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Abstract

Visual event-related potentials (ERPs) have been widely used during the past two

decades to study cognition in developmental populations. One of the main challenges

related to current infant ERP practices is the need to obtain good-quality ERPs that

provide reliable results with which to examine research issues. There are two main

aspects that play a role in obtaining a valid ERP trial: the infant’s attention to

the stimuli and an EEG signal free of artefacts—primarily eye and body movement

artefacts—. The aims of this thesis were to explore alternative methodological

approaches that could potentially improve current ERP practice as well as to assess

the validity of the current ERP editing methods. Specifically, the first aim was to

study the use of eye tracking techniques to improve current ERP data collection

methods and ERP final data quality. In Chapter 2, eye tracking technology was

used as a mean to study how advanced ERP components are negatively affected by

the fixation location distance to the stimulus. Chapter 3 evaluated the changes in

attention and visual behaviour of a gaze-contingent paradigm used during ERP data

collection in 10-month-old infants. The second aim was to investigate to what extent

the current infant ERP editing methods are reliable and to assess the need for their

further standardization within the field. Chapter 3 focused on understanding the

current editing methods used in ERP infant research for selecting ERP trials free

of artefacts. The study analyzed the agreement between three experienced infant
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ERP human editors and one algorithm for selecting artefact-free ERP trials as well

as the EEG signal characteristics that influenced the selection of valid trials. The

implications of the results of the three studies presented in this thesis for current

infant ERP practices are discussed in Chapter 5. Overall, this thesis highlights

the importance and need of the field to work towards the improvement of current

methodologies for collecting and analyzing infant ERP data.
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Chapter 1

Introduction

1.1 Introduction to infant ERP research

Electroencephalography (EEG) is a method for recording the electrical activity of

the brain from electrodes placed on the scalp. EEG measures voltage fluctuations

and primarily reflects the sum of the postsynaptic potentials of neurons in the cortex

(Davidson, Jackson, & Larson, 2000). The main advantages of EEG when contrasted

with other measures of brain activity are its non-invasiveness and its high temporal

resolution. Event-related potential (ERP) is a methodology that uses EEG to study

the cognitive responses caused by specific external events. ERPs have been used

for decades in infant research to understand different cognitive functions as they

develop in human infants in typical and atypical developmental populations (Nelson

& McCleery, 2008; Reynolds & Guy, 2012). The main research areas where ERP

has been extensively applied to date are attention, memory, action understanding,

face processing, language development and emotions (for a review, see De Haan,

2007a). Despite all the advantages that ERP offers, it also comes with a number of

challenges when applied to infant samples. These challenges are mainly related with
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the impossibility of giving instructions during the experiment and infants’ attention

span. The current thesis’ aim is to identify and address some of these important

issues as well as study its consequences.

One of the reasons why ERP has become popular in infant research is because it is

one of the few non-invasive methodologies that allows to study healthy infants’ brain

activity. A cap or net must be placed on the head of the infant that typically contains

the electrodes that will record the electrical activity. Some EEG manufacturers (e.g.,

EGI®, Brain Products®, Biosemi®) have developed specific EEG systems adapted

to infants. They are designed to fit infants’ head and facilitate a quick setup as

infants do not tolerate long preparation times. Once the cap is on the infant’s head

and the recording has started, the ERP paradigm begins. The infant is exposed to

the same environmental events many times (from dozens to hundreds of times). The

general ERP methodology requires several repetitions of the same stimuli because

its principle is based on averaging the time-locked brain activity to the same events.

By doing this, the brain response caused by the event—considered the event-related

signal—is enhanced, and the rest of the brain activity that is not associated to the

event —considered random signal—is diminished (Luck, 2005; Otten & Rugg, 2005).

An ERP consists of the sum of different components that are related to brain

processes (Luck, 2005). In both adults and infants, the ERP components can be

divided in early components and late components. The former, related to rapid

processing of the stimulus (e.g., visual processing), are those within 200 ms after

the onset of the stimulus. The latter, typically related to more complex cognitive

processing of the stimulus, can be observed from 200 ms up to few seconds after the

onset of the stimulus (e.g., semantic processing). Each component is related with
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one or more cognitive processes. Thus, for example, the visual N290 and P400 com-

ponents are sensitive to face processing (H. Halit, De Haan, & Johnson, 2003) and

the positive slow wave has been related to the updating of memory representation

in infants (Nelson, 1994). Amongst the most studied of the developmental ERP

components is the Negative Central (Nc) component. It is a negative deflection

observed mainly over the frontal and central electrodes. The latency varies with

age, peaking around 400-800 ms at 6 months of age. This component is thought

to reflect attentional orienting to interesting stimuli (Courchesne, Ganz, & Norcia,

1981; Richards, Reynolds, & Courage, 2010) and sustained attention and attention

arousal (Richards, 2003). The Nc is elicited by any type of visual stimuli, thus it

has been suggested that it may reflect “automatic” orienting (De Haan, 2007b).

Infant ERP components change during the first postnatal year and differ in am-

plitude and latency from adult ERP components (Picton & Taylor, 2007; Webb,

Long, & Nelson, 2005). In general, infants’ ERP components are greater in am-

plitude and latencies than in adults. Some infant ERP components are suggested

to evolve in terms of amplitude and latency with increasing age and become adult

ERP components. This is the case of the face-sensitive components N290 and P400,

which have been associated as possible precursors of the also face-sensitive compo-

nent N170 in adults (Halit, Csibra, Volein, & Johnson, 2004; Leppänen, Moulson,

Vogel-Farley, & Nelson, 2007) or the N400, which keeps the same name in infants

and adults although it is delayed in infants. This component has been related to

semantic processing of language and action and appears in unanticipated conditions

(Kaduk et al., 2016; Reid et al., 2009).

ERP components vary its amplitude, latency and duration with the stimulus
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properties (e.g., color, congruency, luminosity) and cognitive tasks (e.g., attention,

passive listening, semantic categorization). The general approach in ERP research is

to compare the same ERP component under study elicited by two or more different

conditions. Conditions are supposed to vary only those properties of the stimulus

that are related to the research question, leaving other factors as similar as possi-

ble (e.g., luminosity, color if the research question involves a change in a cognitive

task; Luck, 2005). Any difference in the ERP components can then be assumed to

be produced by the stimulus property that varied between conditions. The most

common measures are the amplitude and latency differences between ERP compo-

nents. There are widely applied paradigms that are known to create a difference in

specific ERP components. This is the case with the oddball paradigm, which has

a standard condition shown frequently (more than 50% of the trials) and an odd-

ball condition for the rest of the trials that elicits differences in ERP components

(for a review, see Friedman, Cycowicz, & Gaeta, 2001). Another example are the

paradigms where there are two conditions: congruent and incongruent. As in the

oddball paradigm, the incongruent condition will create a different cognitive process

and therefore differences in the ERP components can be measured (e.g., Reid et al.,

2009; Reid & Striano, 2008). In infant ERP research, these types of paradigms

are used to study whether infants have already developed the ability to understand

or process certain forms of information. That is, if infants are able to distinguish

between the conditions under study at a certain age their cognitive processes will

be different and therefore the ERPs will reflect this. If, on the contrary, at a certain

age infants do not show differences in the ERP elicited by different conditions, it can

be inferred that they have not developed the ability to understand or process the

perceptual or cognitive differences between conditions. The ERP technique has the
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advantage of being suitable from very young infants to older children and adults.

This enhances the possibilities of comparing the cognitive responses of different de-

velopmental groups to the same stimulus and, therefore, provide valuable insights

into the cognitive changes that occur with development.

ERP in infants are typically limited to passive viewing or listening paradigms.

The nature of the ERP stimuli can be purely auditory (e.g., Choudhury & Benasich,

2011; C. He & Trainor, 2009; Tew, Fujioka, He, & Trainor, 2009), purely visual (e.g.,

Bakker, Kaduk, Elsner, Juvrud, & Gredebäck, 2015; Kaduk et al., 2016; Leppänen

et al., 2007) or a combination of both (e.g., Friedrich & Friederici, 2010; Hyde,

Jones, Porter, & Flom, 2010; Junge, Cutler, & Hagoort, 2012). Because of the EEG

high temporal resolution and, consequently, the importance of time-locking the brain

response elicited by the stimulus with a high timing precision, the stimuli are usually

controlled via computers since they are able to accurately mark the onset of the

stimuli in the EEG data. Auditory events are usually presented via loudspeakers.

In the case of visual ERP experiments, there have been some interesting attempts

to show real world objects to infants (e.g., Carver, Meltzoff, & Dawson, 2006) but

the most broadly used setup is still to present the stimuli on monitors in the form

of still images or videos. One of the issues addressed by this thesis is related to how

visual attention affects the ERP quality and the study of how to improve infants’

attention to the stimuli with the use of eye tracking. Therefore, from now on, the

emphasis of this thesis will be on visual ERP experiments.
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1.2 Current infant ERP methodology

The main principles of the ERP methodology are common to both infant and adult

participants, particularly, the stimuli repetition and the inclusion of trials without

EEG artifacts in the final ERP. In order to obtain a visual ERP in any population,

it is necessary to show the participant the same stimulus dozens of times (i.e., ERP

trials) and average the time-locked brain responses. Also, only clean ERP trials

without artifacts should be included in the final sample to compute the ERP. To

ensure a good-quality EEG signal, the participant should move as little as possible,

minimize eye movements and pay attention to the stimulus. This is relatively easy

to accomplish in practice with adult participants since they can receive instructions

and behave accordingly during an ERP experiment. When the tested population

are infants or young children, avoiding body and eye movements and paying at-

tention to the stimuli become a challenge. The impossibility of giving instructions

during an experiment is a common issue across infancy research techniques, but it

is particularly critical for ERP studies due to the number of repetitions of the same

stimulus, which causes boredom and a rapid lack of interest to the stimuli.

General ERP methodology literature describes the guidelines related to how to

record and analyze ERPs (e.g., Luck, 2005; Picton et al., 2000). They mainly

focus on adult studies and point out that special measures need to be adopted

in clinical and developmental studies, although do not elaborate in detail on these

topics. Several authors have contributed to the methodological literature specifically

focusing on infant ERP studies, providing guidance and good practice related to

how to record and analyze infant ERP data (Csibra, Kushnerenko, & Grossmann,

2008; DeBoer, Scott, & Nelson, 2007; Hoehl & Wahl, 2012; M. H. Johnson et al.,
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2001; Nelson & McCleery, 2008). These guidelines typically identify the challenges

that arise from having infants as test subjects, the common approaches applied in

literature to deal with them and practical advice for researchers new to the infant

ERP field.

1.2.1 Data collection methodology

The biggest challenges identified by the literature during an infant ERP experiment

are: body movements and the limited attention span of the infant participants.

Body movement activity can either produce an electrical signal that will be picked

up by the electrodes (i.e., muscle activity or eye movements) or can widely distort

the EEG signal by rapid impedance changes (i.e., electrode or cable movements).

Eye movements and blinks are especially a risk because of their near location to

EEG electrodes. The general method is to avoid eliciting these as much as possible

during the trial presentation since they widely distort the EEG signal. In an infant

ERP experiment, a common approach to limit eye movements is to present the

stimuli at a relatively small size. Stimuli sizes vary between studies. For infants

older than 6 months of age, usually the stimuli sizes range from 5° to 15° of visual

angle (e.g., Grossmann, Striano, & Friederic, 2006; Hoehl & Striano, 2008; Kaduk et

al., 2016; Otte, Donkers, Braeken, & Van den Bergh, 2015; Webb, Dawson, Bernier,

& Panagiotides, 2006).

Paying attention to the stimuli is particularly critical in visual paradigms because

a brain response will only be generated if the infant is visually attending to the

stimuli. Besides general lab recommendations such as creating a non-distractive
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environment (Hoehl & Wahl, 2012), there are some methods used in infant ERP

experimental design that aim to maintain infants’ attention to the stimuli for as long

as possible. First, the most obvious one, is to use, when possible, infant-attractive

stimuli like geometric shapes, human faces or toys (e.g., “Visual statistical learning

of shape sequences: An ERP study”, 2009; Farroni, Massaccesi, Menon, & Johnson,

2007; De Haan & Nelson, 1997; Hoehl, Reid, Mooney, & Striano, 2008). Second,

a complementary method used whenever possible is to create different stimuli that

depict the same condition. A suitable case is when each condition represents a broad

category. For example, Jeschonek, Marinovic, Hoehl, Elsner, and Pauen (2010) used

photographs of 59 different animals and 59 different furniture items to represent the

animal and furniture category, respectively. There are also examples of having more

than one stimuli, representing a condition when the categories are not as generic as

furniture or animals. The stimuli in Reid et al. (2009) included a congruent and

an incongruent condition of an eating action. Each condition was presented with

two different stimuli that included a different actor and a different food element.

Increasing the variety of stimuli has been shown to increase the infant attention

span (Stets, Burt, & Reid, 2013). However, when different stimuli depict the same

condition, it is important that the changes in the stimulus will not modify the brain

response. Third, infants engage more with complex and dynamic stimuli than with

static stimuli (Courage, Reynolds, & Richards, 2006; Shaddy & Colombo, 2004).

Dynamic elements are not generally used as stimuli in ERP studies due to a potential

increase in eye movement artifacts and the difficulty of time-locking a dynamic

stimulus (a few exceptions are biological motion studies such as Reid, Hoehl, Landt,

& Striano, 2008; Reid, Hoehl, & Striano, 2006). However, what is a common practice

in infant ERP methodology is to use short dynamic elements with or without sound

8 Chapter 1



Towards the improvement of infant ERP techniques

between ERP trials, known as “attention grabbers”, to keep or regain attention

when an infant disengages from the stimulus presentation. Last, another common

practice is to pause the stimulus presentation when the infant becomes inattentive

or starts to show symptoms of distress, which are usually described as “fussiness”.

