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Preface 

This dissertation is the result of my own work and includes nothing which is the outcome of 

work done in collaboration except as declared in the Preface and specified in the text. 

It is not substantially the same as any that I have submitted, or, is being concurrently submitted 

for a degree or diploma or other qualification at the University of Cambridge or any other 

University or similar institution except as declared in the Preface and specified in the text. I 

further state that no substantial part of my dissertation has already been submitted, or, is being 

concurrently submitted for any such degree, diploma or other qualification at the University of 

Cambridge or any other University or similar institution except as declared in the Preface and 

specified in the text 

This dissertation does not exceed the prescribed word limit for the relevant Degree Committee.   
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Summary 

Developing techniques to monitor cerebral function is becoming increasingly recognised as a 

way forward to detect and understand brain injury in patients.  Diffuse optical tomography 

(DOT) is a promising imaging technique that is non-invasive, portable and relatively simple to 

operate.   

In this thesis, I describe the development and design of DOT headgear for neonates and 

subsequently apply this in neonatal studies of cerebral function.  Firstly, the DOT headgear was 

applied to healthy neonates to investigate the early stages of vocal specialisation.  In this 

functional activation study, the cerebral haemodynamic changes observed in response to vocal 

and non-vocal stimuli are presented in Chapter 6.   

In recent years, the study of spontaneous cerebral activity that gives rise to resting state networks 

(RSNs) is becoming widely popular.  These studies rely on infants to remain asleep to minimise 

subject motion and optimise data quality.  Using DOT combined with electroencephalography 

(EEG), the effect of sleep state on RSNs was studied for the first time in healthy neonates with 

compelling results that are presented in Chapter 7.  In the context of sleep state and RSNs, 

combined DOT-EEG was also applied to neurologically compromised patients in the neonatal 

intensive care unit (NICU).  The results of this case-based study are presented in Chapter 8. 

These studies demonstrate the potential clinical use of DOT in neonates to evaluate cerebral 

function.  In completion of this thesis, the implications of the results and findings from the 

studies are discussed and future directions explored. 
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1.1 Project Motivation 

Lifelong neurodisability remains a significant problem in preterm (Costeloe et al., 2012) and 

term-born infants with brain injury (Kirton and Deveber, 2013; Vannucci, 2000).  Current 

clinical practice relies largely on structural imaging methods such as cranial ultrasound or MRI 

to diagnose pathology in neurologically compromised infants.  However, the neonatal brain is 

amenable to structural and functional plasticity (Staudt, 2010), therefore the ability to measure 

cerebral function would complement existing tools to identify at risk infants (Gao et al., 2016).   

Current surveillance of the impact of cerebral injury is delayed until a neurodevelopmental 

assessment occurs as an outpatient.  Improved methods to identify cerebral function early on 

would aid clinicians in implementing potential therapies (Robertson et al., 2012) while the infant 

is still an inpatient in the neonatal intensive care unit (NICU).  The ability to assess cerebral 

function would also aid researchers in the development of biomarkers to accelerate the 

translation of potential neuroprotective interventions (Seghier and Hüppi, 2010).  

Diffuse optical tomography (DOT) is a non-invasive optical imaging technique that uses near-

infrared (NIR) light to measure cerebral activity.  The practical advantages of DOT include 

portability and silence during operation, making it an ideal methodology for use in the NICU 

setting.   

The work carried out in this thesis was to develop DOT methodology to study cerebral function 

in neonates.  Both cerebral activity in response to a task-based paradigm, and spontaneous 

cerebral activity at rest were investigated.  The aims of the research in this thesis are detailed and 

listed in the next section. 
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1.2 Aims 

Aim 1: To design and develop DOT headgear applicable for neonates for 

data acquisition in cerebral function studies. 

In DOT, a set of optical fibres (optodes), are used to deliver NIR light into the head (sources) 

and measure transmitted light (detectors).  The principal location and position of the optodes 

on the head is important for optimal DOT data acquisition.  The optodes need to be in close 

contact to the scalp to ensure secure coupling to minimise the effects of subject motion, while 

the spatial location of optodes on the head will depend on the study design and cortical areas of 

interest.  Furthermore, the headgear should be quick to attach and provide comfort for infant 

subjects during scanning. 

In this thesis, an EEG cap was adapted to address these requirements.  A sparse source-detector 

array covering the whole head, and a relatively high-density array covering a localised region of 

the head were designed for the cap.  Comparisons were made between both array designs by 

visually inspecting their spatial sensitivities, and analysing the quality of data obtained when using 

each array in a group of healthy neonates. 

Aim 2: To image the functional response to vocal and non-vocal stimuli 

using DOT to investigate vocal specialisation in healthy term born infants. 

Early auditory function facilitates the development of communication, language and social 

cognition.  How the developing brain perceives the human voice can provide fundamental 

information on early cerebral function (Minagawa-Kawai et al., 2011; Naoi et al., 2013; Peña et 

al., 2003).  For example, specialisation of the cortex to voice emerges in the first few months of 

life (Blasi et al., 2011; Grossmann et al., 2010).  However, the absence of vocally selective regions 

has been reported in infants at increased risk for social communication disorders such as autism 

(Lloyd-Fox et al., 2013).  Most studies surrounding this work to date have primarily been carried 

out in infants from around 3 months of age with very few reported in the neonatal population.  

Furthermore, there are no reported studies using DOT to investigate this in neonates.  Better 
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understanding of vocal specialisation in early development could provide insight to prognostic 

biomarkers for neonates at risk of atypical cognitive and social development.  For example, this 

would be particularly useful as a screening tool in preterm infants and term born infants with 

brain injury.  This would allow clinicians to identify infants requiring follow up and initiate early 

neuroprotective treatments as these infants are at risk of developing language delay, and social, 

behavioural and cognitive problems at school.   

In this thesis, auditory stimuli made up of human vocalisations (such as laughing) and non-vocal 

sounds (such as a toy rattle) were presented to a group of healthy term-born neonates to measure 

the haemodynamic responses using DOT.  To investigate vocal specialisation, vocally selective 

cortical regions were identified by assessing for responses to vocal sounds that were greater than 

non-vocal sounds in a chosen set of regions of interest in the DOT images. 

Aim 3: To image resting state networks using DOT in healthy term born 

infants during sleep and investigate the potential effects of sleep state. 

The ability to monitor cerebral function in the absence of an external stimulus is a practical 

approach to assess brain function in neonates.  In contrast to task-based neuroimaging, this 

approach can potentially map out multiple functional networks in the resting state in a single 

scanning session.  In recent years, the number of neuroimaging studies reporting evidence of 

resting state networks (RSNs) in infants has grown immensely (Gao et al., 2016).  However, the 

influence of sleep state on RSNs has yet to be investigated in infants despite evidence of altered 

activity in adults (Horovitz et al., 2008).  This effect could potentially be significant as most 

infant neuroimaging studies rely on their subjects to be asleep to remain still during scanning.   

Combining EEG with DOT allows the simultaneous recording of resting cerebral 

haemodynamic and electrical activity.  This method was used to identify the auditory and 

sensorimotor RSNs during active sleep and quiet sleep states in a group of healthy term-born 

neonates.  The RSNs in each sleep state were compared to investigate the potential effects of 

sleep state. 
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Aim 4: To image resting state networks using DOT in preterm and 

neurologically compromised infants during sleep. 

Sleep is the predominant behavioural state in the neonate.  Infants requiring extensive treatment 

in the NICU are often at risk of sleep deprivation (Levy et al., 2017).  Interruptions due to 

handling, clinical procedures and stimuli in the busy NICU environment are likely to disrupt 

sleep organisation which may impact on resting cerebral function characterised by RSNs.   

Prior infant studies have reported altered patterns of RSNs in preterm infants (Ball et al., 2016; 

Smyser et al., 2010; Smyser et al., 2013; Smyser et al., 2016; Toulmin et al., 2015), however any 

associated changes with sleep state have not been described.  Furthermore, there is also a lack 

of studies investigating RSNs in term-born infants with brain injury.  Characterising abnormal 

RSN patterns in pathology is important as this will provide clinicians with valuable information 

on atypical functional development and may predict neurodevelopmental outcomes (Seghier and 

Hüppi, 2010).  For example, atypical RSNs have been reported in children with Down’s 

syndrome (Anderson et al., 2013; Imai et al., 2014) and neurodevelopmental disorders such as 

autism (Anderson et al., 2011; Hull et al., 2016), ADHD (Fair et al., 2010; Wang et al., 2009) and 

Tourette syndrome (Church et al., 2009).   

Using the combined DOT-EEG approach, a small group of preterm infants, and term-born 

infants with brain injury were studied.  The auditory and sensorimotor RSNs were examined in 

each sleep state in a case-based approach. 

1.3 Thesis outline 

This thesis is structured into eight chapters.  Chapter 2 and Chapter 3 provide a literature review 

and the background to the research.  The methods for infant recruitment, data acquisition and 

data processing are explained in Chapter 4.  The subsequent chapters outline the work carried 

out to achieve each of the aims.  Chapter 5 covers the design and development of the DOT 

headgear for the application in neonatal functional studies (Aim 1).  The three studies conducted 

to achieve Aims 2, 3 and 4 are described in Chapter 6, Chapter 7 and Chapter 8 respectively. 

Finally, Chapter 9 provides a synopsis of the research and future directions. 
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1.4 Statement of Contributions 

I designed and wrote the project proposal, and completed the application for ethical approval 

for the studies in this thesis.  My contributions towards the work described in Chapters 5 to 8 

are outlined in more detail below: 

Chapter 5 

I worked closely with a former Masters student (Dr Laura Dempsey) in designing the whole-

head SD array design, the design and addition of the chest strap and chest belts, and the design 

and addition of the plastic-foam discs.  I designed the high-density SD array.  I approached the 

manufacturers and liaised with the team at EasyCap GmbH (Germany) with the montage 

specifications and the bespoke designs for both SD arrays.  I carried out the recruitment, data 

collection, data processing and analysis. 

Chapter 6 

The experiment protocol and pipeline for data processing were devised by Dr Sarah Lloyd-Fox 

and Dr Anna Blasi from the Birkbeck Babylab team.  The pipeline for linear image 

reconstruction was designed by Dr Rob Cooper.  I carried out the recruitment, data collection, 

data processing (including writing my own MATLAB (The MathWorks Inc., Natick, 

Massachusetts) scripts based on the pipelines provided by Dr Anna Blasi and Dr Rob Cooper) 

and analysis. 

Chapters 7 and 8 

I designed the experiment protocols, and carried out recruitment, data collection, data 

processing, and data analysis (including MATLAB scripts for seed-based analysis and 

independent component analysis, the MATLAB script for global signal regression was based on 

the pipeline designed by Dr Laura Dempsey). 
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1.5 Statement of Novelty and Contributions 

To my knowledge, the designs of the whole-head and high-density SD headgears, combined 

with EEG, are novel and have not been reported or published by any other research group.  The 

whole-head headgear has been used successfully in studies by the research group (Chalia et al., 

2016; Singh et al., 2014).  The high-density headgear has been successfully used in term and 

preterm infants in the studies reported in this thesis.  

The haemodynamic responses to auditory stimuli and the presence of auditory specialisation 

observed in newborn infants using DOT have not been previously reported, and therefore the 

findings reported in this thesis represent a novel contribution to our understanding of the 

developmental axis of auditory specialisation. 

The effect of sleep state to spontaneous cerebral activity in the resting state has not been 

previously investigated in infants.  The results reported in this thesis, by exploring the impact 

sleep state has on resting state networks, are therefore novel and highlight the importance of 

monitoring sleep in related studies.   
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2.1 Development of Cerebral Connections  

The newborn brain at term is a little over a third of the size of the adult brain (Knickmeyer et 

al., 2008).  This follows a near three-fold increase in total brain volume between 29 and 41 weeks 

gestation (Huppi et al., 1998).  A significant increase in cortical folding and volume, myelination, 

and white matter and grey matter growth occurs in early brain development.  The development 

of cerebral neural circuits including cortical and thalamic pathways are necessary for cerebral 

function (Adams-Chapman, 2009; Volpe, 2009).  

A timeline of the major stages of brain development is summarised in Figure 2.1, and the 

organisation of the developing foetal cerebral cortex through the gestational weeks is illustrated 

in Figure 2.2.  The following sections will provide an overview of these major stages in cerebral 

growth and development. 

 

Figure 2.1: A timeline of the major stages of brain development. 
 (Tau and Peterson, 2010) 
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Figure 2.2: The organisation of the developing cortex.  
The development during the (a,b,c) 20th post-conception week (PCW), (d,e,f) fetal phase at 21-23 PCW, 
(g,h,i) early preterm phase at 24-32 PCW, and (j,k,l) late preterm phase at >32 PCW. Along the first column 
(a,d,g,j), the shaded areas indicate the decision points or crossroads of afferent pathways. The first 
crossroads in the periventricular region is shaded in red, and the second in green in the frontal region. 
The paths of the cortical afferents are illustrated along the second column (b,e,h,k), where thalamocortical 
(th-cx) afferents are indicated by the red lines, callosal fibres by the blue lines, ‘retracting’ callosal fibres 
by the dotted blue lines and the basal forebrain fibres by the white lines. The third column illustrates the 
laminar organisation of the transient zones of the cerebral wall (from pia to ventricle) where CP=cortical 
plate, SP=subplate zone, IZ=intermediate zone, SVZ= subventricular zone with callosal fibres (cal), 
WM=white matter, WMg=gyral white matter. The accumulation of the thalamocortical afferents in the 
subplate is marked by * in (e). The in vitro MRI images along the fourth column (c,f,i,l) indicate the 
transient zones as fibre-rich periventricular zones indicated by the white * in (c,f,l) (Kostovic and Jovanov-
Milosevic, 2006).   
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2.1.1 Establishment of Early Neural Circuits 

Neurogenesis occurs at 5-6 weeks within the ventricular zone (germinal matrix) of the neural 

tube (Levitt, 2003).  Neuroblasts, or neuronal precursors proliferate rapidly and by 8 weeks 

differentiate into specific neuronal cell types or microglia.  Postmitotic cells migrate along radial 

glia cells to form the preplate by 6 weeks gestation and maturation of the preplate occurs into 

the developing cortex by 7 weeks (Rakic et al., 1994).  A further group of neurons originating 

from the primordia of the basal ganglia nuclei migrate to the developing cortex and thalamus to 

give rise to the GABAergic neurons in the mature brain (McManus et al., 2004).  The migration 

of neurons peaks between 12 and 20 weeks and is complete by 26-29 weeks (de Graaf-Peters 

and Hadders-Algra, 2006). 

Early synaptic connections are present by 5 weeks following extension of neuronal axons and 

dendrites (Super et al., 1998).  Projections from dorsal thalamic neurons and the brainstem form 

synapses with the preplate neurons (Chao et al., 2009).  The subplate is a transient cortical layer 

that forms within the preplate (Allendoerfer and Shatz, 1994) and serves as a holding area for 

afferent fibres (such as the thalamocortical and callosal afferents) to the cortex (Kostovic and 

Rakic, 1990).  This region demonstrates regional variability and forms more permanent 

connections within the cortical plate at 20 weeks through to the perinatal period (Kostovic and 

Rakic, 1990) (Figure 2.2a-c).   

2.1.2 Cortical Development 

Figure 2.2b,e,h,k and Figure 2.3 illustrate the development of the layers of the neocortex.  At 7-

8 weeks, as neuronal cells migrate from the ventricular zone to the preplate, they divide the 

preplate into subplate and marginal zone layers (Super et al., 1998).  Dissolution of the subplate 

and maturation of the cortical plate signals a transition in the development of cortical circuits.  

The developing cortical plate produces organisational features of the mature cortex.  By 32 

weeks, distinct vertical lamina containing afferents of all major neurotransmitter systems (Levitt, 

2003) including the thalamocortical afferents and cholinergic afferents from the basal forebrain 

are present (Figure 2.2g-i).  A diversity of differentiated glia and neuronal cell types are also 

present (Lund and Lewis, 1993). 
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By 26-28 weeks, synaptic density within the cortical plate increases and the transfer of afferent 

synaptic connections from the subplate to the cortical plate peaks at this time (Zecevic et al., 

1989).  The development of cortical gyri and sulci occur in parallel with thickening of the 

developing cortex as a result of dendritic arborisation and synaptogenesis in the third trimester 

(Huttenlocher and Dabholkar, 1997).  At the same time, apoptosis of neurons with incorrect or 

weak connections occurs (Goda and Davis, 2003).  During this stage, apoptosis is regulated by 

synaptic activity, cell-cell contact and trophic factors produced by glia and other neurons (Lossi 

and Merighi, 2003).  Therefore cells that fire synchronously are likely to survive and will make 

up neural circuits. 

 

Figure 2.3: A schematic illustration of the development of the layers in the neocortex.   
The developing neocortex is made up of a series of embryonic cellular zones. Neurons originate in the 
ventricular zone (VZ).  The preplate (PP) is formed by migration of post-mitotic neurons.  The 
subventricular zone (SVZ) is made up of intermediate progenitors.  The cortical plate (CP) forms from 
ongoing neurogenesis and cortical layers emerge through subsequent cell division.  The preplate is 
divided into the subplate (SP) and marginal zone (MZ) layers via radial migration.  The intermediate zone 
(IZ) provides the foundation for white matter development. GA=gestational age, w=weeks, d=days  (Tau 
and Peterson, 2010) 

2.1.3 Thalamocortical Connections 

At 12-16 weeks, thalamic afferents extend to and spread within the cortical subplate (Lagercrantz 

and Changeux, 2009).  By 20-23 weeks, the connections become prominent and accumulate in 
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the superficial portions of the subplate zone (Figure 2.2d-f).  From 24-32 weeks, regionally-

specific thalamocortical axons extend to the cortical plate (Kostović and Jovanov-Milosević, 

2006) (Figure 2.2g-i).  Further synaptic refinement results in the development of permanent 

connections that increase in strength and number through the perinatal period. 

2.1.4 Myelination 

Myelination occurs from 20-28 weeks and proceeds rapidly during the first year of life (Tau and 

Peterson, 2010).  Premyelinating oligodendrocytes in the developing cortex produce myelin 

which enhances the speed and fidelity of action potentials propagating along neurons.  

Premyelinating oligodendrocytes are sensitive to hypoxia-ischaemia, therefore white matter 

tracts may be disrupted leading to cerebral palsy and neurodevelopmental impairment (Back, 

2014). 

Mature myelin is detected in the subcortical regions between 20-28 weeks and in the precentral 

and postcentral gyri, and optic radiation at 35 weeks.  By term (40 weeks), myelination is also 

present in the acoustic radiation.  The proportion of brain volume containing myelinated white 

matter increases from 1 to 5% between 36 and 40 weeks, and myelination continues to proceed 

rapidly during the first year of life through to childhood (Huppi et al., 1998). 

2.1.5 Cortico-cortical Connections 

The thickness of the subplate zone gradually decreases in size from 34 weeks (Kostović and 

Jovanov-Milosević, 2006).  At the same time, callosal and long cortico-cortical pathways grow 

into the cortex (Figure 2.2j-l).  The thalamocortical fibres and other projection fibres build up 

the corona radiata and begin their course to the process of gyration.   

The influence of sensory input to the formation of fine cortical circuits and number of synapses 

appear to occur after birth.  Intracortical differentiation and developmental organisation of 

somatosensory and motor cortical pathways during the late preterm period indicate the 

elaboration of the connection between the periphery and cortex (Kostovic and Jovanov-

Milosevic, 2006). 
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Following the resolution of the subplate and reduction of growth-related molecular activity, the 

growth of long afferents and cortico-cortical pathways ends.  The corpus callosum stops fibre 

growth along the interhemispheric pathway while retraction of callosal axons follows (Figure 

2.2j-l).  In the neonatal period, the number of axons in the corpus callosum is close to maximum, 

and as axonal retraction and elimination occurs, the number of axons will continuously change 

but no new axons will be formed.  During this stage, axonal arborisation within the cortical plate 

and growth of short cortico-cortical connections continue to occur in the postnatal months 

(Burkhalter, 1993).   

2.1.6 Postnatal Cerebral Development 

In the postnatal period, the cortex continues to grow secondary to elaboration of dendrites, 

spines and synapses through the first 350-400 days of life (Lund and Lewis, 1993; Super et al., 

1998).  The elimination of axons, dendrites, and synapses, and neuronal apoptosis also becomes 

increasingly frequent during this period (Cowan et al., 1984).  Remodelling of synaptic 

connections, myelination and pruning play an important role in the reorganisation and fine-

tuning of neural circuits.  The time course for these processes differs across cortical regions 

resulting in regional cerebral development, in particular with the sensorimotor and visual cortices 

first followed by association cortices, the corpus callosum and regions serving higher cognitive 

functions (Levitt, 2003). 
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2.2 Neonatal Brain Injury 

The developing brain undergoes an elaborate sequence of events that eventually shape the 

cerebral architecture for neural networks.  Due to the different stages of brain development, the 

timing of an insult to the brain will lead to distinctive patterns of brain injury.  This will invariably 

lead to different types of injury in infants born prematurely or at term. 

2.2.1 Neonatal Brain Injury in the Preterm Infant 

The incidence of preterm birth is between 5-12% (Wen et al., 2004).  As the brain undergoes 

significant growth and development during the second and third trimesters, preterm birth is a 

significant risk factor for brain injury.  Around 15% of surviving preterm infants are left with 

motor impairment, and almost half develop serious long-term cognitive problems and 

behavioural impairment (Anderson et al., 2003; Marlow et al., 2005b; Moore et al., 2012; 

Woodward et al., 2009).   

Hypoxia-ischaemia, infection and inflammation are likely causes leading to cerebral injury 

(Perlman, 1998).  Changes to the grey matter volume, myelination and overall cerebral volume 

occur (Counsell et al., 2003; Inder et al., 2005; Volpe, 2009).  However, suboptimal growth, 

procedural pain and stress in the extrauterine environment of the neonatal intensive care unit 

(NICU) have also been shown to alter cortical development (Brummelte et al., 2012; Smith et 

al., 2011; Vinall et al., 2013; Vinall et al., 2012).    

Cerebral white matter injury (WMI) is a major form of injury in the preterm brain (Volpe, 2009) 

leading to secondary cortical and subcortical grey matter degeneration.  The spectrum of WMI 

includes (1) focal cystic necrosis such as periventricular leucomalacia (PVL) (Figure 2.4), (2) focal 

microscopic necrosis or microcysts and (3) diffuse nonnecrotic lesions described as diffuse white 

matter injury (DWMI) (Back, 2014).  Degeneration of all cell types and axonal injury leading to 

myelination failure occur in necrotic white matter lesions such as PVL and focal microscopic 

lesions.  The prognosis of PVL is poor with over 90% of affected infants developing cerebral 

palsy (Cooke and Abernethy, 2010).  Microcysts are less pronounced and carry less burden than 

PVL (Buser et al., 2012).  Fortunately, PVL has become less common affecting 5% of preterm 
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infants (Inder 2003, Counsell 2003).  More recently, DWMI is becoming a common pattern of 

brain injury in surviving preterms.  In DWMI, axons are spared however myelination failure is 

related to selective vulnerability of late oligodendrocyte progenitors leading to failure of 

differentiation to oligodendrocytes.  Although there is sparing of motor function, these infants 

have significant developmental impairment (Krishnan et al., 2007).   

 

Figure 2.4: Periventricular leucomalacia.  
(A) Parasagittal cranial ultrasound image of a preterm infant.  The lateral ventricle can be seen as the 
echolucent structure in the middle of the image and multiple extensive cysts are present in the 
periventricular region (Deng et al., 2008) (B) Axial T1 weighted image showing bilateral periventricular 
cysts in a preterm infant. The cysts in the anterior region on the right are highlighted by the yellow circle 
(Rutherford et al., 2010b) 

 

While many preterm infants with neurological impairment have associated brain injury, a large 

number do not.  For example, most moderate and late preterm (MLPT) infants (born between 

32 to 36 weeks gestation) are not diagnosed with structural brain injury since the highest risk for 

WMI typically occurs between 23 to 32 weeks (Back, 2014).  However, up to a third of MLPTs 

will develop special educational needs and require additional support at school (Huddy et al., 

2001).  Despite contributing to over 83% of the preterm population (Natarajan and Shankaran, 

2016) and representing 6-7% of all births (Moser et al., 2007), MLPT infants are often 

overlooked as they do well clinically in the NICU therefore they are not routinely followed up 

when discharged.  Increasing survival rates of MLPT births has therefore led to a growing 

number of infants reaching school age with neuropsychological and neurodevelopmental 

impairment (Caravale et al., 2005; Huddy et al., 2001; Pasman et al., 1998; van Baar et al., 2009).  

Figure 2.4 A: Parasagittal cranial ultrasound image of 
a preterm infant removed for copyright reasons. 
Copyright holder is Deng et al 2008.  
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2.2.2 Neonatal Brain Injury in the Term Infant 

Conditions leading to brain injury in term-born infants include hypoxic-ischaemic 

encephalopathy (HIE) and neonatal stroke.  Both conditions are major causes of mortality and 

neurodisability in term infants.   

2.2.2.1 Hypoxic-Ischaemic Encephalopathy 

The incidence of HIE ranges from 1 to 8 per 1000 live births (Kurinczuk et al., 2010) and up to 

a quarter of survivors develop neurological deficit (Vannucci, 2000).  HIE is the result of a 

perinatal deficit in cerebral blood flow and oxygen delivery leading to disruption of cerebral 

energy metabolism (Volpe, 2001).  Two main patterns of injury are observed (1) basal ganglia-

thalamus pattern, and (2) watershed predominant pattern of injury.   

Basal ganglia-thalamus (BGT) pattern of injury often follows an acute event such as placental 

abruption or cord prolapse.  The posterior limb of the internal capsule (PLIC) can be involved.  

Changes in this region are highly predictive of motor function outcome (Rutherford et al., 2004), 

however this can only be detected using conventional MRI from 48 to 72 hours following the 

onset of the insult (Figure 2.5A).  Lesions in the basal ganglia and thalamus can be associated 

with white matter atrophy and secondary microcephaly leading to dyskinetic cerebral palsy 

(Himmelmann et al., 2007) and cognitive impairment in severe cases (Okereafor et al., 2008).   

Watershed (WS) predominant injury occurs following a period of prolonged partial asphyxia.  

The regions of the anterior-middle cerebral artery and poster-middle cerebral artery are involved 

(Figure 2.5B).  White matter is affected and in severe cases, the cortex is also involved (de Vries 

and Groenendaal, 2010).  Compared to infants with BGT injury, these infants show mild 

neurological signs at birth.  Motor impairment is uncommon although behavioural problems, 

cognitive deficits and language delay can occur in childhood (Miller et al., 2002; Steinman et al., 

2009). 
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Figure 2.5: MRI images of term infants with brain injury related to hypoxic-ischaemic encephalopathy. 
(A) Axial T1 weighted image of a term infant with abnormal signal intensity in the basal ganglia and 
thalamic regions bilaterally. The abnormal signal on the right side is indicated by the yellow circle 
(Rutherford et al., 2010a). (B) Axial T2 weighted image of a term infant with a watershed pattern of injury.  
Note the loss of cortical ribbon in the posterior watershed region.  The abnormality in the right posterior 
region is indicated by the yellow circle. The corpus callosum also appears to be swollen with increased 
signal intensity (Vries and Groenendaal, 2010). 

 

2.2.2.2 Neonatal Stroke 

Neonatal stroke is relatively infrequent compared to HIE and occurs in 1 in 2500-3000 live births 

(Nelson and Lynch, 2004) following occlusion of a large cerebral artery.  In most cases, the 

middle cerebral artery (MCA) is involved leading to focal brain infarction in the arterial territory 

(Volpe, 2008).  Multifocal involvement occurs in 20 to 30% of cases (Kirton et al., 2011).  

Although affected infants present with focal seizures in the postnatal period, some infants can 

be asymptomatic and present later with neurological deficits.  Children can develop lifelong 

motor impairment (Golomb, 2009) and half will develop cognitive disorders (Kirton and 

Deveber, 2013; Lynch, 2009). 
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2.3 Neonatal Cerebral Function 

For clinicians, it can be challenging to predict the outcome of an infant with brain injury.  It is 

even more challenging to identify at risk infants in the absence of detectable brain lesions.  In 

order to assess neurodevelopmental potential, methods of measuring cerebral function are 

therefore needed in addition to conventional structural imaging.   

Functional neuroimaging refers to the use of imaging modalities (such as optical imaging, 

electroencephalography (EEG) or functional MRI (fMRI)) to measure localised cerebral activity.  

These methods can provide measures of cerebral function to external stimuli, for example 

sounds, to investigate infant cognitive function such as language (Dehaene-Lambertz et al., 2002; 

Gervain et al., 2008) and social perception (Lloyd-Fox et al., 2009).  Alternatively, functional 

neuroimaging could be used to measure spontaneous cerebral activity at rest (in the absence of 

stimuli) to study resting state networks. 

As the perception of human voice is important in social and language development, the 

following section will review the current literature on vocal specialisation in the neonatal period.  

The study of resting state networks is becoming an increasingly recognised area of importance 

in neonatal cerebral function, and this will also be discussed next. 

2.3.1 Vocal Specialisation 

As described previously, language delay and social behavioural impairment are significant 

concerns effecting academic performance in neurologically compromised term and preterm 

infants when they reach school age (Anderson et al., 2003; Kirton and Deveber, 2013; Marlow 

et al., 2005a; Steinman et al., 2009; Taylor et al., 2000).  However, there is a lack of diagnostic 

and screening tools to identify infants at greatest risk in the neonatal period.  Consequently, there 

is a delay in detection, as infants are only examined at a later stage, when problems become 

apparent during a neurodevelopmental assessment.  

The ability to recognise the human voice plays an important role in social and language 

development as voice carries both speech as well as emotional information.  The perception of 

voice has been observed in the early stages of development.  For example, Ockleford et al. 
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demonstrated the ability of infants to discriminate their parents’ voices by measuring changes in 

their heart rate (Ockleford et al., 1988).  Infant controlled methods, such as sucking on a pacifier 

to control the presentation of sounds, have been used to determine preference to native speech 

and language (Mehler et al., 1988; Moon et al., 1993).   

The application of EEG to measure event-related potentials (ERPs) has been used to investigate 

cerebral activity in response to voice.  The characteristics of the ERP such as polarity, latency 

and scalp distribution can inform us as to different cognitive processes.  For example, specific 

types of ERP components in adults reflect phonological, semantic and synactic processing 

(Friederici, 2005).  Infants are sensitive to emotional prosodic information in speech.  Friederici 

et al. observed language specific ERPs in 4 to 5 month old infants to prosodic stress (Friederici 

et al., 2007).  In an ERP study of emotional prosody, Grossmann et al, demonstrated 

discrimination between neutral, happy and angry prosody in 7 month old infants (Grossmann et 

al., 2005).  Furthermore, in 8 month old infants, Missana et al. observed sensitivity to emotional 

vocalisations (such as laughter and cries) from their peers (Missana et al., 2017). 

Although EEG is a useful tool to study vocal perception, the technique carries some limitations.  

For example, localisation of an ERP to a cortical area is not straightforward.  In addition, 

comparisons of ERP components between adults and infants of different ages can be difficult 

due to the variations in latency and onset of ERP components with age.   

Functional magnetic resonance imaging (fMRI) and optical imaging, provide both temporal and 

spatial information and have helped complement our understanding of early speech and vocal 

perception.  Using optics, Pena demonstrated the response to infant-directed speech was greater 

than the same speech sounds played in reverse in the left temporal region in 2 – 5 day old infants 

(Peña et al., 2003). Increased activation of the left temporal region has also been reported in 

response to native compared to reversed-native or non-native speech sounds in infants less than 

a week-old using optics (Sato et al., 2012; Vannasing et al., 2016).  Kotilahti also observed greater 

responses in this area, using fNIRS, to speech sounds compared to music in newborns (Kotilahti 

et al., 2010).  By 1 month of age, the left temporal area is more responsive to speech compared 

to human vocalizations (communicative and non-communicative) and this region becomes 

increasingly sensitive to speech due to the progressive attenuation of responses to non-speech 

vocalizations with increasing age (studied using fMRI up to 4 months of age) (Shultz et al., 2014).   
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Using fMRI, Belin et al, demonstrated vocal specialisation specific to the ‘temporal voice areas’ 

located bilaterally along the middle and anterior regions of the superior temporal sulcus in adults 

(Belin et al., 2002) (Figure 2.6).  In infants, specialisation of the cortex to voice appears to emerge 

in the first few months of life becoming more robust by 6 months (Blasi et al., 2011; Grossmann 

et al., 2010).  Vocal selectivity has been reported in the temporal cortex in 4-7 month old infants 

(Blasi et al., 2011; Grossmann et al., 2010; Lloyd-Fox et al., 2013), however vocally selective 

regions appear to be absent in infants at high-risk for social communication disorders such as 

autism (Lloyd-Fox et al., 2013).  This is of particular importance in infants with brain injury as 

neurodevelopmental disorders involving language and social behaviour can occur.  

 

 

Figure 2.6: The contrast of cerebral activity measured using fMRI in an adult in response to auditory 
stimulation with vocal versus non-vocal sounds.  
The highlighted region indicates the voice selective region or temporal voice areas (TVA) with greater 
activity in response to vocal sounds.  The TVA is located along the middle and anterior parts of the 
superior temporal sulcus bilaterally (Belin et al., 2002). 

2.3.2 Resting State Networks 

Apart from simple functional tasks such as using visual or auditory stimuli, it can be challenging 

to elicit cerebral responses to a specific task in the neonate.  The characterisation of cerebral 

function at rest, without the need to perform functional tasks, is a practical alternative in 

neonates providing a link between brain structure and function. 
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2.3.2.1 What are Resting State Networks? 

First described by Biswal et al., synchronous low frequency fluctuations (<0.1 Hz) in the blood 

oxygen level dependent (BOLD) signal were observed across functionally related cortical regions 

during the resting period of an adult functional MRI (fMRI) motor experiment (Biswal et al., 

1995).  The presence of spatio-temporal associations seen at rest in this study have paved the 

way for research into spontaneous cerebral activity known as resting state functional connectivity 

(RSFC).  The term ‘functional connectivity’ refers to correlations between distant 

neurophysiological events (Friston, 2002).  In the absence of external stimuli, brain regions that 

display correlations are known as RSFC networks or resting state networks (RSNs).   

Since this discovery, multiple RSNs have been identified using functional connectivity MRI 

(fcMRI) as the gold standard imaging method.  These networks include primary sensory regions 

such as sensorimotor, visual and auditory, as well as higher-order integrative networks such as 

language, attention and default mode network (DMN) (Fox and Raichle, 2007).  The DMN 

consists of a set of regions including the dorsal medial prefrontal cortex, posterior cingulate, 

precuneus and inferior parietal cortex.  The theoretical function of the DMN involves internally 

mediated cognition for example, self-reference, moral reasoning and episodic memory (Raichle 

and Snyder, 2007).  It becomes more active during rest and is suppressed during a task (Raichle 

et al., 2001).   

The first reported infant RSN fcMRI study identified 5 patterns of RSNs in a group of preterm 

infants scanned at term equivalent age (Fransson et al., 2007) (Figure 2.7).  The authors observed 

bilateral networks with interhemispheric spatio-temporal patterns in (1) the occipital, (2) 

sensorimotor, (3) temporal, (4) posterior medial and lateral parietal, and (5) the anterior 

prefrontal cortices.  In addition to the primary sensory RSNs (visual, auditory, somatosensory 

and motor), the DMN, frontoparietal and executive control networks are also reported to 

emerge in the third trimester (Doria et al., 2010).  
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Figure 2.7: Five common RSNs seen in a group of preterm infants.  
Each row illustrates one RSN represented on an axial T2-weighted template. The left side of the image 
corresponds to the left side of the brain. Statistical T maps are thresholded at p<0.05 (alternative 
hypothesis threshold for activation vs. null) and shown superimposed on the T2-weighted infant image 
template. Consistent resting-state patterns were found in the (A) primary visual areas, (B) somatosensory 
and motor cortices bilaterally, (C) bilateral temporal/inferior parietal cortex encompassing the primary 
auditory cortex, (D) posterior lateral and midline parts of the parietal cortex as well as the lateral aspects 
of the cerebellum, and (E) medial and lateral sections of the anterior prefrontal cortex (Fransson et al., 
2007) Copyright (2007) National Academy of Sciences, U.S.A. 

