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Abstract 

The period of infancy is characterised by rapid development in cognition and 
behaviour. Social brain development before social behaviour difficulties emerge is 
crucial for understanding trajectories and enabling early investigation. Investigating 
brain activity patterns in naturalistic contexts is particularly relevant for ecological 
validity and the generalisability of findings. Further, it is important to expand 
experimental tools to not only answer whether and how far brain responses differ in 
neurodivergent populations, but also what stimulation would be needed to optimally 
trigger social brain network activity in subgroups and individuals. The first aim of this 
thesis was to investigate whether brain activity during naturalistic social attention is 
altered in infants with an elevated likelihood for autism. The second aim was to apply 
a novel individualised experimental approach to identify what are the aspects of social 
interaction that optimally elicit social brain network activation in the individual infant.  
Chapter 1 covers theory and signs of social attention in infancy, with a focus on 
naturalistic contexts. Chapter 2 introduces the method Neuroadaptive Bayesian 
Optimisation and describes its application to infant encephalography data to reliably 
map an individual infant’s neural response across a wide range of social stimuli. 
Chapter 3 shows that neural responses during social compared to non-social attention 
in a naturalistic setting are altered in infants with familial likelihood of autism, and 
Chapter 4 suggests that this difference emerges in the second half of the first year of 
age. Chapter 5 presents a proof-of-principle study testing the feasibility of 
Neuroadaptive Bayesian Optimisation with infant EEG data to study which among a 
range of familiar and unfamiliar faces maximally triggers social brain network 
activation in the individual infant. Chapter 6 expands this method to a naturalistic 
setting to identify which aspect of social interaction the individual infant maximally 
engages with. Implications of the findings and future research directions are discussed. 
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1.1 Introduction 

 

As humans we are social beings. We are able to communicate our desires and beliefs, 

interpret mental states of other people, experience empathy, create long-lasting bonds, 

and coordinate complex global collaborations to achieve joint aims. When we are 

born, we depend for a relatively long time on the close and consistent care of people 

around us to ensure survival. Some theorists have argued that it is this long early period 

of close proximity with our caregivers in infancy due to our premature condition at 

birth that has been a critical factor in the evolution of humans as a high-functioning 

social species (Bjorklund & Green, 1992). Indeed, infants are surrounded by their 

caregivers and other people most of the time (Jayaraman, Fausey, & Smith, 2015). 

Social cognition develops rapidly during infancy, interactively shaped by genetic and 

environmental factors, and by the second year of age, children show impressive social 

interaction skills. Studies of decades of research have investigated how infants come 

to develop these skills, and which aspects in early development are linked to individual 

differences in childhood. This thesis contributes to this history of work by focussing 

on how infants process social information in a naturalistic context and testing the 

feasibility of a novel approach for studying infant social attention on the level of 

individuals and subgroups.   

 

 

1.2 The concept of attention 

Navigating in the complex social world requires infants to select from the myriad of 

options what aspects to pay attention to. Attention serves the selection of relevant 

information from the environment for further processing such as perception, action 

and memory, while inhibiting distracting, alternative information (Amso & Scerif, 

2015; Scerif, 2010). According to this domain-general, functional account, attention 

is a set of processes that does not work in isolation but serves and depends on other 

processes such as motor control, arousal, higher-level goals, and prior knowledge.  

 

An influential framework for attention in adults has been proposed by Posner and 

Petersen (Petersen & Posner, 2012; Posner & Petersen, 1990). This framework 

includes three components of attention which are supported by distinct neural 
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networks and serve different functions related to the selection of relevant information 

and inhibition of distractors: 1) alerting for readiness or warning responses; 2) 

orienting for attention shifting; and 3) executive attention / executive control for 

switching, inhibiting, top-down control of visual attention.  

 

Many theories have since built on the framework proposed by Posner and Petersen 

(1990), including theories of infant attention. For example, Colombo (2001) presented 

a theory for infant attention including very similar components as Posner and Peterson: 

alertness, spatial orienting and attention to object features, and endogenous/sustained 

attention (Colombo, 2001). A period of infant attention was thereby shown to consist 

of three phases, distinguished based on changes in heart-rate-measured arousal: 1) 

stimulus orienting, 2) sustained attention, and 3) attention termination (Richards, 

Reynolds, & Courage, 2010).  

 

The development of the attention system is suggested to depend on connectivity 

between the hierarchically organised dorsal and ventral pathways and frontal cortical 

areas (Amso & Scerif, 2015). Thus, while visual attention in young infants initially 

may be involuntary and limited both on the level of sensory and motor functions as 

well as brain connectivity, over the first postnatal year, these connections are 

strengthened and especially in the second half of the first year increasingly linked to 

frontal brain areas, resulting in improving executive control functions and increasingly 

efficient selecting information and inhibiting distraction (Amso & Scerif, 2015; 

Johnson & De Haan, 2015). 

 

 

1.3 Measuring attention in preverbal infants  

In older children and adults, attention can be measured using tasks with explicit 

instructions for the participant. However, understanding and following these 

instructions is impossible for preverbal infants. Therefore, other measures are required 

to study attention in this population.  

One way to investigate infant attention that has been used for decades to study infant 

attention and has revealed key insights into early social attention processes is by 

examining infants’ looking behaviour. Looking behaviour can be video-coded 
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manually after the task or automatically using eye-tracking technology based on 

infrared-light, for example.  

In habituation tasks, looking time to a novel stimulus is measured after looking time 

to a previously presented stimulus has been established. Dishabituation, measured as 

an above-threshold-increase or recovery in looking time to the novel stimulus relative 

to the habituated stimulus, is being interpreted as successful discrimination of the 

novel from the habituated stimulus. 

The gap-overlap task presents a central stimulus and, either simultaneously or after a 

brief gap, a peripheral stimulus, randomly on the left or right side of the screen. 

Attention disengagement is indexed by the reaction time in gaze shifting from the 

central to the peripheral stimulus. Using the gap-overlap task, for example, revealed 

prolonged reaction time of disengaging from the central stimulus to look at the 

peripheral stimulus in 14-month-old infants with later autism diagnosis compared to 

infants without later diagnosis (Elsabbagh, Fernandes, et al., 2013).  

Another type of tasks that has been frequently used especially in the literature on infant 

social attention are preferential looking tasks. These tasks present to the infant a pair 

of images or a more complex scene and measure the time that the infant chooses to 

look at each image or at predefined areas of interest in the scene, for example, indexing 

attention orientation or executive attention. Preferential looking tasks studying 

attention modulation by social cues have revealed that newborns look longer at faces 

with direct versus averted gaze (Farroni, Menon, & Johnson, 2006; Farroni et al., 

2002; Figure 1.1), and that looking at the eyes in dynamic videos was reduced while 

looking at the mouth was increased in 2-year old children with autism, compared to 

non-autistic children (Jones, Carr, & Klin, 2008). A more recent eye-tracking study 

observed preferential looking to the eyes versus mouth in videos of faces in 5-month-

olds, across still and dynamic stimuli, and could show that this preference was 

influenced by genetic factors (Viktorsson et al., 2022). 
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Figure 1.1. Stimuli used in preferential looking task in Farroni et al., 2006, p. 300 

Another task that has been used to study infant social attention is the face-pop-out 

task. It presents images of multiple objects, including a face, and measures initial 

orienting towards or engagement with the face compared to the distractor objects. 

Variables of interest in studying social attention can be whether or not the first look is 

towards the face, the latency of orienting towards the face stimulus, the length of the 

first face fixation, the return to the face after the initial fixation or the length of overall 

fixations. Studies using the face-pop-out task have, for instance, shown typical 

orienting responses towards a face (Elsabbagh et al., 2013) and shorter overall, but not 

differential, fixation durations (Wass et al., 2015)  in infants with elevated likelihood 

for autism.  

Imitation tasks have been used to measure whether infants are able to understand 

others’ intentions. For example, infants have shown to more often imitate an adult’s 

action if the action was labelled as intended visually at 12 months (Schwier, van 

Maanen, Carpenter & Tomasello, 2006) or verbally at 14-18 months (Carpenter, 

Akhtar & Tomasello, 1998). 

Joint attention tasks measure whether the infant can jointly attend to an object or event 

with a social partner and at the same time understand that they do this from different 

perspectives and respond to or initiating events of joint attention through gaze and 

gestures (Tomasello, 1995). For example, establishing joint attention with an adult 

regarding a novel object significantly increases the subsequent looking time to the 

novel toy in 9-month-old infants (Striano, Chen, Cleveland & Bradshaw, 2006). Joint 

attention skills build the basis for developing theory of mind, the ability to relate 

others’ behaviour to others’ or one’s own mental states such as intentions or emotions 

(Mundy, 2018).  

 



 12 

While they have provided crucial insights into early development, looking measures 

do not tell us the full story. For example, infants were more attentive during heart-rate 

defined sustained attention versus attention termination, even though they were still 

looking at the stimulus (Richards, Reynolds & Courage, 2010), indicating that 

attentional states vary also without accompanying changes in looking behaviour. 

Besides gaze behaviour, recent advancement of more fine-grained eye-tracking 

technology has allowed to investigate also other measures of oculomotor activity, such 

as dilation of the pupil (Laeng, Sirois & Gredebäck, 2012). For example, pupil dilation 

upon listening to non-social versus sounds was greater in infants with versus without 

later autism diagnosis, and the extent of pupil dilation to non-social sounds was related 

to stronger autistic symptoms (Rudling, Nyström, Bölte, & Falck-Ytter, 2022). Other 

behavioural measures besides oculomotor activity include infant sucking rate that has 

been used to measure habituation to a stimulus, or infant heart rate to measure attentive 

states (Richards, Reynolds & Courage, 2010). 

 

While behavioural measures have provided important insights into infant attention 

processes, they are limited to studying overt behaviour, while processing occurs not 

only on the level of overt behaviour (Richards, Reynolds & Courage, 2010). Further, 

behavioural tasks might make specific requirements to the infant (e.g. requiring certain 

motor activity) that are unrelated to and hence might cover the construct under study. 

Another point to consider is that processing differences might arise before they 

manifest in behaviour. Indeed, while infants with atypical social development showed 

typical proportions of looking time to the eyes in faces, processing alterations could 

be observed on the neural level (Elsabbagh et al., 2012). Therefore, neural activity can 

be a useful measure of infant attention. 

 

Numerous studies investigating task-related neural activity in infants have used the 

method of electroencephalography (EEG; Richards, 2001). EEG directly measures 

the electrical activity of neurons in the cortex. It allows to detect rapid and subtle 

changes in neural processing and can thus help to study fast and brief cognitive 

processes.  It can be used with a cap or net placed on the infant’s head, allowing to 

some degree freedom of movement. As a disadvantage, it is limited to recording 
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electrical activity in the cortex and does not provide the spatial resolution needed to 

investigate activation in deeper levels of the brain. 

 

One aspect of the EEG signal that particularly makes advantage of the high temporal 

sensitivity inherent to EEG and that has been frequently used for investigating visual 

attention are event-related potentials (ERPs). ERPs are changes in the EEG signal 

time-locked to a preceding cognitive event, such as the processing of a briefly 

presented stimulus (Luck, 2014). An ERP is obtained by averaging the signal across 

multiple equal trials in order to increase the signal-to-noise ratio and reveal the pure 

signal change specifically related to the event while cancelling out noise. One 

component of the infant ERP that has been related to attention engagement is the 

Negative central (Nc) component, a negative deflection of the ERP recorded over 

frontocentral regions of the cortex, peaking between 400 and 800 ms after stimulus 

onset (Haan, Johnson & Halit, 2003). 

 

Besides ERPs, EEG can be used to study neural oscillations, that is synchronised 

rhythmic neural activity arising from regularly spiking populations of neurons. The 

EEG signal can be decomposed into different frequency bands reflecting the frequency 

of the rhythmic spiking. Stronger oscillatory power of one frequency band indicates 

stronger synchronised activity of source neurons in that respective frequency. The 

different frequency bands have been related to different functions (Saby & Marshall, 

2012). For example, the theta band (with a frequency of 3-6Hz) has been related to 

information encoding and learning (Begus & Bonawitz, 2020; Jones et al., 2020; 

Klimesch, 1999), while the alpha band (with a frequency of 6-9Hz) has been related 

to inhibition control and memory performance (Klimesch, 1999; Orekhova, 

Stroganova, & Posikera, 2001). A more detailed description of the EEG method can 

be found in Chapter 2. 

Apart from EEG, other infant-friendly, non-invasive techniques are neuroimaging 

techniques which allow for higher spatial resolution but at the downside are more 

limited in temporal resolution. Functional magnetic resonance imaging (fMRI) 

indirectly measures activity in subcortical structures by detecting changes in the blood 

oxygenation level affecting an artificially created magnetic field. Because fMRI 

requires participants to lie still in large scanners in order to not create motion artifacts, 
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fMRI in developmental research has been restricted to studying sleeping infants (but 

see Ellis et al., 2020, for recent advances on fMRI with awake infants). Therefore, 

fMRI has mostly been used to study sleeping infants’ brain responses to auditory 

stimuli. 

 

Functional near-infrared spectroscopy (fNRIS) is a neuroimaging technique that can 

be used to study awake infants, because it is portable and light and can, as EEG, be 

attached to an infant-sized cap. It was developed more recently and has since been 

used in numerous studies to study social brain specialization in infancy. It uses near-

infrared light to measure the activation of cortical regions by exploiting the facts that, 

first, active neurons consume oxygen and, second, that oxygenated haemoglobin 

(HbO2) in comparison to deoxygenated haemoglobin (HbR) in the blood absorbs more 

light and therefore reflects less. fNIRS shines infrared light from various source 

optodes through the scalp and measures by various detector optodes the amount that 

is reflected in a certain scalp location. While still being limited to measuring cortical 

activity, compared to EEG it provides a better spatial resolution of the activation 

across the cortex (Quaresima & Ferrari, 2019). Further, if different source-detector 

separations are used for the different source-detector pairs, fNIRS also allows 

information about activation in deeper cortical layers, with a depth sensitivity of about 

1.5 cm (Quaresima & Ferrari, 2019). Unlike EEG, fNIRS is not measuring the 

activation of a group of neurons directly by recording the electrical potential that 

arrives at the scalp, but indirectly by inferring it from the hemodynamic response. 

Since this response takes multiple seconds to build up after the activation of a group 

of neurons, the temporal resolution of fNIRS is low compared to EEG and is best 

suited for block-design paradigms with stimulus presentation blocks of several 

seconds, allowing the response to build up and, interleaved by a baseline task of 

several seconds, return to baseline again.  

 

Taken together, techniques measuring infant neural activity can capture variations in 

processing that are not visible on a behavioural level. Besides fMRI and fNIRS, EEG 

is a technique that has been widely used to study neural correlates of infant social 

attention. It is particularly useful for studying neural activity in awake infants because 
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it is non-invasive, portable and light weight, thus tolerating a relatively high degree of 

movement while detecting rapid changes in the signal.  

 

 

1.4 The concept of social attention – a developmental perspective 

The term “social attention” has been used widely in the literature to refer to attention 

in the context of conspecifics. However, there is no agreement on how this term should 

be defined or measured (see Salley and Colombo, 2016, for a review). To characterize 

the existing developmental literature using the term social attention either 

conceptually or empirically, Salley and Colombo (2016) suggested a framework based 

on three separate but inter-related functions of social attention:  

 

1. social attention behaviours (mainly joint attention) that can produce social 

interaction, typically developing by the age of 9 months (Mundy & Newell, 2009);  

2. social motivation, referring to the degree to which attending to and/or engaging with 

the social world is experienced rewarding (Chevallier, Kohls, Troiani, Brodkin, & 

Schultz, 2012); and  

3. basic visual attention to social information, for instance reflected in the tendency to 

orient towards social cues such as face-like stimuli and direct gaze from birth (Farroni, 

Csibra, Simion, & Johnson, 2002) which has been proposed to be fundamental for 

ensuring social experiences down the line (Jones & Klin, 2013; Klin, Shultz, & Jones, 

2015).  

 

It remains unclear whether social attention is a construct independent from other forms 

of (non-social) attention, or whether by contrast social developmental outcomes can 

be explained by general cognitive processes. It is further unknown whether social 

attention is a unitary construct, that is whether the three subconstructs of attention are 

or are not based on the same underlying processes.  

 

Regarding whether social attention is a construct independent of non-social attention, 

Salley and Colombo (2016) demonstrate the possibility that in young infants, attention 

in social and non-social contexts is the same. Over the first year then, with the 

maturation of brain networks and the concurrent development of endogenous attention 
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and executive function as well as the progressing cortical specialisation for social 

stimuli, social attention gradually becomes independent and is finally expressed in 

social interaction behaviours like joint attention. In other words, under this view, 

social and non-social attention are initially not distinguishable but diverge with 

increasing expertise and specialisation over the course of development. The dynamic 

cues in a social interactive context may thereby be what supports the development of 

social attention functions in unique ways. This proposal is supported by research 

showing stronger neural activation differences during social versus non-social 

processing in 12 versus 6 months olds (Jones et al., 2015), and an early attention bias 

towards social information observed already in newborns (e.g., Farroni et al., 2002) 

that may contribute to the development from basic attention to independent social 

attention behaviour. They call for more research explicitly comparing the two forms 

of attention longitudinally, since investigating attention including both social and non-

social stimuli over multiple time points in early development is necessary to see 

whether results can be generalised to the other, respectively, and when. Including 

samples with both typical and atypical social development can thereby be particular 

helpful. 

 

Regarding whether social attention is a unitary construct, Salley and Colombo (2016) 

suggest the three social attention functions may be distinct in younger infants but 

merge into a unitary social attention process over development that is finally 

manifested in joint attention behaviours. The final answer to the question of whether 

and when indeed the three functional components of social attention are first 

dissociated and over the course of development become the unified construct social 

attention requires systematically comparing each of them with multiple measures, 

respectively, in both social and non-social contexts across development (Salley & 

Colombo, 2016). 

 

 

1.5 The development of the social attention network in the brain 

Social attention in adults is proposed to be underpinned by activity in the social brain 

network, a set of different but functionally connected brain regions that that have 

shown to be involved in social attention processes. The social brain network includes 
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the superior temporal sulcus (STS), the fusiform “face are” (FAA), and the orbito-

frontal cortex (Adolphs, 2003; Klein, Shepherd & Platt, 2009). Various theories have 

been put forward aiming to explain the emergence of the social brain network. The 

core question has been to what extend and how over development brain and experience 

interact in fostering social learning in the individual. 

 

Early theories taking a maturational perspective of development proposed that brain 

regions must become mature to allow for the emergence of a new behaviour or skill. 

This view predicted that the areas activated by social stimuli in children should be a 

subset of the areas activated by social stimuli in adults. Interregional connectivity does 

not play an intrinsic role in this account, while an increase in functional connectivity 

would be explained through the maturation of the relevant fibers (Johnson, 

Grossmann, & Kadosh, 2009). 

On the other hand, theories taking a skill-learning perspective propose that changes in 

the brain happen based on experience and the acquisition of a new skill (e.g., Gauthier 

& Nelson, 2001). This view suggests that during social learning the same brain regions 

are active in infants as in adults and that social learning can occur at any point in life 

and is not bound to age or sensitive periods in development (Johnson, Grossmann, & 

Kadosh, 2009). 

Finally, the Interactive Specialization (IS) framework has been proposed which 

combines both views (Johnson, 2001, 2011; Johnson et al., 2005). It focusses on the 

activation of cortical networks instead of isolated regions, that is the communication 

between anatomically different cortical regions. Response patterns in these networks 

change over development due to their interaction and competition with each other in 

the context of task processing. Thus, broad regions are initially activated by a wide 

range of tasks. With experience, anatomically distinct regions will become 

increasingly fine-tuned in responding to a subset of relevant tasks, such as seeing an 

upright compared to an averted face, and will become more interconnected in their 

specific responses, while at the same time responses within regions become more 

focal. Under the Interactive Specialisation framework, the social brain network 

emerges as a whole with development, becoming more fine-tuned to social versus non-

social stimulation through competition of initially several involved regions activated 

by a broad range of social and non-social stimuli. Subcortical network activity from 

birth enables infants thereby to automatically and rapidly orient towards face-like 
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stimuli, thus enabling increased exposure to social stimuli, initiating the tuning of 

brain networks towards social stimuli through experience (Johnson et al., 2005; Senju, 

Johnson, & Tomalski, 2014). This initial bias is taken over by the infants’ ability to 

learn how to prioritise and use social information after the first few months after birth, 

resulting in progressive increase in sensitivity and selectivity to social versus non-

social stimuli observed over the first year of life (e.g., Jones et al., 2015). Under this 

framework, early atypical processing of social stimuli can cause a subsequent lack of 

or altered specialization of the social brain network, with cascading consequences 

down the line, potentially giving rise to social behaviour difficulties in later in 

development. Therefore, studying brain responses to social versus non-social stimuli 

early on in individuals who go on to be diagnosed with a neurodevelopmental 

condition may reveal early deviations in social processing in these individuals and 

could facilitate an earlier diagnosis (Jones et al., 2017). Atypical social development 

is further discussed in Chapter 3. 

 

 

1.6 Neural signs of infant social attention  

1.6.1 Neural signs of infant attention to visual social cues 

A substantial part of the literature into early social attention development has 

investigated infants’ responses to visual social stimuli, primarily towards faces and 

face-like stimuli. Overall, findings support the view of an initial face bias and 

increasing cortical specialisation of the social brain network in the first year of age 

proposed by the Interactive Specialization framework. 

Studies using looking measures showed that from 2 to 6 months of age, the time spent 

looking at the eyes increased in typical infants (Jones & Klin, 2013). At 6 months, the 

face was more often the first object infants looked at first among an array of objects 

in the face-pop-out task compared to the other objects; while this effect did not 

differentiate between upright and inverted faces it did differentiate between non-

scrambled and scrambled faces (Gliga, Elsabbagh, Andravizou & Johnson, 2009). At 

9 months, joint attention with an adult regarding a novel object significantly increased 

the subsequent looking time to the novel toy (Striano et al., 2006).  

On a neural level,  it was shown that shortly after birth, infants exhibited stronger 

neural correlates of attention to face-like stimuli compared to scrambled or inverted 
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face-like patterns (e.g., Johnson, Dziurawiec, Ellis & Morton, 1991), as well as to open 

eyes and direct gaze compared to closed eyes and averted gaze (Farroni et al., 2002; 

Farroni, Johnson, & Csibra, 2004). Further, social brain activity in newborns was 

stronger in response to a dynamic face stimulus compared to a dynamic non-face 

stimulus (Farroni et al., 2013). Further, differential ERP responses have been observed 

to fearful and neutral faces in infants aged 3-6 months  (Hoehl & Striano, 2010) and 

to faces displaying gaze shifts towards versus away from an object at 9 months 

(Atsushi Senju, Johnson & Csibra, 2006). Increasing specificity to upright versus 

inverted faces observed between 3 and 12 months (Halit, De Haan, & Johnson, 2003) 

suggests ongoing cortical specialisation to faces over the first year of age.  

Infant ERP responses also reflected infants’ recognition familiar faces on the level of 

the Negative central (Nc) component. The Nc has been linked to attention allocation 

(Conte, Richards, Guy, Xie & Roberts, 2020; De Haan, Johnson, & Halit, 2007; 

Richards, 2003). By 6 months, infants showed a differential Nc response mother’s face 

versus a stranger’s face (De Haan, 1997; De Haan & Nelson, 1999; Swingler, Sweet, 

& Carver, 2007; Webb, Long & Nelson, 2005).  

Finally, cortical specialization may start from the moment the infant first experiences 

the world, as the magnitude of the strength in social brain activity during face versus 

non-face processing correlated with age in hours (Farroni et al., 2013). 

 

1.6.2 Neural signs of infant attention to auditory social cues 

Studies investigating infants’ attention to auditory social cues have examined the 

mismatch negativity (MMN), a negative deflection of the ERP response to rarely 

occurring deviant tones, which has been used as a measure of memory of the standard 

tones (Cheour, Korpilahti, Martynova & Lang, 2001). The MMN has been shown to 

be modulated by speech-specific sounds in early infancy. For example, at 4 months, 

the topography of the mismatch negativity across the scalp differentiated between 

syllables and tones (Dehaene-Lambertz, 2000). The MMN rapidly develops in early 

infancy, as demonstrated by a greater response in newborns at older compared to 

younger gestational age (P. H. T. Leppänen et al., 2004), and by 6 months has reached 

its typical (negative) form for vowels but not consonants (Cheng et al., 2015), 

suggesting early specialisation towards speech over non-speech sounds. 
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Neural signs of social attention are not limited to speech but have also been 

investigated in the context of non-speech human sounds. As for speech-sounds, these 

studies have reported differential brain responses to social versus non-social 

processing. For example, by 7 months, infants showed differential responses to human 

sounds (e.g., footsteps, clapping, yawning, sighing) compared to nonhuman sounds 

(Blasi et al., 2011; Geangu, Quadrelli, Lewis, Macchi Cassia, & Turati, 2015), and 

selective responses for human versus nonhuman sounds became stronger between 4 

and 7 months in typical infants (Lloyd-Fox, Blasi, Mercure, Elwell, & Johnson, 2012). 

Finally, responses were more focal in social brain network regions at 6 compared to 3 

months (McDonald & Perdue, 2018).  

These findings suggest an increase both in strength and spatial extent of differential 

responses to social versus non-social sounds across early infancy. 

 

1.6.3 Neural signs of infant attention to audio-visual social cues 

In daily life, infants experience social phenomena as a whole – embracing multiple 

modalities simultaneously as well as complex temporal dynamics. Findings from 

studies using more naturalistic, multimodal contexts support the proposed increase in 

specialisation. For example, infants showed differential theta power responses while 

watching a complex video with social compared to non-social information (Haartsen 

et al., 2022; Jones, Venema, Lowy, Earl & Webb, 2015), and the extent and strength 

of differential theta activity during an experimenter singing nursery rhymes versus 

operating a dynamic toy increased over the second half of the first year of age (e.g., 

Jones, Venema, Lowy, Earl, & Webb, 2015). Further there is evidence suggesting that 

entire networks seem to become more specialised towards social stimuli over this 

period. Differential connectivity of theta oscillations across brain regions during social 

versus non-social video viewing increased over the second half of the first year of age 

(van der Velde, White, & Kemner, 2021). Later in on in typical development, the 

preference for the face and the eyes seems to change with changing interest in the 

world. While viewing complex videos, the proportion of looking at the hands 

increased between 3 and 30 months, particularly when the hands performed an action 

(Frank, Vul, & Saxe, 2012). Further, an age-related shift was observed from looking 

to the eyes to looking to the mouth, especially when the face exposed emotional 

expressions or talking (Frank et al., 2012), suggesting that attention might be paid at 
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the most relevant aspects at a certain point of development, respectively, which might 

be the eyes earlier in development and later the mouth, when language learning comes 

into play, as well as the face earlier in development and later the hands and actions, 

when infants start to engage in joint attention, predicting others intentions and 

following action sequences. Findings of these studies can provide important insights 

into what infants choose to attend to when presented with multimodal stimuli. In sum, 

multimodal dynamic stimuli allow studying infant attention in a more naturalistic 

context, by representing the complexity social cues are embedded in in the real world, 

and several studies have pointed towards progressing specialisation towards social 

versus non-social information presented in a naturalistic context. 

 

Together, studies using various techniques and presenting stimuli of various 

modalities revealed signs of increased specialisation of brain activity towards social 

versus non-social stimulation over the first year of age, including in naturalistic 

settings with complex multimodal stimuli.  

 

 

1.7 The relevance of naturalistic settings for studying infant social attention  

While the majority of studies investigating infant social versus non-social attention 

used pre-recorded stimuli presented in isolation, to increase the generalisability of the 

findings to the real world, it has been acknowledged to also study responses to cues 

that combine various modalities and that are presented within complex dynamics, just 

as infants face them in daily life (Birmingham & Kingstone, 2009). 

 

From an ecological validity perspective, stimuli should ideally reflect naturalistic 

social behaviour; at the same time, experimental control through standardisation is 

important in order to reduce the influence of confounding factors. 

Live stimuli, as opposed to screen-based stimuli, involve a real person that functions 

as stimulus by displaying a certain behaviour or demonstrating an object, for example.  

Beyond the advantage of the increased ecological validity of findings from naturalistic 

settings, there is evidence suggesting that neural responses differ depending on 

whether social attention was studied using live or pre-recorded stimuli (Angelini et 

al., 2022; Jones et al., 2015). Specifically, live contexts showed to be more powerful 
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in eliciting selective responses to social stimulation: differential effects appeared more 

pronounced in a live social context involving a real social partner compared to in a 

screen-mediated context, suggesting enhanced processing of social cues when these 

are embedded in naturalistic settings (Jones et al., 2015; Striano, Reid, & Hoehl, 

2006). Therefore, live contexts are particularly promising for the studying of also 

potentially small effects in the domain of social versus non-social attention.  

 

But why do children perceive live stimuli differently? What the aspects are within 

social interaction that capture infants’ interest? Theories bring forward different 

arguments of what makes social interaction special for us and why infants may prefer 

live stimuli over “artificial” ones. One critical element in live social interaction have 

been suggested to be ostensive cues, which are the aspects of human behaviour that 

signal to the perceiver that they are being addressed (G. Csibra & Gergely, 2009). The 

theory of infant natural pedagogy (Gergely Csibra & Gergely, 2006) proposes that 

infants attend to social stimuli because they are born with a “well-organised package 

of biases, tendencies and skills” (Csibra & Gergely, 2006, p. 8) making them prone 

towards adults who intentionally communicate with them in order to convey a piece 

of information. According to this account, eye contact, contingency and infant-

directed speech are ostensive or communicative cues which infants have an innate 

tendency to react to. Ostensive cues signal to the infant that an interaction partner is 

addressing them and is about to transfer knowledge to them (Csibra & Gergely, 2009; 

Senju & Csibra, 2008). Thus, attending to ostensive cues helps infants learn the 

information an adult deliberately wants to convey to them. According to this account, 

for example, infants follow gaze because the other’s gaze indicates that they are being 

addressed, and they only do so if accompanied by at least one of a set of specific 

ostensive cues (direct gaze, infant-directed speech, or contingent responsivity; Csibra, 

2010). This view is in line with the findings of stronger social brain activation during 

overall social/communicative versus non-social/non-communicative situations (Blasi 

et al., 2011; Jones et al., 2016; Jones et al., 2015; Lloyd-Fox et al., 2013). Further 

specific support comes from eye tracking research. One study showed that both 

ostensive signals (IDS) and mere attention grabbers (e.g., beep sound) elicited gaze 

following in the infant, but referential object learning only occurred when preceded 

by ostensive signals, not by mere attention grabbers (Okumura, Kanakogi, Kobayashi, 
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& Itakura, 2020). This finding suggests that it is ostension, the deliberate intention to 

convey information and the hint towards it, beyond merely grabbing the child’s 

attention, that is relevant in social learning (Okumura, Kanakogi, Kobayashi & 

Itakura, 2020). On the other hand, there is evidence challenging the view of the natural 

infant pedagogy theory. For example, in an eye tracking study, infants showed gaze 

following even without communicational content (Gredebäck et al., 2018).  

 

Multimodal social stimuli might according to the infant natural pedagogy theory be 

particularly powerful as they combine multiple ostensive cues. While also videos of 

adults can be considered to convey a combination ostensive information, the mere 

finding oneself within the same context as the other person and being aware that the 

other person is a potential interaction partner might act as additional ostensive cues in 

a live compared to a screen-mediated context.  

 

Minagawa, Xu & Morimoto (2018) have suggested other aspects that might explain 

why children perceive live paradigms differently, and these might function as 

additional ostensive cues enhancing in the infant their feeling of being addressed. 

One property inherent to live but not screen-based stimuli are the enhanced sensory 

and perceptual characteristics, including increased size, three-dimensional 

information, and haptic and olfactory information (Minagawa, Xu, & Morimoto, 

2018). A further factor to consider is the mere human presence (i.e. “a presence of a 

mind that encompasses intention and emotion”, Minagawa, Xu & Morimoto, 2018, p. 

4). Indeed, social psychology studies have observed the mere presence of a human to 

alter task performance (“social facilitation effect” and “social pressure”; Bond, C. F., 

& Titus, L. J., 1983). 

 

Of note, while live studies can be either non-interactive or interactive, the present 

thesis focusses on non-interactive live studies. Live studies that additionally include 

an interactive component arguably further increase ecological validity but also further 

reduce experimental control. The additional interactive component additionally 

implies contingency (responsiveness) (Minagawa, Xu & Morimoto, 2018).  
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1.8 Theta power as a measure of infant attention in naturalistic contexts 

 
1.8.1 Theta power as a measure of infant attention  

One of the measures that has been used in the studies on infant attention in live social 

contexts are theta oscillations, reflecting slow frequency synchronised neural activity 

recorded at the scalp using electroencephalography (EEG). A detailed description of 

the method of EEG and theta oscillations can be found in Chapter 2. 

 

The adult theta band (4-8 Hz) has shown to be related to cognitive processes involved 

in attention engagement and working memory (Cavanagh & Frank, 2014; Klimesch, 

1999; Sauseng, Griesmayr, Freunberger & Klimesch, 2010). For example, in older 

children and adults, theta power was enhanced during social exclusion (van Noordt, 

White, Wu, Mayes, & Crowley, 2015) as well as during negative social feedback (van 

der Molen, Dekkers, Westenberg, van der Veen, & van der Molen, 2017). Similarly, 

older children and adolescents showed greater theta power to social rejection 

compared to acceptance by a peer, while adults showed greater theta power to threads 

of exclusion compared to social rejection and acceptance (Tang, Lahat, Crowley, Wu, 

& Schmidt, 2019).  

 

In infants, the theta band oscillates with a 3-6 Hz frequency1. Infant theta has been 

associated processes related to learning. Infant theta power has been linked to attention 

engagement and information encoding (Anderson, Perone & Gartstein, 2022; Angelini 

et al., 2022; Bazhenova, Stroganova, Doussard-Roosevelt, Posikera & Porges, 2007; 

Begus, Gliga & Southgate, 2016; Jones, Venema, Earl, Lowy & Webb, 2017; Jones et 

al., 2015; Orekhova, Stroganova, Posikera & Elam, 2006; Smith et al., 2021; 

Stroganova, Orekhova & Posikera, 1998; for a review see Begus & Bonawitz, 2020). 

Specifically, infant theta may be involved in infants’ updating of the emerging 

concepts they have of their environment after violation of their expectations (Berger 

& Posner, 2022). As such, in 9-month-olds, theta power increased shortly after the 

presentation of unexpected but not after expected pictures (Köster, Langeloh, Michel 

 
1 Recently, the definition has been adapted to 2-5 Hz (Xie, Mallin, & Richards, 2018). However, this 
thesis and the studies presented still use the 3-6 Hz definition in order to be consistent with the previous 
studies upon which this work builds. 
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& Hoehl, 2020), and under an incongruent versus congruent gaze shift live situation 

(Angelini et al., 2022). Further, theta power might be involved in attention. In 12-

month-olds, theta activity during playing with an object predicted the length of infants’ 

subsequent visual attention, while the prediction was weaker when the infants’ visual 

attention was guided by an adult interaction partner (Wass et al., 2018). In 6-month-

olds (Braithwaite, Jones, Johnson, & Holmboe, 2020) and 12-month-olds (Jones et al., 

2020), there was an increase in theta power over the frontal cortex while infants were 

watching novel videos, and at 12 months, the amount of this increase was associated 

with neural responses while watching the same video again, reflecting the infants’ 

learning of that video at 12 months. Crucially, these the differences in amount of 

learning the video correlated with cognitive skills at 9 months in typical infants 

(Braithwaite et al., 2020) as well as at 1,  2, 3 and 7 years in infants with older siblings 

with autism (Jones et al., 2020). These findings suggest that task-related theta power 

modulation reflects attention engagement and learning processes in infancy, and that 

the magnitude of this modulation is able to predict long-time cognitive performance.  

Taken together, the current literature suggests that elevated theta power in infants may 

reflect an elevated attentional state in which infants are optimally set to receive 

information that helps them learn about the world.  

 

 
1.8.2 Differential theta power as a measure of social versus non-social infant 

attention in naturalistic settings  

A series of studies have investigated theta power responses to naturalistic social and 

non-social stimuli. Investigating theta power responses to videos either showing 

women singing nursery rhymes with gestures or showing dynamic toys (e.g., a rolling 

ball) revealed that theta power was stronger during viewing social versus non-social 

videos at 14 months (Haartsen et al., 2022) and at 12 months (Jones, Venema, Lowy, 

Earl & Webb, 2015; Jones et al., 2020), but not at 6 months of age (Jones, Venema, 

Lowy, Earl & Webb, 2015; Jones et al., 2020). 

Further, the increase in differential theta power between 6 and 12 months was greater 

for social compared to non-social videos (Jones et al., 2017; Jones, Venema, Lowy, 

Earl & Webb, 2015).  
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In live stimulation contexts, elevated theta power towards social versus non-social 

stimulation was observed already earlier in infancy, at 6 months, and showed to 

increase in strength and spatial extent over the second half of the first year of age 

(Jones et al., 2015), suggesting that live social contexts are particularly powerful in 

triggering social brain responses at a young age. At 12 months, the effect appeared 

more pronounced in the live than in the screen context (Jones et al., 2015). Both at 6 

and 12 months, the effect was strongest over frontal electrodes, but only at 12 months 

only it was also present over parietal and occipital regions, indicating an increase in 

topographical extent of differential theta activation during social versus non-social 

stimulation over the second half of the first year of age. While a differential response 

was also found in the alpha band, with greater alpha suppression during social versus 

non-social attention, this effect did not change with age (Jones et al., 2015), suggesting 

theta power differences to be a more sensitive measure of social brain specialisation 

in live social contexts. The effect of stronger theta power over frontal electrodes during 

live social versus non-social action in 6- and 12-month-old infants was replicated in 

an independent sample (Jones, Venema, Earl, Lowy & Webb, 2017). 

 

Differential theta power responses to social live action might be related to individual 

differences in development. In fact, the stimulus effect showed to be reduced in infants 

of parents with higher social discomfort, avoidance and distress, both at 6 and 12 

months (Jones, Venema, Earl, Lowy & Webb, 2017). Reduced parental social 

motivation was also related to other measures linked to social attention (shorter peak 

look duration to faces at 6 and 12 months, reduced P400 response to faces versus 

objects at 6 months; Jones, Venema, Earl, Lowy & Webb, 2017). This finding suggests 

a relation between reduced social brain specialisation and lower parental social 

motivation. 

 

Infant theta power may further be increased during interaction-initiating behaviour in 

infants. For example, theta power (here: 3.6-5.6 Hz) was stronger during looking at a 

live neutral face compared to a smiling face in 5-month-old infants, accompanied by 

an increase in positive affect (Bazhenova et al., 2007). The authors suggested this 

pattern to reflect increased engagement with the neutral stimulus to achieve re-

eliciting a response in the interaction partner. As in the study by Jones and colleagues 
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(2015), the effect was observed over anterior regions, but also in right posterior 

temporal regions. 

 

Within different social live contexts, attention might be enhanced in the presence of a 

more engaging, addressing social partner offering more opportunities for learning. For 

example, frontal and temporal theta power was enhanced while an experimenter was 

labelling and demonstrating an object versus not labelling and merely handling the 

object in 11-month-old infants (Begus, Gliga & Southgate, 2016). Similarly, infants 

responded with stronger bilateral temporal (but, interestingly, not frontal) theta power 

in expectation of a person speaking in their mother-tongue versus foreign language, 

presumably expecting information from the former to be more relevant to them and 

bear greater potential for learning than the latter, at an age where word learning in the 

language of the mother-tongue is about to start. Together, the authors interpreted that 

the effect might be present over frontal regions in anticipation of receiving functional 

information, and over temporal regions in anticipation of verbal information (Begus, 

Gliga & Southgate, 2016).  Recently, theta power has been studied during free play of 

infants with their caregivers. Stronger theta power was observed during infants’ 

exploration of an object in interaction with their mother relative to watching dynamic 

videos in 6-to-12-month-olds (Anderson et al., 2022) which is in line with the previous 

findings of stronger theta power both for social versus non-social processing and live 

versus screen contexts. Further, during free play, theta power was observed to be 

stronger during interaction with the mother compared to looking at objects in the room 

in 6-month-olds, especially over temporal electrodes (Smith et al., 2021), indicating 

deeper attention engagement during interaction. Of note, in this study theta power was 

also stronger during independent play compared to looking at objects, contrary to the 

predictions of the authors. They argued that this result might be linked to 

characteristics of the analysis that was required given the (otherwise desirable) non-

standardised nature of the free play paradigm. Specifically, behaviours were coded 

into event categories, potentially resulting in great behavioural variability within the 

categories in both mother-child interaction and independent play. 

Together, there is strong evidence that theta power is elevated during social versus 

non-social stimulation, and this effect appears earlier in development and stronger in 

a live compared to screen context.  
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These findings also suggest that there are differences in how the effect of stronger 

social versus non-social theta power is distributed over scalp, while there is no clear 

consensus in the findings as to which regions exhibit elevated theta power to social 

stimulation at what age. According to the Interactive Specialisation hypothesis, 

responses become more specialised towards a restricted set of stimuli over 

development, and at the same time anatomically distinct regions specialising to this 

type of stimulation connecting with each other, reflecting a greater extent of 

specialised responses across the brain with development.  

 

Besides changing with age, the location of the effect might depend on the type of 

information that is processed, for functional information frontally and for verbal 

information temporally (Begus, Gliga & Southgate, 2016). Further, a region effect has 

been suggested to vary depending the exact frequency range within the theta band, 

with an effect in frontal regions being specific to the lower theta range (4.0 and 4.4 

Hz) and in temporo-parieto-occipital regions to the higher frequency range (5.6 Hz) 

(Orekhova, Stroganova, Posikera, & Elam, 2006). Yet other findings suggest no 

region differences at all (Stroganova, Orekhova & Posikera, 1998). Overall, it seems 

that the localisation of the effect depends on age, and possibly on the domain of 

processing and the exact frequency range under study.  

 

In sum, research into infant theta power during naturalistic experiences indicates that 

theta power is enhanced during attention to a social partner versus an object, this 

differential response becomes stronger over the second half of the first year of age, 

reflecting increased specialization to social information, and naturalistic contexts may 

enhance the social/non-social effect on theta power. Theta power can hence be 

considered as a promising measure to study attention engagement during live social 

experiences in infancy. 
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1.8.3 What does theta power represent on a brain processing and 

neurobiological level? 

Through coordinated neural activity, multiple bran regions can form brain networks 

to coordinate their activity (Klimesch, 1999). Theta rhythms, oscillating at a frequency 

of 3-6 Hz (or 2-5Hz; Xie, Mallin, & Richards, 2018) in the infant brain, result from 

joint activity of multiple neural populations that are firing or being inhibited together 

upon repetitive stimulation (Klimesch et al., 1999). The cognitive function that has 

been related to the theta rhythm in infants are information encoding and attentional 

control involved in active learning and memory formation. It is thought that the 

mechanism through which theta activity during information encoding is beneficial for 

learning is by affecting synaptic plasticity fostering inter-neural information 

transmission and hence across different regions of the brain (Buzsaki, 2006). 

Specifically, theta rhythms are thought to support information transmission at the 

synapse by enhancing dendritic long-term potentials (Rutishauser, Ross, Mamelak, & 

Schuman, 2010). Long-term potentiation (LTP) represents synaptic plasticity that 

facilitates signal transmission across neurons and has shown to facilitate memory and 

learning. Indeed, LTPs more likely arose when incoming stimulus sequences in the 

hippocampus happened at the theta frequency compared to other frequencies 

(Greenstein et al., 1988), and the joint firing of hippocampal neurons at the theta-

rhythm during the active encoding of new information was predictive of memory 

performance (Rutishauser et al. (2010). Frontal theta power also influenced theta 

activity in the nucleus accumbens, and even more when a high reward was anticipated 

(Cohen et al., 2012) suggesting theta power being involved in reward-processing. It 

has been suggested that theta activity at the cortex has its source in cortical-

hippocampal feedback loops (Klimesch, 1999). Indeed, phase synchrony between the 

cortex and hippocampus within the theta frequency band suggested theta oscillations 

to be involved in the communication between cortex and hippocampus (Lega, Jacobs, 

& Kahana, 2012). 

In sum, enhanced theta power during social versus nonsocial attention might foster 

active learning and social reward processing or increased attentional control in the 

light of the combination of cues that need to be integrated in complex contexts, by 

enhancing information processing at the synapse. 
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1.9 Summary  

 
The Interactive Specialisation framework of social brain development proposes an 

initial orientation bias towards face-like stimuli at birth, followed -with the onset of 

experiences in the world- by an increasing cortical specialisation towards social 

information over the course of infancy. With progressing cortical specialisation 

towards social stimuli over infancy, infant social attention may diverge as an 

independent concept separate from non-social attention. It serves three different 

functions related to the selection of information and the inhibition of distractors in the 

social world: social behaviour, social motivation, and basic visual attention, which 

may merge over infancy and consolidate as joint attention behaviour.  