Having breaks can help the infant get back to a more relaxed state and restore the

interest of the infant in the presentation of more ERP trials after the pause. These

are the principal tools available for experimenters to try to overcome the primary

challenge present in a visual ERP experiment: keeping the infant’s attention to the

stimulus presentation for as long as possible and therefore increasing the likelihood

of obtaining valid ERP trials.

There are no guidelines accepted as standard in the infant ERP field about the

most suitable strategy of presenting stimuli in order to keep an infant’s attention

during an experiment. The sequence of trials, attention grabbers and pauses that are

used in order to maximize the infant’s attention to the screen are typically employed

at the experimenter’s discretion (Hoehl & Wahl, 2012). A common approach is

to show the ERP trials in a continuous mode and present attention grabbers or

make pauses when the experimenter considers that the infant is disengaging with

the stimuli and needs to recapture the attention (e.g., Bakker et al., 2015; van

Hoogmoed, van den Brink, & Janzen, 2013). Another approach is to present a trial

when the experimenter considers that the infant is looking at the monitor (e.g.,

H. Halit et al., 2003; Richards, 2003). For example, H. Halit et al. (2003) showed

a sequence of trials where each trial consisted of a central fixation point followed

by an upright or inverted monkey or human face. The fixation point remained on

the screen until the experimenter saw the infant looking at the fixation point via

a video camera. Attention grabbers were also presented anytime the experimenter
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considered it necessary in between trials. The last common approach found in the

literature is to show an attention grabber or animation by default prior to each trial

to attract the infant’s attention towards the part of the screen where the trial will be

presented (e.g., Csibra, Tucker, Volein, & Johnson, 2000; Parise & Csibra, 2013) or

every certain number of trials, usually defined as block (e.g., Kouider et al., 2013).

New methods for keeping an infant’s attention to the ERP presentation to get as

many valid trials as possible have recently been proposed. In her research, Stets et

al. (2013) investigated a new presentation procedure based on the knowledge that

infants engage more with complex stimuli. The proposed testing procedure essen-

tially consisted in increasing the variety of stimuli shown to the infant during the

presentation. The authors used stimuli from three previous visual ERP studies and

presented all stimuli randomly intermixed during the same ERP sequence. Their

findings confirmed that this stimulus-variability sustained infants’ attention longer,

enabling the acquisition of more valid trials when contrasted with studies that only

present two conditions. They also partly replicated the results from the original

studies. The main restriction of the new method proposed was, as the authors

pointed out in their study, that the stimuli presented from each different experi-

ment had to be conceptually and perceptually different from each other in order to

avoid the risk of interference of information processing between the conditions. This

contamination risk is not only specific to the proposed methodology by Stets et al.

(2013), it is also important to take it into account when presenting other type of

engaging elements during an ERP experiment, such as attention grabbers between

trials (Hoehl & Wahl, 2012).
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1.2.2 Data reduction methodology

Data reduction is the first pre-processing phase in infant ERP data and comprises

the selection of ERP trials that will be included in the final ERP average. This data

editing process detects and rejects trials that contain artifacts. Causes to reject

a trial are, amongst others: movement artifacts, muscle artifacts, eye movement

artifacts or lack of attention to the stimuli (Hoehl & Wahl, 2012). This process can

be split into two steps, which can be applied together or consecutively, depending

on the methodology used to select ERP trials:

The first step is intended to select the trials where the infant is visually fixating

on the stimuli. As explained earlier, this is the primary condition to generate a

cognitive response to a visual stimulus and therefore this step is critical in order to

maximize as much as possible the quality of the ERP signal, i.e., Signal-to-Noise

Ratio (SNR). The most used approach within the infant literature is to record with

a video camera the infant’s behaviour during the experiment. Following data ac-

quisition, the researcher visually inspects the video recording trial by trial to select

the ERP trials where the infant was looking at the stimulus (Hoehl & Wahl, 2012;

e.g., Altvater-Mackensen, Jessen, & Grossmann, 2016; Guy, Roberts, Tonnsen, &

Richards, 2017; Kushnerenko, Teinonen, Volein, & Csibra, 2008; Striano, Kopp,

Grossmann, & Reid, 2006). There are a few challenges associated with this method,

both technical—synchronization of the video recording with the stimulus presen-

tation onset times—and human related—researcher’s time spent and the ability to

discern visual attention to the stimulus in some cases—. Nevertheless, this is still

regarded as the most reliable method to select visually attended ERP trials in an

infant population. Another approach that is used less often involves the inclusion of
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trials based on the inspection of infant’s behaviour during the experiment (e.g., De

Haan & Nelson, 1999; Webb et al., 2005). This approach avoids the technical and

time challenges described with the video recording but increases the risk of includ-

ing trials where the infant is not looking at the stimulus during the trial, especially

because of the impossibility of reviewing the decision after the experiment.

The second step is the detection of EEG channels that contain unacceptable

levels of noise due to movements or other artifacts that distort the EEG signal.

There is extensive literature about how to complete this detection in adults utilis-

ing automatic algorithms (e.g., Delorme, Sejnowski, & Makeig, 2007; C. A. Joyce,

Gorodnitsky, & Kutas, 2004; Luck, 2005) as well as software analysis tools that ease

the use of them (e.g., Delorme & Makeig, 2004; Mognon, Jovicich, Bruzzone, &

Buiatti, 2011; Nolan, Whelan, & Reilly, 2010). However, the automatic algorithms

for rejecting artifacts are generally created for adult EEG signals. They are not al-

ways appropriate for infant EEG amplitudes and artifacts because they are usually

too strict for infant data (Hoehl & Wahl, 2012). Therefore, the common approach

in infant ERP literature is to conduct a manual trial-by-trial editing process to de-

tect the trials and channels where the EEG signal is contaminated with artifacts.

This process is performed based on visual inspection of the EEG waveforms, or par-

tially assisted by running an automatic algorithm before the inspection to facilitate

the detection of contaminated trials (e.g., Jeschonek et al., 2010; Leppänen et al.,

2007; Reid, Csibra, Belsky, & Johnson, 2007; Righi, Westerlund, Congdon, Troller-

Renfree, & Nelson, 2014). There are a few cases in the infant ERP literature where

the selection of trials has been done fully automatically. For example, Kouider et

al. (2013) utilized a generic automatic algorithm designed for adult EEG data based

on amplitude rules. The amplitude thresholds were adapted (i.e. increased) to cope
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with the generally larger amplitudes of signal and noise of the infant EEG. The au-

thors reported in their study that the automatic algorithm successfully eliminated

trials with noise. This statement was based on the late slow wave pattern observed

on the grand average ERP across the scalp. According to the authors, this late slow

wave pattern in the final ERP is not compatible with the presence of eye movements

or with motion artifacts in the included trials.

The number of artifact-free trials per condition needed for ERP analysis will

depend on the SNR of the component under study. For adult participants this

goes from a minimum of 40 trials with a typical number of around 75-100 trials

(Picton et al., 2000). Luck (2005) also states in his introductory book to ERP

that “the quality of the resulting ERP, known as signal-to-noise ratio (SNR), will

increase with the number of trials included in the average. Only clean trials without

artifacts should be included since artifacts extremely distort the EEG signal and

will also distort the ERP”. In infants, the number of artifact-free trials that are

left after the data editing process is usually much lower than in adults. In fact,

one of the main reasons for exclusion of a participant from the final sample in an

infant ERP study is not reaching the minimum number of artifact-free trials. The

attrition rate in infant ERP studies is typically between 50%-75% of the tested

infants (for a review, see Stets, Stahl, & Reid, 2012). This is due to a combination

of the fewer number of trials seen during the experiment and the larger amount of

trials discarded during the editing process. A minimum of 10 artifact-free trials per

condition is usually considered sufficient in an infant visual ERP study (e.g., Bakker

et al., 2015; DeBoer et al., 2007; Reid et al., 2007; Reynolds & Guy, 2012). A

factor that contributes to this small number of trials per infant and condition is the

amplitude of infants’ electrical brain activity measured on the scalp. It is usually
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higher than in adults due to reduced impedances, such as a thinner skull, in addition

to larger postsynaptic activity as a result of a larger number of synapses (DeBoer et

al., 2007; Thierry, 2005). Another aspect to take into account is the within-subject

variability in infant ERP data. Snyder, Webb, and Nelson (2002) found that infants’

brain response changes during the time-course of an experiment. The Nc and slow

wave components of the ERP significantly changed their morphology when including

trials from either the first or second half of the experiment. One hypothesis is that

these changes are associated with familiarity to the stimulus. Stets and Reid (2011)

also found that including different amount of trials in the final ERP can significantly

modify the Nc morphology and even change the differences in amplitude between

conditions. They attributed the changes in their experiment to changes in the

allocated attention to stimuli during the experiment. The authors also studied the

possibility of reducing the criterion of minimum number of trials per condition as

this facilitates the inclusion of a larger sample of infants in the grand average ERP.

The inclusion criterion of a minimum of 3 to 5 artifact-free trials per condition has

been recently reported in several studies (e.g., Kaduk et al., 2016; Kaduk, Elsner, &

Reid, 2013; Missana, Rajhans, Atkinson, & Grossmann, 2014; Yrttiaho, Forssman,

Kaatiala, & Leppänen, 2014). Reducing the number of minimum artifact-free trials

per condition has the advantage that more infants can be included in the final ERP

because they reach the criteria. This potentially decreases the SNR of the average

ERP of each individual but increases the power of the effect by increasing the sample.
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1.3 Eye tracking and EEG

Eye tracking is one of the methodologies most used amongst infant researchers.

The most widespread method is the corneal reflection eye tracking technique, which

estimates the pupil dimensions and gaze direction using near-infrared light and im-

age processing algorithms (Holmqvist et al., 2011). Eye tracking based on corneal

reflection is an unobtrusive technique and can be used to study infants’ eye move-

ments from a very early age. Eye tracking techniques with infants have been widely

described in the literature (Aslin, 2012; Feng, 2011; Gredebäck, Johnson, & von Hof-

sten, 2010; Oakes, 2010, 2012). Eye tracking has been used, as can be expected, to

study eye movements during the development of oculomotor control (e.g., Karatekin,

2007; Rosander & Von Hofsten, 2002; Shea & Aslin, 1990), although this is just a

very small field in developmental research where eye tracking methodology has been

applied. The ability to measure with timing and spatial precision where infants look

at a visual stimulus can tell much about their perception and interpretation of the

world at a specific moment of development. There are well established eye tracking

paradigms that are currently used to study different aspects of development. Some

examples are the occlusion paradigm to measure infants’ understanding and ex-

pectations (Johnson, 2003), the face-distractor paradigm to measure the latency to

disengage from a central target, such as a face (Ahtola et al., 2014) or the visual ex-

pectation paradigm to evaluate the speed of information processing and expectancy

formation (Haith, Hazan, & Goodman, 1988). Eye tracking can also ease the analy-

sis process and give more accurate results in general developmental paradigms, such

as the relatively common preferential looking behavioural paradigm (e.g., Gredebäck

et al., 2010; Chong, Richmond, Wong, Qiu, & Rifkin-Graboi, 2015; S. P. Johnson,
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Slemmer, & Amso, 2004; Richmond & Nelson, 2009).

An additional use of eye tracking is to analyze the eye movement information

during the experiment to update the stimulus presentation based on the participant’s

looking behaviour, known as gaze contingency (Holmqvist et al., 2011). In infancy

research, some gaze-contingent paradigms have been used in recent research and

are allowing the exploration of new methods to understand development, as well

as disentangle more complex infant behaviour that is not possible to study only

with eye tracking as a post-processing tool (Deligianni, Senju, Gergely, & Csibra,

2011; Marraffa & Sperati, 2012; Miyazaki, Takahashi, Rolf, Okada, & Omori, 2014;

Shukla, Wen, White, & Aslin, 2011; Wang et al., 2012; Wass, Porayska-Pomsta,

& Johnson, 2011). Wang et al. (2012) demonstrated in their novel paradigm that

infants can learn that they could trigger a stimulus (considered as a reward) more

rapidly than most of the tested adults, just by looking at a red circle presented on

the monitor. The hypothesis of why infants were able to learn this gaze-triggering

behaviour and adults generally were not, is that infants do not have a prebuilt idea

of what is possible and what is not as robustly as adults have. This allows them

to learn and understand new concepts more rapidly than adults. Also, Wass et

al. (2011) and Forssman, Wass, and Leppänen (2014) have shown that infants are

able to get better at controlling attention when they have been previously trained

with gaze-contingent stimuli that reacted to their looking behaviour (i.e., a butterfly

started flying whenever an infant looked at it). Finally, gaze contingency has also

been used extensively, especially in adults, as a method to control the stimulus

presentation (Holmqvist et al., 2011), this is, presenting the next trial only when

the eye tracker estimates that the participant is looking at the right place.
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The combination of eye tracking and EEG within one experiment has increased

in recent years, especially in adult research, as both knowledge and technology have

evolved. Simultaneous recordings of eye tracking and EEG are currently used to get

new insights about cognition and human behaviour that are not possible without

the combination of the two sources of information (e.g., Kulke, Atkinson, & Brad-

dick, 2016a) and also for methodological purposes (e.g., Ahtola, Stjerna, Stevenson,

& Vanhatalo, 2017). One of the fastest recent methodological developments has oc-

curred in the area of eye-fixation-related potentials (EFRPs). EFRPs overcome the

challenge of avoiding eye movements during ERP studies and thus, allow the mea-

surement of brain responses with free-viewing stimuli. Eye tracking data are used to

calculate fixation locations and onset times. Each fixation onset becomes the onset

of an EFRP trial, measuring the brain response during the fixation time (i.e., eyes

are still). This allows the acquisition of EFRP epochs that are not contaminated by

eye movements while allowing the participant to perform more natural behaviour

during the experiment. This methodology first started in reading ERP research

(Dimigen, Sommer, Hohlfeld, Jacobs, & Kliegl, 2011) and, in the last years, other

areas of research such as visual search (Kamienkowski, Ison, Quiroga, & Sigman,

2012; Kaunitz et al., 2014; Weaver, Clayton Hickey, & van Zoest, 2017) or affec-

tive processing of natural scenes (Simola, Le Fevre, Torniainen, & Baccino, 2015)

have also used this methodology successfully. According to the knowledge of the

author, EFRP has not been applied to infants to date. This is most likely due to

the complexity of the methodology and the requirement of obtaining high-quality

eye tracking data in order to accurately compute the fixation onset times.

