603–615.

Mintz-Hittner, H. and R. Kuppel (2008). Intravitreal injection of Bevacizumab (Avastin) for treat-

ment of stage 3 retinopathy of prematurity in zone I or posterior zone II. Retina 28 (6), 831–838.

Misra, G., W. Wang, D. B. Archer, A. Roy, and S. Coombes (2017). Automated classification of pain

perception using high-density electroencephalography data. Journal of Neurophysiology 117 (2),

786–795.

Mitchell, A., A. Green, D. Jeffs, and P. K. Roberson (2011). Physiologic effects of retinopathy of

prematurity screening examinations. Advances in Neonatal Care 11 (4), 291–7.

Moisseiev, E., M. Regenbogen, T. Rabinovitch, A. Barak, A. Loewenstein, and M. Goldstein (2014).

Evaluation of pain during intravitreal Ozurdex injections vs intravitreal bevacizumab injections.

Eye (Basingstoke) 28 (8), 980–985.

Moldovan, M., S. Spulber, V. Saravan, R. Iosifescu, A. Zagrean, and L. Zagrean (2004). The rela-

tionship between respiratory sinus arrhythmia and heart rate during anesthesia in rat. Romanian

Journal of Physiology : Physiological Sciences. 41, 31–39.

Montano, N., T. G. Ruscone, A. Porta, F. Lombardi, M. Pagani, and A. Malliani (1994). Power

spectrum analysis of heart rate variability to assess the changes in sympathovagal balance during

graded orthostatic tilt. Circulation 90 (4 I), 1826–1831.

Moorman, J., J. Delos, A. Flower, H. Cao, B. Kovatchev, J. Richman, and D. Lake (2011). Cardiovas-

cular oscillations at the bedside: early diagnosis of neonatal sepsis using heart rate characteristics

monitoring. Physiological Measurement 32 (11), 1821–1832.

204



Moral-Pumarega, M., S. Caserío-Carbonero, J. De La Cruz-Bértolo, P. Tejada-Palacios, D. Lora-

Pablos, and C. Pallás-Alonso (2012). Pain and stress assessment after retinopathy of prematurity

screening examination: Indirect ophthalmoscopy versus digital retinal imaging. BMC Pediat-

rics 12, 132.

Mörelius, E., L. Hellström-Westas, C. Carlén, E. Norman, and N. Nelson (2006). Is a nappy change

stressful to neonates? Early Human Development 82 (10), 669–676.

Morin, J., T. Luu, R. Superstein, L. Ospina, F. Lefebvre, M. Simard, V. Shah, P. Shah, and

E. Kelly (2016). Neurodevelopmental outcomes following bevacizumab injections for retinopathy

of prematurity. Pediatrics 137 (4), e20153218.

Morison, S. J., L. Holsti, R. Grunau, M. F. Whitfield, T. Oberlander, H. Chan, and L. Williams

(2003). Are there developmentally distinct motor indicators of pain in preterm infants? Early

Human Development 72 (2), 131–146.

Mulkey, S. B. and A. du Plessis (2018). The critical role of the central autonomic nervous system

in fetal-neonatal transition. Seminars in Pediatric Neurology 28, 29–37.

Navakatikyan, M., D. O’Reilly, and L. Van Marter (2016). Automatic measurement of interburst

interval in premature neonates using range EEG. Clinical Neurophysiology 127 (2), 1233–1246.

Nayak, R., K. Nagaraj, and G. Gururaj (2020). Prevention of pain during screening for retinopathy

of prematurity: A randomized control trial comparing breast milk, 10water. Indian Journal of

Pediatrics 87 (5), 353–358.

Ng, E. Y., B. P. Connolly, J. A. McNamara, C. Regillo, J. F. Vander, and W. Tasman (2002). A

comparison of laser photocoagulation with cryotherapy for threshold retinopathy of prematurity

at 10 years: Part 1. Visual function and structural outcome. Ophthalmology 109 (5), 928–934.

Nir, R., A. Sinai, R. Moont, E. Harari, and D. Yarnitsky (2012). Tonic pain and continuous EEG:

Prediction of subjective pain perception by alpha-1 power during stimulation and at rest. Clinical

Neurophysiology 123 (3), 605–612.

Nir, R., A. Sinai, E. Raz, E. Sprecher, and D. Yarnitsky (2010). Pain assessment by continuous EEG:

Association between subjective perception of tonic pain and peak frequency of alpha oscillations

during stimulation and at rest. Brain Research 1344, 77–86.

205



Norman, E., S. Wikström, I. Rosén, V. Fellman, and L. Hellström-Westas (2013). Premedication

for intubation with morphine causes prolonged depression of electrocortical background activity

in preterm infants. Pediatric Research 73 (1), 87–94.

Norman, M., A. Hellström, B. Hallberg, A. Wallin, P. Gustafson, K. Tornqvist, S. Håkansson,

and G. Holmström (2019). Prevalence of severe visual disability among preterm children with

retinopathy of prematurity and association With adherence to best practice guidelines. JAMA

Network Open 2 (1), e186801.

Nunan, D., G. Sandercock, and D. Brodie (2010). A quantitative systematic review of normal values

for short-term heart rate variability in healthy adults. PACE - Pacing and Clinical Electro-

physiology 33 (11), 1407–1417.