Infant social attention has been investigated using overt looking paradigms or neural 

measures. EEG is particularly suited for studying infant visual attention given its light 

weight and high temporal resolution and has been widely used to study infant social 

attention, primarily towards isolated visual stimuli presented on a screen. Findings 

underpin a preference for face-like versus non-face-like stimuli from birth, and an 

increase in the strength and extent of socially specific responses over the first year of 

age. The theta frequency band of the EEG signal has been related to attention 

engagement and information encoding and was greater during social versus non-social 

attention in a naturalistic context from 6 months of age, with an increasing differential 

response over the second half of the first year. Naturalistic contexts hence not only 

increase ecological validity of the findings and but also seem to enable enhanced 

processing of social cues and hence be particularly powerful at eliciting differential 

responses to social versus nonsocial information. 

 

 
1.10 The present thesis 

This thesis aims to both contribute to understanding early social development and to 

advance the tools for its investigation. It does so, first, by comparing theta activity 

during live social and non-social processing between infants with typical and atypical 

social development, to assess potential early processing alterations in a naturalistic 

context. Second, it introduces and discusses a novel experimental approach for 
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identifying in the individual infant the optimal stimulus from a range of social cues 

that maximally triggers selected neural correlates of attention in the individual infant. 

 

Chapter 2 describes the method of EEG and the application of a novel experimental 

approach to identify an individual infant’s optimum social stimulus from a range of 

possibilities. Chapter 3 tests whether theta power during naturalistic social versus non-

social information processing is altered 14-months-old infants with familial likelihood 

of autism. Chapter 4 investigates whether this alteration is already present in early 

infancy. Chapter 5 presents a proof-of-principle study testing the feasibility of the 

individualised approach with infant neurophysiological data. Chapter 6 applies the 

NBO approach to identifying individual infants’ optimum stimulus from naturalistic 

social experiences. The findings of the present thesis are summarised, and implications 

and limitations of the present work as well as endeavours for future research are 

discussed. 
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CHAPTER 2: NEUROADAPTIVE BAYESIAN OPTIMISATION WITH 

INFANT ENCEPHALOGRAPHY DATA  
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2.1 Introduction  

Traditional studies in developmental neuroscience typically explore how a stimulus 

evokes activity in a brain network. However, these findings do not answer what this 

activity means, since only the relation with one stimulus has been investigated. 

Likewise, it could also be evoked by other tasks. Further, there might be individual 

differences in the profile of which tasks trigger activity in a brain network. The 

standard experimental approach can only tackle these questions by the costly running 

of multiple consecutive experiments, with countless infants.  

 

The present chapter introduces the novel experimental approach of “Neuroadaptive 

Bayesian Optimisation” to neurodevelopmental research, which maps within one brief 

experimental session how various stimuli differentially trigger social brain activity in 

the individual infant and can be used complementary to the traditional group-level 

approach to answer questions on level of individuals or subgroup. Its particular 

advantages for the field are described as well as the different components of the 

method in light of their application to studying brain function in infants.  

 

Of note, while this methods chapter focusses using the novel experimental approach 

of Neuroadaptive Bayesian Optimisation with infant neurophysiological data, studies 

applying this new method are presented later in this thesis (Chapters 5 and 6), while 

Chapters 3 and 4 use the traditional experimental approach. 

 

 
2.2 The limits of the classic experimental approach for studying variability in 

infant brain function in heterogeneous groups 

Traditional studies require the investigation of average responses to few pre-selected 

stimuli. While this is necessary to draw robust group-level conclusions about a 

circumscribed effect, it limits the question we can ask about the process under study.  

Were the pre-selected stimuli the most relevant stimuli to study a phenomenon? What 

would responses look like across other stimuli that could not presented within the same 

session due to practical constrains? Addressing these questions would require multiple 

sequential experiments of the same kind, each investigating another small subset of 
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stimuli of interest. This requires many resources and is in sum inefficient and 

decelerating the scientific progress. Are there subgroup in the sample that show 

different results? Addressing this question is not possible when responses are averaged 

across the sample in order to cancel out noise.  

 

There are further problems related to the restriction to few stimuli and the pre-selection 

of these: Trying to preselect the one or two stimuli that reveal differences between 

individuals or different cultural subsets implies the risk of missing crucial stimuli by 

getting the preselection wrong. Further, preselection by a researcher prohibits studying 

which among those cues do individuals would come to choose to attend if they had 

the choice. Finally, being restricted to few stimuli often results in selecting the stimuli 

that are preferred by the typical population and in studying how atypical populations 

differ in the magnitude or location of their responses towards these normative stimuli. 

However, under a neurodiversity perspective (Pellicano & den Houting, 2022), it 

would be more inclusive to ask about what stimuli are preferred by different 

subgroups. Designs targeting this type of questions would not only ask more inclusive 

questions, but also produce results that could inform tailored interventions based on 

identified individual strengths rather than aiming to address common weaknesses.   

 

Besides the restricted number of stimuli and their pre-selection, the embedded analytic 

flexibility in analysis after the data is collected bears the risk of hawking and p-

hacking, ultimately resulting in a large part of the findings not being replicable 

(Ioannidis et al., 2014). Preregistration cannot fully solve the problem either (Nosek, 

Ebersole, DeHaven, & Mellor, 2018). 

 

These limitations inherent to the traditional design are even more pronounced when 

studying infants. First, compared to research with adults, the field of developmental 

neuroscience is still relatively young. Hence, the preselection of stimuli is based on 

fewer accumulated knowledge than in the adult literature. This enhances the risk of 

getting the stimulus-selection wrong by missing important stimuli that have not been 

investigated yet. Second, infant research is progressing slower, given the more 

dynamic and flexibility-requiring nature of working with its subjects, as well as the 

smaller population size available for participation in studies. Therefore, it would 



 

 
 

35 

benefit even more from overcoming the inefficiency embedded in traditional 

approaches in order to answer the questions at hand. Third, in infancy, the 

heterogeneity in neural processing between individuals is multiplied by the 

heterogeneity of the developmental change between individuals. Thus, a more 

efficient design would particular benefit longitudinal studies when investigating 

heterogeneous groups. Finally, flexibility in the choice of analytic parameters is even 

greater in a population for which there is little consensus on analytic standards.  

 

In sum, the traditional experimental approach is restricted in the number of stimuli and 

relies on their pre-selection by the researcher and allows analytic flexibility that may 

contribute to low replicability of the findings. These restrictions can cause problems 

to the interpretation of the findings and at best limit the questions that can be asked. 

 

 

2.3 A Novel Experimental Approach: Neuroadaptive Bayesian Optimisation 

Recent advances have enabled the development of an individualised experimental 

approach that is able to complement the traditional group approach. Neuroadaptive 

Bayesian Optimisation (NBO, Lorenz et al., 2018) flips the rationale of the classic 

approach, in which an experiment aims to identify how individuals vary in magnitude 

or location of their responses to few pre-selected stimuli, towards mapping how a pre-

defined brain function in the individual varies across a range of stimuli, revealing 

which are the stimuli that more or less trigger a brain response of interest in this 

individual. NBO uses a closed-loop design. It presents a stimulus selected from the 

range of prepared stimuli, analyses the individual’s response to that stimulus, and 

based on this response selects the next stimulus, iteratively building up a model of the 

individual’s response function across the stimulus space. Hence, an NBO experiment 

consists of two main processes: 1. Collecting and analysing neurophysiological data 

in real time and 2. Using the algorithm to build a model of the unknown brain function 

based on which the next stimulus is being selected (neuroadaptive). These two 

processes take turns in an iterative process working towards predicting the unknown 

underlying brain response function across one or more stimulus dimensions, until 
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reaching a stopping criterion. The stimuli are created and arranged along the respective 

dimension(s) prior to the session. 

 

The advantage of NBO is that it tests multiple predictions at the same time, by 

mapping responses across a wide stimulus space, without the need of presenting each 

single stimulus. Instead, useful stimuli are selected for presentation taking into account 

where in the stimulus space are predicted maxima and the uncertainty of the predicted 

values. In the closed-loop design, further points are sampled iteratively, until the 

algorithm has built a model of the unknown response function across the space based 

on the empirical samples it took of selected stimuli in the space.  

 

NBO in principle works with any type of true, underlying relationship between the 

stimuli and the target metric (e.g., linear function of brain response changing from one 

extreme towards the other, U-shaped function), because it is non-parametric; it does 

not make prior assumptions about the underlying function and instead operates fully 

data-driven, that is only on basis of the empirical data it samples as measurements of 

the unknown, objective function.  

 
The Neuroadaptive Bayesian Optimisation approach has been developed and validated 

in a proof-of-principle fMRI study with adults, by confirming with the individualised 

approach strong hypotheses about which visual and auditory properties best evoke a 

certain target brain state (Lorenz et al., 2016). This upside-down approach of 

experimental testing since allowed new endeavours into testing the meaning of brain 

function in adults, by mapping responses across a range of stimuli. At the same time, 

it allows broader hypotheses and a design that is pre-registered by nature, fostering 

reproducibility of research findings (Lorenz, Hampshire, & Leech, 2017), and due to 

its efficacy and robustness has particular value for the relatively young field of 

developmental neuroscience (Gui et al., 2022). 

 

The approach has since been applied to studying the involvement of overlapping brain 

networks in various cognitive tasks (Lorenz et al., 2018). Further, it has been used to 

identify brain stimulation parameters that trigger phosphenes in healthy adults (Lorenz 

et al., 2019), and to identify in stroke patients the tasks by which their domain-general 
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fronto-parietal networks is still activated, in order to inform effective rehabilitation 

protocols based on the individual neural profile (Lorenz et al., 2021). Recently, new 

methods for artifact rejection specifically tailored to the neuroadaptive approach have 

been developed (Ouyang, Dien, & Lorenz, 2022). 

 

The individualised NBO approach can complement the traditional approach studying 

robust effects between stimuli on a group level, together maximising the number of 

research questions that can be asked. While the traditional approach asks, how on the 

group level brain responses are modulated by few preselected stimuli, NBO asks 

which of a range of possible stimuli is optimal for a subgroup or an individual to reach 

a specific target brain state. Not only can the two approaches study a subject from 

different perspectives, but they can also mutually inform each other: The group 

approach informs the NBO approach, for example, about what are robust and clinically 

relevant target brain metrics to optimise in an NBO experiment, and the NBO 

approach can inform the group approach, for example, about which stimuli are 

relevant for different subgroups. 

 
 
2.4 The Method of Electroencephalography (EEG) 

The cortical source of the EEG signal. The EEG signal measures voltage changes in 

the brain over time. During activation of a neuron, the balance of the voltage inside 

versus outside that neuron changes. Currents in the extracellular field respond to this 

voltage change, and together with currents in the extracellular field of neighbouring 

neurons create a local field potential (LFP). This LFP can be measured at the scalp by 

EEG sensors. Because the measured signal arises from different sources, and different 

sensors may measure activity from the same source, additional methods on the level 

of mathematics are needed to localise the source of the recorded EEG signal (Conte, 

Richards, Guy, Xie & Roberts, 2020).  

 

EEG analysis. Before the EEG signal is being analysed, it is being cleaned or “pre-

processed”. This step, for example, removes potential drifts and movement artifacts 

from the signal. The pre-processed signal enters analysis. Different aspects of the EEG 

signal have been analysed in relation to cognitive processing. Two major analysis 
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methods of the EEG signal include Event-Related Potentials (ERPs) and frequency 

analysis of ongoing oscillations. 

ERPs are direct rapid changes in the EEG signal time-locked to a preceding cognitive 

event, such as the processing of a briefly presented stimulus (Luck, 2014). This allows 

to relate measured voltage changes to a specific, e.g., cognitive, function. The overall 

EEG signal reflects a combination of activity. The ERP is obtained by averaging 

across multiple equal trials and reveal the pure signal change specifically related to 

the event while cancelling out noise. In principle, the more trials are averaged, the 

higher is the signal-to-noise ratio. Of note, the background noise affecting the signal-

to-noise ratio varies between measurements and individuals. The different positive 

and negative deflections in the ERP waveform are usually named after the direction 

of the deflection (positive – P or negative – N) and their temporal position in the 

waveform (1, 2, 3 etc.) or their latency relative to stimulus onset (e.g. 100 ms). Other 

components have names relating to their deflection and position at the scalp, e.g., the 

Negative central component, Nc. 

Components of the ongoing oscillations of the EEG signal can be studied, too. 

Changes due to an event can, for example, be reflected by a change in power of the 

oscillations. The ongoing EEG signal can be decomposed into frequency bands, that 

is waveforms oscillating in a certain frequency, measured in Hertz (Hz), reflecting 

how many oscillatory cycles per second the signal includes. The following frequency 

bands have been defined in relation to different functions in humans: Delta (0.5-2 Hz) 

– sleep, Theta (4-7 Hz) – attention engagement and learning (Orekhova et al., 2006), 

Alpha (9-11 Hz) – attentional control, inhibition, task engagement (Klimesch, 1999), 

Beta (18-21 Hz) – movements, Gamma (30-60 Hz) – memory and perception. In 

infants, these functional frequency bands entail lower frequencies. More synchronised 

oscillations of a certain frequency reflect greater excitability of the neuronal 

populations and hence more efficient neural communication. Changes in components 

of the ongoing oscillations in a frequency band can provide insights about cognitive 

functions. Components that can be extracted are the amplitude, the power and the 

phase of the signal at a given frequency. The difference in oscillatory power at a 

frequency over certain time windows in respect to a baseline time window can be 

calculated by frequency analyses (e.g., Fourier analysis). It can be visualised in a time-

frequency spectrum, by transforming the signal from the time domain, in which the 
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signal is depicted at each timepoint, to the frequency domain, in which phase, 

amplitude and power are shown for the different frequencies averaged across at time 

window. 

 

Advantages of EEG. EEG is particularly suited for infant studies. The EEG system 

consists of electrodes that are in contact with the scalp by application on an infant-

sized cap or net. It is non-invasive, portable and light weight, allowing the infants to 

move freely. It directly measures the neural activity at the scalp and thus has a high 

temporal resolution, thus typically providing samples at every few milliseconds on 

average, with the exact sampling rate depending on the EEG system. It is thus able to 

measure rapid changes in neural activation, and also not require time for a response 

function to build up. Minimising the signal processing time between stimulus 

presentation blocks is important in neurodevelopmental research, where time is 

limited due to behavioural tendencies of the participants. This circumstance is 

particularly useful in the context of real-time analysis, where the signal is being 

processed while the experiment is still ongoing. On the other hand, EEG provides low 

spatial resolution, because it only measures the signal that is present at the scalp. 

 

 

2.5 The use of Neuroadaptive Bayesian Optimisation for infant EEG 

The present thesis aimed to extend the Neuroadaptive Bayesian Optimisation 

approach to studying EEG responses in the infant brain in the context of social 

development. Addressing the restrictions of the traditional approach listed above, 

NBO is particularly suitable for the field of developmental neuroscience: First, testing 

multiple conditions simultaneously is useful in infant research where participants have 

natural behavioural tendencies (e.g., short attention span, becoming fussy, hungry and 

tired more quickly and more unpredictably, refusing the cap) that make the recording 

of a clean signal more challenging than in adult studies. Second, because the age range 

confining the period of infancy is relatively short, the population is much smaller than 

in adult research, making efficient experiments even more beneficial. Third, mapping 

how a certain brain metric is differentially triggered by various stimuli is particularly 

informative in a relatively young field in which knowledge about relevant stimuli are 

still scarce. Fourth, because infants not only differ in their preferences towards certain 
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stimuli, but also in how these preferences develop in infancy, a period characterised 

by substantial changes on the level of brain and behaviour, NBO allows to study 

neurodevelopmental pathways in a unique way. Fifth, mapping how the individual’s 

brain response varies across stimuli is particularly informative in samples with 

elevated likelihood for neurodevelopmental conditions, because instead of asking how 

an individual or subgroup differs in the response to the stimuli preferred by typical 

infants it asks what an individual or subgroup at elevated likelihood for atypical social 

development would prefer, thus providing the basis for individualised interventions 

and targeted support at an early phase in the developmental cascade. Finally, the 

requirement to set all analysis parameters before collecting the data carries particular 

value for the field of neurodevelopmental research which has yet to establish 

standardised analysis pipelines. 

Together, NBO may have great utility for studying early social development on the 

level of individuals/subgroups. The remainder of the present chapter describes each 

component of the NBO loop in more depth, while Chapter 5 and 6 each present an 

example study applying NBO to infant EEG data. 

 
 
2.6 Neuroadaptive Bayesian Optimisation with infant EEG – The experimental 

loop 

Before the experiment, the stimuli are created and arranged along one or several 

dimensions. The closed experimental loop (Figure 2.1) starts with the presentation of 

a stimulus and recording of the EEG data. After the last trial / epoch of a stimulus 

presentation block, the raw EEG signal is being pre-processed and analysed to obtain 

the predefined target response value (e.g., in Chapter 5, the amplitude of the mean 

Negative central (Nc) component to the infant ERP response). This value is passed to 

the algorithm which maps it to the presented stimulus within the stimulus space and 

updates its model of the unknown brain response function across the space. Aiming at 

identifying the stimulus in the space that elicits the target brain response maximally, 

it selects the next stimulus to be presented and collected empirical data for to further 

inform the model. This loop continues until a user-defined stopping criterion has been 

reached, under which the optimum stimulus is considered as identified, or until a 

maximum number of runs/iterations have been reached for the case that the early 
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stopping criterion was not reached. The time between a two stimulus presentation 

blocks amounts to approximately 6 seconds; ~ 1 second for the real-time analysis and 

~5 seconds for the Bayesian optimisation. The exact amount of time needed depends 

on various factors, including the stimulus file format (longer for heavier files), size of 

the search space (longer for larger spaces), and the processing speed of the laptop. The 

6 seconds were measured with a setup including image stimuli (.png), a 2-dimensional 

search space of 16 points, and a MacBook-Pro hosting stimulus presentation, real-time 

analysis and the BO algorithm. In the following section, the creation of the stimulus 

space and the and two processes comprising the loop, real-time analysis of the EEG 

data (section 2.8) and Bayesian Optimisation (section 2.9) will be described in detail.  

 

 

 

 
 
 

Figure 2.1. Example loop of Neuroadaptive Bayesian Optimisation with infant EEG data 
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2.7 The stimulus space 

The Neuroadaptive Bayesian Optimisation iteratively maps sampled empirical values 

to the respective stimulus presented from a prepared stimulus space, to iteratively 

build up a predicted target brain response across the space. In the stimulus space, the 

stimuli have to be meaningfully arranged across one or more stimulus dimensions. 

The stimuli can either be ordered by the intrinsic stimulus dimensions (e.g., 

familiarity), or by predicted responses based on accumulated previous research 

findings of the same or a different but proposedly related response metric (Lorenz et 

al., 2017). 

Stimuli can then be ordered linearly along a dimension, varying from one extreme to 

the other, or with peak characteristics of the dimension in the middle of the space and 

minimum characteristics at the extremes, or the other way around. The meaningful 

arrangement of the order of stimulus points along a dimension allows the BO 

algorithm to more easily learn the unknown brain response function. The number of 

possible stimuli per dimension is theoretically endless, and the number of dimensions, 

too. 

As an example of a stimulus space, in the proof-of-principle NBO study presented in 

Chapter 4, a range of faces varying in their degree of similarity to the parent’s face 

were ordered along a linear continuum ranging from very familiar to very unfamiliar.  

 

 

2.8 Real-time analysis of infant EEG data 

Real-time analysis of neurophysiological data in the context of NBO comes with 

several additional requirements compared to offline analysis. First, the data has to be 

streamed rather than merely recorded, in order to be available for analysis after the 

end of each stimulus presentation block. Second, all steps of the analysis pipeline have 

to be pre-scripted in order to run after each block. This includes the choice of a target 

brain metric to optimise as well as choices regarding the various parameters of the pre-

processing steps, which have to be made before starting data collection. These 

decisions can be based on a combination of established choices commonly used the 
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field and/or offline exploration of pilot data collected with the specific paradigm and 

set-up. 

 

Of note, the following sections relate to choices of EEG real-time processing 

parameters in the context of the NBO experiments presented in Chapter 5 and 6; the 

parameter choice for the respective study can be found directly in the chapters, while 

here the rationale behind selecting these parameters is described. The pre-processing 

of the EEG data used in the traditional analyses presented in Chapter 3 and 4 used 

slightly different parameters, which are specified in the respective chapter, too. 

 

 

2.8.1 Choice of EEG system, data streaming and synchronisation.  

 

2.8.1.1 Data streaming 

There are multiple components in the real-time loop and changing one of the 

components can affect the functioning of the others: 

 

§ EEG amplifier – here: Enobio box by Neuroelectrics 

§ EEG acquisition software – here: Neuroelectrics Instrument Controller (NIC2) 

§ Streaming software – here: Lab Streaming Layer, LSL 

§ External software hosting stimulus presentation and EEG data analysis – here: 

MATLAB 

§ External software hosting Bayesian Optimisation – here: Python 

 

MATLAB presents a stimulus on the participant’s screen and sends a stimulus marker 

to the acquisition software via LSL. The amplifier receives data from the electrodes 

on the scalp and sends them to the acquisition software via cable or network. The 

acquisition software receives the EEG data from the amplifier and the marker from 

MATLAB. Due to the wireless nature of the Enobio system, there might be some 

latency in the data arriving in the acquisition software from the amplifier, relative to 

the clock of the acquisition laptop. The acquisition software compensates this latency 

and aligns the two clocks. When the acquisition software receives markers from other 

applications, a third clock is to be synchronised, which is the clock from the host 
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sending the markers. In order to gather these markers, Lab Streaming Layer (LSL) can 

be used, which is able to synchronise data with an accuracy of 1 ms. LSL assigns a 

common time stamp to EEG data and marker. Finally, MATLAB pulls the 

synchronised EEG data and marker chunks from LSL. 

 

The marker-aligned EEG data is analysed in MATLAB and an output value is written 

to an external text file saved on the local network. The external software hosting the 

BO algorithm (e.g., Python) that monitors the text file reads in the value and runs the 

Bayesian Optimisation which maps the value onto the stimulus space to update the 

predicted function. Taking into account all sampled responses, it selects the next 

stimulus to present and copies the respective stimulus file (e.g., an image file) to a 

dedicated stimulus folder. This stimulus folder is being monitored by MATLAB, 

which reads in the stimulus file from the folder and presents it on the participant 

screen. This loop is repeated until the early stopping criterion or a pre-defined 

maximum of blocks is reached. 

 

2.8.1.2 EEG system 

The Neuroelectrics ENOBIO EEG 8-channel system was chosen due to its being 

wireless and lightweight and because it is compatible with Lab Streaming Layer. 

The Neuroelectrics NE Enobio device is a wireless EEG amplifier that connects to its 

acquisition software via USB cable, WIFI, or Bluetooth. The type of paradigm 

influences the choice of connection type. Due to its being wireless, it allows for some 

freedom of movement, which is convenient when recording EEG data from infants. In 

the real-time context, this is even more relevant. In the stimulus presentation breaks 

during which the data was being analysed and the next stimulus selected (~6 seconds), 

infants were able to move freely. In the case of live social interaction, this advantage 

is particularly highlighted as the infant may move around more. Furthermore, the NE 

acquisition software, Neuroelectrics Instrument Controller (NIC2), is compatible with 

LSL for data streaming, which is necessary for the analysing the data in real time. 

The Enobio system uses two referencing electrodes that serve as the “ground”: the 

“Common mode sense (CMS)”, and the “driven right leg (DRL)”. All signal is 

measured in reference to CMS. The DRL brings the measured potential as close as 
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possible towards “zero”. Provided that there is good contact of the reference electrodes 

to the skin, they reduce electrical noise and the drift of the signal. 

 

2.8.1.3 Time-stamp synchronisation during EEG data streaming 

The synchronisation between EEG data and marker time stamp is not perfect. Rather, 

the time at which the marker was sent from MATLAB might not always match with 

the time stamp assigned to the EEG data. This is the case, for example, if the stimulus 

presentation is slightly delayed due to factors such as screen refresh rate, or due to 

changing network properties, especially when using wireless connections. The 

mismatch can go in both directions, that is the markers can be delayed relative to the 

EEG signal, or they can be early relative to the EEG signal. A delay of the markers 

relative to the EEG signal arises when the markers sent from the MATLAB script take 

longer to arrive in the NIC acquisition software take longer than the time it takes for 

the EEG data to be transmitted from the amplifier to the acquisition computer. 

Likewise, the marker time stamps are earlier than the EEG signal when the EEG signal 

takes longer to arrive in NIC than the markers. The gap might further increase in the 

course of the session, that is with the time that has passed since the initial 

synchronisation in NIC; for example, it might be influenced by the time the NIC 

software has been running.  

Therefore, before starting the present studies, the potential delay of the true stimulus 

onset relative to the ENOBIO marker was calculated. To do this, a light sensor was 

used as marker in addition to MATLAB-sent markers and calculated the difference in 

their respective time stamps. The light sensor signal is perfectly accurate since the 

light patch is presented exactly then when the stimulus is being presented, and both 

light signal and brain signal are jointly measured and transmitted to NIC. Therefore, 

the marker delay with light sensor is zero. However, with infants, the light sensor 

cannot be used as a marker, because the electrode measuring it is (just as the other 

electrodes) influenced by the noise measured in the ground electrode (because all 

electrodes are measured in relation to this).  With infants, due to enhanced movement, 

there is more noise in the ground electrode, and therefore in the LS electrode.  Hence, 

the light sensor would be less likely to pick up the light signal, as a function of the 

amount of movement. Therefore, in pilot sessions, the light sensor has proved to be a 
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reliable marker with infants, and the MATLAB markers were used in the NBO studies 

instead. 

The mismatch between MATLAB markers and light sensor was computed under 

different conditions and including different task durations: with restarting NIC just 

before acquisition versus having NIC running for 25 minutes before starting the 

acquisition; and with WIFI versus USB cable connection to send data from amplifier 

to NIC. When using WIFI, the variance of the mismatch was greater than when using 

USB cable connection, while the mean mismatch was roughly the same across 

connection modes (Figure 2.2). Because it is difficult to correct for a varying delay in 

the experiment, the USB cable was chosen for the ERP paradigm where exact timing 

is critical. The delay was corrected for by adding the mean duration of the delay (35 

ms) to each marker time stamp.  

 

 
Figure 2.2 Differences between the light sensor time stamp and MATLAB marker time stamp 

across time, under different technical conditions, incl. 5 min versus 10 min experiment duration, 

NIC2= Neuroelectrics Instrument Controller acquisition software 
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2.8.2 The target response 

The pre-defined brain response is being selected based on previous literature. 

Depending on the research question, this can be any brain metric measurable with the 

chosen system that is expected to be relevant for the given research question and to be 

sensitive to the variation in the stimulus space. 

If there are multiple options of possible brain response features, and strong theoretical 

predictions of how the response function should map on the search space on an 

averaged, group level, it might be helpful to analyse pilot data from a group of infants 

by computing the different metrics and comparing them in how they differentially map 

onto the stimulus space. It is thereby crucial that the target metric reliably captures the 

process under study, that is that similar values are computed upon repeated sampling 

at the same area in the space.  

 

2.8.3 Defining the amount of data needed per iteration/block 

 

2.8.3.1 Number of trials/epochs 

In an event-related design, such as an ERP paradigm, this is the number of trials of 

brief presentations needed in order to obtain a reliable signal. In a block design, such 

as when studying EEG oscillations, this is the number of seconds or epochs for which 

the continuous stimulation is ongoing. Previous research showed that more trials are 

required if there is noise in the data and if the ERP component is relatively small 

(Picton et al., 2000), and that the number of trials increases reliability of ERPs in adults 

(Huffmeijer et al., 2014). Especially in infants, where EEG data shows more artifacts, 

and hence ERPs show greater within-subject variance (De Haan, 2007), a higher 

number of trials likely improves reliability. Typically, between 10 and 15 trials are 

required in visual ERP paradigms (Hoehl & Wahl, 2012). 

 

However, the decision of the right number of trials in infant EEG studies is not trivial. 

On the one hand, too few trials might result in the EEG metric not being robust enough 

in order for it to be reliable, hence preventing the BO from convergence. On the other 

hand, an increasing number of trials and hence increasing duration of seeing the same 

stimulus repeatedly, infants’ interest will decrease, and the risk of not reaching enough 

clean trials increase. In an NBO experiment, this means not being able to continue due 
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to bad data quality and having to stop before the paradigm is completed. Therefore, 

the amount of data needed per block should be identified during the pilot phase of the 

study. The test-retest reliability of the individual infant Nc between two visits has been 

shown to be lower than of face-sensitive ERP components in adults but still moderate 

with 10 trials (Munsters, van Ravenswaaij, van den Boomen & Kemner, 2019). 

Considering that during an NBO experiment reliability is needed not across two visits 

taking place on different days, but within the same session, just minutes apart, test-

retest reliability can be assumed to be even higher here. One way to evaluate how 

many trials or seconds will be enough, is to offline re-analyse raw data acquired in an 

NBO session. Notably, NBO to some degree integrates trials across blocks. After each 

block, it updates its prediction about the optimum, taking into account all values 

sampled up to that point. In other words, the prediction about the optimum is not based 

on only the trials of one block, but of all trials across previous blocks, to an extent 

compensating the relatively small number of trials within each block. 

 
 

2.8.3.2 Number of blocks 

While the researcher can set a maximum number of blocks after which the experiment 

should be terminated, the actual number of blocks of the experiment for a given child 

depends on the timepoint of convergence of the BO, which in turn depends on the 

reliability of the brain signal obtained. Defining a maximum number of blocks, after 

which the BO, if not already converged, will stop sampling and the experiment is 

finished, is sensible to constrain the maximum length of the experiment. With infants, 

the maximum attention span during screen-based experiments has been shown to be 

about 20 minutes. Therefore, a maximum number of blocks equivalent in duration to 

20 minutes, after which the experiment will end, may be chose. Of note, the BO builds 

its model on the basis of an initial model obtained during the burn-in phase when pre-

defined stimuli from the space are presented. Therefore, the number of burn-in blocks 

plus a few iterations are the minimum number of blocks needed for an NBO 

experiment. Depending on the stopping criterion for identification of the optimum 

(here: sampling of the same stimulus in three consecutive iterations), this additional 

fixed number of blocks needs to be considered. 
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2.8.3.3 Number of participants 

The sample size depends on the exact research question. In order to only obtain 

individual preferences of infants, no minimum sample size is needed as no group 

comparison is done. However, if the individual results should be used for further 

analysis to answer questions on the (sub-)group level, then the sample size should be 

determined a priori, just as is done in traditional experiments (e.g., by computing a 

power analysis).  

 

 

2.8.4 Choice of pre-processing parameters 

 
2.8.4.1 Filtering 

The EEG signal includes low frequency noise and high frequency noise. Low 

frequency noise can be caused by head movement and scalp persipiration and 

manifests as drift in the signal. High frequency noise can be caused by face muscle 

contractions or electrical noise in the room, and manifests as very small and fast ups-

and-downs in the signal. This noise can be reduced by filtering the signal from noisy 

frequencies, that is excluding frequencies below and above a certain frequency range 

of interest. A high-pass filter passes signals with a higher frequency than the cut-off 

and attenuates lower-frequency signals, and a low-pass filter passes signals with lower 

frequencies than the cut-off and attenuates higher frequencies.  

In the current NBO studies (Chapter 5 and 6), low-pass filters were applied to filter 

out high-frequency noise and 50 Hz line noise coming from the EEG apparatus 

(Chapter 5: 20 Hz; Chapter 6: 35 Hz). Different high-pass filters were considered, 

including 0.1 Hz and 1 Hz. The 1 Hz option seemed preferable, since it reduced drifts 

observed in the signal that diminished the Nc negative amplitude. On the other hand, 

0.1 Hz was considered as an option because it is more commonly used in the literature 

(e.g., De Haan & Nelson, 1997; De Haan & Nelson, 1999; Webb et al., 2011) and 

further does allow more data to pass, hence affecting the signal less. I compared the 

shape of 44 ERPs produced with a high-pass filter of either 0.1 Hz or 1 Hz. I also 

included detrending versus not detrending in the comparison in the search for a way 

to reduce drifting. Nc shapes were judged by their characteristic negative deflection 
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starting after 250 ms and returning to crossing zero before 800 ms. These Nc shapes 

were best resembled by ERPs produced using a high-pass filter of 0.1 Hz and 

detrending of the signal. Detrending reduced drifts in the signal. The more inclusive 

high-pass filter threshold of 0.1 Hz allowed us to ensure not to exclude relevant data 

by cropping the ERP amplitude (see A.2.1 for plots). 

 
 
2.8.4.2 Artifact rejection  

Automatic artifact rejection requires careful choice of the rejection criteria. In the 

current work, this choice was supported both by common procedures and extensive 

piloting, in order to reveal which parameters were able to produce a reliable signal, 

that is whether in similar areas of the stimulus space similar values are being sampled 

on the individual level. This test-retest-reliability is a requirement of the success of 

the BO: only reliability in the values allows the BO to reduce uncertainty and identify 

the point in the search space robustly eliciting the strongest response. 

 

Of note, different artifact rejection thresholds might be suitable for different 

participants, based on the individual characteristics of the general brain response. For 

example, some infants show naturally larger ERPs than others, and a common 

threshold for artifact rejection would result either, if a more lenient threshold is 

chosen, in including too much noise in the signal for infants with naturally smaller 

ERPs, or, if a more conservative threshold is chosen, in discarding valuable data from 

infants with naturally larger ERPs. Therefore, it may be helpful to assess an individual 

infant’s general ERP size at the beginning of the study and adjust artifact rejection 

thresholds accordingly. Because the interest lies in the relative difference in ERPs to 

different stimuli within the same individual, even if later compared with other 

individuals in a group analysis, under the NBO framework this is not problematic.  

 

 

2.8.4.3 Dealing with eye blinks 

One challenge faced in real-time experiments is the question of how to deal with eye 

blinks. In classic studies analysing the data offline after completion of the study, 

researchers can manually identify per video footage of the participant’s behaviour 
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moments of blinks and exclude the respective trials from the analysis. In real-time 

experiments, this is not possible, because there is not enough time to review the video 

footage and manually exclude trials.  

 

A helpful tool for at least partially preventing blink artifacts in the data is gaze-

contingent stimulus presentation. Through video-monitoring, the researcher can 

observe the participant’s looking behaviour, and only present the stimulus once the 

participant is looking towards the screen with open eyes. While this is mainly aimed 

towards excluding trials of looking away, it can also help to prevent from including 

trials when the child was blinking. However, this only partially solves the problem 

since it does not prevent from including trials in which a blink occurred after trial 

onset. 

 

If blinks cannot be fully prevented, a method is needed to deal with the blink artifacts 

present in the data. One way to detect blinks automatically are threshold-based artifact 

detection methods. Trials would then be identified as blink trials if the signal resembles 

the typical topographical characteristics observed in blink artifacts – a brief, spiking 

rise and subsequent fall in amplitude. Threshold based blink detection is difficult with 

infant EEG data because infants’ EEG stream is of generally higher amplitude (Bell 

& Cuevas, 2012) and therefore the magnitude of the difference between the amplitude 

of the blink signal and the brain signal is smaller, making detection by amplitude 

threshold more difficult. Further, individuals differ in their blink duration (e.g., 

Benedetto et al., 2011). Hence, a common latency threshold might not fit all 

individuals, too. The individual blink duration would first have to be established at the 

beginning of the experiment; waiting for a blink to occur and via video monitoring 

and key press to manually identify the timepoint of the onset of the blink. With infants, 

given their short attention span, this step would risk sacrificing valuable time that 

might later be missing for completion of the paradigm. With infants, this problem is 

further enhanced, because their blinks are less stereotypical than in adults and hence 

even more difficult to identify in the EEG data (e.g., Fujioka, Mourad, He & Trainor, 

2011). There are other, more principle problems to threshold-based artifact detection 

– for example, if a blink happens across two trials, with the peak happening in one 
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trial and the amplitude not reaching the threshold in the other trial, this other trial 

would falsely not be detected as blink-contaminated (Klein & Skrandies, 2013). 

 

As another way to detect blink artifacts automatically is Independent Component 

Analysis (ICA), which has been suggested to be more favourable than threshold-based 

methods because it is not limited to a single feature and can work on the basis of one 

individual’s data. However, is on the one hand difficult with infant EEG data, and on 

the other hand impossible in a real-time context. Infants show high intra-subject 

variability, more than adult, due to more frequent and more abrupt movements, 

creating artifacts in the data (e.g., Hoehl, Wahl, Michel & Striano, 2012). Hence, ICA 

with infant EEG data needs a higher amount of input data than with adult EEG. In a 

real-time context each block is being analysed separately, providing for analysis only 

a small amount of data is available for analysis, making reliable ICA for blink 

detection impossible, especially in infant data, in which by tendency more data is 

needed due to higher variability in the data. In principle, ICA would become more 

possible later on in the course of the experiment, with data across blocks accumulating, 

but not in the first part of the experiment, and then still it remains to be tested whether 

the amount of data suffices to reliably extract blink components from the infant’s EEG 

stream. 

 

Finally, a further way to detect blinks is using an electrooculogram (EOG), that can 

be used in combination with EEG. The trials marked by the EOG as blink-

contaminated could then be discarded from the EEG data. However, with infants I 

want to keep the recording system as non-intrusive as possible and the NE Enobio 

system does not include an EOG electrode. 

Overall, none of the common possibilities for artifact-detection in EEG data seems to 

work with infants in a real-time context.  

 

Given the lack of effective and reliable automatic blink detection algorithms which 

could be implemented in a real-time pre-processing pipeline, it is worth considering 

not controlling for blinks at all under evaluation of the potential effects on the output 

measure. For example, for the real-time paradigm investigating infants’ Nc mean 
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amplitude to parent’s versus stranger’s face (Chapter 5), I assessed the possible effects 

blinks could have on the Nc mean amplitude.  

First, blinks are generally relatively rare in infants. For example, 7-months old infants 

blinked 3.5x/min while looking at their mother’s face and 6x/min while looking at a 

stranger’s face (Tummeltshammer, Feldman & Amso, 2019), that is a maximum blink 

rate of every 10-17 seconds. One block in the current paradigm takes 18 seconds, if 

the child is not looking away from the screen. Therefore, I expected blinks in only 1-

2 trials maximum out of the 12 total trials per image, depending on whether the face 

resembles more the mother or the stranger.  

Second, it is worth using pilot data to quantify the effect of blinks on the outcome 

measure. For example, I used pilot data to estimate the effect of blinks on the Nc mean 

amplitude in the ERP paradigm (Chapter 5). Video footage of 564 trials collected from 

5 infants showed that blinks were very rare in this paradigm with that particular age 

group. In total, blinks were observed in 2.3 % of the trials. The Nc values from the 

blocks containing blinks were subjected to a Welch two sample t-test, revealing that 

mean Nc values obtained per block did not differ depending on whether or not the 

blink trials were included in calculating the Nc mean amplitude of the block (t = 0.11, 

df = 13.98, p = .9; mean of block average when including blink trials: -25.43; 

excluding blink trials: -25.93). The reason for that was that these trials often did not 

survive automatic artifact rejection and were hence anyway not included in the ERP. 

In sum, I assumed that blinks would not affect the measure of interest, since blinks are 

expected to be rare and the blinks observed in the pilot data did not affect the mean 

Nc amplitude on the block level.  

Finally, it is helpful to evaluate what, as worst case, the effect of frequent blinking 

could have for the interpretation of the outcome. For example, applied tothe present  

paradigm (Chapter 5), since blinks are characterised by high amplitude values in the 

EEG signal and given that infants blink more while looking at a stranger’s face then 

looking at mother’s face (Tummeltshammer, Feldman & Amso, 2019), blinks should 

inflate the Nc signal for stranger versus mum. If the Nc difference would still be in the 

expected direction, with stronger Nc for mum versus stranger, blinks would if anything 

support the success of the approach. 

 



 

 
 

54 

It is subject to future research to find out whether manual blink indication, by the 

experimenter via video monitoring and key press, could provide a reliable way of 

eliminating blink-contaminated trials. In this scenario, one processing step would be 

concerned with evaluating whether a dedicated key was pressed in the course of each 

single trial, and if yes, exclude the respective trials from the analysis. It remains to be 

tested in the specific paradigm (with the specific stimulus presentation time and 

specific researcher) whether reaction times are short enough to allow for reliably 

identifying blinks, or whether reaction times would be too long resulting in good trials 

being accidentally be excluded and contaminated blinks be missed. It is also subject 

to future piloting to find out whether EOG, in combination with EEG, would be 

tolerated by the infant and be able to reliably remove infant eye blinks from the data. 

 

Together, given the lack of suitable blink artifact detection methods for an infant real-

time EEG paradigm, the potential effects of blinks should be carefully evaluated 

before the start of the study before a decision is made for or against automatic blink 

control. For example, eye blinks were not controlled for in the real-time ERP study 

beyond gaze-contingent stimulus presentation (Chapter 5), because their frequency 

and effect on the mean Nc amplitude was expected to be minimal, and the use of 

automatic blink rejection steps would have introduced new problems.  

Of note, a recently published study reports the development of an algorithm that is 

able to identify artifacts in ERP data in a real-time neuroadaptive approach (Ouyang 

et al., 2022). Future NBO infant studies should test this method with infant EEG data. 

 

 

2.8.4.4 Re-referencing the signal 

Electrical signal coming from a dipole must go into a ground. EEG amplifiers create 

a virtual ground where the signal from the active electrodes arrive. Hence, all signal 

from the active electrodes are subtracted by the ground signal. However, the ground 

signal picks up electrical noise from the amplifier that does not reach the other scalp 

electrodes, and thus the difference between the active signal and the ground signal is 

also affected by this noise. To cancel out this ground-related noise, a reference 

electrode is chosen (the signal of that electrode is traveling to the ground, too). By 
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subtracting the reference electrode from the active electrodes, that ground noise can 

be eliminated (because [A-G]-[R-G] = A-R). Some amplifiers (“differential 

amplifiers”) do the referencing step online, during recording. In that case, the output 

of the amplifier is the difference between the signal in the active channels and the 

signal in the online reference. Other amplifiers (including ENOBIO by 

Neuroelectrics, used in the present NBO studies) lack an online referencing step. 

Instead, their output is the raw ground-subtracted signal. The referencing step can be 

done in software after recording. Neuroelectrics recommends doing differential 

referencing in order to improve the signal quality. 

To decide whether re-referencing should be applied in the real-time experiment, pilot 

data from the specific paradigm can be used to calculate the target output value 

including re-referencing versus not including re-referencing and assess the reliability 

of the sampled values in both scenarios. The calculations can include different re-

referencing options, to see which channel combination produces the most reliable 

results. Further, it can be helpful to investigate how different re-referencing options 

affect how the target response maps on the search space, aiming to achieve a 

meaningful variation of the target response across the space. For example, if the 

prediction is a stronger brain response towards one versus the other extreme of a 1-

dimensional stimulus space, then the difference in target response to these two 

extracted points averaged across pilot participants can be re-calculated using different 

re-referencing options, to see which produces the most differential result in line with 

the hypothesis. 

 

2.8.4.5 Real-time data quality control 

An important aspect to consider prior to the study is how to make sure that the output 

value is reliable before it is being passed to the BO which will integrate it in its 

surrogate model. Unreliable output values mapped onto the search space will result in 

ill surrogate models with large uncertainty, inhibiting convergence to an optimum.  

Ensuring reliability in the output measure in relation to the search space firstly has to 

be ensured by a strong background of literature showing that the output measure 
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reflects the cognitive process under study.  Further, a minimum number of trials / 

epochs should be involved in the average of the final output metric. To this end, a 

certain number of trials is being presented to the participant which already assumes a 

certain percentage of data loss. In addition to these considerations, it is useful to 

implement a real-time control of the data quality. 

 

In traditional studies, the data quality is being examined after the study and ERPs are 

discarded if not at least a certain number of valid trials is involved in the average. In 

a real-time scenario, this check has to be carried out during the experiment, after each 

block of data collection. If after a given block the number of valid trials is below a 

certain threshold (e.g., 10 trials), the data should be discarded, and data collection 

repeated for that block. In the ERP study presented in Chapter 5, the script calculated 

after each block the percentage of how many trials across channels survived artifact 

rejection and went into the average of the ERP. If this percentage was lower than the 

equivalent of 10 trials aimed for, the data of that block was discarded, and stimulus 

presentation and data collection repeated. Of note, in order to make use of as much 

valid data as possible, the 10 “good” trials aimed for could be recorded from different 

channels of interest. In other words, if one channel of interest provided 10 valid trials, 

the threshold was met as well as if the six channels of interest each provided a few 

valid trials.  

 

In addition to knowing how many trials survived artifact rejection in a given block, it 

is informative for the researcher to know for how many trials in each of the channels 

of interest this was the case, in order to undertake steps to improve signal quality in 

the respective electrode. To this end, in the real-time studies presented in this thesis 

included a feedback to the researcher after each block, plotting the number of valid 

trials per channel of interest.  

 

 

2.9 Bayesian Optimisation 

The Neuroadaptive Bayesian Optimisation approach presents an individualized 

alternative to the standard experimental approach. It powerfully samples empirical 

points to find extrema of an unknown function f(x)=y, such as the maximum ERP 
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amplitude response within a given stimulus space x. In a closed-loop manner, it 

iteratively selects stimuli from the space to present and collect an empirical response 

value for, then maps the empirical response onto that point in the space and updates 

the model of the unknown function to the sampled values. 