Another potential application of the simultaneous recording of eye tracking and

EEG is the use of eye tracking data as an artifact rejection tool to detect EEG data
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contaminated with eye movement artifacts. Eye movements and blinks contaminate

frontal EEG electrodes and it is crucial in ERP studies to detect them to either

reject the EEG data where the artifact occurs or correct them to eliminate the noise

from the EEG activity (Luck, 2005). There are algorithms that are used to detect

blinks and eye movements from the frontal electrodes of an EEG recording or the

electrooculogram (EOG) electrodes. These can be based on basic rules that detect

sudden changes in EEG amplitudes, characteristic of these type of artifacts, or in

more advanced algorithms based on source separation such as ICA or PCA (e.g.,

Jung et al., 2000). Nevertheless, the use of eye tracking to detect eye movements

has the advantage of the high spatial accuracy achieved with eye tracking, which

can potentially help detect not only eye movements precisely, but also the specific

location of the gaze at a certain point in time (e.g., fixation location outside the

fixation cross shown prior the stimulus). Only two studies have been found in the

literature that investigate the use of eye movement data from an eye tracker to

improve the eye movement artifact detection in combination with ICA algorithms

(Plöchl, Ossandón, & König, 2012) and to detect valid EEG epochs based on the

gaze behaviour (Ahtola et al., 2017).

In developmental research, the combination of eye tracking and EEG is still less

common than in adult research. This is in a large extent due to the methodological

and technical difficulties of recording simultaneously two sources of data such as EEG

and eye tracking with infants. In some cases, these difficulties can be overcome by

recording one method after the other with two experiments during the same session.

Righi et al. (2014) investigated how 7-month-old infants processed female and male

faces. The authors designed two experimental paradigms: an ERP where they

found differences in the N290 component, demonstrating that infants at that age
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differentiated gender in human faces. They also conducted an eye tracking study,

which further demonstrated this fact. Interpreting both eye tracking and ERP

results together, allowed the authors to conclude that the differential processing

for female faces may be a signature of expert-level processing. There are also a few

studies where eye tracking and EEG have been successfully combined simultaneously

(Agyei, Holth, van der Weel, & van der Meer, 2015; Kulke, Atkinson, & Braddick,

2016b; Yrttiaho et al., 2014). Kulke et al. (2016b) recorded eye tracking and EEG

simultaneously with infants from 1 to 8 months of age. The authors applied the

fixation shift paradigm and were able to relate the evolution of visual attention

shifts with the evolution of neural responses during the first months of postnatal

development.

The current disadvantages when combining these techniques with infants is still

a limiting factor of their use. Southgate and Vernetti (2014) reported in their study

that the authors could not record simultaneously eye tracking and EEG data with

infants (as they did with adults) because the time spent in setting up both methods

together negatively affected the number of valid trials that they were able to acquire

due to the limited attention span of infants. Kulke et al. (2016b) also reported in

their study that the combination of techniques led to the exclusion of more trials,

as some trials were excluded because they did not meet either the eye tracking data

quality criteria or the EEG data quality criteria. Nevertheless, the advantages of

combining eye tracking and EEG can be potentially significant. The most relevant

advantage is the use of eye movements and brain responses to get more accurate

information about development mechanisms in infants. This is particularly the case

in instances where the use of only one technique cannot provide enough evidence

for a strong scientific conclusion. There are also methodological advantages, such
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as the possibility of using the eye tracker to automate the beginning of trials (i.e.,

stimulus control with gaze contingency), or using the eye tracking data as an EEG

artifact detection and rejection method.
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1.4 Main limitations of current infant ERP tech-

niques

Being able to get insights about cognitive development with a non-invasive and

well-established technique is without doubt the main advantage and reason why

ERP has become a popular method in developmental research. However, it is clear

that the ERP methodology that is currently used with infants has a number of

challenges that increase the difficulty of obtaining good quality data and, therefore,

can jeopardize the conclusions of the research questions under study. The challenges

are, to a major extent, a result of the infants’ attention span and behaviour during

the experiment, which have a direct impact on the EEG data quality and thus on

the number of artifact-free ERP trials that can be included in the average ERP.

One of the main consequences derived from these challenges is the attrition rate

that is usually reported in infant ERP studies, which varies between 25% - 75%

across studies (DeBoer et al., 2007; Hoehl & Striano, 2008; Stets et al., 2012).

An extreme example is the case of De Haan, Pascalis, and Johnson (2002). The

authors tested 175 6-month-old infants and only included 34 of those in the final

ERP analysis. The high attrition rate of 80% was attributed to the strict criteria

followed to select artifact-free trials. The most obvious consequence of having high

attrition rates is the amount of time spent by the experimenter testing infants and

analyzing data that will not contribute to the final ERP results. There are, however,

other more important questions to address that are related to excluding infants from

the final sample that could even have an impact on the results. For example: are

the most temperamentally “patient” infants likely to behave positively during the

ERP experiment and therefore more likely to be the ones that will be included in
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the final ERP sample? Could infants who are developmentally more advanced than

the majority of their cohort be more likely to contribute enough trials for an ERP?

Either of these possibilities could potentially create a bias in the results, which could,

in some cases, not represent the age group under study.

It is common in current ERP methodology that participants are discarded from

the final ERP analysis if they have not contributed to all the conditions with at

least a minimum number of trials (Luck, 2005). This criterion becomes especially

significant in infant ERP where a relatively reduced amount of artifact-free trials

are generally acquired, consequently increasing the attrition rate. The attrition rate

increases even more when using common infant paradigms where conditions are

presented at different frequencies, such as the odd-ball paradigm, with one condi-

tion presented significantly fewer times than the other e.g., 20%/80% ratio: Karrer,

Karrer, Bloom, Chaney, and Davis (1998). A high attrition rate means increasing

the tested sample in order to have statistical results with enough power to answer

the research question. This is a clear limitation since testing more infants means

spending more time in looking for infant candidates, in recording sessions and in

analyzing the ERP dataset to determine whether the infant can be included in the

final analysis sample of the study. Besides these practical consequences, excluding

a high number of infants from a study has also the potential risk of obtaining re-

sults not representative of the population under examination. Overall, decreasing

the attrition rate in infant ERP studies is an important question that needs to be

addressed.

Stets et al. (2012) conducted a meta-analysis to investigate the possible connec-

tions between study-related features, such as the nature of the stimuli (visual or
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auditory), the duration of the session or the number of conditions, with the attri-

tion rate reported by the corresponding infant ERP study. The variable that had

the greatest influence in the attrition rate was the nature of the stimuli, with visual

stimuli having higher attrition rates than auditory stimuli or combinations of audi-

tory and visual stimuli. Remarkably, neither the number of conditions presented nor

the mean number of artifact-free trials per condition included in the analysis were

found to have impact on the attrition rates reported. As the authors conclude, there

might be more factors—difficult to measure—that were not taken into account in

the meta-analysis, such as the amount of experience of the experimenter or the so-

cial factors related with the end of maternity leave (i.e., an infant’s behaviour could

be altered after their mother’s maternity leave period has ended and the infant has

started daycare). Indeed, a näıve interpretation of the variables that can influence

attrition rate in infant ERP experiment would be to hypothesize that with fewer

conditions, the number of trials presented per condition will increase with a conse-

quent reduced risk of having a high attrition rate. However, the research to date on

this matter suggests that there are many variables that can influence attrition rate

and it is the combination of different variables that will produce a specific attrition

rate. For example, the authors of the meta-analysis, also examined the potential

benefits of including more conditions in the same ERP session belonging to different

ERP paradigms (Stets et al., 2013). The hypothesis here was that the presentation

of more variation of stimuli would increase the attention span of infants. Indeed,

the increment of conditions in this experiment resulted in a decrease in the attrition

rate. In this study, the variety of stimuli presented was the most probable cause of

decrease in the attrition rate, mainly due to the attention span increase and there-

fore the number of trials presented to infants. This contradicts on one hand the
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simplified assumptions that fewer conditions will increase the likelihood of collect-

ing more artifact-free trials but, on the other hand, demonstrates how complex it is

to assess the partial contribution of each factor to the attrition rate in infant ERP

experiments.

Attention span of infants during ERP experiments is another limitation of the

current infant ERP techniques. Keeping an infant’s attention during a experiment is

a general challenge in infant research, but in visual ERP paradigms it is a factor that

can seriously limit the amount of artifact-free trials that are obtained, with possible

implications for the data quality. Usually, the experimenter is able to recognize that

the infant’s attention span has ended or is near the end because the infant shows one

or more of the following behaviours: loss of interest in the stimuli starting to move,

to yawn or to sob, amongst other displays of distress. This state of the infant, which

creates big artifacts in the EEG signal, is usually defined as “fussiness” and it is one

of the main causes of attrition rate reported in behavioural visual experiments with

infants (Slaughter & Suddendorf, 2007). When an infant becomes “fussy” during the

stimulus presentation, the experimenter can take a break and try to continue with

the experiment a few minutes later, show attention grabbers to try to regain infants’

visual attention to the screen or to stop the experiment. It is the experimenter who

usually decides how to proceed when fussiness is detected. This is likely to be a

subjective and fluctuating decision that can, therefore, introduce variability in the

amount and quality of acquired infant ERP data.

Apart from these methodological difficulties related to the experimental design

and the recording session, there are also other factors that are related with the data

analysis. The main limitation is the lack of robust methods during the editing pro-
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cess of the infant ERP data. First, the selection of trials where the infant is visually

fixating on the stimulus is mainly based on human judgements. When it relies on

technology such as the video recording of infant’s behaviour, it might be sometimes

unclear whether the infant was looking at the important part of the stimulus due to

the resolution and quality of the video recording. This can potentially decrease the

SNR of the average ERP if trials with no (or weak) ERP responses are included.

Second, the artifact detection usually has the same associated problem. To the

knowledge of the author, there are no robust automatic algorithms that can cope

with the high within- and inter-variability of infant EEG data. Most of the time,

it is the researcher who takes the final decision of accepting or rejecting a trial in

terms of EEG noise. This creates a potential source of variability due to “the hu-

man factor,” whereby there is variability in terms of judgments made across editors

regarding the quality of obtained EEG data. Hoehl and Wahl (2012) recommend

in their methodological guidelines to reduce this variability in artifact rejection by

training new editors with an already analyzed data set to compare results and learn

from experienced editors. It is uncertain how much this practice is followed and also

to what extent it avoids the potential human bias.

The last limitation that is worth highlighting is the potential variability in the

final infant ERP morphology based on the amount of trials included and their char-

acteristics. Based on adult ERP methodology theory (Luck, 2005; Picton et al.,

2000), the more trials included in the average ERP, the better the SNR. This state-

ment is considered to be true as long as the ERP trials included are artifact-free

so that there is an increase in the SNR and therefore in the quality of the ERP

signal. However, recent studies suggest that infant ERP response quality could be

also influenced by characteristics related with the temporal dynamics of the course
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of the experiment session. Stets et al. (2012) investigated in two of her studies the

implications of including different amounts of trials to the average ERP. In both

studies, the authors demonstrated that including different number of trials in the

average ERP can modulate amplitude attention-related ERP components such as

the Nc. The authors concluded that these changes were explained by changes in

attention allocation during the experiment. This means that the SNR of a single

trial might not only be influenced by the amount of EEG signal noise, but also by

the amount of ERP response due to the attention allocation to the stimuli and other

factors.
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1.5 Thesis objectives

Can eye tracking help improve infant ERP techniques and

ERP data quality?

Are current infant ERP editing methods in need of further

standardization?

The methodological limitations explained in the previous section highlight the most

important challenges presented by current infant ERP practices. The number and

diversity of these challenges, as well as their potential impact on the final ERP results

demonstrate the need for improving them. To date, there have been few attempts

to propose new strategies that improve infant ERP techniques. This introduction

has outlined different strategies to record and analyze ERP data, but there has been

no systematic investigation of whether these strategies bring any improvement or

if they are actually having an impact on the final results. Thus, there is a need to

further study the validity of the current ERP methods as well as exploring other

approaches that could potentially improve current practice.

Researching and working towards an improvement in the infant ERP method-

ologies would bring several crucial advantages to the field:

First and most important, an improvement in the ERP data quality. A method-

ology that would ensure that the ERP data have the appropriate quality to be

analyzed and to extract conclusions with confidence is vital in these types of stud-

ies. This goal could be approached from different perspectives. One strategy would
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be to improve the data collection methodology so that the infants are more atten-

tive to the stimulus. To achieve larger attention span from an infant, either the

stimulus presentation could be more salient and attractive for infants or procedu-

ral improvements could be employed. For example, the experimenter could have

strategies to bring back the infant’s attention to the stimulus presentation when

the first symptoms of fussiness are detected. Another strategy would be to work

toward a more optimal selection of the ERP trials that will be included in the final

sample and that will contribute positively to the different ERP components. An

important aspect that should be common to any of the strategies proposed is the

concept of standardization of practice. Any current or future ERP methodology

should be standardized to the point where it can be applied through different labs

and experimenters and derive similar results.