Okur, N., N. Uras, M. Buyuktiryaki, M. Y. Oncel, F. Sari, E. Yarci, E. A. Dizdar, F. E. Canpolat,

and S. Oguz (2019). Neonatal pain and heart rate variability in preterm infants treated with

surfactant: A pilot study. Archivos Argentinos de Pediatria 117 (6), 397–401.

Olsson, E. and M. Eriksson (2011). Oral glucose for pain relief during eye examinations for retino-

pathy of prematurity. Journal of Clinical Nursing 20 (7-8), 1054–1059.

O’Rahilly, R. (1975). The prenatal development of the human eye. Experimental Eye Research 21 (2),

93–112.

O’Reilly, D., M. Navakatikyan, M. Filip, D. Greene, and L. Van Marter (2012). Peak-to-peak

amplitude in neonatal brain monitoring of premature infants. Clinical Neurophysiology 123 (11),

2139–2153.

Orhan, U., M. Hekim, and M. Ozer (2011). EEG signals classification using the K-means clustering

and a multilayer perceptron neural network model. Expert Systems with Applications 38 (10),

13475–13481.

O’Sullivan, A., M. O’Connor, D. Brosnahan, K. McCreery, and E. M. Dempsey (2010). Sweeten,

soother and swaddle for retinopathy of prematurity screening: A randomised placebo controlled

trial. Archives of Disease in Childhood: Fetal and Neonatal Edition 95 (6), 419–422.

O’Toole, J. and G. B. Boylan (2019). Quantitative preterm EEG analysis: The need for caution in

using modern data science techniques. Frontiers in Pediatrics 7 (May), 1–11.

206



Otto, K. (2008). EEG power spectrum analysis for monitoring depth of anaesthesia during experi-

mental surgery. Laboratory Animals 42 (1), 45–61.

Owen, L. and M. Hartnett (2014). Current concepts of oxygen management in retinopathy of

prematurity. Journal of Ophthalmic and Vision Research 9 (1), 94–100.

Ozawa, M., M. Sasaki, and K. Kanda (2010). Effect of procedure light on the physiological responses

of preterm infants. Japan Journal of Nursing Science 7 (1), 76–83.

Pacifici, G. (2016). Metabolism and pharmacokinetics of morphine in neonates: A review. Clin-

ics 71 (8), 474–480.

Pagani, M., F. Lombardi, and A. Malliani (1993). Heart rate variability: Disagreement on the

markers of sympathetic and parasympathetic activities. Journal of the American College of

Cardiology 22 (3), 951–952.

Palaniappan, R. (2010). Biological Signal Analysis.

Palmer, E., R. Hardy, V. Dobson, D. Phelps, G. Quinn, C. G. Summers, C. P. Krom, and B. Tung

(2005). 15-Year outcomes following threshold retinopathy of prematurity: Final results from the

multicenter trial of cryotherapy for retinopathy of prematurity. Archives of Ophthalmology 123 (3),

311.

Parulekar, M. V., S. D. Chen, and C. K. Patel (2008). Sub-Tenon’s local anaesthesia for the treatment

of retinopathy of prematurity with diode laser. Eye 22 (3), 375–379.

Patel, C. K., T. H. Fung, M. M. Muqit, D. J. Mordant, J. Brett, L. Smith, and E. Adams (2013). Non-

contact ultra widefield imaging of retinopathy of prematurity using the Optos dual wavelength

scanning laser ophthalmoscope. Eye 27 (5), 589–596.

Patural, H., V. Pichot, S. Flori, A. Giraud, P. Franco, P. Pladys, A. Beuchée, F. Roche,

and J. Barthelemy (2019). Autonomic maturation from birth to 2 years: normative values.

Heliyon 5 (3), e01300.

Patz, A. (1975). The role of oxygen in retrolental fibroplasia. Graefe’s Archive for Clinical and

Experimental Ophthalmology 195 (2), 77–85.

Patz, A., L. Hoeck, and E. De La Cruz (1952). Studies on the effect of high oxygen administration

in retrolental fibroplasia. American Journal of Ophthalmology 35 (9), 1248–53.

207



Pavel, A., J. Rennie, L. S. de Vries, M. Blennow, A. Foran, D. Shah, R. Pressler, O. Kapellou,

E. Dempsey, S. R. Mathieson, E. Pavlidis, A. C. van Huffelen, V. Livingstone, M. C. Toet, L. C.

Weeke, M. Finder, S. Mitra, D. M. Murray, W. Marnane, and G. Boylan (2020). A machine-

learning algorithm for neonatal seizure recognition: a multicentre, randomised, controlled trial.

The Lancet Child and Adolescent Health 4 (10), 740–749.

Peng, W., L. Hu, Z. Zhang, and Y. Hu (2014). Changes of spontaneous oscillatory activity to tonic

heat pain. PLoS ONE 9 (3), 1–11.

Peng, W., X. Xia, M. Yi, G. Huang, Z. Zhang, G. Iannetti, and L. Hu (2018). Brain oscillations

reflecting pain-related behavior in freely moving rats. Pain 159 (1), 106–118.

Pérez-Muñuzuri, A., J. Fernández-Lorenzo, M. Couce-Pico, M. Blanco-Teijeiro, and J. Fraga-

Bermúdez (2010). Serum levels of IGF1 are a useful predictor of retinopathy of prematurity.

Acta Paediatrica 99 (4), 519–25.