 

While fcMRI remains the current gold standard imaging method for resting state studies, lately 

there has been an increase in the application of optical methods such as fNIRS and DOT, due 

to practical advantages such as portability, low-cost and silent operation.  Such infant studies 

have demonstrated (1) the presence of primary sensory RSNs such as the visual (White et al., 

2012) and auditory networks with results comparable to fMRI (see Figure 2.8) (Ferradal et al., 

2016), (2) increasing bilateral connectivity between homotopic regions in the first 6 months of 

life (Homae et al., 2010), and (3) altered connectivity in preterm born infants at term equivalent 

age (Fuchino et al., 2013; Naoi et al., 2013). 
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Figure 2.8: Single subject images using functional connectivity diffuse optical tomography (fcDOT) and 
functional connectivity MRI (fcMRI).  
(A) Seed locations used in the present analyses overlaid on the subject-specific DOT field of view (blue). 
(B) Individual fcDOT correlation maps illustrating identified RSNs. (C) fcMRI results from comparable 
analysis. Note the high degree of spatial agreement between the fcDOT and fcMRI results. All results are 
overlaid onto sagittal, coronal, and axial slices of the infant's T2-weighted MRI volume centred at each 
seed location. Colour threshold r > 0.2 (Vis, visual; MT, middle temporal; A1, auditory) (Ferradal et al., 
2016). 

 

2.3.2.2 RSNs in Cerebral Pathology 

In preterm infants, RSNs have been reported to emerge in the third trimester (Doria et al., 2010; 

Smyser et al., 2010) (see Figure 2.9).  However, by term equivalent age compared to healthy 

term-born infants, RSNs demonstrate reduced connectivity characterised by lower correlation, 

limited distribution, and reduced network complexity (Ball et al., 2016; Smyser et al., 2010; 

Smyser et al., 2016; Toulmin et al., 2015).  These changes also appear to extend through 

childhood (Damaraju et al., 2010) to adulthood (White et al., 2014).   
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Figure 2.9: Longitudinal RSN development in preterm infants.  
Average fcMRI correlation maps (Fisher z-transformed correlation coefficient threshold 0.3) 
corresponding to seed locations (first column) for post-maturational age at the time of scanning (columns 
2 to 5). Each row shows the axial slice at the level of the seed region for each representative network: (A) 
motor-leg, (B) motor-hand, (C) occipital cortex, (D) temporal cortex, (E) thalamus (Smyser et al., 2010). 

 

Most studies originally recruited healthy preterm and term infants to establish a normative model 

of RSNs in early development (Mongerson et al., 2017).  More recently, targeted studies 

investigating complications attributable to prematurity have shown that WMI (Smyser et al., 

2013), haemorrhagic parenchymal infarction (Arichi et al., 2014), and exposure to stress and 

painful procedures (Smith et al., 2011) can have detrimental effects on RSN development.  

Neonatal stroke in the preterm can also disrupt the bilateral connectivity of RSNs such as the 

visual network (White et al., 2012).  A recent study demonstrated disruption to connectivity of 

the somatomotor and frontoparietal executive networks predicted motor impairment in infants 

with perinatal brain injury at 4 and 8 months of age (Linke et al., 2018). 
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2.3.3 Resting State Networks and Sleep 

2.3.3.1 Electroencephalography to Monitor Sleep 

Electroencephalography (EEG) is routinely used in neurophysiology and is the current clinical 

gold standard for monitoring electrical cerebral activity.  It is also used to monitor sleep state in 

infants and adults.  EEG is non-invasive and uses electrodes placed on the scalp to record 

voltage changes originating from synchronised postsynaptic action potentials from groups of 

neurons.  Spontaneous synchronised recurrent action potentials within thalamocortical relay cells, 

the reticular thalamic nucleus and cortical pyramidal cells make up the EEG signal (Steriade et 

al., 1990).   

The adult EEG signal is conventionally categorised into four main frequency bands: delta (0.5-

4 Hz), theta (4-8 Hz), alpha (8-13 Hz), and beta (13-30 Hz).  For example, in adults during 

arousal states, excitatory depolarising effects on thalamocortical and cortical cells occur while 

reticular thalamic cell activity is suppressed.  This results in a reduction of synchronous low-

frequency activity and an increase in high-frequency activity characteristic of beta waves.  In 

contrast, slower frequencies such as theta waves are seen in drowsiness, or delta waves in slow-

wave or deep sleep in adults. 

The EEG trace in infants is different from that of adults.  The overall background signal in 

neonatal EEG can be described as either continuous or discontinuous and will depend on the 

sleep-wake state, and gestational age of the infant.   

A continuous EEG trace is characterised by uninterrupted EEG activity, typically over 10 µV in 

amplitude with mixed frequency activity predominantly in theta (4-8 Hz) and delta (0.5-4 Hz) 

activity.  This is typically seen in full-term infants while awake or in active sleep state.  In contrast, 

a discontinuous EEG trace has bursts of high voltage activity with lower voltage inter-burst 

periods.  This signal is normally seen in preterm infants or during quiet sleep in term infants.   
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2.3.3.2 Neonatal Sleep Cycle 

In the full-term infant, the sleep cycle lasts between 30-70 min and comprises largely of active 

and quiet sleep (AS and QS respectively) (Scher, 2008).  Small stages of transitional or 

indeterminate sleep states can also be present.   

AS in infants is typically characterised by a continuous EEG background.  Rapid eye movements, 

increased cardiorespiratory variability and low muscle tone are associated physiological changes.  

QS is characterised by either a continuous high-voltage slow or discontinuous EEG pattern.  

The absence of eye movements, reduced respiratory variability and increased muscle tone are 

also characteristic features.   

Figure 2.10 illustrates the different sleep stages that typically make up the sleep cycle.  Soon after 

sleep onset, the sleep cycle starts with a period of mixed-frequency AS in over 50% of infants.  

This leads onto a brief period of high-voltage QS followed by a longer period of discontinuous 

QS also known as tracé alternant.  The latter is defined by bursts of high amplitude slow wave 

activity with low voltage activity in between.  Following QS, another period of AS occurs known 

as low-voltage irregular AS.  Finally, a period of transitional or indeterminate sleep follows where 

the EEG pattern, physiology and behaviour are not characteristic of either AS or QS.  
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Figure 2.10: The different sleep stages of the sleep cycle in the term infant.  
From sleep onset, 50% of infants start with AS.  The typical EEG trace for each sleep state are indicated 
in the right column.  The percentage indicates the proportion of time spent in each sleep stage for each 
sleep cycle. AS=active sleep; QS=quiet sleep. EEG traces from Scher (Scher, 2008). 
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Figure 6.5: The different sleep stages of the ultradian sleep cycle in the 
neonate. From sleep onset, 50% of neonates start with AS.  The typical EEG 
trace for each sleep stage are indicated in the right column.  The percentage 
indicates the proportion of time spent in each sleep stage for each sleep cyle. 
AS = active sleep; QS = quiet sleep. EEG traces from Scher et. al. 2008.  
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2.3.3.3 Effect of Sleep on RSNs 

In adults, the preservation of primary sensory RSNs have been demonstrated during the early 

light sleep stage of non-rapid eye movement or NREM (Horovitz et al., 2008; Larson-Prior et 

al., 2009).  However, the different stages of NREM sleep can have variable effects on higher 

cognitive function RSNs such as the DMN where different contributions of each region decrease 

with progressive sleep depth (Horovitz et al., 2009; Sämann et al., 2011).  Primary sensory RSNs 

such as the sensorimotor network and corticocortical connectivity patterns diminish in deep 

NREM or slow wave sleep (Spoormaker et al., 2010; Watanabe et al., 2014).  Furthermore, with 

light sedation variable changes in high-order cognitive RSNs have been observed in adults 

(Greicius et al., 2008; Martuzzi et al., 2010). 

A significant challenge in studying infants, common to fcMRI and optical techniques, is motion.  

To minimise motion, infants are often scanned asleep or with light sedation.  However, the effect 

of arousal or sleep state on RSNs has not been directly investigated in infants.  While most infant 

studies scan subjects within 30 minutes of falling asleep, the sleep state may well vary across 

subjects.  The presence of a sleep state dependent effect on RSNs could therefore influence the 

findings of infant RSN studies to date.  

2.4 Summary 

In summary, this chapter provides an overview of the development of cerebral connections and 

early cerebral structural maturation.  The patterns and conditions of neonatal brain injury in 

relation to the different stages of brain development are described.  Examples of neonatal 

cerebral function, specifically vocal specialisation and resting state networks, are reviewed as 

these were investigated in neonates in this thesis. 
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Chapter 3  

Background: Diffuse Optical 

Tomography 

The following publication formed the basis of this chapter: 

Lee, C.W., Cooper, R.J., Austin, T., 2017. Diffuse optical tomography to investigate the 

newborn brain. Pediatr Res 82, 376-386. 
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3.1 Introduction 

The detection of brain injury and the study of brain function have been made possible with 

modern advances in neuroimaging techniques.  Increasingly, we have begun to recognise that 

the ability to monitor brain function is key to evaluating neurodevelopmental potential in infants 

with brain injury.  However, due to the clinical nature of these sick infants, coordinating their 

transfer to scanning facilities can be technically challenging.  Most will require respiratory 

support and will be attached to multiple physiological monitoring devices.  Furthermore, 

transferring these infants away from the controlled environment of the NICU is associated with 

risks.  Even when a transfer to the scanner is successful, achieving follow up scans to monitor 

progression of injury can remain practically difficult.  Increasing efforts are therefore being made 

to develop cot-side tools to overcome these challenges and safely monitor cerebral function in 

the NICU setting.   

Diffuse optical tomography (DOT) is becoming an increasingly valuable neuroimaging tool.  

DOT is non-invasive and portable, allowing safe monitoring of brain function in infants at the 

cot-side.  As the system is silent to operate, it allows the infant to rest while being scanned and 

it does not interfere with the clinical care of the other infants in the NICU.  DOT is also relatively 

tolerant to infant motion compared to alternative neuroimaging techniques such as fMRI which 

often requires sedation and infants to be wrapped and strapped to the scanning trolley to 

minimise motion artifacts.  With optimal coupling of DOT optical fibres (or optodes) to the 

head, infants can be scanned awake or asleep, and therefore sedation is not required.  This avoids 

the unnecessary risks of sedation in severely ill infants and also allows for functional studies in 

awake infants. 

DOT uses optodes to deliver and measure NIR light to measure localised changes in 

concentration of oxyhaemoglobin and deoxyhaemoglobin (HbO and HHb respectively) in 

cerebral tissue.  This provides an indirect measure of neural activity using the principles of 

neurovascular coupling (explained in more detail in section 3.3.1) to reconstruct three-

dimensional images.   DOT uses the principles of near infrared spectroscopy (NIRS) and is 

closely related to functional near infrared spectroscopy (fNIRS).   
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3.2 Near-Infrared Spectroscopy 

Near-Infrared Spectroscopy (NIRS) is a non-invasive technique that uses light in the near-

infrared (NIR) spectrum (650-950 nm) to measure changes in the optical properties of the 

interrogated tissue.  Biological tissue is relatively transparent at these wavelengths, therefore 

NIRS can be used to monitor concentration changes in light-absorbing molecules, or 

chromophores, that are significantly present in biological tissue and whose absorption 

characteristics in the NIR spectrum are defined.   

Chromophores such as melanin, bilirubin and water are absorbers present in tissue.  As their 

levels remain relatively constant in the course of an imaging study, their presence will only 

contribute to the total loss of NIR light.  However, the absorption characteristics of 

chromophores such as oxyhaemoglobin (HbO), deoxyhaemoglobin (HHb) and oxidised 

cytochrome oxidase (CtOx) will change with oxygenation status therefore NIRS can be used to 

provide information on tissue oxygenation.  This was first reported by Franz Jöbsis in 1977 

demonstrating its potential use in research and in the clinical setting (Jöbsis, 1977). 

3.2.1 The Beer-Lambert Law 

When light travels in tissue, the light interacts with the medium through both scattering and 

absorption effects.  In the case of a non-scattering medium, the intensity of transmitted light, I 

is determined by a simple exponential relationship with the incident light intensity, I0.   This 

relationship can be described by the Beer-Lambert Law below. 

!
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Equation 3.1 

where µa(λ) is the absorption coefficient of the medium at a given wavelength (λ), and x is the 

optical path length or distance between the points where light enters and leaves the medium.  

Since the medium does not scatter light, the optical path length will be a straight line through 

the medium.  The absorption coefficient of the medium µa describes the likelihood of a photon 
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being absorbed per unit length and is a product of the concentration of the absorbing 

compound, c and the specific absorption coefficient of the compound, α (Equation 3.2). 

,-(.) = /0 

Equation 3.2 

3.2.2 Scattering of Light  

In biological tissue the dominant interaction between light and tissue is elastic scatter.  In an 

elastic scattering interaction, the energy (and thus wavelength) of a photon is unchanged, but its 

direction is altered.  The scattering coefficient, µs(λ), represents the likelihood that a photon will 

undergo a scattering event per unit length travelled in a medium.  As with the absorption 

coefficient, the scattering coefficient depends on the wavelength of light.  The direction of 

scatter of NIR light as it enters biological tissue tends to occur in the forward direction.  In this 

situation, the reduced scattering coefficient µ’s takes into account anisotropic scattering 

characterised by the anisotropy factor, g (Equation 3.3). 

,′2 = ,2 1 − 5  

Equation 3.3 

3.2.3 The Modified Beer-Lambert Law 

In biological tissue, the effect of scatter prevents light travelling through the medium in a straight 

line.  Instead a photon will travel in what is known as a ‘random walk’, from one scattering event 

to the next.  Therefore, the path length travelled by photons will be greater than in a non-

scattering medium, and as a result the chance of being absorbed will also be greater.  

To model attenuation of light through an absorbing and scattering medium, the Beer-Lambert 

Law can be modified to include a factor G to account for scattering losses and a factor D known 

as the differential pathlength factor (DPF), to account for the increased path length.  The true 

average path length light travels through scattering tissue can be defined in terms of the product 

of the original geometric distance x and the DPF (i.e. the distance from source to detector): 
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Equation 3.4 

The attenuation of light in a scattering medium can therefore be modelled by the following 

modified Beer-Lambert Law equation: 

!
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Equation 3.5 

The amount of NIR light lost due to scatter (accounted for by G) is difficult to determine, as it 

is dependent on the measurement geometry and µs(λ),.  The absolute value of µa(λ) and therefore 

the concentration of absorber c is thus also difficult to calculate.  To overcome this problem, we 

assume that the reduced scattering coefficient in tissues is constant between two states (state 1 

and state 2) over a short period of time, so that G can be eliminated: 
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Equation 3.6 

In conventional NIRS, the DPF can be taken as a constant value, based on previous 

measurements using a number of different techniques that measure the time of flight of a 

picosecond light pulse travelling through tissue (Delpy et al., 1988). 

In the brain, HbO and HHb are dominant absorbers of NIR light that are associated with tissue 

oxygenation.  The absorption coefficient of tissue changes with oxygenation because of changes 

in concentration of HbO and HHb (van der Zee et al., 1992).  In Figure 3.1 the specific 

absorption coefficient for HbO and HHb are equal at the isosbestic point (around 800 nm) but 

are distinctly different on either side.  By using NIR light at two wavelengths on either side of 

the isosbestic point (such as 780 nm and 850 nm in the UCL NTS Optical Imaging System used 

in this research), the relative concentration changes of both HbO and HHb can be resolved via 

the simultaneous equations below: 
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∆,- .B = /D+E .B ∆0D+E + /GHD+E .B ∆0GHD+E 

∆,- .A = /D+E .A ∆0D+E + /GHD+E .A ∆0GHD+E 

Equation 3.7 

where αeoxy and αdeooxy are the specific absorption coefficients of HbO and HHb at the relevant 

wavelengths of light, and Δcoxy and Δcdeoxy are the relevant changes in concentration of HbO and 

HHb. 

 

Figure 3.1: The specific absorption coefficients of oxygenated and deoxygenated haemoglobin at different 
wavelengths in the NIR light range, 650-950nm.   
The two vertical lines indicate the two wavelengths (780 nm and 850 nm) used in the NTS Optical Imaging 
System. 

 

The simplest form of NIRS measurement consists of a light source delivering two wavelengths 

of NIR light, and a detector positioned a few centimetres away measuring the intensity of the 

transmitted light (Figure 3.2).  NIRS has been extensively used to study cerebral oxygenation in 

newborn infants (Alderliesten et al., 2016; Binder et al., 2013; Hyttel-Sorensen et al., 2015; Kratky 

et al., 2012; Lemmers et al., 2013; Wolf and Greisen, 2009).  For example, measuring the trend 



Chapter 3 Background: Diffuse Optical Tomography 

 67 

of cerebral oxygenation using NIRS can be combined with other devices such as blood pressure 

monitoring to provide information on the degree of cerebral autoregulation in preterm infants 

vulnerable to brain injury such as intraventricular haemorrhage (da Costa et al., 2015).  

 

 

Figure 3.2: A preterm infant in the neonatal intensive care unit with a NIRS probe. 
The probe is placed over the left temporal region to measure cerebral oxygenation. Photo courtesy of CS 
da Costa.  
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3.3 Functional Near-Infrared Spectroscopy 

NIRS can be applied to functional studies to observe localised changes in HbO and HHb in 

response to stimuli.  This technique is known as functional NIRS or fNIRS, and it relies on the 

principles of neurovascular coupling to infer cerebral neural activity.  Figure 3.3 explains the 

differences between NIRS, diffuse optical topography and diffuse optical tomography. 

 

Figure 3.3: A decision tree that provides our definition of the different forms of diffuse optical monitoring. 
(Lee et al., 2017). 

3.3.1 Neurovascular Coupling 

The relationship between neural activity and changes in blood flow is known as neurovascular 

coupling.  In response to a functional stimulus, localised increases in cerebral blood flow and 

volume are evident.  The increase in blood flow is disproportionate to local oxygen demand, 

leading to an excess in local oxygenation (Raichle, 1998).  In adults, the typical haemodynamic 

response to a stimulus is therefore characterised by a local increase in HbO and a decrease in 

HHb (Obrig and Villringer, 2003; Raichle and Mintun, 2006; Scholkmann et al., 2014) (Figure 

3.4). 
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Figure 3.4: A typical haemodynamic response. 
This was recorded by fNIRS over the primary motor cortex during an event-related finger tapping task in 
an adult subject. The error bars are the standard error across the same SD channels. 
HbO=oxyhaemoglobin, HHb=deoxyhaemoglobin, HbT=total haemoglobin (the summation of HbO 
and HHb) (Huppert et al., 2006). 

 

The precise mechanism of neurovascular coupling and the origin of the haemodynamic response 

is still an active area of research.  Several models have been hypothesised and are reviewed by 

Hillman (Hillman, 2014).  There is typically a short delay of at least 3 s in reaching the peak 

haemodynamic response after stimulus onset (Obrig and Villringer, 2003) suggesting neurons 

do not directly rely on functional hyperaemia to meet the initial metabolic demand associated 

with activation.  The resulting local hyperoxygenation also suggests an indirect relation between 

oxygen supply and demand (Hillman, 2014).  Nevertheless, the haemodynamic signal is an 

indication of an actively triggered process initiated soon after the onset of a stimulus and can 

therefore act as an indirect measure of neural activity in fNIRS.  This principle is also applied in 

BOLD for fMRI, where a decrease in HHb concentration is a positive fMRI BOLD response 

(Raichle, 1998). 

In infants, the process of neurovascular coupling maturation is still undergoing active research 

(Kozberg and Hillman, 2016).  Studies have yielded contrasting results that observe either a 

typical adult haemodynamic response (Liao et al., 2010; Peña et al., 2003; Taga et al., 2003), an 

inverted response consisting of a decrease in HbO and increase in HHb (Hintz et al., 2001), or 
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a mixture of the two (Kotilahti et al., 2010; Meek et al., 1998).  Furthermore, the amplitude of 

the response (and the time taken to reach the peak) changes with maturation.  From prematurity 

to adulthood, the amplitude increases while the time-to-peak decreases (Arichi et al., 2012).  

Animal studies suggest that neurovascular coupling and the mechanisms that trigger a full 

haemodynamic response may still be developing postnatally (Kozberg et al., 2013).  However, 

the presence of haemodynamic changes temporally correlated to a stimulus can still provide a 

useful indication of neural activation in infant functional studies. 

3.4 Continuous Wave, Frequency Domain and Time Domain 

fNIRS 

Continuous wave (CW) instruments are the most commonly used fNIRS devices.  These devices 

measure only the transmitted light intensity.  As the effects of scatter in tissue are assumed to be 

constant in time using the CW approach, changes in HbO and HHb can be estimated, however 

absolute quantification of tissue chromophores cannot be achieved. 

To determine absolute measurements, two methods are available: (1) the frequency-domain 

method and (2) the time-domain method (Figure 3.5).   

The frequency domain (FD) method illuminates the head with NIR light that is amplitude-

modulated at a high frequency (tens to hundreds of MHz).  Both the amplitude and phase shift 

of the transmitted light are measured (Ferrari and Quaresima, 2012).  This allows the actual 

average optical pathlength (the product of the DPF and tissue geometric thickness x, refer to 

Equation 3.4) to be measured continuously.  Estimates of the DPF are therefore not required.  

By comparing measurements of attenuation and phase with models of light transport in tissue, 

the absorption and scattering properties of the tissue can be determined, which is not possible 

for CW systems.  FD devices also have a high sampling rate, similar to that of CW devices. 

Time-domain (TD) devices operate by emitting very short picosecond pulses of light (Torricelli 

et al., 2014).  The time taken for individual photons to traverse a volume of tissue is measured 

using sensitive photon-counting detectors.  By building up a histogram of emerging photon 
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flight-times, TD devices provide a rich data set that contains information related to both the 

absorption and scattering properties of the underlying tissue.   

While the TD approach can provide the most information, CW devices remain the most practical 

and commonly used systems in the field of infant cognitive research (Lloyd-Fox et al., 2010) as 

CW is relatively low cost and simple to set up (Scholkmann et al., 2014).  The following sections 

will therefore focus on the CW approach, as this method was also used in the studies in this 

thesis. 

 

 
Figure 3.5: Illustration of the three different NIR measurement techniques.  
(a) Continuous wave: light is emitted at a constant intensity and the temporal changes in intensity of light 
that passed through tissue are measured. (b) Frequency domain: emitted light intensity is modulated and 
the intensity of the detected light and its phase shift (which is a function of mean time of flight) are 
measured. (c) Time domain: short pulses of light are emitted into tissue and the arrival times of the 
photons that emerge from tissue are measured. I0=incident light signal, I=transmitted light signal, 
d=thickness of the tissue, µa=absorption coefficient, µs=scattering coefficient, φ=phase delay, 
I(t)=temporal point spread function of the transmitted light signal. (Scholkmann et al., 2014).   
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3.4.1 Single-channel fNIRS 

Meek et al. first demonstrated regional haemodynamic changes in the occipital cortex in response 

to a visual stimulus (Meek et al., 1998).  In this early infant fNIRS study, the authors observed 

an increase in both HbO and HHb (Figure 3.6) using a single source-detector (SD) pair forming 

a single channel signal.  Although the pattern of the haemodynamic response differed to that of 

the typical adult response, the concentration of total haemoglobin, HbT (the summation of HbO 

and HHb) increased significantly.  This change indicated an increase in localised blood volume 

and was temporally consistent to the visual stimuli.  In contrast, there was no response seen to 

this visual task when the channel was placed on the parietal-frontal region in infant controls.   

 

Figure 3.6: The haemodynamic changes associated with a visual stimulus over the occipital cortex.  
This was averaged over nine cycles in the same infant. HbO=oxyhaemoglobin, 
HHb=deoxyhaemoglobin, and HbT=total haemoglobin. (Meek et al., 1998). 

 

Early infant studies were typically restricted to a single SD channel to capture a haemodynamic 

response.  Further examples of single-channel fNIRS studies in infants include investigating the 

response to auditory (Sakatani et al., 1999; Zaramella et al., 2001), and olfactory stimulation 

(Bartocci et al., 2000).  Single-channel fNIRS limits the user to only one area of interest, 

overlooking potential responses in other cortical regions.  
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3.4.2 Multi-channel Devices 

To overcome the disadvantage of a single channel approach, several sources and detectors can 

be arranged into an array, to provide multiple SD channels to study broader cortical regions.  

Multi-channel CW systems measure light attenuation by continuous illumination of the head 

using multiple sources.  To distinguish which source gave rise to the light measured at any given 

detector, either time or frequency multiplexing methods can be used.   

In time multiplexing, each source is illuminated in turn for a specific period of time, so that the 

origin of any detected light is always apparent.  In frequency multiplexing, multiple sources are 

illuminated simultaneously, but each source is modulated at a distinct frequency.  Typical CW 

systems allow a sampling rate from 5 to 100 Hz, providing accurate temporal information on 

cortical haemodynamic activity (Ferrari and Quaresima, 2012).   

3.4.3 Two-Dimensional Mapping and Optical Topography 

Once one has multi-channel measurements, it becomes desirable to produce images from the 

resulting data.  The simplest approach to generating functional images from multi-channel NIRS 

data is to create a two-dimensional map from multiple measurements between each SD channel 

(Franceschini et al., 2000; Maki et al., 1995).  This approach is referred to as optical topography.   

This technique has helped accelerate our understanding of neurodevelopment and cognition in 

the infant brain, including the development of language (Gervain et al., 2008; Homae et al., 2011; 

Minagawa-Kawai et al., 2011; Sato et al., 2012), and vocal (Grossmann et al., 2010; Lloyd-Fox et 

al., 2011), social (Lloyd-Fox et al., 2009) and face (Blasi et al., 2007) perception.  For example, 

Peña et al. demonstrated dominant haemodynamic responses in the left temporal cortex to 

forward-directed speech compared to backward speech (Peña et al., 2003).  Using visual stimuli, 

localised responses in the occipital cortex have been reported in 2-4 month old infants (Taga et 

al., 2003).  More recently in infant studies of spontaneous resting cerebral activity (in the absence 

of stimuli), global cortical networks have been mapped out from birth to 6 months of age 

(Homae et al., 2010), and in preterm infants (Naoi et al., 2013).   
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However, the maps generated from optical topography are two-dimensional images with no 

depth information.  Furthermore, the anatomical registration of topographic images has 

historically been limited, and the quantitative accuracy of the images can also be compromised 

(Boas et al., 2004).  Because of their two-dimensional nature, topographic images are vulnerable 

to contamination from the haemodynamic changes in the superficial layers of the scalp as there 

is no way of distinguishing superficial noise from the cortical signal.  As there is currently no 

standard for the spatial locations of SD channels on the head (unlike the international 10-20 

coordinates used in EEG), the heterogeneity of optode arrangement in individual studies can 

also limit quantitative comparisons across studies.    

3.5 DOT and Image Reconstruction 

To address some of the limitations associated with two-dimensional mapping, the direction of 

fNIRS development is advancing towards diffuse optical tomography (DOT) methods to 

reconstruct three-dimensional images with depth information.  The term ‘diffuse’ is derived from 

the manner the light field becomes scattered after a very short distance as it enters in to tissue.   

In contrast to conventional two-dimensional topographic approaches, DOT uses measurements 

from multiple overlapping SD channels with a range of source-detector separation (SDS) 

distances to obtain depth information.  Therefore, a major advantage of DOT is the ability to 

separate the haemodynamic signal occurring at different depths.  This is particularly important 

as the influence of oxygenation changes in extracerebral tissues such as the scalp or skull can be 

reduced.   

A summary of the steps involved in DOT image reconstruction are shown in Figure 3.7.  DOT 

combines the spatial location of SD channels and uses models of light transport in brain tissue 

to reconstruct images of haemodynamic activity at the cortex (Arridge et al., 2000).  DOT image 

reconstruction consists of three main steps.   
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Figure 3.7: DOT Image Reconstruction. 
(a) A photo of the headgear used in an infant study for DOT scanning. (b) A schematic of the locations of 
sources (red dots) and detectors (blue dots) of the headgear in (a). The black lines represent source-
detector channels. (c) Raw measures of light intensity data are converted to changes in optical density 
and these are assigned to the locations of the source-detector channels of the array. (d) An anatomical 
MRI is required to provide structural information for image reconstruction. This can either be the 
subject’s own MRI or an age-matched atlas may be used. (e) The anatomical MRI image is segmented, 
based on the different tissue types (such as scalp, cerebrospinal fluid, grey matter, white matter) as these 
will have different optical properties. (f) A mathematical model of how light will travel through brain 
tissue. (g) The sensitivity matrix provides the solution to the forward problem and describes the predicted 
changes in light intensity at each channel location based on a given change in optical properties in the 
brain i.e. oxy- and deoxy-haemoglobin concentration. (h) The desired image is reconstructed by solving 
the inverse problem using the sensitivity matrix. The sum of which is shown on the grey matter surface in 
(g) and recorded channel data (c) (Lee et al., 2017).  
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3.5.1 First Step: A model of light transport in tissue 

The first stage of image reconstruction is to provide a model of how photons will travel through 

cerebral tissue.  A description of light propagation in tissue is provided by the radiative transport 

equation (RTE) (Arridge, 1999; Gibson et al., 2005).   

The RTE is a balanced equation stating that the change in the number of photons (travelling in 

a given direction, at a given time, per unit volume) is equal to the gain of photons from the light 

source and scattered light into that angle, and loss of photons through absorption and scattering.  

The time-domain RTE is given in Equation 3.8: 

1

0

I

I8
+ J ∙ ∇ + ,MN O P O, J, 8 = ,2 O Θ J, JS P O, J, 8 TJS + U O, J, 8  

Equation 3.8 

where: P O, J, 8 	is the radiance at point r in direction ŝ at time t. 

Θ J, JS 	 is the scattering phase function, which gives the probability of a photon 

scattering from direction ŝ to ŝ’. 

,MN O  is the transport cross section at position r and is the sum of the absorption and 

scattering coefficients.  

U O, J, 8 	 is the light source at r at time t travelling in direction ŝ 

c is the speed of light in a vacuum. 

Using the RTE to solve for the radiance at all points in a large three-dimensional volume 

becomes computational expensive.  Simplification of the RTE is often applied and the most 

widely used model in DOT is the diffusion approximation to the RTE known as the ‘diffusion 

equation’: 
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Equation 3.9 
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where: P O, 8 	 is photon density, P O, 8 = P
	

XYZ[
(O, J, 8)TJ′ 

W is the diffusion coefficient, W = 1
3 ,- + ,

S
2

 

The main assumptions made in this simplification are that NIR light travels diffusely in biological 

tissue (i.e. scattering events are much more common than absorption events and that scattering 

is isotropic (equally in all directions)).  However, these assumptions do not apply in areas near 

the source, near the surface, near the internal boundaries, in anisotropic tissues (where the 

physical property of tissue varies in different directions) and in regions of high absorption or 

low scatter such as cerebral spinal fluid (CSF).  In these situations, higher order approximations 

to the RTE may be required.  

3.5.2 Second Step: Solving the forward problem 

The diffusion equation is used to calculate the light field in a given volume of tissue for a given 

arrangement of sources and detectors, allowing us to produce a simulated set of measurements.  

This constitutes solving the forward problem (Gibson et al., 2005).  To solve the forward 

problem, it is necessary to determine the forward operator, F which relates the internal optical 

properties of our given volume, x to a simulated set of measurements, y.  The forward problem 

can therefore be described by Equation 3.10: 

] = ^(=) 

Equation 3.10 

where:  ̂  is the forward operator 

= represents the internal optical properties of a given volume of tissue. 

]	is the measurements made at the scalp. 

At this stage, the diffusion equation is used to calculate a simulated set of measurements, y in a 

given volume of tissue with changes in optical properties, x for a given arrangement of sources 

and detectors.  Numerical modelling techniques such as the finite element method (FEM) can 

be used to model solutions to the forward problem in complex geometries such as the brain 
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(Arridge et al., 1993).  This requires an anatomical head model, which can be provided by 

structural MRI images either of the subject’s head, or from an appropriate head atlas (Brigadoi 

et al., 2014; Ferradal et al., 2014).  The FEM involves producing a mesh to separate the volume 

of brain tissue into a finite number of elements.  Solving the diffusion equation with the FEM 

will provide an estimate of the photon density at each point of the finite elements, which 

correspond to nodes of the mesh.  The FEM solution to the diffusion equation produces a 

sensitivity matrix which is a discrete approximation to the continuous forward operator ^(=).   

In order to reconstruct an image, it is necessary to calculate the internal optical properties given 

a measured set of data.  This involves solving the inverse of Equation 3.10: 

= = ^%B(]) 

Equation 3.11 

where: ^%B is the inversion of the forward operator. 

= is the internal optical properties of a given volume of tissue, i.e. the image. 

]	is the given data, i.e. light intensity.   

The inversion of the forward operator ^ is a non-linear problem but it is possible to linearise 

this by assuming the changes in the variables are small such that the optical properties = are 

close to an initial estimate =" and the measured data	]	are close to the simulated measurements 

]".  This assumption is similar to ‘difference imaging’ in studying functional activation where 

measurements are taken before and after a small change in the optical properties.  Equation 3.10 

can be expanded using a Taylor series: 

] = ]" + ^
S =" = − =" + ^SS =" = − ="

A + ⋯ 

Equation 3.12 

where: ^′ and ^′′ are the first and second order Fréchet derivatives of ^. 

The Fréchet derivative is a linear integral operator mapping functions in the image space to 

functions in the data space.  These derivatives can be represented by the Jacobian (J) and Hessian 

(H) matrices of the forward operator.  The Jacobian is calculated by solving the forward problem 
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and is the approximation to the forward operator which is calculated using the FEM described 

above.  

By neglecting higher order terms and considering only the changes in the optical properties, 

∆= = = − =" and changes in the data, ∆] = ] − ]" , Equation 3.10 can be linearised: 

∆] = J∆= 

Equation 3.13 

where: J is the Jacobian. 

The Jacobian is the first order sensitivity matrix, which relates the changes in optical properties 

of the brain (∆=) to the changes in light intensity (∆]). 

 

3.5.3 Third Step: Solving the inverse problem 

In order to reconstruct an image, it is necessary to solve the inverse problem, which requires 

inverting the matrix J: 

∆= = J%B∆] 

Equation 3.14 

where: J%B	is the inversion of the sensitivity matrix J. 

Standard matrix inversion methods can be used, but because there are usually many more 

unknowns than measurements, a common approach is to introduce the Tikhonov regularization 

parameter (λ) into the Moore-Penrose inverse, J%B = Ja(JJa)%B (Gibson et al., 2005).   

The linear inverse problem can therefore be expressed as: 

∆= = J%B(JJa + .l)%B∆] 

Equation 3.15 

where: I is the identity matrix. 
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This approach to solving the inverse problem is known as linear image reconstruction and is 

suitable assuming that the images represent small changes in the optical properties of the object.   

If the changes are large or absolute images of optical properties are required, then the full non-

linear problem must be solved (Gibson et al., 2005).  In non-linear image reconstruction, the 

inverse problem can be solved by comparing the measurements predicted by the forward model 

with the measured dataset, and adjusting the estimate iteratively to minimise the difference 

between the two (Arridge, 1999).   

A software package, “time-resolved optical absorption and scatter tomography” (TOAST), 

developed by the Centre for Medical Imaging Computing, defines a finite element mesh to model 

the diffusion approximation to the RTE and reconstructs images using this iterative technique 

(Arridge et al., 2000). 
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3.6 Reducing Noise in the DOT Signal 

The NIR signal is very sensitive to physiological changes from both systemic and cerebral origins 

(Figure 3.9).   

 

Figure 3.9: Physiological fluctuations in NIRS.  
Physiology fluctuations are the dominant source of noise in NIRS measurements. The cardiac, respiratory 
and blood pressure (Mayer wave) changes are illustrated in a recording of a subject at rest.  There is also 
a spike in the NIRS recording indicating motion artefact (Huppert et al., 2009). 
 

As NIR light travels diffusely through extracerebral (scalp, CSF) and cerebral layers of the head, 

the overall signal measured by DOT can be contaminated with signal components that are not 

directly associated with cerebral neural activity.  These include: 

1. Spontaneous systemic components including heart rate, respiration and blood pressure in 

both extracerebral and cerebral tissue 

2. Evoked systemic components including changes in blood pressure and global blood flow or 

volume in extracerebral tissue in response to a functional task 

Several methods exist to separate systemic physiology from cerebral neural activity.  These can 

be can be summarised into either temporal filtering or spatial filtering methods. 