An initially defined acquisition function guides which point to sample next, based on 

the previously sampled values and the uncertainty across the space. Because it 

balances maximising the predicted function, that is exploiting the space where 

previously sampled values were highest, and minimizing uncertainty, that is exploring 

the space where the uncertainty of the predicted function is highest, it is able to find 

function extrema after a few iterations, after only presenting a subset of stimuli from 

the space to the participant, which is particularly useful in contexts where sampling at 

each point in the stimulus space is very costly such as in infant studies. 

 

The BO algorithm consists of two components: the “surrogate model” and the 

“acquisition function”. Over the course of the experiment, the algorithm fits a 

statistical model (“surrogate model”) to the empirical values, aiming to model the true, 

unknown response function across the entire space. After each iteration, the surrogate 

passes the point where it predicts the highest value and the model’s standard deviation 

to the acquisition function. 

The “acquisition function” determines the point in the stimulus space that is going to 

be sampled in the next iteration based on the point in the space where the highest value 

is expected, and where the uncertainty about the true underlying value is greatest. 

Which of these aspects the acquisition prioritises depends the user-defined aim of 

rather mapping out the entire space (exploration), or rapidly identifying the maximum 

while ignoring the rest of the space (exploitation).  

 

NBO requires not only pre-selection of signal processing parameters prior to the 

experiment, but also parameters for the optimisation algorithm itself. Piloting the 

pipeline helps to identify the optimal parameters for the respective study. The 

following paragraphs will describe which parameters for each BO components were 

chosen for the studies presented in this thesis. For the studies presented in this thesis, 

the Bayesian optimisation algorithm is hosted in Python. 
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2.9.1 Surrogate model / Objective function 

The surrogate model, or the objective function, is a statistical model that is fit to the 

empirical values obtained from iteratively sampling points in the stimulus space. The 

model aims to represent the true, underlying, but unknown response function of the 

individual across the stimulus space. In the current thesis, a Gaussian Process 

Regression model 𝐺𝑃(𝑥) 	= 	𝑝(𝑥|𝑦) was used as surrogate model, with a stationary 

Mátern kernel and a smoothness parameter of ν = 2.5. A white noise term was added 

to estimate the noise level in the data (for details see Da Costa et al., 2021, p. 11).  

 

2.9.2 Acquisition function 

The acquisition function, or utility function (u(x)=max (0,f′ −f(x)), determines the 

point in the stimulus space that is going to be sampled in the following iteration (for a 

detailed description, see also Da Costa et al., 2021). There are different options of 

utility functions that can be chosen for a paradigm depending on the respective 

research question. One option is the Expected Improvement (EI) acquisition function 

that was used in the present studies (Frazier, 2018). The Expected Improvement 

acquisition function is the expected utility as a function of x (E[I(x)]=E[max(f(x∗)− y, 

0)], Da Costa et al., 2021, p. 11). It selects for sampling the point with the highest 

expected improvement (i.e., the maximal expected utility). It has two components that 

play a role in evaluating which point is evaluated to have greatest utility in being 

sampled next. The first component regards maximising/minimising the mean function 

μ(x), that is where in the space the highest/lowest value is expected. The second 

component regards minimising the variance, that is where the uncertainty about the 

true underlying value is greatest. That is, it samples f at the point that it expects to 

improve upon f′ the most.  

By considering both components, the Expected Improvement utility function offers a 

trade-off between exploitation (evaluating at points with high mean) and exploration 

(evaluating at points with high uncertainty). The user can pre-define which of these 

aspects is prioritised depending on either aiming to rapidly identify the point where 

the highest value is expected or extensively mapping out the entire space. 
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With the the surrogate function following a normal distribution, EI can be expressed 

as (see Da Costa et al., 2021, p. 11):  

E[I(x)] = (μ(x) − f(x∗)) Φ(z) + σ(z) φ(z), 𝑤ℎ𝑒𝑟𝑒	𝑧 = 	 !(#)	&	'(#∗	)	*)
+(#)

 

whereby f(x*) is the predicted value at point x in the space, φ is the standard normal 

density and Φ is the standard normal distribution function, reflecting features of the 

normal distribution of the surrogate function. ξ is the hyperparameter determining the 

balance between exploration over exploitation. A higher ξ results in more exploratory 

sampling behaviour, that is prioritising sampling where uncertainty is highest as 

opposed to where maximum values are expected, aiming to minimise the standard 

deviation of the prediction. A lower ξ results in more exploitative sampling behaviour, 

that is prioritising sampling where previously highest values were found; when ξ is 0, 

uncertainty of the prediction is not taken into account at all. 

With the Expected Improvement acquisition function, the algorithm starts sampling in 

an exploration mode by sampling various points across the stimulus space. Based on 

the user-defined aim of either mapping out the entire space or rapidly identifying the 

maximum while ignoring the rest of the space, the algorithm stays in the exploration 

mode until the end of the experiment, or after some initial iterations soon switches to 

an exploitation mode by sampling closely around the stimulus point that is expected 

to consistently elicit the highest value. Because of its ability to switch from exploration 

and exploitation mode, it can identify the function extrema after a limited number of 

iterations. This is particularly helpful in infant studies where each iteration of sampling 

means trying the infants’ interest the presented stimulation and getting closer to the 

end of their short attention span.  

Figure 2.3 is taken from the pre-print by Da Costa et al. (2021). Figure 2.3 A) 

represents an example of a surrogate model of one participant after four sampling 

iterations. The stars indicate where the utility function would sample next, depending 

on its hyperparameter ξ (here: 0.1, 0.5 or 5.0), illustrating how a larger hyperparameter 

ξ results in the acquisition function prioritising exploring uncertain parts of the space, 

while a lower hyperparameter ξ results in the acquisition function prioritising 
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sampling where a maximising or minimising of the response (depending on the aim 

of the respective optimisation) can be expected. Figure 2.3 B) represents three versions 

of utility functions depending on the hyperparameter ξ in the acquisition function. 

 

 

Figure 2.3. A) A participant’s surrogate model after four sampling iterations, with stars 

indicating the next point to sample, based on different hyperparameters ξ in the acquisition 

function. The x-axis represents the stimulus space, the y-axis the neural target. Dots represent 

empirical samples taken; the dashed line represents the predicted model of the neural target 

across the space; the shaded area represents the uncertainty of the prediction. B) The utility 

function indicating where to sample next based on hyperparameter ξ in the acquisition function. 

(Da Costa et al. 2019) 

 

Of note, the exact hyperparameter ξ value that is useful for a particular balance 

between exploration and exploitation depends on the size of the stimulus space and 

has to be identified by piloting, while considering the respective conditions and aims 

of the study. For example, because the duration of an infant EEG experiment can be 

limited by partly unpredictable factors related to behavioural tendencies of the 

participant, keeping the number of BO iterations low increases the chance of 

identifying the optimum stimulus before the end of the session. On the other hand, 
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fewer iterations arguably mean a less robust surrogate model with a possibly less 

robust prediction of the optimum. In this trade-off, priorities need to be set by the 

researcher with regard to the aims in the respective study. It is beyond question though 

that high reliability of the target metric increases robustness of the prediction, in turn 

reducing the number of iterations needed. 

 

2.9.3 Burn-in phase 

At the start of an NBO experiment, a small number of predefined stimuli is sampled 

in order to provide the acquisition function with an initial surrogate model to start the 

optimisation process with. This initial phase of presenting predefined stimuli (“burn-

ins”) is called “burn-in” phase. The number of burn-ins and which points in the space 

they represent is defined by the researcher based on the respective paradigm. For the 

present studies I used four burn-ins, respectively, which included the extremes of the 

respective stimulus space.  

 

2.9.4 Identification of the optimum 

The acquisition function will determine points to sample until a user-defined condition 

is reached under which the optimal stimulus is considered identified, or a user-defined 

maximum number of tolerated iterations reached before the optimum could be 

identified. 

 

2.9.4.1. Early stopping criterion 

The researcher has to define a stopping criterion determining the condition under 

which the BO should consider the optimum as identified and stop further sampling. 

This user-defined condition should reflect that the BO algorithm is not gaining any 

new information. One way to determine that the BO is not gaining new information is 

when it keeps sampling the same point, because the acquisition function continues to 

determine this point as the best next point to be sampled, based on its predicted value 

amplitude and uncertainty. Other ways to see that the BO is not gaining new 

information could be, for example, if the decrease in standard deviation per iteration 

has fallen below a certain threshold, or if the value at one point is higher as the others 

by a certain percentage. 
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In the NBO studies presented in this thesis, as stopping criterion was defined the 

consecutive sampling of the same stimulus point for three times (as in Lorenz et al., 

2018). Of note, while sampling the optimal stimulus beyond three times might 

theoretically increase the reliability of the measure, this would introduce the problem 

of habituation of the brain response to the stimulus and a decline in the strength of the 

signal measured (Nordt, Hoehl & Weigelt, 2016; Webb et al., 2010). 

 

2.9.4.2 Maximum number of tolerated iterations 

Further, it is useful to also pre-define a maximum number of iterations for which the 

BO should try to optimise, in order to be able to exit the experimental loop after a 

user-defined amount of time. While with adults, this can be a fair number of iterations, 

limited only by factors such as monetary compensation for study time, with infants, 

this depends on various unpredictable factors, but primarily the duration of their 

attention span, in research studies on average spanning up to approximately 20 

minutes. At the end of the paradigm, whether or not convergence was met, the 

algorithm will output the position on the search space estimated to produce the 

strongest target response for the respective individual. These space coordinates of the 

preferred stimulus can be used in further analyses. The optima derived this way are 

still informative, because the algorithm updates the predicted model of the underlying 

function after each iteration of sampling, taking into account all samples collected of 

an infant up to that point. Hence, after the final block, that was the optimum the 

algorithm predicted based on the collected data. The fact that no stopping criterion 

was reached in these cases is primarily relevant for the course of the experiment itself 

– in infants, for example, given their relatively short attention span, it is helpful to only 

sample as much data as needed. The fact that no stopping criterion was reached also 

implies that the uncertainty of the prediction is to some degree higher than if the 

stopping criterion was reached. In order to account for this fact, an extra-step could be 

to define a threshold of certainty of the predicted function which has to be met in order 

to be included for further analyses.  

In the present NBO studies, the maximum number of blocks was set to 15 (i.e., 4 burn-

ins + 11 optimisation iterations), equivalent to approximately 20 minutes, which I 

considered as the infants’ maximum attention span. 
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2.9.5 Summary  

NBO is an alternative experimental approach using a closed-loop design to model an 

unknown function and rapidly identify extrema in this model while only presenting a 

subset of stimuli. The acquisition function of the optimisation algorithm guides which 

stimuli to present, based on features of the surrogate model. The loop will stop once a 

user-defined stopping criterion has been met. Because of its ability to switch from 

exploration and exploitation mode, the BO is able to identify the function extrema 

after a limited number of iterations, which allows to identify individual maxima in 

neural responses of infants.  

Parameters the researcher has to define prior to the experiment are whether to 

maximise or minimise the output value, the number and space positions of the burn-

in stimuli, the balance between exploration and exploitation (𝜉), the stopping criterion 

under which the loop should be exited considering the optimum as identified, the 

maximum number of iterations tolerated before the loop should be exited in case the 

early stopping criterion has not been reached. 

In the present thesis, the Bayesian Optimisation algorithm was used for adaptive 

sampling of neurophysiological data to identify the stimuli maximally triggering 

responses in an infant’s social brain network. In a first proof-of-principle study, the 

aim was to validate whether NBO is able to pick up meaningful differences in the 

infant EEG target brain response (Chapter 5), while in a second experiment, the 

method was applied to a naturalistic context with a 2-dimensional stimulus space. 

 

 

2.10 Conclusion 

This chapter introduced NBO as a new experimental approach that is able to test 

multiple predictions at the same time by mapping responses across a wide stimulus 

space, without the need of presenting each single stimulus. It can thus be used to 

efficiently study the meaning of brain functions and variability in the stimuli that 

optimally trigger brain responses in different subgroups and individuals. Due to its 

efficacy, and combined with the method of EEG, it is particularly valuable for 

application in infant studies.  
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NBO can be understood to complement the traditional experimental approach. While 

the traditional approach studies how on the group level brain responses are modulated 

by few preselected stimuli, NBO asks which of a range of possible stimuli is optimal 

for a subgroup or an individual to elicit a relevant target brain state, and the two 

approaches can mutually inform each other by their different perspectives and relative 

strengths.  

 

Of note, this methods chapter focussed on extending the novel experimental approach 

Neuroadaptive Bayesian Optimisation to infant neurophysiological data. Studies 

applying this new method are presented later in this thesis (Chapters 5 and 6), while 

Chapters 3 and 4 use the traditional experimental approach of averaging responses 

across the sample. 
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CHAPTER 3: THETA POWER RESPONSES DURING LIVE SOCIAL 

EXPERIENCES IN INFANTS WITH TYPICAL AND ELEVATED 

LIKELIHOOD FOR AUTISM AT 14 MONTHS 
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3.1 Introduction 

Difficulties in social communication and interaction are common characteristics of 

autism. While a diagnosis can be given in early childhood, alterations may have 

emerged before they become visible through enhanced social demands. In order to 

understand the path to behavioural symptoms, it is important to identify differences 

on the level of neural and cognitive processing early on. Naturalistic social contexts 

as opposed to pre-recorded stimuli presented on a screen can provide particularly 

powerful settings to study also small effects. 

One neural signature that was sensitive to differential social versus non-social 

attention in typical infants in a naturalistic setting is theta power measured through 

electroencephalography (EEG). Further, differential theta power responses to social 

versus non-social stimuli have been shown to be altered in toddlers with autism. 

Therefore, differential theta power during naturalistic social versus non-social 

attention might be able to differentiate between groups of infants with diverse 

outcomes on the level of social interaction skills in childhood. The present study 

investigated theta power during naturalistic social and non-social attention both in 14-

months-old infants with and without elevated likelihood for autism. 

 

3.1.1 Symptoms of interaction difficulties in autism 

A condition in which many of the typical signs of social attention are altered is autism, 

a highly heritable and heterogeneous condition, often co-occuring with other 

conditions, such as hyperactivity and attention disorders, anxiety and depression (Lord 

et al., 2022). Worldwide, about 1 in 132 people hold a diagnosis of autism (Baxter et 

al., 2015). The clinical diagnosis is based on two main criteria (DSM-V, American 

Psychological Association, 2013), which are deficits in social communication and 

social interaction across multiple contexts, and at least two circumscribed kinds of 

current or past restricted, repetitive patterns of behaviour, interests, or activities. 

Manifestations of autism can further include sensory anomalies and intellectual 

disability (Lord et al., 2022). Because symptoms might only emerge as social demands 

exceed the individual’s social capacities, a full diagnosis of autism is often only given 

from three years of age. Early clinical “working” diagnoses can be given to children 

from two years of age, when behavioural symptoms have started to emerge, in order 

to track children’s further development (Charman & Baird, 2002). 
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3.1.2 On the origin of autism 

Despite its high prevalence, the roots of autism remain unclear. First-degree relatives 

of individuals diagnosed with autism have a 10-20% higher likelihood of developing 

symptoms themselves (Constantino, Zhang, Frazier, Abbacchi, & Law, 2010; Ozonoff 

et al., 2010), suggesting that a genetical component is involved in the origin of autism. 

 

A developmental perspective on autism, supported by an extensive body of literature, 

suggests that the observable difficulties in social interaction assessed in toddlerhood 

are manifestations of alterations in neurodevelopmental processes that start much 

earlier. For typical development, it has been proposed that when children have reached 

important milestones of social cognition by the end of the first year, social attention 

has become a function in its own right, independent from non-social attention, and the 

three attentional subfunctions merge to form the unitary construct of social attention 

(Braithwaite, Gui, & Jones, 2020; Salley & Colombo, 2016).  Within this framework 

of social attention development, in atypical social developmental, social attention 

functions might become increasingly dissociated from each other instead of 

converging to a unifying process. Thereby, some functions may be affected and others 

not, explaining why in autism some functions of social attention can be relatively 

intact and others not, the extent to which each function is altered determines the degree 

to which social attention is present as a unitary construct in the individual. Alterations 

in general attention or in any component of social attention in specific (social 

behaviour, social motivation, social attention) may then have cascading effects that 

may result in social interaction difficulties in toddlerhood (e.g., Dawson, 2008; 

Johnson et al., 2005; Johnson et al., 2015a). Indeed, this view is supported by evidence 

indicating that infants who go on to be diagnosed with autism show typical orienting 

to and engagement with the social world in the first months of life, and then start to 

gradually withdraw from the social world (Klin et al., 2015; Jones and Klin, 2013; 

Ozonoff et al., 2010).  

 

On a biological and brain level, symptoms in autism may be the result of 

developmental interactions between experiences from the environment and 

neurodevelopmental vulnerabilities (Johnson, 2017). Specifically, the social 
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interaction problems associated with autism are possibly the end result of a cascade of 

effects caused by adaptive responses to initial widespread mild synaptic dysfunction 

in early development (Johnson, Jones, & Gliga, 2015). Molecular and genetic factors 

(but also environmental instability or sensory disturbances) are proposed to affect the 

balance of glutamergic and GABAergic synapses and cause an excitation/inhibition 

imbalance. This imbalance leads to poor synaptic fidelity, that is noisier and less 

reliable transmission of information coming in from the environment. This has 

particular costs for processing environments that are dynamic and hard to predict such 

as complex social interactions.  

 

Johnson and colleagues (2015) argue that while this early atypicality in synaptic 

functioning may be mild and transient, it is diffuse and widespread and can further 

cause a series of compensatory and adaptive processes, with cascading effects on 

ongoing development. For example, since the dysregulation might affect some regions 

of the brain more than others, individuals may compensate performing functions of 

affected brain systems by recruiting alternative brain systems. Also, an 

excitation/inhibition imbalance might account for increased local connectivity (to 

reduce noise by averaging information) and decreased long-distance connectivity (to 

prevent additional noise by decreasing the number of synaptic connections the 

information needs to cross). Further, cortical specialisation might need longer as a 

result of the unreliability of the processed input from the environment. Also, 

individuals might adapt their attention style to fit their processing style. For example, 

poor reliability in sensory processing may be multiplied in multi-modal sensory 

integration and limiting sensory input by employing overly focussed attention can help 

reduce the noise. The unreliability in incoming information may reduce the reward 

infants experience when processing social information, subsequently adapting to 

orienting more towards predictable, repetitive events such as mechanical, self-

controlled stimulation for which processing has proved more successful and rewarding 

than for social interaction. Also, with development, more possibilities arise for 

actively seeking information in the more predictable non-social environment, such as 

motor skills or the ability of attention control. Reduced orienting to and engagement 

with the social world in turn reduces the amount of social experiences, resulting in 

atypical cortical specialisation of the social brain network. These kinds of typical 



 

 
 

69 

adaptations to dysfunctional synaptic functioning then manifest in atypical behaviours 

associated with autism.  

 

Under this framework, to understand the pathway of emergence of social behaviour 

difficulties characteristic to autism requires studying the trajectories of social 

development from infancy through toddlerhood, and to identify early signs of 

divergence (Jones, Gliga, Bedford, Charman, & Johnson, 2014). Identifying early 

markers on the level of looking behaviour or neural processes, which mediate between 

genetic influences and behavioural symptoms, would help understand protective and 

risk factors in the path to behavioural problems and may facilitate an earlier diagnosis 

(Braithwaite, Gui & Jones, 2020). Specifically, studying the origin of autism in its 

roots requires studying when synaptic dysfunction occurs, which types of information 

processing are affected by it and which parts of the brain (Johnson et al., 2015).  

Besides understanding which mechanisms are involved in the developmental cascades 

leading to diagnosis, the identification of early biomarkers would pave the way for 

interventions to take effect at a stage where substantial change is still happening and 

where interventions may be able to break the developmental cascade towards social 

behaviour difficulties. Reliable markers are also needed to evaluate the success of 

interventions by allowing to reveal potentially small effects. Detecting also small 

effects is important, since they might result in large cascading effects down the line 

(Jones, Dawson, Kelly, Estes & Webb, 2017). Of note, Johnson et al. (2017) point out 

that the altered attention style has an adaptive function that serves the individual to 

navigate easier in their environment and increase their quality of life. Early 

interventions targeting the initial synaptic dysfunction would be most beneficial in 

preventing the social interaction difficulties associated with autism. Increasing 

predictability in the environment, either in the (social) environment itself or by 

orienting to more predictable aspects in the environment, might help individuals to 

reduce effects of inconsistent processing. 

 

Symptoms of ADHD, with attention problems not specific to the social domain and 

often emerging later than autism symptoms, might be the end result of adaptive 

responses to similar neural dysfunction but expressed at a later time point in 
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development, when social and non-social attention have diverged into separate 

constructs (Johnson, Gliga, Jones, & Charman, 2015).  

 

With regards to theta power, disrupted synaptic functioning and subsequently lower 

reliability of incoming information, coordinated theta activity might be decreased as a 

result of disrupted synaptic transmission. As discussed in Chapter 1, long-term 

potentiation (LTPs) represents synaptic plasticity that facilitates signal transmission 

across neurons and has shown to facilitate memory and learning. LTPs more likely 

arose when incoming stimulus sequences in the hippocampus happened at the theta 

frequency compared to other frequencies (Greenstein et al., 1988). Reduced fidelity in 

coordinated synaptic activity and hence information transmission across neurons, 

which may be particularly impaired in the social domain where a multitude of 

unpredictable multimodal cues have to be integrated, might result in a reduction of the 

typical enhancement in theta rhythms arriving at the scalp that has been observed 

during social versus non-social information processing in autism (Dawson, Bernier, & 

Ring, 2012). 

 

To sum up, social interaction difficulties may be the consequence of typical, adaptive, 

helpful responses of the brain to early widespread synaptic dysfunction, mediated by 

markers on the level of brain processing such as a reduction in the typically observed 

elevated theta power during social compared to non-social processing. 

 

 

3.1.3 Studying the emergence of social behaviour symptoms: The prospective 

design 

Studying the early onset of autism requires investigating individuals in infancy when 

processing differences are first emerging. To do this, research has made use of the 

high heritability that characterises autism. Studying children or siblings of diagnosed 

individuals in infancy implies a 10-20% chance of studying an infant with later autism 

diagnosis. Responses are compared with responses of infants with typical likelihood 

of autism who do not have a first-degree relative holding an autism diagnosis. The 

prospective design follows up the development of these infants with elevated 

likelihood over multiple timepoints up into childhood age when they are clinically 
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assessed, and a diagnosis can be made. Therefore, the prospective design allows to 

study early differences in infants with elevated likelihood for autism, including those 

who went on to be diagnosed. 

 

 

3.1.4 Signs of atypical social attention in early autism 

Studies using the prospective design have produced evidence supporting the above 

framework of atypical social brain development (for a review see Jones et al., 2014). 

 

3.1.4.1 Behavioural signs of atypical social attention in early autism 

On the behavioural level, infants with elevated likelihood for autism showed shorter 

peak look durations overall and later peak looks to faces but not objects compared to 

typical infants at 6 and 12 months (Jones et al., 2016). At 6 months of age, infants with 

later diagnosis of autism spent less time looking at the human in a video than infants 

without later diagnosis, and of the time looking at the human, they spent a smaller 

proportion of time looking at the face than typical infants (Chawarska, Macari, & Shic, 

2013). At 7 months, infants with later autism diagnosis did not differ in visual 

disengagement from central stimuli, but they took longer to disengage from the 

stimulus by 14 months (Elsabbagh, Fernandes, et al., 2013). Moreover, between 7 

months and 14 months, infants with later diagnosis did not show the typical increase 

in visual orienting speed and flexibility (Elsabbagh, Fernandes, et al., 2013).  

 

Further, at 10 months, infants with elevated likelihood showed less frequent gaze-

based initiation of joint attention with a live actor but typical amounts of overall 

looking (Nyström, Thorup, Bölte & Falck-Ytter, 2019). Similarly, at 10 months, 

infants with elevated likelihood for autism showed different rates of responding to 

joint attention measured by gaze following (Nyström et al., 2019) and less looking at 

the adult in the second after the adult initiated direct gaze (but not beyond that second) 

(Nyström et al., 2017). At 7 and 13 months, infants with elevated likelihood did not 

differ in gaze following (Bedford et al., 2012).  
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At 12 months, infants with later autism diagnosis did not look more at the face during 

parent-child interaction in a live interaction setting, while this was the case for typical 

infants (Gangi et al., 2018). Similarly, 6-month-old infants with later autism diagnosis 

looked less at the experimenter’s face than infants without later diagnosis during 

structured cognitive assessment by an experimenter (Mullen Scales of Early Learning 

Mullen, 1995; Gangi et al., 2021). Further, a systematic review of 15 studies on parent-

infant interaction in infants with elevated likelihood for autism using the prospective 

design indicated differences in parent-child interaction in infants with elevated 

likelihood for autism, primarily on the level of gestures and dyadic interaction quality, 

albeit there was no relation with later diagnosis (Wan, Green & Scott, 2019; but note 

Pijl et al., 2021 for no differences).  

 

As already mentioned, infants with later autism diagnosis displayed an atypical 

decline in the trajectory of overt attention to social stimuli across development. While 

this has been observed consistently across studies, different timepoints of the onset of 

this decline have been reported. Attention to the eyes has been reported to decline in 

infants with later autism diagnosis between 2 and 24 months (Jones & Klin, 2013) and 

between 6 and 12 months after appearing typical at 6 months (Ozonoff et al., 2010). 

From 12 through 36 months of age, infants with later autism diagnosis showed a 

sharper decline than typical infants in the proportion of looking at the face during 

cognitive assessment with a researcher and during parent-child-interaction (Gangi et 

al., 2021). This pattern is in line with the view that social attention may be normal at 

first but then decline reflecting adaptations to disrupted synaptic functioning.  

 

Besides social processing, behavioural differences have also been found for non-social 

information, from birth up to toddlerhood. A recent study reported differences in non-

social processing as early as a few days after birth. Specifically, newborns with 

elevated likelihood for autism showed more looking at inverted face-like patterns, a 

higher number of looks and longer look durations at a random motion stimulus 

compared to typical newborns (Di Giorgio et al., 2016). Altered responses to overall 

social and non-social were also observed at 3 months, as well as a relation between 

overall attention at 3 months and developmental outcome at 12 months observed 

across both groups (Bradshaw et al., 2020). Finally, non-social processing was altered 
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in 14- to 42-month-old toddlers with autism. They spent a larger proportion of looking 

at a video of geometric patterns versus a video of children in action, and the proportion 

of looking at geometric patterns predicted autism diagnosis status (autism/no autism) 

(Pierce, Conant, Hazin, Stoner & Desmond, 2011). 

 

3.1.4.2 Neural signs of atypical social attention in early autism 

Alterations in differential processing of social versus non-social information in infants 

with later autism diagnosis were further shown on the neural level. For example, 

infants with later autism diagnosis showed a smaller and shorter Nc response to faces 

at 6 months (Jones et al., 2016). Similarly, at 8 months, infants with elevated 

likelihood for autism showed a smaller Nc response to faces with direct gaze and a 

larger Nc response to noise, while larger Nc amplitudes to noise were related to poorer 

social behaviour outcomes at 3 years (Gui et al., 2021). Infants with later autism 

diagnosis further showed alterations in other ERPs involved in face processing in 

response to gaze shift at 6-10 months (Elsabbagh et al., 2012). Further, 8-month-old 

infant siblings showed altered ERP responses to gaze shifting towards versus away 

from the viewer as well as to face versus noise stimuli (Tye et al., 2020), predicting 

autism diagnosis among infant siblings at elevated likelihood at an individual level 

with ~77% accuracy (Tye et al., 2020). However, there is also evidence reporting no 

difference in ERP responses between infants at elevated and typical likelihood for 

autism when averaged across the time between 6 and 36 months as well as at 12 

months (Luyster, Powell, Tager-Flusberg & Nelson, 2014).  
 

Processing differences relating to autism have also been observed on the level of theta 

power in more naturalistic contexts, with autistic toddlers showing reduced elevation 

of theta power to social versus non-social videos (Dawson, Bernier, et al., 2012). 

However, in a recent study with 14-month-old infants watching social versus non-

social videos, theta power did not differ significantly between infants with typical and 

elevated likelihood for autism; the typical effect of stronger theta power during social 

versus non-social processing was observed across groups (Haartsen et al., 2022). Also, 

theta power differences were not significantly related to dimensional measures of 

social behaviour at 3 years of age (Haartsen et al., 2022).  
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Differences have also been observed using other techniques. For example, extracting 

typical microstates reflecting attention to faces allowed to reveal a relation between 

microstate duration and autism diagnostic outcome, and between microstate strength 

and social skills outcomes (Gui et al., 2021). Further, the inter-trial consistency in the 

theta band recorded during face processing was reduced in infants with later autism 

diagnosis (Van Noordt et al., 2022). On the level of activation of brain regions, infants 

around 5 months who went on to be diagnosed with autism showed reduced social 

brain activation to auditory (Blasi et al., 2015; Lloyd-Fox et al., 2018) and visual 

(Lloyd-Fox et al., 2018) social versus non-social stimuli. Further, at around 5 months, 

infants at elevated likelihood for autism showed reduced activation to visual 

(Braukmann et al., 2018; Lloyd-Fox et al., 2013) and auditory (Lloyd-Fox et al., 2013) 

social stimuli.  

 

Together, these findings suggest that there are early behavioural and neural differences 

in infants who go on to be diagnosed with autism that are cascading from reduced 

looking at the eyes in early infancy to reduced attention to the social partner over the 

course of the first year, while there is also evidence of typical responses towards social 

stimuli in infants with later autism diagnosis, as well as altered responses towards non-

social stimuli. This pattern supports the above proposal that social and nonsocial may 

be the same first and diverge over early development, that different functions of social 

attention may be differently affected in atypical development, and that brain 

specialisation to social and non-social stimuli might both be altered as a consequence 

of initial synaptic dysfunction and its cascading effects on ongoing brain development, 

with the extent of both alterations depending on the timepoint of the dysfunction. 

 

Besides findings suggesting early differences in visual social attention, primarily 

studied in relation to face processing, there is also evidence of differences in auditory 

processing. A meta-analysis revealed that young children with autism tended to show 

a smaller mismatch negativity amplitude than typically developing children 

(Schwartz, Shinn-Cunningham & Tager-Flusberg, 2018). Further, 14-month-old 

infants at elevated likelihood of autism showed a reduced ERP response towards their 

own name versus an unfamiliar name compared to typical infants (Arslan et al., 2020). 
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While numerous studies have pointed out early differences in behavioural and neural 

processing in infants with elevated likelihood for autism and/or who go on to be 

diagnosed themselves, no study to date has compared these groups in a naturalistic 

social context. This suggests that social processing differences in early autism go 

beyond the boundaries of single modalities and hence require to be studied in 

multimodal contexts. 

 

 

3.1.5 Differential theta power as sign of atypical attention during naturalistic 

social experiences 

One neural signature that has been revealed to be sensitive to multimodal social 

contexts is theta power, which was stronger during social versus non-social live action 

in 6- and 12-month-old infants (Jones et al., 2015). Beyond fostering our 

understanding of typical development, theta power differences have been revealed in 

adults and young children diagnosed with autism. For example, adults with compared 

to without Asperger syndrome (n=5) showed lower levels of whole-scalp theta power 

increase in time-logged responses to faces (n=7) (Yang, Savostyanov, Tsai & Liou, 

2011). Similarly, theta power over central and posterior regions increased with longer 

looking duration at social compared to non-social stimuli only in typically developing 

children, while it decreased in children with autism (Isaev et al., 2020). Further, theta 

power (5-7 Hz) towards faces versus objects was reduced in toddlers (aged 48-77 

months) with autism compared to typically developing toddlers (Dawson, Bernier, et 

al., 2012). Finally, children with autism who had received a 2-year behavioural 

intervention previously shown to improve social behaviour skills exhibited typical 

patterns of theta power modulation for faces versus objects (Dawson et al., 2012), 

highlighting the tight coupling between theta power and social information processing.  

Promisingly, behavioural intervention was able to attenuate theta power alterations in 

infants with elevated autism likelihood: Nine-to-eleven-months-old infants at elevated 

likelihood for autism received parent-delivered intervention that had previously been 

shown to improve parental responsivity to infant social communicative cues. These 

infants exhibited greater increase in frontal theta power from 6 to 18 months in 

response to social versus non-social videos as well as a more typical response pattern 
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during watching social versus non-social videos compared to infants receiving a 

control intervention (Jones et al., 2017). 

 

Together, these findings indicate that stimulus-driven theta power modulation is 

altered in individuals with autism, from toddlerhood through adulthood. Because 

theta power, especially over frontal cortical regions, has been shown to reflect top-

down control processes such as sustained attention during infancy, and is modulated 

by the social content of a situation in typically developing infants, it may be sensitive 

to altered social processing in early autism before behavioural symptoms emerge. 

However, no known published study to date has investigated whether social versus 

non-social theta power during naturalistic social experiences is different in infants 

with elevated autism likelihood and with later autism diagnosis.  

 

 

3.1.6 Specificity to autism: Theta power in ADHD 

Like autism, ADHD is a common neurodevelopmental condition. ADHD is usually 

diagnosed in childhood around early school age (Sainsbury et al., 2023) and it is 

characterised by inattentiveness and/or hyperactivity and impulsiveness (DSM-V; 

American Psychiatric Association, 2013). Autism and ADHD often cooccur, with 30-

80% of the children diagnosed with autism also meeting criteria for ADHD 

(Rommelse, Franke, Geurts, Hartman, & Buitelaar, 2010). However, it is not clear 

whether their causal pathways are the same or distinct, that is whether they are 

different manifestations of the same underlying condition, or whether ADHD 

symptoms are a secondary consequence of autism symptoms (Shephard, Bedford, et 

al., 2019).  

 

There is scarce research about theta power in relation to ADHD traits and diagnosis in 

children. During resting state, frontal theta power has been repeatedly shown to be 

stronger overall in children with compared to without ADHD (Barry, Clarke & 

Johnstone, 2003; Tye, Rijsdijk, & McLoughlin, 2014). Further, in children with 

ADHD, theta power was enhanced over frontal electrodes in response to a cue (still 

image of a pair of human eyes) that indicated the soon onset of a target stimulus (Guo 
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et al., 2020). However, theta power recorded from 10-month-olds while watching 

social and non-social videos was not related to ADHD traits (Goodwin et al., 2021), 

suggesting that the overall elevated theta power might not be modulated by the social 

nature of a stimulus. 

 

 

3.1.7 Summary  

Autism is a neurodevelopmental condition characterised by social behaviour 

difficulties from toddlerhood on. The developmental roots of autism are still unclear. 

Evidence supports views proposing an early alteration of the ability to process basic 

social information, resulting in a cascading development towards the visible 

behavioural manifestations at toddler age, when social demands exceed capacities. 

One of the questions that remain unsolved in the field is the question about robust 

early markers for autism, which could be used on the individual level to predict 

outcome and design interventions. While a recent study showed no difference in theta 

power responses during social versus non-social video viewing in 14-month-old 

infants with elevated likelihood for autism, live contexts have proven more powerful 

than screen-mediated stimuli in triggering differential theta responses in typical 

infants, and might by their complex dynamic nature potentiate processing difficulties 

of social cues in early autism. Thus, they might be particularly suited to reveal 

potential differences between groups. Theta power has been shown to be a possible 

candidate for revealing early processing differences in infants with later autism 

diagnosis, due to its increasing sensitivity towards social stimuli over the first year of 

age and its differential response to social stimuli being altered in toddlers with autism. 

 

 

3.1.8 The present study 

While a substantial amount of literature reports stronger theta power during social 

compared to non-social attention in the first year of age (e.g. Jones et al., 2015), 

response patterns seem to be altered in toddlers with autism (Dawson, Bernier, et al., 

2012) and might already be in infancy. To date, however, no studies have measured 

theta power during naturalistic social and non-social stimulation in elevated-likelihood 
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infants. Towards analysing individual brain responses in real-time during naturalistic 

social experiences, this chapter aims at investigating whether theta power during 

social versus non-social naturalistic experiences differs in infants with elevated 

likelihood of autism. 

 

In the present study, 14-month-old infants with and without familial history of autism 

and/or ADHD were viewing a live experimenter singing nursery rhymes (social 

condition) and operating a dynamic toy (non-social condition), respectively, while 

EEG was recorded. The study aimed to investigate whether and how previously 

observed theta power modulation by live social versus non-social stimulation is 

different in infants with elevated likelihood for autism. The age of 14 months was 

chosen because this is when behavioural symptoms in infants with atypical social 

development first start to emerge (Jones, Gliga, Bedford, Charman & Johnson, 2014). 

Theta power activity was measured in relation to stimulus condition and group. Theta 

power has been suggested to reflect attention engagement and learning, and is elevated 

during social versus non-social processing in typical infants (Jones, Venema, Lowy, 

Earl & Webb, 2015), while theta modulation by social context was reduced in toddlers 

with autism (Dawson, Bernier, et al., 2012). Live social stimuli were used to increase 

ecological validity and because theta modulation by social stimuli was more 

pronounced in a live social context (Jones et al., 2015).  

 

Theta power was predicted to be stronger in the social versus non-social condition in 

the overall sample. Second, this effect of differential theta power was predicted to be 

reduced in infants with elevated likelihood for autism. Third, the proportion of looking 

at the stimulus was not predicted to be different in infants with elevated likelihood for 

autism. Fourth, the effect of differential theta power was predicted not to be reduced 

in infants with elevated likelihood for ADHD. Fifth, the effect of differential theta 

power was expected to be reduced in relation to autism diagnosis and higher scores on 

autism trait measures at 36 months. Sixth, the effect of differential theta power was 

expected not to be related to ADHD trait measures at 36 months. Finally, the effect of 

differential theta power at 14 months was expected to predict the trajectory of looking 

at a face at 10, 14 and 24 months. 
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3.2 Methods 

 

3.2.1 Participants 

Infants were part of the British Autism Study of Infant Siblings 

(BASIS, www.basisnetwork.org), a longitudinal study investigating development of 

infant siblings of children diagnosed with autism and/or ADHD. The cohort that 

provided data for the present study consists of 166 infants (Phase-3 cohort, STAARS, 

Studying Autism and ADHD in the eaRly yearS, 2013-2019). Included in the study 

were infants born full-term (gestational age greater than 36 weeks) and who did not 

have a known medical or developmental condition at the time of enrolment. 

Participants were recruited over the BASIS study website and the recruitment portal 

of the Birkbeck Babylab (Centre for Brain and Cognitive Development, University of 

London). Families who had enrolled in the study were invited to visits when their baby 

was 5, 10, 14, 24 and 36 months old.  

The current analysis focused on EEG data obtained at 14 months. In total, 100 infants 

provided data from the EEG live-singing task at that timepoint. The remaining 66 

infants of the cohort had to be excluded from the present analysis because they missed 

this timepoint visit (n = 24), the child refused to wear the EEG net or was too upset (n 

= 29), because the paradigm was not administered because no time was left during the 

visit (n = 4), because the child fell asleep (n = 3), because the child had a chin rash (n 

= 1), due to technical failure (n = 2), because no video was recorded during the EEG 

task (n=1) or because the EEG data file went missing (n = 2).  

 

3.2.2 Autism and ADHD likelihood assessment 

Infants entering the BASIS study either had a first degree relative (i.e. parent or 

sibling) with autism diagnosis, with ADHD diagnosis or probable ADHD, or neither 

of the two. The presence of autism in the first degree relative was attested through a 

clinical autism diagnosis by a licensed clinician. Elevated likelihood for ADHD (i.e. 

the presence of ADHD in the first degree relative) was assigned either if a first degree 

relative had a clinical diagnosis of ADHD, or if despite the absence of a clinical 

diagnosis concerns of ADHD traits in the family had been reported and subsequently 

confirmed in screening assessment administered by BASIS researchers at the lab. A 
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short version of the Conners Early Childhood 3 form (Conners, 2008) was used as a 

screening assessment for siblings younger than six years. A shortened version of the 

Conners 3 was used for screening assessment of first-degree relatives aged six or older. 

This second route of assigning ADHD likelihood status was included, because ADHD 

is often not diagnosed in children who already hold a diagnosis of autism (e.g., Visser, 

Rommelse, Greven & Buitelaar, 2016). Therefore, this additional route was applied to 

prevent under-identification of ADHD conditions in autism-diagnosed children. 

Infants with typical likelihood of autism or ADHD were recruited through the 

volunteer family database hosted by the Centre for Brain and Cognitive Development, 

Birkbeck University of London. These infants had no first-degree relatives with a 

diagnosis of autism or ADHD, and at least one older sibling with typical development. 

Each infant was assigned a value on a dichotomous variable for typical (0) or elevated 

(1) likelihood for autism, and on another dichotomous variable for typical (0) or 

elevated (1) likelihood for ADHD. 

The sample of 100 infants with valid EEG data included infants with typical autism 

likelihood (n = 14), elevated autism likelihood (n = 53), elevated ADHD likelihood (n 

= 18) or elevated likelihood for both conditions (n = 13). Of note, analyses were run 

with factors of autism presence or absence as well as ADHD presence or absence. 

 

3.2.3 Procedure and measures 

Participants of the BASIS study visited the Babylab several times within their first 

years of age. Each visit consisted of a battery of eye tracking, behavioural and 

neurophysiological tasks. There caregiver gave informed written consent before the 

start of the study. The testing was only conducted if the infant was being content and 

alert. After each visit, families were given a participation certificate and t-shirt. If 

required, expenses for travel, subsistence and overnight stay were reimbursed. The 

protocol of this study was approved by the National Research Ethics Service and the 

Research Ethics Committee of the Department of Psychological Sciences, Birkbeck, 

University of London. Each of the assessments and experiments during the visits were 

performed in accordance with the relevant guidelines and regulations. Data were 

collected by the STAARS team. 
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3.2.4 EEG task 

The same EEG task was administered at the 5-, 10- and 14-month visit. The current 

analysis focusses on the 14-month-timepoint. In the EEG task, each infant was 

confronted with a new experimenter. This experimenter displayed either socially 

engaging or socially non-engaging behaviour in blocks of one minute, respectively. 

The blocks were alternating until three blocks for each condition were reached. In the 

social blocks, infants watched the experimenter singing nursery rhymes accompanied 

by gestures, direct gaze and friendly, engaging facial expressions. In the non-social 

blocks, infants watched a dynamic toy spinning on a low table just out of reach for the 

infant, operated by the same experimenter. For consistency with previous studies into 

naturalistic social versus non-social processing, the terms “social” and “non-social” 

condition to refer to the condition including the singing and the spinning toy, 

respectively. Interaction between experimenter and infant was reduced to a minimum. 

The parent was asked to not engage with the infant, but to react as usual if the infant 

would initiate the interaction. Infants sat on their parents’ lap in an electrically shielded 

room. The experimenter sat on a chair opposite the child. EEG was recorded at a 

sampling rate of 500 Hz using a 128-channel HydroCel GSN 130 EGI electrode net 

and Netstation EGI software. Infant behaviour was video recorded for later coding. 

The session was stopped when the infant became uncomfortable or fussy.  

 

3.2.5 Eye tracking task (10-, 14- and 24-month visit) 

 In the eye tracking task (“Fifty faces” task, Vo, Smith, Mital, & Henderson, 2012), a 

video clip (1280 px X 720 px, 25 fps, 41 seconds) from the Dynamic Images and Eye 

Movements database (“Fifty People One Question: Brooklyn”, 

http://thediemproject.wordpress. com/) was presented to the child, in which various 

pedestrians in New York were recorded on camera while speaking to the camera for 

an interview. The clip represented a natural scene of social interaction with actors 

naturally starting and stopping talking and making and breaking eye contact. Subtle 

music was used to replace the speech track in order to avoid confounds with language. 

Stimuli were presented using custom Matlab scripts (Task engine, 

https://sites.google.com/site/taskenginedoc), and infants’ eye movements were 

recorded with a Tobii TX-300 eye tracker. Areas of interest (AOI) were drawn on each 
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single video frame using Apple Motion, including the face AOI as well as a body AOI 

and a background AOI. The face AOI followed the outline of the face, below the 

hairline and along the jawline. Infants’ gaze samples were assigned to AOIs for each 

frame. If there was a gap <200ms between the same AOI, this gap was interpolated by 

the same AOI. Data was excluded if there were fewer than 25% valid samples (i.e. 

looking to no AOI) for the video. The proportion of looking time to all AOIs was 

calculated as the number of samples per AOI by the total number of valid samples for 

the video. Four measures of visual attention to faces were coded and used in the 

present analysis: (1) the proportion of time the infant spent looking to the face AOI, 

(2) the total number of looks to the face AOI, (3) the mean fixation duration to the face 

AOI, and (4) the peak fixation duration to the face AOI (i.e., the longest sequence of 

samples at one AOI). 

 

3.2.6 Autism outcome assessment 

Autism outcome was assessed at the 36-month-old visit of the BASIS study. 

Phenotypical characteristics of autism were measured using the Autism Diagnostic 

Observation Schedule Toddler Module (ADOS-T; Luyster et al., 2009) and the ADI-

R, and parents filled in the Vineland Adaptive Behaviour Scale II (VABS-II; to obtain 

the Socialisation Standard Score) as well as the Social Responsiveness Scale (SRS-2 

Preschool; to obtain the Total T-score). Further, at 36 months, categorical outcome 

was clinically assessed (autism yes/no). 