Pérez-Riera, A., R. Barbosa-Barros, R. Daminello-Raimundo, and L. de Abreu (2018). Main artifacts

in electrocardiography. Annals of Noninvasive Electrocardiology 23 (2), 2–9.

Peters, J. W., R. Schouw, K. J. Anand, M. Van Dijk, H. J. Duivenvoorden, and D. Tibboel (2005).

Does neonatal surgery lead to increased pain sensitivity in later childhood? Pain 114 (3), 444–454.

Phillips, S. J., F. J. Agate, W. A. Silverman, and P. Steiner (1964). Autonomic cardiac reactivity

in premature infants. Neonatology 6 (4-5), 225–249.

Pillay, K., A. Dereymaeker, K. Jansen, Naulaers, and M. De Vos (2020). Applying a data-driven

approach to quantify EEG maturational deviations in preterms with normal and abnormal

neurodevelopmental outcomes. Scientific Reports 10 (1), 1–14.

Pillay, K., A. Dereymaeker, K. Jansen, G. Naulaers, and M. De Vos (2018). A Bayesian parametric

model for quantifying brain maturation from sleep-EEG in the vulnerable newborn baby. In

Annual International Conference of the IEEE Engineering in Medicine and Biology Society, pp.

1–4.

Pillay, K., A. Dereymaeker, K. Jansen, G. Naulaers, S. Van Huffel, and M. De Vos (2018). Automated

EEG sleep staging in the term-age baby using a generative modelling approach. Journal of Neural

Engineering 15 (3), 036004.

208



Pincus, S. M., I. M. Gladstone, and R. A. Ehrenkranz (1991). A regularity statistic for medical data

analysis. Journal of Clinical Monitoring 7 (4), 335–345.

Ploner, M., C. Sorg, and J. Gross (2017). Brain rhythms of pain. Trends in Cognitive Sciences 21 (2),

100–110.

Poets, C. F., R. S. Roberts, B. Schmidt, R. K. Whyte, E. V. Asztalos, D. Bader, A. Bairam, D. Mod-

demann, A. Peliowski, Y. Rabi, A. Solimano, H. Nelson, and Canadian Oxygen Trial Group

(2015). Association between intermittent hypoxemia or bradycardia and late death or disability

in extremely preterm infants. JAMA - Journal of the American Medical Association 314 (6),

595–603.

Pokela, M. L. (1994). Pain relief can reduce hypoxemia in distressed neonates during routine treat-

ment procedures. Pediatrics 93 (3), 379–383.

Poland, R., R. Roberts, J. Gutierrez-Mazorra, and E. Fonkalsrud (1987). Neonatal anesthesia.

Pediatrics 80 (3), 446.

Polson, J. W., N. McCallion, H. Waki, G. Thorne, M. A. Tooley, J. Paton, and A. R. Wolf (2006).

Evidence for cardiovascular autonomic dysfunction in neonates with coarctation of the aorta.

Circulation 113 (24), 2844–2850.

Poppe, J. A., W. van Weteringen, S. Völler, S. P. Willemsen, T. G. Goos, I. K. Reiss, and S. H.

Simons (2020). Use of continuous physiological monitor data to evaluate doxapram therapy in

preterm infants. Neonatology 117 (4), 438–445.

Powell, G. E. and I. C. Percival (1979). A spectral entropy method for distinguishing regular and

irregular motion of Hamiltonian systems. Journal of Physics A: General Physics 12 (11), 2053–

2071.

Pressler, R. M., G. B. Boylan, M. Morton, C. D. Binnie, and J. M. Rennie (2001). Early serial EEG

in hypoxic ischaemic encephalopathy. Clinical Neurophysiology 112 (1), 31–37.

Prietsch, V., R. Maier, L. Schmitz, and M. Ohladen (1992). Long-term variability of heart rate

increases with successful closure of patent ductus arteriosus in preterm infants. Neonatology 61 (3),

142–149.

Proakis, J. and D. Manolakis (1996). Digital signal processing: principles, algorithms, and applica-

tions (3rd ed.). Upper Saddle River, NJ, USA.

209



Quintana, D. S. and J. Heathers (2014). Considerations in the assessment of heart rate variability

in biobehavioral research. Frontiers in Psychology 5 (JUL), 1–10.

Rahi, J. S. and N. Cable (2003). Severe visual impairment and blindness in children in the UK.

Lancet 362 (9393), 1359–1365.

Rahi, J. S. and C. Dezateux (1998). Epidemiology of visual impairment in Britain. Archives of

Disease in Childhood 78 (4), 381–386.

Rakza, T., L. Butruille, M. Thirel, V. Houfflin-Debarge, R. Logier, L. Storme, and J. De Jonckheere

(2018). Short-term impact of assisted deliveries: evaluation based on behavioral pain scoring and

heart rate variability. Clinical Journal of Pain 34 (5), 445–449.

Ranger, M., C. M. Chau, A. Garg, T. S. Woodward, M. F. Beg, B. Bjornson, K. Poskitt,

K. Fitzpatrick, A. R. Synnes, S. P. Miller, and R. E. Grunau (2013). Neonatal Pain-Related Stress

Predicts Cortical Thickness at Age 7 Years in Children Born Very Preterm. PLoS ONE 8 (10).

Rani, P. and S. Jalali (2010). Re: Kirchner et al "Must screening examinations for retinopathy of

prematurity necessarily be painful?". Retina 30 (2), 381–382.