Figure 3.8: Physiological fluctuations in NIRS removed for copyright 
reasons. Copyright holder is Huppert et al. 2009. 
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3.6.1 Temporal Filtering Methods 

A simple approach to removing physiological artefact is to bandpass filter the NIR signal.  A 

low pass filter can be used to remove high frequency electrical noise and heart beat.  A high pass 

filter can be used to remove instrument drift and low frequency noise (e.g. resulting from 

changes in blood pressure).   

Adaptive filtering can be used to remove the heart beat using an adaptive waveform subtraction 

algorithm (Gratton and Corballis, 1995) or further methods based on wavelet filtering can also 

be used (Jang et al., 2009; Lina et al., 2010; Matteau-Pelletier et al., 2009).   

External physiological monitoring such as a pulse oximeter or blood pressure monitor, can be 

used to model physiological components which can then be regressed from the NIR signal 

(Diamond et al., 2006; Franceschini et al., 2006). 

3.6.2 Spatial Filtering Methods 

Principal component analysis (PCA) is a technique that identifies patterns in complex data.  It 

can be used to reduce high-dimensional data while retaining information that acts as a summary 

of its features.  We can assume that the functional haemodynamic response is a localised change 

in the NIR signal and the common signal across the whole head is artefact (whether motion or 

physiological).  Therefore using PCA, the first one or two components, which may account for 

80% of the variance in the optical signal over all SD channels, can be considered as noise and 

removed (Franceschini et al., 2006).  This approach is implemented in the HOMER2 toolbox 

(Huppert et al., 2009) for fNIRS data processing and works well to filter task-evoked systemic 

artefacts or systemic physiology.   

Global signal regression (GSR) is an approach widely used in fMRI and PET (positron emission 

tomography) imaging to remove global fluctuations in the signal due to several potential sources 

of physiological noise (Desjardins et al., 2001; Friston et al., 1990; Murphy et al., 2009).  The 

global signal is calculated by averaging the time series over all image voxels in the brain.  This 

signal is then used as a regressor in a general linear model (GLM) to remove the associated 

variance.  This technique assumes that the functional haemodynamic signal and global signal are 
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orthogonal to each other i.e. they are uncorrelated.  However, GSR can underestimate true 

haemodynamic responses as the signal is included in the global regressor (Murphy et al., 2009).  

Therefore, GSR can reduce sensitivity and introduce spurious negative correlations, or 

deactivations, since the assumption of orthogonality is violated.  The theory and equations for 

GSR taken from Murphy et al. are outlined in Appendix A.  This method was used to remove 

the global signal in the DOT data for the analysis of resting state networks in this thesis (for 

more details please refer to section 4.9.1). 

3.7 Optimising the Source Detector Array for DOT 

3.7.1 Source-Detector Separation Distance 

The path NIR light travels in the head is dependent on the SD separation (SDS) distance (Okada 

and Delpy, 2003) (Figure 3.10).   

 

Figure 3.10 A cross-sectional image of the average path of detected NIR light with varying SD distances.  
The closest detector to the source at 1cm samples almost entirely superficial signal coming from the scalp 
and skull while the furthest detector at 4cm samples a mixture of signals from the superficial layer and the 
brain. Image adapted from Gervain et al., (Gervain et al., 2011). 
 

Large SDSs sample deeper in the brain, increasing sensitivity to cerebral oxygenation.  However, 

with larger path lengths to travel, the amount of transmitted light detected at the surface will be 
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reduced.  This results in the detected signal becoming noisy.  Conversely, short SDSs result in 

shorter average path lengths and the sampling volume will be limited to the non-cerebral tissues 

at the superficial layers of the head.  An optimal SDS distance should ideally provide enough 

depth for sufficient cortical sampling while maintaining a high signal to noise ratio.   

The optimal SDS distance can be affected by factors such as the intensity of NIR light at the 

source, the age of the infant, and the location and size of the cortical region of interest.   

For example, as the newborn brain grows rapidly in the first year of life, for a given SDS, the 

volume of interrogated tissue will change with age.  Additionally the distance between the cortex 

and the overlying surface can vary depending on the anatomical location, for example the 

temporal lobe is closer to the skull compared to the occipital cortex (Salamon et al., 1990).   

A comprehensive review of infant fNIRS studies highlight the SDSs used typically range from 

20 to 40mm (Lloyd-Fox et al., 2010).  For example, the optimal SDS distance was reported to 

be 20mm in 3 month old infants when measuring the haemodynamic response to auditory 

stimuli over the temporal region (Taga et al., 2007).   

As previously explained, short SD separations can be used to obtain a measure of the superficial 

extracerebral signal localised to the scalp and skull.  By regressing this signal from recorded 

signals at larger SD separations, the haemodynamic activity specific to cerebral tissue can be 

isolated (Gregg et al., 2010).  In this approach, the optimal short separation is less than 10 mm 

(Saager and Berger, 2008), and the placement of the short SD channels on the head is important 

for effective de-noising (Gagnon et al., 2012). 

3.7.2 Source-Detector Arrangement 

The spatial resolution of DOT images improves with the density of channels interrogating a 

specific volume of tissue (Tian et al., 2009).  Overlapping channels will improve spatial resolution 

and uniformity (Boas et al., 2004), while a large range of multi-distance channels (Dehghani et 

al., 2009) will sample a range of  depths. 
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The total number of channels possible for a SD array will be dependent on the maximum 

number of sources and detectors available in a DOT system.  The physical size and weight of 

the fibres will also limit the total number that can be used in an array in small infants.  

Consequently, a compromise is often made between:  

1. a sparse SD array that can provide wider coverage with reduced spatial information or  

2. a dense SD array with better spatial resolution but imaging only sub-sections of the cortex.   

Examples of high-density DOT (HD-DOT) systems with SDS distances from 13 mm have been 

developed for adults (Eggebrecht et al., 2014) and 10 mm for neonates (Ferradal et al., 2016).  

However, currently no HD-DOT system has yet been demonstrated that can provide dense 

sampling over the whole head of either the infant or adult. 

3.8 Infant Headgear for Optical Imaging 

Optodes are conventionally used to facilitate the delivery of NIR light to and from the scalp.  

The optodes are secured onto the subject’s head during data acquisition.  A large proportion (up 

to 40 %) of infant data is often excluded from studies due to artefacts, mainly originating from 

head movements (Lloyd-Fox et al., 2010).  Keeping infants still during scanning is often 

challenging and therefore optimising headgear design has been a major focus in infant studies 

(Gervain et al., 2011; Lloyd-Fox et al., 2010).   

Movement of the head can cause decoupling between the optode and the head.  This can lead 

to artefacts in the DOT signal such as a high-frequency spike or a shift from the baseline 

intensity.  Optical fibres are relatively heavy in large numbers and this can create further 

challenges during scanning in small infants as fibres can pull and cause decoupling.  The shape 

of the optode head and location on the head can also contribute to motion artefact in sleeping 

infants.  For example, placing right-angled optical fibres on the back of the head in a small infant 

can cause discomfort and therefore additional movement, due to localised pressure, 

subsequently leading to further decoupling.  Hair can also contribute to artefacts as dark hair 

causes attenuation of light from the DOT sources, and hair reduces friction therefore increasing 

the risk of lateral movement of optodes. 



Chapter 3 Background: Diffuse Optical Tomography 

 86 

The material of the headgear should be rigid enough to support coupling of multiple optodes to 

the scalp but also adaptable to the curvatures of various head shapes and sizes to minimise 

movement and reduce artefacts.  The inside surface should have a non-slip finish to reduce 

lateral movement on the scalp.  Flat head prism-ended optical fibres could be used to minimise 

problems associated with the placement of fibres on the back of the head.   Other considerations 

for the headgear should also include quick attachment and detachment of optodes, and it should 

also be easy to clean between subjects as this is critical for the clinical setting. 

3.8.1 Headgear to Cover Cortical Areas of Interest 

Previous infant optical studies demonstrate a variety of headgear designs.  Most infant functional 

studies looking at neurodevelopment such as language, vision or social perception will focus on 

specific cortical areas of interest.  In this approach, optodes can be simply mounted onto custom 

sized pads at fixed SDS distances to create SD arrays.  These pads are often held in place on the 

subject’s head using Velcro straps, elastic fabric, or a bandage.  The advantages of using a small 

SD array (compared to a large SD array covering the whole-head) is that the headgear will be 

relatively light as generally fewer optodes will be used.  This set up can therefore help facilitate 

studies requiring infants to sit up.  The general disadvantage of using a limited field of view is 

that potential haemodynamic responses can be missed at distant cortical regions.  

To standardise data acquisition across a group of subjects, SD array pads are placed in relation 

to either pre-defined anatomical landmarks (e.g. inion or nasion) or in locations based on the 

international 10-20 co-ordinates system for EEG.   

Silicone rubber is an effective material as it provides strength and a non-slip surface enabling 

coupling of the optodes to the scalp (Figure 3.11).  For a range of examples of infant headgear 

designs using these techniques refer to Figure 3.12. 
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Figure 3.11: Example of infant headgear design. 
(A) Optodes mounted on a silicone pad. (B) An infant wearing a silicone band with Velcro straps (Lloyd-
Fox et al., 2010). 
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Figure 3.12: Photos and schematics of examples of infant headgear designs and source-detector arrays 
covering cortical areas of interest.  
Numbers in schematics represent labelled source-detector channels. (A) A pair of 3x3 optodes array with 
5 sources (red dots) and 4 detectors (blue dots) mounted on a flexible cap over the occipital and frontal 
areas of the subject’s head. (Taga et al., 2003) Copyright (2003) National Academy of Sciences, U.S.A. 
(B) A pair of 3x3 arrays with 5 sources (black dots) and 4 detectors (grey dots) each held in a silicone 
holder, placed over the left and right temporal regions of the subject (indicated by T3 and T4 of the 10-20 
system) using soft fabric (Otsuka et al., 2007). (C) A configuration of sources (red dots) and detectors 
(black squares) placed relative to 10-20 co-ordinates (P3, T3, T5, O1) using an elasticated headband and 
a chinstrap (Wilcox et al., 2012). (D) A pair of 4x3 arrays with 4 sources (black diamonds) and 4 detectors 
(white diamonds) held in silicone pads and placed over the left and right temporal regions relative to 10-
20 co-ordinates (T3, F3, P3, F7, T5 and T4, F4, P4, F8, T6) using soft fabric and Velcro straps. (E) A pair 
of chevron-shaped arrays with 5 sources (red dots) and 4 detectors (blue dots) placed over the perisylvian 
area of the left hemisphere and the symmetrical area on the right using a stretchy net cap (May et al., 
2011).  

A	

B	

C	

D	

E	
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3.8.2 Headgear Approaching Whole-head Coverage 

A more challenging goal for headgear design is whole-head coverage.  A major advantage of this 

approach is that broader areas of the cortex can be studied.  This will ensure any unexpected 

responses in distant locations away from the primary area of interest are captured.  Moreover, 

spontaneous cerebral activity at rest can be studied simultaneously across distant cortical regions.   

Previous efforts to obtain whole-head coverage have produced rigid headgear designs that can 

be difficult to adapt between different subject head shapes.  Austin et al. employed a subject-

specific, custom-made helmet for whole-head coverage made of an outer shell of thermoplastic 

and inside layer of foam (Austin et al., 2006) (Figure 3.13).  As the helmets are deformable and 

therefore the locations of the optodes variable, a three-dimensional digitiser was used to record 

the positions of the optodes on the subject’s head for image reconstruction.  Although the 

subject-specific helmets provided support and accurate coupling of optodes to the scalp, 

building custom-made helmets for each subject can be time consuming and therefore impractical 

for studies with large groups.   

Sato et al. developed an adjustable whole-head helmet using a silicone rubber frame (Sato et al., 

2012) (Figure 3.14).  Optodes were supported with fixtures attached to a frame on a sponge base 

that can be secured onto the infant subject’s head.  A limitation to fixed optode positions in an 

adjustable helmet is the variable location of the optodes on different head shapes, therefore 

comparing responses across subjects can be inaccurate.  
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Figure 3.13: Customised whole-head helmet. 
(a) Measuring and photographing the infant head. (b) A three-dimensional cardboard representation of 
the head constructed using photographs printed to scale. (c) A helmet constructed from a thermoplastic 
shell lined with soft foam. (d) An infant subject lies in the cot resting on the base of the helmet with the 
removable top half of the helmet placed gently over the infants forehead (Austin et al., 2006)   
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Figure 3.14: Adjustable whole-head helmet. 
(A) Experiment set up with the helmet. (B) Inside view of the helmet: a silicone rubber frame with fixtures 
holding optodes. Fixtures and the frame are attached to a sponge base, and the frame crosspieces rotate 
around the fixtures, fitting the cap to the head size of the subject. (C) Infant wearing the helmet. (D) 
Arrangement of measurement positions. Numbers represent source-detector labelled channels. Sources 
are white dots and detectors black dots. (E) Measurement positions estimated using three-dimensional 
digitiser on a model head based on three-dimensional MR images of a two-month-old preterm infant (Sato 
et al., 2012).    
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Headgear covering the circumferential surface of the head is an alternative approach to near 

whole-head coverage.  Ferradal et al. produced a custom-made optode holder of five pieces of 

flexible plastic attached to a neoprene headband that was fixed to the head using Velcro straps 

(Ferradal et al., 2016).  Silicone nubs were attached to the fibre tips through rubber rings to help 

provide comfort.  The SD array was dense and the field of view largely covered the temporal 

and occipital regions.   

Whole circumferential coverage was achieved by Watanabe et al. using multiple sets of probes, 

each consisting of a column of three optodes.  Ten sets of these probes were placed vertically at 

even horizontal distances over each hemisphere to cover the occipital, temporal and frontal 

cortices (Watanabe et al., 2013) (Figure 3.15).  The probes were fixed on the head using a net 

bandage.  The relative positions of the measurement channels were defined using 10-20 co-

ordinates as references, therefore the location of channels was relatively positioned independent 

of head size.  A virtual registration method involving a database of various head and brain shapes 

was used to reference the channels on the subject’s brain.   

Using a similar approach, Fuchino et al. also developed circumferential headgear covering the 

occipital, temporal and frontal regions of the head (Fuchino et al., 2013) (Figure 3.16).   

While these approaches are close to covering the whole-head, haemodynamic responses over 

the parietal regions can be missed making it difficult to interpret studies involving the motor and 

sensorimotor cortices. 
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Figure 3.15: Whole circumferential headgear design. 
(A) Top and left side views of the arrangement of the optodes. The set of optode probes were held on the 
head by a net bandage. (B) The arrangement of the 94 source-detector channels (numbered dots) over the 
bilateral cortices. The red and blue dots indicate the source and detector positions respectively. The black 
dots indicate the positions according to the international 10– 20 coordinate system (Watanabe et al., 2013).    

A	
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Figure 3.16: Whole circumferential headgear design.  
(A) Frontal, left lateral and occipital views of the headgear on an infant model.  (B) The arrangement of 
the optodes and channels. The lowest border corresponds to the T3-Fp1-Fp2-T4 line according to 
International 10–20 co-ordinate system. The vertical midline of the channels was centred in the nasion–
inion line, and the lower border of the channels between the midpoint of the probes on each hemisphere 
corresponds to T3 on the left and T4 on the right (Fuchino et al., 2013).    

A

B
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3.9 Studying Cerebral Function in Neonates Using DOT 

3.9.1 Cerebral Activity to Stimuli  

The earliest infant DOT images were reconstructed in the late 1990s.  For example, Chance et 

al. first demonstrated haemodynamic changes over the sensorimotor regions in a preterm baby 

by stroking the fingers (Chance et al., 1998).  A small, flexible SD array containing 9 sources and 

4 detectors was placed over the left and right parietal surfaces to capture haemodynamic changes 

in the contralateral hemisphere to the stimulated finger. 

Hintz et al. reconstructed DOT images of passive arm movements over the motor cortex in 

preterm infants (Hintz et al., 2001).  The SD array, consisting of 9 sources and 16 detectors 

yielding 144 SD channels, was placed over the motor cortex.  DOT images were reconstructed 

by assuming the interrogated area was flat and the scalp, skull, cerebrospinal fluid and brain were 

treated as a homogenous, semi-infinite slab.  The images were reconstructed in a plane of a 

similar size to the array at a fixed depth.  The resulting DOT images revealed greatest absorbance 

of light intensity in the motor cortex contralateral to the side of arm movement and a small 

increase was also noted on the ipsilateral side (Figure 3.18).   
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Figure 3.18: Functional activation of the motor cortex in preterms.  
(A) Photo of a preterm infant subject with the optical array placed over the motor cortex. (B) Functional 
DOT images obtained during passive movement of the right arm.  Images were updated every 5 seconds. 
Greatest increasing absorbance at both 780 and 830 nm is noted with stimulation in the region of the motor 
cortex contralateral to the side of movement, however some increase in absorbance is also noted in the 
ipsilateral side (Hintz et al., 2001)   

Figure 3.17: Functional activation of the motor cortex in preterms removed for copyright 
reasons. Copyright holder is Hintz et al. 2001. 
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More recently, SD channels in a high-density arrangement were used to image responses in the 

primary visual cortex to visual stimuli in healthy term newborn infants (Liao et al., 2012).  The 

SD array was made up of 18 sources and 16 detectors providing a total of 168 SD channels.  A 

proportion of these channels, first- and second-nearest SD pairs with a distance of 10 and 22 

mm respectively, were used for DOT image reconstruction.  The signal recorded from small 

SDS distances, such as the first-nearest SD pairs were regressed from the signal recorded by the 

second-nearest SD pairs to extract the haemodynamic response.  Using a two-layer semi-infinite 

hemispheric head model for light transport, DOT images of the haemodynamic responses to 

visual stimuli were reconstructed.  Bilateral increases in HbO were apparent in response to visual 

stimuli.  A direct comparison of the DOT images and the conventionally recorded 

haemodynamic changes in the SD channels was carried out (Figure 3.19).  This comparison 

demonstrated an increase in the signal-to-noise ratio of the haemodynamic response in the DOT 

images by a factor of two compared to the channel-wise data. 

 

Figure 3.19: Functional activation of the occipital cortex in newborns.  
(A) A schematic diagram showing the placement of the imaging array over the occipital cortex of an infant. 
Red dots represent sources and blue dots represent detectors. (B) A photo of a term infant subject wearing 
the imaging cap over the occipital cortex during a scanning session. (C) The block average time trace of 
a 1cm3 region of interest demonstrating the maximum response (between 10 and 14 seconds post stimulus) 
in the DOT image maps. (D) The block average of a channel demonstrating the maximum peak response 
in channel time traces. Error bars mark standard deviation and asterisks indicate statistically significant 
deviation from baseline (two-tailed Student’s t-test, α < 0.05. (E) DOT image map for oxyhaemoglobin 
changes in response to the 10 second visual stimulus (Liao et al., 2012). 
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3.9.2  Cerebral Activity at Rest 

In the absence of an external stimulus, DOT can be used to measure spontaneous cerebral 

activity at rest and investigate resting state networks (RSNs).  White et al. produced the first 

images of bilateral occipital connectivity at rest in preterm and full-term born infants using DOT 

(White et al., 2012).  A high-density SD array consisting of 18 sources and 16 detectors with 106 

SD channels, was placed over the occipital cortex to record resting cerebral activity.  DOT image 

reconstruction was performed using a head model of light propagation derived from a head atlas 

built from structural MRI images of a group of healthy term infants.  Using standard RSN 

analysis approaches, bilateral connectivity in the occipital cortices were identified.   

 

Figure 3.20: Bilateral occipital connectivity in infants.  
(A) Photo of the DOT array placed on the occipital cortex in an infant subject. (B) Correlation map using 
a seed (black circle) placed in the left occipital cortex of a healthy term infant. The time course of changes 
in oxyhaemoglobin concentration in the seed is correlated with all other regions within the field of view 
of the DOT array (blue line). The correlation image is scaled from r = -1 to 1 and has a threshold of 
|r| > 0.3. Note the strong ipsilateral and contralateral correlations (White et al., 2012).  
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Similarly, Ferradal et al. studied resting cerebral activity in healthy term infants using a high-

density SD array of 32 sources and 34 detectors placed over the temporal and occipital cortices 

(Ferradal et al., 2016).  The first- and second-nearest SD pairs (of 10 and 22 mm SD separation 

distances) were used for DOT image reconstruction with subject-specific structural MRI head 

models for modelling light propagation in the head.  BOLD-fMRI images of resting state data 

were also acquired within a day of the DOT scan in the same subject.  The DOT images revealed 

bilateral connectivity of the visual, middle temporal and auditory areas.  Comparisons between 

DOT and fMRI RSN images confirmed strong qualitative and quantitative agreement (Figure 

3.21).  

 

Figure 3.21: Bilateral connectivity of the visual, middle temporal and auditory areas in term-born infants. 
(A) Photo of the DOT array placed on the back of the head and extended laterally above the infant 
subject’s ears. (B) Average correlation maps from a group of nine healthy, full-term infants. All maps are 
displayed on an average surface-based atlas of the neonatal cortex (Ferradal et al., 2016).  
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3.10 Summary 

In summary, this chapter provides a technical overview to DOT including the principles of 

NIRS, image reconstruction and the range of headgear designs that exist in infant optical 

imaging.  A review of studies using DOT to study cerebral function in neonates are also 

described.  This background provided the necessary fundamental information for the 

development of the DOT headgear used in this thesis to study neonatal cerebral function, 

namely vocal specialisation and resting state networks. 
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Chapter 4  
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4.1 Introduction 

This chapter outlines the ethics, recruitment and equipment used for the studies in this thesis.  

Methods common to all studies are also detailed here.  Further methodological details are 

described within the corresponding chapter for the individual studies. 

4.2 Ethics 

The studies were approved by the National Research Ethics Service Committee East of England 

(REC reference 13/EE/0344). 

4.3 Recruitment 

Healthy term-born control infants were recruited from the postnatal ward of the Rosie Hospital, 

Cambridge University Hospitals NHS Foundation Trust.  Infants with a history of low blood 

glucose levels, jaundice requiring phototherapy treatment, or any neurological or congenital 

disorders were excluded.  Infants with persistent low blood glucose levels or hypoglycaemia and 

raised levels of bilirubin leading to jaundice, are known to be at increased risk of developing 

brain injury (Gomella, 2004).  For the functional study investigating vocal specialisation, infants 

were also excluded if they had failed the newborn hearing screen as this can affect their responses 

to auditory stimuli. 

Neurologically compromised infants were recruited from the Neonatal Intensive Care Unit 

(NICU) of the Rosie Hospital, Cambridge University Hospitals NHS Foundation Trust.  

The clinical team, including the consultant, nursing staff and midwives were initially approached 

for advice about suitability and appropriateness of an infant for a study before talking to the 

parents. 

Parents were supplied with information sheets about the studies and informed written consent 

was obtained for infants to participate. 
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4.4 Equipment 

4.4.1 NTS Optical Imaging System 

The NTS Optical Imaging System (NTS) (Gowerlabs Ltd, UK) is a frequency multiplexed 

continuous wave device  (Everdell et al., 2005) (Figure 4.1).  

 

Figure 4.1: The NTS Optical Imaging System. 
The system contains 16 dual-wavelength laser-diode sources (top half of the device) and 16 avalanche 
photodiode detectors (bottom half of the device). 

 

The system consists of 16 dual-wavelength laser-diode sources operating at 780 nm and 850 nm, 

and 16 avalanche photodiode detectors.  It has a sampling rate of 10 Hz.   

The laser-diodes are driven at frequencies ranging from 2 kHz to 4 kHz.  A Fast Fourier 

Transform of the signal received at each detector is performed to separate the source signals.  

Each frequency peak will therefore correspond to a nearby source from which the detector is 

receiving a signal.   
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NIR light emitted at a higher power will provide better signal-to-noise ratio at a longer SD 

separation distance but at shorter distances, this can cause saturation effects at the detector.  The 

mean power emitted by each laser-diode source is approximately 2 mW but with the 

accompanying software, this can be adjusted automatically to provide the optimum power 

depending on the SD separation distance of a pre-defined SD array.  This allows flexibility in 

the positioning of sources and detectors in an arrangement to suit the experiment.   

4.4.2 BrainVision V-Amp 

The BrainVision V-Amp (Brain Products GmbH, Germany) is a digital DC amplifier used for 

acquisition of electroencephalography (EEG).  Annular Ag/AgCl active electrodes were used to 

pre-amplify the EEG at the scalp and thereby decrease the influence of ambient electrical noise.  

ECG can be recorded via the V-Amp auxiliary channels.  The EEG set up can also include 

synchronised EEG video. 

 

 

Figure 4.2: The BrainVision V-Amp amplifier. 
The amplifier has 11 unipolar channels being used. 

 



Chapter 4 Methods 

 105 

4.4.3 Combining DOT with EEG 

The DOT headgear designed for data acquisition was adaptable to hold the DOT optodes in an 

SD array with or without EEG electrodes depending on the type of study.  Further details on 

the design of the cap are described in Chapter 5.   

A standard neonatal montage (Walls-Esquivel et al., 2007) consisting of 11 EEG electrodes (Fp1, 

Fp2, Fz, T3, T4, C3, C4, Cz, Pz, O1, and O2) and two electrodes assigned for ground (FC1) and 

reference (AFpz) were used for studies requiring EEG to monitor sleep state.  The location of 

the optodes for a whole-head and a high-density SD array were selected to accommodate the 

EEG montage during the initial stages of DOT headgear development (refer to Chapter 5).  

However, the high-density array was subsequently used for the studies described in this thesis 

and the montage is illustrated in Figure 4.3.   

To synchronise the DOT and EEG signals, a custom-made external event generator device was 

used.  The event generator marked both the DOT and EEG signals simultaneously and at 

pseudorandom intervals so that the signals could be synchronised in post-processing. 

Concurrent EEG and NIRS data collection in infants have previously been published (Roche-

Labarbe et al., 2007), and there are no reported interferences between both modalities.  There 

were no notable artefacts in the signals or interference between DOT and EEG for the studies 

in this thesis.  The abrasion gel and EEG paste to facilitate EEG conduction were applied 

through the centre of the annular ring electrodes and therefore directly to the skin underlying 

the electrodes.  In the high-density SD array, the location of some optodes are close to the central 

and temporal EEG electrodes.  However, there was sufficient space to allow for the application 

of the EEG paste and gel without interference to the neighbouring optodes.   
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Figure 4.3: Montage incorporating the EEG and DOT sensors.  
The green and black markers indicate positions for the EEG electrodes. The red markers indicate 
positions for the DOT sources and blue markers for the detectors. The 10-5 co-ordinates are labelled within 
the markers. REF and GND indicate the reference and ground electrodes respectively. Image adapted 
and courtesy of EasyCap GmbH. 
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4.5 Data Acquisition 

Healthy term-born infant subjects were scanned in a quiet, dimly lit room in the Evelyn Perinatal 

Imaging Centre, Cambridge University Hospitals NHS Foundation Trust.  Infants that were 

recruited from the NICU were scanned by the cot-side.   

The scans were carried out after the infant subjects were fed to promote sleep.  To reduce 

movement during scanning, infants were swaddled with a blanket.  The DOT headgear (with or 

without EEG electrodes) was secured on the infant subject’s head with a chin strap and chest 

belt.   

For studies requiring EEG, abrasion gel and conduction paste were applied to the scalp at each 

electrode site to reach EEG electrode impedances to below 5 kΩ.  The EEG setup included 

electrocardiography (ECG), behavioural observation and EEG video. 

4.6 EEG Data Processing 

EEG data were visualised offline using BrainVision Analyzer V.2.0.2 software (Brain Products 

GmbH, Germany), and the EEGLAB toolbox (Delorme and Makeig, 2004) for MATLAB 

(Mathworks, USA).   

Standard filtering was applied to the EEG signal using a high-pass filter at 0.5 Hz and a low-pass 

filter at 70Hz with an added notch filter at 50 Hz.   

Each channel electrode was referenced to the common reference electrode positioned at AFpz.   

4.6.1 Identifying EEG Sleep State  

The degree of continuity and amplitude of the EEG signal were used to categorise active sleep 

(AS) and quiet sleep (QS) states in accordance with the American Academy of Sleep Medicine 

Score (see Figure 4.5) (Grigg-Damberger, 2016).   
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Figure 4.5: The American Academy of Sleep Medicine Scoring Manual definitions of EEG patterns of 
sleep and wake in infants 0-2 months.  
Quiet sleep and active sleep are termed non-rapid eye movement (NREM) and rapid eye movement 
(REM) sleep respectively (Grigg-Damberger, 2016) 

 

Segments of mixed frequency or low amplitude continuous EEG were identified as AS.  QS was 

identified as segments of high-voltage continuous or tracé alternant.   

ECG variability and infant movement observed or recorded on EEG video were used to 

complement the EEG in determining sleep state.  Any segments that were undetermined or 

contained excessive motion artefact were not marked and excluded from further analysis.   

Sleep segments were also visually identified in a subset of infants by another observer to confirm 

inter-rater agreement (Cohen’s kappa = 0.833). 
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awakening, and at sleep onset. They further recommended 

scoring a 30-sec epoch as T if it contains either three NREM 

and two REM characteristics or two NREM and three REM 

characteristics. However, an epoch can be scored as stage N, 

stage R, or stage W if only one PSG characteristic is discordant 

for the sleep state.

CHALLENGES AND COMPLE XIT IES WHEN 
SCORING INFANT SLEEP STUDI ES

Sleep specialists and technologists with little experience in 

scoring sleep and wakefulness in infants 0–2 mo of age are 

challenged by: (1) many epochs of sleep are better identified by 
regularity or irregularity of respiration and other behavioral 

correlates than the EEG background; (2) EEG transients, 

which are sharply contoured but not epileptic in nature, espe-

cially prominent in NREM sleep in infants 38–42 w CA; and 

(3) tendency for infants when stressed, sick, or born premature 

to exhibit EEG patterns that would classify them as younger 

than their CA (termed dysmature).

EEG of full-term newborns contains a variety of distinc-

tive EEG transients that are often sharply contoured, easily 

mistaken by the inexperienced as epileptiform in appearance. 

Frontal sharp transients (FSTs) are isolated or repeated bursts 
of unilateral or bilateral 50–200 μV biphasic waves each last-
ing 0.5–0.75 sec over the frontal regions in infants, especially 
between 35–44 w CA, which are often more frequent and of 
higher amplitude during N sleep (especially at onset), but can 

be seen in W or R (especially AS1) sleep. FSTs disappear by 

Table 4—American Academy of Sleep Medicine Scoring Manual definitions of electroencephalogram patterns of sleep and 
wake in infants 0–2 months.

EEG Pattern AASM Manual Definition Sleep Stages Seen Representative Electroencephalogram Sample and Comments
Trace 
alternant (TA)

≥ 3 alternating runs of 
bilaterally symmetrical 
synchronous high voltage 
(50–150 µV) bursts of 1–3 Hz 
delta activity lasting 5–6 sec 
(range 3–8 sec) alternating 
with periods of lower amplitude 
(25–50 µV) 4–7 Hz theta 
activity (range 4–12 sec).

Nonrapid eye 
movement (NREM)

• Permissable to look at preceding and following epochs to see TA pattern.
• TA first appears 37 w CA, prominent pattern at 40 w CA, disappears after 

44 w CA, after 44 w CA replaced by HVS.
• Interburst intervals (IBIs) last 4–6 sec 35–36 w CA, 2–4 sec 37–44 w. 

Amplitude of IBIs increases with increasing CA.
High voltage 
slow (HVS)

Continuous synchronous 
symmetrical predominantly 
high voltage (100–150 µV) 
1–3 Hz delta activity, which 
often has an occipital or 
central predominance.

NREM, rarely rapid 
eye movement 
(REM)

• HVS precedes TA when 2 patterns present during same NREM period
• HVS is the more mature EEG pattern of stage N sleep at term.
• May see low voltage 12–14 Hz sleep spindles over Cz, C3 and/or C4 in 

HV as early as 43–48 weeks CA.
Mixed (M) Both HVS and low voltage 

polyrhythmic components 
intermingled with little 
periodicity; lower amplitude 
than seen in HVS.

Wake, REM, rarely 
NREM

• Continuous irregular synchronous symmetrical low amplitude (< 50 µV) 
5–7 Hz theta intermixed with occasional > 100 µV 2–4 Hz slow waves;

• M typically seen in REM sleep after period of W.
Low voltage 
irregular (LVI)

Continuous low voltage 
mixed-frequency activity with 
delta and predominantly theta 
activity.

REM, Wake

• Continuous irregular centrally predominant 25–50 µV 4–7 Hz activity 
intermixed with occasional 1–3 Hz delta of similarly low amplitude

• LVI seen in REM sleep typically after a period of NREM sleep.

TA (trace alternant) characterized by bilaterally symmetrical and synchronous high voltage 50–150 µV bursts of 1–3 Hz delta activity. Bursts last 5–6 sec. 
HVS (high voltage slow) EEG pattern of continuous diffuse high voltage 50–150 µV 1–3 Hz delta which may have an occipital or central predominance. 
AS1 = (after W) continuous irregular synchronous symmetrical low amplitude (< 50 µV) 5–7 Hz theta intermixed with occasional > 100 µV 2–4 Hz slow 
waves. AS2 (after NREM period) continuous irregular centrally predominant 25–50 µV 4–7 Hz activity intermixed with occasional 1–3 Hz delta of similarly 
low amplitude. W (Wake) characterized by an electroencephalogram background of continuous mixed electroencephalogram frequencies which often 
include: (1) irregular theta and delta activity (to 100 µV) maximal O1, O2; 2) diffuse irregular alpha and beta activity (to 30 µV); and 3) rhythmic theta activity 
(to 50 µV), often maximal C3, Cz, C4. REMs: rapid eye movements (conjugate sharply peaked eye movements with initial deflection < 500 msec). SEMs: 
conjugate 0.5–2 Hz vertical EMs. Lambda waves over O1, O2 may be first seen 2 w postterm. Regular respiration: respiratory rate between slowest and 
fastest breaths varies < 20 breaths/min within a 30-sec epoch Irregular respiration: respiratory rate between slowest and fastest breaths varies > 20 breaths/
min within a 30-sec epoch.

Figure 4.4: The American Academy of Sleep Medicine Scoring Manual definitions of EEG 
patterns of sleep and wake in infants 0-2 months, removed for copyright reasons. Copyright holder 
is Grigg-Damberger 2016. 
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4.7 DOT Data Processing 

DOT SD channel data were excluded as noise if the measured light intensity was below 5e-4 a.u. 

(arbitrary units), as recommended by the manufacturer.  Channels with a signal to noise ratio 

(SNR), taken to be the mean of the channel intensity divided by its standard deviation, below 

13.3 were also considered poor channels and removed (White et al., 2012).   

Any change in measured optical density occurring within any 0.5 s period that was greater than 

0.5 OD, or greater than 15 times the standard deviation of the entire time- course was considered 

motion artefact.  Five seconds of data before the start and end of each segment marked as 

motion artefact were also excluded.  

I wrote the DOT data processing code using MATLAB (The MathWorks Inc., Natick, 

Massachusetts) and the functions from the HOMER2 toolbox for fNIRS data processing 

(Huppert et al., 2009). 

4.8 DOT Image Reconstruction 

DOT images were reconstructed using the linear reconstruction methods described in section 

3.5.  

A forward model was generated in a 5-layer volumetric finite element mesh from an appropriate 

gestational age head atlas (Brigadoi et al., 2014) using the TOAST++ optical modeling package 

(Schweiger and Arridge, 2014) and the known spatial locations of the optodes in the SD array.  

Images were reconstructed in the tetrahedral volumetric mesh using a multispectral linear 

reconstruction approach with the Tikhonov regularisation parameter set to 0.1.  These images 

were then transformed onto a grey-matter surface mesh by taking the average of the 

reconstructed volumetric image value over all nodes within 6 mm of each node in the grey-

matter mesh.  Images were reconstructed for every 0.1 s of data.   

I modified the MATLAB scripts for DOT image reconstruction that were provided by Dr Rob 

Cooper for the data collected in this thesis.  
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4.9 Resting State Network Analysis 

There are currently four main approaches to identify RSNs (Mohammadi-Nejad et al., 2018). 

1. Seed-based analysis 

2. Independent component analysis 

3. Graph theory 

4. Cluster analysis 

In this thesis, the first two approaches were adopted as these are most commonly used.   

Graph theoretical methods identify RSNs as brain regions (nodes) that are connected by 

weighted correlations (edges).  This approach has shown topological properties in the brain 

including small-world topology, modularity and highly connected hubs (Bullmore and Sporns, 

2009; He and Evans, 2010).  FC-NIRS is an available open source software package for resting-

state functional connectivity analysis using graph theoretical methods for fNIRS data (Xu et al., 

2015). 