Second, it would be beneficial to develop strategies to decrease the high attrition

rate registered in visual ERP paradigms with infants. This could be correlated with

the first advantage because it is quite likely that an improvement in the data quality

will be associated with a decrease in the attrition rate, i.e., better quality of the ERP

data potentially implies more trials accepted and that probably means more infants

included in the final sample. In general, these two advantages are related with

obtaining more certainty and more robust results of an infant ERP experiment.

The third advantage of working towards improvements in infant ERP techniques

is the time invested by the researcher. This is not a limitation that will impact on the

quality of the results a priori but it is worth highlighting because it is probably the

most practical aspect that ERP researchers will detect as a limitation in this tech-

nique. In fact, the amount of time spent particularly in data analysis could impact
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on the final results due to the high content of manual and repetitive work needed

when applying the main current techniques for analyzing infant ERPs, namely the

visual trial-by-trial inspection of the EEG data to detect artifacts.

The first goal of this thesis is to explore whether the use of eye tracking techniques

during the ERP data collection could improve current ERP data collection methods

and ERP data quality. This direction of research is motivated by the potential

benefit of having precise information of the infant’s gaze behaviour (i.e., where

the infant is looking) throughout the stimulus presentation. Knowing the specific

location of the infant’s gaze on the stimulus in real time during the experiment

opens new possibilities of data collection techniques that have not yet been studied

in the context of infant ERP data collection. The closest exploration found to

date in the literature reports a successful use of gaze-contingent techniques when

applied in a visual ERP experiment to 7- and 8-year old children (Maguire, Magnon,

& Fitzhugh, 2014). In their study, the authors where able to include more valid

ERP trials in the final sample when using gaze-contingent techniques during the

ERP experiment as compared to when they used a standard ERP presentation of

the stimulus. Although the context of this study was slightly different as it was

applied to a different developmental age with different behavioural challenges in the

collection of EEG data, it helps support the hypothesis that eye tracking techniques

can improve infant ERP data collection techniques and ERP data quality.

Having precise spatial and temporal information of the infant’s gaze can be

associated with a number of advantages that could help ERP data quality. First,

the gaze information can be used in real time to present the ERP trials only when

the infant is looking at the intended place (usually at a fixation cross or at an image
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prior to the ERP trial). Second, the gaze data can also be used after the experiment

as an objective and precise measure of the ERP trials that are valid because the

infant was looking at the stimulus and did not perform any large eye movement.

This thesis focuses on the first advantage and explores the possibility of using gaze-

contingent techniques during the stimulus presentation to ensure that the infant

is looking at the right place before presenting an ERP stimulus (Chapter 3). The

hypothesis that motivated this work is that controlling the stimulus presentation

sequence based on infant’s looking behaviour would improve the infant ERP data

quality. This could be caused by both an increase in the infants’ attention span

and an increase in the number of trials that the infant looks at the right place,

with the consequence of an increase in the number of valid trials included in the

sample. Another aim for the use of gaze-contingent techniques during an infant

ERP study is to explore a new automatic and objective methodology for the ERP

data collection. Utilising eye tracking has the advantage of avoiding human biases

as much as possible, which may influence the data quality. This approach may well

help to increase the standardization of the methodology. This thesis will discuss

both the advantages mentioned and the current limitations found when using eye

tracking techniques during an infant ERP experiment.

An important part of the use of gaze-contingent techniques is to define what

“looking at the right place before presenting a stimulus” means when recording

visual ERPs. It is unclear how visual acuity affects cognitive processes and thus ERP

responses when presenting visual stimuli. Visual ERP components can be modulated

by attention (Luck, Woodman, & Vogel, 2000; Mangun & Hillyard, 1988), but it

is unknown how visual acuity affects late ERP components, such as the widely

studied infant Nc or N400 components. In infant ERP experiments with visual
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stimuli, the stimulus is usually presented at the center of the screen and it is usually

limited in size in order to avoid as much as possible the infants’ eye movements.

Also, the general practice is to present before each trial a fixation cross or image

that is located just in the middle of the stimulus. The intention of this practice

is that the infant is looking at the center of the stimulus at the trial onset. It is

unclear how this practice will affect the ERP response when the visual information

needed to process the stimulus is not within the highest visual acuity area of the

infant. In adults, visual acuity has its highest value at the fovea, which is around

2 degrees in size, and decreases abruptly in parafoveal and peripheral areas of the

visual field (Rayner & Inhoff, 1981). In typically developing infants, visual acuity

increases quickly in the first six months of life and then stabilizes slowly until it

reaches adult values (Dobson & Teller, 1978; Salomão & Ventura, 1995). The ideal

situation would be that the infant is looking at the center of the monitor when the

stimulus is presented and the visual acuity allows to perceive and process all the

visual information without eye movements. It is unknown how the ERP response

is affected when the visual information is outside the high visual acuity limits. In

Chapter 2, this is investigated by analyzing the influence of the fixation distance to

the stimulus in the N400 ERP component. One requirement of the methodology

used in this experiment was that participants followed correctly the instructions and

looked at the correct place in each trial (moving fixation cross along the display).

This important requirement for obtaining successful results required that the tested

sample were adults. Based on the visual acuity development in infants (Dobson &

Teller, 1978), the assumption that is made in this thesis is that the results obtained

with adults are comparable with the ones that would have been obtained with

infants. The second assumption that is made is that the rest of advanced ERP
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components will be influenced to a similar amount as the results obtained with

N400 component. These considerations and the results of Chapter 2 were taken

into account when defining the gaze-contingency theoretical framework of the study

carried out in Chapter 3.

The second goal of this thesis is to investigate to what extent the current infant

ERP editing methods are reliable and to assess the need for their further standard-

ization. As already explained in this introduction chapter, the trial selection process

of infant ERP is a real challenge due to the infant’s behaviour and the consequent

EEG signal complexity with usually high amount of EEG artifacts. The infant ERP

studies related to methodology found in the literature have been mainly centered

around the important topic of the minimum number of trials needed to obtain a

valid ERP waveform and the evolution of the ERP waveform with the number of

trials included (e.g., Stets et al., 2012). However, it is still unknown whether the

current methods used during the infant ERP editing process can alter the final ERP

waveform and therefore the results obtained. Since the methods are mainly the use

of trial-by-trial visual inspection and selection by the human experimenter, there is

a level of subjective criteria used that could potentially influence the final number of

trials that are accepted in the final sample. Another important aim that may help

move forward the current infant ERP method is to understand what EEG signal

characteristics human editors take into account when editing data using the current

methodology. Having more information on this matter can benefit future research

toward the understanding on the complexity of infant EEG and the detection of

artifacts in the EEG signal.

Chapter 4 of this thesis focuses on these important questions. The first part of

32 Chapter 1



Towards the improvement of infant ERP techniques

the study evaluates the reliability of the current infant ERP editing methods. It

investigates the agreement between three human editors and one automatic algo-

rithm that analyzed the same infant ERP dataset. The scope of this study is limited

to the trial editing on the level of EEG noise. The editing process usually carried

out by the researchers to select the trials where the infant is visually fixating the

stimulus were not included in this study to reduce the sources of variability. The

infant attention to the stimulus editing was therefore coded beforehand and was

common to all editors. The selection of trials of each of the editors as well as the

final ERP waveform obtained with each of the three editing processes was analyzed

to understand whether the editing processes led to any significant differences in the

final ERP waveforms that could affect the final ERP results. The second part of the

study in Chapter 4 focuses on the exploration of the variables that are taken into

account by human editors when selecting ERP trials based on the level of noise in

the EEG signal. Advanced statistical methods are used to model the EEG charac-

teristics that each of the editors used when editing the ERP data. Overall, Chapter

4 seeks to understand the validity of the current editing methods and evaluate the

need of further work toward more standardized infant ERP editing methods.

In summary, the objective of the thesis is to contribute to the improvement of

infant ERP data quality and of the methods that are currently used. For that, the

approach taken is to explore a new method for collecting ERP data based on eye

tracking that can potentially improve the quality and quantity of ERP trials (Chap-

ters 2 and 3), and to analyze the current editing methods techniques to increase the

knowledge about their validity and limitations (Chapter 4). The work presented

in this thesis is also intended to help future infant ERP methodological research

focused on a better understanding of the infant EEG signal and disentangling its
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complexity in order to improve the current infant ERP techniques.
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Chapter 2

The Fixation Distance to the
Stimulus Influences ERP Quality:
An EEG and Eye Tracking N400
Study

Text as it appears in Domı́nguez-Mart́ınez, E., Parise, E., Strandvall, T., & Reid,
V. M. (2015). The Fixation Distance to the Stimulus Influences ERP Quality: An

EEG and Eye Tracking N400 Study. PloS One, 10(7).

Abstract

In a typical visual Event Related Potential (ERP) study, the stimulus is presented

centrally on the screen. Normally an ERP response will be measured provided that

the participant directs their gaze towards the stimulus. The aim of this study was

to assess how the N400 component of an ERP was affected when the stimulus was

presented in the foveal, parafoveal or peripheral vision of the participant’s visual

field. Utilizing stimuli that have previously produced an N400 response to action

incongruities, the same stimuli sequences were presented at 0°, 4°, 8° and 12° of

visual angle from a fixation location. In addition to the EEG data, eye tracking
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data were recorded to act as a fixation control method and to allow for eye artifact

detection. The results show a significant N400 effect in the right parieto-temporal

electrodes within the 0° visual angle condition. For the other conditions, the N400

effect was reduced (4°) or not present (8° and 12°). Our results suggest that the

disappearance of the N400 effect with eccentricity is due to the fixation distance to

the stimulus. However, variables like attentional allocation could have also had an

impact on the results. This study highlights the importance of presenting a stimulus

within the foveal vision of the participant in order to maximize ERP effects related

to higher order cognitive processes.
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2.1 Introduction

When visual gaze remains relatively still, known as a fixation, the spatial resolution

of the human visual field changes as a function of the distance from the center of

the fixation point (Duchowski, 2007). Researchers often divide the visual field into

three areas: foveal, parafoveal and peripheral. Foveal vision is the area with the

highest visual acuity, extending approximately 2° around the fixation point. In the

parafoveal area the visual acuity decreases. It extends between 2° and 5° around

the fixation point. The peripheral vision extends from 5° around the fixation point

until the edge of the field of view. In this area, visual acuity decreases abruptly

(Hirsch & Curcio, 1989; Rayner & Inhoff, 1981). We usually move our eyes to

place the fovea on the part of any object or location that we want to see clearly

(Rayner, 1998). Parafoveal and peripheral vision also play a role when planning

eye movements and extracting visual information (for a review see Strasburger,

Rentschler, & Jüttner, 2011). For example, it has been shown to be useful for

gist recognition in natural scenes (e.g., Antes, Penland, & Metzger, 1981; Fei-Fei,

Iyer, Koch, & Perona, 2007; Sanocki & Epstein, 1997) and when examining familiar

objects (Biederman & Cooper, 1992).

Usually during a fixation the attention is directed to the fovea. It is also pos-

sible to fixate on one location in space, yet to attend to other spatial positions in

parafoveal or peripheral visual areas. These are known as overt and covert attention,

respectively (Posner, 1980). It is known that attention modulates the ERP wave-

form (Luck et al., 2000). Thus, the use of overt or covert attention will influence

the ERP when a visual stimulus is presented to peripheral vision. In a visual ex-

periment, covert attention usually occurs when the participant has been previously
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instructed to do so or has a cue that indicates that this should be done. In ERP

studies of selective spatial attention, attended and unattended stimuli presented at

different eccentricities have been found to differ in the magnitude of the early ERP

components P1, posterior N1 and anterior N1, with all three having a larger ampli-

tude for attended stimuli when compared with those that were non-attended (Clark

& Hillyard, 1996; Eason, 1981; Mangun & Hillyard, 1988).

The fixation distance to the stimulus, together with attention, alters the early

components of an ERP. Little is known, however, about how advanced cognitive pro-

cesses are altered when the stimulus is presented outside the foveal area. Advanced

cognitive processes are related to the middle and late epoch periods of an ERP af-

ter stimulus onset (Rugg & Coles, 1995). One of these components is the N400, a

widely investigated ERP component sensitive to semantic integration/violation in

language research (for a review see Kutas & Federmeier, 2011) and also exploited in

action-related studies (for a review see Amoruso et al., 2013). This component can

be observed as a negative deflection in the ERP waveform at frontal, parietal and

temporal areas of the scalp—depending on the nature of the stimuli and task—at

around 400 ms from the onset of the stimulus.

The main aim of the present study was to investigate whether the fixation loca-

tion alters the cognitive processes that are generated by a visual stimulus. This was

studied by analyzing the N400 response when participants were fixating at different

distances from the stimulus location. We hypothesized that there would be a spatial

distance from the stimuli where the N400 ERP component would start to become

affected. This would cause a decrease in the amplitude of the N400, which could in

turn affect final conclusions. These changes in the N400 component are expected
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based on the decrease of visual acuity with distance. To avoid changes in the ERP

waveform due to differences in overt and covert attention, participants were asked

to always attend to the stimulus. They were asked to maintain their fixation on

a fixation cross that moved to different locations on the screen. They were also

asked to attend to the stimulus without moving their eyes irrespective of where it

appeared on the screen.