Razak, A. and M. Faden (2020). Association of small for gestational age with retinopathy of pre-

maturity: A systematic review and meta-analysis. Archives of Disease in Childhood: Fetal and

Neonatal Edition 105 (3), F270–F278.

Reis, P., F. Hebenstreit, F. Gabsteiger, V. von Tscharner, and M. Lochmann (2014). Methodo-

logical aspects of EEG and body dynamics measurements during motion. Frontiers in Human

Neuroscience 8 (March), 156.

Reynolds, R. M. (2013). Glucocorticoid excess and the developmental origins of disease: Two decades

of testing the hypothesis. Psychoneuroendocrinology 38 (1), 1–11.

Richards, T. (1985). Can a fetus feel pain? British Medical Journal 291 (6504), 1220–1221.

Richman, J. S. and J. R. Moorman (2000). Physiological time-series analysis using approximate

entropy and sample entropy maturity in premature infants. Americal Journal of Physiology Heart

and Circulatory Physiology 278, H2039–H2049.

Rifkin, L. and S. Schaal (2012). Factors affecting patients’ pain intensity during in office intravitreal

injection procedure. Retina 32 (4), 696–700.

210



Roche, F., V. Pichot, E. Sforza, I. Court-Fortune, D. Duverney, F. Costes, M. Garet, and J. C.

Barthélémy (2003). Predicting sleep apnoea syndrome from heart period: A time-frequency

wavelet analysis. European Respiratory Journal 22 (6), 937–942.

Roohipoor, R., R. Karkhaneh, A. Farahani, N. Ebrahimiadib, B. Modjtahedi, A. Fotouhi, M. Yaseri,

A. Khodabande, M. Zarei, M. Fuladi, A. Taheri, M. Esfahani, and J. Loewenstein (2016). Ret-

inopathy of prematurity screening criteria in Iran: New screening guidelines. Archives of Disease

in Childhood: Fetal and Neonatal Edition 101 (4), F288–93.

Rosali, L., S. Nesargi, S. Mathew, U. Vasu, S. P. Rao, and S. Bhat (2015). Efficacy of expressed

breast milk in reducing pain during ROP screening-a randomized controlled trial. Journal of

Tropical Pediatrics 61 (2), 135–138.

Rossinen, J., M. Viitasalo, J. Partanen, P. Koskinen, M. Kupari, and M. S. Nieminen (1997). Effects

of acute alcohol ingestion on heart rate variability in patients with documented coronary artery

disease and stable angina pectoris. American Journal of Cardiology 79 (4), 487–491.

Rotenberg, S. and J. J. McGrath (2016). Inter-relation between autonomic and HPA axis activity

in children and adolescents. Biological Psychology 117, 16–25.

Rother, M., U. Zwiener, M. Eiselt, H. Witte, G. Zwacka, and J. Frenzel (1987). Differentiation

of healthy newborns and newborns-at-risk by spectral analysis of heart rate fluctuations and

respiratory movements. Early Human Development 15 (6), 349–363.

Roué, J. M., I. Morag, W. M. Haddad, B. Gholami, and K. J. Anand (2021). Using sensor-fusion

and machine-learning algorithms to assess acute pain in non-verbal infants: A study protocol.

BMJ Open 11 (1), 1–7.

Royal College of Ophthalmologists (2008). Guideline for the screening and treatment of retino-

pathy of prematurity UK retinopathy of prematurity guideline. Journal of Paediatrics and Child

Health 51 (10), 955–959.

Rush, R., S. Rush, F. Ighani, B. Anderson, M. Irwin, and M. Naqvi (2005). The effects of comfort

care on the pain response in preterm infants undergoing screening for retinopathy of prematurity.

Retina 25 (1), 59–62.

Rush, R., S. Rush, J. Nicolau, K. Chapman, and M. Naqvi (2004). Systemic manifestations in

response to mydriasis and physical examination during screening for retinopathy of prematurity.

Retina 24 (2), 242–245.

211



Rushforth, J. A. and M. I. Levene (1994). Behavioural response to pain in healthy neonates. Archives

of Disease in Childhood 70 (5 SUPPL.), 174–176.

Sapolsky, R., L. M. Romero, and A. Munck (2000). How do glucocorticoids influence stress re-

sponses? Integrating permissive, suppressive, stimulatory, and preparative actions. Endocrine

Reviews 21 (1), 55–89.

Saracli, S., N. Dogan, and I. Dogan (2013). Comparison of hierarchical cluster analysis methods by

cophenetic correlation. Journal of Inequalities and Applications (1), 1–8.

Sato, Y., M. Oshiro, K. Takemoto, H. Hosono, A. Saito, T. Kondo, K. Aizu, M. Matsusawa,

Y. Futamura, T. Asami, H. Terasaki, and M. Hayakawa (2015). Multicenter observational study

comparing sedation/analgesia protocols for laser photocoagulation treatment of retinopathy of

prematurity. Journal of Perinatology 35 (11), 965–9.

Schechtman, V. L., R. M. Harper, K. A. Kluge, A. J. Wilson, H. J. Hoffman, and D. P. Southall

(1989). Heart rate variation in normal infants and victims of the sudden infant death syndrome.

Early Human Development 19 (3), 167–181.