Cluster analysis involves grouping regions together based on a set of characteristics.  Examples 

of clustering algorithms include hierarchical clustering (Cordes et al., 2002; Homae et al., 2010) 

and k-means (Lu et al., 2010). 

4.9.1 Seed-based Analysis 

Seed-based analysis (SBA) is the most straightforward approach and is widely adopted for 

identifying RSNs.  Seeds are defined by their location on the cortex and are selected based on a 

priori regions of interest (ROI) for hypothesis-driven models of networks.   

Resting state networks (RSNs) are typically identified by correlations of low frequency 

oscillations (<0.1 Hz ) of the haemodynamic signal (Fox and Raichle, 2007).  For this thesis, the 

DOT data were filtered in the RSN frequency band 0.009-0.08 Hz (Ferradal et al., 2016; White 

et al., 2012) before SBA was carried out to identify RSNs. 
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To eliminate the common average signal caused by systemic physiological noise, global signal 

regression (GSR) was performed on all DOT images (Desjardins et al., 2001).  This technique 

has been successfully used in previous optical RSN studies (Mesquita et al., 2010).  The global 

signal was taken as an average over the reconstructed image mesh nodes in the DOT field of 

view for every time point.  This signal was then used as a regressor in a general linear model to 

remove the associated variance from each of these nodes (Murphy et al., 2009).  More detail on 

GSR is provided in section 3.6.2 and appendix A. 

To carry out SBA, seed pairs for the left and right hemispheres were selected for the auditory 

and sensorimotor regions based on previously published RSNs (Doria et al., 2010; Ferradal et 

al., 2016; Smyser et al., 2010).  For each processed DOT image, the average time trace was 

extracted from a 10 mm ROI surrounding each seed.  A Pearson product-moment correlation 

was performed between every image node and each seed region.  Correlation coefficients were 

converted to a normal distribution by Fisher’s Z transformation to generate z(r) correlation RSN 

maps.  Average group RSN maps were formed from correlation values at every node with a 

threshold determined using bootstrapping analysis to identify the level of statistical significance 

at p > 0.05 with FDR correction.   

The MATLAB scripts that I wrote for seed-based analysis of the DOT images (image-space) 

were based on a pipeline for channel-wise seed-based analysis provided by Dr Laura Dempsey. 

4.9.2 Independent Component Analysis 

Independent component analysis (ICA) has been carried out on optical studies of RSNs in adults 

and infants (Ferradal et al., 2016; Markham et al., 2009; White et al., 2012; Zhang et al., 2010).  

Unlike SBA, independent component analysis (ICA) is a model free data-driven approach.  This 

approach involves the decomposition of the image sequence into separate sources, or 

independent components (ICs), by maximizing the statistical independence of temporal 

(temporal ICA) or spatial (spatial ICA) patterns.  The latter approach was adopted to calculate 

spatially independent brain sources of the resting haemodynamic signal. 

As described by Calhoun (Calhoun et al., 2009), a typical ICA model assumes the source signals 

are not observable, statistically independent and non-Gaussian, with an unknown, but linear, 
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mixing process.  Consider an observed M-dimensional random vector denoted by = =

=B=A, … . , =e
f which is generated by the ICA model: 

= = gJ 

Equation 4.1 

 

where J = JBJA, … . , Jh
f is an N-dimensional vector whose elements are the random variables 

that refer to the independent sources and ge×h is an unknown mixing matrix.  Typically M ≥ N 

so that g is usually of full rank.  The goal of ICA is to estimate an unmixing matrix je×h such 

that ] given by 

] = j= 

Equation 4.2 

is a good approximation to the ‘true’ sources, J.  In spatial ICA, each row of J represents the 

spatial signal for a source component, N is the number of time points and M is the number of 

image nodes. 

Performing ICA can be computationally costly, therefore the standard approach to using ICA is 

to initially reduce the dimensionality of the data, for example by performing principal component 

analysis (PCA) (Zhang et al., 2010).  The number of retained principal components (PCs) can be 

determined by the number needed to retain >99 % data variance.  Spatial ICA decomposition 

can then be performed on the reduced dataset using the FastICA algorithm (Hyvärinen, 1999) 

to produce an equal number of spatial ICs to PCs.  Spectral analysis of the corresponding 

component time traces will characterise the temporal properties of the spatial ICs.  As described 

in previous optical RSN studies using ICA, the ICs with the largest spectral power in the RSN 

frequency band (0.009-0.08 Hz) and with bilateral symmetrical involvement are interpreted as 

RSNs (Markham et al., 2009; White et al., 2012; Zhang et al., 2010). 

As the global signal is physiologically distinct from the RSN signal, the blind source separation 

capability of ICA enables the extraction of this physiological confound as a component, 

therefore GSR is not required.   
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4.9.2.1 Group Independent Component Analysis  

Group RSN analysis can be carried out using different approaches, some of which may not 

always be suitable.  For example, averaging data across subjects and performing ICA on the 

mean dataset will not accurately detect spatial ICs, as they will be temporally uncorrelated across 

individuals.  Performing individual ICA and using a form of clustering or correlation analysis to 

match ICs between subjects introduces noise making it difficult to accurately match ICs across 

subjects (Calhoun et al., 2001).   

Concatenation of data from individual datasets before ICA has been shown to be a more reliable 

approach (Calhoun et al., 2009).  To identify group RSNs in the experiments of this thesis, a 

temporal concatenation group spatial ICA approach was used (Calhoun et al., 2001).  This 

method allows for unique time courses for each subject but assumes common group IC spatial 

maps. 

Using this approach, individual DOT images were reduced using PCA to retain > 99% data 

variance.  Reduced image datasets were temporally concatenated to produce a group dataset with 

a time length equal to the sum of the total duration of all individual datasets.  This combined 

group dataset was further reduced using PCA to retain > 99% variance before spatial ICA was 

performed.  The common group spatial ICs with the bilateral template over the temporal or 

parietal regions were interpreted as group auditory and sensorimotor RSNs.  Back-

reconstruction steps were carried out to produce subject-specific spatial IC maps and their time 

courses to confirm the selected set of spatial ICs have a large spectral power in the RSN 

frequency band.  Images of the group RSNs were generated using a Z-threshold criterion 

(McKeown et al., 1998) on the chosen group spatial ICs. 

I wrote the MATALB scripts for group ICA of the DOT images.  The theory for the group ICA 

approach described by Calhoun (Calhoun et al., 2001; Calhoun et al., 2009) is outlined in 

Appendix B.   
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Chapter 5  

Development of DOT Headgear 

for Neonatal Studies 

The work described in this chapter was shortlisted for the SET for Britain poster exhibition 

event for early-career research scientists in the House of Commons, London, UK, 2015. 

The DOT headgear design for whole-head coverage described in this chapter was used in the 

following publications: 

1. Singh, H., Cooper, R.J., Lee, C.W., Dempsey, L., Edwards, A., Brigadoi, S., Airantzis, D., 

Everdell, N., Michell, A., Holder, D., Hebden, J.C., Austin, T., 2014. Mapping cortical 

haemodynamics during neonatal seizures using diffuse optical tomography: A case study. 

Neuroimage Clin 5, 256-265. 

2. Chalia, M., Lee, C.W., Dempsey, L.A., Edwards, A.D., Singh, H., Michell, A.W., Everdell, 

N.L., Hill, R.W., Hebden, J.C., Austin, T., Cooper, R.J., 2016. Hemodynamic response to 

burst-suppressed and discontinuous electroencephalography activity in infants with hypoxic 

ischemic encephalopathy. Neurophotonics 3, 10.  
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5.1 Introduction 

The DOT headgear was designed to meet the following requirements for the neonatal studies in 

this thesis (for background, refer to section 3.8): 

1. Provide comfort to allow for prolonged scanning durations.  This is particularly important 

for the studies investigating RSNs with sleep state as the duration of a typical neonatal sleep 

cycle is approximately 1 hour. 

 

2. Flexible to different head shapes and sizes.  Neonatal head shapes can vary significantly as 

the skull is highly malleable.  The head shape of term-born infants can be variable due to the 

mode of delivery at birth.  In preterm infants their sleep position can have an impact on the 

development of head shape.   

 

3. Adaptable to hold DOT optodes with or without EEG electrodes depending on the type of 

study.  

 

4. Enable easy detachment and reattachment of DOT optodes and/or EEG electrodes to allow 

cleaning between studies.  In the clinical NICU setting, neonates in particular preterm 

infants, are vulnerable to infections.  To comply with infection control standards, it is 

important to be able to effectively clean or dispose of all elements of the equipment that 

make physical contact with infant subjects. 

 

5. Appropriate SD array design.  Careful consideration was taken to include the presence of 

overlapping SD channels and a range of SD separation (SDS) distances to optimise the DOT 

data for image reconstruction (refer to section 3.7 Optimising the Source Detector Array for 

DOT). 

 

6. Ensure effective optode-to-scalp coupling.  Up to 40 % of infant data is often excluded from 

studies due to motion artefact resulting from head movements (Lloyd-Fox et al., 2010).  

Secure coupling of optodes to the scalp will help to improve DOT data quality and avoid 

exclusion of potentially useful data. 
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5.2 Methods  

5.2.1 Requirements 1, 2, 3 and 4 

A silicone pad and a hard helmet, as described in previous optical studies (section 3.8) were 

initially considered.  However, due to limitations to both approaches, mainly the rigidity of the 

material, and potential heterogeneity in recorded data (due to fixed channel positions over 

different head shapes and sizes), these methods were rejected.  Instead, an EEG cap was adapted 

to overcome these limitations. 

EasyCap GmbH (Germany) manufacture caps for EEG acquisition in infants and adults.  The 

caps come in different sizes and can be stretched to fit a range of head circumferences (fulfilling 

requirement 2).  In contrast to a rigid material, the EasyCap fabric is thin, soft and elastic, 

therefore providing a comfortable fit on the head (fulfilling requirement 1).  Furthermore, black 

versions of the cap are available to help reduce artefact from ambient light for DOT recordings 

(although this effect may be minimal). 

The location of small holes for the attachment of EEG electrodes can be customised to a specific 

layout defined using the EEG international 10-5 co-ordinates system (Oostenveld and 

Praamstra, 2001) (fulfilling requirement 3).   

The optode casing (Loptek GmbH & Co. KG) for the optical fibres supplied with the NTS 

system for DOT acquisition are shaped with a small lip at the end (Figure 5.1).  Similarly, the 

active electrodes are disc shaped with a lip.  Due to the elasticity of the cap, the small holes can 

be stretched to facilitate direct attachment of the optodes and electrodes (fulfilling requirement 

4). 

When the cap is stretched over different head sizes, the physical positions of the electrodes and 

optodes will move accordingly to the pre-defined 10-5 positions.  Therefore, there is some 

degree of consistency in measurement positions across subjects.  Defining the location of the 

optodes is important for accurate image reconstruction as the location of SD channels is needed 

to solve the forward problem (see section 3.5.2).  
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Figure 5.1: Optode.  
(A) A photo of an optode used with the NTS Optical Imaging System. Courtesy of Loptek GmbH & Co. 
KG (B) A labelled schematic image of the optode. 

 

5.2.2 Requirement 5: SD Array Design 

The potential number of SD channels for a given SD array is restricted by the total number of 

sources and detectors available and the SDS distance between them.  There is currently no DOT 

system that can provide dense sampling over the whole head, therefore two types of SD arrays 

were designed: 

1. Whole-head coverage using a sparse SD array  

2. Localised coverage with a relatively high-density SD array 
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5.2.2.1 Whole-head SD Array Design 

A whole-head SD array utilising all 16 source and detector fibre bundles from the DOT system 

was designed for the EasyCap (Figure 5.2A, Figure 5.3).   

According to the UK-WHO Infant Growth Charts (Royal College of Paediatrics and Child 

Health, 2016), the head circumference for a 40 week gestational age boy is 35 cm and for a girl 

is 34 cm along the 50th centiles.  The average head circumference for a newborn infant was 

therefore estimated as 34.5 cm.  Using a spherical head model of this size, the positions of a 

subset of 10-5 co-ordinates were selected to define the locations for the sources and detectors 

of the array.   

The locations were chosen with the intent to maximise the number of channels with SDS 

distances between 20 mm to 40 mm, traditionally adopted for infant studies (Lloyd-Fox et al., 

2010; Taga et al., 2007), while also covering the majority of the scalp.   

Figure 5.2B shows a histogram of the SDS distances of the whole-head array for a 34.5 cm head 

circumference.  58 channels with a range of SDS distances of 21 mm to 37.7 mm were identified 

- the majority (50 channels) of which measure between 20 mm to 30 mm which are expected to 

penetrate the cortex and will contain less noise compared to the remaining 8 channels measuring 

between 36 mm to 37 mm. 

The studies in this thesis were focused on term infants (or preterm infants close to term 

corrected age).  Therefore, EasyCaps with head circumference sizes between 32 cm to 38 cm 

were manufactured to cover the level at the 2nd centile for girls (32 cm) and 99.6th centile for 

boys (37 cm) at 40 weeks gestational age (Royal College of Paediatrics and Child Health, 2016).  

The manufacturers recommend each cap size can be stretched up to an extra 2 cm above its size, 

therefore a total of 8 caps (two of each size from 32 to 38 cm) were required.  The range of SDS 

distances in the array for all cap sizes was 19.5 mm to 40.4 mm, and median 27.1 mm.  Further 

cap sizes can be produced for potential studies investigating infants with atypical head 

circumferences such as those with microcephaly or hydrocephalus (although infants with these 

pathologies are relatively uncommon).  
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Figure 5.2: Whole-head array.  
(A) A schematic representation of the whole-head array design with 58 source-detector channels. Red and 
blue dots represent sources and detectors respectively. Black lines represent source-detector channels. 
The 10-5 locations for the sources and detectors are labelled as shown. (B) A histogram displaying the 
number of channels and SDS distances for a 34.5cm cap with the whole-head array.  
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Figure 5.3: Photos of whole head cap.  
(A) Close up photo of the cap (B) The cap being used in a ventilated infant with hypoxic ischaemic 
encephalopathy  
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5.2.2.2 High-density SD Array Design 

In comparison to the whole-head design, a relatively high-density SD array covering the parietal 

and temporal regions was also developed.  The advantage of choosing these areas is to eliminate 

motion artefact originating from optodes rubbing on the scalp at the back of the head in infants 

laying supine.  The temporal regions were chosen as we expect haemodynamic responses to 

occur in the temporal cortex in neonatal studies on vocal specialisation.  For RSN studies, we 

expect the temporal and parietal regions will include the auditory and sensorimotor networks. 

Figure 5.4A shows the layout of the high-density array consisting of 69 channels.  For a 34.5 cm 

head circumference, the SDS distances range between 18.3 mm to 33.3 mm as illustrated in 

Figure 5.4B.  Photos of the high-density array can be seen in Figure 5.5.   

The range of SDS distances in the array, covering all cap sizes (32 cm to 38 cm), was 17 mm to 

36.7 mm, and median 26.5 mm. 

Compared to the whole-head array, the high-density array contains 11 more channels (equivalent 

to an extra 18.9% more channels).  Furthermore, there are 36 overlapping SD channels in the 

high-density array compared to only 8 for the whole-head array.  This makes the high-density 

array potentially more effective for image reconstruction as overlapping channels improve the 

sensitivity of the forward model.  
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Figure 5.4: High-density array. 
(A) A schematic representation of the high-density array design with 69 source-detector channels. Red 
and blue dots represent sources and detectors respectively. Black lines represent source-detector channels. 
The 10-5 locations for the sources and detectors are labelled as shown. (B) A histogram displaying the 
number of channels and SDS distances for a 34.5cm cap with the high-density array.  
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Figure 5.5: Close up photos of the high-density cap.  
(A) left lateral view (B) superior view (C) right lateral view.  The red stickers indicate the sources and 
yellow stickers the detectors. 
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5.2.3 Requirement 6: Close DOT Optode-to-Scalp Coupling   

Motion artefact can be identified in the raw optical trace as rapid changes or a sharp spike from 

the baseline above a threshold (Figure 3.9).  Sedation or a ‘feed and wrap’ approach can be used 

to minimise movement of the infant.  However, relative motion between the optical fibres and 

infant head due to poor coupling can also produce artefacts.   

The EasyCap is manufactured with a chin-strap to secure the cap firmly on the infant’s head to 

help address this issue.  Unfortunately, due to the weight of the optical fibres, the chin-strap may 

not be sufficient at maintaining optode coupling to the scalp.  An additional chest strap was 

added to the caps and chest belts were made for the straps to fasten onto (Figure 5.6) to improve 

securing of the caps onto the infant subjects’ heads.   

 

Figure 5.6: Photos of a doll to demonstrate the attachment of the EasyCap using the chest straps  
(A) at the front and (B) at the back.  

 

To further improve optode coupling, small discs of styrene plastic with a layer of neoprene 

rubber foam were cut out to enclose the ends of the optodes onto the cap (Figure 5.7).  The 

styrene plastic is rigid and provides a small base to support the attachment of the optodes to the 
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cap and minimise any potential leverage force at the optode head.  The neoprene rubber foam 

minimises movement of the individual optodes on the scalp surface and provides a soft contact 

surface.   

To minimise infection risk across subjects, the styrene plastic and neoprene rubber foam pieces 

were disposable.  The EasyCap was cleaned between subjects with an appropriate detergent, and 

the optodes and electrodes were cleaned using 2% chlorhexidine wipes and sterilising fluid (1% 

sodium hypochlorite). 

 

Figure 5.7: Styrene plastic and neoprene rubber foam discs.  
(A) A photo of the underside of the EasyCap with the optode heads and discs attached in the high-density 
arrangement. (B) A close-up photo illustrating the discs surrounding the optodes on the underside of the 
cap. 
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5.3 Analysis  

While the design of DOT arrays remains subjective, there are objective approaches to analyse 

the ‘quality’ or efficacy of an array.  

5.3.1 Comparing the Spatial Sensitivity of SD Arrays 

The AtlasViewer package (Aasted et al., 2015) for MATLAB (The MathWorks Inc., Natick, 

Massachusetts) was used to evaluate the whole-head and high-density arrays.  AtlasViewer is an 

open-source software package that is part of the fNIRS data processing toolbox, HOMER2 

(Huppert et al., 2009).  It is used to incorporate spatial registration tools to allow users to 

determine brain coordinates and the sensitivity of their fNIRS measurements.  It provides tools 

for SD array design, and enables users to evaluate the sensitivity of the SD array by generating a 

spatial sensitivity profile.  The Monte Carlo method is used in the toolbox to construct a 

probabilistic model of the path of photons through the head for the source and detector 

positions of each SD array.  It does this by modelling photon migration using the Monte-Carlo 

photon transport software, tMCimg (Boas et al., 2002).  The resulting forward matrix represents 

the spatial sensitivity profile of each measurement channel to cortical absorption changes.   

The visual representations of the spatial sensitivity profiles for both arrays were used to visually 

inspect the cortical areas the arrays are sensitive to and if the sensitivities of all measurements 

are sufficiently uniform. 

5.3.2 Data Quality Processing 

The quality of the data obtained from a given array design can inform us to the appropriateness 

of its design.  A total of 18 healthy term infants were therefore recruited to test each array design 

(9 subjects for each array) by recording resting state haemodynamic activity. 

The steps taken to assess the DOT signal quality were carried out as outlined in section 4.7.  

Following exclusion of DOT data with motion, the longest continuous motion-free segment 

was extracted from the remaining DOT data.   
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Using the function ‘hmrMotionArtifact’ from the HOMER2 toolbox, SD channels with a 

standard deviation threshold below 7.5 were considered good channels (White et al., 2012).  The 

authors of the function recommend a standard deviation threshold between 5 and 20 is 

acceptable for fNIRS data.  The percentage of good channels was recorded as the SNR metric.  

Systemic physiological changes such as the heart beat contribute to the overall DOT signal, 

therefore it is expected a Fast Fourier Transform of the trace will produce a peak around 2 Hz 

(120 per minute).  Channels that do not display a peak in this region indicate suboptimal coupling 

to the scalp.  The percentage of good channels, demonstrating a heart beat peak, was recorded 

as the heart beat metric. 

The duration of the longest motion-free segment, SNR metric and heart beat metric were 

recorded to make comparisons between the two SD array types and evaluate the additions to 

the cap (chest belt and discs). 

5.4 Results 

5.4.1 Sensitivity Profiles of the SD Arrays  

Figure 5.8 shows a visual representation of the sensitivity profiles for the whole-head array and 

high-density array.  On visual inspection, the high-density array appears to demonstrate more 

uniform sensitivity compared to the whole-head array.  As expected, the areas with higher 

sensitivity are located more closely within the field of view for the high-density array compared 

to the whole-head array.   
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Figure 5.8: Diagrammatic representations of the sensitivity profiles. 
(A) For the whole-head array and (B) for the high-density array. Images were generated by the AtlasViewer 
package (Aasted et al., 2015). Red indicates increasing sensitivity and blue least sensitivity. The colour 
scale depicts the sensitivity logarithmically from 0.01 to 1 as described by the AtlasViewer package. Beige 
corresponds to cerebral regions not measured by DOT.  
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5.4.2 Data Quality Assessment 

Figure 5.9 illustrates the data quality parameters in one example subject wearing the high-density 

array with chest straps and discs.  For this subject, the longest motion-free segment was 12 mins 

and the SNR metric was 100 therefore all channels would be taken forward for DOT image 

reconstruction.  A heart beat peak at 2.4Hz (144 beats per minute) can be seen in the power 

spectrum.  Channels that did not display this peak are highlighted in red in the heart beat metric 

plot diagram.   

As described in section 5.2.2.2, the high-density design contains over four-times the number of 

overlapping SD channels compared to the whole-head SD array (36 vs 8 for the high-density SD 

array) which makes it potentially more effective for image reconstruction (described in more 

detail in the Discussion).  For this reason, the chest strap and discs were added to the high-

density array for comparison with the whole-head, and high-density caps alone. 

Table 5.1 displays the results of the data quality assessment for the whole-head, high-density, 

and high-density array with chest strap and discs groups.  The means of the head circumferences 

are similar across groups.  Similarly, the mean duration of the motion-free segments appears to 

be similar for the whole-head and high-density arrays.  However, the means for all three data 

quality parameters: motion-free segment, SNR metric and HB metric, are greater with the 

addition of the chest straps and discs in the high-density array compared to the whole-head and 

high-density headgears alone. 

To evaluate the data quality parameters across the groups, a one-way MANCOVA was carried 

out with the type of headgear as the independent variable; head circumference as the covariate; 

and the motion-free segment, SNR metric and HB metric as dependent variables.  Despite the 

observations described above, there was no statistically significant difference between the 

headgear groups on the duration of the motion-free segment, SNR metric or HB metric after 

controlling for the head circumference, F6,42 = 2.204, p = 0.061, Wilks’ lambda = 0.578, partial 

eta squared = 0.239. 
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Figure 5.9: Data quality assessment from an infant subject.  
(A) Raw DOT channel data. Each coloured line represents the light intensity acquired from each paired 
SD channel and measured as an arbitrary unit across time in seconds. (B) The longest motion free segment 
is extracted by removing segments with motion artefact identified as changes in the baseline above 
0.5 O.D. or greater than 15 times the standard deviation of the entire time-course. (C) The signal to noise 
(SNR) metric highlights channels in red if the mean of the channel intensity divided by its standard 
deviation is below 13.3. (D) A Fast Fourier Transform of the DOT channel data revealed a heart beat peak 
around 2.4 Hz in this subject.  (E) Source-detector channels that did not reveal a heart beat peak are 
highlighted in red in the heart beat metric plot.   
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Subject
HC

(cm)
Motion-free 

Seg (min)
SNR metric 

(%)
HB metric 

(%)

1 33.50 2.30 94.83 89.66
2 36.80 2.37 82.76 50.00
3 33.50 3.38 74.14 58.62
4 33.70 5.07 89.66 62.07
5 33.50 4.99 67.24 74.14
6 35.20 3.58 87.93 77.59
7 33.80 4.04 86.21 75.86
8 34.40 6.02 79.31 63.79
9 32.00 2.88 82.76 72.41

Mean 34.04 3.85 82.76 69.35

1 34.20 2.68 82.61 85.51
2 33.50 3.16 68.12 8.70
3 35.50 2.18 46.38 42.03
4 35.50 2.82 76.81 31.88
5 34.00 2.10 81.16 21.74
6 33.00 10.13 84.06 60.87
7 35.10 6.60 28.99 43.48
8 35.50 3.11 89.86 71.01
9 33.30 2.66 91.30 62.32

Mean 34.40 3.94 72.14 47.50

1.00 34.50 3.18 91.30 79.71
2.00 32.00 7.06 86.96 76.81
3.00 35.60 3.03 91.30 56.52
4.00 34.50 10.29 86.96 75.36
5.00 33.80 12.46 100.00 95.65
6.00 34.50 3.56 91.30 66.67
7.00 33.40 19.27 84.06 78.26
8.00 33.00 2.28 60.87 56.71
9.00 33.50 4.84 95.65 78.26
Mean 33.87 7.33 87.60 73.77
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Table 5.1: Table of the data quality parameters for the headgear type.  
HC = head circumference, SNR=signal to noise, HB=heart beat. 
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5.5 Discussion 

In this study, DOT headgear was developed by modifying an EEG cap design for the infant 

population.  Two types of SD arrays were designed to cover the whole-head, and a localised 

region of the head.  Chest straps and discs were made to further improve the performance of 

the DOT headgear.  Three groups of infants were recruited to test the performance of the whole-

head array, high-density array and high-density array with chest strap and discs.   

As described in the previous section, the chest straps and discs were added to the high-density 

array compared to the whole-head array, as the spatial sensitivity of the former appeared to be 

improved for the field-of-view.  In particular, the areas of higher sensitivity are more uniform 

and consistently seen across the field-of-view for the high-density array.  Although, the whole-

head array contains high sensitivity regions, these areas are sparse across the head. 

Data quality assessment was carried out to compare the performance of the headgear types.  The 

statistical analysis showed there was no significant difference between the headgear groups on 

the SNR metric, HB metric and duration of the largest motion-free segment.  Although the 

means of all three data quality parameters were greatest for the chest strap and discs group, the 

group sizes were small (N = 9 for each group), which may have affected statistical significance.  

To recruit larger numbers was not seen as necessary as it was noted that the DOT scanning 

procedure was easier and more efficient with the high-density array with the chest strap and 

discs.  It was easier and quicker to secure the cap onto the head with the chest straps, and the 

optodes were more secure and did not move out of place with the discs.  The infants appeared 

more comfortable and settled more easily with the high-density compared to the whole-head 

array as there were no optodes on the occipital region causing pressure on the back of the head. 

As described previously, the high-density array provides more uniform sensitivity over its DOT 

field-of-view compared to the whole-head array.  This is simply due to the higher density of the 

SD channels and the increased number of overlapping SD channels.  Compared to the whole-

head array, the high-density array contains 19% more SD channels in total, and four-times the 

number of overlapping channels.  This would suggest that the high-density array offers improved 

spatial resolution for the study of haemodynamic responses in the parietal and temporal regions.  

Furthermore, when the whole-head array was used in infant studies (separate to the work in this 
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thesis), it was noted that the exclusion of a relatively small number of channels (due to poor 

quality), resulted in a large loss of haemodynamic information corresponding to the overlying 

cortical regions.  With overlapping channels, this issue is minimised due to improved sensitivity 

over the covered regions.   

For the studies in this thesis, it was crucial that the images reconstructed are as accurate as 

possible with the greatest possible spatial resolution, therefore the high-density array was chosen.  

For studies where investigating global cerebral pathology is precedence, the whole-head array is 

appropriate.  This latter array was successfully used with EEG in studies of the research group 

investigating global cerebral pathology in infants with seizures and hypoxic ischaemic injury 

(Chalia et al., 2016; Singh et al., 2014). 
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Chapter 6  

Imaging the Haemodynamic 

Response to Vocal and Non-Vocal 

Stimuli Using DOT 

The findings of this study were presented at the following conferences: 

1. The Joint Anglo-French Neonatal Society Meeting, Cambridge, UK, 2016  

(Prize for best poster presentation) 

2. The Cambridge Neuroscience Symposium: Imaging the Nervous System, Cambridge, UK, 

2015 
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6.1 Introduction 

Conventional imaging methods (such as cranial ultrasound and MRI) are used clinically in infants 

to detect structural brain injury that leads to neurodisability.  However, in some cases, infants 

without discernible structural injury remain at increased risk of developing language delay and 

social behavioural impairment (Anderson et al., 2003; Kirton and Deveber, 2013; Marlow et al., 

2005b; Steinman et al., 2009; Taylor et al., 2000).  The opportunity for early treatment and 

support is therefore lost in these infants as symptoms only manifest at a later developmental age 

either during a formal neurological assessment or when they start school.  There is therefore a 

need to develop clinical tools to identify vulnerable infants at an earlier stage which would enable 

the initiation of potential neuroprotective treatments (Robertson et al., 2012). 

The ability to identify the human voice facilitates language and social development.  The voice 

conveys speech information and emotional state (Latinus and Belin, 2011), both of which are 

important for communication and social interaction.  In adults, the temporal voice areas along 

the anterior and middle superior temporal sulcus bilaterally form a network of cortical regions 

specialised for distinguishing human voice over environmental sounds (Belin et al., 2002).  In 

infants, specialisation of the cortex to voice emerges around 6 months of age (Blasi et al., 2011; 

Grossmann et al., 2010).  Instead, an area of the posterior temporal region has been found to 

respond more to non-voice sounds than voice sounds from 1 – 6 months of life (Lloyd-Fox et 

al., 2017; Lloyd-Fox et al., 2011). These findings suggest a developmental trajectory of 

specialisation within the temporal region to vocal sounds relative to environmental sounds 

across the first year of life.   However, the cortical response to voice has not yet been 

characterised in the newborn period.  Exploring the developmental specialisation to voice during 

typical development is important to further our understanding of why vocally selective regions 

are reported to be absent in older infants at increased risk for social communication disorders 

such as autism (Lloyd-Fox et al., 2013).   

The aim of this study was to image the functional response to vocal and non-vocal stimuli in 

term infants using DOT to investigate early vocal specialisation and characterise the cortical 

response to voice in healthy term-born infants.  The objectives of the study were: 
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1. To investigate which cortical regions respond to each auditory condition (vocal and non-

vocal sounds) 

2. To investigate for condition effects in different cortical regions of interest 

The hypotheses were: 

1. The images will demonstrate cortical responses to auditory stimuli in the primary 

auditory regions of the temporal cortex. 

2. Selective responses to the non-vocal condition compared to vocal sounds are expected 

to be present in the posterior temporal regions in keeping with prior infant studies. 

3. As vocal specialisation has been shown to increase between 4 and 7 months of life, it is 

expected that vocal selective cortical responses may be weak or absent in the newborn 

period.   

This study was conducted in collaboration with the Birkbeck Babylab team.  The experiment 

protocol and pipeline for data processing were devised by Dr Sarah Lloyd-Fox and Dr Anna 

Blasi from the Birkbeck Babylab team. 

6.2 Methods  

6.2.1 Participants 

A total of 23 healthy term-born infants were recruited and underwent DOT recordings as 

described in section 4.5.  DOT data from seven infants were excluded due to fussiness before 

completion of scanning and the presence of excessive motion during the study.  The calculated 

exclusion rate was therefore 30.4 % and is within the standard attrition rate reported for infant 

optical studies (Lloyd-Fox et al., 2010).   

6.2.2 Experiment Protocol 

Infant subjects were studied while asleep as previous fNIRS studies have successfully reported 

evidence of auditory evoked responses in sleeping infants (Peña et al., 2003; Taga et al., 2011). 
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Two types of auditory stimuli: non-vocal and vocal sounds, lasting 8.5 s each, were presented 

pseudo-randomly with 10-15 s intervals of silence in between to avoid measuring phase-locked 

haemodynamic activity.  Vocal (V) stimuli consisted of coughing, yawning, laughing and crying 

from male and female speakers.  Non-vocal (N) stimuli consisted of sounds from: a rattle, 

xylophone, running water and squeaky toy.  The auditory stimuli were chosen from the Montreal 

Affective Voices database (http://vnl.psy.gla.ac.uk) (Belin et al., 2008).  The stimuli have 

previously been used in infant studies of vocal specialisation (Lloyd-Fox et al., 2011; Lloyd-Fox 

et al., 2014).   

Each stimulus sequence was made up of four different sounds presented for 0.37-2.92 s each, 

interleaved by short silence periods of 0.16-0.24 s.  The stimulus categories were equivalent in 

terms of average sound intensity and duration (p > 0.65). Each of the four sounds within a 

stimulus sequence differed to provide four types of V and N stimuli each.   

 

Figure 6.1: A diagram to illustrate the auditory paradigm. 
A sequence of non-vocal and vocal stimuli lasting 8.5 s each were presented to infant subjects with silent 
rest periods of 10-15 s duration. Each subject was presented with a total of 20 blocks (10 of each condition).  
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Loud speakers were placed approximately 30 cm from the infant subject’s head.  The measured 

volume of background noise during silence intervals was approximately 30 dB and during 

auditory stimuli was 55-60 dB.  Both types of stimuli were presented 10 times in a pseudo-

random sequence with each stimulus type being presented an equal number of times in the same 

order for each infant (Figure 6.1).  A video recording of each infant was obtained during the 

scan to aid off-line data processing.  

6.2.3 Data Processing and Analysis 

A model-free approach of block-averaging was adopted to identify time locked haemodynamic 

responses to N and V conditions.  A stimulus trial block was defined as from 4 s prior to onset, 

to 6 s after the conclusion of an auditory stimulus.  The total block duration for each trial was 

therefore 18.5 s.   

6.2.3.1 Motion Artefact Detection  

Recorded DOT data were included if the measured light intensity for the SD channel exceeded 

5e-4 a.u. (arbitrary units).  Channels were excluded from trials if the signal-to-noise ratio during 

a trial block was less than 10 % as defined by the Birkbeck BabyLab group.  These changes could 

be due to large motion artefacts caused by movement of the array or poor coupling of an optical 

fibre to the scalp.  At least 80 % of channels had to pass these thresholds for inclusion of an 

infant subject’s data.   

Channels that passed the first level of inclusion were then visually inspected using the HOMER2 

toolbox (Huppert et al., 2009) and motion artefacts were identified as a rapid change or sharp 

spike from the baseline that corresponded with movement observed in video recordings of the 

scanning session.   

These motion affected segments were confirmed using previously published artefact detection 

algorithms (Lloyd-Fox et al., 2009).  This algorithm identified sharp changes in the signal caused 

by sudden movements rather than a generally noisy channel as identified by measuring the 

coefficient of variance.  The algorithm excluded trials that contained changes in HbO 
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concentration exceeding a threshold of greater than 3.5 micromolar during baseline and greater 

than 8 micromolar during the stimulus presentation  

6.2.3.2 DOT Data Processing 

Included DOT data were low-pass filtered with a frequency cut off at 1.2 Hz to remove cardiac 

noise in the signal.  Trial blocks were then detrended with a linear fit between the first and last 

4 s of the block for baseline correction to remove slow fluctuations or drifts.  Within these 4 s 

segments, we assume that all effects of the experimental stimulus have subsided (Blasi et al., 

2007).  Relative changes in HbO and HHb concentration (the haemodynamic response) were 

calculated using the modified Beer-Lambert Law (Delpy et al., 1988) with a differential 

pathlength factor of 5.13 for infants (Duncan et al., 1996).  HbT was calculated as the summation 

of HbO and HHb concentration.   

Subsequent data processing and analysis were carried out in three stages summarised in Figure 

6.2 and the steps are described in more detail in the sections to follow. 
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Figure 6.2: An overview of the three stages of data processing and analysis.  
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6.2.4 Stage 1: Initial Data Processing and Analysis 

6.2.4.1 Subjects and Trial Blocks 

A minimum of three valid trials for each auditory condition were required from each infant to 

be included for group analysis.  A total of 16 infant subjects underwent stage 1 data processing 

and analysis (M/F ratio = 9:7, median gestation = 40+5 weeks, median birthweight = 3725g, 

median scan age = 2 days).  The demographic details of the 16 subjects are summarised in Table 

6.1. There was no significant difference in the mean number of V and N trials retained for 

analysis (p=0.095). 