 

3.2.6.1 Autism Diagnostic Observation Schedule – T 

At the 36-month-timepoint, the Autism Diagnostic Observation Schedule Toddler 

Module (ADOS-T; Luyster et al., 2009) was administered. The ADOS is a semi-

structured, standardised observational play based behavioural assessment that 

measures autism traits. It measures joint attention, eye contact, focused attention, 

expression of emotions, language use, and others. In the Toddler Module, the items 

are presented in a playful manner by an experienced clinician. The frequency, quality, 

and appropriateness of toddlers’ responses to the items as observed during the session 

are rated. Item scores are combined into domain algorithm scores. The current study 

includes the Social Affect domain score measuring communication and reciprocal 
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social interaction. I used Calibrated Severity Scores because these consider age and 

language level of the child while they are based on the raw total scores of the ADOS 

(Esler et al., 2015). Higher scores on the scales indicate more severe symptoms. 

 

3.2.6.2 Autism Diagnostic Interview – Revised (ADI-R) 

At the 36-month-timepoint, the Autism Diagnostic Interview – Revised (ADI-R, 

Rutter et al., 2003) was additionally used to assess symptom severity. The ADI-R is a 

standardized, semi-structured interview that is conducted with the parent or caregiver 

of the child. It consists of 93 items that investigate both past and current severity of 

autism symptoms, the onset of the symptoms, the acquisition and loss of language and 

other skills, language and communication functioning, social development and play, 

interests and behaviours, and other general behaviours such as gait, aggression or 

special skills. Item scores are combined into domain algorithm scores.  The present 

analysis includes the ADI-R Social Total score. Higher scores reflect more severe 

symptoms. 

 

3.2.6.3 Parent report measures  

At the 36-month-timepoint, parents were asked to provide information on their child’s 

behaviour.  

 

The Vineland Adaptive Behaviour Scales II (VABS-II; Sparrow, Cicchetti & Balla, 

2005) is a semi-structured interview measuring adaptive functioning in everyday life 

(Sparrow et al., 2005). It has been used with infants and toddlers to capture differences 

in developmental trajectories (e.g., Bussu et al., 2018). The present thesis uses the 

questionnaire form of the scale (Parent/Caregiver Form). In the present analysis, the 

Socialisation domain of the VABS-II was included to relate neural differences in 

social versus non-social processing to adaptive behaviours in daily social situations. 

Higher scores represent more socially adaptive behaviours. The overall Socialisation 

standard score was used as well as the two subdomain scores of “Interpersonal 

Relationships” and “Play and Leisure Time”. Vineland v-scale scores have a mean of 

15 and a standard deviation of 3. Scores range from 1 to 24. Higher scores represent 

more adaptive functioning.  
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The Social Responsiveness Scale (SRS, Constantino & Gruber, 2012) is a continuous 

measure of social ability. It can be used to assess autism phenotypic trait variation by 

capturing variation of social impairment in undiagnosed individuals. Higher scores 

represent more severe impairments. Of note, higher impairment measured by the SRS 

(SRS-2 Preschool Total at 36 m) was previously found to be associated with reduced 

hemodynamic responses to visual social stimuli in 4- to 6-month-old infants with later 

autism diagnosis (Lloyd-Fox et al., 2018). 

 

In addition, at the 36-month-timepoint, ADHD outcome was assessed using the Child 

Behaviour Checklist (CBCL, Achenbach and Rescorla, 2001). The present analysis 

includes the ADHD scale (total T score) of the CBCL. This scale measures inattention 

and hyperactivity in toddlers by asking parents to rate how well their child’s behaviour 

matches with each statement. Parents are asked to indicate on six items how well each 

statement describes their child’s behaviour as observed within the past 2 months on a 

3-point Likert rating scale, from 0 (“Not True”) to 2 (“Very True or Often True”). Item 

scores are then summed to produce a total score. In the present analysis, missing items 

of the CBCL are treated as 0 (“Not True”), as recommended in the manual of the 

checklist. Higher scores reflect more severe symptoms. 

 

3.2.6.4 Categorical outcome (autism yes/no) 

At the 36-month-timepoint, categorical outcome (Autism / No Autism) was assessed 

by a team of clinical researchers lead by a licensed clinical psychologist after 

reviewing all relevant information available up to and including 36 months. Relevant 

information included the results from the ADI-R, ADOS-2, and the VABS-II.  

 

 

 

3.2.7 EEG pre-processing and analysis 

 

3.2.7.1 EEG pre-processing 
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EEG data storage and pre-processing were carried out by Jannath Begum Ali in EGI 

NetStation 4. The video recordings were coded second-by-second to determine the 

segments during which the child was looking at the stimulus. Only trials in which 

infants were looking at the respective stimulus (experimenter in the social condition, 

toy in the non-social condition) entered the analysis. In the social condition, looking 

was coded as looking at the experimenter / not looking at the experimenter. In the toy 

(= non-social) condition, looking was coded as looking at the toy / not looking at the 

toy. Segments in which the infant was crying or hiding their face or in which the 

experimenter left the video were categorised as not valid.  

The EEG recording was digitised with a sampling rate of 500 Hz, filtered with 0.1 

high-pass and 100 Hz low pass filter, and segmented into 1 second segments. Quality 

of each channel was assessed by segments of one second. Within each segment, bad 

channels were identified and excluded. Channels were classified as bad if they showed 

an exceptionally high amplitude or frequency, if they differed a lot from the signal in 

the neighbouring channels or if their signal was drifting in more than one direction. 

The signal of excluded channels was interpolated by the signal of the neighbouring 

channels, by an algorithm incorporated within NetStation 4.3. The whole 1-second 

segment was excluded if it contained more than 25 interpolated channels in total or 

contained clusters of interpolated channels (i.e. >6 channels next to each other). 

Infants were excluded due to bad data quality if there remained less than 10 segments 

in any of the two conditions after the cleaning process. Data were re-referenced to the 

average. The resulting segmented data was imported into MATLAB. 

 

3.2.7.2 EEG spectral power analysis 

EEG spectral power analysis was carried out by Emily J. H. Jones. In-house MATLAB 

scripts were used to process a Fast Fourier transformation on the data revealing power 

spectra. A channel was excluded from a given segment if power values exceeded three 

standard deviations from the mean of that frequency in the remaining channels in that 

cortical region. Power values were averaged across artifact-free segments and across 

electrodes within each cortical region (frontal, parietal, occipital, temporal).  

The term “power” here refers to the absolute power spectral density (aPSD), that is 

the power present in the EEG signal as a function of frequency, per unit frequency. 
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“Theta power” accordingly is the power in the infant EEG signal in the theta frequency 

band (3-6 Hz). 

To obtain relative power values, natural absolute power values were averaged across 

the theta frequency range and divided by the total signal power for each region over 

each brain side in each condition. In specific, for each of four cortical regions (frontal, 

parietal, occipital, temporal) and each of three possible sides in the brain (left, central, 

right) in each condition (social, non-social), relative theta power was calculated as the 

sum of the exponential function of the absolute power at each single Hertz unit from 

3 Hz to 5.9 Hz, divided by the total signal power, that is the sum of the exponential 

function of the absolute power at each single Hertz unit from 3 Hz to 20 Hz. This is 

expressed in the formula for relative theta power: 

 

relThetaregion1, condition1, side1 = ,-.(/01(2345678))/01(2345978))/01	(2345:78))
,-.(/01(2345678))/01(2345978))	…	)/01	(2345<=78) 

 

 

3.2.8 Statistical analysis 

The statistical analysis was carried out in R (R 3.6.2, R Core Team, 2019). The 

following models were calculated: 

 

1. Likelihood 

A mixed model ANCOVA was used with relative theta power as dependent 

variable and stimulus condition (social/non-social) as within-subject factor and 

autism likelihood (TL-autism/EL-autism), ADHD likelihood (TL-ADHD/EL-

ADHD) and their interaction as between-subject factors. The model was re-

run with the proportion of looking to the stimulus as dependent variable. 

 

2. Autism diagnosis outcome (yes/no) at 36 months 

A mixed model ANCOVA was run with relative theta power as dependent 

variable, including stimulus condition (social/non-social) as within-subject 

factor and autism outcome (no autism/autism) as between-subject factor. The 
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model was re-run with the proportion of looking to the stimulus as dependent 

variable. 

 

3. Autism-related traits at 36 months 

A linear mixed model analysis was run with relative theta power as dependent 

variable. Fixed effects were stimulus condition and four continuous measures 

of autism symptoms (ADOS; ADI social scale; SRS total T score; Vineland 

Socialisation standard score) as well as their interactions with stimulus 

condition. Age in days (centred), gender and also the number of valid EEG 

segments were added as covariates, and participant was included as random 

effect. The model was re-run with the proportion of looking to the stimulus as 

dependent variable (and with only age in days and gender as covariates). 

 

4. ADHD-related traits at 36 months 

A linear mixed model analysis was run with relative theta power as dependent 

variable. Fixed effects were stimulus condition and the dimensional ADHD 

traits measured at 36 months on the CBCL as well as the interaction with 

stimulus condition. Age in days (centred) and gender, as well as the number of 

valid trials were added as covariates, and participant was included as random 

effect. The model was re-run with the proportion of looking to the stimulus as 

dependent variable (and with only age in days and gender as covariates). 

 

5. Trajectory of looking at the face 

I ran four linear mixed models were run to investigate whether differential 

theta power during social processing in infancy predicts the trajectory of 

looking at a face across toddlerhood. In each model, the dependent variable 

was one of the following characteristics of face looking: a) the proportion of 

time, b) the number of looks, c) the peak look duration, and d) the mean look 

duration. Fixed effects in each model were relative theta power at 14 months, 

the proportion of looking to the live stimulus at 14 months, as well as stimulus 

condition (social/non-social), the timepoint of when the outcome eye tracking 

measure was obtained (10/14/24 months) and their interactions with the theta 

power and the proportion of looking. Age in days (centred), gender, and 
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number of valid EEG segments were controlled by including them as 

additional fixed effects in the models. Participant was included as random 

effect.  

 

Where significant effects on theta power were observed, the data were further analysed 

in respect to electrode side (left, central, right) and cortical region (frontal, parietal, 

posterior, temporal). The linear mixed models were computed with the lme4 R-

package (Bates, Sarkar, Bates, & Matrix, 2007). The number of valid EEG trials was 

controlled for to account for potential differences in the amount of looking to the social 

versus non-social stimulus and the resulting unequal number of valid EEG trials 

available for the two conditions. To this end, the standardised difference of the number 

of EEG trials was calculated for each participant (Z= (x-μ)/σ) and included this score 

as a covariate in the models. Missing covariate values (age and trial number) were 

replaced by the mean of all covariate values across the sample. 

 

Testing model assumptions for the mixed model ANCOVAs included the assessment 

of outliers in each cell of the design, based on visual inspection of boxplots and using 

the identify_outliers function of the R rstatix package (0.6.0, Kassambara, 2020). 

Extreme outliers were reported. Further, for each cell of the design, normality was 

assessed visually by inspecting QQ-plots. If the dependent variable was non-normal, 

a transformation was applied so that it after normalization followed a Gaussian 

distribution. The specific transformations applied, respectively, were selected by the 

bestNormalise package in R (Peterson & Cavanaugh, 2019), that helps identify the 

best normalizing transformation for a given vector. Transformations used were the 

Ordered Quantile (ORO) normalization transformation (“orderNorm”) transformation 

and the Yeo-Johnson transformation (“yeo_johnson”). The former normalizes a vector 

by mapping the values to their percentile and maps this to the same percentile of the 

normal distribution. The latter is a more complex transformation allowing the vector 

to also include zeroes and negative values. Finally, homogeneity of variances was 

assessed. To do this, I combined Levene test results with visual inspection (hovPlot 

function, HH package, Heiberger, 2020), because the number of data points is 

relatively high and thus prone to positive results of the Levene tests even if the 

variances are relatively homogeneous. Additional ANCOVA-specific assumptions 
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included that on each level of the categorical variables the covariate was linearly 

related to the dependent variable and the slope of the relationship between the 

covariate and the outcome was the same across conditions. Testing model assumptions 

for linear mixed models included checking that the group variances are homogeneous, 

that the residuals of the model are normally distributed and that residuals are 

independent from the predicted values. 

 

For each analysis, main effects and interaction effects that include stimulus condition 

are reported first since these were or primary interest for my hypothesis. To follow-up 

significant interactions, I used separate ANCOVAs or linear mixed models for each 

stimulus condition. Main effects and interactions not including stimulus condition are 

reported but were not investigated in more depth. Infant numbers per likelihood group 

and by outcome measures are listed in Table 3.1 and Table 3.2, respectively. 

 

Of note, autism and ADHD likelihood were included as separate factors with either 

typical or elevated likelihood, respectively. This design allows to test main and 

interaction effects of both factors, while it does not allow to directly compare effect 

sizes. 

 
Table 3.1. Number of infants with valid EEG data at 14 months, by likelihood group; 
*these additional infants with valid EEG data at 14 months were excluded because they were 
half-siblings or had unclear likelihood status 

Likelihood group Total TL EL-ASD EL-
ADHD EL-both 

Total cohort N=161(+5*) 29 80 31 21 
Available EEG data at 14 
m n = 98(+2*) 14 53 18 13 
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Table 3.2. Number of infants providing data on the tasks and measures used in the present study. 
ADOS-2 = Autism Diagnostic Observation Schedule; ADI = Autism Diagnostic Interview; 
VABS-2 = Vineland Adaptive Behaviour Scales; SRS= Social Responsiveness Scale; CBCL = 
Child Behaviour Checklist 

 
  

                       Timepoint 

 5 months 10 months 14 months 24 months 36 months 

EEG Live task (n = 92)  n = 100 - - 

Eye tracking “50 Faces” task - n = 115 n = 124 n = 91 - 

Diagnostic assessment - - - - n = 128 

ADOS-2 Social Affect (CSS) - - - - n = 125 

ADI-R Social Interaction - - - - n = 123 
VABS-2 Socialisation 
standard score - - - - n = 105 

SRS-2 Total T score - - - - n = 107 

CBCL ADHD subscale - - - - n = 118 
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3.3 Results 

 

3.3.1 Autism and ADHD likelihood 

Of the infants who provided data from the EEG task at 14 months (n=100), two infants 

were excluded from the analysis who turned out to be half-siblings of children with a 

diagnosis, resulting in a sample of n = 98 infants. 

Looking at the stimulus. The proportion of looking at the stimulus (transformation: 

orderNorm) did not differ significantly by stimulus condition and/or autism likelihood 

and/or ADHD likelihood (all p > .05). Of note, there was a marginally significant 

interaction between stimulus and ADHD likelihood (p=.075, F (1,94) = 3.23, ηp
2 = 

.03), with infants with elevated likelihood of ADHD looking more at the non-social 

versus social stimulus. 

Theta power. Overall relative theta power was significantly reduced in infants with 

elevated likelihood of ADHD (p = .03, F= 4.84, ηp
2 = 0.39). Furthermore, there was a 

significant interaction between stimulus condition and autism likelihood (p = .02, F = 

5.83, ηp
2 = .06; main effect stimulus: p < .0001, F = 24.24, ηp

2 = 0.21). Follow-up 

ANOVAs by group revealed that while infants of both groups showed significantly 

stronger theta power while looking at the experimenter versus toy, the effect was less 

pronounced in infants with elevated (p = .01, F = 6.40, ηp
2 = 0.09) compared to typical 

likelihood of autism (p = <.0001, F = 32.13, ηp
2 = 0.51; Figure 3.1). 
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Figure 3.1. The proportion of looking at the live stimulus (top) and relative theta power during 

looking at the live stimulus (bottom) by stimulus condition (social: experimenter, non-social: 

toy) and by autism and/or ADHD familial likelihood. Left: means and standard errors, right: 

raincloud with boxplot (median), and data points. 

 

Region (frontal, parietal, posterior, temporal) and side (left, central, right) as well as 

their interaction were added to the model to see whether these moderate the effect of 

reduced theta power while looking at the toy versus experimenter in infants with 

elevated likelihood for autism, but none of these significantly interacted with stimulus 

condition and autism likelihood (all p > .3, see A.3.1 for figures). There was a 

significant interaction between stimulus and region (p < .005, F = 4.35, ηp
2 = .006). 

Follow-up ANOVAs revealed that theta power was stronger during social versus non-

social processing in all four regions, but the effect was strongest over posterior 
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electrodes (ηp
2 = .28; frontal: ηp

2 = .09; parietal: ηp
2 = .15; temporal: ηp

2 = .10). Finally, 

there were significant interactions between side and region (p < .0001, F = 36.16, ηp
2 

= .09; region: p < .0001, F = 137.20, ηp
2 = .17; side: p < .0001, F = 162.44, ηp

2 = .14), 

between ADHD and side (p < .01, F = 5.19, ηp
2 = .005; ADHD: p = .03, F = 4.84, ηp

2 

= .05), and between autism, ADHD and region (p = .047, F = 2.65, ηp
2 = .004; autism 

likelihood X region: p= .03, F = 3.04, ηp
2 = .004). 

 

Of note, while Levene’s Test suggested that the variances of the groups with typical 

and elevated likelihood of autism were not homogeneous (p = .02), visual inspection 

indicated that the variance of the group with elevated autism likelihood was only 

slightly smaller than in the group with typical likelihood. One explanation could be 

the differing group size: the group with elevated autism likelihood included 63 infants, 

the group with typical autism likelihood 31 infants.  

 

 

3.3.2 Autism diagnosis at 36 months (yes/no) 

Information about autism diagnosis at 36 months was available for n = 128 infants of 

the cohort, of which 13 infants received an autism diagnosis, and 115 infants did not. 

For the remaining 38 infants an assessment could not take place because they did not 

have a visit at 36 months. Of the 98 infants who provided data from the live singing 

EEG task at 14 months, 85 infants had diagnosis data at 36 months. Of these, 8 infants 

went on to receive a diagnosis, while 77 infants did not. There was one extreme outlier 

with a proportional time of looking at the non-social stimulus of only 5.43%; this 

infant was one of the oldest infants in the group, aged 487 days, and did not go on to 

receive a diagnosis. 

Looking at the stimulus. The proportion of looking at the stimulus (transformation: 

orderNorm) did not differ significantly by autism diagnosis at 36 months (all p > .2). 

There were no other significant effects. 

Theta power. Relative theta power did not differ significantly by autism diagnosis at 

36 months (all p > .4; main effect of stimulus: p < .0005, F = 14.94, ηp
2 = .16). 

However, visual inspection of the data does suggest that the difference in theta power 

between social and non-social attention might be somewhat smaller in the groups with 
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than without later autism diagnosis (Figure 3.2). There were no other significant 

effects. 

 

 
Figure 3.2. The proportion of looking at the live stimulus (top) and relative theta power during 

looking at the live stimulus (bottom) by stimulus condition (social: experimenter, non-social: 

toy) and autism diagnosis at 36 months. Left: means and standard errors, right: raincloud with 

boxplot (median), data points and distribution. 

 
Given that the number of infants who went on to be diagnosed with autism (n=8) was 

much smaller than the number of infants who did not go on to be diagnosed with 

autism (n=77), normality was not given in all cells of the design, and results have to 

be interpreted with caution. 
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3.3.3 Autism traits at 36 months 

Of the 100 infants who provided valid EEG data at 14 months, n = 84 infants provided 

data from the ADOS and the ADI measure, respectively, and n = 72 infants from the 

Social Responsiveness scale and the Vineland Social scale, respectively. There was 

an extreme outlier with a proportional time of looking at the non-social stimulus of 

only 5.43% this infant was one of the oldest infants in the group (487 days) and scored 

low on the ADOS at 36 months and very low on the ADI at 36 months. 

Looking at the stimulus. There was a significant, although weak, interaction effect 

between stimulus condition and SRS Total score (p = .048, t = 2.01, ηp
2 = .04). 

Children who looked less at the experimenter and more at the toy at 14 months of age 

went on to score higher on the SRS, that is have more severe impairments of social 

responsivity, at 36 months (Figure 3.3a). No other effects were observed (all > .1). 

Theta power. There was a significant interaction between stimulus condition and 

ADOS score at 36 months (p = .048, t = 2.02, ηp
2 = .07), with a reduced elevation of 

theta power during social versus non-social attention at 14 months relating to higher 

ADOS scores at 36 months (Figure 3.3b). Of note, when using only the ADOS score 

in the model, while dropping the other measures, the interaction is not significant 

anymore (p>.2), although then more infants contributed data from the ADOS variable. 

This suggests that the significant ADOS effect might have possibly been driven by 

infants who did not provide data on the other measures. The result should on any 

account be interpreted with caution. No further effects were observed. 



 

 
 

96 

 
Figure 3.3. a) The proportion of looking at the stimulus by social responsiveness at 36 months. 

b) Relative theta power by social affect measured by the ADOS at 36 months. 

 

 

3.3.4 ADHD traits at 36 months (specificity analysis) 

Of the 100 infants who provided looking and EEG data in the 14-month live singing 

task, n=77 infants contributed data from the CBCL ADHD scale. 

Looking at the stimulus. The proportion of looking at the social versus non-social 

stimulus during naturalistic experiences at 14 months of age was not significantly 

related to the CBCL ADHD score at 36 months (p = .07, t = 1.80, ηp
2 = .02). 

Theta power. Theta power during social versus non-social naturalistic experiences at 

14 months was not significantly related to the CBCL ADHD score at 36 months (p = 

.08, t = 1.76, ηp
2 = .04; main effect stimulus: p < .0005, t = -3.86, ηp

2 = .17). 
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3.3.5 Trajectory of looking at the face 

Of the infants who took part in the eye-tracking task “50 Faces” (10m: n=115; 14m: 

n=124; 24m: n=91), I excluded from the analysis infants who looked at the screen for 

less than 5% of the time during the task. The resulting number of participants entering 

the analysis per timepoint was n=113 at 10 months, n = 123 at 14 months, and n = 91 

at 24 months. Overall, the analysis included data from N = 148 infants who provided 

data for at least one of the three timepoints. The four eye-tracking measures of interest 

were 1) proportion of looking at the face; 2) number of looks to face; 3) mean fixation 

duration to the face; and 4) peak fixation duration to the face). 

Peak look duration to a face, mean look duration to a face and the proportion of looking 

at a face, respectively, were not predicted by the proportion of looking or theta power 

during live action at 14 months (all p > .2). On the number of looks to a face, there 

was a marginally interaction effect between the proportion of looking at the live 

stimulus, stimulus condition and eye tracking timepoint (p = .08, t = -1.76, ηp
2 = .01), 

but following up the interactions did not reveal significant effects of looking at the 

live stimulus. 
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3.4 Discussion 

 

3.4.1 Summary 

The present study investigated EEG responses of 14-month-old infants with elevated 

and typical likelihood for autism and/or ADHD attending to a live experimenter who 

was either singing nursery rhymes (social) or operating a dynamic toy (non-social). 

Previous work reported increased theta power during social versus non-social live 

action in typically developing 12-month-olds (Jones et al., 2015) and reduced theta 

power modulation during social versus non-social attention in toddlers with autism 

compared to toddlers without autism (Dawson, Bernier, et al., 2012). Therefore, I 

predicted reduced elevation of theta power during social attention at 14 months in 

infants with elevated autism but not ADHD likelihood, in infants who went on to be 

diagnosed with autism and in infants going on to score higher on autism trait measures 

but not ADHD trait measures at 36 months. I also predicted that socially selective 

theta power strength in infancy predicted more looking at the face at different 

timepoints in toddlerhood. 

 

Results showed that theta power, but not looking proportion, at 14 months was higher 

during attending to a live experimenter versus toy in the overall sample. Second, the 

stimulus effect was present in both infants with typical and elevated autism likelihood, 

but weaker in the latter. This alteration by social context was only observed on the 

neural level, while the proportion of looking at the experimenter versus toy did not 

differ between autism likelihood groups. Third, theta power in the small group of 

infants who went on to be diagnosed with autism at 36 months (n=8) did not differ 

significantly from infants who were not diagnosed. Fourth, infants looking less at the 

experimenter and more at the toy at 14 months went on to score higher on the SRS at 

36 months, while theta power was not related to later SRS score. Infants with reduced 

theta power elevation during social versus non-social attention at 14 months scored 

higher on the ADOS social affect scale at 36 months. However, this effect might not 

be robust and has to be interpreted with caution. Neither looking nor theta power 

patterns during naturalistic experiences at 14 months were related to ADHD traits at 

36 months. Finally, a higher proportion of looking at the experimenter versus toy at 

14 months was associated with more looks to a face in a video at 14 and 24 months, 
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and not associated with the other face looking behaviours. Theta power during live 

naturalistic experiences was not related to the trajectory of looking at a face. 

 

 

3.4.2 Sensitivity of theta power to social information 

 

As predicted theta power in the overall sample of 14-month-old infants was enhanced 

during looking at the experimenter compared to looking at a toy in a live social 

context. This finding is in line with the findings from Jones et al., 2015, showing 

enhanced theta power activation during social versus non-social live stimulation in a 

typical sample at 6 months and 12 months. 

 

In the present sample, the effect was present in all four regions while appearing 

strongest in the posterior/occipital region of the cortex. By contrast, at 12 months, it 

was observed only over frontal, parietal and occipital, not temporal, and was strongest 

over the frontal region (Jones et al., 2015). Importantly, the effect was also shown to 

be more widespread at 12 compared to 6 months, suggesting that in contexts 

combining various multi-modal social cues, social brain activity expands over the 

second half of the first year of age (Jones, Venema, Lowy, Earl & Webb, 2015), and 

it is possible that this expansion continues after the end of the first year, resulting in 

the widespread differential activation observed at 14 months. This is in line with 

predictions of the Interactive Specialisation hypothesis, according to which over the 

course of infancy, neural activation increases in specificity to particular stimuli (e.g., 

social cues) and this specificity increases in spatial extent ( Johnson et al., 2009). At 

12 months, the effect of stronger theta power during social versus non-social attention 

was stronger over frontal electrodes (Jones, Venema, Lowy, Earl & Webb, 2015), 

while the present findings show that at 14 months, it appears strongest over posterior 

electrodes, might be explained by the slight difference between the paradigms in these 

studies. Besides this difference in paradigm, the current sample was more 

heterogeneous than in Jones et al. (2015) in that it also included infants with elevated 

likelihood for neurodevelopmental conditions, and it is possible that there are  low-

level differences between likelihood groups in the role different regions play for 

selective social processing.   
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Viewing the present findings together with a recent study analysing theta power during 

social versus non-social video viewing at 14 months highlights the importance of 

naturalistic contexts for studying social attention in infancy. The authors of that study 

observed elevated theta power during the social versus non-social condition, with the 

effect being strongest occipitally, followed by frontally, followed by parietally, and 

did not appear temporally (Haartsen et al., 2022). Of note, this was the same cohort as 

presented in this study, which means that differences between the studies should not 

be related to sample characteristics. Both in the screen and in the live context, the 

effect was consistently strongest occipitally. Viewed together with the findings of the 

effect being strongest over frontal regions at 12 months, this indicates an age-related 

change in the role different regions have for social versus non-social processing. 

Moreover, the video context elicited the effect in three of the four regions investigated, 

the live context elicited the effect in all four regions, including temporally. This adds 

to previous findings (Jones et al., 2015) suggesting that live stimulation may elicit 

more widespread effects of differential theta power, and should be strongly considered 

when investigating social attention development. 

 

The amount of looking at the live stimulus did not differ between the social versus 

non-social condition in the present 14-month-old sample, while 6- as well as 12-

month-olds in the previous sample of typical infants were looking more at the non-

social versus social live stimulus, with the effect being stronger at 12 months (Jones, 

Venema, Lowy, Earl & Webb, 2015b). Again, this difference might be explained by 

differences in paradigm, age or heterogeneity of the sample. In the study with 6- and 

12-month-old infants, the social/non-social conditions were derived from infants’ 

looking episodes at either experimenter or the plain toy while the experimenter was 

singing throughout and looking at the infant, and infants actively had to choose 

looking at one or the other in order to enter the respective condition. By contrast, in 

the current study with 14-months olds, the experimenter was either singing and 

looking at the child or spinning a toy and looking at the toy. Hence, some aspects in 

the current non-social condition might have been less engaging than previously (no 

simultaneous singing versus simultaneous singing; experimenter looking at the toy 

versus experimenter looking at the child). The use of the dynamic versus previously 

used plain toy appears to not have elevated infants’ visual attention. Taken together, 
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the present results add to the finding that theta power is particularly elevated by social 

stimuli, even though visual attention towards social versus non-social was equal 

(present study) or reduced (Jones et al., 2015), and that differential theta power appears 

as a more insightful measure than looking behaviour to study attention engagement in 

a naturalistic social context. It remains unclear what aspects within naturalistic social 

contexts drive infants’ elevated attention in these contexts, and it is important to 

systematically investigate the effect of various aspects. 

 

A theoretical account to address this question of why infants are more engaged by 

social contexts is provided by the theory of infant natural pedagogy. This view 

proposes that social cues are ostensive, signalling to the child that they are being 

addressed and can expect information, and that infants inherently attend to 

communicative/ostensive cues that evoke in them a feeling of being addressed (Csibra 

and Gergely, 2009). During naturalistic social interaction, the infant perceives 

multiple multimodal communicative cues at the same time which might trigger a 

particularly strong feeling of being addressed and hence a heightened state of 

attention, reflected by higher theta power. As such, theta power might be stronger 

during social versus non-social stimulation because it involves a myriad of cues 

signalling to the infants that they are being addressed and communicated to. 

 

 
3.4.3 Differences by familial autism/ADHD status 

This is the first study investigating theta power during naturalistic social and non-

social experiences in infants with elevated autism likelihood. Results showed that the 

effect of elevated theta power during social versus non-social attention was reduced 

in infants with familial likelihood of autism. This finding is consistent with previous 

research in toddlers with autism diagnosis, who showed a reduced increase in theta 

power to social versus non-social stimuli (Dawson, Bernier, et al., 2012). Further, 

receiving a longer-term behavioural intervention led to improved social behaviour 

along with more typical patterns of theta power during social versus non-social 

stimulation in these children (Dawson et al., 2012).  

Further, the present findings are in line with findings reporting that infants with 

elevated autism likelihood who received an early parent-delivered intervention 
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targeting parent-child interaction showed a greater increase of theta power during 

social versus non-social videos from 6 to 12 months compared to infants receiving a 

control intervention, as well as concurrent improvement of other neurocognitive 

measures of social attention (Jones et al., 2017), suggesting that increased differential 

theta power correlates with improved socio-cognitive skills and might be causally 

related to social experiences. Finally, the present result is in line with research using 

other techniques to study alterations in social brain function in infants who have an 

elevated likelihood for autism (Lloyd-Fox et al., 2013) and go on to be diagnosed with 

autism in toddlerhood (Jones et al., 2016; Lloyd-Fox et al., 2018). These infants 

showed reduced elevation of neural attention engagement in social versus non-social 

stimuli, reflected by fNIRS (Lloyd-Fox et al., 2013; 2018) and ERP measures (Jones 

et al., 2016). Taken together, theta power in social versus non-social live contexts is a 

promising candidate in the search for measures detecting alterations in typical social 

brain processing in infancy. 

 

Crucially, the present findings of reduced theta power elevation during social versus 

non-social live processing in infants with elevated likelihood for autism at 14 months 

are specific to the live format. In fact, a recent study with the same cohort at the same 

timepoint, viewing social and non-social videos, did not reveal reduced theta power 

during social versus non-social video viewing in infants with elevated likelihood for 

autism (Haartsen et al., 2022) 

This finding adds to the previous finding in typical infants, where live but not screen-

mediated stimulation has shown to elicit elevated theta power during social versus 

non-social stimuli at 6 months (Jones et al., 2015). Together, these findings highlight 

the importance of studying social brain function in a naturalistic context, particularly 

for studying early alterations in social processing (Jones et al., 2015). 

 

The reduced effect between social and non-social processing in infants with elevated 

likelihood for autism in the present study was specific to theta power, while the 

proportion of looking at the experimenter versus toy did not significantly differ across 

groups. This is in line with previous research indicating that differences in social 

processing on the neural level before they manifest in visible behaviour (e.g. Jones et 
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al., 2015), and that neural measures might be more sensitive in measuring infants’ 

attention than looking behaviour alone (Begus & Bonawitz, 2020; Begus et al., 2016). 

 

Further, the reduced effect on the level of theta power was specific to infants with 

elevated autism likelihood, while it was not reduced in infants with familial likelihood 

of ADHD. This finding suggests that the alterations in socially selective theta power 

are specific to early autism, and not shared among neurodevelopmental conditions. I 

did, however, observe reduced overall relative theta power in infants with elevated 

likelihood of ADHD. This finding is in line with recent research reporting a lower 

theta-beta power ratio in 10-month-old infants with familial likelihood of ADHD, 

which in turn was related to ADHD traits at 24 months (Begum-Ali et al., 2022). It 

has been proposed that while impairment of social attention is specific to autism, 

ADHD symptoms might be the result of alterations in the domain-general attention 

system (e.g., Braithwaite, Gui & Jones, 2020). 

 

The current findings in 14-month-old infants are a further step towards identifying 

early biomarkers of altered social development. Theta power during naturalistic social 

versus non-social experiences in infancy is a promising measure to capture individual 

differences in the engagement with a live social partner at 14 months. However, in 

typical infants elevated theta power during social versus non-social naturalistic 

experiences has been observed at the age 6 months of already (Jones et al., 2015), and 

studies using other techniques have observed alterations in social versus non-social 

processing in infants with elevated likelihood for autism or later diagnosis around this 

age (Jones et al., 2016; Lloyd-Fox et al., 2013, 2018). Therefore, it is possible that 

differences in theta power between social and non-social live contexts are altered in 

infants with elevated autism likelihood already at 6 months. An important next step is 

hence to analyse theta power in live social versus non-social situations in infants with 

typical and elevated likelihood for autism at the age of 6 months.  
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3.4.4 Differences by autism and ADHD outcome 

The present study did not reveal significantly reduced theta power in infants who went 

on to receive an autism diagnosis at 36 months. However, the group size of these 

infants was very small (n=8), making it hard to reveal potential effects. In fact, visual 

inspection of the data showed a reduced theta power elevation during social versus 

social attention in the infants who went on to be diagnosed. This descriptive pattern is 

in line with the findings on familial likelihood (see above) and research reporting 

altered social processing in toddlers with autism diagnosis (Dawson, Bernier, et al., 

2012). Further studies are needed to test the effect in a sample including more 

diagnosed infants, providing more statistical power to reveal a potentially small effect.  

 

Besides categorical autism outcome, population-wide traits were studied which altered 

in autistic toddlers. Infants who looked less at the experimenter and more at the toy at 

14 months of age went on to show more severe social responsiveness impairments at 

36 months as measured by the SRS. Interestingly, infant theta power differences were 

not related to the SRS score at 36 months. Further, infants who showed a reduced 

elevation of theta power during social versus non-social naturalistic experiences at 14 

months went on to show more impairments of social affect at 36 months as measured 

by the ADOS.  

 

ADHD outcome was not included in the present analyses since a diagnosis is usually 

given only after 4 years of age (Wolraich et al., 2011). ADHD traits measured at 36 

months were not related to infant selective looking or theta power during social versus 

non-social live action. This supports views suggesting that altered social processing in 

infancy is specific to early autism instead of a characteristic of a shared phenomenon 

across neurodevelopmental conditions. 

 

 

3.4.5 Limitations and future directions  

The present study did not reveal significant effects in relation to autism outcome. This 

was likely because the size of that group was very small. Future studies are should to 

investigate theta power responses at 14 months in a group with more infants who go 

on to be diagnosed.  
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The findings regarding the relation with outcome trait measures have to be interpreted 

with caution, since the effects were very small and did not seem robust. In fact, when 

ADOS was only measure in the model, the effect vanished, suggesting that few infants 

were driving the effect and it might not be reliable. 

Studying brain function to combined multimodal stimuli in naturalistic contexts has 

the obvious advantage of high ecological validity of the results. On the contrary, while 

the present study reveals effects in respect to social versus non-social processing in 

general, the question remains about what aspect in social interaction is driving this 

effect.  

 

Finally, an important next step will be to analyse theta power in live social versus non-

social situations in infants with typical and elevated likelihood for autism at an earlier 

age, to see when these differences first emerge. Knowing whether these differences 

are present already in early infancy is important in order to be able to identify 

alterations and provide potential support early on.  

 

 

3.4.6 Conclusion 

The present study investigated theta power activity in a live social versus non-social 

context in 14-month-old infants with and without elevated likelihood for autism and/or 

ADHD. The results replicate previous findings showing elevated theta power during 

naturalistic social versus non-social experiences in the overall sample, and further 

suggest that differential theta power to social versus non-social live stimulation is 

reduced in infants with elevated compared to typical likelihood for autism. A next step 

is to investigate when these differences first emerge in infancy, and whether they are 

linked to autism diagnosis in childhood. 
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CHAPTER 4: THETA POWER RESPONSES DURING NATURALISTIC 

SOCIAL EXPERIENCES IN INFANTS WITH TYPICAL AND ELEVATED 

LIKELIHOOD FOR AUTISM AT 5 MONTHS 
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4.1 Introduction 

When searching for reliable measures to reflect early attention engagement in social 

versus non-social stimuli, relative theta power during social versus non-social 

naturalistic experiences could be a promising measure, as it has shown to differ 

between infants with typical versus elevated likelihood for autism at 14 months of age 

(Chapter 3). Because differences in how social information is being processed likely 

emerge already during the first year of age, measures are needed to study differences 

in attention engagement at that age. In the case of atypical processing, interventions 

can be most effective when implemented at a stage where differences are still small 

and there is still great plasticity (Jones et al., 2017). 

 

4.1.1 Sensitivity of theta power to social cues increasing over the second half of 

the first year 

There is great developmental change in the time window between 5 and 12 months. 

Already at a few months of age, infants display preferences and skills related to 

relevant social stimuli; for example, being able to recognise individual novel faces (De 

Haan, Johnson, Maurer & Perrett, 2001).  In the second half of the first year, infants 

start to interact more with the world around them. They learn the basics of social 

interaction, such as joint attention and turn taking, and these behavioural changes are 

accompanied by dramatic changes in the brain. One of these changes relate to theta 

power. For example, between 5 and 10 months, the theta network increases in 

connectivity and its sensitivity to social versus non-social processing (Van der Velde 

et al., 2021). Further, theta power during attention to a social partner versus toy 

increases from 6 to 12 months in typically developing infants (Jones et al., 2015). 

These findings indicate an increase in social sensitivity and spatial extent of the infant 

social brain network in the second half of the first year of age.  

 

4.1.2 Reduced theta power modulation indicating social attention alterations at 6 

months? 

Previous findings suggest that alterations in neural processing of social versus non-

social stimulation are present already at the start of the second half of the first year. 

For example, infants with later autism diagnosis showed altered ERP responses to eye 

gaze shifts to versus away from the infant at 6-10 months (Elsabbagh et al., 2012) and 
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at 8 months (Tye et al., 2020), engaged less with a face stimulus at 6 months (Jones et 

al., 2016), and showed reduced responses to social versus nonvocal sounds at 4-6 

months (Lloyd-Fox et al., 2018). Together, findings of increasing social sensitivity of 

theta power between 6 and 12 months and processing differences being present already 

present at 6 months suggest that theta power during social versus non-social attention 

might be altered in infants with emerging social attention difficulties as early as at 6 

months. 

 

 

4.1.3 The present study 

The present study analysed whether the reduction in theta power while looking at an 

experimenter versus toy in 14 months old infants with elevated likelihood for 

developing autism is present as early as at 4-6 months. As reported in Chapter 3, in a 

within-subject design infants were presented with an experimenter consecutively 

either singing nursery rhymes (social) and operating a dynamic toy (non-social) while 

EEG responses were recorded.  

The live context was used to increase ecological validity and because it has proven to 

be more powerful in eliciting differential responses to social versus non-social action 

(Jones et al., 2015). Infants at 5-6 months of age were recruited. Sensitivity of theta 

power to social processing has previously been shown to be present at 6 months of age 

in typical infants (Jones et al., 2015). Examining slightly younger infants will further 

narrow down the timescale over which the enhanced social response in the theta band 

emerges. Further, atypicalities in social versus non-social responses have been shown 

around six (Jones et al., 2016) and at 4-6 months (Lloyd-Fox et al., 2018) in infants 

with later autism diagnosis, and at 4-6 months in infants at elevated likelihood for 

autism ( Lloyd-Fox et al., 2013). Therefore, if frontal theta power is a reliable marker 

of social processing, differences are expected to reveal at that age.  

 

I predicted that theta power in a social versus non-social live context 1) is reduced in 

infants at elevated likelihood for developing autism, but not ADHD; 2) is reduced in 

infants who go on to develop autism or score high on autism but not ADHD trait 

measures at 36 months, and 3) predicts the trajectory of looking at a face at 10, 14 and 

24 months.  
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4.2 Methods 

 

4.2.1 Participants 

As in Chapter 3, infants were part of the Phase-3/STAARS (Studying Autism and 

ADHD in the eaRly yearS) cohort of the longitudinal British Autism Study of Infant 

Siblings (BASIS). The current analysis focused on EEG data obtained at the 4-6-month 

timepoint.  The current chapter focusses on the 5 months timepoint. In total, 92 infants 

contributed data from the live singing EEG task at this visit. The remaining 74 infants 

did not have data because they did not have this timepoint visit (n = 58), did not 

tolerate net or baby was upset (n = 9), technical fault related to the acquisition software 

(n = 2), because there was no video (n = 1) or because the EEG file was corrupted (n 

= 4). 

 

4.2.2 Autism and ADHD likelihood assessment 

The sample of 92 infants with valid EEG data at this timepoint included infants at 

typical autism likelihood (n = 20), elevated autism likelihood (n = 43), elevated ADHD 

likelihood (n = 15) or elevated likelihood for both conditions (n = 12). Of note, as in 

Chapter 3, analyses were run with factors of autism presence or absence as well as 

ADHD presence or absence. See Chapter 3 for a detailed description of autism and 

ADHD likelihood assessment. 

 

4.2.3 Procedure and measures 

The measures that were analysed in relation to EEG responses in the live singing task 

at 4-6 months were the same as at the 14-month timepoint; see Chapter 3. Infant 

numbers by outcome measures and per likelihood group are listed in Table 4.1a and 

4.1b, respectively. 

 

4.2.3.1 EEG pre-processing and analysis  

Processing and analysis steps were the same as for the EEG data obtained at the 14-

month timepoint; see Chapter 3. Infant numbers per likelihood group and by outcome 

measures are listed in Table 4.1a and 4.1b, respectively. 

 



 

 
 

110 

Table 4.1a. Number of infants with valid EEG data at 5 months, by likelihood group; 
*two additional infants with valid EEG data at 5 months were excluded because they were 
half-siblings or had unclear likelihood status 

 

Table 4.1b. Number of infants providing data on the tasks and measures used. ADOS-2 = 
Autism Diagnostic Observation Schedule; ADI = Autism Diagnostic Interview; VABS-2 = 
Vineland Adaptive Behaviour Scales; SRS= Social Responsiveness Scale; CBCL = Child 
Behaviour Checklist 

Timepoint 

 5 months 10 months 14 months 24 months 36 months 

EEG Live task n = 92  (n = 100) - - 

Eye tracking 

“50 Faces” task 

- n = 115 n = 124 n = 91 - 

Diagnostic 

assessment 

- - - - n = 128 

ADOS-2 Social 

Affect (CSS) 

- - - - n = 125 

ADI-R Social 

Interaction 

- - - - n = 123 

VABS-2 

Socialisation 

standard score 

- - - - n = 105 

SRS-2 Total T 

score 

- - - - n = 107 

CBCL ADHD 

subscale 

- - - - n = 118 

  

Timepoint 

Likelihood group Total TL EL-ASD EL-ADHD EL-both 
Available EEG 
data at 5 mo. n = 90* 20 43 15 12 
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4.3 Results 

 
Results are reported separately for the dependent variables of a) the proportion of 

looking at the live stimulus, and b) theta power. 

 

4.3.1 Autism and ADHD likelihood  

From the infants who provided data from the EEG task at 4-6 months (n=92), two 

infants were excluded from the analysis because they were half-siblings of children 

with a diagnosis, resulting in a sample of n = 90 infants. 

Looking at the stimulus. There was a significant main effect on the proportion of 

looking at the stimulus (transformation: yeo_johnson) by autism likelihood (p = .03, 

F(1,84) = 4.83, ηp
2 = .05), infants at elevated compared to typical likelihood for autism 

looking less at the stimulus, which seemed mainly driven by a reduction in looking at 

the social stimulus compared to infants with typical likelihood (Figure 4.1, top), 

although this interaction with stimulus was not significant. The interaction between 

autism likelihood and stimulus condition, as well as between autism likelihood, 

ADHD likelihood and stimulus condition, was not significant (both p > .3). 

Theta power. There was a significant main effect on relative theta power by stimulus 

condition (p < .001, F = 11.84, ηp
2 = .12), with relative theta power being higher during 

the social versus non-social condition (Figure 4.1, bottom). The interaction between 

autism likelihood and stimulus condition, as well as between autism likelihood, 

ADHD likelihood and stimulus condition, was not significant (both p > .1). 