This study utilized stimuli that were validated in an earlier experiment conducted

by Reid et al. (2009). In that experiment, simple sequences of actions were presented

with two possible outcomes, one anticipated and one not anticipated. Results showed

an N400 component in the unanticipated condition, whereas no N400 was observed

in the anticipated condition. We aimed to replicate these results when presenting

foveal stimuli. We also included three more conditions where the same stimuli were

presented at 4°, 8° and 12° of visual angle from the participant’s fixation location.

We calculated the averaged ERPs and compared the N400 component obtained in

each of them with the foveal condition.

Gaze-contingent stimulus presentation was used during ERP recordings to ensure

that participants were directing their gaze to the right location on the screen at the

beginning of each trial. We also used the eye tracking data during the ERP analysis

to discard trials that contained eye movements or blinks. As a secondary aim of the

study, we assessed the use of eye tracking data as a means to reject ERP trials that

contain eye artifacts. We compared these results with the more normative detection

of eye artifacts via the EEG amplitude information of the frontal electrodes (Luck,

2005). We anticipated that the eye tracking data may be more sensitive to eye

movement data than the algorithms related to eye artifact detection via EEG data.
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2.2 Materials and Methods

2.2.1 Participants

Twenty-eight adult (13 females) aged from 18 to 49 years (m=24.7, sd=8.02) vol-

unteered in the experiment. All participants were right handed and had normal

or corrected-to-normal vision. All participants were given oral information about

the experimental procedures and gave their written informed consent before par-

ticipation. The study was approved by the Lancaster University Research Ethics

Committee. For inclusion in the ERP grand average, participants were required to

have at least 40 artifact-free trials per condition. A final data sample of eighteen

participants was included in the analysis. The data of three participants had to

be rejected because of technical problems during the experiment, one participant

due to poor quality of eye tracking data and six participants because the minimum

amount of artifact-free trials was not reached for one or more of the conditions.

2.2.2 Stimuli

The stimuli were the same set of photographs used in Experiment 1 of Reid et

al. (2009), which involved adult participants. Specifically, these were two sets of

photographs depicting a male actor eating with a spoon or holding food. Each set

consisted of three photographs. The first photograph displayed the general context

of the action. The second displayed the initiation of the action. Each set of pho-

tographs finished with either an anticipated conclusion of the action with the spoon

or food directed to the mouth, or, an unanticipated conclusion to the action was
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shown where the spoon proceeded to the forehead or food was positioned near the

ear (Figure 2.1).

Figure 2.1: Action sequence stimuli used in the study. Each row corresponds to a
different stimulus set. First column: context of action; Second column: initiation
of action; Third column: anticipated conclusion of action; Fourth column: unantic-
ipated conclusion of action. The stimuli are the same as those used by Reid et al.
(2009) in the adult study.

2.2.3 Apparatus

During the experiment, both eye movements and EEG were recorded simultaneously.

Eye tracking: Eye movements were recorded at a sampling rate of 300Hz using

a Tobii TX300 eye tracker (Tobii technology, Danderyd, Sweden). The eye tracking

data were acquired using Tobii SDK 3.0 in Matlab® (Mathworks, Natick, MA, USA)

on the presentation computer.

EEG: EEG data were acquired by a 128-channel Sensor Net (Electrical Geodesic,

Eugene, USA) with Net Station® acquisition software running on a different com-

puter. The EEG data were sampled at 250Hz. Electrode impedance was kept below

50KΩ. Raw EEG data were recorded with the vertex (Cz) as the online reference

41 Chapter 2



Towards the improvement of infant ERP techniques

and re-referenced offline to an average reference.

Stimulus presentation: The stimuli were displayed on a 20-inch CRT monitor

with a refresh rate of 60Hz. Psychtoolbox-3 for Matlab and custom made scripts

were used for stimuli presentation (Brainard, 1997; Kleiner et al., 2007).

2.2.4 Procedure and experimental paradigm

Participants were seated at a fixed distance of 60cm from the eye tracker in accor-

dance with the eye tracker requirements and in order to keep a similar field of vision

across participants. First, the EEG net was positioned following the manufacturer

instructions. When the electrodes’ impedance level was below the threshold, a five-

point calibration routine of the eye tracker was performed followed by a validation

of the calibration. The validation consisted of seven dots presented sequentially at

different locations of the screen. Five of these locations corresponded with the po-

tential locations of the fixation cross in the study. Before the experiment started,

participants were instructed to fixate a fixation cross at the beginning of each trial

and keep fixating on that location during the presentation of the stimuli. The fix-

ation cross changed its location every trial and participants were asked to move

their gaze to the fixation cross in order to start the next trial. The main purpose

of changing the location of the fixation cross was to ensure that participants were

engaged with the experimental design. Participants were also instructed to move as

little as possible, to blink during the inter-stimulus interval and to pay attention to

the stimuli without moving their eyes from the location of the fixation cross. The

aim of the last instruction was to ensure that participants deliberately attended to
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the stimulus irrespective of the eccentricity of the image to the fixation location.

Before each trial, a fixation cross of 0.4° of visual angle was presented on the

screen. The position was selected randomly from five possible locations along the

horizontal axis. The cross remained on the screen until the participant fixated

it for at least 500 ms. When this requirement was met, the trial started after a

random period of 200 – 400 ms. The three images were presented sequentially.

The first two images were on the screen for 500 ms each and the third image was

on the screen for 1000 ms. The stimuli were presented at a size of 10°x7.5° of

visual angle. The experiment consisted of eight (2x4) different conditions: two

levels corresponding to congruency (anticipated or unanticipated action) and four

eccentricities corresponding to the distance of the image to the fixation cross (0°,

4°, 8° or 12° of visual angle). For the 0° condition, the mid-point of the main

action in the anticipated and unanticipated third image was centered on the fixation

cross. The main action for both congruent conditions was within the fovea of the

participant when fixating the fixation cross. For the rest of the conditions, the

stimuli were presented at the same vertical level, but the images depicting the action

were horizontally shifted by the corresponding number of degrees of visual angle

(Figure 2.2). The shifts were made randomly to the left or to the right for each

trial and balanced by the end of the presentation. Each condition was presented 75

times, with a division of the two sets of stimuli of approximately half each. For each

trial, the condition was pseudo-randomly chosen with the constraints that the same

type of condition should not be presented three times consecutively.

The stimulus presentation was split into four segments of around 10 minutes

each. Between each segment, a five-minute pause was given to the participants to
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rest, re-calibrate the eye tracker and rehydrate the EEG net when necessary.

2.2.5 Data analysis

Eye tracking: Eye tracking data were analyzed using Matlab. First, a fixation

filter was applied to detect fixations. The fixation filter was implemented based

on the Tobii I-VT fixation filter (Olsen & Ricardo, 2012), with a fixed velocity

threshold of 30°/s for all the recordings. Interpolation of missing data, the merging

of adjacent fixations and the discarding of short fixations were completed following

the standard values suggested in the Tobii I-VT fixation filter description (Olsen,

2012). Eye tracking data were segmented into epochs that comprised 1200 ms before

the onset of the third image in the stimulus sequence and 1200 ms following onset.

Fixations were corrected every epoch using the validation data. The correction

values were calculated independently for each cross location. For each validation

location, the X and Y mean value of the samples collected was subtracted from the

location of the validation dot. For every epoch, the X and Y values of the fixations

were corrected using the correction value that corresponded with the trial location.

Eye tracking data were used to detect and reject the trials that did not meet

the ERP analysis requirements. Trials were marked for rejection when: an eye

movement larger than 1° was made during the ERP epoch, the participant’s point

of gaze was not within the 1° around the fixation cross or a blink was detected. A

trial was considered to contain a blink when there was a period of 75 ms to 350 ms

of missing data preceded or followed by a saccade. Saccades before and after the

blinks are considered eye tracking artifacts which are generated by the eyelid going
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up or down during a blink (Holmqvist et al., 2011).

Figure 2.2: Location conditions and example of stimuli sequence. (A): The im-
age appeared on the screen shifted horizontally depending on each specific location
condition. (B): Example of a 8° condition trial. The stimuli sequence started by
showing the cross on the corresponding location. Once the participant fixated it for
500 ms, plus a random time between 200 and 400 ms, the sequence of three images
appeared on the screen. The cross remained on the screen during the trial. The
ERP was time-locked to the presentation onset of the final image in the sequence.

EEG data pre-processing: EEG data were analyzed using the Matlab toolbox

EEGLAB v13.0.1 (Delorme & Makeig, 2004). EEG data were first band-pass filtered

between 0.3 and 30 Hz. The EEG recordings were segmented into epochs and

baseline corrected. Each epoch comprised a 100 ms baseline before the onset of

the third image (namely from the last 100 ms of the second image in the sequence)

and 1000 ms of the third image, displaying the final state of the action. Trials

marked as rejected during the eye tracking analysis were automatically discarded.

For the remaining trials, electrodes were marked as bad when the absolute amplitude

exceeded 100µV. An electrode was marked as bad for the entire recording when it

had been marked as bad for more than 40% of the trials. A trial was marked

as bad and rejected when more than 10% of the electrodes were marked as bad
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during the trial. The remaining electrodes that were marked as bad for individual

trials were interpolated. Electrodes marked as bad for the entire recording were

completely interpolated. After the rejection of trials and interpolation of electrodes,

the EEG data were re-referenced to the average reference and segmented into the

eight conditions described above.

In order to evaluate the new technique for rejecting trials based on eye tracking

data, we also conducted the same ERP analysis using the EEG analysis software

Net Station. The EEG data analysis was the same as described above except for

the trial rejection procedure. A standard artifact detection procedure, that is based

on EEG amplitude, was used to detect eye movements and artifacts (Luck, 2005).

Measuring the ERP N400 effect: In the 0° condition, a clear negative peak

was observed in the unanticipated condition in the right parieto-temporal area in

the general time window expected for an N400 component, whereas this was not

the case for the anticipated condition. In agreement with N400 literature (Amoruso

et al., 2013; Kutas & Federmeier, 2000), a time window was chosen around the

amplitude peak of the N400 component in the right parieto-temporal area from 300-

450 ms after the stimulus onset. Due to a constant delay of EEG data inherent in

the anti-aliasing filters of the GES 300 amplifier that was used, the data are offset

by 36 ms in all reported ERP waveforms and time windows. This information was

communicated by EGI on August 29, 2014. A cluster of 10 electrodes including P4

and T6 where the N400 effect was observed were averaged together for each of the

eight conditions. The corresponding electrodes in the left part of the scalp were also

averaged together for each condition (Figure 2.3).

In the area where the effect was observed, one condition displayed a defined
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Figure 2.3: Clusters of electrodes selected for the analysis of the N400 component.
A cluster of ten electrodes was selected based on where the N400 component was
observed in the right parieto-temporal region of the scalp (blue). Symmetrically,
a cluster with the corresponding electrodes was chosen in the left parieto-temporal
region (green).

peak, whereas the other did not. This effect had the same morphology as the one

observed in the original study (Reid et al., 2009) for the adult data, and therefore

the same window analysis technique of Hoormann, Falkenstein, Schwarzenau, and

Hohnsbein (1998) was utilized. In this analysis, a repeated measures analysis of

variance (ANOVA) is conducted with time as an additional within-subjects factor.

A significant interaction of condition with time means that the waveform evolves

differently for each condition and therefore the effects are different. Using time as a
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factor can be problematic in an ANOVA as adjacent sample points correlate more

highly than more distant points. Although the conservative Greenhouse-Geisser

method is intended to account for violation of sphericity, this method is also the

standard approach used to deal with correlations between observations (Hoormann

et al., 1998). Thus, all the statistical results reported were corrected with the

conservative Greenhouse-Geisser method.

To study whether the N400 component changed significantly between eccentricity

conditions, we analyzed the differences in ERP amplitudes by a 4 x 2 x 2 x 13 general

linear model repeated measures ANOVA analyzing eccentricity (0°, 4°, 8° and 12°),

congruency (anticipated, unanticipated), hemisphere (parieto-temporal right and

left area) and time (13 samples at one sample per 12 ms). We were interested in the

triple interaction effect between eccentricity, condition and hemisphere. Follow up

analyses with the same factors but pairing between eccentricity conditions showed

which eccentricity pairs had a significant difference in their N400 component. No

effects with time in these analyses indicate that the evolution of the waveform is

always similar within and between most of the conditions, even if the amplitudes

are different and significant between eccentricities, hemisphere and congruency.

We also ran four independent statistical analyses to compare the results of the

N400 differences between congruency conditions for each of the eccentricity condi-

tions. Variances of ERP were analyzed by a 2 x 2 x 13 general linear model repeated

measures ANOVA analyzing congruency (anticipated, unanticipated), hemisphere

(parieto-temporal right and left area) and time (13 samples at one sample per 12

ms). The aim of this approach was to apply the standard statistical methodology

used to report results in ERP studies. This is, whether the component of interest is
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different between conditions. We were interested in the interaction effect between

hemisphere and congruency. Follow up time window analyses showed which eccen-

tricity and hemisphere had a significant difference in the N400 component between

congruency conditions by the interaction of congruency and time.

In addition, the visual ERP component N1 (channels 71, 72, 75 and 76) was an-

alyzed between eccentricity conditions. A repeated measures ANOVA analysis was

conducted with the eccentricity condition as a within-subjects factor. The analy-

sis was based on the average amplitude measured during the time window where

the N1 peak was observed for each eccentricity condition. For this analysis, both

congruency conditions were collapsed into a unique condition for each subject since

both of them had a similar N1 visual component. All the analyses were conducted

using IBM SPSS statistics 19®.