Subject GA at birth
Scan age 

(day)
Birthweight Gender Delivery

No. of V 
Trials

No. of N 
Trials

1 40+6 5 4060 F Forceps 4 3
2 38+0 3 2830 M Forceps 4 3
3 41+5 2 3500 F SVD 9 10
4 40+6 1 3770 F SVD 5 6
5 40+2 1 3440 M SVD 4 5
6 37+6 3 2370 F ElLSCS 4 4
7 38+6 1 3565 M SVD 3 3
8 39+2 6 3450 M EmLSCS 9 6
9 39+0 4 3375 M ElLSCS 5 3

10 39+1 1 3980 M ElLSCS 6 5
11 40+4 1 3770 F Ventouse 8 7
12 42+0 1 4270 F SVD 8 6
13 41+2 6 4180 M EmLSCS 8 6
14 41+0 2 4830 M SVD 3 4
15 40+6 2 4140 F SVD 3 3
16 41+2 2 3680 M SVD 3 3  

Table 6.1: Demographic details and number of inclusive trials from the 16 subjects included for Stage 1 
processing and analysis.  
GA=gestational age, M=male, F=female, SVD=spontaneous vaginal delivery, ElLSCS=elective lower 
section caesarean section, EmLSCS=emergency lower section caesarean section. 

 

6.2.4.2 DOT Image Reconstruction 

DOT images were reconstructed for every 0.1 s, for each 18.5 s block duration.  To illustrate the 

cortical haemodynamic changes over time, DOT images for each block were averaged across 

subjects in four time bins during the stimulus and post-stimulus periods.  During the stimulus 
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onset the time bins were: (1) 0-4 s, (2) 4-8.5 s; and during the silent rest period: (3) 8.5-11.5 s, 

(4) 11.5-14.5 s. 

Movies of group changes in cortical HbO, HHb and HbT were reconstructed by combining 

averaged DOT images across subjects at 10 frames per second.  

6.2.4.3 Image-Space Analysis 

Cerebral activation across conditions was assessed by performing a statistical analysis of regions 

of interest (ROIs) from the DOT images.  ROIs were chosen for the following areas from both 

the left and right cerebral hemispheres (Figure 6.3): 

1. Primary auditory (PA) region 

It is expected this area will be activated to auditory stimuli. 

2. Posterior superior temporal (PST) region 

The PST has previously been reported to be responsive to non-vocal sounds when compared 

to human voice in infants (Blasi et al., 2011; Grossmann et al., 2010; Lloyd-Fox et al., 2013; 

Lloyd-Fox et al., 2011).   

3. Inferior frontal (IF) region  

In recent studies, the involvement of frontal areas may be crucial in infant cognition and 

learning (Dehaene-Lambertz et al., 2002; Dehaene-Lambertz et al., 2010).  In infancy as the 

IF regions are more mature than the regions bordering the superior temporal sulcus (Leroy 

et al., 2011), this ROI would be of interest in infant studies of functional activation.  

Specifically in preterm infants, the IF regions have demonstrated responses to changes of 

consonant sounds and changes in human voice (male vs female) (Mahmoudzadeh et al., 

2013). 

The haemodynamic response in infants typically occurs between 2 s after the stimulus onset to 

a peak response at 6-12 s (Arichi et al., 2012).  In this study, an ‘activation time window’ of 6-

12 s post stimulus onset was therefore chosen to capture the haemodynamic response.  Each 
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ROI was defined as the mean signal of all nodes within a 10 mm diameter. The average HbO, 

HHb and HbT were calculated for this activation time window at each ROI for each subject.  

The haemodynamic response at each ROI was assessed across each stimulus type to identify 

condition effects.  The statistical analysis was carried out using IBM SPSS Statistics software, 

Version 26. 

 

Figure 6.3: Regions of Interest (ROI).  
A diagram to illustrate the location of the ROIs selected for image-space analysis. 

 

6.2.4.4 Channel-Wise Analysis 

The outcomes from the image-space analysis were compared with a conventional fNIRS 

channel-wise approach to assess the consistency of the results.   

In the channel-wise approach, an overall block-average of the HbO, HHb and HbT were 

calculated for each channel for each condition.  Channels overlying the corresponding ROIs 

were grouped together to form channels of interest (COIs).  This would encompass on average 

three channels (ranging from three to four) for each equivalent ROI.   

The group average HbO, HHb and HbT were calculated for each COI for each condition over 

the activation time window (6-12 s post stimulus onset).  As for the image-space analysis, the 

average haemodynamic response at each COI was investigated across the V and N conditions.   
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6.2.5 Stage 2: Investigating Habituation 

During Stage 1 data processing, diminished HbO responses and inverted haemodynamic 

responses (HHb peak with HbO trough) were observed in subsequent latter trial blocks during 

the experiment.  Due to the repetitive nature of the experiment, a possible repetition suppression 

effect from habituation, previously reported in fMRI studies (Grill-Spector et al., 2006), was 

considered.  This was investigated by reviewing data from a small sub group of infants.   

6.2.5.1 Subjects and Trial Blocks 

Datasets from these infants contained at least three valid trials from (a) ‘early’ responses: the first 

half of the experiment (i.e. the first 5 presented stimuli for N and V conditions) and (b) ‘late’ 

responses: the last half of the experiment (the last 5 presented stimuli for both conditions).  A 

total of 4 subjects were included to investigate habituation (Table 6.2). 

Early Late Early Late
3 41+5 2 3500 F SVD 5 4 5 5
8 39+2 6 3450 M EmLSCS 5 4 3 3

11 40+4 1 3770 F Ventouse 4 4 3 4
13 41+2 6 4180 M EmLSCS 4 4 3 3

No. of V Trials No. of N Ttrials
Subject GA at birth

Scan age 
(day)

Birthweight Gender Delivery

 

Table 6.2: Demographic details and number of inclusive trials from the 4 subjects included for 
investigating habituation. 
GA=gestational age, M=male, F=female, SVD=spontaneous vaginal delivery, EmLSCS=emergency 
lower section caesarean section. 

 

6.2.5.2 Reconstruction of T-map Images 

The responses for N and V conditions were averaged together (for early or late responses) since 

the effect of habituation to sound was being investigated and not the difference between the 

conditions.  DOT images were reconstructed as described earlier in section 6.2.4.2. 

T-maps of the response to these average sounds were produced by combining the DOT signal 

for N and V conditions and performing a node-wise random effects t-test across subjects using 
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the DOT images.  To identify sound sensitive ROIs, the average HbO, HHb and HbT responses 

over the activation time window of 6-12 s were calculated for each infant at each ROI.   

6.2.5.3 Statistical Analysis 

A t-test was performed for the mean signal against a zero baseline across all subjects, and a 

significant response at a ROI was defined by an increase in HbO with an alpha threshold of 0.05 

(p uncorrected).  To resolve the statistical problem of multiple comparisons, a false discovery 

rate (FDR) adjustment with an alpha value of 0.05 was applied (p adjusted) (Benjamini and 

Hochberg, 1995). 

6.2.6 Stage 3: Final Data Processing and Analysis 

Due to the diminished haemodynamic responses observed in Stage 1 data processing and the 

reduced late trial responses demonstrated in Stage 2, a third stage in the data processing and 

analysis were carried out to allow for the potential habituation effect. 

6.2.6.1 Subjects and Trial Blocks 

The responses from auditory trials in the last 4 presentations of each condition were excluded 

to avoid overall reduction of averaged responses.  The remaining stimuli (consisting of the first 

6 presentations of each condition) were selected for data processing.  A minimum of three valid 

trials for each condition were still required from each infant to be included for group analysis.   

This resulted in completion of Stage 3 processing and analysis in a total of 9 (out of the original 

16 subjects from Stage 1) that fulfilled the inclusion criteria (M/F ratio = 4:5, median 

gestation = 40+0 weeks, median birthweight = 3770g, median scan age = 2 days).  The 

demographic details of the subjects are displayed in Table 6.3.  The number of trials included 

for each subject per condition on average was 4 for the N condition and 4 for the V condition.  

There was no significant difference in the mean number of V and N trials retained for analysis 

(p=0.169). 
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Subject GA at birth
Scan age 

(day)
Birthweight Gender Delivery

No. of V 
Trials

No. of N 
Trials

1 40+6 5 4060 F Forceps 4 3
3 41+5 2 3500 F SVD 4 6
4 40+6 1 3770 F SVD 3 3
5 40+2 1 3440 M SVD 4 3
6 37+6 3 2370 F ElLSCS 3 3
8 39+2 6 3450 M EmLSCS 6 3

10 39+1 1 3980 M ElLSCS 4 3
11 40+4 1 3770 F Ventouse 5 4
13 41+2 6 4180 M EmLSCS 5 4  

Table 6.3: Demographic details and number of inclusive trials from the 9 subjects included for Stage 3 
processing and analysis. 
GA=gestational age, M=male, F=female, SVD=spontaneous vaginal delivery, ElLSCS=elective lower 
section caesarean section, EmLSCS=emergency lower section caesarean section. 

 

6.2.6.2 DOT Image Reconstruction 

DOT images were reconstructed as described earlier in section 6.2.4.2 of Stage 1 processing.   

6.2.6.3 Image-Space and Channel-Wise Analysis 

Statistical analyses were performed as described earlier in sections 6.2.4.3 and 6.2.4.4.  

  



Chapter 6 Imaging the Haemodynamic Response to Vocal and Non-Vocal Stimuli Using DOT 

 148 

6.3 Results 

6.3.1 Stage 1: Initial Results 

6.3.1.1 Stage 1: DOT Images 

DOT images were reconstructed for N and V auditory blocks in four time bins (0-4s, 4-8.5s, 

8.5-11.5s, 11.5-14.5s) to illustrate the Stage 1 group HbO (Figure 6.4), HHb (Figure 6.5) and 

HbT (Figure 6.6) changes over time during the stimulus presentation and silent rest period. 

V Condition 

In the V condition, there is a small increase in HbO, HHb and HbT concentration over the left 

middle temporal region during the stimulus presentation.  During this period, there is large 

decrease in HHb and HbT concentration on the contralateral side, and an increase in HHb and 

HbT in the left parietal and right temporo-parietal regions.   

N Condition 

In the N condition, responses in HbO, HHb and HbT concentration in both hemispheres occur 

during stimulus presentation and the first half of the silent rest period.  There is an increase in 

HbO, HHb and HbT in the left temporal region.  In contrast to the V condition, the N condition 

demonstrates a decrease in HbO and an increase in HHb in the left fronto-parietal and right 

posterior temporal regions.  There is also an increase in HHb and HbT in the right temporal 

pole. 
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Figure 6.4: DOT HbO images of Stage 1.  
The group average HbO response for the vocal condition are displayed along the first paired column and 
the non-vocal condition along the second paired column. Images are reconstructed to display the cortical 
average HbO response in: 4 and 4.5s time bins during the stimulus presentation, and two 3 s time bins 
during the silent rest period. In the vocal condition, the images show a slight increase in HbO over the 
left temporal and right temporo-parietal regions, and a decrease in the left parietal and right temporal 
regions. In the non-vocal condition, the HbO response is similar to the vocal condition but the increase 
in HbO appears greater in the left temporal and right temporo-parietal regions. There is also a larger 
decrease in HbO over the left and right parietal, and right posterior temporal regions.   
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Figure 6.5: DOT HHb images of Stage 1.  
The group average HHb response for the vocal condition are displayed along the first paired column and 
the non-vocal condition along the second paired column. Images are reconstructed to display the cortical 
average HbO response in: 4 and 4.5s time bins during the stimulus presentation, and two 3 s time bins 
during the silent rest period. In the vocal condition, there is an HHb response that increases slightly over 
the left temporal, left parietal and right temporo-parietal regions. At the same time, there is a decrease in 
HHb in the right temporal region. In the non-vocal condition, the HHb response is similar but the HHb 
increase appears greater in the right hemisphere and the response occurs in regions that are spatially 
broader compared to the vocal condition.    
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Figure 6.6: DOT HbT images of Stage 1.  
The group average HbT response for the vocal condition are displayed along the first paired column and 
the non-vocal condition along the second paired column. Images are reconstructed to display the cortical 
average HbO response in: 4 and 4.5s time bins during the stimulus presentation, and two 3 s time bins 
during the silent rest period. In the vocal condition, the HbT response is increased in the left temporal, 
left parietal, right temporo-parietal regions and the right temporal pole. In the non-vocal condition, the 
HbT response is increased bilaterally with more regions involved compared to the vocal condition. Similar 
to the vocal condition, there is an initial decrease in HbT over the right temporal region.  
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6.3.1.2 Stage 1: Vocal vs Non-Vocal Response 

Image-Space Analysis 

For the Stage 1 image-space analysis, average changes in the ROIs of the HbO, HHb and HbT 

DOT images were calculated during the activation time window (6-12 s) for the V and N 

conditions, and these are displayed in Table 6.4. 

Vocal Non Vocal Vocal Non Vocal Vocal Non Vocal
PA 0.0107 0.0340 0.0081 0.0126 0.0187 0.0466
IF 0.0031 0.0223 -0.0057 -0.0063 -0.0026 0.0161

PST 0.0078 0.0052 0.0098 0.0042 0.0176 0.0093
PA -0.0182 -0.0012 -0.0039 -0.0280 -0.0222 -0.0292
IF -0.0092 -0.0129 0.0081 0.0141 -0.0011 0.0012

PST 0.0167 0.0200 0.0127 0.0262 0.0294 0.0462

HbT (µM)ROI

Le
ft

Ri
gh

t

HbO (µM) HHb (µM)

 

Table 6.4: Stage 1 mean region of interest (ROI) changes.  
A table of the average HbO, HHb and HbT changes in the ROIs of the DOT images for the vocal and 
non-vocal conditions. PA = primary auditory; IF = inferior frontal; PST = posterior superior temporal. 

 

To assess condition effects on each ROI and hemisphere, an omnibus general linear model 

(GLM) repeated measures method was adopted.  A three-way repeated measures ANOVA was 

conducted to determine if there was an interaction between the following factors: condition (V, 

N), ROI (PA, PST, IF) and hemisphere (left, right) in HbO, HHb and HbT.  Bonferroni 

correction for multiple comparisons was applied to all subsequent post-hoc tests.  The results 

of the ANOVA are displayed in Table 6.5.   

F Statistic P Value F Statistic P Value F Statistic P Value

ROI F(2,30)=1.132 0.336 F(2,30)=0.605 0.552 F(2,30)=1.071 0.355
Cond F(1,15)=0.895 0.359 F(1,15)=0.008 0.930 F(1,15)=0.221 0.645
Hemi F(1,15)=7.502 0.015* F(1,15)=0.008 0.932 F(1,15)=1.422 0.252
ROI x Cond F(2,30)=0.986 0.386 F(2,30)=0.197 0.822 F(2,30)=0.030 0.970
ROI x Hemi F(2,30)=3.448 0.045* F(2,30)=1.424 0.257 F(2,30)=2.538 0.096
Cond x Hemi F(1,15)=0.848 0.372 F(1,15)=0.004 0.953 F(1,15)=0.209 0.654
ROI x Cond x Hemi F(2,30)=0.537 0.590 F(2,30)=0.353 0.706 F(2,30)=0.459 0.636

Within Subjects Effects
HbO HHb HbT

 

Table 6.5: Stage 1 image-space analysis.  
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A table of the results of the three-way ANOVA for HbO, HHb and HbT. Cond = condition; 
ROI = region of interest; Hemi = hemisphere.   

In the HbO DOT images, there was an overall main effect of hemisphere (F1,15 = 7.502, 

p = 0.015) and a two-way interaction between ROI and hemisphere (F2,30 = 3.448, p = 0.045).  

In the HHb and HbT images, there were no statistically significant interactions or overall main 

effects. 

Image-Space Analysis: HbO 

i. HbO: Main effect of Hemisphere 

To investigate the main effect of hemisphere in HbO, pairwise comparisons of the mean changes 

from both hemispheres revealed the HbO increase was significantly greater in the left compared 

to the right hemisphere (mean difference of 0.015 µM, p=0.015, 95% CI 0.003-0.026µM).  This 

is illustrated in the bar chart in Figure 6.7. 

 

Figure 6.7: A bar chart of the mean HbO in the left and right hemisphere.  
The error bars represent the 95% confidence interval. Each bar is annotated with the mean value of HbO. 
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ii. HbO: Two-way ROI and Hemisphere Interaction 

To explore the significant two-way ROI and hemisphere interaction, the mean HbO changes in 

each ROI in the left and right hemispheres are displayed in the bar chart in Figure 6.8, and post 

hoc analysis results are summarised in Table 6.6.  The bar chart shows increases in HbO in the 

left PA, IF and PST.  On the right, there is also an increase in HbO in the PST, but a decrease 

in the PA and IF. 

 

Figure 6.8: A bar chart of the mean HbO in each region of interest in the left and right hemisphere.  
The error bars represent the 95% confidence interval. Each bar is annotated with the mean value of HbO. 
ROI = region of interest; PA = primary auditory; IF = inferior frontal; PST = posterior superior temporal. 

 

F Statistic P Value

Left Hemi ROI F(2,30)=1.045 0.364

Right Hemi ROI F(2,30)=3.594 0.040*
PA Hemi F(1,15)=4.552 0.050*
IF Hemi F(1,16)=6.101 0.026*

PST Hemi F(1,16)=1.688 0.213

Measure
Within 

subjects 
factor 

HbO

 

Table 6.6: Stage 1 post-hoc analysis for HbO for the significant two-way ROI and hemisphere interaction. 
ROI = region of interest; Hemi = hemisphere; PA = primary auditory; IF = inferior frontal; 
PST = posterior superior temporal. 
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In the left hemisphere, there was no simple main effect of ROI (F2,30 = 1.045, p = 0.364).  In the 

right hemisphere, although there was a significant simple main effect of ROI (F2,30 = 3.594, 

p = 0.040), there were no significant mean differences in HbO across the ROIs.  In the PA 

region, the left was significantly greater than the right (mean difference 0.032 µM, p = 0.05; 95% 

CI 0.00003-0.064), and in the IF, the left was also significantly greater than the right (mean 

difference 0.024; p = 0.026; 95% CI 0.003-0.044).  There was no simple main effect of 

hemisphere in the PST region. 

Channel-Wise Analysis 

For the Stage 1 channel-wise approach, the average changes in the COIs of the HbO, HHb and 

HbT signals during the activation time window for both conditions were calculated and are 

displayed in Table 6.7.  Bonferroni correction for multiple comparisons was applied to all 

subsequent post-hoc tests. 

Vocal Non Vocal Vocal Non Vocal Vocal Non Vocal
PA 0.0611 0.1421 0.0086 0.0470 0.0697 0.1891
IF 0.0250 0.0913 -0.0072 0.0794 0.0178 0.1707

PST 0.0165 0.0262 -0.0092 0.0241 0.0073 0.0503
PA -0.0382 -0.0160 -0.0111 0.0595 -0.0493 0.0435
IF 0.0403 0.0039 0.0086 0.0694 0.0490 0.0733

PST 0.0634 0.0713 0.0193 0.0462 0.0827 0.1176

Ri
gh

t

COI HbO (µM) HHb (µM) HbT (µM)

Le
ft

 

Table 6.7: Stage 1 mean channel of interest (COI) changes.  
A table of the average HbO, HHb and HbT changes in the COIs of the DOT images for the vocal and 
non-vocal conditions. PA = primary auditory; IF = inferior frontal; PST = posterior superior temporal. 

 

Similar to the image-space analysis, a three-way repeated measures ANOVA was performed on 

the following factors: condition, COIs and hemisphere.  The results for the channel-wise analysis 

are displayed in Table 6.8.   
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F Statistic P Value F Statistic P Value F Statistic P Value

COI F(2,30) = 0.047 0.954 F(2,30) = 0.695 0.507 F(2,30) = 0.133 0.876
Cond F(1,15) = 0.219 0.646 F(1,15) = 2.430 0.140 F(1,15) = 1.187 0.293
Hemi F(1,15) = 3.851 0.069 F(1,15) = 0.562 0.465 F(1,15) = 1.338 0.266
COI x Cond F(2,30) = 0.622 0.544 F(2,30) = 1.640 0.211 F(2,30) = 0.947 0.399
COI x Hemi F(2,30) = 5.470 0.009* F(2,30) = 0.643 0.533 F(2,30) = 4.909 0.014*
Cond x Hemi F(1,15) = 1.917 0.186 F(1,15) = 0.000 0.998 F(1,15) = 1.043 0.323
COI x Cond x Hemi F(2,30) = 1.178 0.322 F(2,30) = 0.792 0.462 F(2,30) = 0.865 0.431

HbO HHb HbT
Within Subjects Effects

 

Table 6.8: Stage 1 channel-wise analysis.  
A table of the results of the three-way ANOVA for HbO, HHb and HbT. Cond = condition; 
COI = channels of interest; Hemi = hemisphere.   

 

Similar to the image-space approach, there was a significant two-way interaction between COI 

and hemisphere in the HbO (F2,30 = 5.470, p = 0.009) and HbT signal (F2,30 = 4.909, p = 0.014).  

However, there were no significant main effects of hemisphere in either signal.  There were no 

overall main effects or interactions in the HHb signal. 

Channel-Wise Analysis: HbO 

i. HbO: Two-way COI and Hemisphere Interaction 

A bar chart of the HbO changes in each COI in the left and right hemisphere are displayed in 

Figure 6.9, and the post hoc analysis results are displayed in Table 6.9, to explore the significant 

two-way COI and hemisphere interaction.  

In the left hemisphere, there was an increase in HbO in all COIs.  In the right hemisphere, there 

was also an increase in the IF and PST, however a decrease was seen in the PA.  The post hoc 

results showed that there was a significant simple main effect of COI in the right hemisphere 

(F2,30 = 3.553, p = 0.042), and simple main effect of hemisphere in the PA region (F1,15 = 6.843, 

p = 0.019).  Pairwise comparisons revealed the left PA was significantly greater than the right 

PA (mean difference 0.129; p = 0.019; 95% CI 0.024-0.234).  However, there were no significant 

differences in the pairwise comparisons between COIs in the right hemisphere. 



Chapter 6 Imaging the Haemodynamic Response to Vocal and Non-Vocal Stimuli Using DOT 

 157 

 

Figure 6.9: A bar chart of the mean HbO in the channel of interests in the left and right hemisphere.  
The error bars represent the 95% confidence interval. Each bar is annotated with the mean value of HbO. 
COI = channel of interest. 
 

F Statistic P Value

Left Hemi COI F(2,30)=2.629 0.089

Right Hemi COI F(2,30)=3.553 0.042*
PA Hemi F(1,15)=6.843 0.019*
IF Hemi F(1,16)=1.432 0.250

PST Hemi F(1,16)=3.079 0.100

HbOWithin 
subjects 

factor 

HbO 
Measure

 

Table 6.9: Stage 1 post-hoc analysis for HbO for the significant two-way interaction COI and hemisphere. 
COI = channel of interest; Hemi = hemisphere; PA = primary auditory; IF = inferior frontal; 
PST = posterior superior temporal. 
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Channel-Wise Analysis: HbT 

i. HbT: Two-way COI and Hemisphere Interaction 

The bar chart in Figure 6.10 displays the HbT changes in each COI in the left and right 

hemisphere.  Post hoc analysis results are shown in Table 6.10 for the significant two-way COI 

and hemisphere interaction. 

 

Figure 6.10: A bar chart of the mean HbT in the channel of interests in the left and right hemisphere.  
The error bars represent the 95% confidence interval. Each bar is annotated with the mean value of HbT. 
COI = channel of interest. 

 

F Statistic P Value

Left Hemi COI F(2,30)=2.948 0.068

Right Hemi COI F(2,30)=2.368 0.111

PA Hemi F(1,15)=5.350 0.035*
IF Hemi F(1,16)=0.766 0.395

PST Hemi F(1,16)=2.943 0.107

HbT

Measure
Within 

subjects 
factor 

 

Table 6.10: Stage 1 post-hoc analysis for HbT for the significant two-way COI and hemisphere interaction. 
COI = channel of interest; Hemi = hemisphere; PA = primary auditory; IF = inferior frontal; 
PST = posterior superior temporal. 
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Similar to the HbO changes, there was an increase in HbT in all COIs in the left, and in the IF 

and PST in the right hemisphere.   

The post hoc results showed there was a significant simple main effect of hemisphere in the PA 

region (F1,15 = 5.350, p = 0.035).  Pairwise comparisons revealed the left PA was significantly 

greater than the right PA (mean difference 0.132; p = 0.035; 95% CI 0.010-0.254).   

6.3.2 Stage 2: Investigating Habituation Results 

6.3.2.1 Haemodynamic responses 

This section contains figures from two subjects to illustrate the changes observed in the 

haemodynamic responses with subsequent trials.  

Examples of diminishing and inverted haemodynamic responses with subsequent trials are 

displayed in (1) Figure 6.11, Figure 6.12 and Figure 6.13 for the V condition in Subject 3; and 

(2) Figure 6.14, Figure 6.15 and Figure 6.16 for the N condition in Subject 5. 

In Subject 13, the V condition generated an increase in HbO concentration in the channels 

overlying the left hemisphere during Trial 1 (Figure 6.11).  The HbO responses over the same 

area appear similar in Trial 5 (Figure 6.12).  In Trial 8, the haemodynamic responses are inverted 

and characterised by an increase in HHb and a decrease in HbO concentration over most 

channels across the head (Figure 6.13).  

In Subject 5, the N condition haemodynamic response was characterised by an increase in HbO 

concentration in channels bilaterally in Trial 1 (Figure 6.14).  In Trial 5 (Figure 6.15) and Trial 

10 (Figure 6.16), inverted haemodynamic responses were observed over the same channels. 

 



 

 

 

Figure 6.11: Haemodynamic responses to vocal stimuli during Trial 1 for Subject 13. 
There is an increase in HbO in the channels mainly over the left side of the head. Each box represents a channel. The changes in HbO (red) and HHb 
(blue) can be seen within each box. The channels on the left side of the figure cover the left side of the head. The channels at the top of the figure cover 
the anterior aspect of the head. The channel number is labelled above each box. The two vertical lines within each box represents the start and end of the 
stimulus presentation. Note, some poor channels have not yet been excluded. Ch=channel.  



 

 

 

Figure 6.12: Haemodynamic responses to vocal stimuli during Trial 5 for Subject 13. 
There is an increase in HbO in most channels covering both sides of of the head. Each box represents a channel. The changes in HbO (red) and HHb 
(blue) can be seen within each box. The channels on the left side of the figure cover the left side of the head. The channels at the top of the figure cover 
the anterior aspect of the head. The channel number is labelled above each box. The two vertical lines within each box represents the start and end of the 
stimulus presentation. Note, some poor channels have not yet been excluded. Ch=channel.  



 

  

 

Figure 6.13: Haemodynamic responses to vocal stimuli during Trial 8 for Subject 13. 
There is a decrease in HbO in most of the channels. Each box represents a channel. The changes in HbO (red) and HHb (blue) can be seen within each 
box. The channels on the left side of the figure cover the left side of the head. The channels at the top of the figure cover the anterior aspect of the head. 
The channel number is labelled above each box. The two vertical lines within each box represents the start and end of the stimulus presentation. Note, 
some poor channels have not yet been excluded. Ch=channel.  



 

 

 

Figure 6.14: Haemodynamic responses to non-vocal stimuli during Trial 1 for Subject 5. 
There is an increase in HbO in most channels (and an increase in HHb in some channels) across the head. Each box represents a channel. The changes 
in HbO (red) and HHb (blue) can be seen within each box. The channels on the left side of the figure cover the left side of the head. The channels at the 
top of the figure cover the anterior aspect of the head. The channel number is labelled above each box. The two vertical lines within each box represents 
the start and end of the stimulus presentation. Note, some poor channels have not yet been excluded. Ch=channel.  



 

  

 

Figure 6.15: Haemodynamic responses to non-vocal stimuli during Trial 5 for Subject 5. 
There is a decrease in HbO in most channels. Each box represents a channel. The changes in HbO (red) and HHb (blue) can be seen within each box. 
The channels on the left side of the figure cover the left side of the head. The channels at the top of the figure cover the anterior aspect of the head. The 
channel number is labelled above each box. The two vertical lines within each box represents the start and end of the stimulus presentation. Note, some 
poor channels have not yet been excluded. Ch=channel.  



 

 

 
 

Figure 6.16: Haemodynamic responses to non-vocal stimuli during Trial 10 for Subject 5. 
There is a decrease in HbO in most channels. Each box represents a channel. The changes in HbO (red) and HHb (blue) can be seen within each box. 
The channels on the left side of the figure cover the left side of the head. The channels at the top of the figure cover the anterior aspect of the head. The 
channel number is labelled above each box. The two vertical lines within each box represents the start and end of the stimulus presentation. Note, some 
poor channels have not yet been excluded. Ch=channel. 
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6.3.2.2 DOT images 

To inspect and compare the haemodynamic responses in the early and late auditory trials, the 

average HbO, HHb and HbT responses for the V and N conditions were combined in the four 

subjects selected for Stage 2 processing.   

DOT images of the combined responses averaged over the activation time window (6-12 s) are 

displayed in Figure 6.17.  The DOT images for the early trials show increases in HbO over the 

left temporal, and right posterior temporal and anterior parietal regions.  There is a slight increase 

in HHb over the same regions but a larger decrease over the right temporo-parietal region.  HbT 

increases occur bilaterally over both hemispheres, with a decrease over the right temporo-parietal 

and posterior parietal regions.   

In the late trials, the increase in HbO is less marked in both hemispheres compared to the early 

trials.  There is also a greater increase in HHb in the left temporal region.  HbT also increases in 

the left temporal region, but there are more regions which demonstrate a decrease in HbT 

compared to the early trials (including the left inferior frontal, temporal pole and parietal regions, 

and right temporal and parietal regions).  

 

Figure 6.17: DOT images of the Stage 2 group average HbO, HHb and HbT responses. 
The images are an average response during the activation time window (6-12 seconds) for the N and V 
stimuli combined.   
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6.3.2.3 T-Maps  

The t-maps generated for the combined auditory stimuli for early and late trials are displayed in 

Figure 6.18.  The ROIs with an increase from the zero baseline (p < 0.05 uncorrected) during 

the activation time window are indicated by the solid red dots in the images below the 

corresponding t-maps for HbO, HHb and HbT. 

In the late trials, there were no significant differences in HbO, HHb or HbT concentration in 

any of the ROIs against the zero baseline. 

In the early trials, increases were observed in the left PA for HbO (p unc = 0.0224, 

p adj = 0.1344) and HbT (p unc = 0.0317, p adj = 0.0950), and in the left IF region for HbO 

(p unc = 0.0278, p adj = 0.4781). 
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Figure 6.18: T maps indicating activated cortical regions over an activation window of 6-12 s post stimulus 
onset for the combined auditory conditions. 
The maps are produced for early and late trial responses (threshold at 50 % of the max t-value).  The red 
circles indicate locations of the regions of interest (ROIs).  The solid red dots indicate ROIs with an 
increase above the zero baseline (p < 0.05 uncorrected). 
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6.3.3 Stage 3: Final Results 

6.3.3.1 Stage 3: DOT Images 

In Stage 3, nine infants fulfilled the inclusion criteria of demonstrating at least three valid early 

trials for V and N stimuli. 

DOT images were reconstructed for V and N auditory blocks in four time bins (0-4s, 4-8.5s, 

8.5-11.5s, 11.5-14.5s) to illustrate the Stage 3 group average HbO (Figure 6.19), HHb (Figure 

6.20) and HbT (Figure 6.21) changes over time during the stimulus presentation and silent rest 

period. 

V Condition 

In the V condition, the greatest HbO increase occurs in a focal region of the left middle temporal 

area during stimulus presentation. The HbO response is decreased in the contralateral region, 

and also in the right posterior temporal region.  HHb decreases, in response to the V condition, 

over the bilateral parietal and left inferior temporal regions, and increases in the left temporal, 

left anterior parietal and right inferior frontal regions.  Similar to HbO, HbT increases in a large 

area covering the left middle temporal region extending superiorly to the left anterior parietal 

region.  There is also an increase in HbT in the right hemisphere over the inferior frontal, PST 

and posterior parietal regions.  The HbT response is decreased in areas of the left inferior 

temporal, left posterior parietal, right anterior parietal and right inferior temporal regions.   

Overall, the V condition appears to generate a focal increase in HbO and HbT in a region 

overlying the left primary auditory region. 

N Condition 

In comparison to the V condition, the N condition initiated an initial decreased HbO response 

in multiple cortical areas covering both left and right hemispheres during the first 4 s of the 

stimulus presentation.  During the second half of the stimulus and into the silent rest period, 

HbO increases bilaterally in multiple regions including the left middle temporal, left PST, left 



Chapter 6 Imaging the Haemodynamic Response to Vocal and Non-Vocal Stimuli Using DOT 

 170 

parietal, right PST, right temporal pole, right temporo-parietal and right parietal regions.  The 

HHb response decreases in small regions in the left temporo-parietal area, and in the right middle 

temporal and right posterior parietal regions.  HHb generally increases bilaterally, during the last 

4.5 s of the stimulus presentation and into the first half of the silent rest period, over multiple 

cortical regions including the left temporal, left PST, left parietal, right superior temporal, and 

right temporo-parietal regions.  There is a largely increased HbT response covering most of the 

cortical regions in both the left and right hemispheres. During the first 4 s of the stimulus 

presentation, there is an initial HbT decrease in areas in the right temporal, right PST, and left 

temporo-parietal regions.  During the second half and into the silent rest period, HbT increases 

in most cortical regions mainly in the left extended temporal, left parietal and right temporo-

parietal regions. 

In contrast to the focal HbO and HbT increase seen in the V condition, the N condition 

produced HbO, HHb and HbT changes covering spatially broad cortical regions.   
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Figure 6.19: DOT HbO images of Stage 3. 
The group average HbO response for the vocal condition are displayed along the first paired column and 
the non-vocal condition along the second paired column.  Images are reconstructed to display the cortical 
average HbO response in: 4 and 4.5s time bins during the stimulus presentation, and two 3 s time bins 
during the silent rest period.  In the vocal condition, the greatest HbO increase occurs in a focal region of 
the left middle temporal area during stimulus presentation. The HbO response is decreased in the 
contralateral region, and also in the right posterior temporal region. In the non-vocal condition, the HbO 
response initially decreases, during the first half of the stimulus presentation, in multiple regions across 
both left and right hemispheres.  During the second half and into the silent rest period, HbO increases 
bilaterally in multiple regions including the left temporal, left PST, left parietal, right PST, right temporal 
pole, right temporo-parietal and right parietal regions.   
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Figure 6.20: DOT HHb images of Stage 3. 
The group average HHb response for the vocal condition are displayed along the first paired column and 
the non-vocal condition along the second paired column.  Images are reconstructed to display the cortical 
average HHb response in: 4 and 4.5s time bins during the stimulus presentation, and two 3 s time bins 
during the silent rest period.  In the vocal condition, there is a decrease in HHb over the bilateral parietal 
regions and left inferior temporal region.  There is an increase in HHb in the left middle temporal, left 
anterior parietal and right inferior frontal region.  In the non-vocal condition, the HHb response decreases 
in a region in the left temporo-parietal area, and in the right middle temporal and right posterior parietal 
regions.  HHb increases bilaterally over multiple cortical regions including the left temporal, left PST, left 
parietal, right superior temporal, and right temporo-parietal regions.   
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Figure 6.21: DOT HbT images of Stage 3. 
The group average HbT response for the vocal condition are displayed along the first paired column and 
the non-vocal condition along the second paired column.  Images are reconstructed to display the cortical 
average HbT response in: 4 and 4.5s time bins during the stimulus presentation, and two 3 s time bins 
during the silent rest period.  In the vocal condition, the HbT response increases over the left anterior 
parietal, left middle temporal, right inferior frontal, right PST and right posterior parietal regions. The 
HbT response is decreased in areas of the left inferior temporal, left posterior parietal, right anterior 
parietal and right inferior temporal regions.  In the non-vocal condition, there is a largely increased HbT 
response covering most of the cortical regions in the left and right hemispheres. During the first half of 
the stimulus presentation, there is an initial HbT decrease in areas in the right temporal, right PST, and 
left temporo-parietal regions.  During the second half and into the silent rest period, HbT increases in the 
left extended temporal, left parietal and right temporo-pa§rietal regions.  
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6.3.3.2 Stage 3: Vocal vs Non-Vocal Response 

Image-Space Analysis 

Images of the Stage 3 group average responses, over the activation time window (6-12 s), for 

each condition were created and are displayed in Figure 6.22.   