Interestingly, there was a significant interaction effect of autism likelihood and ADHD 

likelihood (p = .03, F = 4.60, ηp
2 = .05), with overall theta power being reduced in 

infants with elevated ADHD likelihood only if they are not also at an elevated 

likelihood for autism. 

Of note, while Levene’s test suggested that the variances of theta power between were 

not homogeneous between the groups of infants with typical and elevated autism 

likelihood (p = .04), visual inspection indicated that the variance of the group with 

elevated autism likelihood was only slightly smaller than in the group with typical 

likelihood. One explanation could be the differing group numbers: the group with 

elevated autism likelihood included 42 infants, while the group with typical autism 

likelihood included 20 infants.  
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Figure 4.1. The proportion of looking at the live stimulus (top) and relative theta power during 
looking at the live stimulus (bottom) at 5 months by stimulus condition (social: experimenter, 

non-social: toy) and by autism and/or ADHD familial likelihood. Left: means and standard 
errors, right: raincloud with boxplot (median), data points and distribution. 

 

Including region and side in the model revealed a significant 3-way-interaction 

between stimulus, region and side (Stimulus x Region x Side: p = .03, F(6, 516) = 2.3, 

ηp
2 = .3; Stimulus x Region: p < .0005, F(3, 258) = 6.22, ηp

2 = .12; Stimulus: p<.001, 

F(1, 86) = 11.84, ηp
2 = .12;autismlikelihood x ADHD likelihood: p=.03, F(1, 83) = 

4.6, ηp
2 = .5; see A.4.1 for figures). Follow-up ANOVAs of the 3-way-interaction 

between stimulus, region and side revealed that the overall stimulus effect was present 

over frontal central (p< .005, F(1,89)=10.2, ηp
2=.10), and very strong over posterior 



 

 
 

113 

left (p<.0001, F(1,89)=49.89, ηp
2=.36), central (p<.0001, F(1,89)=51.17, ηp

2=.37) and 

right (p<.0001, F(1,89)=56.19, ηp
2=.39), respectively. 

There were no interaction effects between stimulus and autism likelihood (all p > .2). 

 

4.3.2 Autism diagnosis at 36 months (yes/no) 

Information about autism diagnosis at 36 months was available for n = 125 infants of 

the cohort. Of the n = 73 infants who also provided data from the live singing EEG 

task at 5 months, n=63 infants did not go on to receive an autism diagnosis at 3 years, 

n=10 infants did go on to receive a diagnosis. Two of the infants who did not go on to 

be diagnosed only provided looking data but no EEG data.  

Looking at the stimulus. There was a significant effect of later autism diagnosis (p < 

.005, F = 9.06, ηp
2 = .12), with less looking at the stimulus in infants who go on to be 

diagnosed with autism (Figure 4.2, top). 

Theta power. There was a significant effect of stimulus (p = .018, F = 5.92, ηp
2 = .08) 

with stronger theta power during social versus non-social processing, and a marginally 

significant effect of autism diagnosis (p = .056, F = 3.80, ηp
2 = .05) with stronger 

overall theta power in infants who go on to be diagnosed (Figure 4.2, bottom). The 

number of valid trials was significantly lower in the group with later diagnosis (p < 

.0005, F = 12.71, ηp
2 = .08), violating the ANCOVA assumption of independence 

between covariate and outcome variable. However, re-running the model once with 

and once without trial number as covariate did not affect results. 
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Figure 3.2. The proportion of looking at the live stimulus (top) and relative theta power during 
looking at the live stimulus (bottom) at 5 months by stimulus condition (social: experimenter, 

non-social: toy) and autism diagnosis at 36 months. Left: means and standard errors, right: 
raincloud with boxplot (median), data points and distribution. 

 

4.3.3 Autism traits at 36 months 

Of the n = 92 infants who provided data from the live singing EEG task at 4-6 months 

, n =  71 infants also provided data from the ADOS and the ADI measure at 36 months, 

n = 58 infants from the Social Responsiveness scale and n = 59 from the Vineland 

Social scale at 36 months, respectively.  

Looking at the stimulus. No significant effects were observed. All interactions between 

stimulus condition and autism outcome measures were p > .1 (Figure 4.3, left). 

 Theta power. No significant effects were observed. All interactions between stimulus 

condition and autism outcome measures were p > .5 (Figure 4.3, right). Adding side 
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and region did not reveal interaction effects between stimulus condition and any of the 

autism trait measures (all p > .4). 

 

 
Figure 4.3. The proportion of looking at the stimulus (left) and relative theta power (right) by 

stimulus condition and outcome measures at 36 months. 
 

 

4.3.4 ADHD traits at 36 months  

Of the n = 92 infants who provided data from the live singing EEG task at 4-6 months, 

n = 66 infants also provided data from the CBCL at 36 months.  

Looking at the stimulus. There was a main effect of CBCL ADHD score (p = .03, t = 

-2.2, ηp
2 = .02), with less looking at the live stimulus at 4-6 months being related to 
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higher scores on the CBCL ADHD scale at 36 months. No further significant effects 

were observed. 

Theta power. There were no significant effects in relation to later CBCL ADHD score 

on relative theta power at 4-6 months (all p > .2).  

 

4.3.5 Trajectory of looking at the face 

Of the infants who took part in the eye-tracking task “50 Faces” (10m: n=115; 14m: 

n=124; 24m: n=91), I excluded from the analysis infants who looked at the screen for 

less than 5% of the time during the task. Afterwards, the number of participants 

contributing eye tracking data to the current analysis was n=113 at 10 months, n = 123 

at 14 months, and n = 91 at 24 months. The four eye-tracking measures of interest 

were 1) proportion of looking at the face; 2) number of looks to face; 3) mean fixation 

duration to the face; and 4) peak fixation duration to the face). 

The peak look duration to a face, the mean look duration to a face, as well as the 

proportion of looking at a face, were not related to the proportion of looking at the live 

stimulus or theta power at 5 months (all p > .2). The number of looks to a face differed 

by an interaction of the proportion of looking at the live stimulus, stimulus condition 

and eye tracking timepoint (p < .01, t = 2.82, ηp
2 = .03; looking at live stimulus 

proportion X eye tracking timepoint: p < .01, t = -2.77, ηp
2 = .0003), and by an 

interaction of theta power and eye tracking timepoint (p = .01, t = 2.45, ηp
2 = .04; theta 

power: p < .01, p = -2.65, ηp
2 = .03). More looking at the experimenter (but not toy) at 

5 months was related to more looks to a face at 10 months (p = .01, F = 6.42, ηp
2 = 

.10) and at 24 months (p < .01, F = 8.07, ηp
2 = .15).  

Greater overall theta power at 5 months was related to fewer looks to a face at 10 

months (p < .0005, F= 14.55, ηp
2 = .10). Figure 4.4 summarises face looking measures 

at the different timepoint by the proportion of looking at the stimulus (4.4a) and theta 

power (4.4b). 
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Figure 4.4a. Face looking measures at 10, 14 and 24 months, by the proportion of looking at the 

social versus non-social live stimulus at 4-6 months. 
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Figure 4.4b. Face looking measures at 10, 14 and 24 months, by relative theta power during 

looking at the social versus non-social live stimulus at 4-6 months. 
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4.4 Discussion 

 
The present study investigated neural responses of 4- to 6-month-old infants with and 

without first-degree relative with clinical autism and/or ADHD diagnosis while 

attending to a live experimenter singing nursery rhymes (social) or to a live operated 

dynamic toy (non-social) while EEG was being recorded. Previous literature reported 

increased theta power during social versus non-social live action in 6-month-olds 

(Jones et al., 2015), a strengthening of this difference between 6 and 12 months (Jones 

et al., 2015), evidence of reduced theta power modulation during social versus non-

social attention in toddlers with autism compared to toddlers without autism (Dawson, 

Bernier, et al., 2012) and infants with later autism diagnosis showing altered neural 

responses to social stimuli measured with fNIRS at 5 (Lloyd-Fox et al., 2018) and 

using ERPs at 6 months of age (Jones et al., 2016). In addition, the effect of elevated 

theta power during social versus non-social live action was significantly reduced in 

infants at elevated likelihood for autism at 14 months (Chapter 3). Based on these 

present and previous findings, I predicted reduced theta power during social versus 

non-social attention in infancy to be related to autism but not ADHD likelihood and 

to autism diagnosis and autism-related traits but not ADHD related traits at 3 years. 

Further, I predicted that theta power during social versus non-social live action would 

predict more looking at a face in later infancy and toddlerhood.  

 

To sum up the present results, relative theta power at 4-6 months, but not looking 

proportion, was higher during the social versus non-social condition in the overall 

sample. The effect was present across posterior regions and sides and over 

frontocentral electrodes. Second, infants at elevated likelihood for autism did not show 

a significant alteration of this effect. However, they did show reduced overall looking 

at the stimulus. Infants at elevated likelihood for ADHD showed reduced overall theta 

power, but only if they were at typical likelihood for autism. Third, infants who went 

on to be diagnosed with autism showed less overall looking at the stimulus, too, as 

well as (with a marginal effect) stronger overall theta power. Fourth, autism trait 

measures at 36 months were not related to looking and theta power during social and 

non-social naturalistic experiences at 5 months, while ADHD scores were higher with 

reduced overall looking at the live stimulus. Finally, increased looking at the 
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experimenter (but not toy) at 5 months was related to more looks to a face at 10 months 

and at 24 months. Greater overall theta power at 5 months was related to fewer looks 

to a face at 10 months. 

 

4.4.1 Modulation of theta by social context 

Theta power was stronger during social versus non-social live attention over posterior 

and frontocentral regions in the 6-month-old infants of the present study, replicating 

previous research reporting the effect over frontal regions in 6-month-old infants in a 

very similar paradigm (Jones, Venema, Lowy, Earl & Webb, 2015). Across the second 

half of the first year of age, the effect has been shown to increase both in strength and 

topographical extent, and by 12 months, the effect has expanded across frontal, 

parietal and occipital regions. By 14 months, in the present cohort revealed that the 

effect has expanded across all cortical regions and was then most pronounced over 

posterior regions (Chapter 3), in line with findings from a screen-based paradigm 

reporting the effect being present occipitally, frontally and parietally, but strongest 

occipitally at that age. The present findings hence support the view that neural 

responses to social stimuli become more specialised over the second half of the first 

year of age (Grossmann & Johnson, 2007; Johnson, Grossmann & Kadosh, 2009; 

Jones et al., 2015). 

 

A difference between the present and the previous study with typical infants at 6 

months is that in the present work the effect appeared fronto-centrally but strongest 

occipitally, while previously it was observed over frontal regions only. One reason to 

explain this differential occipital activation observed in the present but not in the 

former study could be the more heterogeneous sample including infants with elevated 

likelihood for autism. In line with this explanation is that in older infants differential 

theta power was observed to be strongest over occipital regions only in the cohorts 

including infants with elevated likelihood for autism (Chapter 3; Haartsen et al., 2022) 

while in a more homogeneous sample, older infants continued to show the strongest 

effect over frontal regions. This would imply that there are inter-individual differences 

in the extent to which different regions are involved in socially selective processing. 

An alternative explanation could be the difference in paradigms, as described in 

Chapter 3. While in the study by Jones and colleagues (2015), the social and non-
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social condition involved the infants deliberately and actively choosing to visually 

attend to one or the other stimulus, while inhibiting the other, possibly recruiting 

frontal brain regions more than in the context of being presented with just one stimulus 

option. 

 

The present study further adds to previous findings suggesting that at 6 months, 

differential theta activation can be measured to live social versus non-social 

stimulation, further strengthening the idea that by the age of 4-6 months, the infant 

brain has already undergone specialisation to social stimuli (Grossmann et al., 2008; 

Johnson, Grossmann & Kadosh, 2009; Johnson et al., 2005). Of note, theta power was 

not enhanced in a screen-based social context at that age (Jones et al., 2015), 

suggesting that by this age, theta power has specialised to social cues presented in a 

live context only, while by 12 months, the effect was also observed in the screen 

context. This might be explained by the fact that the live context offers to the child a 

multitude of multimodal social cues, which only in combination are strong enough to 

elicit differential activation in the specialising brain at this early age, in line with the 

theory of natural pedagogy (Csibra and Gergely, 2009).  

 

This finding also shows that the effect is robust across paradigms, even at the younger 

age of 6 months. In Jones et al., 2015, the experimenter was singing and operating the 

toy at the same time, and the infant was free to look at either the face or the toy. Social 

and non-social condition were then defined by sequences of the infants’ looking at 

either the experimenter or the toy. By contrast, in the present study, the social and non-

social conditions were presented in separate, consecutive blocks of either signing or 

toy operating. The robustness of the effect across these paradigms points to its stability 

over contexts which also differ in their affordances to the child: In Jones et al., the 

child had to actively shift their attention to one or the other stimulus, while in the 

present study, one stimulus at a time was displayed. Further, the robustness of the 

effect across paradigms suggests that it is actually the attending to the stimulus that 

drives the effect, as opposed to just finding themselves surrounded by different 

contexts: In Jones et al., the experimenter was singing and looking at the child 

throughout, but theta power was only elevated in moments when the child was actually 

looking at the experimenter.  



 

 
 

122 

 

Finally, in line with the findings from the 14-month timepoint of this study, and 

consistent with previous findings from 6-month-olds (Jones et al., 2015), the amount 

of looking at the live stimulus did not differ between the social versus non-social 

condition, adding support to the idea that neural measures might be a more sensitive 

to capture differences between social and non-social live processing in infancy.  

 

However, in contrast to the study by Jones and colleagues (2015), the effect was most 

prominent over posterior, and less strong in frontal regions. One reason for this 

difference in between studies might be the slight variation in paradigms. It is possible 

that infants recruited the frontal region more in the study in which they had to guide 

their attention between social and non-social input, while this was not necessary in the 

current study. Theta power over the frontal region has been shown to be increased 

during processes that require executive, top-down control of their attention (Anderson, 

Perone & Gartstein, 2022; Cavanagh & Frank, 2014; Orekhova, Stroganova, Posikera 

& Elam, 2006), which strengthens over the second half of the first year of age 

(Bazhenova et al., 2007; Orekhova et al., 2006). Also, as mentioned in Chapter 3, the 

current sample is more heterogeneous than the one reported in Jones et al., 2015, as it 

consists of infants with both typical and elevated likelihood for neurodevelopmental 

conditions; small-scale differences between groups might play a role in how different 

scalp regions are involved in social versus non-social processing. Thus, it might be 

that on a small-scale level the social-non-social difference is reduced in infants with 

elevated autism likelihood particularly over the frontal region, levelling out the whole-

group social-non-social effect over this region. One recent study looking into the 

development of the theta network across the first year of age reported increasing 

connectivity during social versus non-social video processing throughout the brain 

network, instead of being limited to few regions (Van der Velde et al., 2021). The 

authors suggested that joint frontal and parietal theta activity might project into other 

parts of the brain which might explain the difference in region effects between studies 

(Van der Velde et al., 2021). 

 

One possibility for future investigation would be to look at more fine-grained 

dissection of theta in relation to social versus non-social naturalistic experiences. 
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Different frequencies of the theta band might be involved in different functions. In 7- 

to 8.5-month-old infants, the lower frequency range of the theta band (4-5 Hz) was 

increased while anticipating the reappearance of a hiding experimenter in a live peek-

a-boo game compared to baseline, as well as while looking at the experimenter after 

having reappeared compared to baseline. In addition, the higher frequency range of 

the theta band (5-6 Hz) were increased during the anticipation phase compared to both 

baseline and reappearance phase, possibly reflecting the additionally heightened 

attentional stage during anticipation (Stroganova et al., 1998). No interactions with 

region were observed. In a later study using a similar live paradigm (Orekhova, 

Stroganova & Posikera, 1999), the authors analysed power in the single 0.4-Hz-bins 

of the theta range (3.6-6.0 Hz) over different cortical regions. They observed increased 

power in several frequency bins over several regions during reappearance compared 

to baseline, and in even more frequency bins and over more regions during anticipation 

compared to baseline. In a slightly different live paradigm, 8-12 months old infants 

were a) looking at an experimenter speaking (social), b) actively exploring unfamiliar 

toys (toy), or c) looking at soap bubbles (baseline). Theta power was stronger in the 

3.6-5.6 Hz range during social versus baseline and during toy versus baseline. While 

in the lower theta range (4.0 and 4.4 Hz) the effect of stronger power during social 

versus baseline was mainly observed frontally, in the higher frequency range (5.6 Hz), 

the effect was mainly observed over temporo-parieto-occipital regions (Orekhova, 

Stroganova, Posikera & Elam, 2006). It remains subject to further research whether 

specific parts of the theta band contribute differently to elevated theta power during 

naturalistic social experiences. 

 

4.4.2 Differences by familial autism/ADHD status 

Overall looking at the stimulus was reduced in infants at elevated likelihood for 

autism. This effect was only marginally significant in the present sample, and it was 

not observed at the 14-month-timepoint of the cohort (Chapter 3), and neither in the 

study by Jones and colleagues (2015). This finding was not expected and should be 

investigated in future studies, to see whether it is a true effect. It might be that 

characteristics of the paradigm play a role for this finding, since in both social and 

non-social condition the child had to look towards the experimenter in order to see the 

stimulus. Younger infants with emerging autism might direct their attention through 
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the room differently, in that they look less towards the experimenter in general and 

hence to the toy located in the experimenter’s hands. By contrast, other features in the 

room might capture their attention more than it is the case for typical infants. On the 

other hand, in this scenario the effect should have shown up in the study by Jones and 

colleagues (2015), too. It is hence more likely that the present marginal effect of 

reduced overall looking at the stimulus in infants with elevated autism likelihood is 

not a true effect which would probably not be replicated. The alteration in looking at 

the stimulus proportion in infants at elevated likelihood for autism was observed 

across stimulus conditions and was not specific to social or non-social stimulation. 

This is in line with what I observed a the 14-month-timepoint and what previous 

studies had reported (e.g., Jones et al., 2015). 

 

Overall theta power was reduced in infants at elevated likelihood for ADHD, but only 

if they were at typical likelihood for autism. Reduced overall theta power in infants 

with elevated ADHD likelihood at 4-6 months is consistent with the finding at 14 

months in the same cohort (Chapter 3), and with a recent study of the same cohort at 

10 months of age (Begum-Ali et al., 2022). As theta power might signal cognitive 

control, reduced overall theta in the present cohort might reflect the onset of cognitive 

control difficulties that are characteristic for ADHD later in childhood.  However, this 

pattern in the present cohort is contrary to what has been observed in younger infants 

and older children and adolescents. Infants of mothers with ADHD at six months of 

age (Shephard, Fatori, et al., 2019) as well as older children with ADHD (Barry, 

Clarke, Johnstone, McCarthy, & Selikowitz, 2009) exhibited greater overall theta 

power, counter to what one would expect. Further, elevated theta power may index a 

higher genetic likelihood for ADHD in adolescents (Tye et al., 2014). Interestingly, 

the effect in the present sample depended on concurrent autism likelihood: it was only 

present if there was typical likelihood for autism, suggesting the possibility that 

concurrent autism likelihood might be a protective factor for infants at elevated ADHD 

likelihood. More studies of independent samples are needed to further investigate this 

interaction.   

 

The stimulus effect on theta power did not significantly differ by autism likelihood. 

This finding is contrary to my predictions. In the same infants, at 14 months, I did 
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observe an alteration by likelihood, with reduced theta power elevation during social 

versus non-social stimulation in infants with elevated autism likelihood (Chapter 3). 

Others observed this effect in toddlers with an autism diagnosis (Dawson, Bernier, et 

al., 2012)Because studies into neurodevelopment using other measures (fNIRS, ERPs) 

and paradigms (pre-recorded stimuli) showed alterations in infants with elevated 

likelihood at an age as early as 4-6 months (Jones et al., 2016; Jones et al., 2017; 

Lloyd-Fox et al., 2013), I had expected to see these alterations on the level of theta 

power, too. Therefore, it seems like alterations in theta power in infants with elevated 

autism likelihood come online only in the second half of the first year of age.  

Crucially, the separate analyses of 14- (Chapter 3) and 5-months-old infants (in this 

chapter) do not allow to conclude that the reduction in the social/non-social effect on 

theta power in infants with increased familial likelihood for autism significantly differs 

between the 14- and 5-months-timepoint. However, they do show that the effect 

appears at 14 months, but not at 5 months. A next step would be running a secondary 

analysis of the initial models that showed a significant difference at one and not the 

other age point, including age as factor.  

 

However, although the interaction between autism likelihood and stimulus condition 

was not significant, visual inspection of the data suggests that the stimulus modulation 

is reduced in infants with elevated autism likelihood. Especially when investigating 

regions and hemisphere-sides separately, it becomes visible that reduced elevation of 

theta power during social versus non-social stimulation in infants with elevated autism 

likelihood appears in virtually all regions and sides (although the stimulus X autism 

likelihood X region interaction was not significant). Interestingly, at 5 months, the 

modulation by likelihood seems weakest over posterior, where the stimulus effect was 

strongest, while primarily being visible over frontal, parietal and temporal regions. 

This reduced social-non-social difference in infants with elevated autism likelihood 

over the frontal region might also be responsible for the weak elevation of frontal theta 

power by social versus non-social stimulation compared to the strong difference over 

the posterior region. 

 

Infants with elevated versus typical ADHD also did not differ significantly in theta 

power during social versus non-social processing. Visual inspection comparing 
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likelihood groups across regions and hemisphere-sides (A3) suggests that at 5 months, 

the difference between theta power during social and non-social processing is also 

reduced in infants with elevated ADHD likelihood; while the reduced difference is 

still more prominent in the infants with elevated autism likelihood, especially over 

central electrodes. 

 

Overall, the present results support earlier findings (Jones et al., 2015) that theta power 

during naturalistic experiences does distinguish between social and non-social 

attention at 4-6 months. They further indicate that the reduced effect in infants with 

elevated likelihood of autism observed at 14 months is not yet significant at 4-6 

months, while visual inspection indicates already small differences that likely spread 

out and become stronger over the second half of the first year of age. 

 

4.4.3 Differences by autism outcome 

Infants with later autism diagnosis did not show statistically significant alterations in 

the social/non-social difference in theta power. Also, graphical examination did not 

suggest reduced theta power modulation in infants who go on to develop autism. This 

is contrary to what I had expected, since first, toddlers with an autism diagnosis did 

show these alterations, and second, infants with later diagnosis have shown alterations 

in social processing already around 6 months (Jones et al., 2016; Lloyd-Fox et al., 

2018). However, this finding has to be interpreted with caution, since the sample of 

infants who went on to be diagnosed only consisted of 10 infants. It is likely that the 

variation in this small group was too large in order to reveal a potential effect. The 

same holds for the marginally significant effect of stronger overall theta power, and 

the finding of less overall looking at the stimulus in infants who went on to be 

diagnosed; they have to be read with caution due to the very small sample size. A 

larger group of later diagnosed infants would be needed to investigate the relation 

between live social/non-social theta power at 5 months and autism diagnosis at 36 

months. 

Interestingly, also continuous autism trait measures at 36 months were not related to 

differential theta power during naturalistic experiences at 5 months. I had expected to 

find a relation with continuous trait measures even if no relation with diagnosis can be 

established, but this was not the case. In fact, graphical inspection of the data did not 
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reveal particular associations. It might be that at this age, differences in theta power 

during social versus non-social naturalistic experiences are not big enough yet to relate 

to later behavioural differences. 

The specificity check with a continuous ADHD measures at 36 months revealed that 

indeed ADHD traits at 36 months were not related to the social versus non-social 

looking or theta power in infancy. However, I observed reduced overall looking at the 

live stimulus being related to higher ADHD scores at 36 months, which is in line with 

previous literature reporting higher overall looking times at 3 months, but a lack of 

growth in looking times between 3 and 24 months, compared to typical infants (Miller, 

Iosif, Young, Hill & Ozonoff, 2018), possibly reflecting early deviations in attention 

and cognitive control. 

 

4.4.4 Predicting the trajectory of looking at a face 

Only greater overall theta power at 5 months was related to fewer looks to a face at 

10 months. Increased looking at the experimenter (but not toy) at 5 months was related 

to more looks to a face at 10 months and at 24 months, while theta power during social 

versus non-social attention did not predict the trajectory of looking at a face. The 

difference in theta power between social and non-social attention at this age likely was 

not strong enough to reveal associations. 

 

4.4.5 Future directions  

Theta power has been shown to play a crucial role in attention-guided processes such 

as during social versus non-social naturalistic experiences. It thus reflects a promising 

measure for the use on the individual level to reveal different levels of engagement 

with different social and non-social live stimuli. Theta power therefore can serve as a 

target response in the NBO study using a naturalistic paradigm. 

In order to in the future further optimise a measure that is reliable and predictive for 

behavioural outcomes on the individual level, it might be worth combining theta 

power with other features of the theta band. For example, the temporal dynamics of 

theta activity during face processing might provide further inside into alterations in 

infants with emerging problems of processing social information, as 6- to 10-month-

old infants with later autism diagnosis showed reduced theta trial coherence during 

face processing (Van Noordt et al., 2022). Further, it might be worth analysing 
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individual trajectories of theta power during social versus non-social live action along 

with behavioural measures of social development across multiple timepoints in 

infancy, to take a further step towards predicting trajectories of early deviations in 

neural processing of social versus non-social information.  

 

4.4.6 Conclusion 

The present findings support and extend previous findings. They replicate studies 

showing that theta power is stronger during social versus non-social live attention at 

around 6 months. They further suggest that the effect is starting to be reduced in infants 

with elevated autism likelihood, especially over frontal electrodes, while this effect 

did not reach significance in the present study. Theta oscillations seem to be a suitable 

candidate for measuring attention engagement with social and non-social stimuli over 

the second half of the first year of age.  
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CHAPTER 5: PROOF OF PRINCIPLE – USING NBO WITH TO INFANT 

EEG TO STUDY INDIVIDUAL PREFERENCES FOR FAMILIAR AND 

UNFAMILIAR FACES 
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Study Attention to Familiar Faces during Infancy: A Proof of Principle Study.   
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5.1 Introduction 

Attention allocation to social stimuli in the first months of age is crucial for the 

development of the social brain network (e.g., Johnson, 2011). The caregiver’s face is 

a reliable and important social stimulus in the first year of age, which infants spend a 

large proportion of time looking at (Jayaraman et al., 2015). The infant Negative 

central ERP component which has been shown to be involved in attention engagement 

(e.g., Reynolds, Courage & Richards, 2010), showed differential responses to a 

caregiver’s face at 6 months (e.g., De Haan & Nelson, 1997). However, this response 

towards seeing a familiar compared to an unfamiliar face has shown to change over 

the first years of age, while findings are inconsistent regarding the direction and 

timepoint of this change. The present study uses the Nc/mother-stranger paradigm to 

apply Neuroadaptive Bayesian Optimisation (NBO) to infant EEG data for 

investigating individual differences in social attention engagement. 

 

5.1.1 The Negative central (Nc) ERP component as neural correlate of infant 

attention engagement 

The Negative central (Nc, Courchesne, Ganz, & Norcia, 1981) component of the infant 

ERP measured with EEG is a negative deflection most prominently occurring over 

frontocentral electrodes between 350 and 800 ms after stimulus onset. In various 

studies, it has been shown to be involved in attention engagement. Studies 

simultaneously recording EEG and physiological measures reported a higher Nc 

amplitude during physiologically (heart-rate) defined periods of attention versus 

inattention in infants, regardless of stimulus modality and type (Guy, Zieber & 

Richards, 2016; Richards, 2003; Richards, Reynolds & Courage, 2010). Further, the 

effect of greater Nc amplitude during attention versus inattention increases in strength 

between 4.5 and 7.5 months (Richards, 2003). One study investigating Nc amplitude 

responses across multiple time-points in infancy reported an increase in negative 

amplitude in the first year and a decrease in the second year (Luyster et al., 2014). 

Overall, these findings suggest that a stronger Nc is associated with deeper attentional 

engagement with a stimulus, but that this response changes across infancy.  

Because the infant Nc component seems to be an index of attention, researchers have 

used it to study the stimuli infants are paying more attention to. It has been used in a 
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wide range of paradigms using visual stimuli, primarily faces, and has been shown to 

be modulated by a number of factors. Often, the effect changes with age.  

 

Faces versus objects. Multiple studies investigated the ability of the infant Nc 

amplitude and latency to differentiate faces from objects across different age points in 

infancy and early childhood, revealing rather inconsistent findings. By 3- to 4-years, 

children show a more negative Nc to objects than faces (Dawson et al., 2002). The 

differential Nc response to faces versus objects seems to develop only in late infancy. 

In young infants aged around 4-6 months, evidence is mixed with some studies 

reporting larger Nc amplitudes towards objects versus faces (Conte, Richards, Guy, 

Xie, & Roberts, 2020), while others reported no amplitude differences between faces 

and objects in a typically developing sample (Jones et al., 2016), stronger amplitude 

for objects versus faces in infants with later autism only (Jones et al., 2016), or trends 

towards stronger amplitude to faces versus objects at 4 months and objects versus 

faces at 6 months (Webb, Long & Nelson, 2005). In mid infancy, findings continue to 

draw a mixed picture. Some studies found at 6 and 8 months the Nc amplitude to be 

larger during attention to faces versus objects, and at 12 months, the Nc amplitude did 

not differ by stimulus and/or attentional state (Conte et al., 2020),  while others did 

not observe an amplitude difference at 8 months (Webb, Long & Nelson, 2005). 

Towards the end of the first year of age, findings become more consistent reporting 

that at 8, 10 and at 12 months, the Nc amplitude did not differ by stimulus and/or 

attentional state (Conte et al., 2020; Webb et al., 2005). Regarding latency, Nc 

responses did not differentiate faces from objects at 4, 6, 8 and 10 months in typically 

developing infants (Jones et al., 2016; Webb et al., 2005), but were observed to be 

shorter in response to faces versus objects at 12 months (Webb, Long & Nelson, 2005), 

and had a later offset for objects versus faces in 6-month-old infants with later autism 

diagnosis (Jones et al., 2016). 

 

Emotional facial expressions. Research on the Nc in response to emotional facial 

expressions in the second half of the first year has been mixed, too. Stronger responses 

were reported to fearful faces (e.g., Grossmann et al., 2011; Nelson & de Haan, 1996) 

or angry faces (e.g., Grossmann et al., 2007), suggesting stronger attention 

engagement with stimuli that bear a potential thread towards the individual and that 
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the infant might not be often exposed to (but see e.g., Stahl et al., 2010, for contrary 

findings). 

Saliency or Familiarity. Moreover, the Nc amplitude has been shown to be modulated 

by saliency or novelty (e.g., Dawson et al., 2002; Richards, 2003; Key & Stone, 2012; 

Luyster et al., 2011; Guy et al., 2016; Guy et al., 2018; Carver et al., 2003; Reynolds 

and Richards, 2005; De Haan and Nelson, 1997, 1999; Guy et al., 2013; Reynolds et 

al., 2010; Webb et al., 2005), with some studies reporting stronger Nc response to 

novel versus familiar stimuli (Reynolds & Richards, 2005), and others reporting 

stronger amplitude responses to familiar versus unfamiliar stimuli (e.g., De Haan & 

Nelson, 1997; Luyster et al., 2014; Webb et al., 2011). This inconsistency might be 

related to the fact that at different periods in development either the familiar or the 

unfamiliar stimuli appear more relevant and hence salient to the infant.  

 

5.1.2 Nc responses to faces of parent versus stranger  

The direction of the Nc amplitude difference between familiar and unfamiliar faces, 

but not objects, seems to change with age, supporting the idea that the Nc is modulated 

by the relative salience of the stimulus. At 6 months of age, infants showed greater Nc 

responses to their mother’s face than a stranger’s face (De Haan and Nelson, 1997, 

1999; Webb et al., 2005), provided that the faces were looking dissimilar (De Haan & 

Nelson, 1997). However, this pattern seems to change with age in the first year of age, 

as well as with their socio-cognitive development and the unfolding relation with their 

caregivers. 

 

5.1.2.1 Age-related changes in the Nc to parent versus stranger  

The greater Nc amplitude to mother’s face versus a stranger’s face has been 

consistently reported for 6-month-old infants (De Haan and Nelson, 1997, 1999; Webb 

et al., 2005; but see Swingler, Sweet & Carver, 2007 for the reversed pattern, and 

Luyster et al., 2014 for no difference). Numerous studies have indicated a shift from 

greater Nc to mother’s versus stranger’s face towards greater Nc to stranger’s versus 

mother’s face towards the end of the first year and in early toddlerhood. By 3-5 years 

of age, children show greater Nc negativity towards stranger’s compared to mother’s 

face (Carver et al., 2003; Dawson et al., 2002; Moulson, Westerlund, Fox, Zeanah, & 

Nelson, 2009). However, findings as to when this shift happens are highly mixed. 
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Some studies observed a shift towards greater attention engagement with stranger’s 

face not before the second year of age. At 12-17-months, typically developing children 

showed stronger Nc responses to familiar versus unfamiliar faces (Webb et al., 2011). 

Infants at 6-36 months of age showed a greater Nc negativity for mother’s versus 

stranger’s face ( Luyster et al., 2014). Until 24 months, the Nc was greater for mother’s 

face (Carver et al., 2003). Other studies reported stronger Nc amplitude for stranger’s 

versus mother’s face already in infancy, at 9 months (Key & Stone, 2012) and at 12 

months (Guy, Richards, Tonnsen & Roberts, 2018; Luyster et al., 2011). A recent 

study did not observe Nc amplitude differences towards parent versus stranger in 12-

month-old infants, possibly because individual differences in whether or not the shift 

has already occurred overlaid group-level findings (Glauser et al., 2022). 

The shift in the direction of the Nc amplitude difference towards familiar versus 

unfamiliar faces might reflect the degree to which these faces are salient in the 

respective period of development in early childhood, with a focus on relationship with 

the primary caregivers in infancy and early toddlerhood, shifting towards more 

exploring the greater social surrounding including new faces later on. Besides age, the 

pattern of Nc responses to familiar versus unfamiliar faces also seems to depend on 

social development of the infant. 

 

5.1.2.2 Modulation of the Nc response to parent versus stranger by social 

development 

Typically developing 2-5-year-old children showed stronger Nc amplitude towards 

stranger versus parent, while in children with autism, the Nc did not differentiate 

between familiar and unfamiliar faces, but only between familiar and unfamiliar 

objects (Dawson et al., 2002), suggesting the Nc to reflect impaired face recognition 

in children with social behaviour difficulties. Further, a study pooling together data 

from 6-to 36-month-old infants observed a stronger Nc amplitude response for 

mother’s versus stranger’s face in infants at typical but not elevated familial likelihood 

for autism ( Luyster et al., 2014). Further, while 12- to 17-month-old typically 

developing children and 18- to 30-month-old children with autism showed stronger 

Nc responses (mean amplitude between 350-750 ms) to familiar versus unfamiliar 

faces, this was not observed in the 18- to 30-month-old typically developing children 
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(Webb et al., 2011), suggesting delayed development in infants with autism, with 

differences being observable already in the second year of age. 

 

Going further back to the end of the first year, infants with elevated likelihood for 

autism might differ in when they shift to showing more attention engagement with the 

unfamiliar versus familiar face. At 9 months (Key & Stone, 2012) and at 12 months 

(Luyster et al., 2011), infants with increased familial likelihood for autism showed 

stronger Nc amplitudes towards the stranger’s versus parent’s face, just as did the 

typical infants in these studies. Of note, the proportion of 12-month-olds showing the 

greater Nc response to stranger’s versus mother’s face was larger in the typical 

likelihood group than in the elevated likelihood group (Luyster, Wagner, Vogel-

Farley, Tager-Flusberg, Nelson, et al., 2011), suggesting that more infants in the 

typical versus elevated likelihood group have already shifted towards stronger 

attention to unfamiliar faces. Consistent with this idea, in one study, 12-month-old 

infants with elevated likelihood for autism did not show the stronger Nc amplitude 

towards stranger’s versus mother’s face observed in the typical infants, and this was 

also the case for unfamiliar versus familiar objects (Guy et al., 2018). Of note, this 

difference was not observed on the level of heart rate, highlighting the importance of 

neural measures in this context (Guy, Richards, Tonnsen & Roberts, 2018). Finally, a 

recent study with 12-month-old infants reported that neither infants with nor without 

later autism diagnosis showed differential Nc amplitudes towards parents versus 

stranger’s face, potentially indicating individual differences overlaying group effects 

(Glauser et al., 2022). Overall, these findings suggest that the stronger Nc amplitude 

to familiar faces in infancy, the timepoint of an attentional shift towards unfamiliar 

faces, and a stronger Nc amplitude to unfamiliar faces later in infancy and toddlerhood 

might differ in children with elevated familial likelihood for autism. 

 

In line with altered responses in children with autism diagnosis or elevated likelihood, 

the Nc amplitude to a stranger’s versus parent’s face was also observed to differ by 

continuous measures of social development. In 6-month-olds, stronger Nc amplitudes 

to stranger’s versus parent’s face were related to more proximity- and interaction-

seeking behaviours during separation and reunion with a parent, suggesting that 

infants who become more initiative and active in interaction with the caregiver show 
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the shifted pattern of stronger amplitude towards strangers versus parents face 

observed in older children (Swingler, Sweet & Carver, 2007). These results suggest 

that the developmental shift in Nc responses towards stronger amplitudes for 

stranger’s versus parent’s face is related to how the child interacts with the parent and 

to their unfolding relationship. At the same time, stronger Nc amplitudes towards 

mother’s versus stranger’s face were related to increased infant distress in 6-month-

olds (Swingler & Carver, 2013), but not ot related to interpersonal skills measured by 

the VABS-II, while shorter Nc latencies to the parent’s but not stranger’s face were 

related to stronger interpersonal skills measured by the VABS (Key & Stone, 2012).  

Finally, Nc amplitude to mother versus stranger also seems to depend on the child’s 

level of cognitive development. At 9 months, the Nc amplitude to mother versus 

stranger was larger in infants who were quicker learners earlier in infancy (Reeb-

Sutherland, Levitt & Fox, 2012), and at 12 months, greater Nc amplitude towards 

mother versus stranger in typically developing 12-month-old infants was related to 

higher scores on the expressive language subscale of the MSEL (Glauser et al., 2022).  

 

5.1.2.3 Summary 

A more negative Nc amplitude has been indicated to reflect greater attention 

engagement and be modulated by saliency of a stimulus. Around the sixth month, 

findings consistently show larger Nc amplitude for familiar versus nonfamiliar faces. 

This pattern starts to change further in development. Findings are mixed as to when 

this change occurs, suggesting that there might be individual differences overlaying 

group-level Nc responses. In order to reliably measure attention engagement to 

familiar and unfamiliar faces in the individual infant, the present study used NBO to 

identify the stimulus maximally eliciting an infant’s Nc response.  
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5.1.3 The present study 

 

5.1.3.1 NBO to map individual preferences to parent versus stranger 

The present study is a proof of principle study combining NBO with infant ERP data 

to study individual infants’ attention engagement, particularly the function of the Nc 

response to images of faces of the own parent versus a stranger.  

 

EEG was recorded while infants aged 5 to 12 months were presented with images of 

faces resulting from morphing parent’s face into stranger’s face. The faces were 

ordered along a continuous stimulus space for the Bayesian Optimisation to sample 

across, with the parent’s face and a stranger’s face at its extremities. The Nc mean 

amplitude was calculated in real time after repeated presentation of one face and 

passed to the Bayesian Optimisation algorithm aiming to identify the stimulus that 

reliably produces the strongest Nc response in an individual infant. The optimal 

stimulus was defined as identified when the Bayesian Optimization converged, that is 

kept sampling this same stimulus. Identifying the most engaging stimulus in the 

individual allowed us to link individual differences in social attention engagement to 

age, behavioural and environmental characteristics. 

 

By mapping an individual’s response function to a stimulus space, NBO can be a 

useful tool to bridge the gap between group-level and individual-level reliability of 

infant brain responses to social stimuli, such as the Nc response to parent-stranger-

faces. Instead of repeatedly presenting the face of either parent or stranger, the current 

design allowed to present faces linearly changing from parent’s face into stranger’s 

face by sampling a 1-dimensional continuous stimulus space of morphed faces of the 

parent’s and stranger’s face, with parent’s and stranger’s face at its extremes.  

 

Infants were tested at the age of 5-12 months, targeting the age range across which 

according to group studies developmental change developmental change occurs in the 

Nc response to parent versus stranger. The relatively wide age range allowed to make 

age group comparisons of the individual optima obtained in the different sessions, and 

to see whether the number of infants “choosing” one over the other optimum differs 

between younger and older infants. 
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Previous studies have demonstrated a significant difference in Nc between mother’s 

and stranger’s faces was only found for infants presented with a stranger’s face that 

looked dissimilar from their mother’s face (De Haan and Nelson, 1997). In order to 

account for a possible effect of similarity in this study, two independent researchers 

judged the similarity of each parent-stranger pair of faces. 

 

 

5.1.3.2 Hypotheses 

To serve the proof-of-principle goal of the study, I hypothesised that the method 

works practically, that it yields reliable results, and that it yields valid results. 

 

To evaluate whether the method works practically, I predicted that attrition rate would 

be lower than in traditional infant EEG studies where attrition is 21-23% on average. 

In classic infant ERP studies, attrition unrelated to experimental error reaches 23% in 

5-month-olds and 21.3% in 10-month-olds (van der Velde & Junge, 2020). Due to the 

greater variety in stimuli as well as the presentation being guided by the individual’s 

attention, I expected lower attrition in the present experiment.  

 

To evaluate whether the method yields reliable results, I predicted that the NBO would 

reach the early stopping criterion before reaching 15 blocks in the majority (>50%) of 

the infants completing the paradigm, indicating that responses mapped on the search 

space are reliable, such that stronger signals were consistently concentrated in the 

same region of the stimulus space of one individual (Da Costa et al., 2021). The goal 

of 50% of infants completing the paradigm reflects the half of the infants aged 5-8 

months for which a preference for parent versus stranger was expected. For infants 

aged 9-12 months, I did not have a clear prediction as no clear preference towards one 

point of the space can result in non-convergence just as unreliable responses can. Of 

note, reliability of the empirical values is embedded by design, as the early stopping 

criterion can only be reached if there is low variability (i.e. high reliability) of the 

empirical values sampled at a given point in the space.  
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To evaluate whether the method yields valid results, that is that optima really represent 

what they are supposed to measure, it was predicted that the Nc amplitude in infants 

with optima closer towards the parent were indeed stronger for parent versus stranger, 

and in infants with optima closer towards the stranger stronger for stranger versus 

parent. 

 

On the contrary, a clear sign of failure of the application of the method would be if the 

algorithm did not converge in most infants. Reason for this could thereby either be 

that the sampled target values were not reliable, preventing the uncertainty in the 

predicted function to decrease and prevent the algorithm from exploiting a space 

region where maxima are predicted (both because values are not consistently high, 

and because high uncertainty across space makes algorithm continue exploring 

different regions of the space). Further, if a subgroup’s Nc amplitude direction does 

not match what the individual optimum indicate (e.g., Nc parent>stranger in infants 

converging toward the parent side), this could raise doubts with regard to the validity 

of the BO optima, that is whether they really represent points at which the greatest Nc 

is expected, or are just arbitrary points in the space instead. 

 

Of note, comparing the results with previous results to evaluate the success of the 

novel method applied to infant EEG is not useful with this mother-stranger paradigm, 

as previous group-level findings were mixed and there is no ground truth (which holds 

for many of the infant literature; instead, the individual-level results can help explain 

the pattern of inconsistent and null-effect group-level findings). The present NBO 

study though has the potential to disentangle the reasons for this inconsistency in 

findings by studying results on the individual and subgroup level. 

 

To serve the theoretical goal of the study and use the advantages of the novel 

approach to gain new insights on infant social attention, I linked individual optima to 

age, behavioural and environmental characteristics.  

I hypothesised, first, that the position of the optima in the search space were related to 

age and social behaviour. I expected optima to be closer to the familiar versus 

unfamiliar face in the stimulus space in the younger infants (5-8m), and no preference 

or preference for stranger’s face in the older infants (9-12m), based on reports of 
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stronger Nc towards the familiar face in infants aged around 6 months (De Haan & 

Nelson, 1997; De Haan & Nelson, 1999; Nelson et al., 2000). Based on previous 

research showing greater Nc responses to familiar versus unfamiliar faces in autistic 

children aged 18-30 months  (Webb et al., 2011), resembling the pattern observed in 

typically developing children at an earlier age, I predicted that optima closer to the 

parent’s face are related to lower scores on the VABS Socialisation Domain. I further 

predicted a modulation of the optimum stimulus by indices measuring the infant’s 

parent-reported interest in and distress towards familiar and unfamiliar people, with 

an optimum towards the mother’s face to be related to higher interest in familiar people 

as well as lower interest in and higher distress towards new people.  