2.3 Results

The time window analysis that included the factors hemisphere (right and left),

congruency (anticipated and unanticipated), eccentricity (0°, 4°, 8° and 12°) and time

indicated the following significant effects: There were main effects of eccentricity,

F(2.41, 41.04) = 12.75, p < 0.001, and congruency, F(1.0, 17.0) = 9.01, p = 0.008.

There was an interaction effect of eccentricity and hemisphere, F(2.64, 44.90) =

3.67, p = 0.022. More important for the hypothesis of the study, there was also

an interaction effect of eccentricity, hemisphere and congruency, F(2.06, 35.02) =

4.04, p = 0.025. Six follow up time window analyses including the same factors but

pairing between eccentricity conditions showed that there were interaction effects of
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eccentricity, hemisphere and congruency only between the eccentricity pairings of 0°

- 8°, F(1.0, 17.0) = 7.51, p = 0.014 and 0° - 12°, F(1.0, 17.0) = 6.60, p = 0.02.

Four individual statistical analyses, one for each of eccentricity condition, showed

the effect that the fixation distance to the stimuli had on the N400 component of

the ERPs. The 0° condition displayed an N400 component in the right parieto-

temporal region of the scalp in the unanticipated condition but not in the anticipated

condition. No N400 effect was observed in the left region (Figure 2.4 - 0°). For the

0° condition, a time window analysis including hemisphere, congruency and time

indicated an interaction effect of hemisphere and congruency, F(1.0, 17.0) = 6.25,

p = 0.023. Two follow up time windows analyses were conducted, one for each

hemisphere, including congruency and time as within-subject factors. In the right

parieto-temporal region of the scalp, the results indicated a congruency by time

interaction in the repeated measures ANOVA, F(3.51, 59.77) = 2.84, p = 0.038. This

means that the N400 component evolved significantly different in each congruency

condition in the right region for the 0° condition. No effects were observed in the

left parieto-temporal region of the scalp.

For the 4°, 8° and 12° conditions, the ERP waveform decreased in amplitude

between eccentricities for all the components across the scalp compared to the 0°

condition. In the case of the N400 component, the effect showed a decrease in

amplitude for the 4° condition and no N400 component was observed for the 8°

and 12° conditions (Figure 2.5). Three more time window analyses were conducted,

one for each of the remaining eccentricities (4°, 8° and 12°), including hemisphere,

congruency and time. The results showed no interaction effects of hemisphere and

congruency for any of the three eccentricities. Six individual time window analyses
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Figure 2.4: ERP averaged waveforms of the different location conditions in the
parieto-temporal right and left clusters. The colors indicate the two different con-
gruent conditions: anticipated (blue line) and unanticipated (red line). The N400
effect can be mainly observed in the anticipated condition for the 0° condition in
the right parieto-temporal region of the scalp (arrow), and decreased in amplitude
for the 4° condition.

for the eccentricities 4°, 8° and 12° for left and right hemisphere of the scalp indicated

no significant interactions: in the 4° condition, the congruency by time interaction

ANOVA was not significant in the right parieto-temporal region, F(4.03, 68.47) =

0.73, p = 0.575, as the N400 effect in the unanticipated condition was reduced

in amplitude (Figure 2.4 – 4°). In the 8° and 12° conditions, the right parieto-

temporal region of the scalp did not display an N400 effect in the unanticipated

condition (Figure 2.4 – 8° and 12°). This was also shown in the congruency by time

interaction in the ANOVA conducted for each of the two remaining eccentricities,

where no significant differences were obtained in the right parieto-temporal region

(F(4.50, 76.38) = 0.50, p = 0.759 and F(4.51, 76.77) = 0.95, p = 0.449, 8° and 12°

respectively). No N400 effect was observed in the left parieto-temporal region for any

of the eccentricities (Figure 2.4). This observation was confirmed by the results of

the congruency by time interaction in the three repeated measures ANOVA analyses
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conducted, one for each eccentricity (4°, 8° and 12°).

Figure 2.5: ERP averaged waveforms of the unanticipated condition (left) and an-
ticipated condition (right) in the right parieto-temporal cluster. The different colors
indicate the four different location conditions: 0° (solid black line), 4° (dashed red
line), 8° (dashed blue line) and 12° (dashed magenta line). The N400 component
can be observed in the unanticipated condition at 0° and decreased in amplitude at
4°.

The amplitude of the early visual components, including P100 and N100, de-

creased proportionally along the scalp, being reduced in amplitude as a function

of the increase in visual degrees away from the displayed image. The highest mean

amplitude of the measured visual N100 ERP component was observed when the stim-

ulus was within foveal limits: 0° (-1.68µV, SE = 0.30). The mean amplitude of this

component was reduced in amplitude when showing the stimulus within parafoveal

limits: 4° (-1.09µV, SE = 0.31). The lowest mean amplitude was observed when

the stimulus was presented within peripheral vision: 8° (-0.60µV, SE = 0.20) and

12° (-0.81µV, SE = 0.25). These differences were confirmed in the main effect of

eccentricity in the repeated measures ANOVA of the visual component N100, F(3,

51) = 7.12, p = 0.003. Analyses pairing between eccentricities showed significant

effects between the 0° and 8° condition, F(1, 17) = 17.21, p = 0.001 and 0° and 12°
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condition, F(1, 17) = 6.67, p = 0.02. No significant effect was obtained between the

pairing 0° and 4° condition.

2.3.1 Comparison of artifact detection techniques

The same results were obtained when applying the statistical analyses to the EEG

data that was pre-processed using a standard ERP procedure based on EEG am-

plitudes. A significant difference in the congruency by time interaction was shown

in the ANOVA, F(3.75, 63.884) = 2.8, p = 0.035 in the 0° condition for the right

parieto-temporal region of the scalp. There were no differences in the left hemisphere

in the 0° condition. Also, no differences were found for 4°, 8° and 12° conditions in

parieto-temporal right and left regions.

2.4 Discussion

The aim of this study was to investigate how the N400 component of an ERP is af-

fected by visual eccentricity when images are presented as stimuli. For this purpose,

we showed N400 inducing stimuli from Reid et al. (2009) at different eccentricities

from the fixation point of the participant. We expected to observe the same N400

effect in the 0° condition in our study as the participants’ foveal vision was within

the critical element of the stimulus.

In the original study, an N400 component was observed in the unanticipated but

not in the anticipated condition across the frontal, central and parietal regions of
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the scalp. We partially replicated these results, finding an N400 component with

the same morphology in the unanticipated but not in the anticipated condition

but with a moderately different scalp distribution. Our results show this effect

across the right parieto-temporal region. There are at least two aspects related to

the experimental design that could have influenced these spatial differences. First,

there were technical differences between the studies as they employed different EEG

systems. In the original study, the EEG system consisted of 23 electrodes located

according to a 10-20 system. During the analysis, the data were re-referenced to

the linked mastoid electrodes. In the present study, a high-density array of 128

electrodes was used. The linked mastoid reference is not ideal with high-density

EEG systems. The recommended reference method is the average across all the

electrodes since a good approximation of a zero potential of the head is obtained

(Bertrand, Perrin, & Pernier, 1985; Dien, 1998). This aspect could have contributed

to the differences observed as ERP waveforms are known to change in amplitude

depending on the reference method applied (C. Joyce & Rossion, 2005; Yao et

al., 2005). However, a visual inspection of the grand average obtained after re-

referencing the data to the linked mastoid revealed that the N400 effect did not

change substantially, having the same scalp distribution and morphology as with

the average reference.

A second factor to explain the different scalp distribution of the N400 component,

is the changes made to the paradigm with respect to the original study. Few changes

were made in order to modify the paradigm to fit the research questions within the

present study. Those changes that did exist comprised (a) higher number of times

that the stimuli were presented to the participant, (b) the presence of the fixation

cross also during the presentation of the stimuli and (c) the given task of fixating
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at the cross but attending to the stimuli irrespective of the location of the stimuli.

The N400 effect that is obtained during the viewing of images is commonly re-

ported in frontal and central locations (Amoruso et al., 2013). However, Shibata,

Gyoba, and Suzuki (2009) reported a parietal N400 effect when studying coopera-

tive actions using pictures. Some authors also report a right lateralization of the

N400 due to action images (Sitnikova & Holcomb, 2008; West & Holcomb, 2002).

Moreover, the N400 effect found in the present study matches with the N400 effect

usually found in language studies (Kutas & Federmeier, 2011).

Regardless of the N400 distribution across the scalp, the most important result

of the current study shows that this component was affected as soon as the main

part of the stimulus was not within foveal vision. In the 4° condition, the fixation

cross was still on the critical stimulus element within parafoveal limits and the N400

component could be observed in the unanticipated condition in the right parieto-

temporal ERP cluster (Figure 2.4 - 4°). However, at 4° the N400 had decreased

in amplitude, leading to a non-significant statistical result when applying the same

time window analysis as the 0° condition. Additionally, the N400 effect appeared

later in time, suggesting that the stimulus required more time to be processed. A

shift in the time window in order to index the shifted N400 effect within the window

in this condition did not lead to significant results. When the critical element of the

stimulus was within the limits of peripheral vision (8° and 12° condition) no N400

effect for the unanticipated condition could be observed (Figure 2.4 – 8° and 12°). In

these conditions, the fundamental aspect of the stimulus was still within visual field

limits and therefore eccentricity clearly influenced the cognitive capacity to process

this information.
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Taking into account the results obtained in the present study regarding eccentric-

ity, we hypothesized that the N400 component would be affected when computing

an averaged ERP combining trials presented at various eccentricities, which might

happen in canonical EEG studies not taking eye tracking information into account.

We confirmed this hypothesis by means of a simulation analysis. We intermixed

trials from across stimulus location conditions and applied the same N400 analysis

to the new sets of ERPs. The N400 effect was consistently nullified when valid foveal

trials were intermixed with at least 10% of the trials from other locations. The risk

of intermixing trials from different eccentricities might not be high in adult ERP

studies since fixating a specific part of the screen is an easy instruction to follow.

Some experimental participants, however, are not able to follow instructions, for

example, children and infants. This means that they may not fixate at the critical

part of the stimulus on all trials, with the result that the stimulus is presented at a

mix of eccentricities. As the results of the present study show, this will increase the

risk of obtaining a diminished N400 effect, or even of nullifying the N400 differences

between conditions.

To our knowledge, this is the first study that examines how the late components

of an ERP are affected by the fixation distance to the stimuli. The current results

show that there are effects on the N400 as a function of distance to the target lo-

cation. The nature of the mechanisms that cause this to happen are still unknown.

One candidate is spatial attention. Studies of spatial attention in word processing

demonstrate that the N400 is modulated or even eliminated by selective spatial at-

tention (Cristescu & Nobre, 2008; McCarthy & Nobre, 1993). The design of the

present study was intended to exclude the variable of spatial attention as partici-

pants were instructed to always attend to the stimulus, irrespective of its location.
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However, the lack of a more specific and demanding task during the experiment

could may have influenced the participants’ allocation of attention.

The fixation distance to the stimuli has already been studied in relation with

attention on early components of an ERP (Clark & Hillyard, 1996; Eason, 1981;

Luck et al., 2000; Mangun & Hillyard, 1988). Our results are in line with previous

findings, with a significant proportional decrease in the visual N1 component as the

fixation distance to the stimuli increases. From the results obtained in this study,

we can hypothesize that there is a relationship in terms of how the early and late

components of an ERP are affected by the fixation distance to the stimuli. How

different components interact is an area of research that requires further attention

in the future.

The rate of exclusion was higher than it is usually reported in other ERP studies.

Approximately 20% of the participants were excluded because they did not reach

the minimum number of trials required for one or more of the conditions of the

experiment. The main reason behind this was the nature of the task, with the

presentation of the image outside foveal vision. Roughly 30% of the trials seen by

the rejected participants were excluded because saccades were made towards the

image when its location was not at zero degrees.

Eye tracking data were recorded simultaneously with EEG data. In addition

to using eye tracking data to ensure that the participant fixated on the correct

location at the beginning of each trial, the data were also used to detect trials that

were contaminated with blinks and saccades. This approach was shown to be as

valid as the traditional methodology based on assessing changes of the amplitude

of the EEG data. However, the blink algorithm used was not fully robust, and
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visual inspection was required to detect false positives and false negatives. Some

studies have used blink detection algorithms for different purposes (e.g., Bonifacci,

Ricciardelli, Lugli, & Pellicano, 2008; Brouwer, van Ee, & Schwarzbach, 2005; Geng,

Ruff, & Driver, 2009; Karatekin, 2007). In these studies, the quality of the method

used was not reported, most likely because no other physiological measurements,

such as EOG, were compared with the obtained results. The present study suggests

that in order to have reliable automatic blink information from eye tracking data,

the improvement of blink detection algorithms would be necessary.

Having access to the participant’s gaze information during an ERP experiment

has some advantages that can be used to ensure the quality of the ERP data. First,

gaze-contingent techniques can be applied during the experiment to make sure that

the participant fixates on the critical part of the stimulus. In our study, the fixation

cross remained on the screen as long as the participant was not fixating on it for

a minimum amount of time. This ensured that the participant was looking at the

right location at the beginning of the trial and gave more control to the participant

in terms of pacing the experiment. Additionally, eye tracking data can be used to

discard invalid trials due to eye movements or blinks. This might not be necessary in

studies with adult participants since the use of common detection techniques based

on EEG amplitude are reliable. For more complex populations, such as infants, the

selection of valid ERP trials is usually manually performed (De Haan, 2007a; Hoehl

& Wahl, 2012). In this context, eye tracking could improve the quality of the final

ERP waveform via utilizing the gaze data to help select those ERP trials where the

infant attended to the stimuli.