Scher, M. S., S. Ludington-hoe, F. Kaffashi, M. Johnson, D. Holditch-Davis, and K. A. Loparo

(2010). Neurophysiologic assesment of brain maturation. Clinical Neurophysiology 120 (10), 1812–

1818.

Schulz, E., E. May, M. Postorino, L. Tiemann, M. Nickel, V. Witkovsky, P. Schmidt, J. Gross,

and M. Ploner (2015). Prefrontal gamma oscillations encode tonic pain in humans. Cerebral

Cortex 25 (11), 4407–14.

Schulz, E., L. Tiemann, V. Witkovsky, P. Schmidt, and M. Ploner (2012). Gamma oscillations

are involved in the sensorimotor transformation of pain. Journal of Neural Engineering 108,

1025–1031.

Scott, C., K. Riggs, E. Ling, C. Fitzgerald, M. Hill, R. Grunau, A. Solimano, and K. Craig (1999).

Morphine pharmacokinetics and pain assessment in premature newborns. The Journal of Pedi-

atrics 135 (4), 423–9.

Sellam, G., E. L. Cignacco, K. D. Craig, and S. Engberg (2011). Contextual factors influencing pain

response to heelstick procedures in preterm infants: What do we know? A systematic review.

European Journal of Pain 15 (7), 661.e1–661.e15.

212



Sen, B., M. Peker, A. Cavusoglu, and F. Celebi (2014). A comparative study on classification of

sleep stage based on EEG signals using feature selection and classification algorithms. Journal of

Medical Systems 38 (3).

Sethi, A., M. J. Sankar, S. Kulkarni, A. Thukral, P. Chandra, and R. Agarwal (2020). Low dose

fentanyl infusion versus 24management during laser treatment for retinopathy of prematurity. An

open label randomized clinical trial. European Journal of Pediatrics 179 (2), 285–292.

Shaffer, F. and J. P. Ginsberg (2017). An Overview of Heart Rate Variability Metrics and Norms.

Frontiers in Public Health 5 (September), 1–17.

Shaffer, F., R. McCraty, and C. L. Zerr (2014). A healthy heart is not a metronome: an integrative

review of the heart’s anatomy and heart rate variability. Frontiers in Psychology 5 (September),

1–19.

Shannon, C. E. (1948). A mathematical theory of communication. Bell System Technical

Journal 27 (4), 623–656.

Shogan, M. and L. Schumann (1993). The effect of environmental lighting on the oxygen saturation

of preterm infants in the NICU. Neonatal Network 12 (5), 7–13.

Simons, S. P., M. van Dijk, K. Anand, D. Roofthooft, R. van Lingen, and D. Tibboel (2003). Do We

Still Hurt Newborn Babies ? Archives of Pediatrics and Adolescent Medicine 157, 1058–1064.

Slater, R., A. Cantarella, S. Gallella, A. Worley, S. Boyd, J. Meek, and M. Fitzgerald (2006). Cortical

pain responses in human infants. Journal of Neuroscience 26 (14), 3662–3666.

Slater, R., L. Fabrizi, A. Worley, J. Meek, S. Boyd, and M. Fitzgerald (2010). Premature infants

display increased noxious-evoked neuronal activity in the brain compared to healthy age-matched

term-born infants. NeuroImage 52 (2), 583–589.

Slater, R., A. Worley, L. Fabrizi, S. Roberts, J. Meek, S. Boyd, and M. Fitzgerald (2010). Evoked

potentials generated by noxious stimulation in the human infant brain. European Journal of

Pain 14 (3), 321–326.

Slidsborg, C., H. B. Olesen, P. K. Jensen, H. Jensen, K. R. Nissen, G. Greisen, S. Rasmussen, H. C.

Fledelius, and M. L. Cour (2008). Treatment for retinopathy of prematurity in Denmark in a

ten-year period (1996-2005): Is the incidence increasing? Pediatrics 121 (1), 97–105.

213



Smith, L. (2003). Pathogenesis of retinopathy of prematurity. Seminars in Neonatology 8 (6), 469–

473.

Smith, L. E., E. Wesolowski, A. McLellan, S. K. Kostyk, R. D’Amato, R. Sullivan, and P. A.

D’Amore (1994). Oxygen-induced retinopathy in the mouse. Investigative Ophthalmology and

Visual Science 35 (1), 101–111.

Sokal, R. and F. J. Rohlf (1962). The comparison of dendrograms by objective methods. Taxon 11 (2),

33–40.

Spencer, S. J. (2013). Perinatal programming of neuroendocrine mechanisms connecting feeding

behavior and stress. Frontiers in Neuroscience 7 (7 JUN), 1–13.

Sporns, O., G. Tononi, and G. M. Edelman (2000). Connectivity and complexity: The relationship

between neuroanatomy and brain dynamics. Neural Networks 13 (8-9), 909–922.

St. Louis, E., L. Frey, J. Britton, J. Hopp, P. Korb, M. Koubeissi, W. Lievens, and E. Pestana-Knight

(2016). Electroencephalography: An introductory text and atlas of normal and abnormal findings

in adults, children, and infants. American Epilepsy Society.

Stahl, A., D. Lepore, A. Fielder, B. Fleck, J. D. Reynolds, M. F. Chiang, J. Li, M. Liew, R. Maier,

Q. Zhu, and N. Marlow (2019). Ranibizumab versus laser therapy for the treatment of very

low birthweight infants with retinopathy of prematurity (RAINBOW): an open-label randomised

controlled trial. The Lancet 6736 (19), 1–9.