As described in the previous section 6.3.3.1, the increased HbO and HbT responses are largely 

localised over the left middle temporal region in the V condition, but occur bilaterally over 

spatially broad regions in the N condition. 

 

Figure 6.22: DOT images of the Stage 3 group average HbO, HHb and HbT responses for the vocal and 
non-vocal conditions over the activation time window of 6-12 seconds.   
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For the Stage 3 image-space analysis, average changes in the ROIs of the HbO, HHb and HbT 

DOT images were calculated during the activation time window (6-12 s) for the V and N 

conditions, and these are displayed in Table 6.11.  Bonferroni correction for multiple 

comparisons was applied to all subsequent post-hoc tests. 

Vocal Non Vocal Vocal Non Vocal Vocal Non Vocal
PA 0.0453 0.0925 0.0014 0.0174 0.0467 0.1099
IF 0.0069 0.0262 0.0074 -0.0078 0.0143 0.0185

PST -0.0014 0.0259 -0.0091 -0.0104 -0.0105 0.0156
PA -0.0176 -0.0145 0.0087 0.0015 -0.0089 -0.0129
IF 0.0033 0.0006 0.0586 0.0364 0.0619 0.0370

PST 0.0174 0.0313 0.0183 0.0549 0.0357 0.0862

ROI HbO (µM) HHb (µM) HbT (µM)

Le
ft

Ri
gh

t

 

Table 6.11: Stage 3 mean region of interest (ROI) changes. 
A table of the average HbO, HHb and HbT changes in the ROIs of the DOT images for the vocal and 
non-vocal conditions. PA = primary auditory; IF = inferior frontal; PST = posterior superior temporal. 

 

The responses in ROIs and hemispheres were investigated between condition types using an 

omnibus general linear model (GLM) three-way ANOVA with condition, ROI and hemisphere 

as the repeated measures factors.  The results are displayed in Table 6.12.   

F Statistic P Value F Statistic P Value F Statistic P Value

ROI F(2,16)=1.483 0.257 F(2,16)=0.237 0.791 F(2,16)=0.003 0.997
Cond F(1,8)=3.268 0.108 F(1,8)=0.002 0.965 F(1,8)=0.381 0.554
Hemi F(1,8)=15.573 0.004* F(1,8)=15.375 0.004* F(1,8)=0.006 0.942
ROI x Cond F(2,16)=0.245 0.785 F(2,16)=0.485 0.624 F(2,16)=0.981 0.396
ROI x Hemi F(2,16)=12.337 0.001* F(2,16)=1.136 0.346 F(2,16)=6.093 0.011*
Cond x Hemi F(1,8)=5.834 0.049* F(1,8)=0.008 0.929 F(1,8)=0.605 0.459
ROI x Cond x Hemi F(2,16)=0.324 0.728 F(2,16)=0.788 0.472 F(2,16)=0.693 0.515

Within Subjects Effects
HbO HHb HbT

 

Table 6.12: Stage 3 image-space analysis. 
A table of the results of the three-way ANOVA for HbO, HHb and HbT. Cond = condition; 
ROI = region of interest; Hemi = hemisphere.   

 

There was an overall significant main effect of hemisphere in HbO (F1,8 = 15.573, p = 0.004), 

and in HHb (F1,8 = 15.375, p = 0.004).  There were significant two-way interactions between 

ROI and hemisphere in HbO (F2,16 = 12.337, p = 0.001), and HbT (F2,16 = 6.093, p = 0.011), 
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and between condition and hemisphere in HbO (F1,8 = 5.834, p = 0.049).  There were no 

significant three-way interactions.  

Image-Space Analysis: HbO 

i. HbO: Main Effect of Hemisphere 

The bar chart in Figure 6.23 illustrates the mean HbO in each hemisphere.  Pairwise comparisons 

revealed the HbO changes were significantly greater in the left compared to the right hemisphere 

(mean difference of 0.029 µM, p=0.004, 95% CI 0.012-0.046 µM).   

 

Figure 6.23: A bar chart of the mean HbO in the left and right hemisphere. 
The error bars represent the 95% confidence interval. Each bar is annotated with the mean value of HbO. 

 

ii. HbO: Two-Way ROI and Hemisphere Interaction 

To explore the significant two-way ROI and hemisphere interaction, the mean HbO changes in 

each ROI in the left and right hemispheres are displayed in the bar chart in Figure 6.24, and post 

hoc analysis results are displayed in Table 6.13. 
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Figure 6.24: A bar chart of the mean HbO in each region of interest in the left and right hemisphere. 
The error bars represent the 95% confidence interval. Each bar is annotated with the mean value of HbO. 
ROI = region of interest; PA = primary auditory; IF = inferior frontal; PST = posterior superior temporal. 

 

F Statistic P Value

Left Hemi ROI F(2,16)=9.189 0.002*
Right Hemi ROI F(2,16)=4.380 0.030*

PA Hemi F(1,8)=29.431 0.001*
IF Hemi F(1,8)=1.947 0.200

PST Hemi F(1,8)=0.671 0.436

Measure
Within 

subjects 
factor 

HbO

 

Table 6.13: Stage 3 post-hoc analysis for HbO for the significant two-way interaction ROI and hemisphere. 
ROI = region of interest; Hemi = hemisphere; PA = primary auditory; IF = inferior frontal; 
PST = posterior superior temporal. 
 

In the left hemisphere, there was a significant simple main effect of ROI (F2,16 = 9.189, 

p = 0.002) where the increase in HbO was significantly greater in the PA compared to the IF 

(mean difference of 0.052 µM, p=0.04, 95% CI 0.002-0.102 µM), and PST (mean difference of 

0.057 µM, p=0.024, 95% CI 0.008-0.105 µM).   

In the right hemisphere, the mean HbO was decreased compared to a small increase in the IF 

and a larger increase in the PST.  Post hoc analysis revealed a significant simple main effect of 
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ROI on the right side (F2,16 = 4.380, p = 0.030).  HbO was significantly greater in the right PST 

compared to the right PA (mean difference of 0.040 µM, p=0.023, 95% CI 0.006-0.075 µM). 

In the PA region, there was a significant simple main effect of hemisphere (F1,8 = 29.431, 

p = 0.001).  Pairwise comparisons revealed HbO was significantly greater in the left PA 

compared to the right PA (mean difference of 0.085 µM, p=0.001, 95% CI 0.049-0.121 µM). 

iii. HbO: Two-Way Condition and Hemisphere Interaction 

To explore the significant two-way condition and hemisphere interaction, the mean HbO 

changes for the N and V conditions in the left and right hemispheres are displayed in the bar 

chart in Figure 6.25, and post hoc analysis results are displayed in Table 6.14. 

 

Figure 6.25: A bar chart of the mean HbO for the N and V conditions in the left and right hemisphere. 
The error bars represent the 95% confidence interval. Each bar is annotated with the mean value of HbO. 
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F Statistic P Value

Left Hemi Cond F(1,8)=5.674 0.044*
Right Hemi Cond F(1,8)=0.249 0.631

Vocal Hemi F(1,8)=2.566 0.148
Non Vocal Hemi F(1,8)=23.782 0.001*

HbO 
Measure

Within 
subjects 

factor 

HbO

 

Table 6.14: Stage 3 post-hoc analysis for HbO for the significant two-way interaction condition and 
hemisphere. 
Hemi = hemisphere; Cond = condition, PA = primary auditory; IF = inferior frontal; PST = posterior 
superior temporal. 

 

In the left hemisphere, the increase in HbO was significantly greater for the N condition 

compared to the V condition (mean difference of 0.031 µM, p=0.044, 95% CI 0.001-0.062 µM).  

Pairwise comparisons also revealed that in the N condition, HbO was significantly greater in the 

left compared to the right hemisphere (mean difference of 0.042 µM, p=0.001, 95% CI 0.022-

0.062 µM). 

Image-Space Analysis: HHb 

i. HHb: Main Effect of Hemisphere 

The bar chart in Figure 6.26 illustrates the mean HHb in each hemisphere.  Pairwise comparisons 

revealed the HHb changes were significantly greater in the right compared to the left hemisphere 

(mean difference of 0.030 µM, p=0.004, 95% CI 0.012-0.048 µM).   
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Figure 6.26: A bar chart of the mean HHb in the left and right hemisphere. 
The error bars represent the 95% confidence interval. Each bar is annotated with the mean value of HHb. 

 

Image-Space Analysis: HbT 

i. HbT: Two-Way ROI and Hemisphere Interaction 

To explore the significant two-way ROI and hemisphere interaction, the mean HbT changes in 

each ROI in the left and right hemispheres are displayed in the bar chart in Figure 6.27, and post 

hoc analysis results are displayed Table 6.15. 

Similar to the HbO changes, HbT increases in all ROIs in the left hemisphere, and in the IF and 

PST in the right hemisphere.  There is a decrease in HbT in the right PA region.  This is 

demonstrated by the significant simple main effect of hemisphere in the PA region where HbT 

is significantly greater in the left PA compared to the right PA (mean difference of 0.089 µM, 

p=0.028, 95% CI 0.013-0.166 µM).  HbT is also significantly greater in the right PST compared 

to the left PST (mean difference of 0.058 µM, p=0.036, 95% CI 0.005-0.112 µM). 
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Figure 6.27: A bar chart of the mean HbT in each region of interest in the left and right hemisphere. 
The error bars represent the 95% confidence interval. Each bar is annotated with the mean value of HbT. 
ROI = region of interest; PA = primary auditory; IF = inferior frontal; PST = posterior superior temporal. 

 

F Statistic P Value

Left Hemi ROI F(2,16)=2.196 0.144
Right Hemi ROI F(2,16)=2.793 0.091

PA Hemi F(1,8)=7.227 0.028*
IF Hemi F(2,16)=1.531 0.251

PST Hemi F(2,16)=6.323 0.036*

HbT
Measure

Within 
subjects 

factor 

 

Table 6.15: Stage 3 post-hoc analysis for HbT for the significant two-way interaction ROI and hemisphere. 
ROI = region of interest; Hemi = hemisphere; PA = primary auditory; IF = inferior frontal; 
PST = posterior superior temporal. 
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Channel-Wise Analysis  

For the Stage 3 channel-wise approach, the average changes in the COIs of the HbO, HHb and 

HbT signals during the activation time window for both conditions were calculated and 

displayed in Table 6.16.   

Vocal Non Vocal Vocal Non Vocal Vocal Non Vocal
PA 0.1687 0.3055 0.0257 0.0989 0.1944 0.4044
IF 0.0547 0.1359 -0.0039 0.0999 0.0508 0.2358

PST 0.0394 0.1795 -0.0106 0.0858 0.0288 0.2653
PA -0.0600 0.0432 -0.0188 0.1360 -0.0788 0.1792
IF 0.0565 0.1049 0.0106 0.1307 0.0671 0.2356

PST 0.0242 0.1808 0.0093 0.0462 0.0335 0.2269

Ri
gh

t

COI HbO (µM) HHb (µM) HbT (µM)

Le
ft

 

Table 6.16: Stage 3 mean channel of interest (COI) changes. 
A table of the average HbO, HHb and HbT changes in the COIs of the DOT images for the vocal and 
non-vocal conditions. PA = primary auditory; IF = inferior frontal; PST = posterior superior temporal. 

 

The results of the Stage 3 channel-wise three-way repeated measures ANOVA for condition, 

COIs and hemisphere are displayed in Table 6.17.  Bonferroni correction for multiple 

comparisons was applied to all subsequent post-hoc tests. 

F Statistic P Value F Statistic P Value F Statistic P Value

COI F(2,16)=1.483 0.718 F(2,16)=0.717 0.503 F(2,16)=0.263 0.772
Cond F(1,8)=3.389 0.103 F(1,8)=3.261 0.109 F(1,8)=4.205 0.074
Hemi F(1,8)=6.582 0.033* F(1,8)=0.123 0.735 F(1,8)=5.078 0.054
COI x Cond F(2,16)=0.989 0.394 F(2,16)=1.361 0.284 F(2,16)=0.423 0.662
COI x Hemi F(2,16)=6.530 0.008* F(2,16)=0.453 0.643 F(2,16)=4.793 0.023*
Cond x Hemi F(1,8)=0.060 0.813 F(1,8)=0.309 0.594 F(1,8)=0.002 0.963
COI x Cond x Hemi F(2,16)=0.182 0.835 F(2,16)=1.850 0.189 F(2,16)=0.229 0.798

Within Subjects Effects
HbO HHb HbT

 

Table 6.17: Stage 3 channel-wise analysis. 
A table of the results of the three-way ANOVA for HbO, HHb and HbT. Cond = condition; 
COI = channels of interest; Hemi = hemisphere. 

 

There was a significant overall main effect of hemisphere in HbO (F1,8 = 6.582, p = 0.033), and 

a significant two-way interaction of COI and hemisphere in HbO (F2,16 = 6.530, p = 0.008) and 
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in HbT (F2,16 = 4.793, p = 0.023).  There were no overall main effects or interactions in the HHb 

signal. 

Channel-Wise Analysis: HbO 

i. HbO: Main Effect of Hemisphere 

The bar chart in Figure 6.28 shows the mean HbO in each hemisphere.  Pairwise comparisons 

revealed the HbO changes were significantly greater in the left compared to the right hemisphere 

(mean difference of 0.089 µM, p=0.033, 95% CI 0.009-0.169 µM).   

 

Figure 6.28: A bar chart of the mean HbO in the left and right hemisphere. 
The error bars represent the 95% confidence interval. Each bar is annotated with the mean value of HbO. 

 

ii. HbO: Two-Way COI and Hemisphere Interaction 

The mean HbO changes in each COI in the left and right hemispheres are shown in the bar 

chart in Figure 6.29.  Post hoc analysis was carried out to investigate the significant two-way 

ROI and hemisphere interaction and the results are shown in Table 6.18. 
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Figure 6.29: A bar chart of the mean HbO in each channel of interest in the left and right hemisphere. 
The error bars represent the 95% confidence interval. Each bar is annotated with the mean value of HbO. 
COI = channel of interest; PA = primary auditory; IF = inferior frontal; PST = posterior superior 
temporal. 
 

F Statistic P Value

Left Hemi COI F(2,16)=7.943 0.004*
Right Hemi COI F(2,16)=2.015 0.166

PA Hemi F(1,8)=14.386 0.005*
IF Hemi F(1,8)=0.085 0.777

PST Hemi F(1,8)=0.019 0.893

Measure
Within 

subjects 
factor 

HbO

 

Table 6.18: Stage 3 post-hoc analysis for HbO for the significant two-way interaction COI and hemisphere. 
COI = channel of interest; Hemi = hemisphere; PA = primary auditory; IF = inferior frontal; 
PST = posterior superior temporal. 

 

HbO increased in all COIs in the left hemisphere with a significant simple main effect of COI 

(F2,16 = 7.943, p = 0.004) where the increase in HbO was significantly greater in the PA 

compared to the IF (mean difference of 0.142 µM, p=0.004, 95% CI 0.054-0.230 µM).  In the 

right hemisphere, there is a small decrease in HbO in the PA, and increases in HbO in the IF 

and PST, however there were no significant differences between the COIs.   
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In the PA region, there was a significant simple main effect of hemisphere (F1,8 = 14.386, 

p = 0.005).  Pairwise comparisons revealed HbO was significantly greater in the left PA 

compared to the right PA (mean difference of 0.246 µM, p=0.005, 95% CI 0.096-0.395 µM). 

Channel-Wise Analysis: HbT 

i. HbT: Two-Way COI and Hemisphere Interaction 

The bar chart in Figure 6.30 shows the mean HbT changes in each COI in the left and right 

hemispheres.  The results of the post hoc analysis, to investigate the significant two-way ROI 

and hemisphere interaction in HbT, are shown in Table 6.19:. 

 

Figure 6.30: A bar chart of the mean HbT in each channel of interest in the left and right hemisphere. 
The error bars represent the 95% confidence interval. Each bar is annotated with the mean value of HbT. 
COI = channel of interest; PA = primary auditory; IF = inferior frontal; PST = posterior superior 
temporal. 
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F Statistic P Value

Left Hemi COI F(2,16)=8.423 0.003*
Right Hemi COI F(2,16)=0.735 0.495

PA Hemi F(1,8)=12.515 0.008*
IF Hemi F(2,16)=0.017 0.899

PST Hemi F(2,16)=0.070 0.798

Measure
Within 

subjects 
factor 

HbT

CO
I x

 H
em

i
 

Table 6.19: Stage 3 post-hoc analysis for HbT for the significant two-way interaction COI and hemisphere. 
COI = channel of interest; Hemi = hemisphere; PA = primary auditory; IF = inferior frontal; 
PST = posterior superior temporal. 
 

Similar to the HbO signal, HbT increased in all COIs in the left hemisphere.  There was a 

significant simple main effect of COI in the left (F2,16 = 8.423, p = 0.003) where HbO was 

significantly greater in the PA than the IF (mean difference of 0.156 µM, p=0.010, 95% CI 0.042-

0.270 µM) and PST (mean difference of 0.152 µM, p=0.030, 95% CI 0.015-0.289 µM).  In the 

right hemisphere, HbT also increased in all COIs however there were no significant differences 

between them. 

In the PA region, there was a significant simple main effect of hemisphere (F1,8 = 12.515, 

p = 0.008).  Pairwise comparisons showed that HbT was greater in the left PA compared to the 

right PA (mean difference of 0.249 µM, p=0.008, 95% CI 0.087-0.412 µM). 
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6.4 Discussion 

This study applied DOT to image the haemodynamic response to vocal and non-vocal sounds 

in newborn infants.  To my knowledge, these are the first DOT images produced of these 

responses in infants aged 1-6 days of life.   

6.4.1 The left hemisphere demonstrates greater response than the right 

hemisphere to auditory stimuli in neonates. 

In the DOT images, a significant main effect of hemisphere was consistently seen for HbO in 

the omnibus GLM in the initial Stage 1 and final Stage 3 image-space analysis.  The increase in 

HbO response to auditory stimuli was significantly greater in the left compared to the right.  As 

hypothesised, the maximal HbO response was greatest in the PA region, although this was 

specific to the left hemisphere, in the final Stage 3 analysis.  

Previous infant studies have suggested the left temporal cortex to be an important specialised 

area in speech and language processing in neonates.  Using fNIRS, Pena demonstrated the 

response (in the HbT signal) in this region was significantly greater to infant-directed speech 

compared to the same speech sounds played in reverse in 2 – 5 day old infants (Peña et al., 2003).  

Similarly, significantly increased activation in response to native compared to reversed-native or 

non-native speech has been reported using fNIRS in infants under a week postnatal age (Sato et 

al., 2012; Vannasing et al., 2016).   

While these studies indicate a role for the left temporal region in speech and language processing, 

the vocal stimuli used in this study did not contain linguistic information, and instead my findings 

suggested the left hemisphere to be more responsive to non-vocal sounds compared to 

vocalisations at this early developmental stage.  This is explored in more detail in the next section. 
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6.4.2 Neonates demonstrate spatially broad responses to non-vocal sounds 

and localised responses to human voice. 

The DOT images in the final Stage 3 analysis demonstrated a pattern of response that was 

localised in the left middle temporal region for HbO and HbT to vocal sounds.  In comparison, 

the non-vocal sounds produced a more spatially broad pattern of responses bilaterally.  However, 

vocal specialisation (V condition response greater than N condition) was absent in this group of 

infants.  Instead, non-vocal selective responses (N condition response greater than V condition) 

were seen in the left hemisphere for HbO, and not specific to the posterior temporal regions as 

previously hypothesised. 

Cristia et al. observed a similar pattern of cerebral activity in an fNIRS study investigating 

haemodynamic responses to speech, human emotional vocalisations and monkey calls in 

neonates at 0 – 6 days of life (Cristia et al., 2014).  Similar to the large auditory responses seen in 

the left hemisphere in the DOT images, the authors reported the fronto-temporal and parietal 

regions in the left hemisphere were strongly active compared to the right, when responses of all 

of their auditory stimuli were grouped together.  When assessing each condition separately (at 

uncorrected p-value levels), the emotional vocalizations activated fNIRS channels in the left 

hemisphere (inferior frontal, superior temporal, posterior superior temporal), while for 

scrambled sounds (auditory control), activation was observed bilaterally (left fronto-temporal, 

right superior temporal gyrus).  However, selective responses between the condition types were 

absent, and individual responses to each condition were weak.  In comparison, my findings 

revealed selective responses to non-vocal sounds in the left hemisphere (for HbO).  This 

discrepancy may be due to the different optical techniques used.  In particular, the relatively 

reduced spatial sensitivity in fNIRS methodology could be a limitation compared to DOT image 

reconstruction (Boas et al., 2004).  For example, functional DOT images have been 

demonstrated to show high contrast-to-noise ratio when compared to conventional fNIRS data 

in newborn infants presented with visual stimuli (Liao et al., 2012).  

In collaboration with Lloyd-fox et al. the same auditory stimuli were used in a recent infant 

fNIRS study investigating cortical specialisation to social stimuli in a Gambian cohort of 19 day 

to 2 month old infants  (Lloyd-Fox et al., 2017).  Although the authors were limited in the field-

of-view to the right hemisphere, they observed widespread non-vocal responses, but a localised 
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vocal response in the anterior temporal lobe, in a similar pattern to the DOT HbT image for the 

V condition.  Also similar to my findings, when the authors compared activation of non-voice 

to voice stimuli, vocal specialisation (voice response greater than non-voice) was absent, and 

instead they identified non-vocal selectivity (non-voice response greater than voice).  However, 

this was seen in the posterior superior temporal sulcus bilaterally, while in my findings this was 

limited to the left hemisphere.  This could be explained by the age difference between both 

cohorts, as selectivity to different types of auditory stimuli could be related to postnatal 

experience. 

As infants mature beyond the first 6 months of life, the location of cortical regions sensitive to 

human voice begin to resemble the cortical ‘temporal voice areas’ (TVA) reported in adults (in 

the bilateral anterior and middle superior temporal sulcus) (Grossmann et al., 2010; Lloyd-Fox 

et al., 2011).  The absence of vocal specialisation (vocal response greater than non-vocal), 

particularly in the left hemisphere, in infants by 6 months of age has been shown to be associated 

with later social communication disorders such as autism (Lloyd-Fox et al., 2018).  Although 

vocal specialisation may not be evident in the first week of life, owing to larger haemodynamic 

changes to the N condition in comparison to the V condition, the spatial distribution of the 

haemodynamic responses to the each stimulus type was visually distinct and have been 

previously reported in infants (Cristia et al., 2014; Lloyd-Fox et al., 2017; Lloyd-Fox et al., 2011).  

The pattern of responses observed in this study help to characterise the cortical response to 

voice at this early stage, and therefore helps to contribute to existing research in auditory evoked 

responses in newborn infants.  The response pattern observed may be a reflection of the 

presence of an early cortical organisation that may help shape the maturity of later vocal 

specialisation as the newborn brain continues to develop postnatally. 

6.4.3 Early auditory trials demonstrate responses to sound that are absent 

in late auditory trials. 

Potential habituation effects were investigated in this study as the haemodynamic response 

appeared to diminish or become inverted for subsequent trial blocks on visual inspection of the 

processed data.   
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Habituation to repeated presentations of the same stimulus has previously been described in 

infant studies, as evidenced by a diminished orienting response (such as reduced looking time to 

a visual stimulus) or by an attenuation in cerebral activity in functional neuroimaging (Grill-

Spector et al., 2006).  For example, Nakano et al. reported a dissociated activation pattern in the 

prefrontal region where activation was observed to novel auditory stimuli (2 syllables) while 

diminished responses were observed in the habituated state (single syllable) (Nakano et al., 2009).  

In an fMRI study of 2 month olds exposed to repetition of the same sentence at short 4 s 

intervals, a reduced effect was observed in the left superior temporal and middle temporal 

regions (Dehaene-Lambertz et al., 2010).  Similarly, this observation was also noted in an fNIRS 

study where repeated auditory stimuli at 3 s intervals also induced a repetition suppression effect 

in the left temporal region (Bortfeld et al., 2013).   

Although habituation was only examined in four infants in this study, the results are suggestive 

of habituation to the stimuli.  Many infant functional studies employ a block-average approach 

to isolate a cortical response.  Therefore careful consideration of the design of future experiment 

protocols need to be considered for potential repetition suppression effects. 

6.4.4 Limitations 

A major limitation of this study is the small number of subjects.  I chose to select fewer infants 

with good quality data of early trial responses for the final results (i.e. Stage 3 processing and 

analysis) to avoid a smoothing effect of the haemodynamic response from the late presented 

trials.  Despite the small group size, the spatial pattern of responses seen are in line with prior 

infant studies on the perception of vocal stimuli. 

Conventional channel-wise analyses were conducted to compare to the image-space approaches 

of DOT.  A significant overall main effect of hemisphere was consistently seen in the initial 

Stage 1 (HbO) and final Stage 3 (HbO and HHb) image-space analyses.  For the channel-wise 

analysis, this was only evident in the final Stage 3 (HbO) analysis and absent in Stage 1.  The 

significant two-way interaction between ROI/COI and hemisphere was seen in both the image-

space and channel-wise analyses, however the significant two-way condition and hemisphere 

interaction was identified in the final stage image-space analysis only.  The differences in the 
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statistical results between both approaches may be due to different approaches in processing the 

haemodynamic signals.  For example, DOT inherently separates the haemodynamic signals 

localised in the superficial extracerebral layers from the haemodynamic response at the cortical 

level.  The scalp signals may have therefore contributed to the statistical results in the channel-

wise approach.  For example, when the late trial responses were excluded from the data (in Stage 

3), this revealed the overall main effect of hemisphere in the channel-wise data (that was already 

evident in the images), and condition effects were revealed in the hemispheres in image-space 

but not in the channel-wise results. 

The maturation of the haemodynamic response is not fully understood.  In infants, inconsistent 

responses to stimuli have previously been reported (de Roever et al., 2018; Kotilahti et al., 2010; 

Meek et al., 1998).  In this experiment, some infant subjects demonstrated diminished HbO 

responses and an inverted haemodynamic response (characterised by a decrease in HbO and 

increase in HHb).  In an animal study (Kozberg et al., 2013), the authors observed that neonatal 

rats are susceptible to stimulus evoked physiological changes in blood pressure.  This effect can 

mimic an adult haemodynamic response confounding the measurement of the functional 

hyperaemia.  Further work could explore the effects of graded auditory stimuli on the polarity 

of the haemodynamic response in infants.  

6.4.5 Summary 

The work in this chapter demonstrates the utility of DOT to image the haemodynamic responses 

to vocal and non-vocal stimuli in neonates up to 7 days old.  Although vocal specialisation was 

not evident at this early stage of development, the cortical response to voice and non-voice was 

characterised using DOT.  The spatial patterns of the responses to each stimulus type revealed 

in the DOT images were visually distinct and support the findings reported in existing infant 

studies on vocal perception. 
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Chapter 7  

Imaging Resting State Networks 

During Sleep Using DOT-EEG 

The work described in this chapter was presented at the following conferences: 

1. Neonatal Society Meeting, London, UK, 2016  

(Prize for best presented paper) 

2. International Conference on Brain Monitoring and Neuroprotection in the Newborn, 

Cork, Ireland, 2015 (Prize for best oral presentation) 

3. Joint European Neonatal Societies Conference, Budapest, Hungary, 2015 
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7.1 Introduction 

Spontaneous cerebral activity and the resting state networks (RSNs) they give rise to have been 

extensively studied in infants in recent years (Gao et al., 2016).  A number of primary sensory 

RSNs (for example the auditory, visual and motor networks) have been identified in infants 

(Doria et al., 2010; Ferradal et al., 2016; Fransson et al., 2007; Smyser et al., 2010; White et al., 

2012).  Methods to obtain cerebral images of RSNs (both fcMRI and optics) rely on infants 

being asleep to minimise motion during image acquisition.  However, the influence of sleep state 

on RSNs has yet to be investigated in infants despite evidence of altered activity in adults 

(Horovitz et al., 2008), such as reduced sensorimotor and corticocortical connectivity in deep 

NREM sleep (Spoormaker et al., 2010; Watanabe et al., 2014) and reduced higher cognitive 

function RSNs with progressive sleep depth (Horovitz et al., 2009; Sämann et al., 2011) (see 

section 2.3.3). 

Monitoring sleep can be achieved with EEG in the newborn infant (Scher, 2008).  However, 

introducing additional equipment in a study of an already challenging group can be time 

consuming and problematic.  Technical limitations with neuroimaging methods such as fcMRI 

also make it challenging to simultaneously monitor subjects with physiological devices.  A 

practical approach is to combine EEG with DOT as both modalities are portable and share a 

common set-up procedure that allows simultaneous application onto an infant subject as 

previously described in Chapter 5. 

The aim of this study was to use combined DOT-EEG to simultaneously monitor sleep and 

RSNs in healthy term-born infants.  The objectives of the study were: 

1. To identify the auditory and sensorimotor RSNs during active and quiet sleep states. 

2. To investigate the potential effects of sleep state on the strength of RSNs. 

The hypothesis of this study was that RSN connectivity, such as the auditory and sensorimotor 

RSNs, will be reduced in deeper stages of sleep, such as in quiet sleep, in neonates. 
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7.2 Methods and Analysis 

7.2.1 Participants 

A total of 30 healthy term-born infants were recruited and underwent DOT-EEG recording as 

described in section 4.5.  Datasets from six infants were excluded in the data processing steps 

due to excessive motion artefact or insufficient duration of segments for RSN analysis as 

described in section 4.7.   

DOT images were reconstructed for the remaining 24 subjects (M/F ratio = 1:1, median 

gestation = 40+3 weeks, median birthweight = 3675g, median scan age = 2 days).  

Demographic details of the subjects are summarised in Table 7.1. 

Subject GA at birth Scan age 
(day)

Birthweight 
(g) Gender Delivery

1 40+6 5 4060 F Forceps
2 38+0 3 2830 M Forceps
3 38+0 3 3165 M Forceps
4 40+4 2 3420 F SVD
5 41+5 2 3500 F SVD
6 39+5 2 3890 F ElLSCS
7 40+6 1 3770 F SVD
8 40+2 1 3440 M SVD
9 38+6 1 3565 M SVD

10 40+6 2 3820 F SVD
11 40+0 5 3585 F SVD
12 41+6 3 3680 F EmLSCS
13 39+2 6 3450 M EmLSCS
14 39+0 2 3500 F SVD
15 42+3 1 3960 M Forceps
16 39+0 4 3375 M ElLSCS
17 39+1 1 3980 M ElLSCS
18 40+4 1 3770 F Ventouse
19 42+0 1 4270 F SVD
20 41+2 2 4140 M SVD
21 41+2 6 4180 M EmLSCS
22 39+0 1 3670 F ElLSCS
23 41+0 2 4830 M SVD
24 40+2 5 2935 M SVD  

Table 7.1: Demographic details of the 24 subjects included for DOT image reconstruction and RSN 
analysis. 
GA=gestational age, M=male, F=female, SVD=spontaneous vaginal delivery, ElLSCS=elective lower 
section caesarean section, EmLSCS=emergency lower section caesarean section  
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7.2.2 Data Acquisition 

Infant subjects were studied once settled and asleep.  The combined DOT-EEG headgear was 

used for this experiment (section 4.4.3).   

A full sleep cycle in the neonatal period typically lasts for an hour (Scher, 2008) (see section 

2.3.3.2), therefore data recording sessions were performed for at least one hour to capture active 

sleep (AS) and quiet sleep (QS) states. 

7.2.3 DOT-EEG Data Processing  

An overview of the DOT-EEG data processing steps and analysis is displayed in Figure 7.1.  

The DOT and EEG datasets for each subject were synchronised using the trigger events present 

in both signals produced from the external event generator device.  The EEG data were 

processed to extract AS and QS data segments (section 4.6).  An example of AS and QS EEG 

segments from a subject are illustrated in Figure 7.2. 

The time markers from the marked EEG sleep segments were transformed to the DOT time-

base to extract time-equivalent DOT sleep segments.  Motion-free segments were extracted from 

within each DOT sleep segment as described in section 4.7.  At least 75 % of valid DOT SD 

channels were required for data inclusion.   
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Figure 7.1: An overview of DOT-EEG RSN data processing. 
The DOT and EEG signal traces were synchronised using the events generated from the external event 
generator device.  The EEG signal was filtered for visual inspection of sleep states.  DOT data was 
assessed using criteria for inclusion for RSN analysis.  AS and QS segments of DOT data were selected 
using the EEG defined time segments.  AS and QS DOT segments were bandpass filtered (0.009-0.08 Hz), 
followed by image reconstruction.  To identify RSNs, GSR was performed on the images before SBA while 
ICA was performed on the original reconstructed images.  AS=active sleep, QS=quiet sleep, GSR=global 
signal regression, SBA=seed based analysis, ICA=independent component analysis.  
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Figure 7.2: Sample EEG traces of 30 s duration taken from an infant subject. 
The EEG traces demonstrate (A) a continuous low amplitude EEG consistent with AS and (B) a 
discontinuous EEG consistent with QS. Note the variation in the ECG baseline in the AS EEG signal 
compared to QS. The red vertical lines indicate pseudorandom event markers used to synchronise the 
EEG and DOT signals.  

Fp1

Fp2

Fz

T7

C3

Cz

C4

T8

Pz

O1

O2

ECG

Fp1

Fp2

Fz

T7

C3

Cz

C4

T8

Pz

O1

O2

ECG

A

B

350μV



Chapter 7 Imaging Resting State Networks During Sleep Using DOT-EEG 

 199 

7.2.4 RSN Analysis 

Previously reported infant RSN DOT studies use data segments as short as 2 min for analysis 

(White et al., 2012).  In the group, the duration of consecutive motion-free segments ranged 

from 2 mins to 10 mins.  However, as the duration lengths were typically longer during QS 

compared to AS (since AS is physiologically associated with frequent body movements) a 

common motion-free duration of 2 min was selected for each state from each subject for RSN 

analysis. 

Data segments were bandpass filtered in the RSN frequency range (0.009-0.08 Hz) before DOT 

images of HbO, HHb and HbT were reconstructed for AS and QS as described in section 4.8.  

7.2.5 Seed based analysis 

Seed-based analysis (SBA) was performed, as described previously in section 4.9.1, on the DOT 

images to generate interhemispheric correlation r values and group maps of RSNs.  Global signal 

regression (GSR) was performed to eliminate physiological confounds in the signal that can 

contribute to correlations leading to a misleading overestimation of connectivity (Desjardins et 

al., 2001).  This technique is described in more detail in section 3.6.2 and appendix A.   

Seeds were selected from the temporal and parietal regions based on previously reported infant 

RSN studies to identify the auditory and sensorimotor RSNs (Doria et al., 2010; Ferradal et al., 

2016; Smyser et al., 2010).  The average time trace signal within a 10 mm region of interest (ROI) 

surrounding each seed was calculated.  To determine the interhemispheric correlation of each 

RSN, a Pearson correlation was carried out on the averaged time traces between corresponding 

homotopic ROIs.   

To create average group RSN SBA maps for a ROI, Pearson correlation was carried out on time 

traces between the ROI and every other node.  The SBA maps were generated by displaying 

nodes with correlation values above a threshold determined using bootstrapping analysis.  The 

2 min epoch time traces from each ROI during AS and QS from all subjects were combined 

together to form a dataset.  A surrogate dataset was generated using the same epochs placed in 

a random order such that no two epochs from the original and surrogate datasets matched in 
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time.  Pearson correlation was conducted 50,000 times to generate a distribution of mis-pair 

correlation values.  The correlation value threshold used to display the group RSN images was 

identified at the level of p > 0.05 with FDR correction.  This was carried out separately for HbO, 

HHb and HbT.   

7.2.6 Independent Component Analysis 

Independent component analysis (ICA) was also carried out to generate group RSN maps to 

identify the auditory and sensorimotor RSNs as described in section 4.9.2. 

A group spatial ICA approach was used (Calhoun et al., 2001).  The time course data at each 

node from each subject was combined temporally.  Following reduction of the combined group 

dataset, using principal component analysis to retain >99% variance of the data, the 

decomposition of the reduced data sequence was carried out using ICA to yield separate spatial 

sources, or independent components (ICs). 

Independent components with the bilateral template over the temporal or parietal regions, and 

with a large spectral power in the RSN frequency band, were interpreted as group auditory and 

sensorimotor RSNs.  If a bilateral pattern was absent, the most defined unilateral response was 

selected (White et al., 2012). 

As the global signal is physiologically distinct from the RSN signal, the blind source separation 

capability of ICA enables the extraction of this physiological confound as a component, 

therefore GSR was not required.   