In sum, we have shown that when viewing still images that induce N400 re-
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sponses, the critical aspect of the stimulus needs to be within foveal vision. The

inclusion of non-foveal trials that contain a reduced N400 effect can rapidly modify

the ERP waveform, decreasing quality and potentially masking effects that have

been generated by the stimulus. Our results suggest that the disappearance of

advanced cognitive components from the ERP response when a participant is not

fixating within the main part of the stimulus is related with the fixation distance

to the stimulus. Further research able to control covert attention would help un-

derstand if there are more variables involved in this process, like the allocation of

attention in the stimulus.
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2.5 Prelude to Chapter 3

The preceding study shows that the visual distance to the stimuli has a negative

impact in the amount of ERP response that is related to high order cognitive pro-

cesses, and specifically to the ERP component under study: the N400. Importantly,

in the parafoveal condition, which showed a diminished N400 ERP component, the

fixation location was still within the stimulus area. This suggests that the center of

the stimulus might not always be the best location to present the fixation cross that

normally precedes a trial in a visual ERP experiment. The location of the fixation

cross should be chosen so that the foveal vision of the participant falls within the

main part of the stimulus, i.e. where the main visual information concerning the

research question is contained.

The results obtained in Chapter 2 have two main implications for visual ERP

techniques:

The first is a practical implication that needs to be taken into consideration when

designing a visual ERP experiment: Either stimuli need to be designed so that the

main visual information is centered on the image, or the fixation cross needs to

be positioned at the closest location to the main visual information. According to

the results of Chapter 2, both strategies will maximize the ERP response due to

distance of the fixation image or cross to the stimulus. With the former strategy,

the fixation cross can be kept at the center, which is the most common practice in

ERP research. With the latter strategy, the stimulus can be designed freely without

restrictions of visual information location.

The second implication is related to ERP data quality. Including trials in the
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ERP average where the participant’s foveal area was not within the main visual

information of the stimulus and, therefore, the ERP response is diminished or not

present, will have a negative contribution to the averaged ERP of that participant.

This second implication is of great importance, especially in experimentally difficult

populations such infants, since it is challenging to control and have certainty where

an infant looked during an ERP trial.

Chapter 2 partially helped address the first research question of this thesis about

the potential usefulness of using eye tracking technology to improve infant ERP

techniques. Although the conclusions are based on adult populations, it is reasonable

to hypothesize that eye tracking technology could help improve infant ERP data

quality by assisting during the presentation of trials with infant visual behaviour

information. As outlined in the introduction chapter, the current methodologies

used to control whether an ERP trial is valid in terms of infant visual behaviour are

mainly based on live observation during the experiment or offline observation during

data editing based on video recordings of the infants behaviour. The resolution

and precision of these techniques is uncertain, particularly if researchers need to

differentiate between foveal or parafoveal distances to the main part of the stimulus,

as the previous results suggested. In this sense, eye tracking is a much more precise

technique to measure and evaluate the validity of an ERP trial in terms of distance

to the main part of the stimulus when contrasted with current approaches. There

are two methods using eye tracking that could help maximize the number of valid

ERP trials in terms of visual distance. The first is to use eye tracking technology

as stimulus presentation control, i.e. use it to present an ERP stimulus only when

the infant is looking at the fixation image prior to the stimulus. The second is to

use eye tracking technology after the experiment, during the data editing in order
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to select only the ERP trials where the gaze distance to the stimulus is found to be

within the foveal range. The approach that will be explored in the next chapter is

the first method. The hypothesis is that stimulus presentation control techniques

based on eye tracking technology could help maximize the chances that the infant’s

foveal vision is within the main part of the stimulus when a trial is presented and,

therefore, maximize the ERP response due to the distance to the stimulus with it.

In Chapter 3, this hypothesis is explored by proposing and testing a new gaze-

contingent methodology that is used during the presentation of an ERP experiment.

The approach taken when defining the new stimulus presentation methodology was

to use the online gaze data obtained from the eye tracker to control the presentation

of the ERP trials. Specifically, to show trials only when the infant was looking at

the fixation image presented prior each ERP stimulus. The aim of this approach

was twofold: first, to ensure that the infant’s foveal vision was within the main

part of the stimulus, and second to obtain a higher engagement of the infant to the

presentation by showing an attention grabber whenever the infant was distracted

from the stimulus presentation. This information was obtained in real time from the

eye tracker which tracked the infant’s eye movements throughout the ERP stimulus

presentation. To analyze and validate the methodology proposed in Chapter 3, a

between-subject study was designed where half of the infants experienced a regular

ERP stimulus presentation without any gaze contingency control of the ERP trials,

and the other half experienced the stimulus presentation with the methodology

proposed.
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Gaze-Contingent Techniques Help
Sustain Infants’ Attention and
Improve Infant ERP Morphology

Text in preparation for submission

Abstract

The event-related potential (ERP) is a common technique used in infancy re-

search to gain information about cognitive development. This technique, however,

requires that the stimuli are presented in repetition dozens of times. Keeping an

infant’s attention to the stimulus during a visual ERP experiment is one key factor

in obtaining valid results. We have used a gaze-contingent stimulus presentation to

guide infants’ attention to the important part of the stimulus. We compared the

eye tracking and ERP results with another group of infants that participated in the

same experiment but experienced a standard technique of presenting ERP stimuli to

infants. We found differences in the visual behaviour of each group. This was shown

in the distribution of gaze on the screen in the eye tracking data. We also found a
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difference in the ERP waveform of the negative central (Nc) component, which is

a marker of visual attention and further indicates that the infants assigned to the

gaze-contingent group were more attentive to the stimuli. Moreover, we found an

enhancement in the overall morphology of the ERP waveform in all scalp locations,

suggesting that the improvement in attention also led to an improvement in the

signal-to-noise ratio of the final ERP.
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3.1 Introduction

Event-related potential (ERP) methodologies are a common practice in developmen-

tal research as they can provide insights into how perceptual and cognitive faculties

change during early development. One of the advantages of this technique is that

infant ERP paradigms do not need an active response from the participant. The

experiments can therefore be designed in a way that no instructions are required for

the participant during the experiment (De Haan, 2007a). Usually, differences be-

tween conditions can be interpreted within a framework of prior studies that focus

on different ERP components, each capable of informing developmental scientists

on the specific processing capacities of the sample. However, in the case of visual

ERP paradigms, one of the most important requirements to obtain an appropriate

ERP brain response is that the infant pays attention to the stimuli (Hoehl & Wahl,

2012). This is indeed one of the main challenges as the repetition of the same stimuli

many times within an experimental session, as it is the case of ERP methodology,

maximizes the likelihood of reducing infant attention.

During an ERP recording, trials are typically presented in a pseudo-random order

and in a continuous mode—uninterruptedly without breaks—until the infant loses

interest in the stimuli and starts to attend to other aspects of the environment (De

Haan, 2007a). The current attrition rate when conducting an infant ERP experiment

is expected to be around 50% of all infants tested (De Haan, 2007a; Stets et al.,

2012). One of the main causes for excluding infants from the final ERP analysis is

the lack of enough valid trials. In order to include an infant into the final analysis,

a common criterion is at least 10 artifact-free trials per condition (e.g., Hoehl, Reid,

et al., 2008; Reid et al., 2009, 2007; Striano et al., 2006). The reason for discarding
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trials is commonly reported to be movement artifacts and lack of attention to the

stimuli, also described as ‘fussiness’. Therefore, sustaining the infant’s attention for

as long as possible during a visual ERP experimental session appears to be one of

the keys to increasing the number of artifact-free trials that can be obtained.

Controlling the stimulus presentation based on the infant’s attention to the screen

is a widespread practice in infancy research. One common approach to recover the

infant’s attention to the stimuli is to present ‘attention grabbers’. These commonly

consist of a combination of dynamic stimuli including audio with high saliency that

are likely to attract the infant’s attention back to the stimulus location. The decision

to deploy an attention grabber is a matter of experimenter discretion. Depending on

the stimulus presentation and the experimenter, the decision can vary considerably

between experiments and labs. In some experiments, the attention grabbers are

shown when the experimenter considers that the infant is not attending to the stimuli

(e.g., Nelson & De Haan, 1996; van Hoogmoed et al., 2013). In other experiments,

the attention grabbers are shown automatically before each trial or block of trials

(e.g., Junge et al., 2012; Yrttiaho et al., 2014). Methods to control the stimulus

presentation based on the infant’s attention have also occurred. First attempts to

control infant’s attention were conducted by the experimenter observing the infant in

real time with a modification of the stimulus presentation depending on the infant’s

behaviour (e.g., Fantz, 1964; Horowitz, Paden, Bhana, & Self, 1972; M. H. Johnson,

Posner, & Rothbart, 1991). More recent technology has allowed the development of

more complex and precise gaze-contingent experiments via the use of eye tracking

technology (e.g., Deligianni et al., 2011; Shukla et al., 2011; Wang et al., 2012; Wass

et al., 2011). In general, the studies report that gaze-contingent techniques have

positive results in the level of engagement of the infant in the experiment.
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Taking the previous studies into account, we hypothesize that a gaze-contingent

presentation of ERP trials would help sustain an infant’s attention to visual stimuli.

This would be reflected in a more pronounced difference between conditions, with a

relative increase of the negative central (Nc) component in the average ERP com-

pared to the Nc component obtained with a standard ERP presentation technique.

The Nc component has been related to allocation of attention in infants and is usu-

ally observed over fronto-central areas of the scalp (De Haan, 2007a; Richards, 2003).

We also expected that the use of a gaze-contingent presentation of ERP trials would

result in an increase of the number of trials accepted and in the quality of the final

ERP morphology. These hypotheses were tested comparing two groups of infants:

a group that experienced stimuli presented via a gaze-contingent paradigm, and a

control group that encountered a traditional continuous mode stimulus presentation.

The only difference between the two groups was the presence of gaze-contingent at-

tention grabbers based on the infants’ looking behaviour prior to the presentation

of each stimulus.
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3.2 Methods

3.2.1 Participants

Twenty-eight infants (12 males, 16 females) were tested at ten months of age (322

± 26 days). Before the experiment started, the infants were assigned randomly to

one of two possible groups: continuous or gaze contingent. Five of these infants

had to be excluded in the ERP analysis due to a technical problem with the video

recording of the infants’ behaviour during the experiment. The video recording was

necessary in the methodology used for analysing the infant ERP data. Thus, the

final sample included in the eye tracking analysis consisted of 28 infants (continuous

group = 13, gaze-contingent group = 15) and the final sample included in the ERP

analysis consisted of 23 infants (Continuous group = 10, Gaze contingent group =

13). Another eight infants were tested but excluded from the final sample: Four

infants due to tracking difficulties of the eye tracker and four infants because of

technical problems with the EEG system.

All infants tested were born full-term without complications and with normal

birth weight. The parents were informed about the experimental procedure before

it started and gave written consent for their infant to participate in accordance

with institutional protocols. The study was approved by the Lancaster University

Research Ethics Committee.

68 Chapter 3



Towards the improvement of infant ERP techniques

3.2.2 Apparatus

Stimulus presentation

The visual stimuli were presented on a 20-inch CRT monitor (Mitsubishi Diamond

Pro 2070SB) with a refresh rate of 60Hz. The monitor resolution was 800x600

pixels. All visual stimuli were shown using Psychtoolbox 3 for Matlab® (Kleiner et

al., 2007).

EEG

EEG activity was measured via a 124-channel Sensor Net (Electrical Geodesic, Eu-

gene, USA) with a sampling rate of 500Hz and recorded using the software Net

Station. Raw EEG data were recorded with the vertex electrode (Cz) as the online

reference. All infants were videotaped and the video was synchronized with the

onset of every stimulus for later analysis of the infants’ behaviour during the ERP

analysis.

Eye tracker

Eye movements were recorded using a Tobii TX300 eye tracker (Tobii AB, Danderyd,

Sweden) with a sampling rate of 120Hz. Eye tracking data were recorded using the

Tobii SDK 3.0 in Matlab on the presentation computer.
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3.2.3 Visual Stimuli

The experimental procedure used was primarily designed to investigate the neural

correlates of statistical learning of action sequences in infants (Monroy et al., 2017).

The experiment consisted of two phases: a training phase with video stimuli, and

an ERP phase with a sequence of static stimuli. Given that these were visually

presented stimuli, an Nc component was expected to be elicited by specific stimuli

during the test ERP phase.

Training phase

A training phase, not analysed in the present study, comprised videos of an actor’s

hand performing actions on a box. The box had six unique button objects equally

positioned around its edges. Each object afforded a distinct manual action. In total,

four video blocks were shown to the infants. The videos were presented at 35°x 20°.

The average length of each video during the training session was 91 seconds.

ERP phase

Nine different pictures were used as stimuli. The pictures were single frames ex-

tracted from the training videos, depicting mid-action execution movements. The

pictures were presented with a size of 35°x 20°.
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3.2.4 Procedure

The infants sat on their parents lap at a distance of 65 cm from the monitor. Prior

to the start of the experiment, the EEG net was positioned on the infants’ heads and

a five-point infant calibration routine of the eye tracker was performed. During the

training phase, the same procedure was followed for all the infants, irrespectively of

the group they were assigned to. Therefore, the results of the training phase were

only used in the present study to make sure that no quality bias in the eye tracking

data existed between the groups. The videos were presented in a continuous mode.

The experiment was paused or an attention grabber was shown whenever the infant

did not attend to the screen.