Stevens, B., C. Johnston, and L. Horton (1993). Multidimensional Pain Assessment in Premature

Neonates: A Pilot Study. Journal of Obstetric, Gynecologic, and Neonatal Nursing 22 (6), 531–

541.

Stevens, B., C. Johnston, P. Petryshen, and A. Taddio (1996). Premature Infant Pain Profile:

Development and initial validation. Clinical Journal of Pain 12 (1), 13–22.

Stevens, B., C. Johnston, A. Taddio, S. Gibbins, and J. Yamada (2010). The Premature Infant Pain

Profile: Evaluation 13 years after development. Clinical Journal of Pain 26 (9), 813–30.

Stevens, B. and C. C. Johnston (1994). Physiological responses of premature infants to a painful

stimulus.

214



Stevens, B., J. Yamada, A. Ohlsson, S. Haliburton, and A. Shorkey (2016). Sucrose for analgesia in

newborn infants undergoing painful procedures. Cochrane Database of Systematic Reviews (7),

CD001069.

Stevens, B. J., S. Gibbins, J. Yamada, K. Dionne, G. Lee, C. Johnston, and A. Taddio (2014). The

Premature Infant Pain Profile-Revised (PIPP-R): Initial validation and feasibility. The Clinical

Journal of Pain 30 (3), 238–43.

Stevenson, N. J., L. Oberdorfer, N. Koolen, J. M. O’Toole, T. Werther, K. Klebermass-Schrehof,

and S. Vanhatalo (2017). Functional maturation in preterm infants measured by serial recording

of cortical activity. Scientific Reports 7 (1), 1–7.

Stiles, J. and T. L. Jernigan (2010). The basics of brain development. Neuropsychology Review 20 (4),

327–348.

Stone, M. L., P. M. Tatum, J. H. Weitkamp, A. B. Mukherjee, J. Attridge, E. D. McGahren, B. M.

Rodgers, D. E. Lake, J. R. Moorman, and K. D. Fairchild (2013). Abnormal heart rate char-

acteristics before clinical diagnosis of necrotizing enterocolitis. Journal of Perinatology 33 (11),

847–850.

Stys, A. and T. Stys (1998). Current clinical applications of heart rate variability. Clinical Cardi-

ology 21 (10), 719–724.

Sun, X., B. Lemyre, N. Barrowman, and M. O’Connor (2010). Pain management during eye exam-

inations for retinopathy of prematurity in preterm infants: A systematic review. Acta Paediat-

rica 99 (3), 329–34.

SUPPORT Study Group of the Eunice Kennedy Shriver NICHD Neonatal Research Network (2010).

Target ranges of oxygen saturation in extremely preterm infants. New England Journal of Medi-

cine 362 (21), 1959–1969.

Sweet, D., V. Carnielli, and G. Greisen (2017). European consensus guidelines on the management

of respiratory distress syndrome - 2016 update. Neonatology 111, 107–125.

Szental, J. A., A. Webb, C. Weeraratne, A. Campbell, H. Sivakumar, and S. Leong (2015). Postoper-

ative pain after laparoscopic cholecystectomy is not reduced by intraoperative analgesia guided

by analgesia nociception index (ANI®) monitoring: A randomized clinical trial. British Journal

of Anaesthesia 114 (4), 640–645.

215



Taddio, A., J. Katz, A. Ilersich, and G. Koren (1997). Effect of neonatal circumcision on pain

response during subsequent routine vaccination. Lancet 349 (9052), 599–603.

Tan, Z., C. Chong, B. Darlow, and S. Dai (2015). Visual impairment due to retinopathy of pre-

maturity (ROP) in New Zealand: A 22-year review. British Journal of Ophthalmology 99 (6),

801–806.

Task Force of the European Society of Cardiology and the North American Society of Pacing and

Electrophysiology (1996). Heart rate variability: standards of measurement, physiological inter-

pretation, and clinical use. European Heart Journal 17, 354–381.

Tasman, W. (1988). Multicenter trial of cryotherapy for retinopathy of prematurity. Archives of

Ophthalmology 106 (4), 463–464.

Temko, A., E. Thomas, W. Marnane, G. Lightbody, and G. Boylan (2011). EEG-based neonatal

seizure detection with support vector machines. Clinical Neurophysiology 122 (3), 464–473.

The BOOST II United Kingdom Australia and New Zealand Collaborative Groups (2013). Oxygen

saturation and outcomes in preterm infants. New England Journal of Medicine 368, 2094–2104.

Tierney, A. L. and C. A. Nelson (2009). Brain development and the role of experience in the early

years. Zero to three 30 (2), 9–13.

Tokariev, A., S. Vanhatalo, and J. M. Palva (2016). Analysis of infant cortical synchrony is con-

strained by the number of recording electrodes and the recording montage. Clinical Neuro-

physiology 127 (1), 310–323.

Tulppo, M. P., T. H. Makikallio, T. E. S. Takala, T. Seppanen, and H. V. Huikuri (1996). Analysis

of heart rate dynamics during exercise. American Physiological Society 271 (1), 244–252.

Tuzcu, V., S. Nas, U. Ulusar, A. Ugur, and J. R. Kaiser (2009). Altered heart rhythm dynamics

in very low birth weight infants with impending intraventricular hemorrhage. Pediatrics 123 (3),

810–815.