7.3 Results 

7.3.1 Data Quality 

The percentages of valid channels within each sleep segment from each subject are displayed in 

Table 7.2.  
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The mean percentage of channels included for AS and QS data segments for the group were 

90.0% and 91.1% respectively.  Twenty subjects had both AS and QS segments for RSN analysis.  

The remaining four subjects had either AS or QS segments.   

AS QS

Inc Chans 
(%)

Inc Chans 
(%)

1 - 79.71
2 85.50 88.40
3 81.16 95.65
4 - 94.20
5 76.81 76.81
6 95.65 100.00
7 97.10 89.86
8 85.51 85.51
9 91.30 -

10 92.75 85.50
11 100.00 100.00
12 91.30 98.55
13 88.41 98.55
14 91.30 95.65
15 98.55 98.55
16 95.65 92.75
17 100.00 98.55
18 75.36 79.71
19 92.75 91.30
20 84.06 98.55
21 75.36 81.16
22 98.55 -
23 88.41 89.86
24 94.20 86.96

Subject

 

Table 7.2: Sleep segments processing results. 
The duration of sleep segments extracted and percentage of included channels for image reconstruction 
and RSN analysis are shown for each subject. Inadequate sleep state segments are indicated by - . 
AS=active sleep, QS=quiet sleep, Inc Chans=included channels measured as percentage of all channels. 

7.3.2 Seed Based Analysis 

As the correlation thresholds from the bootstrap approach were relatively low (HbO: r > 0.0244; 

HHb: r > 0.0231; HbT: r > 0.0243), further RSN images were created with increasing thresholds 

(r > 0.05; r > 0.1; r > 0.2) such that the regions that survived the increased threshold increments 

demonstrated greater correlation strength.  The maximum threshold of r > 0.2 was chosen as 

this has been used to illustrate RSN SBA maps in previously reported infant RSN studies using 

DOT (Ferradal et al., 2016; White et al., 2012).  The group RSN images at each threshold are 

illustrated in Figure 7.3 for HbO, Figure 7.4 for HHb and Figure 7.5 for HbT.  
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7.3.2.1 HbO RSN SBA Images (Figure 7.3) 

In AS, there is bilateral connectivity across hemispheres for all seeds, although the contralateral 

region for the right temporal seed is relatively small compared to the other seeds at the threshold 

of correlation significance (r > 0.0244).  In QS, there is also some evidence of bilateral 

connectivity however, the regions appear smaller compared to AS, and absent for the right 

temporal seed.  With increasing r threshold increments, the contralateral homotopic regions for 

each seed during AS are preserved.  In contrast, during QS, bilateral connectivity is lost for all 

the seeds as the threshold increases.  These findings suggest the sensorimotor and auditory RSNs 

are more robust in AS than in QS. 

7.3.2.2 HHb RSN SBA Images (Figure 7.4) 

The threshold for correlation significance for HHb images was r > 0.0231.  At the lowest 

threshold in AS, there is bilateral connectivity across hemispheres, however to a smaller extent 

for the left parietal seed and right temporal seed compared to the HbO images.  The degree of 

bilateral connectivity is spatially similar to the HbO images in QS.  At the higher threshold of 

r > 0.2, connectivity between interhemispheric homotopic regions for the right parietal, left 

temporal and right temporal seeds are preserved in AS, but are lost in QS. 

7.3.2.3 HbT RSN SBA Images (Figure 7.5) 

The threshold for correlation significance for HbT images was r > 0.0243.  The HbT images in 

AS and QS were similar to the HbO images across all thresholds.  At the lowest threshold, there 

is bilateral connectivity in AS and to a slightly smaller extent in QS.  At the higher threshold, 

bilateral connectivity across homotopic regions is preserved in AS but lost in QS. 

 



 

 

 

Figure 7.3: Group RSN HbO images using SBA during AS and QS. 
The left and right seeds for the sensorimotor and auditory RSNs are indicated by the black circles. The images are displayed with a threshold of r > 0.0244, 
r > 0.05, r > 0.10 and r > 0.20. AS=active sleep, QS=quiet sleep, L=left, R=right, SM=sensorimotor, Aud=auditory. 
  



 

  

 

Figure 7.4: Group RSN HHb images using SBA during AS and QS. 
The left and right seeds for the sensorimotor and auditory RSNs are indicated by the black circles. The images are displayed with a threshold of r > 0.0231, 
r > 0.05, r > 0.10 and r > 0.20. AS=active sleep, QS=quiet sleep, L=left, R=right, SM=sensorimotor, Aud=auditory. 

 



 

 

 

Figure 7.5: Group RSN HbT images using SBA during AS and QS. 
The left and right seeds for the sensorimotor and auditory RSNs are indicated by the black circles. The images are displayed with a threshold of r > 0.0231, 
r > 0.05, r > 0.10 and r > 0.20. AS=active sleep, QS=quiet sleep, L=left, R=right, SM=sensorimotor, Aud=auditory
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7.3.2.4 Comparing RSNs in AS and QS 

To identify auditory and sensorimotor RSNs, the correlation r values between interhemispheric 

temporal and parietal regions of interest (ROIs) for HbO, HHb and HbT were calculated for 

each subject in AS and QS.  The results are displayed in Table 7.6. 

Individual correlation r values were converted to a normal distribution using Fisher’s Z 

transformation.  The inverse of the mean Z(r) scores for the group were calculated to generate 

group correlation r values between interhemispheric temporal and parietal ROIs in AS (Table 

7.3) and QS (Table 7.4).  

LT RT LP RP LT RT LP RP LT RT LP RP
LT - 0.29 -0.06 -0.14 - 0.22 0.06 0.01 - 0.26 -0.04 0.04
RT 0.29 - -0.10 -0.03 0.22 - -0.05 0.00 0.26 - -0.11 0.00
LP -0.06 -0.10 - 0.21 0.06 -0.05 - 0.06 -0.04 -0.11 - 0.24
RP -0.14 -0.03 0.21 - 0.01 0.00 0.06 - 0.04 0.00 0.24 -

AS
HbT (r )  HHb (r)  HbO (r )  

 

Table 7.3: Group correlation inverse z(r) values between interhemispheric ROIs for AS. 
The r values are displayed for HbO, HHb and HbT. Correlation values for the sensorimotor and temporal 
RSNs are highlighted in bold. LT=left temporal ROI, RT=right temporal ROI, LP=left parietal ROI, 
RP=right parietal ROI. 

LT RT LP RP LT RT LP RP LT RT LP RP
LT - 0.11 -0.03 -0.02 - 0.14 -0.20 0.03 - 0.14 -0.14 -0.14
RT 0.11 - -0.28 -0.02 0.14 - -0.19 0.15 0.14 - -0.22 -0.01
LP -0.03 -0.28 - 0.03 -0.20 -0.19 - -0.18 -0.14 -0.22 - -0.13
RP -0.02 -0.02 0.03 - 0.03 0.15 -0.18 - -0.14 -0.01 -0.13 -

HbT (r) HbO (r )  HHb (r)  
QS

 

Table 7.4: Group correlation inverse z(r) values between interhemispheric ROIs for QS. 
The r values are displayed for HbO, HHb and HbT. Correlation values for the sensorimotor and temporal 
RSNs are highlighted in bold. LT=left temporal ROI, RT=right temporal ROI, LP=left parietal ROI, 
RP=right parietal ROI. 

 

In AS, the group HbO, HHb and HbT correlation r values between the bilateral temporal ROIs 

ranged from 0.22 to 0.29, and between the parietal ROIs ranged from 0.06 to 0.24.  In QS, the 

group correlation r values were lower; the interhemispheric temporal ROIs ranged from 0.11 to 

0.14, and the interhemispheric parietal ROIs ranged from -0.18 to 0.14. 
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To compare the difference in correlation strength between sleep states, a repeated measures 

ANOVA with sleep state as the condition (AS, QS) was carried out on the temporal and parietal 

Z(r) scores for HbO, HHb and HbT (Table 7.5). 

F p	val F p	val F p	val
LT_RT F(1,19)=2.974 0.101 F(1,19)=0.858 0.366 F(1,19)=0.905 0.353
LP_RP F(1,19)=0.178 0.678 F(1,19)=2.242 0.151 F(1,19)=5.057 0.037*

HbO HHb HbT

 

Table 7.5: Repeated ANOVA results for sleep state as the condition for the temporal and parietal Z(r) 
scores for HbO, HHb and HbT. 
Significant p values are indicated in bold and with an *. LT=left temporal ROI, RT=right temporal ROI, 
LP=left parietal ROI, RP=right parietal ROI. 

 

The results of the ANOVAs identified a significant effect of sleep state for the parietal 

correlations in the HbT images (F1,19 = 5.057, p = 0.037).  The group mean Z(r) value in AS was 

0.25, and in QS was -0.08 (mean difference 0.33, p = 0.037, 95% CI 0.023-0.643).  A bar chart 

displaying the mean values is illustrated in Figure 7.6.   

 

 

Figure 7.6: A bar chart showing the mean Z(r) values for the parietal interhemispheric correlations from 
the group HbT images. 
The error bars represent the 95% confidence interval. Each bar is annotated with the mean value. 
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The second largest difference in Z(r) values was between the temporal correlations in the HbO 

images (AS = 0.30, QS = 0.063, mean difference 0.24, 95% CI -0.051-0.532, see Figure 7.7).  

However, this did not reach statistical significance (p = 0.101). 

 

 

Figure 7.7: A bar chart showing the mean Z(r) values for the temporal interhemispheric correlations from 
the group HbO images. 
The error bars represent the 95% confidence interval. Each bar is annotated with the mean value. 

 

Since the GSR approach eliminates all DOT image nodes that demonstrate connectivity in the 

global regressor, the final sensitivity of truly correlated nodes from homotopic regions can be 

reduced.  This effect has been reported to lead to the introduction of negative correlation values 

which can lead to spurious anti-correlations (Murphy et al., 2009).  For this reason, further 

analysis of negative correlations has not been explored as these results will be difficult to 

interpret accurately. 

 



 

 

 

LT-RT LP-RP	 LT-RT LP-RP	 LT-RT LP-RP	 LT-RT LP-RP	 LT-RT LP-RP	 LT-RT LP-RP	
HT_002 1 - - - - - - 0.66 -0.81 0.67 -0.91 0.56 -0.71
HT_003 2 -0.15 0.23 0.69 0.03 0.51 0.62 0.19 0.38 -0.11 -0.46 0.36 -0.34
HT_004 3 0.62 0.53 0.66 0.57 0.62 0.71 -0.25 -0.03 -0.31 0.28 -0.18 0.05
HT_005 4 - - - - - - 0.30 -0.03 -0.60 -0.44 -0.16 -0.30
HT_006 5 -0.28 0.41 0.15 -0.21 -0.13 -0.10 -0.10 -0.49 0.64 -0.38 0.24 0.65
HT_007 6 -0.03 0.16 0.26 -0.44 0.42 -0.49 -0.46 0.13 -0.02 -0.76 -0.34 -0.55
HT_008 7 0.81 -0.06 0.16 -0.21 0.43 0.78 0.55 0.40 -0.36 -0.06 0.32 -0.33
HT_009 8 0.11 -0.26 -0.07 0.22 0.31 -0.15 -0.40 0.67 -0.05 0.26 -0.42 0.50
HT_011 9 0.11 -0.25 0.69 -0.19 0.32 -0.17 - - - - - -
HT_012 10 0.44 0.14 0.44 -0.20 0.51 -0.01 -0.58 0.34 0.08 -0.13 -0.24 -0.15
HT_013 11 -0.17 0.75 0.11 0.51 -0.31 0.85 -0.76 -0.54 -0.36 -0.19 -0.49 -0.37
HT_015 12 0.64 -0.51 0.27 0.67 0.47 0.03 0.85 0.93 0.19 0.63 0.71 0.26
HT_016 13 0.05 0.37 0.15 -0.54 0.23 0.19 0.51 -0.10 0.44 0.39 0.62 0.08
HT_018 14 0.46 -0.50 -0.08 0.15 0.13 0.34 0.20 0.62 -0.71 0.48 -0.44 0.21
HT_019 15 0.38 0.49 0.45 -0.47 0.21 0.27 -0.07 0.44 0.07 -0.09 -0.06 0.01
HT_021 16 -0.06 0.55 -0.16 -0.31 -0.07 0.88 0.32 -0.63 0.71 -0.51 0.46 -0.32
HT_022 17 -0.36 0.81 -0.33 0.55 -0.37 0.60 -0.24 0.45 -0.23 -0.68 -0.48 -0.13
HT_023 18 -0.26 -0.18 -0.41 0.26 -0.02 -0.40 -0.53 -0.30 -0.90 -0.01 -0.23 0.38
HT_024 19 0.84 0.26 0.59 0.15 0.81 0.77 -0.19 -0.50 0.56 -0.61 0.20 -0.17
HT_025 20 0.76 0.38 -0.09 -0.45 -0.01 -0.18 0.12 -0.37 0.03 -0.49 0.21 -0.29
HT_026 21 -0.16 -0.16 -0.46 0.57 -0.57 0.45 0.71 -0.11 0.59 0.43 0.61 -0.81
HT_027 22 0.40 0.75 -0.16 -0.02 0.31 0.51 - - - - - -
HT_029 23 0.15 -0.46 0.53 -0.04 0.50 0.64 0.30 -0.53 0.82 -0.09 0.80 -0.13
HT_101 24 0.78 0.29 0.78 0.45 0.78 0.70 0.21 0.62 0.50 0.39 0.42 0.10

HbT	(r)	

AS QS
Subjects Subject HbO	(r )		 HHb	(r )		 HbO	(r )		 HHb	(r )		HbT	(r)	

 

Table 7.6: Correlation coefficient r values between interhemispheric ROIs for AS and QS segments. 
The r values are displayed for HbO, HHb and HbT. Inadequate sleep state segments that were not processed are indicated by - . AS=active sleep, 
QS=quiet sleep, LT=left temporal ROI, RT=right temporal ROI, LP=left parietal ROI, RP=right parietal ROI.
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7.3.3 Independent Component Analysis 

Group ICA images were created for HbO, HHb and HbT for AS and QS.  The images are 

displayed in Figure 7.8 (HbO), Figure 7.9 (HHb) and Figure 7.10 (HbT).  Percentile thresholds 

were used to demonstrate the connectivity strength of the RSNs by displaying nodes with a 

weighting greater than 85%, 90% and 95% of the rest of the nodes within the corresponding 

component. 

7.3.3.1 HbO RSN ICA Images (Figure 7.8) 

The 85th percentile HbO images show bilateral connectivity for the SMN and auditory RSNs in 

AS and QS.  As the threshold increases, the bilateral connectivity pattern is preserved for the 

SMN and (to a smaller extent) the auditory RSNs in AS.  However, in QS the bilateral RSN 

patterns are diminished at the 95th percentile suggesting weaker connectivity compared to AS. 

7.3.3.2 HHb RSN ICA Images (Figure 7.9) 

Bilateral connectivity across hemispheres can be seen for the auditory RSNs in AS and QS at 

the 85th percentile.  Similar to the HbO images, the bilateral pattern is preserved in AS but lost 

in QS at the 95th percentile suggesting connectivity is greater in AS.  However, compared to the 

HbO auditory RSN in AS, the corresponding HHb auditory RSN appears to be ‘noisier’, in that 

the regions outside of the homotopic temporal region are also highlighted.  The bilateral 

connectivity pattern for the SMN RSN does not appear to be apparent at all thresholds in AS 

and QS. 

7.3.3.3 HbT RSN ICA Images (Figure 7.10) 

Bilateral connectivity of the SMN RSN in AS and QS is preserved at all thresholds although this 

is less evident in QS compared to AS at the 95th percentile.  There is a bilateral connectivity 

pattern in the auditory RSN at the 85th percentile threshold, however this pattern is diminished 

in both AS and QS at the 95th percentile.  
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Figure 7.8: Group HbO ICA spatial maps during AS and QS for the sensorimotor and auditory RSNs. 
AS=active sleep, QS=quiet sleep, SMN=sensorimotor RSN, Aud=auditory RSN. 

 

 

Figure 7.9: Group HHb ICA spatial maps during AS and QS for the sensorimotor and auditory RSNs. 
AS=active sleep, QS=quiet sleep, SMN=sensorimotor RSN, Aud=auditory RSN. 
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Figure 7.10: Group HbT ICA spatial maps during AS and QS for the sensorimotor and auditory RSNs. 
AS=active sleep, QS=quiet sleep, SMN=sensorimotor RSN, Aud=auditory RSN. 
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7.3.4 Examples of RSNs in Individual Subjects 

Individual subjects were selected in this section to illustrate RSN connectivity patterns with sleep 

state on a single-subject level.  Individual images were created using SBA as described in sections 

4.9.1 and 7.2.4.  Individual ICA images were created using back-reconstruction steps as described 

in Appendix B.  The time courses of selected spatial components were inspected to confirm a 

large spectral power in the RSN frequency band.   

Figure 7.11 is an example of the Fast Fourier Transforms (FFTs) of the time courses for the 

HbO ICA images corresponding to the sensorimotor RSN, auditory RSN, and noise in Subject 

17.  The components are displayed with a threshold at the 95th percentile to illustrate more robust 

connectivity pattern.  It can be seen that there is a relatively large spectral power in the RSN 

frequency band (indicated by the red vertical lines) for the ICA images corresponding to the 

RSNs compared to the image of noise. 

 

Figure 7.11: HbO ICA images and the FFTs of the corresponding time courses in Subject 17. 
ICA images are displayed for the (A) sensorimotor RSN, (B) auditory RSN and (C) undefined noise.  The 
FFTs for the sensorimotor and auditory RSNs show a large spectral power in the RSN frequency band 
(indicated between the red vertical lines).  In contrast, note the small spectral power in this frequency 
range for the ICA image corresponding to noise. 
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Subject 19 (Figure 7.12) is an example of a subject that demonstrated some spatial pattern 

agreement with the group RSN images.  The threshold used to display the images are: r > 0.2 

for the SBA images; and the 95the percentile for the ICA images.  The higher thresholds were 

chosen to illustrate the robust connectivity patterns in AS and QS for HbO, HHb and HbT.  

The SBA images show reduced interhemispheric connectivity of the temporal and parietal 

regions in QS compared to AS.  Similarly, the ICA images generally show some bilateral 

connectivity patterns of the temporal and parietal regions in AS.  In QS, there is also some 

bilateral connectivity of both regions in the HbT images, however there is mainly a unilateral 

pattern in the HbO and HHb images. 

 

Figure 7.12: RSN image comparisons for HbO, HHb and HbT using SBA and ICA during AS and QS in 
Subject 19. 
SM=sensorimotor, Aud=auditory, SBA=seed based analysis, ICA=independent component analysis, 
AS=active sleep, QS=quiet sleep. 
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Subject 20 (Figure 7.13) is an example of a subject that did not demonstrate clear sleep state 

dependent changes in RSN connectivity using SBA or ICA.  Although there is some reduction 

in interhemispheric connectivity of the temporal and parietal regions in QS compared to AS in 

the HbO SBA images, the HHb and HbT images largely show bilateral connectivity in both 

states.  The ICA HbO, HHb and HbT images also show inconsistent bilateral and unilateral 

patterns of connectivity of both seed regions irrespective of sleep state. 

 

Figure 7.13: RSN image comparisons for HbO, HHb and HbT using SBA and ICA during AS and QS in 
Subject 20. 
SM=sensorimotor, Aud=auditory, SBA=seed based analysis, ICA=independent component analysis, 
AS=active sleep, QS=quiet sleep. 
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7.4 Discussion 

This study demonstrates the feasibility of combining DOT with EEG to identify RSNs while 

monitoring sleep state in neonates.  The findings suggest differences in strength of 

interhemispheric RSN connectivity in the temporal and parietal regions that could be related to 

sleep state.   

7.4.1 RSN connectivity may be influenced by sleep state in neonates. 

As hypothesised, there were differences in connectivity strength of the auditory and 

sensorimotor RSNs with the sleep state of neonates. 

In AS, the RSN images using SBA revealed bilateral connectivity across temporal and parietal 

homotopic regions at the level of correlation r significance determined by bootstrap analysis 

(refer to section 7.2.5).  There is also a bilateral connectivity pattern in QS however this is not 

consistent across seeds and Hb contrasts.  To investigate the strength of connectivity in the SBA 

RSN images, increasing correlation r threshold increments were used to identify more robust 

correlations.  This approach revealed bilateral connectivity was preserved in AS at the level of 

r > 0.2 (HbO and HbT), but lost in QS (HbO, HHb and HbT).   

The ICA RSN images also showed bilateral interhemispheric connectivity patterns in AS and 

QS (mainly in HbO and HbT) at the 85th percentile threshold, but to determine more robust 

connectivity patterns, a similar approach to the SBA images using increasing threshold 

increments revealed persistent bilateral patterns in AS (HbO) and their loss in QS (HbO, HHb 

and HbT) at the 95th percentile.  

A repeated measures ANOVA on the mean Fisher Z(r) scores for the group interhemispheric 

correlations across homotopic ROIs confirmed a statistically significant difference between the 

correlation values between sleep states for the SMN network (HbT: F1,19 = 5.057, p = 0.037, 

mean difference AS > QS = 0.33, 95% CI 0.023-0.643).  There was a notable difference for the 

auditory network however this was not statistically significant (HbO: F1,19 = 2.974, p = 0.101, 

mean difference AS > QS = 0.24, 95% CI -0.051-0.532). 
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These findings suggest that sleep state may play a role in modulating RSNs in neonates.  Prior 

infant studies report the occurrence of RSNs in the neonatal period, however some discrepancies 

in findings exist between studies using the same modality (either fcMRI or optics).  For example, 

longitudinal fcMRI studies of preterm infants demonstrate either no detectable differences at 

term equivalent age when compared to healthy term-born infants (Doria et al., 2010), or reduced 

connectivity demonstrated by lower correlation, limited distribution and reduced thalamocortical 

connectivity (Smyser et al., 2010).  Using DOT, White et al. reported bilateral correlations in the 

occipital cortex reflecting visual RSNs in healthy term infants (White et al., 2012).  Contrary to 

this finding using fNIRS, Homae et al. reported this visual cortex RSN pattern was absent in 

their healthy term cohort but was observed at a later stage from 3 months of age (Homae et al., 

2010). 

Variations in RSN connectivity could be explained by the different acquisition techniques or 

RSN analyses adopted for individual studies.  This argument was put forward by Doria et al. 

who suggested additional computational steps in their probabilistic ICA processing may explain 

the differences in their findings compared to other reported infant RSN fcMRI studies (Doria 

et al., 2010). White et al. suggested contamination of the optical signal from physiological 

artefacts in the superficial layers of the head may explain the differences in the visual RSN 

patterns observed between optical studies (White et al., 2012).  

However, none of these studies have formally monitored the sleep states of their subjects.  This 

detail is particularly important since neuronal interactions, as characterised by phase and 

amplitude dynamics in EEG, have been reported to change significantly between sleep states in 

term born infants (Tokariev et al., 2016). While most RSN studies acquire data immediately 

within 30 mins of sleep, the variability in sleep state and lack of sleep monitoring could well 

explain some of the inconsistencies observed across studies.  

7.4.2 RSNs may reflect the endogenous activity of active sleep during 

neurodevelopment in the neonatal period. 

The occurrence of bilateral connectivity during AS in RSNs may indicate the importance of sleep 

to neural development in the neonatal period. 
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Sleep states emerge in the third trimester and become distinguishable electrographically from 30 

weeks gestation (Visser et al., 1987).  During this time, there is a significant increase in QS 

duration with a subsequent decrease in indeterminate sleep (Curzi-Dascalova et al., 1993; Curzi-

Dascalova et al., 1988; Mulder et al., 1987).  However, AS remains the predominant sleep state 

until term (Mirmiran, 1995; Mulder et al., 1987).  More than half of sleep time is spent in AS in 

term infants compared to a smaller proportion of the overall sleep time in older infants or adults 

(Mirmiran et al., 2003).  The long periods of AS in early infancy occur when cerebral maturation 

is pronounced suggesting neural activity during AS may be functionally important in early 

development.   

Animal studies demonstrate cerebral blood flow and oxygen delivery is relatively high in AS 

compared to QS (Morrison et al., 2005), and the cerebral metabolic rate of oxygen consumption 

is as high as during wakefulness (Silvani et al., 2006).  In a study of the developing feline visual 

system, kittens deprived of AS during a period of monocular deprivation developed worsening 

anatomical and functional injury to the lateral geniculate nucleus compared to kittens subjected 

to monocular deprivation alone (Marks et al., 1995).  Similarly, brain mass including the cerebral 

cortex and brainstem were significantly reduced with alterations in neurotransmitter sensitivity 

in rat pups deprived of AS compared to typically developing rats (Mirmiran et al., 1983; 

Morrissey et al., 2004).   

In AS, movements that are anticipatory in nature such as eye movements, stretches and sucking 

occur frequently, therefore AS may facilitate neural development by providing endogenous 

stimulation at a time when waking life is limited with little exogenous stimulation (Denenberg 

and Thoman, 1981; Roffwarg et al., 1966).   

The presence of robust bilateral connectivity during AS observed in this study supports our 

current understanding of the role of AS in early neural development.  Spontaneous cerebral 

activity represented by RSNs may therefore reflect the endogenous activity of AS.   
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7.4.3 Neonatal sleep patterns may explain the difference between infants 

and adults in RSN connectivity with sleep states. 

While AS and QS can be broadly related to rapid eye movement (REM) and non-rapid eye 

movement (NREM) sleep respectively, comparisons in the sleep states between infants and 

adults need to be made cautiously.  In this study, the reduced connectivity strength of RSNs in 

QS is contrary to their preservation seen in NREM in adults.  This difference may be due to the 

significant maturational changes in sleep, especially of QS, in infants with advancing age.   

The typical tracé alternant pattern in QS becomes more continuous and disappears by 2 months 

of age (Mirmiran et al., 2003).  During this time, the development of ‘sleep spindle activity’, 

typical of NREM stage 2 in adults, occurs.  This coincides with the developmental changes in 

thalamocortical activity (Louis et al., 1992) and is also associated with processes in synaptic 

remodelling (Cramer and Sur, 1995).  By 9 months of age, increases in theta power, typical of 

NREM stage 1 in adults, develops.  During the first year of life, there is a continual increase in 

NREM sleep particularly stages 1 and 2 (Ficca et al., 2000; Mirmiran et al., 2003) while sleep 

duration in AS or REM decreases (Mirmiran et al., 2003).  Sleep becomes more adult-like with 

NREM becoming more prominent at the start of sleep onset (Mirmiran et al., 2003).   

The emergence of adult NREM sleep as described signifies a crucial period of postnatal cerebral 

development and with future infant studies in this field, may reveal the preservation of bilateral 

RSN connectivity in NREM with a loss of RSN connectivity in REM with advancing age. 

7.4.4 Limitations 

Although standardised guidance is available for visual sleep scoring (Grigg-Damberger, 2016), 

the visual interpretation of AS and QS can vary between observers.  This may explain why some 

of the subjects did not demonstrate differences in RSN connectivity between sleep states (such 

as Subject 20 in section 7.3.4).  A more objective approach could be to use quantitative EEG 

methods such as sleep state classifiers to identify sleep states (Koolen et al., 2017; Paul et al., 

2003; Piryatinska et al., 2009).  Extensive polysomnography is normally applied to formal clinical 

sleep studies, however, the set up for this study (including ECG, behavioural observation and 
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EEG video) was a practical one as it provided sufficient data to distinguish between AS and QS 

with minimal handling of infant subjects.  

Acquiring long durations of motion free data is practically challenging in infants.  However, 

short durations could lead to ineffective detection of RSNs.  Furthermore, in this work DOT 

traces for RSN analysis were limited to specific sleep states which further limited the duration 

of potentially usable motion free data segments.  Wang et al. report 7 min is ideal to obtain both 

accurate and stable RSNs, however as little as 1 min of fNIRS imaging duration may be sufficient 

to obtain accurate RSN data using graph theoretical methods (Wang et al., 2017).  Prior infant 

optical studies report using 2 min of data for RSN analysis using SBA and ICA (White et al., 

2012) which is a feasible duration, and this was therefore adopted for this study. 

RSNs are typically identified in the low frequency range of <0.1 Hz (Fox and Raichle, 2007).  In 

this study, the frequency band selected was 0.009-0.08 Hz as this has been most frequently used 

in previous RSN studies.  However, this range is empirical and some studies report evidence of 

RSN patterns in faster frequency bands (Smith-Collins et al., 2015) and frequency-specific 

topologies using graph theoretical methods (Sasai et al., 2014).  Further investigation into 

frequency-related characteristics of RSNs is therefore needed.   

The SBA images presented in this chapter appear to demonstrate connectivity between 

homotopic regions more robustly compared to the ICA images.  While the group ICA method 

(Calhoun et al., 2009) adopted in this thesis has been employed in infant fcMRI studies 

(Damaraju et al., 2010; Linke et al., 2018), an alternative method could be used in future studies.  

For example, probabilistic ICA (Beckmann et al., 2005; Beckmann and Smith, 2004), which is 

also a well-established technique, has been used in prior infant fcMRI studies (Doria et al., 2010; 

Fransson et al., 2007; Toulmin et al., 2015). 

A significant confound in RSN imaging, common to both fcMRI and optical imaging, is motion 

and physiological noise.  In DOT (as well as fcMRI), physiological confounds also include 

systemic haemodynamic changes in the brain and superficial layers of the head caused by non-

neuronal sources.  A global signal regression (GSR) approach was used.  This is widely used in 

fcMRI to remove the common average signal that contains motion and physiological noise 

(Desjardins et al., 2001).  GSR can reduce the sensitivity of correlated cortical regions since the 
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DOT image nodes exhibiting connectivity are also included in the global regressor.  A further 

consequence of the technique is the introduction of negative correlation values which can lead 

to spurious anti-correlations (Murphy et al., 2009).  This issue is more relevant in the 

interpretation of deactivated RSNs such as the default mode network (DMN) during specific 

tasks, which were not investigated in this study.  

7.4.5 Summary 

The work described in this chapter highlights the importance of monitoring sleep in infant RSN 

work.  The presence of robust RSN connectivity in AS signifies its importance in 

neurodevelopment in neonates.  With further research in this field, combined DOT-EEG 

techniques may become clinically valuable, in particular in the neurological assessment of infants 

vulnerable to sleep disruption such as in preterm infants or infants with brain injury.  
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Chapter 8  

Imaging Resting State Networks 

in Patients using DOT-EEG at 

the Cot-Side in the NICU 
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8.1 Introduction 

Sleep, in particular active sleep (AS), is especially important for normal brain development 

(Mirmiran and Van Someren, 1993).  However, infants in the neonatal intensive care unit 

(NICU) are often at risk of sleep disruption and deprivation due to routine handling, procedures 

or stimuli such as bright lights and alarms.  The findings from the previous chapter (Chapter 7) 

suggest a sleep state dependency on the strength of RSN connectivity, therefore sleep stressors 

from the NICU environment may also have an impact on RSN connectivity and resting cerebral 

function.   

Although there is evidence that RSNs in preterm infants are incomplete when they reach term 

equivalent age (Smyser et al., 2010; Smyser et al., 2016), there are no reported studies 

distinguishing RSN patterns with sleep state in this group.  Furthermore, there is a lack of studies 

investigating RSNs in term-born infants with brain injury.   

This chapter will explore RSNs during sleep in patients in the NICU.  This cohort includes term-

born infants with hypoxic-ischaemic encephalopathy (HIE) or neonatal stroke, and preterm 

infants with or without cerebral pathology.   
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8.2 Methods and Analysis 

8.2.1 Participants 

Two groups of patients were recruited from the NICU: (1) preterm infants and (2) term-born 

infants.  A total of five infants from each group received DOT-EEG scans.  Due to excessive 

motion, two infants (one from each group) were excluded from further analysis.   

Term-born infants were diagnosed with either having HIE or neonatal stroke.  Preterm infants 

were either healthy or diagnosed with cerebral pathology.  Table 8.1 summarises the 

demographics and clinical details of each subject.   

Subject Clinical Comments
GA at 
birth

GA at 
scan

Scan 
age 

(day)
BW (g) Gender Delivery

Term 1 Mild HIE 41+3 42+5 9 4065 M EmLSCS

Term 2 Mild HIE 41+6 44+3 18 4330 M SVD

Term 3
Left temporal 

haemorrhagic stroke
38+4 39+0 3 3470 M SVD

Term 4 Left MCA stroke 37+2 38+3 8 3140 F EmLSCS

Prem 1 Left PVL, NIV 6/7 35+1 36+1 7 2060 F EmLSCS

Prem 2
Bilateral PVL, aortic 

coarctation, NIV 32/7
28+3 36+0 53 1275 F EmLSCS

Prem 3 Vent 4/7, NIV 41/7 28+3 36+1 54 1000 F EmLSCS

Prem 4 Vent 1/7, NIV 40/7 28+0 37+1 64 1130 M SVD
 

 
Table 8.1: Demographic details of the 8 patients included for DOT image reconstruction and RSN 
analysis. 
GA=gestational age, BW=birthweight, M=male, F=female, MCA=middle cerebral artery, HIE=hypoxic-
ischaemic encephalopathy, PVL=periventricular leucomalacia, SVD=spontaneous vaginal delivery, 
EmLSCS=emergency lower section caesarean section, Vent=ventilation (mechanical), NIV=non-invasive 
ventilation 
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Although sleep state can be detected by behavioural observation as early as 26 weeks gestational 

age, sleep organisation in preterm infants remains underdeveloped until around 36 weeks  (Scher, 

2008).  The preterm group was therefore scanned at a minimum corrected gestation age of 

36 weeks.   

8.2.2 Data Acquisition, Processing and Analysis 

Clinical findings from neurological investigations were noted for each patient.  All patients were 

scanned, as outlined in section 4.5, using combined DOT-EEG by the cot-side in the NICU.  

The recorded DOT-EEG datasets were processed as previously described in section 7.2.3.  DOT 

images of HbO were reconstructed using a 40 week gestation head atlas for the term infants, 

and a 36 week gestation head atlas for the preterm infants.   

For RSN analysis, group images were not created due to the broad variation in pathologies.  

Seed-based analysis (SBA) was adopted to identify RSNs as described in section 4.9.1.  As there 

were not enough epochs to carry out bootstrapping analysis to determine the correlation 

threshold for significance on a subject level, the correlation r thresholds (r > 0.02; and r >0.2) 

were taken from the healthy term cohort. 

Independent component analysis (ICA) was not carried out as it was felt this would not add any 

further information that would not be provided by SBA (see section 7.4.4).  The selection of 

spatial ICA maps for the RSNs would also be challenging as there is no prior knowledge of what 

spatial patterns to expect for the pathology types. 

Where available, the outcomes of the infants, from neurodevelopmental follow up from 2 years 

of age, were recorded. 
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8.3 Results 

8.3.1 Data Quality 

The duration of AS and QS segments identified for RSN analysis, and the percentages of valid 

channels within each sleep state are displayed in Table 8.2. 

Subject
Duration	
(mins)

Inc	Chans	
(%)

Duration	
(mins)

Inc	Chans	
(%)

BIT_001 Term	1 5.20 95.65 - -

BIT_004 Term	2 4.12 92.75 - -

BIT_002 Term	3 4.05 100.00 4.00 100.00

BIT_003 Term	4 2.68 78.70 - -

BIP_001 Prem	1 2.84 100.00 2.08 100.00

BIT_002 Prem	2 3.37 100.00 4.82 100.00

EP_001 Prem	3 4.09 98.55 2.30 100.00

EP_002 Prem	4 2.83 100.00 10.60 100.00

Subject
AS	(min) QS	(min)

 

Table 8.2: Sleep segments processing results. 
The duration of sleep segments extracted and percentage of included channels for image reconstruction 
and RSN analysis are shown for each subject. Inadequate sleep state segments are indicated by - . 
AS=active sleep, QS=quiet sleep, Inc chans=included channels measured as percentage of all channels. 

 

In the term infant group, both AS and QS segments were identified for only one term subject 

(Term 3).  AS segments were extracted for the remaining three term subjects as QS segments 

were not easily identified.  In the preterm infant group, AS and QS segments were extracted for 

all subjects. 