 

Finally, to compare individual-level with group-level results, I calculated the Nc 

amplitude in the traditional, group-based way in response to “pure” parent vs “pure” 

stranger, ignoring the mixed images created by morphing the two originals. In line 

with the individual-level predictions, I hypothesised the Nc amplitude to be larger for 

the familiar compared to the unfamiliar face in the younger but not older infants, and 

in infants with higher socialisation scores, higher interest in familiar persons, lower 

interest in new persons and lower distress towards new persons. To control for a 

possible effect of caregiver-stranger-similarity, analyses were re-run including 

similarity as a covariate.  
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5.2 Methods 

 
5.2.1 Participants 

In total, 62 infants (27 females, 35 males) aged 5 to 12 months (m=266.69 days, 

SD=61.88 days, range=120-375 days) took part in the real-time EEG experiment. The 

younger age group (n=30, 13 females, 17 males) was aged 5 to 8 months (m=214.07 

days, SD=39.03 days, range=120-265 days), and the older age group (n=32, 14 

females, 18 males) was aged 9-12 months (m=316.03 days, SD=30.25 days, 

range=272-375 days). Children were not invited if they had a family or personal 

history of epilepsy, if they were born pre-term (<31 weeks of gestational age), if they 

had a sensory or motor impairment or any clinical condition. 

 

5.2.2 Real-time EEG task 

 
5.2.2.1 Stimuli 

Stimuli were the face of the infant’s accompanying caregiver and a gender-matched 

stranger, presented on a screen. Faces were centred on the image and the body below 

the neck was cropped; the emotional expression was neutral. The same images of male 

and female stranger’s face, respectively, were used across all infants. Before each 

testing session, the software StyleGAN2, a deep learning algorithm for generative 

image modelling (Karras, Laine, & Aila, 2019), was used to morph the parent’s and 

stranger’s image into each other in order to produce 10 additional, realistic images 

showing the respective parent’s face linearly changing into stranger’s face (Figure 

5.1). The total 12 stimuli were arranged in a stimulus space, varying in the dimension 

of similarity to parent’s face, with the parent’s face and the stranger’s face as extremes 

of the continuum. Based on previous research (e.g., de Haan & Nelson, 1997, 1999), 

I hypothesised that the  target brain response (mean Nc negativity) would be 

maximised by mother’s face in the younger age group. 

 

Figure 5.1. An example of the 1D parent-stranger stimulus space 
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To account for a possible effect of similarity between the stranger’s face and the 

respective parent’s face reported previously (De Haan & Nelson, 1997), two 

independent researchers blind to the study design judged each pair of mother-stranger 

faces based on facial configuration and qualitative aspects like hair colour. Similarity 

was rated by two independent raters on a continuous rating scale using a response 

slider, ranging from 0 (very dissimilar) to 100 (very similar), and inter-rater agreement 

was calculated using Pearson correlation as in De Haan & Nelson (1997).  

 

5.2.2.2 Procedure 

The infant sat on the parent’s lap approximately 60 cm from a 24-inch diagonal screen. 

The entire paradigm consisted of a maximum of 15 stimulus-presentation blocks, with 

each consisting of 12 trials of the same face, aiming for least 10 good trials per block 

to produce the ERP and considering a data loss of 15% due to bad data quality (e.g., 

Munsters et al., 2019). 

Stimulus presentation was implemented in MATLAB using PsychToolBox-3. Each 

block started with the presentation of a spinning red spiral to attract the infant’s 

attention to the screen. The experimenter was monitoring the infant’s gaze via a 

webcam located on top of the participant screen. Once the infant was looking at the 

screen, the experimenter elicited the start of the first trial per key press. After a fixation 

cross (500-1000 ms), the face image was presented on a grey background for 500 ms. 

Then, the next trial (fixation cross + image) started, given the infant was still looking 

at the screen. Stimulus presentation during the block continued until the infant was 

looking away from the screen. If the infant was looking away, the red spiral, paired 

with a brief sound, appeared on the screen, until the infant was looking back at the 

screen. If the infant’s gaze was still diverted from the screen, a set procedure was 

followed aiming to bring the infant’s attention back to the screen. An experimenter 

standing out of sight during the beginning of the paradigm would 1) give a teething 

ring to the baby; 2) sit next to the infant, tap on the screen, saying “<Baby’s name>, 

look!”; 3) offer a soft snack. If the infant would still not look back at the screen, the 

experimenter would 4) ask the parent for advice on what could help their baby focus 

on the screen and implement respectively. As a last resort, the experimenter would 5) 

blow bubbles in front of the screen. After every few trials, for a total of three times, a 

brief (~2 seconds) colourful cartoon video paired with infant-friendly music was 
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presented as dynamical attention grabber in order to reward the infant for looking at 

the screen and to further enhance their attention to the screen, as well as to reduce 

habituation to the faces. After the 12 face trials of a block, a cartoon still image was 

presented on the screen, while the EEG data obtained during the block was processed 

in real time and the output value passed on to the BO to select the next face stimulus 

to be presented. During this period (~ 6 seconds), the infant did not have to look at the 

screen, but could move and look around, while the experimenter only minimally 

interacted with the child so that the following stimuli were not perceived boring in 

comparison. 

 

5.2.2.3 EEG data acquisition (as in Throm et al., 2023) 

Lab Streaming Layer (LSL) was used to stream the EEG data and read it into 

MATLAB during the experiment. EEG data was recorded using the gel-based, 

wireless ENOBIO 8-channels EEG system (NE Neuroelectrics; 10-10 EEG coordinate 

system) with 6 fronto-central electrodes of interest (Fz, FC1, FC2, C1, C2 and Cz) and 

two reference electrodes (P7 and P8; Figure 5.2). I used skin-adhesive stickers to 

attach behind the ear the system’s two default electrodes for online referencing of the 

signal (common mode sense, CMS; driven right leg, DRL). EEG data was digitized at 

500 Hz. Before the start of the experiment, signal quality was assessed visually in the 

acquisition software, including impedance, noise and drift of each of the eight 

electrodes. 

 

 
Figure 5.2. Electrode mount including six channels of interest (Fz, FC1, FC2, Cz, C1, C2) and 

two reference channels (P7, P8) 
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5.2.2.4 EEG data pre-processing 

Segmentation, filtering, baseline correction. After each stimulus presentation block 

(=12 repeated presentations of 1 face), the streamed EEG signal was read into 

MATLAB, pre-processed and the mean amplitude of the negative deflection of the Nc 

component calculated using custom MATLAB scripts. The raw EEG data was cut in 

1500-ms-segments around the stimulus marker. Segments were detrended, demeaned, 

mirror-padded (padding value: 1000) and band-pass filtered (0.1 to 20 Hz). Smaller 

segments representing the time-window of interest around stimulus onset were 

extracted from the segments (100 ms before to 800 ms after stimulus onset). The data 

post stimulus onset was subtracted by the data recorded pre-stimulus onset, in order to 

correct for the baseline signal.  

 

Artifact rejection. Each trial in each channel was checked for artifacts. If an artifact 

was detected, this trial for this channel was excluded from the further analysis. An 

artifact was identified if within the time-window of interest a) the signal exceeded a 

threshold in amplitude or b) a threshold in range or c) if the signal was consistently 

flat (below 0.0001 μV). In order to account for individual differences in the magnitude 

of the ERP signal between infants, the amplitude and range thresholds were 

determined for each individual at the beginning of the experiment. To do this, the 

script calculated the Nc obtained after the first block with more lenient thresholds 

(amplitude: +/-250 μV; range: of +/-500 μV). If the peak amplitude of this Nc was 

below +/-200 μV in amplitude, the script then used more conservative thresholds for 

artifact rejection in this particular baby (amplitude: +/-200 μV; range: of +/-400 μV). 

In that case, the scripts re-calculated the ERP from the first block using the adapted 

thresholds, before passing on the output value to the BO. The individualised thresholds 

ensured that for infants with naturally larger ERPs no data is excluded, while for 

infants with smaller ERPs all artifacts can be excluded.  

 

Re-referencing and averaging. For each clean trial of the channels of interest (Fz, Cz, 

FC1, C1, FC2, C2), the signal was subtracted by the pooled signal of the reference 

channels P7 and P8. After re-referencing, the signal was averaged across all samples 

in all channels of interest. 
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Re-referencing was applied because re-referencing revealed to lead to a stronger 

difference in Nc mean amplitude between parent and stranger when comparing the 

responses to mother versus stranger in eight pilot infants (here: re-referenced to P7). 

This was likely due to re-referencing allowing to cancel out common noise affecting 

all electrodes, in turn increasing the signal-to-noise ratio (Luck, 2014). P7 and P8 were 

chosen as re-reference electrodes, because the alternatives were either not feasible 

with the system and electrode arrangement used, or less favourable in terms of data 

survival after artifact rejection. As such, the overall average of electrodes was not used 

for rereferencing, in order to not cancel out signal of interest, given that all 6 of 8 

electrodes available were used as electrodes of interest. The linked mastoids were not 

used for re-referencing (Luck, 2014) because using the ENOBIO system required 

using one of the mastoids for attaching the online reference electrode. Using pilot data, 

I compared different alternative re-reference options including occipital and parietal 

electrodes. A total of 111 ERPs collected from 13 pilot infants were re-referenced to 

P7, Oz and the average of P7 and Oz, and the amount of data that survived artifact 

rejection was compared between the re-referencing methods. When re-referencing to 

Oz or the average including Oz, only 50% of the trials across channels of interest 

survived the artifact rejection step and could hence be included in the ERP. By 

contrast, when re-referencing to P7 only, 60% of the trials survived artifact rejection. 

With the aim of preserving as much data as possible, the more lateralized P7 therefore 

seemed to be a better re-referencing candidate than Oz, presumably because it was 

less affected by the infants’ leaning back at their parents’ chest and hence less prone 

to noise. To avoid lateralization effects when using the left lateralised P7, average of 

P7 and P8 was used as electrodes for rereferencing.  

 

5.2.2.5 EEG metric for the Bayesian Optimisation 

After pre-processing, the EEG output value was calculated to be passed on to the 

Bayesian Optimisation. In the present study, the Nc mean amplitude was used because 

it was shown to reflect attention engagement (Conte, Richards, Guy, Xie & Roberts, 

2020b; Gui et al., 2021; Richards, 2003)). The Nc mean amplitude was defined as the 
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mean amplitude of the biggest negative deflection within the typical Nc time window 

of 250 ms2 to 800 ms.  

 

Calculation steps to obtain the Nc mean negativity were scripted in MATLAB, too. 

First, the point of the lowest amplitude of the signal within the Nc time window was 

identified as the peak of the Nc. If this peak was positive, that is no deflection below 

zero was present, the mean amplitude across the entire Nc time window, instead of 

only of the negative deflection, was used as an alternative measure in the respective 

block. If this peak was negative, the onset (= first crossing of x-axis before peak) and 

offset (= first crossing of x-axis after peak) of the negative deflection around this peak 

was determined. If the onset or offset point was located beyond the boundaries of the 

Nc time window (250-800 ms), the respective boundary of the Nc time window was 

used as onset or offset.  

 

Previous literature indicated that in order to detect significant differences between face 

and non-face stimuli within the Nc time window, the duration of the negative 

deflection of the ERP has to pass a minimum threshold of 58 ms (Gui, 2019). Hence, 

as a sanity check, the duration between onset and offset was calculated, and if it did 

not meet the threshold of 58 ms, the mean amplitude across the entire Nc time window, 

instead of only of the negative deflection, was used as an alternative measure in the 

respective block. Otherwise, if the duration between onset and offset passed the 

threshold of 58 ms, the mean amplitude of the signal within the defined onset or offset 

point was calculated and used as EEG output value to be passed on to the BO. 

 

5.2.2.6 Online EEG data quality check 

Before passing on the EEG output value to the BO, real-time EEG data quality checks 

were performed in MATLAB. First, the percentage of valid trials from all recorded 

trials across the channels of interest (6 x 12 trials = 72 trials) was calculated. In order 

for the ERP output value to be passed to the BO, it had to include at least 10 (=~ 15%) 

 
2 The typical Nc time window is 300-800 ms post stimulus-onset. In the present study, I adjusted this 
time window to take into account the lag of the streamed EEG data relative to the marker time stamp. 
This lag was in the pilot phase of the study estimated to be ~35 ms. 
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valid trials. If this threshold was not met, the ERP output value was not passed on to 

the BO, and instead the entire block was repeated. 

As additional real-time data quality check, the number of valid trials per channels was 

plotted after each block (Figure 5.3). This allowed the researcher to identify potential 

channels of poor quality, giving the opportunity to undertake adjustments on the cap 

to improve the signal quality. 

 

Figure 5.3. Bar chart displaying the number of valid trials per channel in the current block (Da 

Costa et al., 2021) 

 

 

5.2.2.7 Eye blinks 

Besides making sure that the infant was looking at the screen during stimulus 

presentation, eye blinks were not controlled for in real-time, because their influence 

was expected to be negligible (as mentioned in section 2.8.4.3 Dealing with eye 

blinks).  

 

5.2.2.8 Bayesian Optimisation 

In the current study, the Bayesian Optimisation algorithm was programmed towards 

maximising the Nc negativity by sampling towards the optimum point in the parent-

stranger stimulus space. Of note, because of the negative valence of the Nc deflection, 

I aimed to elicit the most negative Nc mean amplitude value. 

I used 4 burn-ins to the experiment. Burn-in points were the extremes of the 1-

dimensional search space as well as two images from between, so that the spatial 
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distance between each burn-in image was constant (stranger’s face – 1/3 parent’s face 

– 2/3 parent’s face – parent’s face). The four burn-in images were presented to all 

infants in randomly assigned order. 

As exploration/exploitation hyperparameter ξ, a value of 0.1 was used. This value had 

in pilot sessions revealed to allow in most infants for a fair amount of exploration 

before then rapidly converging to the predicted optimum.  

Convergence was reached when the same point was sampled three consecutive times, 

indicating identification of the optimum (as in Lorenz et al., 2018),that isthe point 

predicted to elicit the maximum Nc negativity. If convergence was not reached, the 

paradigm would stop after 15 blocks. This number equivalents to approximately 20 

minutes, which was the maximum amount of time I expected the infant to be attentive. 

For a more detailed description of the Bayesian Optimisation mechanisms and chosen 

parameters see Chapter 2. An example of the individual optimisation process of the 

current study is shown in A.5.1. 

 

5.2.3 Parent-report measures of social development 

Parents were asked to fill in online questionnaires before their visit to the lab. 

Questionnaires used in this study were the Vineland Adaptive Behavior Scale (VABS) 

and selected derived questionnaire indices derived from selected items from the VABS 

and the Infant Behavior Questionnaire-Revised (IBQ-R; Garstein & Rothbart, 2003). 

All questionnaires were administered online using the Gorilla Experiment Builder 

(www.gorilla.sc; Anwyl-Irvine, Massonnié, Flitton, Kirkham & Evershed, 2020). 

 

Vineland Adaptive Behavior Scale (VABS). As described in Chapter 3, the VABS is a 

semi-structured interview measuring adaptive functioning in everyday life (Sparrow 

et al., 2005). The key behavioural variable was the VABS (Parent/Caregiver Form) 

Socialization Standard score, including the subdomains Interpersonal Relationships 

(10 items) and Play and Leisure Time (8 items). Items of a subdomain are administered 

from the age-specific starting point, and until the ceiling level is reached. Of note, as 

a mistake in the present study, for the Interpersonal Relationships subdomain, only 

items designed for infants below 1 year of age were administered. Therefore, the 

ceiling level was often not established. When the ceiling level was not established, I 

used the last item administered of the respective subdomain as ceiling level. Of note, 



 

 
 

148 

this means that possible effects are more likely to not be detected, given the reduced 

variability; if on the other hand significant effects emerge, they can be interpreted. 

Further, in addition to the overall Socialisation Standard score, models were also run 

with the two subdomain scores separately, to be able to disentangle potential effects,  

 

Interest/Distress towards familiar and unfamiliar persons. Besides overall 

socialisation skills, in order to evaluate the relationship between optimum-mother 

distance and behaviour towards familiar and non-familiar persons in specific, I 

extracted selected items from the VABS and the IBQ in order to create three indices 

measuring interest and distress towards familiar and unfamiliar persons: “Interest in 

familiar persons”, “Interest in new persons”, and “Distress toward new persons”. A 

list of the items composing each index can be found in Table 5.1. For each infant, the 

mean across the raw scores to each index’ items was calculated. These three mean 

values per child were used as a variable in the present study. 

 
Table 5.1. Indices derived from items of the Vineland Adaptive Behavior Scales (Sparrow, 

Cicchetti & Balla, 2005) and Infant Behavior Questionnaire (Rothbart, 1981; Gartstein & Rothbart, 

2003; Putnam et al., 2014) – revised to measure interest and distress towards familiar and 

unfamiliar people. *Of note, VABS items cannot be displayed due to copyright restrictions. 

 
5.2.4 Statistical (offline) analysis 

Overall attrition and convergence. As a measure of attrition, the proportion of infants 

who completed the paradigm was calculated. Further, efficiency of the algorithm was 

calculated by the proportion of infants for whom the algorithm converged, with 

convergence being defined as the reaching the early stopping criterion of the 
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algorithm’s sampling of the same stimulus for three consecutive iterations (for more 

information on stopping criteria, see Chapter 2). 

 

Convergence towards parent versus stranger face. The primary outcome of interest 

after an individual’s session was the position of that individual’s optimum in the 

parent-stranger stimulus space. In additional statistical analyses after data collection 

of the entire sample was completed, the individual optima in the search space were 

analysed and the relation between the position of the individual optima and other 

measures (age, behaviour) was tested. The position of the optimum in the space was 

measured, first, as Euclidean distance from the parental face (“optimum-parent 

distance”, continuous). A shorter optimum-parent distance reflected closer proximity 

of the predicted optimal stimulus to the parent’s face in the parent-stranger-stimulus-

space (i.e., more similar to parent). Second, the position of the optimum in the space 

was measured dichotomously as being closer either to the parent’s or the stranger’s 

face in the parent-stranger stimulus-space. 

 

Relation with age. Overall convergence (yes/no) was analysed in relation to age in 

days using logistic regression. ANOVA was used to test whether the optimum-parent 

distance differed by age group (5-8 m versus 9-12 m), and linear regression to test 

whether the optimum-parent distance was predicted by age in days. Logistic 

regression was used to test the relation between convergence to parent versus stranger 

and age in days. Fisher’s test was used to calculate the odds for converging for parent 

versus stranger by age group (5-8m versus 9-12m). 

Relation with behaviour. Multiple linear regression and multiple logistic regression 

were used to test whether the optimum-mother Euclidean distance or the odds of 

converging towards parent versus stranger, respectively, were predicted by the VABS 

Socialization standard score, the “Interest in a familiar person” score, the “Interest in 

other” score and the “Distress to other” score. Both models were run a second time, 

replacing VABS Socialization standard score by the V-scale scores of the two 

subdomain scales it is composed of - the VABS Interpersonal Relationships 

subdomain and the VABS Play and Leisure subdomain. The logistic regressions 

including age and behaviour, respectively, were used additionally to account for the 
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fact that the optima were observed to be clustered at either the parent’s or stranger’s 

face, asking whether the likelihood of converging at the parent- or the stranger-side of 

the stimulus space was related to age or behaviour.  

Similarity between parent and stranger. Simple linear regression and simple logistic 

regression were used to test whether the optimum-parent Euclidean distance and the 

odds of converging towards parent versus stranger, respectively, depended on parent-

stranger similarity. 

Comparing BO results with traditional group-level results. In addition to analysing 

individual optima, the Nc mean amplitude was analysed on a group-level. First, an 

analysis was run to find out how far the group-level results of the present sample match 

with results from previous studies. To this end, a repeated-measures ANOVA was run 

of the Nc mean amplitude towards only the 100%-parent and 100%-stranger photo 

presented in the burn-in phase, now computed in the traditional way (mean amplitude 

across the 250-800 ms time window rather than for the period of negative deflection). 

A second analysis was run to find out how far the group-level results of the present 

sample match the individual-level BO optima. To this end, a repeated-measures 

ANOVA of the Nc mean negativity towards all presented photos of 100% parent and 

100% stranger across the experiment was calculated. 

Finally, the sample was split into two subsamples, once of infants who had converged 

closer to the parent in the stimulus space (“familiar optimum” subgroup), and once of 

infants who had converged closer to the stranger in the stimulus space (“unfamiliar 

optimum” subgroup).   
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5.3 Results 

 

5.3.1 Overall attrition and convergence 

Out of the 61 infants who participated, 52 infants completed the study (85%). 

Convergence was obtained for 44 out of the 52 infants with valid EEG data (85%), 

whereas the remaining 8 infants (15%) completed 15 blocks without converging to an 

optimum (Figure 5.4, top). The mean number of blocks for convergence was m=10.34 

(SD=2.26, range: 6-14). 

 

 
Figure 5.4. Top: Proportion of infants who completed the paradigm and converged or did not 

converge within 15 blocks. Bottom: Proportion of infants who converged on the parent and 

stranger side of the stimulus space, respectively. 
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5.3.2 Preference for parent versus stranger 

Of the 44 infants who converged, 20 (46%) infants converged for their original 

parent’s face, while 16 (36%) converged for the original stranger’s face, and 8 infants 

(18%) converged for one of the morphed faces between the two extremes. Following 

this finding of optima not being spread across the continuous parent-stranger stimulus 

space, but rather clustered at either parent’s or stranger’s face, I split the sample into 

infants converging on the parent versus stranger half/side of the stimulus space. I then 

used additional logistic regressions to calculate effects of the variables of interest on 

the probability for converging towards parent versus stranger, that is on the parent 

versus stranger half of the stimulus space. Upon splitting the stimulus space into a 

parent-half and a stranger-half, of the 44 infants who converged, 24 infants (55%) 

converged on the parent side of the stimulus space, while 20 infants (45%) converged 

on the stranger side (Figure 5.4, bottom). A 2-sample test for equality of proportions 

indicated that this difference was not significant (X2(1,2) = 0.409, p = 0.522). 

The individual level NBO output is visualised in A5.5.1. 

 

5.3.3 Relation with age 

In the 44 infants who reached the early stopping criterion, the probability of overall 

convergence (i.e. reaching the early stopping criterion) was not related to age (logistic 

regression: β = 0.002, SE = 0.007, p = 0.721). The optimum-parent Euclidean distance 

did not differ significantly by age group (ANOVA: F(1,43) = 0.273, p = 0.604) and 

was not predicted by age in days (simple linear regression: β = -0.004, SE = 0.002, p 

= 0.115). The odds of converging for parent versus stranger did not significantly differ 

by age group (Fisher’s test: n = 52, p = .402). The odds of converging for parent versus 

stranger was not related to age in days (β = .010, SE = .006, p=.081, ηp
2 = 1.79).  

 

5.3.4 Relation with behaviour 

The probability of overall convergence (i.e., reaching the early stopping criterion) was 

not related to infants’ interest in familiar persons (β = -1.689, SE = 2.204, p = 0.443), 

interest in unfamiliar persons (β = -0.930, SE = 1.854, p=.616) and distress towards 

unfamiliar persons (β = -0.136, SE = 0.318, p = 0.669) in a multiple logistic regression. 



 

 
 

153 

The optimum-parent Euclidean distance was not significantly predicted by the 

Socialisation Standard Score of the VABS (p>.3), “Interest in a familiar person” score 

(β = 0.453, SE = 0.709, p = 0.527), “Interest in other” score (β = -0.265, SE = 0.654, 

p = 0.687) or the “Distress towards others” score (β = 0.132, SE = 0.152, p=0.392) in 

a multiple linear regression. The probability of converging for parent versus stranger 

did not significantly differ by VABS Socialisation Standard Score (p>.5), “Interest in 

a familiar person” score (β = -.503, SE = 1.380, p=.716), “Interest in other” score (β 

= -.034, SE = 1.269, p=.979) or the “Distress towards others” score (β = -.181, SE = 

.297, p=.541) in a multiple logistic regression. Replacing the Socialisation Standard 

Score by V-scale scores (Interpersonal Relationships, Play and Leisure Time) in a 

second run of the model did not reveal significant effects (Interpersonal Relationships: 

p>.9; Play and Leisure Time: p>.8).  

 

5.3.5 Similarity between parent and stranger 

The ratings of similarity between parent and stranger by the two independent 

researchers were significantly correlated (p=.01, r=.31). The probability of overall 

convergence was not related to the rated similarity between parent and stranger face 

(β = -0.001, SE = 0.025, p = 0.984). Neither the optimum-parent Euclidean distance 

(simple linear regression: p>.3) nor the odds of converging for parent versus stranger 

(simple logistic regression: p>.2) were significantly predicted by similarity.  

 

5.3.6 Traditional Nc amplitude analysis 

The repeated-measures ANOVA of the traditional Nc mean amplitude towards the 

parent- and stranger-face presented in the burn-in phase revealed no significant 

effect of condition (n=57, F(1,55) = 0.153, p = 0.697), age group (F(1,55) = 0.221, p 

= 0.640) and their interaction (F(1,55) = 0.034, p = 0.853). Adding in rated parent-

stranger similarity did not change the pattern of results (all ps > 0.6). 

The repeated-measures ANOVA of the Nc mean negativity towards all photos of 

100% parent vs. 100% stranger presented in the course of the experiment did not 

significantly differ between parent and stranger (F(1,42) = 0.63, p = 0.43, ηp
2 = 0.01), 

age group (F(1,42) = 0.22, p = 0.64, ηp
2 = 0.01) and their interaction (F(1,42) = 0.83, 

p = 0.37, ηp
2= 0.02; Figure 5.5), consistent with the distribution of the individual-level 
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optima and with the above results of the traditional Nc mean amplitude. Adding rated 

parent-stranger similarity as covariate to the model did not change the pattern of 

results, and similarity itself did not have a significant effect on the Nc (F(1,41) = 0.09, 

p = 0.77, ηp
2= 0.002).  

 

 

Figure 5.5. Nc mean negativity (in microvolt) by original parent and stranger face, per age 

group. 

 

This analysis was re-run within each subgroup: in the “familiar optimum subgroup”, 

n=24, and the “unfamiliar optimum” subgroup, n=20, respectively. The Nc 

negativity was significantly stronger toward parent versus stranger in the “familiar 

optimum” subgroup (F(1,23) = 15.39, p < 0.001, ηp
2 = 0.40), and significantly 

stronger toward stranger versus parent in the “unfamiliar optimum” subgroup 

(F(1,19) = 30.39, p < 0.001, ηp
2 = 0.62; Figure 5.6). 
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Figure 5.6. Grand average Nc waveforms across all 100% parent and 100% stranger photos 

across the experiment (top: subsample of infants who converged at the parent side of the 

stimulus space; bottom: subsample of infants who converged at the stranger side of the stimulus 

space) 
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5.4 Discussion 

 
The present study is a proof-of-principle study combining NBO with infant ERP data 

to study individual infants’ attention engagement with faces resembling the face of 

their parent and the face of a stranger. In this closed-loop experiment, the Nc mean 

amplitude was calculated in real time after repeated presentation of each face stimulus 

to an individual infant. An optimisation algorithm mapped the individual’s response 

across various faces varying in the degree of similarity to mother’s face aiming to 

identify the stimulus reliably producing the strongest Nc response in that infant. 

Identification of this optimal stimulus (“convergence”) was indicated by repeated 

sampling of the same stimulus. The position of the individual’s optimum in the 

stimulus space was used in offline analyses to find out whether individual optima were 

related to age and measures of social behaviour or depended on the rated similarity 

between parent and stranger. 

Overall attrition rate was 15% and thus lower than the average attrition rate in 

traditional infant ERP studies. The BO converged to an optimum in 85% of the infants 

who completed the paradigm (i.e. either converged or reached the maximum of 15 

blocks), that is in 72% of all infants who participated. Overall convergence did not 

depend on age, social behaviour measures or similarity between parent and stranger.  

The proportion of infants who converged at the parent versus the stranger side of the 

stimulus space did not significantly differ; the probability of converging at the parent 

side of the space was not related to age or social behaviour measures. Group results of 

the Nc negativity were consistent with the individual optima results, and also with 

results of the Nc mean amplitude when calculated in the traditional way across the 

standard time-window. Further, crucially, the Nc negativity was significantly stronger 

for parent versus stranger in the subsample of infants who had their optimum on the 

parent side of the parent-stranger space, and stronger for stranger versus parent in the 

subsample of infants who had their optimum on the stranger side of the space, 

confirming that the identified optima are robust, showing individual attentional 

preferences for particular faces (which are not related to age or social behaviour 

though in the present cohort). Null-effects on the whole-group level reported in the 

literature in middle infancy may therefore be explained by heterogeneity in attentional 
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preference, that is individual/subgroup preferences in different directions that cancel 

out each other on the group level, as opposed to intermediate or no preferences.  

 

5.4.1 Evaluation of the proof-of-principle: NBO with infant EEG data 

The approach has proved practical, given that attrition rate was lower than in classic 

designs, with 15% in the present study versus 21-23% in classic infant EEG studies 

(Van der Velde & Junge, 2020). It is possible that the reduced attrition due to infant 

fussiness or tiredness was related to characteristics of the BO study design, with infant-

guided stimulus presentation giving them the power to “bring up” images they 

previously showed enhanced attention to. Also, the increased variety of stimuli 

compared to few, repeatedly presented stimuli might have increased infants’ overall 

interest in and commitment to the task, hence reducing drop out. 

 

The approach has proved reliable, given that convergence in 85% of the infants who 

completed the paradigm is consistent with the prediction of overall convergence of at 

least 50% of the sample (representing the younger infants). Convergence requires 

consistent empirical values, based on which the algorithm can predict a maximum in 

the modelled function, under low uncertainty. Convergence is a strong sign for both a 

preference for the identified point and for reliable data. The fact that convergence was 

achieved in 85% of the infants suggests that the Nc target response metric fed to the 

algorithm was highly consistent in that it allowed to rapidly reduce the uncertainty in 

the surrogate model, leading to identification of the optimum. 

 

By contrast, inconsistent empirical values lead to an increase in uncertainty and the 

algorithm to continue trying to reduce the uncertainty by sampling further points, 

prolonging the experiment, and risk introducing more noise to the model due the infant 

becoming fussy with increasing duration. Reasons for non-convergence in an 

individual include the lack of preference between different parts of the stimulus space, 

and an unreliable target response metric. In both cases, the empirical values mapped 

onto the stimulus space do not allow to reduce uncertainty in the surrogate model. In 

the former case, they vary due to no preference, in the latter case, because the signal-

to-noise ratio was not strong enough to reliably map the true response function. 
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Besides implementing strong pre-processing steps, there is no way to distinguish post-

experiment whether the lack of preference or a weak signal accounted for non-

convergence in an infant. While this partially also holds true in classic offline studies, 

here researchers are able pre-process data individually; while in the real-time case a 

predefined pipeline is applied to each infant, and after the experiment the researcher 

has only available the data recorded in response to the stimuli that were presented 

based on previous, potentially unreliable responses, introducing bias to an offline 

analysis of the raw data with different pre-processing parameters. Together, the fact 

that nonconvergence may imply either a lack of preference or a weak signal highlights 

the importance of reducing noise during recording and developing a strong pre-

processing pipeline based on pilot data. 

 

The average number of blocks needed for convergence was 10.34, corresponding to 

10.34 x ~10 = 180 seconds, or ~3 minutes. Of note, in reality the experiments took 

longer than that on average, given that additional time was needed if blocks were 

repeated due to bad data quality, and for allowing the infant to bring their attention 

back to the screen before the start of each stimulus presentation block. 

 

The approach has proved valid, given that the Nc negativity values were significantly 

stronger for parent versus stranger in the subsample of infants who converged closer 

toward the parent in the search space, and significantly stronger for stranger versus 

parent in the subsample of infants who converged closer toward the stranger in the 

search space. The fact that individual optima can identify subgroups of infants 

demonstrates that optima were indeed reflecting enhanced Nc activity and thus 

represent robust individual attentional preferences for particular faces. In addition, the 

findings from the group Nc amplitude analysis were consistent with the BO findings; 

both indicated no overall difference in preference for parent versus stranger, no 

significant relation between preference for parent versus stranger and social 

behaviour, and that preferences were not modulated by similarity between parent’s 

and stranger’s face, adding further support to the claim that optima represent point 

predicting the strongest Nc activation on the individual level. As a final note on 

validity, given that there is no ground truth in the literature on the pattern of Nc 

responses to parent/stranger in this age range, it is pointless (and also not necessary) 
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to try to compare the present findings with the literature in order to draw conclusions 

about the validity of the present findings. In fact, the individual-level results of the 

present study can offer an explanation of the mixed pattern of findings reported 

previously. 

 

5.4.2 Preference for parent versus stranger 

The present study did not reveal a clear overall parent/stranger difference on the level 

of individual optima, nor the group-level Nc. However, the fact that robust optima 

were identified on the individual level demonstrates that this lack of an overall/group-

level preference can be explained by heterogeneity in attentional preference, that is 

individual/subgroup preferences in different directions that cancel out each other on 

the group level, as opposed to intermediate or no preferences on the 

individual/subgroup level. This finding might also explain the pattern of inconsistent 

findings and null-effects on the whole-group level reported in the literature in middle 

infancy. In other words, when analysed on the group level, the effect might appear in 

one direction in some samples (e.g., Webb et al., 2011), while in the other direction in 

other samples (e.g., Swingler, Sweet & Carver, 2007), and in yet others it might not 

appear at all (Luyster et al., 2014). Group-level findings may depend strongly on the 

characteristics of the sample, as certain subgroups may show different preferences 

than others.  

 

5.4.3 Relation between optima and age 

In the present sample, age (both on the level of days, and when comparing 9-to-12- 

with 5-to-8-months-olds) did not seem to play a role in predicting whether an infant 

preferred more familiar or unfamiliar faces. This suggests that, contrary to what was 

predicted, preferences for parent or stranger do not change across the second half of 

the first year of age. Previous studies observed a greater Nc response for parent versus 

stranger at 6 months of age (De Haan and Nelson, 1997, 1999; Webb et al., 2005; but 

see Swingler, Sweet & Carver, 2007 for the reversed pattern, and Luyster et al., 2014 

for no difference) and that it becomes stronger for stranger versus parent later in 

development (e.g., Carver et al., 2003; Dawson et al., 2002; Key & Stone, 2012; 

Luyster et al., 2011). The current sample, by contrast, included a broader age group 

(5-8 months in the younger group), and it is possible that the effect is only present 
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during a narrower time window around 6 months. Therefore, to capture the effect of 

stronger Nc responses to parent versus stranger at 6 months, the age range of the 

younger group in the present sample might have been too broad. 

 

Further, while previous findings had reported mixed results in the timepoint of when 

a shift from stronger Nc for parent’s face towards stronger Nc for stranger’s face was 

happening, there is the agreement that on the group-level there is an age-related shift 

in this direction at some point in late infancy or early childhood. In fact, while some 

studies reported the shift to have occurred already by the end of the first year, other 

studies suggested that the Nc negativity is stronger for parent versus stranger at least 

still in the first half of the second year (Webb et al., 2011) or until the end of the second 

year  (Carver et al., 2003), or even throughout the entire period of infancy and 

toddlerhood (6-36m; Luyster et al., 2014). Therefore, paradoxically, to reveal an age-

related change in the effect (from stronger Nc towards parent to stronger Nc towards 

stranger), the age range of the full sample (5-12 months) might have been too narrow. 

 

 

5.4.4 Relation between optimum and social behaviour  

In the present sample, individual differences in parent-reported social behaviour could 

not predict whether an infant preferred more familiar or unfamiliar faces. It was 

predicted that optima closer to the parent’s face were related to lower socialisation 

skills measured by the VABS, because previous research has revealed that the Nc 

amplitude for parent versus stranger differed in children with autism (e.g., Webb et 

al., 2011). The previously described altered effects in children with autism were 

observed at 18-30 months and at 12-30 months in typical children (Webb et al., 2011), 

which is a broader and older age range than in the present study. Therefore, the age 

range of the present full sample might have been not broad enough to reveal significant 

relations between parent/stranger preference and social behaviour development. 

 

Another possibility is that the socialisation measures used in the present study did just 

not capture what was modulating the effect in previous studies. Previous studies often 

investigated familial likelihood or diagnosis as modulating factor, and these obviously 

include a rich set of small-scale differences that at this young age might not be possible 
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to be replaced by a single measure such as the VABS Socialisation score or specific 

indices measuring the child’s behaviour towards familiar and new persons used in the 

present sample. Again, looking at older children, or using combined measures that 

have shown to relate to later autism diagnosis in infants could be more suitable. 

Previous research with 6-month-old infants reported that the child’s behaviour during 

interaction with the parent is indicative of the Nc amplitude towards parent versus 

stranger, with increased looking for the parent during separation, Nc amplitudes 

towards mother became smaller and towards stranger becoming more negative. 

Hence, observed measures of social behaviour in interaction with the caregiver might 

be better able to explain the change in Nc amplitude responses towards parent versus 

stranger at this young age. 

 

In addition to the social behaviour measures, the study included the administration of 

questions about infants’ social environment. Particularly, parents were asked about the 

extent to which the infant was exposed to new faces in everyday life. Questions had 

been derived from the Infant-Toddler version of the HOME inventory (Bradley, 

Caldwell & Corwyn, 2003). These data are not included in the present thesis. Further 

analyses will include relating these measures to infants’ optima in the parent-stranger-

space. This data set will be particularly interesting in the context of the COVID-19 

pandemic, since all infants who took part in the present study were born in the year 

2021 or early in 2022, a time on a societal level characterised by more social 

distancing, less participation in social events, and faces outside the household covered 

by masks. While from summer 2021 officially all restrictions have been lifted, many 

individuals decided to continue following precautious measures, proposedly more so 

in the vulnerable time of early infancy. It would hence be interesting to see whether 

there was a relation between the number of new faces the child was exposed to in 

everyday life and their preference for familiar versus unfamiliar faces. If this is the 

case, then the fact that infants were less exposed to strangers during the pandemic 

might be one way to explain the lack of a preference for parent versus stranger in the 

younger infants. 

 



 

 
 

162 

 

5.4.5 Limitations and future directions 

There are a few points to consider and further investigate in relation to the 

practicability, reliability and validity of the NBO with infant EEG.  

 

First, regarding reliability, the high proportion of infants converging demonstrates that 

empirically sampled values were reliable, because once the algorithm had entered 

exploitation mode, it repeatedly identified them to elicit the strongest response. Of 

note, while convergence demonstrates that the single-block-level values are reliable, 

i.e. show low variability toward a given stimulus, it cannot show whether the obtained 

optima/individual preferences are stable across time and settings. To answer this 

question, the test-retest reliability of individual optima would have to be assessed by 

repeating the experiment with each infant, on different days. Stability of the individual 

optima would be indicated if the same infants converge at the same optima across 

visits. Future studies should include such a test, at least with a subset of the sample. 

Notably, this test would probably have to be conducted for each specific paradigm, as 

the extent to which individual preferences are stable may differ depending on the 

neural target metric as well as on the cognitive process under study. 

 

Second, individual optima revealed that the vast majority of the convergers (82%) 

preferred one of the extremes of the stimulus space (100% parent or 100% stranger), 

while only 18% converged to a point in between. I did not have an a priori hypothesis 

about the number of infants converging at a point between the two extremes, since to 

my knowledge never before artificially created faces resulting from morphing parent’s 

face into a stranger’s face were used as stimuli in an infant study. One way to interpret 

this finding is that infants prefer faces that are either very familiar or very unfamiliar. 

However, other explanations need to be considered as well. One other possibility 

might be that this pattern is related to the selection of burn-in points; however, besides 

the two extremes, these included two intermediate points in the space, making this 

explanation less likely. Another possibility is that infants converged to the extremes 

because the original images were eliciting stronger responses simply because they 

differed somehow in features form the artificial images, which affected the Nc 
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response. To rule out this option, a comparison would could be conducted of the low-

level features between each pair of parent and stranger image that do not contribute to 

the high-level distinction between parent and stranger, particularly differences in 

luminance. Future studies should account for luminance differences a priori, by 

aligning the luminance between image pairs, for example using the SHINE toolbox 

(Willenbockel et al., 2010) implemented in MATLAB (as was done in Sandre, 

Freeman, Renault, Humphreys & Weinberg, 2022). Yet another explanation could be 

related to the way the BO was sampling the stimuli. In fact, if it was sampling the 

extremes of the space after the burn-in phase, this would reflect that a linear function 

was strongly predicted based on only the values collected in the burn-in phase, in 

which intermediate points had been presented, too. Also, crucially, in the present 

study, the optimisation algorithm was sampling also intermediate points of the space 

before converging to one or the other side. However, it might be worth re-investigating 

the sampling behaviour with a larger exploration/exploitation hyperparameter. 

 

Third, what effect does habituation have on the method’s success? The phenomenon 

of habituation describes attenuating in the response to a stimulus after its repeated 

presentation (e.g., Vecera & Johnson, 1995). In order to prevent habituated responses 

in the present paradigm, a maximum of three consecutive presentations of the same 

stimulus were possible – either when in three consecutive iterations the same stimulus 

was predicted to be the optimum, upon which the early stopping criterion for 

convergence is met, or when after two repetitions of the same block still the EEG data 

quality is below threshold, upon which the experiment would be terminated before 

completion. Could it still be that habituation builds up over the experiment, especially 

given that stimuli in the present paradigm were quite similar overall (e.g., 100% parent 

to 92% parent)? If habituation would have affected the Nc metric, with the Nc 

response to parent, for example, being high in blocks at the beginning of the 

experiment but being lower at the end of the experiment, this would have increased 

the uncertainty around the parent-point in the stimulus space, fostering further 

sampling at that point. Further attenuation of the Nc at that point would decrease the 

value the model predicts at that point, and hence (given high uncertainty due to 

inconsistent values and low predicted value) not further exploit this point. In fact, this 

pattern of habituation would result in not converging at all at a point in the space but 
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instead keeping sampling to decrease uncertainty and maximise predicted values. 

Instead, the fact that most infants reached the early stopping criterion for convergence 

demonstrates that repeated sampling at a point did not prevent (e.g., through 

habituation) this point from being three times in the row the one that is predicted to 

produce the maximum value. In other words, habituation is controlled for by the fact 

that reaching the early stopping criterion is only possible with consistent values that 

are not attenuating as a consequence of habituation.  

 

Fourth, I encountered a potential problem regarding the criterion for convergence that 

should be discussed as well. If the BO has entered exploitation mode, sampling at a 

point that it expects to elicit maximal empirical values, and upon repeated sampling 

of that point the uncertainty increases at this point (for whatever reason, e.g., due to 

attenuation in the values habituation, or due to low reliability in the target metric), it 

may still keep sampling this point, just not because it expects this point to be the 

optimum, but to reduce uncertainty there. 

Of note, the point where the BO sampled three times in the row does not have to be 

identical with the predicted optimum. The predicted optimum can be extracted from 

the surrogate model after the session. However, this problem implies that reaching the 

stopping criterion does not always reflect identification of the optimum point. Instead, 

a true criterion reflecting identification of the optimum is lacking in the present data.  

What concerns the interpretation of the present data, the fact that identified optima 

matched neural responses on the level of subsamples, as revealed in the statistical 

analysis, yields strong support to the claim that identified optima are not arbitrary 

points in the space but indeed represent regions (although perhaps not exact points) 

for which maxima are predicted.  

What concerns future studies, considering alternative stopping criteria would be 

recommended. One possibility would be evaluating after each block whether the 

standard deviation of the sampled values at any of the points in the space falls below 

a threshold, while at the same time its predicted value is considerably higher than the 

predicted values in the rest of the space. Once these two conditions are met, the 

optimisation would stop, and that point would be considered to be the optimum. This 

kind of a stopping criterion would also reduce the number of blocks needed, especially 

the number of blocks presenting the same stimulus. 
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There are also points to consider and further investigate in relation to the theoretical 

implications of the present findings.  

First, the whole-group age range was likely too young and narrow to reveal an age-

related change in parent/stranger-preferences; and the age range of the younger age 

group (5-8 months) was likely too broad to establish the group-level parent-stranger-

preference previously observed at 6 months.  

Second, it remains subject to future investigation to find out what can explain the 

variance in individual preferences if not age and the behavioural measures used in the 

present study. 

Third, regarding the behavioural measures, of note, the Vineland Interpersonal 

Relationships subdomain was not fully administered, including the ceiling level not 

being established in many infants, potentially inhibiting a relation of the EEG findings 

with behaviour. However, the distribution of the Vineland scores was normal and did 

not show a ceiling effect. Still, further behavioural measures collected should be 

related to the findings in order to see whether individual differences in social 

behaviour relate to parent-stranger preference. Further, measures of the child’s social 

environment that might be relevant for the attention towards unfamiliar faces should 

be included in the analysis (e.g., HOME inventory items on exposure to new faces).  

Finally, low-level image properties might have influenced the infant neural responses. 

As such, luminance differences between parents’ and strangers’ photos were not 

controlled. Therefore, together with the appearance of the faces on the images, the 

luminance of the parent image was merged with the luminance of the stranger image, 

potentially resulting in luminance gradients over the one-dimensional stimulus space. 

Future studies of this kind should consider luminance as a potential factor affecting 

the Nc negativity, and include a luminance control in the study design, for example by 

matching the parent’s image to the luminance of the stranger’s image using the SHINE 

toolbox (Willenbockel et al., 2010) in MATLAB (Sandre, Freeman, Renault, 

Humphreys & Weinberg, 2022). 
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5.4.6 Conclusion 

The present study applied NBO to infant EEG and showed that the approach is 

practical, reliable and valid. Individual-level attentional preferences of a familiar or 

unfamiliar face were shown to be heterogeneous and may explain null-effects and 

inconsistent findings when responses are analysed across the whole group. Indeed, 

averaging responses of subgroups of infants with either attentional preference for 

parent or stranger revealed significant effects in the direction of the respective 

subgroup, demonstrating robust differences in preference between subgroups. 