Vaart, M., E. Duff, N. Raafat, R. Rogers, C. Hartley, and R. Slater (2019). Multimodal pain

assessment improves discrimination between noxious and non noxious stimuli in infants. Paediatric

and Neonatal Pain 1 (1), 21–30.

van der Moer, P. E., G. Gerretsen, and G. H. Visser (1985). Fixed fetal heart rate pattern after

intrauterine accidental decerebration.

216



Van der Veen, D., C. Martin, R. Mehendale, E. N. Allred, O. Dammann, A. Leviton, B. Shah,

W. Seefield, L. J. Van Marter, R. Insoft, T. Fraioli, C. Cole, J. Fiascone, C. Baumal, F. Bednarek,

R. Gise, R. Ehrenkranz, K. Stoessel, T. M. O’Shea, G. Weaver, S. Engelke, E. Schwartz, C. Bose,

D. Wallace, M. Poortenga, P. Droste, I. N. Olomu, L. Angell, N. Paneth, P. Karna, M. D.

Schreiber, A. Abdelsalam, K. Rezaei, D. Batton, M. Trese, and A. Capone (2013). Early nutrition

and weight gain in preterm newborns and the risk of retinopathy of prematurity. PLoS ONE 8 (5),

e64325.

van Ravenswaaij-Arts, C., J. Hopman, L. Kollee, J. van Amen, G. Stoelinga, and H. van Geijn

(1991). Influences on heart rate variability in spontaneously breathing preterm infants. Early

Human Development 27 (3), 187–205.

van Ravenswaaij-Arts, C., L. Kollee, J. Hopman, G. Stoelinga, and H. van Geijn (1993). Heart rate

variability. Annals of Internal Medicine 118, 436–447.

Vanhatalo, S. and K. Kaila (2006). Development of neonatal EEG activity: From phenomenology

to physiology. Seminars in Fetal and Neonatal Medicine 11 (6), 471–478.

Vanhatalo, S. and L. Lauronen (2006). Neonatal SEP - Back to bedside with basic science. Seminars

in Fetal and Neonatal Medicine 11 (6), 464–470.

Vederhus, B. J., G. E. Eide, and G. K. Natvig (2006). Psychometric testing of a norwegian version

of the premature infant pain profile: An acute pain assessment tool. a clinical validation study.

International Journal of Nursing Practice 12 (6), 334–344.

Verlinde, D., F. Beckers, D. Ramaekers, and A. E. Aubert (2001). Wavelet decomposition analysis

of heart rate variability in aerobic athletes. Autonomic Neuroscience: Basic and Clinical 90 (1-2),

138–141.

Verriotis, M., P. Chang, M. Fitzgerald, and L. Fabrizi (2016). The development of the nociceptive

brain. Neuroscience 338, 207–219.

Verriotis, M., L. Fabrizi, A. Lee, R. J. Cooper, and M. Fitzgerald (2016). Mapping cortical responses

to somatosensory stimuli in human infants with simultaneous near-infrared spectroscopy and

event-related potential recording. eNeuro 3 (April), 1–15.

Verriotis, M., L. Fabrizi, A. Lee, S. Ledwidge, J. Meek, and M. Fitzgerald (2015). Cortical activity

evoked by inoculation needle prick in infants up to one-year old. Pain 156 (2), 222–230.

217



Vinall, J. and R. E. Grunau (2014). Impact of repeated procedural pain-related stress in infants

born very preterm. Pediatric Research 75 (5), 584–587.

Vinall, J., S. P. Miller, B. Bjornson, K. Fitzpatrick, K. J. Poskitt, R. Brant, A. Synnes, I. Cepeda,

and R. Grunau (2014). Invasive procedures in preterm children: Brain and cognitive development

at school age. Pediatrics 133 (3), 412–421.

Walker, S. M. (2019). Long-term effects of neonatal pain. Seminars in Fetal and Neonatal Medi-

cine 24 (4), 101005.

Wallois, F., L. Routier, and E. Bourel-Ponchel (2020). Impact of prematurity on neurodevelopment

(1 ed.), Volume 173. Elsevier B.V.

Wallois, F., L. Routier, C. Heberlé, M. Mahmoudzadeh, E. Bourel-Ponchel, and S. Moghimi (2021).

Back to basics: the neuronal substrates and mechanisms that underlie the electroencephalogram

in premature neonates. Neurophysiologie Clinique 51 (1), 5–33.

Wang, Y. and Y. Chang (2004). A preliminary study of bottom care effects on premature infants’

heart rate and oxygen saturation. Journal of Nursing Research 12 (2), 161–168.

Warthen, D. M., B. J. Wiltgen, and I. Provencio (2011). Light enhances learned fear. Proceedings

of the National Academy of Sciences 108 (33), 13788–13793.

Wasunna, A. and A. G. L. Whitelaw (1987). Pulse oximetry in preterm infants. Archives of Disease

in Childhood 62, 957–958.

Weber, A. and T. Harrison (2019). Reducing toxic stress in the NICU to improve infant outcomes.

Nursing Outlook 67 (2), 169–189.

Weber, E., M. Van der Molen, and P. Molenaar (1994). Heart rate and sustained attention during

childhoods: Age change in anticipatory heart rate, primary bradycardia, and respiratory sinus

arrhythmia. Psychophysiology 31, 164–174.