8.3.2 Term Group RSN Images 

The RSN images, for the term group, generated from SBA with a correlation threshold r >0.2 

are displayed in Figure 8.1.  Each individual subject’s RSN images (with correlation thresholds 

r > 0.02 and r  0.2), along with their clinical details and outcomes are summarised in Figure 8.2 

to Figure 8.5. 
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Figure 8.1: Comparison of individual patients from the term group. 
The left and right seeds for the sensorimotor and auditory RSNs are displayed along the columns. AS and 
QS segments were identified in Term 3 (T3).  Only AS was identified in the rest of the subjects 
(T1=Term 1, T2=Term 2 and T4=Term 4). The images are displayed with a threshold of r > 0.2. Black 
circles indicate the seed locations. AS=active sleep, QS=quiet sleep, L=left, R=right, SM=sensorimotor, 
Aud=auditory. 

 

Figure 8.1 generally demonstrates interhemispheric connectivity for the temporal and parietal 

seeds although some of the areas that show correlation are outside of the homotopic regions.  

Further details on the spatial RSN patterns observed in each individual are described in the next 

sections.  
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8.3.2.1 HIE subjects 

Term 1  

In AS, there was bilateral connectivity for the sensorimotor RSNs, but reduced or absent bilateral 

connectivity across thresholds for the auditory RSN (Figure 8.2).  The bilateral spatial pattern 

across homotopic regions for the parietal seeds were slightly clearer at the higher threshold.   

The MRI revealed a small venous infarct adjacent to the posterior body of the right ventricle.  

Although this was reported to not be of clinical significance, it is interesting to note that bilateral 

connectivity across hemispheres was present for the left temporal seed at the lower threshold, 

but absent across both thresholds for the right temporal seed. 

Term 2 

Term 2 RSN images are displayed in Figure 8.3.  There was bilateral interhemispheric 

connectivity for the sensorimotor and temporal RSNs.  At the higher threshold, the bilateral 

connectivity pattern was more localised to the homotopic regions for the temporal RSN 

compared to the sensorimotor RSN, the latter of which also involved regions outside of the 

parietal lobes. 

The structural MRI report identified abnormal signal intensities in the basal ganglia, thalami and 

posterior limb of the internal capsule (PLIC).  This will have an effect on neuronal pathways 

such as the corticospinal tract which may therefore lead to motor impairment. 

At 2 years of age, Term 2 developed significant neurodevelopmental impairment particularly 

with dystonic cerebral palsy as a result of injury to the basal ganglia.  Visual impairment and 

bulbar problems were also present. 
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Subject Term 1
GA at birth 41+3
GA at scan 42+5
Age at scan 9 days
Diagnosis Mild HIE
Clinical signs Eye flickering, right sided seizures

MRI report
Small venous infarct, 7mm, adjacent to posterior body of right ventricle, should not be of 
clinical significance

Outcome not known  

 

Figure 8.2: Data from Term 1. 
From top to bottom: The RSN images for Term 1 (T1) are displayed along the top with a threshold of 
r > 0.2 (1st row) and r > 0.02 (2nd row). The subject’s clinical details, findings from neurological 
investigations and outcomes are presented in the table. An axial diffusion MRI image for Term 1, 
demonstrating the small venous infarct, is displayed at the bottom. AS=active sleep, L=left, R=right, 
SM=sensorimotor, Aud=auditory, HIE=hypoxic-ischaemic encephalopathy. 
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Subject Term 2

GA at birth 41+6

GA at scan 44+3

Age at scan 18 days

Diagnosis Severe HIE

Clinical signs Hypotonia, clinical and electrical seizures, bulbar function problems

MRI report
Small amounts of subdural haemorrhage overlying both occipital lobes and along the 
tenorium, abnormal signal in the basal ganglia, thalamus and posterior limb of the 
internal capsule consistent with hypoxic-ischaemic injury

Outcome

At 2 years of age:
Bilateral dystonic cerebral palsy, GMFCS level III
Bilateral thalamic scarring on repeat MRI
Dysphagia – gastrostomy fed
Significant saliva control difficulties with posterior drooling requiring frequent suctioning
Recurrent LRTI
Concerns regarding vision  

   

Figure 8.3: Data from Term 2. 
From top to bottom: The RSN images for Term 2 (T2) are displayed along the top with a threshold of 
r > 0.2 (1st row) and r > 0.02 (2nd row).  The subject’s clinical details, findings from neurological 
investigations and outcomes are presented in the table. Axial T1 images for Term 2 are displayed along 
the bottom. The bottom left image demonstrates subdural haemorrhage over both occipital lobes. The 
bottom right image demonstrates abnormal signal in the basal ganglia, thalamus and posterior limb of 
the internal capsule. AS=active sleep, L=left, R=right, SM=sensorimotor, Aud=auditory, HIE=hypoxic-
ischaemic encephalopathy, GMFCS=gross motor function classification system. This patient had a 
GMFCS level III score which indicates that they are able to walk with assistive mobility devices and may 
need a wheelchair for long distances.  
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8.3.2.2 Stroke subjects 

Term 3 

In Term 3, both AS and QS segments were identified (Figure 8.4).   

The structural MRI reported a large haemorrhagic lesion in the left temporal pole with normal 

basal ganglia, thalami and PLIC, therefore this would be associated with a good outcome.  

In the SBA RSN images at the lower threshold, there are large extensive areas demonstrating 

correlation in the contralateral hemispheres to the parietal and temporal seeds in both sleep 

states.  At the higher threshold, there is a more noticeable reduction in connectivity in QS 

compared to AS and as a result, homotopic bilateral connectivity patterns become slightly clearer 

in QS.  The reduction of bilateral connectivity is expected in healthy term-born infants during 

QS (see Chapter 7).   

Term 3 developed only mild problems with speech delay at 2 years.  

Term 4 

Term 4 was diagnosed with a left middle cerebral artery (MCA) infarction with extensive 

involvement in the basal ganglia, thalami and PLIC.  

As expected, there was an inconsistent connectivity pattern for the temporal seeds.  There was 

unilateral connectivity with the right temporal seed and interhemispheric connectivity with the 

left temporal seed in an area anterior to the homotopic region. 
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Subject Term 3

GA at birth 38+4

GA at scan 39+0

Age at scan 3 days

Diagnosis Left temporal haemorrhagic stroke

Clinical signs Apneoic episodes, electrical seizures

MRI report

Normally formed brain; large haemorrhagic lesion in the left temporal pole with 

associated overlying subdural haemorrhage; some changes on the ADC map within the 

posterior thalamus otherwise normal basal ganglia and thalami; normal myelination 

within the posterior limb of the internal capsule

Outcome

At 2 years of age:

Speech delay

Squint

Normal motor function  

   

Figure 8.4: Data from Term 3. 
From top to bottom: The RSN images for Term 3 (T3) are displayed along the top with a threshold of 
r > 0.2 (1st row) and r > 0.02 (2nd row). The subject’s clinical details, findings from neurological 
investigations and outcomes are presented in the table. An axial T2 MRI image, demonstrating the left 
temporal haemorrhage, is displayed at the bottom left. An axial ADC MRI image, demonstrating some 
changes in the posterior thalamus, is displayed at the bottom right. AS=active sleep, L=left, R=right, 
SM=sensorimotor, Aud=auditory, HIE=hypoxic-ischaemic encephalopathy.  
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Subject Term 4
GA at birth 37+2
GA at scan 38+3
Age at scan 8 days
Diagnosis Left MCA stroke
Clinical signs Electrical seizures, reduced tone in upper limbs

MRI report
Abnormal signal intensities within left middle cerebral artery consistent with infarction; 
involvement of basal ganglia, thalami and posterior limb of the internal capsule on the 
left with abnormal diffusion in left cerebral peduncle

Outcome not known  

  

Figure 8.5: Data from Term 4. 
From top to bottom: The RSN images for Term 4 (T4) are displayed along the top with a threshold of 
r > 0.2 (1st row) and r > 0.02 (2nd row). The subject’s clinical details, findings from neurological 
investigations and outcomes are presented in the table. An axial T1 MRI image (bottom left) and an axial 
ADC MRI image (bottom right) demonstrate abnormal signal intensities in the left middle cerebral artery 
territory. AS=active sleep, L=left, R=right, SM=sensorimotor, Aud=auditory, HIE=hypoxic-ischaemic 
encephalopathy. 
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8.3.3 Preterm infants 

The SBA images for the preterm infants are displayed in Figure 8.6.  In contrast to the term 

group, both AS and QS segments were identified in all preterm subjects.   

In general, interhemispheric connectivity was observed in most sleep states across subjects for 

the auditory RSN.  There was variability in bilateral and unilateral connectivity for the 

sensorimotor RSN.  Further details on the spatial RSN patterns observed in each individual are 

described next.  
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Figure 8.6: Comparison of individual subjects from the preterm group. 
The left and right seeds for the sensorimotor and auditory RSNs are displayed along the columns.  AS and 
QS segments were identified in all infants.  The images are displayed with a threshold of r > 0.2. Black 
circles indicate the seed locations. AS=active sleep, QS=quiet sleep, L=left, R=right, SM=sensorimotor, 
Aud=auditory, P=Prem (e.g. P1=Prem 1). 
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8.3.3.1 Preterm subjects with cerebral pathology  

Prem 1 

The structural MRI reported a unilateral left sided periventricular leucomalacia (PVL) with 

thalamic atrophy, a hypoplastic corpus callosum, basal ganglia lesions and no obvious myelin in 

the PLIC.  The severity of the cerebral pathology is reflected in the RSN images (Figure 8.7).  

Although there were some interhemispheric correlations with the temporal and parietal seeds, 

there were no clear consistent patterns of bilateral homotopic connectivity for the sensorimotor 

or auditory RSNs during AS and QS.   

Prem 1 developed severe neurodevelopmental outcome at 3 years of age including frequent daily 

complex seizures, severe visual impairment, severe motor impairment and speech delay. 

Prem 2 

In Prem 2, bilateral PVL was identified on cranial ultrasound scans, however the extent of 

cerebral injury was relatively moderate compared to Prem 1.   

In Figure 8.8, bilateral connectivity of the homotopic temporal regions for the auditory RSN 

were observed during AS and QS.  The connectivity pattern was slightly reduced in AS compared 

to QS.  During both sleep states, the left parietal seed demonstrated connectivity over broad 

regions while the right parietal seed demonstrated mainly unilateral connectivity. 

At 3 years of age, Prem 2 had developed spastic diplegia but there were no concerns with 

language or communication. 
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Subject Prem 1

GA at birth 35+1

GA at scan 36+1

Age at scan 7 days

Diagnosis Left periventricular leucomalacia

MRI report

Dilated lateral ventricles; periventricular cysts on the left side; multifocal 

haemorrhagic/gliotic change in the white matter bilaterally; atrophied thalami; no 

myelin in the posterior limb of the internal capsule; corpus callosum is hypoplastic

Outcome

At 3 years of age:

Retinal dysplasia with severe visual impairment

Epilepsy with multiple seizure types- absences and partial seizures

Complex cardiac condition, hypoplastic aortic arch

Global hypotonia, GMFCS V

Feeding difficulties, speech delay  

 

Figure 8.7: Data from Prem 1. 
From top to bottom: The RSN images for Prem 1 (P1) are displayed along the top two rows with a 
threshold of r > 0.2, and next two rows r > 0.02. The subject’s clinical details, findings from neurological 
investigations and outcomes are presented in the table. An axial T1 MRI image, demonstrating 
periventricular cysts is displayed at the bottom. AS=active sleep, L=left, R=right, SM=sensorimotor, 
Aud=auditory, GMFCS=gross motor function classification system. This patient had a GMFCS level V 
score which indicates severe physical impairment that restricts voluntary control of movement and 
impairment in all areas of motor function. 
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Subject Prem 2

GA at birth 28+3

GA at scan 36+0

Age at scan 53 days

Diagnosis Preterm, bilateral periventricular leucomalacia

Cranial ultrasound 

report

Bilateral periventricular leucomalacia in the posterior parenchyma; right cystic area is 

larger than the left

Outcome

At 3 years

Cerebral palsy – spastic diplegic

Language/communication – no concerns  

Figure 8.8: Data from Prem 2. 
From top to bottom: The RSN images for Prem 2 (P2) are displayed along the top two rows with a 
threshold of r > 0.2, and next two rows r > 0.02. The subject’s clinical details, findings from neurological 
investigations and outcomes are presented in the table. AS=active sleep, L=left, R=right, 
SM=sensorimotor, Aud=auditory, PVL=periventricular leucomalacia. 
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8.3.3.2 Preterm subjects without cerebral pathology  

As there was no reported cerebral injury in Prem 3 and Prem 4, reduced RSN connectivity was 

expected to occur from AS to QS (as this was evident in the healthy term cohort described in 

Chapter 7).  

Prem 3 

There was bilateral interhemispheric connectivity for the temporal seeds in AS that was 

marginally reduced in QS at both thresholds (Figure 8.9).  The left parietal seed demonstrated 

connectivity in broad areas crossing the contralateral hemisphere that was present in AS but 

markedly reduced during QS.  There was little difference in the connectivity pattern for the right 

parietal seed in both sleep states. 

Prem 3 had normal development at 3 years of age. 

Prem 4 

Prem 4 also demonstrated a reduction in bilateral interhemispheric connectivity in QS compared 

to AS for the right parietal and temporal seeds (Figure 8.10).   

Prem 4 also had normal development at 3 years of age. 
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Subject	 Prem	3

EP_001 GA	at	birth 28+3

GA	at	scan 36+1

Age	at	scan 54	days

Diagnosis Preterm
Cranial	
ultrasound	
report

Normal

Outcome
At	3	years:
Normal	development  

Figure 8.9: Data from Prem 3. 
The RSN images for Prem 3 (P3) are displayed along the top two rows with a threshold of r > 0.2, and 
next two rows r > 0.02. The subject’s clinical details, findings from neurological investigations and 
outcomes are noted in the table. AS=active sleep, L=left, R=right, SM=sensorimotor, Aud=auditory. 
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Subject	 Prem	4

EP_002 GA	at	birth 28+0

GA	at	scan 37+1

Age	at	scan 64	days

Diagnosis Preterm
Cranial	
ultrasound	
report

Normal

Outcome
At	3	years:
Normal	development  

Figure 8.10: Data from Prem 4. 
The RSN images for Prem 4 (P4) are displayed along the top two rows with a threshold of r > 0.2, and 
next two rows r > 0.02. The subject’s clinical details, findings from neurological investigations and 
outcomes are noted in the table. AS=active sleep, L=left, R=right, SM=sensorimotor, Aud=auditory. 
  



Chapter 8 Imaging Resting State Networks in Patients using DOT-EEG at the Cot-Side in the NICU 

 243 

8.4 Discussion 

The work carried out in this chapter demonstrates the feasibility of using DOT-EEG at the cot-

side in the NICU setting to monitor RSNs and sleep state in patients.  This study was explorative 

in nature and the number of subjects recruited was relatively small.  It is therefore challenging 

to draw significant conclusions from the findings.   

8.4.1 Reduced bilateral homotopic RSN connectivity and loss of sleep state 

dependent RSN connectivity were observed in patients with brain injury. 

A series of complex events such as neurogenesis, synaptogenesis, and myelination form the 

fundamental basis for the anatomical and functional organisation of the brain (refer to section 

2.1 for further details).  During this critical period, adverse events such as perinatal asphyxia or 

clinical factors such as lung disease or postnatal infection, have been shown to contribute to the 

alteration of macro- and microstructural development (Ball et al., 2010; Brummelte et al., 2012; 

Chau et al., 2012).  This in turn may lead to disruption in typical RSN development (Smith et al., 

2011).  

Preterm born infants are more likely to develop disruptions to RSNs by term equivalent age (Ball 

et al., 2016; Smith et al., 2011; Smyser et al., 2010; Smyser et al., 2016; Toulmin et al., 2015).  In 

particular, preterm infants with white matter injury or stroke demonstrate reduced or absent 

RSN connectivity (Smyser et al., 2013; White et al., 2012).   

Variable connectivity patterns, such as unilateral correlations or bilateral interhemispheric 

correlations excluding homotopic seed regions, were observed in term and preterm infants 

diagnosed with brain injury.  Reassuringly, the two preterm infants without cerebral pathology 

and normal development at 3 years of age (Prem 3 and Prem 4) demonstrated a degree of sleep 

state modulated RSN connectivity as seen in the healthy term cohort.   

The sleep state dependent RSN changes appeared to be absent in infants with cerebral pathology 

and who subsequently developed neurodevelopmental impairment (Prem 1 and Prem 2).  It is 

not surprising that brain injury may lead to reduced or atypical RSN development since the 

development of functional networks is dependent on the anatomical and structural formation 
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of neural circuits (Tau and Peterson, 2010).  However, the absence of sleep state dependent 

changes in RSN connectivity observed in the brain injured infants was a novel finding. 

8.4.2 Brain injury can affect sleep organisation which may influence the 

development of RSN connectivity. 

Neonatal sleep is a primary behavioural state that plays a crucial role in providing endogenous 

stimulation (Denenberg and Thoman, 1981; Roffwarg et al., 1966) for neuronal development 

and brain maturation (Marks et al., 1995; Mirmiran, 1995; Mirmiran and Van Someren, 1993; 

Roffwarg et al., 1966).  AS is important for the development of long-term circuitry, while QS 

and sleep wake cycling are essential for the preservation of brain plasticity (Mirmiran et al., 2003).   

However, infants undergoing intensive care in the NICU are at risk of disrupted sleep due to 

clinical procedures and routine handling (Levy et al., 2017).  Most infants in the NICU also have 

an underlying clinical condition that can affect sleep organisation (Barbeau and Weiss, 2017).  

For example, relatively stable infants requiring non-invasive ventilation may spend less time 

asleep (Collins et al., 2015).  The establishment of sleep wake cycling (SWC) can be delayed in 

infants with congenital heart disease (Mulkey et al., 2015; ter Horst et al., 2010) and HIE 

(Osredkar et al., 2005).  In HIE infants, delayed establishment of SWC also correlates with poor 

neurodevelopmental outcomes up to 5 years of age (Osredkar et al., 2005).   

QS is considered more responsive to stress compared to other states, resulting in altered sleep 

state organisation with a larger percentage of sleep time spent in QS at the expense of reduced 

AS (Scher et al., 2011).  This pattern of change in sleep states is evident in HIE (Scher et al., 

2002).  In these infants, increased QS has been associated with poor cognitive and motor 

outcome scores at 18-months of age (Shellhaas et al., 2017).   

In preterm infants, abundant periods of QS with shorter periods of AS have been reported 

(Scher et al., 1992).  Within AS, true REM behaviour typically increases with advancing age while 

AS without REM decreases (Curzi-Dascalova, 1995).  Reduced REM activity during AS indicates 

poor AS sleep organisation (Holditch-Davis et al., 2004) and is associated with poor 

neurodevelopmental scores at 6 months of age (Arditi-Babchuk et al., 2009).   
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In this study, the infants diagnosed with brain injury are at increased risk of developing abnormal 

sleep organisation.  The loss of RSN connectivity changes with sleep state may be an indication 

of disorganised sleep, which may relate to the neurodevelopmental deficits experienced in these 

brain-injured infants. 

8.4.3 Limitations 

This was a case-based study and the group sizes were small.  There were a number of 

contributing factors leading to the small numbers of infants recruited.  For example, obtaining 

consent from parents of patients with brain injury is a sensitive process.  Although the clinical 

team looking after each patient was approached first for advice regarding appropriateness to the 

study, some parents decided not to consent due to the anxiety for their baby’s condition.   

The Rosie Hospital NICU in Cambridge is a tertiary centre, therefore a large proportion of 

patients cared for are from local referring hospitals.  Originally 13 preterm infants were 

successfully recruited to the study, however 8 (62%) were transferred back to their local hospitals 

before reaching 36 weeks corrected gestational age for the DOT-EEG scan.  In the term group, 

two infants were originally from referring hospitals therefore details of their developmental 

outcomes at 2 years were not available. 

EEG changes in brain injury could make visual identification of sleep states challenging as they 

may no longer meet defined criteria (Kidokoro et al., 2012; Mirmiran et al., 2003; Watanabe, 

2014).  In mild depression of brain function, low voltage activity irregular (LVI) patterns in AS 

will have a more mixed frequency pattern.  However, QS is replaced by indeterminate sleep (IS) 

or a discontinuous signal, and high voltage sleep (HVS) disappears (Dereymaeker et al., 2017).  

In minimal depression, EEG changes including discontinuity and asynchrony are only apparent 

in QS.  It has therefore been suggested that QS could be a suitable maker for assessing subtle 

alterations in brain function (Mirmiran et al., 2003; Shellhaas et al., 2014; Watanabe, 2014).  The 

changes in QS in neurologically compromised infants may explain the difficulty in identifying 

QS in the term group in this study.   

The alterations in RSNs identified in this study are assumed to be related to altered neuronal 

activity.  However, brain injury may affect neurovascular coupling and therefore the 
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haemodynamic response measured could be altered (Hillman, 2014).  It is difficult to resolve this 

issue as the DOT signal is haemodynamic and its interpretation as a proxy for cerebral function 

relies on the neurovascular coupling processes to be intact to infer information on cerebral 

function.  Further research is needed to fully understand the mechanisms of neurovascular 

coupling in neonates, and how it is modulated by injury and prematurity. 

8.4.4 Summary 

It can be challenging to recruit and study sick infants in an intensive care environment, however 

this study is the first demonstrate the feasibility of using DOT-EEG to monitor resting state 

networks and sleep state in patients in the NICU.  In infants with brain injury and subsequent 

neurodevelopmental impairment, bilateral homotopic connectivity and sleep-modulated 

connectivity changes appeared reduced or absent.  Due to the small number of infants with 

variable pathologies, drawing significant conclusions from this study is challenging without 

further research.  However, the success of operating DOT-EEG at the cot-side could be applied 

to future studies focusing on clinical populations with cerebral pathologies of interest.  As DOT-

EEG is non-invasive, portable and does not interfere with clinical monitors in the NICU, there 

is a promising role for the technology in the clinical setting.  Combined together with clinical 

examination and other modes of neuroimaging, it has the potential to provide a more 

comprehensive clinical picture of an infant’s outcome. 
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9.1 Summary of Results  

In this thesis, I set out to develop DOT techniques to measure cerebral function in neonates.  A 

summary of the work that was carried out to achieve the aims of the thesis are outlined below. 

Development of Headgear for Neonatal Studies (Chapter 5) 

In order to carry out studies on neonates using DOT, it was first necessary to design and develop 

the DOT headgear.  The EasyCap, originally used for EEG, was adapted to hold DOT optodes, 

with the option of EEG electrodes, in a predefined arrangement.  The design of a high-density 

array covering the temporal and parietal regions of the head was found to be the most 

appropriate for the studies in this thesis.  Although the sparse whole-head array was ultimately 

not used in this work, it was successfully adopted for neonatal studies investigating 

haemodynamic responses in seizures and burst suppression (Chalia et al., 2016; Singh et al., 

2014). 

Imaging the Haemodynamic Response to Vocal and Non-Vocal Stimuli 

(Chapter 6) 

Using the high-density DOT array, the functional responses to vocal and non-vocal stimuli were 

studied with the aim to demonstrate the utility of DOT in this context and investigate vocal 

specialisation in healthy term born infants.  The DOT images revealed a pattern of 

haemodynamic responses localised to the left temporal areas to voice.  In contrast, 

haemodynamic responses were spatially broad to non-vocal sounds.  The maximal response to 

all auditory stimuli was found in the left primary auditory region as previously reported in infant 

studies.  Due to the large haemodynamic changes to non-vocal sounds in comparison to voice, 

non-vocal selectivity was present and vocal specialisation was absent in this age group.  These 

findings support our current knowledge that non-vocal selectivity is present early in 

development.  While vocal specialisation develops later in the first year of life, the spatial pattern 

of responses to vocal stimuli, which have also been previously reported, may indicate an early 

cortical organisation for vocal specialisation. 
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Imaging Resting State Networks During Sleep Using DOT-EEG (Chapter 

7) 

The aim of this study was to image resting state networks (RSNs) in healthy term born infants 

during sleep to investigate the effects of sleep state.  The findings in this study suggest the 

connectivity strength of RSNs may be influenced by the sleep state in neonates.  Bilateral 

connectivity between homotopic temporal and parietal regions, reflecting the auditory and 

sensorimotor RSNs, were evident during the active sleep (AS) state.  In quiet sleep (QS), the 

connectivity of the temporal and sensorimotor RSNs were reduced (statistically significant for 

the HbT seed-based images in the latter).  By increasing the thresholds in increments to display 

the RSN images, robust bilateral RSN connectivity was identified in AS compared to QS.  These 

findings may reflect the endogenous activity of AS during neurodevelopment in the neonatal 

period.  Importantly, this work highlights the importance of monitoring sleep in the investigation 

of RSNs in infants. 

Imaging Resting State Networks in Patients in the NICU Using DOT-EEG 

at the Cot-Side (Chapter 8) 

The aim of this case-based study was to image RSN patterns with sleep state in patients in the 

NICU.  The two main cohorts comprised of neurologically compromised term-born infants, and 

preterm infants with or without brain injury.  Bilateral connectivity in the sensorimotor and 

auditory RSNs, and sleep-modulated RSN connectivity were reduced or absent in patients with 

brain injury who later developed neurodevelopmental impairment.  In the two healthy preterm 

infants, sleep state modulated RSN connectivity was preserved.  Prior literature suggests that 

brain injury can alter sleep organisation, therefore the effects of brain injury on sleep may 

influence the maturation of RSN connectivity in neonates. 
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9.2 Limitations of DOT  

As with all emerging technologies, there is potential to improve the DOT techniques used in 

this thesis.  This section will describe the DOT limitations common to all the studies and suggest 

recommendations for further DOT development.   

9.2.1 Physiological Signal Contamination 

Isolating the cerebral haemodynamic signal from non-neuronal sources remains a challenge in 

optical imaging including DOT.  Global signal regression was adopted in the RSN data 

processing steps to remove the common average signal to extract the haemodynamic response 

to neuronal activity.  A more targeted approach would be the application of short SD separations 

into the DOT headgear to measure the superficial signal localised at the scalp.  These short, 

scalp-only signals can then be regressed from those measured at larger SD separations to isolate 

the cortical haemodynamic signal (Gregg et al., 2010).   

In infants, an optimal short SD distance of around 2-3 mm was recommended in a study using 

a Monte Carlo simulation for photon transport in anatomically informed multi-layered brain 

models (Brigadoi and Cooper, 2015).  However, this short distance poses hardware challenges 

due to the physical size of the source and detector fibres that are currently available.  Therefore, 

infant studies adopting short SD separation regression to date typically use a distance of 10 mm 

(Emberson et al., 2016; Ferradal et al., 2016).  However, this approach risks erroneously 

regressing signal components originating from the infant cortex.  A potential solution to 

achieving shorter distances approaching 2 mm would be to design an optode containing both a 

source and detector fibre bundle with a short SD separation.   A short separation optode with a 

SD distance of 3 mm, designed by the research group and manufactured by Lopteck GmbH & 

Co. KG, has been made available.  Further work to test the capability of the optode to measure 

the superficial layers will be required before incorporating into the DOT headgear. 
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9.2.2 Structural Priors 

Accurate DOT image reconstruction requires high-quality structural models of the subject’s 

head to act as a prior for image reconstruction.  An age-appropriate MRI head atlas (Brigadoi et 

al., 2014) was used for DOT image reconstruction in this thesis.  This alleviated the need for 

subject-specific MRIs and therefore avoided unnecessary associated risks.  For example, NICU 

patients often require multiple physiological monitoring and may require respiratory support, 

therefore the process of transferring patients away from the controlled NICU environment to 

scanning facilities is a high-risk process.  MRI is also highly sensitive to motion and to facilitate 

sleep during scanning in infants often requires sedation which is associated with risks such as 

respiratory depression.  

In this thesis, a standard atlas helped to facilitate group comparisons across subjects as it defined 

a common coordinate space (Ferradal et al., 2014).  However, this method can reduce the spatial 

specificity of the DOT images because of subject variability (Cooper et al., 2012).  Careful 

application of the headgear, and measurement of its position relative to certain cranial landmarks 

using a three-dimensional digitiser, can minimise the errors associated with registration and 

positioning and yield high-quality, anatomically registered DOT images.  

9.2.3 Neurovascular Coupling in Neonates 

DOT methods rely on measuring local changes in blood flow and oxygenation that act as a proxy 

for neuronal activity and therefore provide an indirect measure of cerebral function.  However, 

the relationship between blood flow and neuronal activity (neurovascular coupling) is still poorly 

understood (Hillman, 2014).  In neonates, ongoing maturational changes in the haemodynamic 

response to neuronal activity are evident postnatally (Arichi et al., 2012; Kozberg et al., 2013).  

Moreover, the effect of brain injury on the mechanisms for neurovascular coupling is not yet 

recognised.  This leads to challenges in the interpretation of DOT images reconstructed in the 

neonatal population, especially in those who are neurologically compromised.  This limitation is 

also common to other neuroimaging modalities such as fMRI.  Therefore, improving our 

understanding of neurovascular coupling in neonates and in the pathological state is crucial for 

the advancement of these technologies.   
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9.3 Future Directions 

9.3.1 Dense Whole-Head Coverage DOT 

The high-density SD array provides relatively dense coverage of the temporal, parietal and 

inferior frontal regions of the head.  However, this limited the investigation of RSNs to the 

temporal and sensorimotor RSNs.  An ideal SD array configuration would be to achieve dense 

whole-head coverage, however due to the physical size and available numbers of optical fibres, 

this was not feasible.  This limitation is common across infant and adult DOT studies at present.   

Replacing optical fibres with lightweight electronics can provide a means to develop a ‘wearable’ 

system.  This approach has enabled researchers to produce functional images of the adult brain 

using a fibreless high-density DOT system (Chitnis et al., 2016; Zhao and Cooper, 2018).  With 

advances in technology, it is likely that in the future the technology will be adapted for the infant 

brain.  This has significant implications for both developmental neuroscience and clinical 

practice.  For example, this would allow continuous monitoring of RSNs in preterms as a 

measurement of cognitive development or detect pathological function in localised regions such 

as in stroke. 

9.3.2 Integrating DOT with EEG 

The work presented in Chapter 7 and Chapter 8 combine DOT with EEG to monitor cerebral 

electrical and haemodynamic activity simultaneously.  While DOT and EEG signals in both 

studies were initially synchronised in the pre-processing steps, each component was ultimately 

analysed separately.  The information obtained in both modalities complement one another and 

can provide a potential wealth of information on cerebral function when utilised together.  For 

example, DOT and EEG were used concurrently in neonates to study cerebral haemodynamic 

events related to seizure activity (Singh et al., 2014) and burst-suppression (Chalia et al., 2016).  

In the context of RSNs, future work combining DOT with EEG could be used to characterise 

brain networks spatially and spectrally (Bridwell et al., 2013). 
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9.3.3 Vocal Specialisation  

As demonstrated in this thesis, the potential of DOT at identifying neurodevelopmental 

biomarkers is promising.  In Chapter 6, the haemodynamic responses to vocal and non-vocal 

stimuli were spatially distinct.  Although the final group size was small, the left primary auditory 

region was identified to be vocally selective in the HbT DOT images.   

Further work is required to study a larger cohort so that normative patterns of vocal and non-

vocal responses can be fully established and compared with responses in premature and brain 

injured infants with poor long-term neurodevelopmental outcomes.  

9.3.4 Sleep Modulated RSNs  

Using combined DOT-EEG methods, the presence of sleep modulated RSN connectivity was 

discovered in healthy term neonates in Chapter 7.  Due to hardware limitations, this study was 

restricted to assessing the sensorimotor and auditory RSNs.  Future work to investigate the effect 

of sleep state on other primary RSNs, for example the visual RSN, would help to confirm this 

finding.  Studying sleep state effects on higher-order RSNs such as the default mode network 

(DMN) could also provide valuable information on the functional integrity of the neonatal brain.  

A recent fcMRI study reported motor learning in infants with perinatal brain injury was affected 

by disruption to fronto-parietal executive networks (Linke et al., 2018).  

As described in Chapter 8, identifying sleep states in infants with brain injury can be challenging.  

Using automated methods to detect sleep state from EEG (Koolen et al., 2017; Paul et al., 2003; 

Piryatinska et al., 2009) would be beneficial in future studies of infants with brain injury.   This 

study was also limited by the small numbers of patients recruited from the NICU.  Furthermore, 

a broad range of pathologies were studied.  The next step would be to focus on a larger cohort 

of patients with a specific pathology of interest, or to investigate sleep modulated RSN 

connectivity in parallel with the emergence of sleep states in preterm infants from around 28-30 

weeks gestation.  Monitoring their long-term outcomes may help to establish biomarkers for 

atypical neurodevelopment. 
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9.4 Conclusion 

This thesis demonstrates the development and utility of DOT in the investigation of cerebral 

function in the neonatal population.  The DOT images presented in this work provide novel 

information on aspects of healthy cerebral function, namely vocal and non-vocal evoked 

responses, and resting cerebral activity during active and quiet sleep states.   

The application of DOT in the clinical environment of the NICU was effective at monitoring 

relatively long durations of at least an hour of resting cerebral function in clinical patients.  While 

the technique presents a number of challenges that were identified in the current studies, the 

overall performance of DOT at detecting cerebral function was effective and deserves further 

refinements to develop it into a potentially useful clinical and research tool. 
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Appendix A:  

GSR Theory 

This mathematical proof demonstrates that after global signal regression, the sum of correlation 

values with a seed voxel across the entire brain is less than or equal to zero.  

Let each Si(t) be a column vector representing a ith image voxel's time series, i=1,...,N. Since the 

mean of each voxel's time series can be removed during regression, assume that each voxel has 

a mean of zero.  Let the corresponding time series after global signal regression be represented 

by the column vector xi(t).  

Regression of the global signal is accomplished by solving� 

!" # = % # &" + ("(#) 

Equation A.i 

where the global signal (a column vector) is given by 

% # = 1
, !-(#)

.

-/0
 

Equation A.ii 

Estimation of the regression coefficient, βi in Equation A.i is given by 
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&" = % # 1% # 20% # 1!"(#) 

Equation A.iii 

The average of the βi coefficient across all voxels is given by 

1
, &" =

.

"/0
% # 1% # 20% # 1 1

, !"(#) =
.

"/0
% # 1% # 20% # 1	% #  

Equation A.iv 

Thus, 

1
, &" = 1

.

"/0
 

Equation A.v 

Inserting Equation A.ii into Equation A.iii gives 

!" # = &"
1
, !- #

.

-/0
+ ("(#) 

Equation A.vi 

Rearranging Equation A.iv provides the time series’ after global signal regression 

(" # = !" # − &"
1
, !- #

.

-/0
= !" # − %(#)&" 

Equation A.vii 
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Appendix B: 

Group Independent Component 

Analysis 

Data reduction 

Let 5" = 6"207" be the L-by-V reduced data matrix from subject i, where 7" is the K-by-V data 

matrix (containing the preprocessed and spatially normalised data), 6"20is the L-by-K reducing 

matrix (determined by the PCA decomposition), V is the number of voxels, K is the number of 

data time points, and L is the size of the time dimension following reduction.  The reduced data 

from all subjects is concatenated into a matrix and reduced using PCA to N dimensions (the 

number of components to be estimated).  The LM ⋅ V reduced, concatenated matrix for the M 

subjects is 

5 = 820
602070
⋮

6:207:
 

Equation B.i 

where 820 is an N ⋅ LM reducing matrix (also determined by a PCA decomposition) and is 

multiplied on the right by the LM ⋅ V concatenated data matrix for the M subjects.   
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ICA estimation 

Following ICA estimation, we can write 5 = ;!, where ; is the N ⋅ N mixing matrix and ! is 

the N ⋅ V component map.  Substituting this expression for 5 into Equation B.i and multiplying 

both sides by 8, we have 

8;! =
602070
⋮

6:207:
 

Equation B.ii 

Partitioning 

Partitioning the matrix 8 by subject provides the following expression 

80
⋮
8:

;! =
602070
⋮

6:207:
 

Equation B.iii 

We then write the equation for subject i by working only with the elements in partition i of the 

above matrices such that 

8;! = 6"207" 

Equation B.iv 

The matrix !< in Equation B.iv contains the single subject maps for subject i and is calculated 

from 

!" = 8";
206"207" 

Equation B.v 
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Single-subject maps and time courses 

We now multiply both sides of Equation B.iv by 6" and write 

7" = 6"8";"!" 

Equation B.vi 

which provides the ICA decomposition of the data from subject i, contained in the matrix 7" .  
The N-by-V matrix !" , contains the N source maps and the K-by-N matrix 6"8";" is the single 

subject mixing matrix and contains the time course for each of the N components. 