Attentional preferences were not related to age or measures of social behaviour. Future 

work may advance criteria for the early stopping criterion and conduct test-retest 

checks to evaluate the stability of the individual attentional preferences. 
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CHAPTER 6: APPLYING INFANT NBO TO STUDY ATTENTIONAL 

PREFERENCES IN A NATURALISTIC SOCIAL CONTEXT 
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Real-time monitoring of infant theta power during naturalistic social 
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6.1 Introduction 

 

6.1.1 Identifying maximally engaging social cues in a naturalistic context 

While numerous studies have reported stronger attention to social versus non-social 

information, increasing in strength and extend over the second half of the first year 

(e.g., Venema, Lowy, Earl & Webb, 2015), it remains unclear which aspects of the 

social world drive this increasing interest of infants in the social world. Why do infants 

prefer social versus non-social action? How do they choose to attend to some but not 

other options available? Do infants differ in these questions, and if so, how? 

Understanding which aspects of social interaction elicit attention in young infants is 

important to understand the roots of the development of the social interaction 

competencies infants display at the end of the first year of age (Striano, 2001). 

 

The reasons for why the answer to this question remains unclear are many-fold. First, 

most studies used pre-recorded stimuli such as images of faces or vocal sounds that 

were presented to the infant in isolation. Studies using naturalistic paradigms have 

taken a step towards more ecological valid, naturalistic research by aiming to reflect 

the social environment the child is embedded in. Shifting towards more ecological and 

holistic paradigms that represent the real-world social situations infants naturally 

experience in daily life, with multi-modal cues embedded in complex contexts, 

enhances both construct validity and ecological validity. Beyond validity, live 

paradigms have been shown to be more powerful in eliciting brain activity specialised 

to social versus non-social cues (Jones, Venema, Lowy, Earl & Webb, 2015; 

McDonald & Perdue, 2018; Shimada & Hiraki, 2006), and it is possible that they 

potentiate social processing difficulties. This is particularly relevant for detecting early 

differences in socialisation, especially in heterogeneous groups such as groups 

including infants with elevated likelihood for autism, as there might be great 

variability in the responses between individuals. 

 

Second, studies have primarily used the traditional experimental approach comparing 

responses to few pre-selected instead of multiple aspects of the social world, and 

averaging responses across infants in order to draw conclusions on the group level. 

However, in order to understand how on the level of subgroups and individuals, infants 
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come to select from the myriad of options available, it is necessary to directly compare 

individual infants’ responses between various aspects of social interaction. 

 

Together, finding answers to the above questions requires studying individual infants’ 

responses to a range of possible stimuli in a live social context. This can be done by 

turning around the traditional experimental approach with Neuroadaptive Bayesian 

Optimisation, which has proven successful in identifying individual infants’ preferred 

stimuli among a range of possibilities (Chapter 5). The present study applies NBO in 

a live social paradigm to test the feasibility of this method in a live social context and 

to investigate which are the aspects of a naturalistic social stimulation that individual 

infants attend to most.  

 

6.1.2 Evidence of infant neural responses to different aspects of live social 

interaction 

Few studies so far directly compared multiple different aspects embedded in live social 

interaction. Direct gaze and infant-directed speech (IDS) have been shown to play a 

particularly important role in modulating infants’ attention.  

 

Direct compared to averted eye gaze has been shown in numerous studies over several 

decades to elicit differential responses in infants early on (Farroni, Csibra, Simion & 

Johnson, 2002; Farroni, Johnson, Brockbank & Simion, 2000; Farroni, Menon & 

Johnson, 2006). Infants have reported to use direct eye gaze as cue to recognise faces 

(Rigato, Menon, Johnson, & Farroni, 2011) and to follow gaze in the direction of 

attention of their social partner (Del Bianco, Falck-Ytter, Thorup & Gredebäck, 2018; 

Senju, Csibra & Johnson, 2008; Senju & Csibra, 2008; Szufnarowska, Rohlfing, 

Fawcett & Gredebäck, 2014). There is less research on the effect of eye gaze variations 

embedded in live contexts with a real social partner. On the behavioural level, averting 

eye gaze during live interaction accounted for a decrease in infant smiling for about 

50% (Hains & Muir, 1996). In naturalistic ERP studies, the Nc amplitude reported to 

be greater during joint versus non-joint attention (Striano et al., 2006). Further, studies 

measuring infant connectivity have indicated that processing direct eye gaze is related 
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to increased connectivity in different frequency bands. For example, alpha as well as 

theta band connectivity during live interaction was observed to be stronger during 

direct versus indirect gaze (Leong, Byrne, Clackson, Lam & Wass, 2017). Of note, 

EEG power (including theta) did not differ between conditions. Together, these 

findings suggest that eye gaze embedded in naturalistic contexts modulates neural 

measures of infant attention.  

 

Infant-directed speech is the way in which adults adapt their speech when talking to a 

baby. Compared to adult-directed speech (ADS), it has an overall higher pitch, more 

variable pitch, is slower, and includes longer pauses, shorter and simpler sentences, 

more repetitions, and better articulation (Cooper & Aslin, 1990). It has been shown to 

involve larger lip movements (Green, Nip, Wilson, Mefferd & Yunusova, 2010), 

stronger rhythmic synchronisation and temporal regularity (Leong, Kalashnikova, 

Burnham & Goswami, 2017). It has been proposed to benefit language learning, by 

capturing infants attention (Cooper & Aslin, 1990), facilitating word segmentation 

(Thiessen, Hill & Saffran, 2005) and phoneme discrimination (Liu, Kuhl, & Tsao, 

2003). In a recent review, it has been argued that IDS facilitates language learning 

because it elicits increased attention to the stimulus due to entrainment, that is time-

locking, between neural oscillations and speech (Nencheva & Lew-Williams, 2022). 

The authors highlight individual differences in language learning, and propose that it 

is the interplay between behaviour, attention and the brain which defines which 

features of IDS are most optimal (Nencheva & Lew-Williams, 2022, p. 10). 

Entrainment to a stimulus might be facilitated if the stimulus fits the infants’ cognitive 

abilities. IDS has been shown to modulate infant attention when presented as isolated, 

pre-recorded stimuli (for meta-analysis see Dunst, Gorman & Hamby, 2012; 

ManyBabiesConsortioum, 2020). For example, IDS versus ADS elicited differential 

ERP responses in 6-month-olds (Zangl & Mills, 2007) and stronger frontal theta power 

in 6-to-12-month-olds (Zhang et al., 2011), higher coherence between EEG waves and 

the speech envelope (Menn, Michel, Meyer, Hoehl & Männel, 2022), as well as 

reduced EEG coherence from frontal to other brain regions during social versus non-

social attention, but only for infants from higher-income families and infants whose 

mothers used higher proportions of infant-directed speech (Lopera-Perez et al., 2022). 

There is less research on the effect of IDS versus ADS presented in a live social 
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context. However, in one live study, 8- to 12-month-old infants showed stronger theta 

power responses to an infant-directed speech versus silence condition (Orekhova et 

al., 2006). Taken together, direct versus averted eye gaze and IDS versus ADS 

modulates infants’ attention, while few studies have systematically examined how 

variations in eye gaze and vocal sounds during naturalistic experiences affect infant 

attention, and whether there are individual differences in preference for specific cues 

along these dimensions.  

 

6.1.3 The present study 

The present study for the first time used infant NBO in a live social paradigm, 

navigating through a rich stimulus space of live behaviours in the search for the 

behaviour that maximally elicits frontal theta power in the individual infant. I created 

a 2-dimensional stimulus space of live social behaviours to be acted out by 

experimenters in the lab. Dimensions were gaze direction, continuously changing 

from direct to 90-degrees-averted, and vocal content, continuously reducing the level 

of ostension, from infant-directed speech (IDS) over adult-directed speech (ADS) over 

neutral vocalisations to a non-vocal mechanical sound. NBO was used in order to test 

an individual's responses to a variety of possible social cues allowing the individual to 

choose which aspects of a naturalistic social situation to attend to, to disentangle 

theoretical predictions within one study, and to test whether there are individual 

differences in infant preferences to live social cues. 

 

The study focused on an age range of 6-12 months, because theta power was shown 

to be stronger during social versus non-social naturalistic experiences at both 6 and 12 

months, and increasing from 6 to 12 months (Jones et al., 2015). In line with previous 

research showing infant theta power to be stronger in a non-live non-interactional (i.e., 

videos) social versus non-social context as well as in a live non-interactional social 

versus non-social context (Jones, Venema, Lowy, Earl & Webb, 2015), the present 

study used non-interactional stimuli. An advantage of the novel method used in this 

chapter (BO) is that numerous conditions can be included in the study; hence, in 

addition to the live non-interactional conditions, I included one live interactional 

condition, to see whether that further adds to infants’ attention to a live social partner 

(see section 4.2 Method). 
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The primary aim of this study was to test the feasibility of infant NBO in a 

naturalistic social context. I hypothesised infant EEG data attrition rate to be lower 

than the averaged 25% observed in traditional studies measuring infant continuous 

EEG in 5- and 10-month-old infants (Van der Velde & Junge, 2020), given the greater 

variety of stimuli and the infant-guided stimulus selection.  

The secondary aim was to see where optima were located in the 2-dimensional 

stimulus space. The theory of infant natural pedagogy proposes that infants pay 

particular attention to a social partner if behavioural cues are highly communicative 

and signal a sense of being addressed, thus facilitating learning of deliberately 

communicated information. If this is the case, infants should prefer the most 

communicative condition, that is direct gaze and contingent infant-directed speech.  

As infants might differ in what stimuli they prefer, the third aim was to test the role of 

individual differences in parent-reported social behaviour for infants’ preferences in 

social interaction. Which point in the space infants prefer might differ by their 

individual social behaviour profile. Based on findings indicating reduced elevation of 

theta power towards social versus non-social stimuli in individuals with later 

behavioural difficulties (e.g., Jones et al., 2016), I predicted infants with higher social 

behaviour scores to prefer behaviours that are most directed towards the infant such 

as IDS/direct gaze. Further, parental negative mood in relation with social settings, 

particularly social discomfort, was previously found to be related to infant measures 

of social attention (Jones, Venema, Earl, Lowy & Webb, 2017). Therefore, I predicted 

infants of parents with more positive and less negative mood to be more likely to prefer 

the behaviours closer to the IDS/direct gaze condition. Finally, age might affect 

infants’ preferences in two ways: Older infants might show a preference towards the 

IDS/direct gaze condition because social brain specialisation has progressed in these 

infants and previous studies showed stronger effects of theta power during social 

versus non-social attention. On the other hand, around 9 months of age, infants 

develop the skill of joint attention (Mundy et al., 2007), allowing them to jointly look 

at an object with a social partner. Older infants might hence show a preference for 

situations of joint attention, reflected by the conditions including averted gaze. 

Therefore, I calculated an additional analysis with age but did not make a directional 

hypothesis about its effect. 
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6.2 Method 

 
6.2.1 Participants 

Fifty-seven infants (20 females, 37 males) aged 6-12 months (m=262.60 days, 

SD=61.13 days) participated in the current study. I conducted the study in two parts, 

for which I split the sample. First, with n=14 infants (3 females, 11 males; age in days 

m=298.12, SD=49.45), the paradigm was run focussing on stimulus space 

exploitation, aiming to reach convergence in a minimum amount of time. Second, with 

n = 43 infants (17 females, 26 males; age in days m=251.02, SD=60.56), the paradigm 

was run focussing on stimulus space exploration, aiming to maximally explore and 

map out the stimulus space hence promising more detailed mapping of the individual’s 

brain function across the stimulus space. Therefore, in this subsample I chose a highly 

exploratory sampling parameter so that reaching the stopping criterion was not 

possible.  

 

6.2.2 Stimulus space 

Stimuli were actions performed live by an actor sitting opposite the child and varied 

by gaze direction and vocal content. The stimulus space including 2 dimensions with 

4 steps each (resulting in 16 stimuli) was created before the experiment and was equal 

across infants. The order of the actions along the dimensions was based on previous 

findings on infant theta power in response to varying gaze direction and social versus 

non-social sounds. The stimulus space is illustrated in Figure 6.1.  
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Figure 6.1. The 2-dimensional stimulus space consists of 16 behaviours varying by gaze 

direction and voice. ADS = adult-directed speech, IDS = infant-directed speech 

 

Gaze direction. Gaze direction varied from 90° averted, over 45° averted, 5° averted, 

to 0° averted (direct gaze). Gaze and head angle were always varied together. Previous 

studies showed that the gaze aversion per se is the crucial part in capturing infants’ 

attention, while additional head aversion did not make a difference (Hains & Muir, 

1996). 

 

Vocal content. Vocal content varied from nonvocal, over vocal-neutral, adult-directed 

speech, to infant-directed speech. Of note, in the study by Jones and colleagues (2015) 

the difference in theta power between the social and non-social condition was 

established on the basis of merely seeing one or the other stimulus, while the auditory 

information was the same in both contexts, suggesting the visual input to be enough 

to produce a social/non-social effect. However, in order to create a powerful space that 

is able to elicit differential responses on the individual level and to create naturalistic 

stimuli as they likely may occur in the real world (i.e., direct gaze is often paired with 

vocalisations), the second dimension was chosen to be of auditory nature. The 

“nonvocal” condition (toy sound) and the “neutral vocal” condition were additionally 
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included in reference to studies measuring social brain activation across social versus 

non-social sounds (Blasi et al., 2015, 2011). Conditions of the vocal content dimension 

are described in Table 6.1. Of note, the IDS condition on this dimension includes a 

component of contingency. However, contingency during IDS was virtually only 

possible during direct gaze, when the actor was not only hearing infants’ vocalisations, 

but also seeing the infants’ facial expression and bodily movement and could respond 

to them. On the other hand, contingency likely was decreasing with more averted gaze, 

due to the actor only seeing the infant in the angle of their eye. While the actor would 

still be able to respond to vocalisations, facial expressions and bodily movement were 

further out of sight.  

 

 
Table 6.1. Description of the vocal content conditions presented for eight seconds per block. ADS 

= adult-directed speech; IDS = infant-directed speech 

 
 

 

6.2.3 Actors 

Different female actors (n=8) carried out the behaviours in different sessions. All 

actors were trained in acting out the live actions following a set procedure (A.6.1) to 

make sure all actors have a clear and the same understanding of the different 

behaviours in the stimulus space. Since the primary aim is the identification of the 

individual child’s optimum, each session can be considered as an experiment in itself, 

in which one baby’s responses to different conditions are compared rather than 

multiple baby’s responses to few conditions. Therefore, small differences between the 

actors can be tolerated as long as within one actor the behaviours are clearly 
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distinguishable as described in the stimulus space. However, an extra check was 

computed to ensure that the live actor did not affect the relation between theta power 

and the stimulus space.  

 

6.2.4 Setup and procedure 

Actors sat on a chair 1.5 m opposite the child. The child was either sitting on parent’s 

lap or in a highchair. In very few cases, when the child was particularly fussy, the 

parent held the child while standing, or the child was sitting on the floor. Throughout 

the experiment, the actor was sitting with their body 45° averted from the child, 

displaying a mildly smiling, friendly facial expression. Head and gaze angle were 

always varied together. Before the start of the experiment and in between stimulus 

presentation blocks, the actor was looking at a screen, positioned 90° averted from the 

experimenter and the child, respectively. Instructions were presented on that same 

screen. The screen was shielded by a black cover from the baby’s view in order to 

reduce distraction.  

At the beginning of a block, an instruction appeared on the screen, which was after 3 

seconds followed by a bell sound, indicating the start of the action. Each action lasted 

8 seconds, and the end of the 8 second episode was indicated by a second bell sound. 

After the action episode, the actor looked back at the screen and did not produce any 

sound, while the signal was being processed (~ 6 seconds) until the next instruction 

appeared on the screen.  

The infants’ visual attention to the live actor was not controlled for during the 

experiment because this was part of the signal of interest; that is, looking away was 

assumed to reflect part of the response to a less engaging stimulus. The child’s 

behaviour was video recorded for offline coding of the child’s looking at the 

experimenter. 

 

6.2.5 EEG recording 

EEG was recorded using the wireless gel based ENOBIO EEG system (NE 

Neuroelectrics, Barcelona, Spain). Data were transmitted to the acquisition software 

via WIFI connection. Within the 10-10 EEG coordinate system, 8 electrodes were 

used including 6 fronto-central electrodes of interest (Fz, FC1, FC2, C1, C2 and Cz) 

and two reference channels (P7 and P8; Figure 6.2). Frontocentral channels were 
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chosen because previous studies reported a strong effect of elevated frontal theta 

power during social stimulations (Jones et al., 2015). CMS and DRL electrodes were 

placed on the infants’ right mastoid using NE sticktrodes. EEG data was recorded in 

reference to the CMS channel and digitized at 500 Hz. Before starting the experiment, 

the EEG data stream displayed in the acquisition software was visually inspected to 

ensure good quality of the EEG signal. 

 

 
Figure 6.2. Electrode arrangement (channels of interest: Fz, FC1, FC2, C1, C2, Cz; channels for 

re-referencing: P7, P8) 

 
 
6.2.6 Real-time processing of EEG data 

The EEG data were pre-processed automatically after each stimulus presentation 

block using custom MATLAB scripts. Data were detrended, demeaned and band-pass 

filtered (0.1 to 35 Hz). The 8-second window from stimulus onset to offset was 

segmented from the raw data. The script confirmed that the markers were valid by 

checking that the start and end sample of the segment occurred after the first and before 

the last sample of the streamed data, respectively. The 10-second segment was cut into 

1-second epochs with 50 % overlap, resulting in 19 epochs for each of the 8 channels. 

Given a sampling rate of 500 Hz, each 1-second epoch consisted of 500 samples of 

EEG data. An additional control step ensured that the last sample of the last epoch 

occurred before the offline marker. 
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For each channel in each epoch, the script checked whether any of the 500 samples 

exceeded an amplitude threshold of +/-200 μV or an amplitude range of 400 μV, or 

whether all of the 500 samples were flat (< 0.0001 mV). If at least one of these was 

the case, this particular channel in this particular epoch was excluded (set to NaN). 

Mean activation across the two re-reference channels (P7, P8) was calculated and 

subtracted from the raw time series of each channel of interest (Fz, Cz, FC1, C1, FC2, 

C2) in each of the 19 epochs (for choice of re-reference electrodes see Chapter 5). 

Each channel in each epoch was subjected to a Fast Fourier Transform with a Hanning 

window (hannwin function, MATLAB). In each channel in each epoch, the power of 

the transformed signal was calculated. In each frequency band in each epoch, the time 

series of a channel was excluded if the power value exceeded 3 times the standard 

deviation of the mean of the remaining channels in that frequency band in that epoch 

(as in Jones et al., 2015). Data were log transformed to reduce skew. The power values 

in the infant theta band (3-6 Hz) was extracted and averaged to obtain absolute theta 

power. Relative theta power was obtained by dividing absolute theta power by the 

average power in all frequency bands (1-35 Hz). Relative theta power was used as key 

EEG metric in the present experiment. 

After pre-processing, the power spectrum was plotted for each channel of interest 

separately as well as across all channels of interest. Further, a bar chart displayed the 

number of epochs in each channel that had survived artifact rejection criteria and were 

included in calculating the signal, allowing the experimenter to identify channels with 

particularly few valid epochs obtained in the current block and if needed to adjust or 

re-gel the electrodes to improve the EEG signal in those channels before continuing 

with the following block. Finally, the percentage of valid epochs across all channels 

of interests was displayed. If the percentage was equal to or higher than a threshold, 

the output was saved and used by the Bayesian Optimisation python script to select 

the next live behaviour from the stimulus space. If the percentage of valid time series 

was below the threshold, the data was not passed on to the BO and the stimulus 

presentation for that block was repeated. 

 

6.2.7 Bayesian Optimisation parameters 

In the present study, the Bayesian Optimisation algorithm was programmed to 

maximise theta power. Burn-in stimuli were the four corners of the stimulus space 
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(nonvocal / gaze 90 averted; nonvocal / direct gaze; IDS / gaze 90 averted; IDS / direct 

gaze), presented to all infants in randomly assigned order. 

In the exploitation sample, an exploration/exploitation hyperparameter ξ value of 0.1, 

which based on pilot data promised to minimise the number of blocks needed to 

identify the optimum in the space eliciting strongest theta power amplitude. The 

stopping criterion for convergence (i.e. identification of the optimum) was defined to 

be reached when the same point was sampled three consecutive times,that isthe point 

eliciting maximum theta power. If the stopping criterion for convergence was not 

reached, the paradigm would stop after a maximum of 15 blocks.  In the exploration 

sample, I used a hyperparameter ξ value of 1, based on pilot data promising to allow 

extensive exploration of the search space, in order to reveal how the individual’s brain 

response maps onto it. 

 

6.2.8 Parent-report measures 

The present analysis included as parent-report measures of social behaviour the 

Vineland Adaptive Behaviour Scales v-scale scores of the subdomains “Interpersonal 

Relationships” and “Play and Leisure”, as well as the derived scale “Distress towards 

Strangers” (for a description see Chapter 5). 

Further, as measure of parental mood, the international short form of the Positive And 

Negative Affect Scale (iPANAS-SF; (Karim, Weisz & Rehman, 2011) was included. 

This scale includes 10 items, separated into measuring positive and negative affect in 

parents. 

 

6.2.9 Statistical (offline) analysis  

The primary outcome was the position of the individual optima in the 2D-live stimulus 

space obtained after each infant’s session. Data from the exploitation sample were 

used to evaluate the BO efficiency in identifying an infant’s optimum. Data from the 

exploitation and exploration sample were then collapsed for the remaining analyses. 

To do this, I made use of the fact that the algorithm updates the predicted model of the 

underlying function after each point of sampling, taking into account all samples 

collected of an infant up to that point.  
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In offline analyses, the relation between the position of the individual optima and 

individual measures (age, behaviour) was tested. The position of the individual 

optimum was operationalised in two ways: 1) as Euclidean distance from the most 

“social” condition (IDS/direct gaze) (“optimum-social distance”), with a shorter 

optimum-social distance reflecting that the predicted optimal stimulus was closer to 

the IDS/direct gaze stimulus in the 2D-stimulus space, and 2) the quadrant in which 

the optimum is located the stimulus space. For the latter, the 4x4-stimulus space was 

divided in 4 parts, including the 4 behaviours around the respective corners (Figure 

6.3b). 

 

Overall attrition and convergence. To assess attrition, the proportion of infants was 

calculated who did not complete the paradigm, that is for whom the experiment was 

terminated before reaching either convergence or the maximum number of 15 blocks, 

for example due to poor data quality or the infant being tired or fussy. Among the 

infants who completed the paradigm, the proportion of converging infants was 

calculated, as well as the average number of blocks needed for convergence, in order 

to evaluate efficacy of the algorithm.  

 

Distribution of optima in the 2D-live stimulus space. To test the prediction of the 

theory of infant natural pedagogy that most optima are located in the most addressing 

space quadrant (Quadrant 4), I calculated the proportion of optima per quadrant and 

an ANOVA to test the Euclidean distance between corner and optimum by quadrant. 

According to the natural pedagogy theory, Quadrant 4 should show a higher 

proportion of optima and a smaller corner-optimum distance. 

 

Relation with age and social behaviour. Multinomial logistic regressions were used to 

test whether the likelihood of converging in Quadrant 4 compared to the other 

Quadrants was associated with age and measures of social behaviour (VABS 

Interpersonal Relationships subdomain v-scale score, VABS Play and Leisure 

subdomain v-scale score, Distress towards Strangers score), parental mood (PANAS 

Positive and Negative Affect Score) and age in days. I expected that converging in 

Quadrant 4 was more likely in older infants and infants with higher scores on social 
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behaviour measures, higher scores on the positive parental affect scale and lower 

scores on the negative parental affect scale. 

 

Comparing BO results with traditional group-level results.  

In order to compare the results produced by the BO approach with traditional group-

level results within the same sample, repeated-measures ANOVA was run with theta 

power by quadrant.  

 

Social/non-social structure of the stimulus space. To test how far the 2D stimulus 

space reflected a gradient from not socially engaging to socially engaging, spread 

across two dimensions of social interaction (gaze direction and vocalisation), a 

repeated-measures ANOVA of theta power by stimulus-space-half (socially more 

engaging half versus socially less engaging half; Figure 6.3d) was calculated, 

expecting to find greater theta power for stimuli in the socially engaging half, based 

on previous findings (e.g., Jones, Venema, Lowy, Earl & Webb, 2015).  

 

Confounds by live actor. To test whether the person of the live actor was significantly 

modulated to the relation between theta power and stimuli, a repeated-measures 

ANOVA was calculated including condition (social/non-social half of the stimulus 

space) and live actor (8 actors). 
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Figure 6.3. Stimulus space with stimuli varying across two dimensions (y-axis: the degrees of 
gaze aversion, x-axis: the infant-addressed vocal content). Colours represent analytical categories 
of stimuli, with (a.)  four extremes of the space, (b.) being divided into quadrants, c.) ranging 
from non-social (NV-90) to social (IDS-0), and d.) a less socially engaging half (blue) and a 
more socially engaging half (red). 
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6.3 Results 

 

6.3.1 Overall attrition and convergence 

Infants were split into two sets, one of which was tested with a low 

exploration/exploitation hyperparameter favouring rapid identification of the 

optimum stimulus (exploitative sampling), and one of which was tested with a higher 

exploration/exploitation hyperparameter favouring mapping the full stimulus space 

and hence also increasing the amount of data collected per infant (explorative 

sampling). 

 

In the exploitation sample (n=14), 12 infants (86%) completed the paradigm, while in 

the exploration sample (n=43), 25 infants (58%) completed the paradigm. The reasons 

for drop-out in the exploitation sample were fussiness of the infant (n=2). The reasons 

for drop-out in the exploration sample were bad data quality (n=5), fussiness of the 

infant (n=2), an error in the script (n=6), no output saved (n=1_, or a combination of 

these reasons (n=4). Of note, drop-out rates were higher in the exploration sample 

because besides experimental failures, the experiment was longer as a consequence of 

the higher exploration/exploitation hyperparameter causing the algorithm to continue 

mapping out the space (instead of rapidly finding the optimum). The longer duration 

of the paradigm could be one reason for decreased data quality and increased fussiness. 

 

In the set of infants where convergence was prioritised (exploitative sampling), 11 

(92%) of the 12 infants completing the paradigm reached the early stopping criterion, 

and did so after on average 9 blocks (SD=2.04, range: 6-12), while one infant did not 

reach it and hence was presented with the maximum of 15 blocks. Since the 

exploration sample was explicitly programmed towards exploration, that is mapping 

out the stimulus space to explore the relation between theta power and the various 

stimuli in the search space, convergence was not reached in this sample (apart from 

n=1 infant). 
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6.3.2 Individual optima across the 2D-live stimulus space 

 
For offline analyses, exploitation and exploration sample were collapsed to use the 

full dataset of infants who completed the paradigm, that is did not drop out before 

either reaching the early stopping criterion or the maximum of 15 blocks (n=37), 

making use of the fact that the algorithm updates the predicted model of the underlying 

function after each point of sampling, taking into account all samples collected of an 

infant up to that point (although optima from infants not reaching the stopping 

criterion are likely less robust). 

 

An ANOVA with Euclidean distance between corner and individual optimum position 

as dependent variable, and quadrant as independent variable, revealed no significant 

effect of quadrant (p> .1), with  median Euclidean distances of: Quadrant 1 

(nonvocal/averted gaze), d=3 (mean=2.49, SD = 1.79); Quadrant 2 (IDS/averted 

gaze), d=3 (mean= 3.11, SD = 2.00); Quadrant 3 (nonvocal/direct gaze), d=3 (mean = 

2.89, SD=2.00) from the corner of Quadrant 3; and Quadrant 4 (IDS/direct gaze), d=3 

(mean=3.5, SD=1.79). In other words, according to the Euclidean distance measure, 

individual optima were not closer to one over other corners of the space.  

 

Calculating the proportion of optima per quadrant, of the 37 infants who completed 

the paradigm, for most infants the optimum was predicted to be in Quadrant 3 

(nonvocal/direct gaze, 12 or 32%), followed by Quadrant 1 and 2 (nonvocal/averted 

gaze and IDS/averted gaze, 10 or 27%, respectively), followed by Quadrant 4 

(IDS/direct gaze, 5 or 14%). A 4-sample test for equality of proportions indicated that 

these proportions did not differ significantly (p > .2).  

 

The distribution of optima visualised in Figure 6.5 suggests that a major proportion of 

infants converged in one of the corners of the space, especially in the corners including 

nonvocal stimulation (toy). Therefore, I computed additional analyses comparing the 

proportion of optima located only in the corners of the space. While overall, the 

proportions did not differ significantly between corners in an analysis contrasting all 

four corners (p > .1; nonvocal/averted gaze > nonvocal/direct gaze > IDS/averted gaze 

> IDS/direct gaze), the proportion of optima over the two collapsed nonvocal corners 
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(nonvocal/direct gaze; nonvocal/averted gaze) was significantly greater than the 

proportion of optima over the two collapsed IDS corners (IDS/direct gaze; IDS/averted 

gaze) (p = .049, χ² (1) = 3.87).  

 

 

 
Figure 6.5. Individual optima across the 2-dimensional live interaction space of the collapsed 

sample (n=37). 

 

6.3.3 Relation with age and social behaviour  

Multinomial logistic regressions using Quadrant 4 (IDS/direct gaze) as reference 

quadrant showed that an increased likelihood of converging in Quadrant 1 

(nonvocal/averted gaze) compared to Quadrant 4 (IDS/direct gaze) was significantly 

related to higher scores on the VABS Interpersonal Relationships subdomain (log = 

.55, p = .048, z = 1.97). Further, an increased likelihood of converging in Quadrant 3 
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(nonvocal/direct gaze; log = -2.31, p=.033, z = -2.13) or Quadrant 2 (IDS/averted gaze; 

log = -2.41, p=.037, z=-2.08) compared to Quadrant 4 (IDS/direct gaze) was related 

to lower scores on the PANAS Positive Affect subscale. No significant relations were 

observed with the VABS Play and Leisure subdomain (all p > .3), the derived measure 

“distress towards strangers” (all> .1) and age in days (all p> .2). 

 

6.3.4 Comparing BO results with traditional group-level results  

Theta power values were transformed to reduce skew and the influence of outliers 

(transformation method recommended by R bestNormalize, Peterson, 2021: 

orderNorm). The ANOVA of theta power by quadrant revealed no significant effect 

of quadrant on theta power (p = .07, F (3, 108) = 2.41, ηp2 = .06; IDS/averted gaze > 

nonvocal/direct gaze > nonvocal/averted gaze > IDS/direct gaze). Including age in 

days, Vineland Socialisation scale and parental mood in the model revealed a 

marginally significant effect of age (p = .08, F (1, 15) = 3.56, ηp2 = .19). Replacing 

the VABS Socialisation standard score by the two subdomains VABS Play and 

Leisure Time and VABS Interpersonal Relationships additionally revealed a 

marginally significant interaction effect between Quadrant and VABS Interpersonal 

Relationships score (p = .09, F (3, 11) = 2.79, ηp2 = .02; see A1 for a plot of the 

interaction). 

I calculated an additional ANOVA comparing theta power across only the corners of 

the space. This analysis revealed a significant effect of corner on theta power (p = 

.028, F (3, 108) = 3.14, ηp2 = .08). Theta power was greatest in Corner 2 (IDS/averted 

gaze; m = 2.07, SD = 0.89), followed by Corner 3 (nonvocal/direct gaze; m = 2.04, 

SD = 1.99), followed by Corner 1 (nonvocal/averted gaze; m = 1.78, SD = 0.72), 

followed by Corner 4 (IDS/direct gaze; m= 1.23, SD = 4.59).  

 

An additional check was computed to ensure that the person of the live actor did not 

affect the relation between theta power and condition. Repeated-measures ANOVA 

including condition (social/non-social half of the stimulus space) and live actor (8 

different live actors) revealed no significant effect of the live actor in relation with 

condition (p = .87, F (7, 29) = 0.43, ηp2 = .1). 
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Social/non-social structure of the stimulus space. Theta power values were 

transformed to reduce skew and the influence of outliers (transformation method 

recommended by R bestNormalize, Peterson, 2021: orderNorm). A repeated-measures 

ANOVA of theta power by stimulus space half (social versus non-social) revealed 

significantly stronger theta power over the proposedly non-social versus social half (p 

= .018, F (1, 36) = 6.16, ηp2 = .15). 

An additional repeated-measures ANOVA of theta power by only the most social 

(IDS/direct gaze) versus the least social condition (nonvocal/averted gaze) was 

calculated, revealing significantly stronger theta power in the non-social versus social 

condition (p < .01, F (1, 36) = 8.38, ηp2 = .19; Figure 6.4). 

 

 
Figure 6.4. Relative frontal theta power during the most social (IDS/direct gaze) versus non-

social (nonvocal/averted gaze) stimuli in the space. 
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6.4 Discussion 

 

6.4.1 Summary 

This study applied infant NBO to a naturalistic social paradigm to identify individual 

preferences of social interaction in 6- to 12-month-old infants. In specific, the BO 

traversed a rich 2-dimensional stimulus space of live behaviours towards identifying 

the behaviour that maximally elicits frontal theta power in the individual infant. 

Stimulus conditions varied across the stimulus space dimensions of gaze direction and 

vocal content directedness and were acted out by trained live actors. 

 

In the exploitative sample, the proportion of infants who dropped out before 

completion of the paradigm was 14%, which is nearly half of the rate reported from 

traditional studies with infant continuous EEG data (25%). Of note, sacrificing 

exploitation in favour of broader sampling across the stimulus space came with costs 

on the side of attrition due to factors likely related to the increased paradigm length. 

In 92% of infants completing the exploitative paradigm, the BO converged, and did 

so after on average 9 blocks.  

 

Infants’ individual optima were not significantly more frequent in particular 

quadrants, although the smallest number of optima was observed in the IDS/direct 

quadrant. Instead, they were distributed across the four quadrants of the stimulus space 

(nonvocal/direct > nonvocal/averted and IDS/averted > IDS/direct; not significant) 

and were mainly clustered in the space corners (nonvocal/averted gaze > 

nonvocal/direct gaze > IDS/averted gaze > IDS/direct gaze; not significant).  

 

Optima positions were related to individual measures of social behaviour and parental 

mood: Infants with higher VABS Interpersonal Relationships scores were more likely 

to prefer nonvocal/gaze averted versus IDS/direct gaze, and infants of caregivers with 

lower positive affect were more likely to prefer nonvocal/direct-gaze behaviours or 

IDS/gaze-averted behaviours compared to IDS/direct-gaze behaviours. Optima 

positions were not significantly related to VABS Play and Leisure scores, distress 

towards strangers, or age.  
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In traditional analyses of theta power by square across the group, theta power did not 

significantly differ by quadrant of the stimulus space (IDS/averted gaze > 

nonvocal/direct gaze > nonvocal/averted gaze > IDS/direct gaze); while they but did 

differ significantly by corner (IDS/averted gaze > nonvocal/direct gaze > 

nonvocal/averted gaze > IDS/direct gaze). Comparing only the proposedly most 

(IDS/direct) versus least (nonvocal/averted) social condition revealed stronger theta 

power for the proposedly least social condition.  

 

 

6.4.2 Evaluating the performance of the NBO 

Attrition rate in the exploitative live NBO experiment was below standard values 

observed in infant continuous EEG studies, likely due to the more engaging nature of 

the design, which allows a greater variety of stimuli and infant-guided stimulus 

presentation. Also, NBO experiments are shorter than traditional experiments, because 

it stops after enough data to predict the optimum has been collected. The low attrition 

rate is particularly remarkable given that this has been achieved with a live paradigm, 

while the standard attrition rate of 25% is based on screen-based paradigms which are 

normally less prone to data loss due to movement-related artifacts. Of note, attrition 

rate in the exploratory part of the sample was much higher, likely due to the increased 

paradigm length, and possibly due to the less optimum-oriented stimulus presentation 

causing infants to lose interest earlier. 

 

Convergence was achieved in virtually each infant in the exploitation sample who 

completed the paradigm. As discussed above, convergence requires reliable empirical 

values, based on which the algorithm can predict a maximum in the modelled function, 

under low uncertainty. Unreliable empirical values lead to an increase in uncertainty 

and the algorithm to continue trying to reduce the uncertainty by sampling further 

points, prolonging the experiment, and risk introducing more noise to the model due 

the infant becoming fussy with increasing duration. By contrast, convergence is a 

strong sign for reliable empirical values. The fact that convergence was achieved in 

nearly all infants of the exploitation sample suggests that the EEG theta values fed to 

the algorithm were highly reliable in that they allowed to rapidly reduce the 

uncertainty in the surrogate model, leading to identification of the optimum. 
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The average number of blocks needed for convergence was 9, corresponding to 9 x ~ 

10 = 90 seconds, or 1.5 minutes. Of note, this is the absolute minimum amount of time 

needed for convergence after 9 blocks; in reality, additional time is needed for blocks 

that have to be repeated due to bad data quality. Further, in paradigms with gaze-

contingent stimulus presentation (which was not done in the current study), additional 

time has to be planned for allowing the child to bring their attention back to the 

stimulus before the start of each stimulus presentation block (e.g., Chapter 5). 

 

Together, the present live infant NBO experiment revealed better-than-normal 

attrition rate when sampling in an exploitative, efficient way, and convergence after a 

feasible amount of time in almost all infants who completed the paradigm. 

 

 

6.4.3 Which aspects of social interaction drive individual infants’ attention the 

most? 

While attentional preferences were identified in the majority of the infants, these 

preferences were heterogeneous and not primarily clustered in the speech/direct-gaze 

part of the stimulus space, contrary to what was predicted. This suggested that infant 

attention was not strongest towards the most direct social behaviours, contrary to what 

was predicted based on natural pedagogy theory. It is possible that in naturalistic 

contexts, individual differences in what is perceived most engaging are enhanced.  

 

Importantly, individual optima were associated with individual differences in infants’ 

social behaviour and environment. First, infants with stronger parent-reported social 

behaviour skills were more likely to prefer nonvocal/gaze averted versus IDS/direct 

gaze. Possibly these infants only were able to engage during the nonvocal/gaze averted 

behaviour with a state of joint attention. In fact, this ability has been shown to develop 

by the age of 9 months on a group level, and was previously shown to modulate theta 

power (Angelini et al., 2022; Hoehl, Michel, Reid, Parise & Striano, 2014), suggesting 

that infants who have already started acquiring this skill  were more engaged with this 

condition than with others. One way to explain this finding might be that the 

nonvocal/gaze-averted condition has triggered some state of Joint Attention in the 



 

 
 

191 

more socially advanced children. The ability to follow another person’s gaze, the basis 

for engaging in Joint Attention, has been suggested to develop by 6 months of age 

(Gredebäck, Fikke & Melinder, 2010) and signs for Joint Attention has been observed 

during a live interaction paradigm in infants from 9 months of age (Cleveland & 

Striano, 2007). Infant theta power has shown to differ between conditions using gaze 

cues towards or away from objects (Angelini et al., 2022; Hoehl et al., 2014). It is 

possible that in the present study theta power was triggered during nonvocal/averted-

gaze in infants with higher socialisation scores, because these infants were able to 

engage in JA and entered a state of JA when looking at the experimenter who was 

spinning a toy while looking 90-degrees averted. 

 

A second relation with behaviour was observed for parental mood, with infants of 

parents experiencing lower positive affect being more likely to engage with the 

nonvocal/direct gaze or IDS/gaze averted condition, compared to the IDS/direct gaze 

condition. It might be that these infants show reduced attention to the IDS/direct gaze 

condition because previous social interactions might have been less rewarding than in 

other infants. In fact, parental social motivation has previously been shown to 

associate with infant theta power (Jones, Venema, Earl, Lowy & Webb, 2017). It then, 

however, remains unclear why these infants did not prefer the nonvocal/averted-gaze 

condition over all other conditions. Future studies are needed to investigate more in-

depth infants’ responses to these various aspects of live social interaction and relate 

them to individual differences in behaviour and social environment. Interestingly, 

preference was not related to age, suggesting that more than chronological age it is the 

developmental age and the immediate social environment that drive preference in the 

individuals. 

 

While the results of the present study were not in line with the hypothesis of the theory 

of infant natural pedagogy proposing strongest attention to the most addressing 

stimulus (IDS/direct gaze), there are other theories on what aspect of social interaction 

drags infants’ attention. Models of contingency or “social expectancy” (e.g., Murray 

& Trevarthen, 1986) propose contingency/reciprocity as the central factor, irrespective 

of other cues or combined with other cues (Hains & Muir, 1996). Contingency in the 

responses of a social partner refers to the temporal characteristics of the dyadic 
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interaction, particularly the reliability and speed of feedback. This view is supported 

by evidence of non-contingent social stimulation from adults leading to disruptions in 

infant eye gaze and smiling (e.g., Bigelow, Maclean, Macdonald & Francis, 1996; ; 

Hains & Muir, 1996). For example, infants looked more at mother during contingent 

behaviour versus replayed behaviour (controlled for infant's memory, but using 1 

replay where infant sees mum's replay, and 1 replay where mum sees infant's replay); 

and they looked more at their mother than somewhere else only during contingent but 

not during the replay phase (Stormark & Braarud, 2004). Finally, when mothers were 

presented to infants live versus delayed on TV, infants looked longer at TV live mum 

versus TV delayed mum; when infants were presented to mothers live versus delayed 

on TV, mothers did not change in their behaviour between the two; suggesting infants 

recognise delay (Tricia Striano, Henning, & Stahl, 2006). On the contrary, other 

studies failed to replicate this pattern, and thus challenge the view that non-

contingency in social interaction leads to infant attention disruptions (Rochat, Neisser, 

& Marian, 1998). For example, 6- to 12-month-old infants did not differ in smiling 

and looking time between interacting with their mother live, non-live contingently, or 

non-live non-contingently (McClure, Chentsova-Dutton, Holochwost, Parrott & Barr, 

2020), and 4-to-5-month-olds did not show stronger responses to more contingent 

actions per se but showed more vocalisations and smiles in response to strangers who 

showed a similar level of contingent responsiveness to them as their mother, instead 

of an overall preference for high or low contingency (Bigelow, 1998). Taken together, 

the major part of the evidence seems to support the hypothesis that infants are able to 

discriminate contingent from noncontingent conditions during live interaction, while 

it remains unclear which degree of contingency is most rewarding for which children. 

It has been proposed that while typical infants show a preference for the degree of 

contingency exhibited in parental responses, children with autism prefer invariable, 

perfectly contingent feedback, which is in real life more often found in non-social 

stimulation, resulting in reduced attention to social stimuli (Dawson et al., 2002). NBO 

studies using various behaviours varying in the degree and kind of contingency could 

potentially elucidate the debate and reveal which type of contingency is preferred, and 

whether individuals differ in this regard. Finally, it would be interesting to combine 

hypotheses of different theories about live social interaction in one stimulus space, 

varying, for example, contingency on one dimension and the degree to which a 
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behaviour addresses the child on the other dimension, allowing to disentangle various 

theoretical predictions within the same NBO study. 

 

 

6.4.4 Limitations 

There are several limitations to the present study. First, data were collapsed across the 

exploitation and exploration samples in order to maximise power. However, optima 

in the exploration sample may have been less robust. Given the high attrition rate in 

the exploration sample, infant NBO in naturalistic contexts should therefore favour 

exploitative sampling. 

 

Another consideration that is always important for live interaction studies (e.g., Smith 

et al., 2021), but particularly in an NBO context where multiple stimuli come into 

play, is the standardisation of acted out behaviours. All actors went through a set 

training procedure. However, it might be that there were differences between actors in 

terms of how infants responded to their behaviours. Video footage of the live actions 

was collected, and an additional analysis would be to have independent researchers 

rate the behaviours to test whether they can be considered engaging in the same way. 

Although there were scripts to follow for each of the behaviours, at some points were 

room for naturalistic dynamics that could not be pre-scripted. For example, during the 

IDS / direct-gaze condition, actors were responding contingently to the infant’s 

behaviour in the moment, in order to capture naturalistic infant-directed behaviour that 

infants experience in everyday life, and hence the exact choice of words used differed 

between infants. Further, although live actors were trained to wear a “friendly smiling” 

facial expression throughout the session, there are likely subtle differences in facial 

expression between conditions.  

 

Further, on the dimension of vocal content, besides varying vocalisation, also an action 

was introduced (toy spinning). It might be that due to this newly introduced modality 

this condition was so different from the other conditions that it attracted infants’ 

attention particularly strongly. For example, research on infant-directed action 

suggested that theta power responses are elevated during infant-directed, variable 

movements (Meyer, van Schaik, Poli, & Hunnius, 2022). 
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Furthermore, the present study did on purpose not control infants’ looking at the 

stimulus. Therefore, it remains unknown whether during an 8-second episode of live 

action the infant was actually looking at the stimulus. Gaze-contingent stimulus 

presentation was not used in this paradigm since the initial orientation towards the 

stimulus was aimed to be included in the response instead of preceding it. As such, 

not looking at the stimulus upon the start of the block was considered as part of the 

natural response to that stimulus. The downside of this is that the infant’s visual input 

is not controlled for during the stimulus presentation. For example, the infant might 

turn away from the stimulus in order to look at mother’s face; the response to mother’s 

face would then be confounded with the response to the stimulus. On the other hand, 

given that BO values showed to be reliable, it can be assumed that responses were not 

confounded by random noise. A way to still increase experimental control without 

affecting the naturalism of the actions could be a control mechanism bound to data 

selection (as opposed to stimulus presentation). The experimenter could monitor the 

child’s behaviour and indicate by key press the occurrence of a blink, upon which a 

certain window around this moment would be discarded from the analysis. 