Weissman, A., E. Z. Zimmer, M. Aranovitch, and S. Blazer (2012). Heart rate dynamics during

acute pain in newborns. Pflügers Archiv : European journal of physiology 464 (6), 593–599.

Welch, P. D. (1967). The use of Fast Fourier Transform for the estimation of power spectra: A method

based on time averaging over short, modified periodograms. IEEE Transactions on Audio and

Electroacoustics 15 (2), 70–73.

218



Wess, J. M., A. Isaiah, P. V. Watkins, and P. O. Kanold (2017). Subplate neurons are the first

cortical neurons to respond to sensory stimuli. Proceedings of the National Academy of Sciences

of the United States of America 114 (47), 12602–12607.

White, D. and A. C. Van Cott (2010). EEG artifacts in the intensive care unit setting. Neurodia-

gnostic Journal 50 (1), 8–25.

Whitehead, K., L. Jones, P. Laudiano Dray, J. Meek, and L. Fabrizi (2018). Full 10-20 EEG

application in hospitalised neonates is not associated with an increase in stress hormone levels.

Clinical Neurophysiology Practice 3, 20–21.

Wilde, J. J., J. R. Petersen, and L. Niswander (2014). Genetic, epigenetic, and environmental

contributions to neural tube closure. Annual Review of Genetics 48, 583–611.

Wilder-Smith, O. H., O. Hagon, and E. Tassonyi (1995). EEG arousal during laryngoscopy and

intubation: Comparison of thiopentone or propofol supplemented with nitrous oxide. British

Journal of Anaesthesia 75 (4), 441–446.

Williams, G., L. Fabrizi, J. Meek, D. Jackson, I. Tracey, N. Robertson, R. Slater, and M. Fitzgerald

(2015). Functional magnetic resonance imaging can be used to explore tactile and nociceptive

processing in the infant brain. Acta Paediatrica, International Journal of Paediatrics 104 (2),

158–166.

Williams, M. D. and B. D. X. Lascelles (2020). Early neonatal pain. Frontiers in Pediat-

rics 8 (February).

Wood, N., N. Marlow, K. Costeloe, A. Gibson, and A. Wlikinson (2000). Neurologic and devel-

opmental disability after extremely preterm birth. New England Journal of Medicine 343 (6),

378–384.

Woodhead, D. D., D. K. Lambert, D. A. Molloy, N. Schmutz, E. Righter, V. L. Baer, and R. D.

Christensen (2007). Avoiding endotracheal intubation of neonates undergoing laser surgery for

retinopathy of prematurity. Journal of Perinatology 27 (4), 209–213.

Woody, C. D. (1967). Characterization of an adaptive filter for the analysis of variable latency

neuroelectric signals. Medical and biological engineering 5, 539–554.

Woolf, C. J. and Q. Ma (2007). Nociceptors-Noxious stimulus detectors. Neuron 55 (3), 353–364.

219



World Health Organisation (1977). Recommended definitions, terminology and format for statistical

tables related to the perinatal period and use of a new certificate for cause of perinatal deaths.

Acta Obstetrics and Gynecology Scandinavia 56 (3), 247–253.

World Health Organisation (2016). Oxygen therapy for children - a manual for health workers.

Technical report.

Worley, A., L. Fabrizi, S. Boyd, and R. Slater (2012). Multi-modal pain measurements in infants.

Journal of Neuroscience Methods 205 (2), 252–257.

Xie, W., B. M. Mallin, and J. E. Richards (2018). Development of infant sustained attention and

its relation to EEG oscillations: an EEG and cortical source analysis study. Developmental

Science 21 (3), e12562.

Yetton, B., M. Niknazar, K. A. Duggan, E. A. Mcdevitt, L. Whitehurst, N. Sattari, and S. C.

Mednick (2016). Automatic detection of rapid eye movements (REMs): A machine learning

approach. Journal of Neuroscience Methods 259, 72–82.

Young, G. B. and O. Da Silva (2000). Effects of morphine on the electroencephalograms of neonates:

a prospective, observational study. Clinical Neurophysiology 111 (11), 1955–60.

Zhang, C., A. Sohrabpour, Y. Lu, and B. He (2016). Spectral and spatial changes of brain rhythmic

activity in response to the sustained thermal pain stimulation. Human Brain Mapping 37 (8),

2976–2991.

Zhang, D., H. Ding, Y. Liu, C. Zhou, H. Ding, and D. Ye (2009). Neurodevelopment in newborns:

A sample entropy analysis of electroencephalogram. Physiological Measurement 30 (5), 491–504.

Zhang, Q., H. Li, X. Dong, and W. Tu (2019). Short-term effects of single-dose chloral hydrate on

neonatal auditory perception: An auditory event-related potential study. PLoS ONE 14 (2), 1–8.

Zhang, Z. G., L. Hu, Y. S. Hung, A. Mouraux, and G. D. Iannetti (2012). Gamma-band oscillations

in the primary somatosensory cortex-A direct and obligatory correlate of subjective pain intensity.

Journal of Neuroscience 32 (22), 7429–7438.

220



Appendix A

Patient Information Leaflet

221

mirandamac



223

mirandamac



225

mirandamac



227

mirandamac



229

mirandamac



Appendix B

Consent Form

230

mirandamac