 

Finally, also a dichotomous social/non-social structure of the present stimulus space 

was tested by traditional theta power analyses. Based on strong empirical background 

(e.g., Chapters 3 and 4; Dawson, Bernier, et al., 2012; Haartsen et al., 2022; Jones et 

al., 2016; Jones et al., 2015; Orekhova et al., 2006), theta power was expected to be 

greater during the proposedly more socially engaging versus less socially engaging 

half. However, results showed the reverse pattern, with stronger theta power during 

the less socially engaging conditions. While the literature reports consistent and robust 

findings of stronger theta power during social versus non-social processing at that age, 

with this paradigm that includes a broader range of stimuli, the conclusions are 

different. In other words, the space did not reflect a linear 2D gradient from the most 

social to the least social condition, and there was also no between the most social 

versus least social condition. This suggests that the most social and least social stimuli 

in the present stimulus space were not consistent with the social and non-social 

conditions used in previous research (e.g., Jones et al., 2015; Chapter 3 and 4). The 

proposedly most social and least social condition in the present study were chosen 
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based on findings from previous live social versus non-social studies measuring infant 

theta power. In Jones et al., 2015, the social condition was designed as looking at the 

experimenter, and the non-social condition as looking at the spinning toy in the 

experimenter’s hand, while in both conditions the experimenter kept singing, spinning 

and looking at the infant while the infant was free to choose what to look at. In Chapter 

3 and 4, the social condition was based on looking at the experimenter singing nursery 

rhymes, and the non-social condition as looking at the experimenter spinning a toy in 

their hand. In the present study, in order to create a continuum from social to non-

social, singing at the extreme on the auditory dimension was replaced by infant-

directed speech, because infant-directed speech was expected to be perceived more 

social or addressing than the other auditory stimuli (toy sound; neutral vocal sounds, 

that is yawning, coughing, hawking; adult-directed speech), while for singing this 

prediction could not be made. Further, gaze directed to the toy was replaced by 90-

degrees-averted gaze, in order to allow for a continuum of gaze aversion, compared to 

the dichotomous categories of direct or averted. Hence, the most “social” condition in 

the present study was IDS/direct gaze compared to singing/direct gaze in the previous 

studies, and the least “social” condition was toy-sound/90-degrees-averted gaze 

compared to singing/gaze-directed-towards plain toy (Jones et al., 2015) and toy 

sound/gaze-directed-towards spinning toy (Chapter 3 and 4). 

Further, in the previous studies, only segments while the infants were looking at the 

actor were included in the EEG analysis. In the present real-time study, looking was 

not controlled for and instead, EEG was analysed over the entire 8-seconds-time 

window of stimulus presentation, irrespective of the child’s gaze. However, the 

experiment was video-recorded, and it would be important to code looking at the 

experimenter post-hoc, to see whether results changed when only EEG segments 

during which the child was looking at the experimenter were included in the analysis, 

as was the case in the previous studies (Jones et al., 2015; Chapter 3 and 4). The 

rationale of not including looking control in the present live study was a) not to 

compromise the naturalistic character of the study, and b) not to include part of what 

was the measure of interest (i.e. social attention) by discarding the segments during 

which the infants were not looking at the experimenter, possibly reflecting attentional 

disengagement. Hence, the difference in group-level findings of the present study 

might also reflect the fact that theta power is only elevated during social versus non-
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social conditions in which the infants are actively looking at the stimulus, highlighting 

the importance of the visual input. In fact, this thought is supported by the fact that in 

Jones et al., 2015, the effect was solely based on the visual input. The auditory input, 

by contrast, was not varied during the experiment, in which the singing was also 

present during the non-social condition. If, however, coding of looking behaviour and 

the discarding of non-looking-segments changed results of the group-level analysis, 

then future real-time studies should make efforts to find a way to control for looking 

behaviour during the experiment without compromising on the naturalistic quality of 

the stimuli. 

 

6.4.5 Future directions 

It would be worth developing an alternative measure reflecting credibility of the 

optima for the infants who did not reach the early stopping criterion in the present 

study; see also Chapter 5 for a discussion about alternative stopping criterion / 

criterion for considering the optimum identified. 

 

Future research into further validating the BO approach may also compare results of 

exploitative and exploratory sampling in the same infant, in order to explore a) 

whether the rapidly identified optimum is indeed the “true” optimum, and b) how 

much further exploration can be done before introducing new uncertainty due to 

unreliable values. Further, future research may investigate not only identified optima, 

but also the entire response function across the space, to maximise the use of the 

exploratory sampling approach. If merely the identification of the maximum is of 

interest, exploitation should be prioritised over exploration in order to reduce attrition. 

 

Future BO studies may further consider combining different metrics in one target 

metric. These could include further neural measures that have been shown to reflect 

social attention engagement in the first year of age (e.g., theta connectivity; van der 

Velde, White, & Kemner, 2021), as well as components of infant behaviour, such as 

smiling, has been suggested to be a good indicator for preference in very young infants 

(Muir & Hains, 1993). The more differentiating and reliable the (combined) target 

metric, the fewer iterations are needed for convergence.  
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One step to advance the infant NBO paradigms would be to look at responses in an 

actually interactive paradigm with infants’ caregiver, in order to get as close as 

possible to studying infants in social interaction as it unfolds in real-life. I used only 

one condition that included contingency/reciprocity and thus an interactional aspect. 

Normally, however, real social interaction always involves contingency, and it is this 

context in which I ultimately seek to study infants’ attention. Studying infant-parent 

dyads during normal interaction and evaluate which behaviours infants prefer from a 

myriad of options offered by the parent could also be a step towards applying NBO as 

method in clinical contexts, for example to identify the behaviours that most strongly 

trigger social brain activation in infants with elevated likelihood for autism. These 

behaviours could then be used in parent-based interventions aimed at supporting social 

brain development over the first year of age, a period in which the brain already shows 

alterations neural processing of social information in infants with elevated likelihood 

for autism but at the same time is still very plastic and undergoing great changes, 

providing opportunity for intervention and supporting social development. As a more 

proximate next step, it would be important to study further aspects of live social 

interaction in a controlled live setting, such as contingency in adult responses to infant 

behaviour. Some theorists suggest that it is maximum contingency that infants prefer 

(e.g., Trevarthen, 1985), but there is evidence that it is the level of contingency 

experienced in daily interaction with their caregiver that determines their preferred 

level of contingency (Bigelow, 1998). 

 

Future group studies may further look into the relations between attentional 

preferences and behavioural and environmental factors, and future NBO studies may 

include more distinct live stimuli potentially associated with joint attention in different 

subgroups, to study which types of behaviours are needed to trigger joint attention the 

most in these individuals. 

 

Finally, it would be interesting to take into account the temporal dynamics of social 

interaction such as whether the behaviour presented in the previous block influenced 

responses to the present block. 
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6.4.6 Conclusion 

This study used NBO with infant EEG to examine what aspect of naturalistic social 

maximises elevated theta responses in individual infants. The optimisation algorithm 

converged for most infants completing the paradigm in which convergence was 

prioritised over extensively mapping out the stimulus space, showing that this 

application of the method produced a robust signal reliably differentiating between 

different points in the stimulus space. Attentional preferences for particular behaviours 

were heterogeneous and depended on social behaviour skills and parental mood, 

suggesting that individual differences play a role in which aspect of social interaction 

is experienced most engaging. This study further demonstrates the particular utility of 

NBO for testing multiple stimulus dimensions within the same experiment. 
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CHAPTER 7: GENERAL DISCUSSION  
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7.1 Summary of the present findings 

 

The overall aims of this thesis were to investigate whether and how neural activity 

during naturalistic social experiences differs in infants with an increased likelihood 

for autism, and to develop a method to identify in the individual infant from a range 

of possibilities the social cues that maximise neural correlates of social attention. 

 

Autism is characterised by social behaviour difficulties first appearing in toddlerhood, 

which might be the result of early processing differences with cascading effects in 

social development. Under this developmental perspective, it is important to identify 

reliable early markers of later behavioural outcomes, both to understand how 

behaviour maps onto brain function over development in both typical and atypical 

development, and to provide interventions operating at an early stage of atypical 

developmental cascades, before behavioural symptoms start to emerge. The infant 

sibling design has been used to study the origin of autism by following up infants at 

elevated familial likelihood from early infancy through the timepoint of diagnosis at 

toddler age, aiming to identify early markers that predict later outcome. One measure 

that is altered in autism and has been suggested to reflect attention engagement is theta 

power during social compared to non-social stimulation. In typical children, theta 

power is stronger during social versus non-social stimulation, with an increase in 

strength and extent of this effect over the second half of the first year of age. It has 

been suggested that differential theta power responses to social versus non-social 

stimuli might be altered in the in early autism. One aim of this thesis was to investigate 

the role of differential theta power during naturalistic social experiences in early 

autism. To address restrictions in the questions we can ask scientifically arising from 

properties inherent to the traditional experimental approach, including pre-selection 

of few isolated stimuli for investigation and the requirement to average responses 

across the sample to cancel out individual variation, novel individualised methods are 

needed complementing the traditional group approach. This allows new types of 

questions being asked, for example in addition to how infants with familial likelihood 

for autism differ in brain responses, what type of stimulation this individual would 

need to optimally trigger a given neural activity. Further, such a method would allow 

studying responses towards a multitude of stimuli simultaneously, with the infant 
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guiding which subset of possible stimuli are actually presented. This allows broader 

hypotheses, for example about what aspects of social interaction drive infant attention 

engagement most. The second aim of this thesis relates to introducing a method that 

maps the brain response of an individual infant across a range of stimuli, and to use 

this method to identify which social cues they attend to most. 

 

Chapter 1 of this thesis covered theory, measurement techniques and evidence of 

infant attention, particularly highlighting the importance of studying infant social 

attention in naturalistic settings. Autism is a condition characterised by social 

interaction difficulties that might have its roots in early infancy, before symptoms 

become behaviourally visible. While autism can be studied on a group level, 

identifying alterations in brain responses to typically preferred social cues, given the 

great heterogeneity within this subgroup it is worth complementing the traditional 

approach with new strength-focused techniques allowing to ask what are the cues that 

would be more preferable for an individual.  

 

Chapter 2 described the method of EEG and a recently developed experimental 

approach to the field of developmental neuroscience, Neuroadaptive Bayesian 

Optimisation (NBO). NBO has previously been shown to reliably map an individual 

adult’s responses to various tasks within one session. NBO has particular value for 

neurodevelopmental research to overcome limits of the classic experimental design 

when studying individual differences in infant brain function, due to its ability to 

record reliable brain responses of an individual infant across multiple stimuli within 

one session. A core part of the chapter described how the present work combined NBO 

with real-time infant EEG, which steps were taken in creating and evaluating the pre-

processing pipeline and which and how parameters were chosen for the Bayesian 

Optimisation, while considering the special requirements inherent of infant testing. 

 

Chapter 3 reviewed literature showing the role of elevated theta power as a correlate 

of information coding, attention engagement and learning, including social attention, 

and indicating that theta power modulation might play a role in early autism. This 

question was investigated in a study 14-month-old infants with typical and elevated 

likelihood for autism by measuring theta power activity in a live social versus non-
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social context. Results replicated the typical effect in the overall sample which 

appeared in all cortical regions, but strongest posteriorly. Further, results showed that 

infants with elevated likelihood showed a reduced effect of elevated theta power 

during social versus non-social naturalistic experiences compared to infants at typical 

likelihood, while looking behaviour did not differ. This pattern was specific to autism 

likelihood, as not observed in infants with elevated ADHD likelihood. In the group of 

infants who went on to be diagnosed the effect tended to be there, but was not 

significant, likely given the small sample size of this group. Reduced looking in the 

social versus nonsocial condition at 14 months, but not theta power, was related to 

higher SRS scores at 36 months. Reduced theta power during social versus non-social 

attention at 14 months tended to predict higher scores on the ADOS social affect scale 

at 36 months, while this finding did not seem robust. ADHD traits were not predicted 

by socially selective looking or theta power at 14 months. Looking more in the social 

versus nonsocial condition at 14 months, but not theta power, partially predicted the 

trajectory of looking at a face, specifically more looks to a face in a screen-mediated 

dynamic scene at 14 and 24 months. 

 

Chapter 4 went further back in infancy, reviewing literature suggesting a typical 

increase in differential theta power responses to social versus non-social cues over the 

second half of the first year of age, and asked whether the response of altered theta 

power modulation by social cues is already present at an age of 6 months, when in 

typical infants the effect has been observed in a live but not screen-based setting. 

Using the exact same paradigm as before, results replicated the effect in the overall 

sample over frontocentral and posterior electrodes. The effect did not differ in in 

infants at elevated likelihood at that age, suggesting that the alteration emerges in the 

second half of the first year of age. Of note, the present studies do not allow to compare 

the effects between the two age points. Future work should include age as a factor in 

a joint model to investigate the effect longitudinally. However, 6-month-old infants at 

elevated versus typical likelihood for autism, as well as those who went on to be 

diagnosed versus not diagnosed, showed reduced overall looking at the stimulus in the 

live setting; the latter group additionally showed increased overall theta power. 

Looking time in the social versus non-social condition at 6 months predicted the 
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number of looks to a face at 10 and 24 months, while greater overall theta power in 

the live context at 6 months predicted fewer looks to a face at 10 months.  

 

Chapter 5 presented a proof-of-principle study of NBO with infant EEG data, to study 

the individual’s engagement, operationalised by the Nc mean amplitude, with a range 

of familiar and nonfamiliar faces. Previous research had suggested an initial 

attentional preference for parent’s versus stranger’s face with a subsequent change 

towards more attention towards stranger’s face. The NBO study with n=61 infants 

aged 5-12 months viewing faces linearly varying in similarity to parent’s face showed 

lower-than-normal attrition rate, and an equal proportion of infants preferably 

attending to a face closer towards parent and stranger, respectively. Individual 

preferences for parent/stranger were not related to age or social behaviour measures. 

Importantly, when subgrouping infants based on their individual attentional 

preference (closer to parent or stranger), Nc responses were stronger towards parent 

versus stranger in the parent-optimum-subsample, and stronger towards stranger 

versus parent in the stranger-optimum-subsample, demonstrating the validity of the 

individual optima. This study proved the practicability, reliability and validity of the 

NBO approach with infant neurophysiological data to successfully identify among a 

range of social cues the one maximally triggering a target brain response in the 

individual.  

 

Chapter 6 built on the insights from Chapter 3, 4, and 4, and applied the individualised 

approach to a naturalistic context, investigating which aspects of naturalistic social 

experiences maximise theta power responses in the individual infant. Infants aged 6-

12 months were viewing a live experimenter acting out behaviours varying in gaze 

direction and degree of vocalisation. Results showed a lower-than-normal attrition rate 

in the subsample of infants who took part in an exploitative (as opposed to explorative) 

version of the experiment. Identification of the optimum stimulus was reached in 92% 

of infants who completed the exploitative paradigm. There was no overall preference 

for particular parts in the space, challenging the natural pedagogy theory. Rather, 

individual preferences significantly differed by measures of social behaviour and 

parental mood. This final study showed the feasibility of NBO in recording reliable 
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individual-level responses towards naturalistic stimuli, to study what is the preferred 

type of interaction for an individual infant. 

The present, final chapter of this thesis discusses these findings and their limitations 

and integrates them into the broader literature. Directions for future research are 

suggested. 

 

 

7.2 Theta power modulation during naturalistic social experiences in early 

autism 

 

The present findings showed that theta power was stronger during social versus non-

social naturalistic experiences at 14 as well as at 5 months of age. This is consistent 

with previous research showing stronger theta power during social versus non-social 

live stimulation in infancy (Bazhenova et al., 2007; Jones, Venema, Lowy, Earl & 

Webb, 2015; Orekhova, Stroganova & Posikera, 1999; Stroganova, Orekhova & 

Posikera, 1998). Infant theta power has been associated with processes of attention 

and learning (Begus & Bonawitz, 2020; Braithwaite, Jones, Johnson & Holmboe, 

2020; Jones et al., 2020; Orekhova, Stroganova, Posikera & Elam, 2006), and infant 

differential theta power to social versus non-social stimulation has been related to 

improved social behaviour skills (Dawson, Bernier, et al., 2012; Jones et al., 2017). In 

line with previous research, differential theta power activation during social versus 

non-social live stimulation at 6 months was focused on frontal and occipital regions, 

and an increase in spatial extent of the effect from 6 months was observed, with the 

effect in the same infants expanding to all scalp regions by the end of the first year. 

Together, the present results support previous findings of social versus non-social 

theta power increasing in spatial extent towards the end of the first year. 

 

Elevation of theta power during social live stimulation, but not looking proportion, 

was significantly reduced in infants with elevated likelihood for autism at 14 months. 

This pattern was not observed in a separate analysis of the same infants at 5 months 

of age (although the age effect was not directly compared longitudinally in the same 

model). This finding is consistent with previous research showing reduced theta power 

elevation in toddlers with autism (Dawson, Bernier, et al., 2012), and suggests that the 
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alteration emerges in the second half of the first year of age. This is the time when in 

typical development the social brain network becomes increasingly specialised, giving 

rise to basic social behaviours emerging towards the end of the first year, including 

the basics for joint attention, understanding others’ intentions and turn taking (e.g., 

Moll & Tomasello, 2004; Mundy, Card & Fox, 2000; Tomasello & Carpenter, 2007), 

and when in atypical development behavioural differences first start to emerge (Jones, 

Gliga, Bedford, Charman & Johnson, 2014). The altered effect was specific to infants 

with increased likelihood for autism, while infants at incrased likelihood for ADHD 

did not show differences in theta modulation by social live stimulation at both aged. 

This is in line with the view atyipcal social attention might be specific to autism, while 

atypicalities in domain-general attention contribute to ADHD, or to both conditions 

(Braithwaite et al., 2020).  

 

While theta power elevation during social versus non-social live stimulation was 

reduced in 14-month-old infants with elevated autism likelihood, at the same age, theta 

power during social versus non-social stimulation in a screen-based context did not 

differ in infants with atypical development (Goodwin et al., 2021; Haartsen et al., 

2022), highlighting the particular role of the naturalistic context for eliciting suble 

group differences. Tyipcally but not atyipcally developing infants seem to benefit 

from the combination of multimodal social cues in the live context. It may be that 

problems with processing social information are enhanced in contexts that require 

integration of multimodal cues within a complex and dynamic context. However, 

future studies are needed to directly compare the effect of the context on differential 

social processing in infants with typical and atyipcal development. 

 

The reduced effect of elevated theta power during social versus non-social live 

stimulation in infants at elevated likelihood for autism did not differ by scalp region 

at both 6 and 14 months, which was consistent with findings in autistic toddlers 

(Dawson, Bernier, et al., 2012). Similarly, more subtle measures of the change in theta 

power revealed that only in typical toddlers, theta power over frontal and posterior 

regions increased with increased looking duration at social versus non-social videos, 

while in children with autism theta power increased looking at social versus non-social 

videos was associated with decreased theta power over posterior regions (Isaev et al., 
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2020), suggesting that autism-related alterations in theta responses differ between 

frontal and posterior regions in childhood. Future studies are needed to examine the 

developmental trajectory of how topographical regions are differentially affected by 

altered processing in emerging autism. 

 

While there were socially-specific alterations of attention on a neural level in 

individuals with elevated autism likelihood at 14 months, at 6 months the present work 

showed domain-general alterations in these infants and those with later autism 

diagnosis, with reduced overall looking at the live stimulus; those with later autism 

diagnosis additionally showing increased overall theta power. Further, greater overall 

theta power at 6 months predicted fewer looks to a face within a dynamic scene at 10 

months (albeit not the proportion of looking to the face). Furthermore, in adulthood, 

individuals with autism showed during a resting-state paradigm elevated overall theta 

power over frontal and prefrontal regions, as well as altered connectivity patterns 

(Murias, Webb, Greenson, & Dawson, 2007), suggesting that in addition to alterations 

specific to the social domain, domain-general differences in theta power might 

characterise autism throughout development. This is line with other studies reporting 

typical behaviour in infants with elevated likelihood for autism. Studies using the face-

pop-out task have, for instance, shown typical orienting responses towards a face 

(Elsabbagh et al., 2013) and shorter overall, but not differential, fixation durations 

(Wass et al., 2015)  in infants with elevated likelihood for autism. Furthermore, infants 

with elevated likelihood for autism performed lower on overall attention tasks at 2 and 

3 months of age, without there being an effect of social stimuli in specific (Bradshaw 

et al., 2020). Hence, it might be that at 6 months, robust attention differences are 

predominantly present on a more domain-general level, including but not being 

restricted to social stimuli, while these overall altered attention processes might 

cascading effects on the one hand for the further trajectory of overall visual attention, 

and on the other hand specifically on social attention in the second half of the first 

year when in typical development the social brain network becomes increasingly 

specialised (Johnson et al., 2009).  

 

While differences specific to social attention measured by theta power might not be 

robust enough at 6 months to distinguish between familial likelihood and outcome 
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categories, they might well predict more continuous measures of social behaviour 

outcomes in later infancy and toddlerhood. In fact, a greater proportion of looking 

time in the social versus nonsocial condition at 6 months predicted the number of looks 

to a face at 10 and 24 months. This was not observed for other measures of looking at 

the face in toddlerhood, and not observed on the level of theta power; in contrast, theta 

power previously suggested to be related to longer peak look durations to a face at 10 

months (Goodwin et al., 2021).  

 

Differential theta power or looking at 6 months was not related to dimensional 

measures of autism at 36 months. At 14 months then, a greater proportion of looking 

at the live social versus non-social stimulus, albeit not theta power, was related to 

lower SRS scores at 36 months, and reduced theta power during social versus non-

social attention was weakly associated with higher scores on the ADOS social affect 

scale at 36 months. Further research is needed to replicate these effects in an 

independent sample. 

 

Together, the current findings support previous research observing elevated theta 

power during social versus non-social live stimulation at 6 and 12 months of age, and 

show that in infants with elevated likelihood for autism, but not ADHD, this effect is 

reduced at 12 months, while in a separate analysis of the same infants at 6 months it 

was not observed. Although the age effect requires in a next step being examined 

longitudinally to be able to directly compare (the size of) the age effect, this pattern of 

findings suggests that alterations in differential theta power responses characteristic 

for autism may emerge over the second half of the first year of age.  

 

 

7.3 Using NBO to study individual infants’ attentional preferences in social cues 

 

The first infant NBO study presented (Chapter 5) served as proof of principle study of 

applying NBO for the first time to infant EEG data. This study used NBO to study the 

individual infant’s Nc response across a range of images varying in the degree of 

similarity from parent’s face. The Nc mean amplitude has been related to infant 

attention engagement (Gui et al., 2021; Guy et al., 2018; Richards, 2003; Webb et al., 
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2011), and has been shown to be stronger for parent’s versus stranger’s face around 6 

months of age (De Haan & Nelson, 1997, 1999; Webb et al., 2005), while older 

children showed a greater Nc to strangers versus parents (Carver et al., 2003; Dawson 

et al., 2002). The findings as to when this direction is changing have been mixed, with 

some studies reporting a shift only after the first year of age (Carver et al., 2003; Sara 

Jane Webb et al., 2011) and some reporting a stronger response for stranger already 

towards the end of the first year of age (Guy et al., 2018; Key & Stone, 2012; Luyster, 

Wagner, Vogel-Farley, Tager-Flusberg & Nelson, 2011). The present NBO study 

investigated the Nc amplitude towards parent versus stranger in infants aged 6 to 12 

months, using a stimulus pool of artificially created face images varying in similarity 

to parent’s face, to find out which face was preferred by the individual infant.  

The NBO approach proofed practical, reliable and valid in this proof-of-principle. 

Individual optima not clustered at a particular part of the space but rather were 

heterogeneous across the group; neither were they related to social behaviour 

measures and were not explained by similarity between parent and stranger. Further 

analyses of the remaining measures may help to find out what may explain the 

heterogeneity in parent/stranger-preference.  

 

The second infant NBO study presented (Chapter 6) applied this new approach to 

study which aspects of live interaction individual infants prefer on the level of theta 

power. Stronger theta power during social versus non-social attention has been linked 

to attention and learning (Begus & Bonawitz, 2020; Haartsen et al., 2022; Jones, 

Venema, Lowy, Earl & Webb, 2015), and was shown to be reduced during naturalistic 

social experiences in infants at elevated likelihood for autism (Chapter 3 and 4). The 

present NBO study investigated individual theta power differences across two 

dimensions of social interaction, gaze direction and vocal auditory content, to identify 

the combinations of social cues that individual infants preferred in live social 

interaction. Results showed that there was no overall preference for a specific type of 

interaction, but that infants differed in which combination of gaze direction and vocal 

content they preferred. Specifically, infants with higher VABS Interpersonal 

Relationships scores being more likely to prefer nonvocal/gaze averted versus 

IDS/direct gaze, and infants of caregivers experiencing lower positive affect being 

more likely to prefer nonvocal/direct gaze or IDS/gaze averted versus IDS/direct gaze, 



 

 
 

209 

respectively. The findings suggest that instead of an overall tendency to prefer one or 

the other aspect, preference depends on the stage of social development and the social 

environment of the individual.  

 

The advantage of BO to sample a wide stimulus space allows broader hypotheses. In 

this thesis, the aim was to test the approach with infant EEG using a simple 1D space 

of stimuli presented on screen (Chapter 5) and a more complicated 2D space of live 

stimuli (Chapter 6). However, larger spaces can also be used, with more stimuli per 

dimension and more dimensions. This is useful for basic research, e.g. for identifying 

the task among various combinations of stimulus dimensions elicits a certain brain 

response in a given subgroup (e.g., Lorenz et al., 2018), as well as for application in 

the clinic, e.g., for identifying from multiple options the treatment that is most suited 

for a particular individual (e.g., Lorenz et al., 2021).  

 

Of note, differences between group-level results and individual optima in an NBO 

experiment are not surprising. Since the group analysis and the individual analysis ask 

different questions, one expects them to produce different answers. While the 

traditional analysis looks at variations in the Nc across individuals, the BO analysis 

looks at how the Nc in one individual varies across stimuli. While in the former case 

individual differences within the group are cancelled out by averaging across all 

individuals in the group, in the latter case these individual differences are part of the 

research question. Subgrouping analyses can help obtain a measure of validity to see 

in how far optima represent condition-related differences in empirical values within 

the subsample.  

 

 

7.3.1 Real-time analysis with infant EEG 

The two NBO experiments presented in this thesis, one with screen-mediated and one 

with live interaction stimuli, both revealed a lower attrition rate of EEG data than in 

classic infant ERP studies (50%, Stets, Stahl & Reid, 2012; 25%, Van der Velde & 

Junge, 2020). While this was true for the exploitation-guided BO search, the attrition 

was higher for the exploration-guided BO search applied in the live interaction study. 
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Table 2. The number of blocks, paradigm length and attrition rate per study. 

Paradigm Mean number of 
blocks Mean duration of paradigm Attrition rate3 

Screen, ERP, 
traditional   

49.2% 
(Stets et al., 2012) 

25% 
(van der Velde & Junge, 

2020) 

Screen, continuous 
EEG, traditional   25% (van der Velde & 

Junge, 2020) 

Screen, ERP, 
exploitation-guided 

(Chapter 5) 

10 (à 12 trials) + 
gaze-contingent 

presentation 

115 seconds  
+ time for re-centering 

attention  
+ repeating bad-quality blocks 

16% 

Live, continuous 
EEG, exploitation-
guided (Chapter 6) 

9 (à 8 seconds) 162 seconds 
+ repeating bad-quality blocks 14% 

Live, continuous 
EEG, exploration-
guided (Chapter 6) 

15 (à 8 seconds) 270 seconds 
+ repeating bad-quality blocks 42% 

 

 

Further investigation could include the number of blocks that had to be repeated due 

to bad data quality. It is possible that the number blocks repeated due to bad data 

quality differed between paradigms; if in the live exploration-guided paradigm more 

blocks had to be repeated, due to the additional length of the paradigm, making the 

paradigm even longer, this could contribute to explaining for the higher attrition rate 

in this sample.  

 

The lower attrition rate in the exploitative paradigms might be related to the shorter 

duration of the paradigm, or to the fact that exploitative sampling is more adaptive to 

the infants’ responses in that it more rapidly shifts towards presenting stimuli that are 

 
3  Attrition rate was defined as the proportion of infants who dropped out before converging or reaching 
the predefined maximum number of 15 blocks. 
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predicted to trigger the strongest response in the infant, based on the previously 

sampled responses. 

 

In both screen-based and live study, convergence was reached in nearly all infants who 

did not drop out before the end of the paradigm (screen: 85%; live: 92%). Convergence 

is defined as the timepoint of when the optimisation algorithm has found the maximum 

of the predicted function (Lorenz et al., 2017) and was operationalised by the 

algorithm selecting the same stimulus for three consecutive iterations. Hence, 

convergence reflects that the empirical values mapped on the stimulus space were 

reliable, in that sampling the same stimulus again produced a similar empirical value. 

By contrast, unreliable values would result in the failure to predict a maximum and 

reduce uncertainty, and hence the algorithm continuing to sample different points.  

The high rate of convergence and inferred reliability in empirical values implies on 

the one hand that the target metric was meaningful in the individual infant, in that the 

individual response is indeed linked to the respective stimulus, because repeated 

sampling evokes the same response. On the other hand, reliability in empirical values 

reflects a high signal-to-noise ratio in the measured signal, despite the analysis being 

based on 10 trials of an individual infant.  

 

Crucially, when subgrouping infants based on their optima, the pattern of brain 

response could identify the subgroup. That is, Nc responses were stronger towards 

parent versus stranger in the parent-optimum-subsample, and stronger towards 

stranger versus parent in the stranger-optimum-subsample. This finding demonstrates 

the validity of the individual optima in that it shows that they indeed reflect points at 

which maximal values are predicted instead of arbitrary points in the space. 

 

Together, the present studies suggest that NBO with infant EEG data provides robust 

measurement of the individual’s responses to a variety of screen based as well as live 

stimuli. There have been recent advances of new methods for artifact rejection 

specifically tailored to the neuroadaptive approach have been developed (Ouyang et 

al., 2022), which will further aid measuring a reliable signal in future NBO studies. 
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7.3.2 Implications of Using NBO for Infant Testing 

There are several aspects that need to be considered for applying NBO to infant 

research. First, using NBO requires pre-scripting the analysis pipeline prior to data 

collection. This can be difficult in infant testing, where often there are no set standards 

for parameters. In comparison, in traditional paradigm, exact parameters, esp. for pre-

processing, can be explored when seeing the data. Pilot data helps to identify optimal 

processing parameters. In general, pre-defining analysis steps is good-scientific 

practice across methodologies. Second, the data is being analysed each block, 

therefore, additional time is needed that adds to the overall length of the paradigm, 

which must be considered when designing the study. Third, in paradigms presenting 

visual stimuli on a screen, real-time monitoring of the infant’s looking behaviour is 

necessary to allow gaze-contingent presentation. In classic experiments, looking can 

be controlled for after the study by coding the video footage. However, gaze-

contingent stimulus presentation is an advantage for studies using visual stimuli in 

general, not only using real-time analysis, because it ensures that exactly as much data 

is collected as needed. Fourth, based on the respective block data, the script calculates 

real-time feedback about the data quality on the level of the block output measure. 

This is useful, because it allows researchers to correct for a bad signal in the moment 

of the data acquisition and hence reduce data loss. Fifth, stimulus presentation is 

guided by an individual infant’s attention. This is useful because it tailors the paradigm 

to the infant’s interest, together with the overall greater variability in stimuli promises 

a more engaging paradigm and potentially lower attrition rates. It is to consider that 

therefore, the duration of the experiment depends on the individual infant. Sixth, the 

paradigm is on average shorter than a classic paradigm, because the BO could 

converge and stop sampling further stimuli once the optimum has been identified (or 

at the latest after a predefined number of iterations). Finally, the success of the session 

depends on the quality of the signal, since the BO is not able to predict the underlying 

function if data points are unreliable. Hence, related to the first point, it is crucial to 

record data as clean as possible and use a processing pipeline that is able to effectively 

exclude noise in the data. 
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7.4 Additional limitations and future directions 

 
Methods similar to NBO. 

Infant NBO uses real-time analysis of the participant’s and adaptive stimulus 

presentation. While the latter can be regarded as a type of reward feedback to the 

participant, the method is different from neurofeedback methods, in that usually 

through neurofeedback participants actively regulate their brain activity towards a 

certain target state. It is also different from brain-computer-interface research in that 

the latter translates brain states to technological devices. 

 

NBO to study infant brain responses during interaction with their caregiver.  

One particularly interesting future endeavour in the light of studying individuals’ 

social attention development in naturalistic contexts would be to use NBO to study 

infant brain responses during interaction with their caregiver. The difference from the 

live interaction NBO study presented in the present thesis would that the caregiver 

instead of the trained experimenter would present different behaviours to the child. 

Researchers could prepare a set of behavioural cues varying along a dimension and 

train the parent in a brief training session prior to the session in acting out the 

behaviours. Possible dimensions among which behaviours during natural interaction 

could vary could be: the amount, speed and volume level of talking; the amount of 

looking at the child; the amount of touch used; the number of toys included in the play; 

the level of contingency in the response to the child’s behaviour. Also, discrete 

variables are possible that can be ordered along a dimension, and behaviours can also 

be combined in one dimension (e.g., combining the amount of looking and touch in 

one dimension). The behavioural space must not be too complicated so that the 

behaviours are still feasible to be acted out without overlapping. In this scenario, the 

parent would receive instructions from the researchers, e.g., via earphones, about 

which of the trained behaviours to display next.  

It has been suggested that truly natural and interactive settings are needed to study 

infant brain function more meaningfully (McDonald & Perdue, 2018). An even more 

naturalistic setting could involve parent and infant interacting freely, without prior 

training and instructing of the parent. A researcher video-monitoring the free play 

would classify observed behaviours based on their position on an a priori defined 
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stimulus space. Upon signalling by the researcher that behaviour X was sampled, the 

data collected in a set time window before/around the moment of signalling would 

indicate which time window of the streamed data to analyse. As baseline, periods of 

rest could be identified at the beginning and used throughout the experiment, or the 

baseline would be “updated” in the course of the experiment by new periods of rest, 

identified by the researcher. This way, the stimulus space would not be constraint to 

behaviours that are not in the natural repertoire of an individual parent’s behaviours, 

training the parent would be avoided, and the behaviours displayed would be more 

naturalistic. Further, the parent would not be distracted from their child by receiving 

instructions from the researchers during the playing. 

Limitations have been pointed out regarding studying infant responses during live 

interaction (Smith et al., 2021). The primary challenge is the non-standardisation that 

is on the one hand an advantage when aiming to study naturalistic social interaction, 

but on the other hand comes with difficulties in interpreting the findings. For example, 

classifying behaviours into categories bears the risk of large variability of behaviours 

within a category. This is problematic if the brain response varies between behaviours 

of a category, and further problematic for comparison between children, as not for all 

infants the same thing was measured. In order to circumvent the first problem, 

behavioural categories have to be ensured to be distinct enough to allow clear 

differences in brain responses between categories (e.g., IDS versus ADS).  The second 

problem is automatically circumvented by NBO in that it operates on the individual 

level, that is it measures the responses to the various behaviours within the individual. 

Thus, for the interpretation of the optimum in the single child, which would be the aim 

of a naturalistic study with the caregiver freely interacting with the child, the crucial 

point is the variation of the presented behaviours, and that they are clearly 

distinguishable. It is less important whether parents in other dyads display the 

behaviour in a different way. Hence, less experimental control and more naturalistic, 

ecologically valid interaction would not pose problems to the interpretation of the data.  

Paradoxically, movement artifacts should even be decreased in a study with the 

caregiver as stimulus sitting opposite the child, while the child is sitting in a highchair 

for example.  

The study presented in Chapter 6 showed that a meaningful signal can be measured 

from the individual infant during live interaction while the infant was sitting on 
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parent’s lap or on a highchair. Movement-artifacts likely stem from moments of the 

infant turning around to see the caregiver’s face. If parent is sitting opposite the child, 

turning around would be inhibited, and the parent would act as stimulus and natural 

attention getter at the same time. Hence, a caregiver-based paradigm could even 

benefit for reducing movement artifacts in the EEG data. Finally, beyond aiding 

ecological validity, that is the generalisability of the findings to other situations of 

infant-caregiver interactions in this case, such a natural parent-driven design would 

increase the use of the result in a clinical, parent-mediated intervention setting, in that 

it seems more feasible and thus likely that parents increase the frequency of a natural 

behaviour of theirs compared to adopting new behaviours that are not already part of 

their repertoire.  

 

Infant NBO with other techniques.  

BO could also be used with other techniques to study infant social brain function, for 

example to identify auditory stimuli that optimally trigger social brain responses that 

have been shown to predict social behaviour outcomes in sleeping infants using 

functional resonance imaging (fMRI; Blasi et al., 2015) and in awake infants using 

functional near-infrared psectroscopy (Lloyd-Fox et al., 2018). Functional near 

infrared spectroscopy (fNIRS) is another technique that is very infant friendly and has 

been used in numerous studies to study social brain specialisation in the first years of 

age. It is less prone to movement, which is particularly relevant in a live interaction 

study where more movement can be expected. This allows for reduced data loss, which 

is particularly important in the real-time context. Compared to EEG, fNIRS provides 

a better spatial resolution of the activation across the cortex. If various source-detector 

separations are used, fNIRS also allows information about deeper cortical layers, with 

a depth sensitivity of about 1.5 cm. Several studies have demonstrated the feasibility 

of measuring meaningful infant fNIRS responses in a live social interaction context 

(Behrendt, Konrad, Perdue & Firk, 2020; Hakuno, Hata, Naoi, Hoshino & Minagawa, 

2020; Sarah Lloyd-Fox, Széplaki-Köllod, Yin & Csibra, 2015; Nguyen, Abney, 

Salamander, Bertenthal & Hoehl, 2021; Piazza, Hasenfratz, Hasson & Lew-Williams, 

2020; Urakawa, Takamoto, Ishikawa, Ono & Nishijo, 2015). It has further been 

suggested to use fNIRS to study social interaction in infants at elevated likelihood for 

autism (McDonald & Perdue, 2018). A future step would be to conduct a proof-of-
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principle study combining NBO with infant fNIRS data to study infant social attention 

in naturalistic paradigms. The limitations in temporal sensitivity inherent to measuring 

the hemodynamic response would have to be considered in the design of such a study. 

Specifically, the hemodynamic response takes several seconds to build up and go 

down again, before a meaningful target metric of the response to a stimulus could be 

computed. This would be challenging in an interactional context in which brain 

activation during contingent responding of the actor to the child is measured. 

However, in non-interactional live contexts as used in the present study, waiting for 

the response to build up and the computation to be finished and select the next action 

to present can occur during some unrelated baseline activity presented to the child 

during which the actor would not engage with the infant. 

 

Clinical application. 

Besides studying preferences in typically developing individuals, BO could be applied 

to clinical populations to tailor interventions to the individual’s needs, allowing to 

explore the effect of various interventions simultaneously. For example, little is known 

about what it is that actually triggers social brain responses in autistic children, if less 

so the cues preferred by the neurotypical population. BO could help to identify which 

cues trigger their social brain response, either on the level of the clinical group, or, 

given the heterogeneity among autistic individuals, on the individual level. The target 

metric could be any clinically relevant brain metric that has been shown to respond 

differently to the typical stimuli and studying responses in infants at elevated 

likelihood in a free social interaction context could be particularly helpful in 

identifying relevant cues (Chapter 6). 

 

Further possible applications of NBO.  

For example, while the studies in the present thesis used 1- and 2-dimensional stimulus 

spaces, NBO studies can be designed with more stimuli per dimension, as well as with 

more than 2 dimensions, as BO intelligently selects the stimuli to be presented, without 

the need for a sufficient search. It is worth considering that larger search spaces will 

result in more computation time.  

Moreover, it is in principle possible to apply the BO algorithm to behavioural data, 

possibly even in combination with hosting the study online using experiment builder 
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platforms such as Gorilla.sc (e.g., for collecting parent-report data) or Lookit (for 

recording gaze).  

Further, the present series of NBO studies aimed to identify the optimum stimulus in 

the individual infants by mapping a surrogate model of the unknown individual 

response function onto the stimulus space. While I only used the result of the optimum 

point in the space, a further result is this individual map of responses across the space. 

Using this map, we not only learn about individuals’ one preferred stimulus, but also 

about their responses to all other stimuli. Individuals might prefer the same stimulus, 

but they might have different responses to the rest of the space. In a 2D space, two 

individuals might prefer the point located in the upper right corner, but one of them 

might have “got there” (i.e. showed medium responses for stimuli located) over the 

bottom right corner, and the other one over the top left corner. Future studies should 

take advantage of these individual maps revealing deeper insights into individual brain 

functions across variety of stimuli. 

Crucially, longitudinal infant NBO experiments should be designed that follow up 

individual infants across different age points to reveal the developmental change in 

how their brain function maps across a stimulus space. This kind of studies would 

allow to study trajectories of individual preferences, towards understanding the causal 

mechanisms through which environmental input is processed in the brain, manifesting 

in behaviour. 

  

 

7.5 Overall conclusion  

The present thesis suggests that the elevation in theta power during naturalistic social 

compared to non-social attention observed in typical development is reduced in infants 

with familial likelihood of autism at 14 months. A reduced effect was not present in 

EEG data recorded at 5 months. This pattern of findings is in line with previous 

research showing an increase in strength and extent in differential responses to social 

versus non-social processing in typical infants. 

The present thesis further extended the novel experimental approach of Neuroadaptive 

Bayesian Optimisation (NBO) to infant neurophysiological data. NBO inverts the 

traditional experimental approach to instead of looking at many infants’ responses to 
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few stimuli and measuring response differences in magnitude or location, to shift 

perspective to one infant’s or a subgroup’s response to many stimuli, while keeping 

constant the target neural measure. This enables researchers to identify stimulus 

preferred by an individual or subgroup, not replacing but complementing the 

traditional group-level approach by taking a different perspective on the same subject. 

In the context of emerging autism, the method adapts on the methodological level the 

view that neurodevelopmental conditions may be the result of meaningful, adaptive 

responses to altered processing in early development (Johnson, 2017). The proof-of-

principle study in this thesis demonstrated the approach is practical, reliable and valid: 

It produced lower-than-normal attrition, a high proportion of infants converging to an 

individual optimum, and individual optima matching neural responses when averaged 

across subgroups. Future studies may implement a test-retest-analysis to evaluate the 

stability of individual optima across different timepoints and settings. Also, future 

research may develop alternative criteria for the early stopping criterion. An advanced 

definition for identification of the optimum point might make the paradigm even more 

robust and efficient.  
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Appendix 

A.2.1. Comparisons of the shape of the individual block-level Nc when applying 
high pass filter of 1 Hz versus 0.1 Hz and detrending versus no detrending of 
the signal 
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A.3.1. Modulation of social versus non-social theta power by likelihood status 
for different cortical regions (top) and hemisphere-side (bottom) at 14 months 
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A.4.1 Modulation of social versus non-social theta power by likelihood status 
for different cortical regions (top) and hemisphere-side (bottom) at 5 months 
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A.5.1 Individual output of an NBO experiment with a 1-dimensional stimulus 
space 
 
Graphical individual output of the NBO experiment (each panel representing one stimulus 
block). Top row: Plot of Nc waveform; middle row: feedback on the number of trials included 
per channel in the ERP, bottom row: objective function, with shaded area representing 
uncertainty, red dots representing empirical values, additional function representing acquisition 
function indexing the next stimulus point to sample 

 
(see next page for figure) 
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A.6.1 Live actor training procedure  
 
The live actor training was delivered by the same researcher for all actors consisted of 
four steps: 

1. (Remote or in-person) Actors were introduced to the stimulus space including 

the behaviours across the two dimensions and receiving overall instructions 

about body position during the experiment: Your body should always be 45 

degrees averted from child, while head and gaze angle are varied. Head and 

gaze angle are always varied together. During baseline, look at the screen 

(positioned at 90 deg to your right) and hold the toy still (i.e. no sound). Exhibit 

the same friendly facial expression throughout the experiment. 

2. (Remote or in-person) The trainer demonstrated each behaviour in the stimulus 

space. 

3. (Remote or in-person) Actors practiced all behaviours. 

4. (In-person) In mock-experiments in the lab, actors displayed the behaviours in 

response to instructions and received feedback from the trainer. 

  



 

 
 

246 

A.6.2 Theta power by VABS Interpersonal Relationships, by the four corners of 
the stimulus space 
 
(NV = nonvocal; IDS = infant-directed speech) 
 

 