The ERP phase consisted of a maximum of 144 trials. Regardless of the con-

tinuous or gaze-contingent group, the experiment continued until all the trials were

presented or until the experimenter considered that the infant had lost interest in

the stimuli. In both groups, the experimenter paused the presentation or showed an

attention grabber whenever the infant was distracted from the stimuli for a number

of sequential trials. Each trial started with a fixation image showing a picture of

a duck on a black background. The fixation image was presented at a size of 3°x

3.7°. The image of the duck changed its location for each trial so that it matched

with the location of the object being acted upon in the next trial (Figure 3.1). Six

different positions of the duck were possible. All the positions were distributed on

the screen with an average distance of 10° to the centre of the screen. None of the

positions corresponded with the centre of the screen.

The ERP presentation procedure was different for the continuous and the gaze-
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contingent group:

Continuous group

In the continuous group the fixation image was shown for one second and, imme-

diately after, the corresponding stimulus was shown for one second. That is, the

presentation of trials was conducted in a continuous fashion (Figure 3.1-B).

Gaze-contingent group

In the gaze-contingent group, the fixation image was also shown for one second. The

eye tracking data were used to check the infant’s point of gaze (PoG) at the end

of the presentation of the fixation image. Three different alternatives were possible

from this moment, depending on the infant’s gaze behaviour (Figure 3.1-A): (1)

First attempt: if the infant’s PoG was within 4° around the fixation image at the

moment of the first gaze check, the stimulus image of the corresponding trial was

shown for one second. This resulted in the same trial procedure as the continuous

group. (2) Second attempt: if the infant’s PoG was not within the area of interest,

the fixation duck would wiggle together with a jingling sound to capture the infant’s

attention. When the infant’s gaze was measured to be within the area of interest, the

movie stopped and the fixation image was shown again for one second. Immediately

after, without checking the infant’s PoG again, the corresponding stimulus was

shown for one second. (3) Third attempt: If the video of the moving duck was

presented for four seconds and the infant’s PoG was still not within the area of

interest, the trial started automatically. As in (2), the fixation image was shown for
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one second, followed immediately by the next trial stimulus. The third option was

implemented to allow the experiment to continue without significant disruption, and

also to increase the chance of regaining the infants’ attention as a consequence of

changes in the stimuli. The gaze-contingent process was repeated every trial. For

each trial, the stimulus was triggered by one of the three options described above,

depending on the infant’s looking behaviour.

3.2.5 Analysis

Eye tracking data processing

Eye tracking data were processed using custom-made Matlab scripts. The analyses

of eye tracking data focused on the percentage of valid eye tracking data and the

distribution of infants’ gaze on the screen during the ERP phase for the two groups.

Raw eye tracking data were pre-processed prior to data analysis. The pre-processing

was based on the previous steps reported in some common fixation filters: data

smooth applying a moving average, interpolation of missing points up to 100 ms

and eye averaging (Olsen, 2012; Saez de Urabain, Johnson, & Smith, 2014).

Percentage of valid eye tracking data. The percentage of valid eye tracking

samples during the presentation of stimuli was calculated for each presentation phase

and group to evaluate the quantity of eye tracking data collected. We considered

valid eye tracking samples the ones with a validity code other than 4 (value assigned

by the Tobii SDK to samples where the eyes are not found). We included in the

analysis the periods of time where the videos where presented during the training

phase and the static stimuli during the ERP phase.
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Distribution of gaze. We examined the looking behaviour during the presen-

tation of the stimuli in the ERP phase for each group. For that, the root mean

square (RMS) was calculated, which gives a measure of distribution of gaze during

a period of time (Gredebäck, Eriksson, Schmitow, Laeng, & Stenberg, 2012). RMS

provides an estimate, in degrees of visual angle, of the distribution of gaze relative

to the centre of the fixation image of each trial, and therefore this measure is inde-

pendent from the fixation image location. For each trial, the RMS
(√

1
n

∑n
i=1 θ

2
i

)
of the distances to the fixation image centre was calculated by (1) computing the

square of the angular distance (θ), in visual degrees, of each sample (i) of the 1-sec

trial to the centre of the fixation image and (2) taking the root of the averaged re-

sulting squared distances of the trial. Only trials with at least 75% of valid samples

were included in this analysis. On average, data from 70.2 trials (SD = 23.7) per

participant in the continuous group and 90.2 trials (SD = 23.4) per participant in

the gaze-contingent group were included in the analysis.

ERP data processing

EEG data were analysed using the Matlab toolbox EEGLAB v13.0.1 (Delorme &

Makeig, 2004). First, EEG data were filtered using a band-pass filter from 0.3 to 30

Hz. The data were then segmented into epochs that comprised a 100 ms baseline and

1000 ms after the onset of the stimulus. The first 100 ms of each epoch corresponded

to the last period of the fixation image on the screen.

EEG epochs were examined off-line together with the video recording of the in-

fant’s behaviour by a trained infant ERP data editor, as is described in infant ERP

literature (Hoehl & Wahl, 2012). Trials that contained artifacts (i.e. movements,
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blinks) or in which infants did not look towards the stimulus were marked for re-

jection. Trials marked as rejected during the manual editing of the EEG data were

automatically discarded. For the remaining trials, an automatic algorithm based on

amplitude thresholds that had already used with infant data was applied to detect

and interpolate bad electrodes (Kouider et al., 2013). Next, the EEG data were re-

referenced to the average reference. ERPs were calculated for every participant by

averaging all the remaining trials to create one single condition. We collapsed all the

valid trials to obtain only one ERP condition per infant because we were interested

in the general level of attention during the ERP experiment. All the infants with

valid EEG data were included in our analysis since all of them accomplished our

criteria about minimum number of 10 valid trials. On average, infants contributed

with 65.70 trials (SD = 29.15) in the continuous group and 60.61 trials (SD = 24.25)

in the gaze-contingent group. Both groups contained a similar number of trials from

each of the nine different stimuli shown during the experiment (p = 0.684).

ERP grand averages were created for each group. An Nc component was identi-

fied on the basis of morphology and previous literature as a negative peak over the

frontal and central electrodes centred approximately at 480 ms after the stimulus

onset (Csibra et al., 2008; Reynolds & Richards, 2005). We selected groups of elec-

trodes of the EGI sensor net around locations of the 10-20 international system for

each area of the scalp where the Nc was present. These were the left frontal region

(F3 and surrounding electrodes), the right frontal region (F4 and surrounding elec-

trodes) and the central region (Cz and surrounding electrodes). We also selected

a cluster of electrodes around the occipital region (Oz and surrounding electrodes;

Figure 3.4).
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Statistical analyses

The statistical analyses focused on determining whether the difference in the ERP

experimental procedure (i.e. continuous or gaze-contingent) had an impact on the

eye tracking and EEG data that could be associated with a difference in infants’

behaviour and attention during the experiment. Thus, the analyses were performed

with the ERP presentation condition (continuous or gaze-contingent) as a between-

subjects factor. For the percentage of valid eye tracking data analysis, the phase

of the experiment (training or ERP) was also added as a within-subjects factor.

Although the training phase data are not analysed in this study, we used them to

ensure that there were no eye tracking data quality differences between groups not

related to the gaze-contingent manipulation. All the variables tested were normally

distributed. All statistical analyses were conducted in IBM SPSS Statistics 19®.

76 Chapter 3



Towards the improvement of infant ERP techniques

3.3 Results

3.3.1 Experimental session results

Table 3.1 shows the descriptive statistics on the characteristics of the experimental

session split by the presentation condition during the ERP phase (continuous or

gaze-contingent). The ERP phase was longer for the infants assigned to the gaze-

contingent group. In contrast, the mean number of trials shown during the ERP

phase was lower for the gaze-contingent group (maximum possible number of trials

shown was 144). A slightly higher percentage of trials were accepted for further

ERP analysis in the gaze-contingent group (57.35%, SD = 21.63%) compared to the

continuous group (52.45%, SD = 21.29%). This difference was not significant.

With respect to the triggering modes in the gaze-contingent group, approxi-

mately 70% of the trials were triggered at the first attempt. That is, the infants’

PoG was within the area of interest when the fixation image was shown for the first

time during a trial. The second and third attempts, which showed the stimulus

after the attention grabber movie, were both used on average for around 15% of the

ERP trials. Regarding the distribution of trial acceptance by triggering mode, the

first and second attempt had higher percentage of trials accepted (69% and 52%,

respectively) than the third attempt (29%).
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Continuous group
(SD)

Gaze-contingent
group (SD)

Length of the experiment

Average length of the training
phase (seconds)

394.71 (56.71) 371.26 (20.17)

Average length of the ERP phase
(seconds)

269.36 (46.86) 349.14 (87.68)

Number of trials during ERP
phase

Mean number of ERP trials shown
(maximum 144)

134.23 (20.05) 113.46 (31.55)

Accepted for ERP analysis (%) 52.45 (21.29) 57.35 (21.63)

Triggering mode

Mean number of trials triggered
by first attempt

- 76.93 (26.78)

Accepted for ERP analysis (%) - 69.29 (24.85)

Mean number of trials triggered
by second attempt

- 17.33 (10.08)

Accepted for ERP analysis (%) - 52.81 (36.17)

Mean number of trials triggered
by third attempt

- 19.20 (8.23)

Accepted for ERP analysis (%) - 29.64 (21.61)

Table 3.1: Experimental session characteristics split by ERP presentation group
(continuous and gaze-contingent). The variables included for each group are: the
average length of the training and ERP phase, mean number of ERP trials shown
during the ERP phase and mean number of trials triggered by first, second and
third attempt (this applies only to gaze-contingent presentation group). The mean
percentage of trials accepted after the manual editing procedure is also included for
each group and triggering mode.
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3.3.2 Eye tracking results

Percentage of valid eye tracking data

The repeated measures ANOVA results revealed a main effect of presentation phase:

F(1, 26) = 20.58, p < 0.01, η2p = 0.442 as well as an interaction effect between

presentation phase and group: F(1, 26) = 16.17, p < 0.01, η2p = 0.384. Post-

hoc independent-sample tests confirmed that the percentage of valid eye tracking

data was different between groups only during the ERP phase. Specifically, the

percentage was higher for the gaze-contingent group (M = 84.94, SD = 7.59) than

for the continuous group (M = 60.86, SD = 13.73): t(26) = -5.845, p < 0.001 (Figure

3.2-A).
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Figure 3.1: A representation of the ERP trial sequence used for each of the two
groups. (A) Gaze-contingent. Depending on the infant’s looking behaviour, each
trial followed one of the three sequences. First attempt: The infant’s PoG was
within the fixation image area of interest after showing the fixation image for one
second. Second attempt: The infant’s PoG was within the attention grabber area
of interest after starting showing the attention grabber movie. Third attempt: The
infant’s PoG was not within the attention grabber area of interest after showing
the movie for four seconds. (B) Continuous. Every trial was triggered in the same
manner: The stimulus was shown right after showing for one second the fixation
image.
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Figure 3.2: Mean percentage of valid eye tracking data during the two phases of the
experiment (Learning phase and ERP phase) separately for the continuous group
(grey line) and the gaze-contingent group (black line). Error bars represent standard
deviation. (B): Evolution of the mean percentage of valid eye tracking data collected
each trial of the ERP phase separately for continuous group (grey line) and gaze-
contingent group (black line). The dashed line shows the cumulative mean number
of trials triggered by second or third attempt—attention grabber was shown—in the
gaze-contingent group.

The reason for the difference found in the percentage of valid eye tracking data

between both groups during the ERP phase can be seen in Figure 3.2-B. It shows

the evolution of the mean percentage of valid eye tracking samples over the trials

during the ERP phase. The mean number of valid samples is approximately 85% for

both groups at the beginning of the ERP phase. Only around one minute after the

ERP phase started, the mean number of valid samples decreased abruptly for the

continuous group whereas it was more stable over the trials for the gaze-contingent

group. Also in Figure 3.2-B, the mean cumulative number of trials triggered by

gaze-contingent during the experiment can be observed. This value ascends mostly

linearly over the trials, with no specific flat area or steep slope.
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Distribution of gaze

The distribution of gaze during each ERP trial was mainly expected to be around the

fixation image. The RMS analysis showed that infants in the gaze-contingent group

distributed their gaze nearer the centre of the fixation image (M = 4.73, SD = 0.79)

than the continuous group (M = 6.97, SD = 1.48): t(26) = 5.09, p < 0.001 (Figure

3.3-A). This difference in looking behaviour during the ERP phase can also be seen

in Figure 3.3-.B, which shows the mean distribution of gaze on the screen during

the ERP trial period. The infants assigned to the gaze-contingent group directed

their gaze mainly around the location of the fixation image and a smaller amount

of time around the centre of the stimulus. The infants assigned to the continuous

group had a more spread gaze distribution along the first 12 degrees from the centre

of the fixation image, with no clear peaks in any areas of the stimulus.
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Figure 3.3: (A): Mean distance between individual gaze data samples to the centre
of the fixation image (RMS) during the ERP phase separately for the continuous
group (grey line) and the gaze-contingent group (black line). Error bars represent
standard deviation. (B): Mean distribution of gaze on the screen during ERP stimuli
separately for the continuous group (grey line) and the gaze-contingent group (black
line). The vertical axis corresponds to the mean percentage of eye tracking samples.
The horizontal axis corresponds to the rounded distance, measured in degrees of
visual angle, of the infant’s PoG to the centre of each fixation image.

3.3.3 EEG results

Figure 3.4 displays the grand average waveforms of the four electrode clusters calcu-

lated across the scalp. The Nc component was more negative for the gaze-contingent

group than for the continuous group for the three clusters computed in frontal and

central regions. A time window around the peak of the Nc was chosen from 400

ms to 575 ms after stimulus onset for statistical analysis. The mean amplitude of

the window was calculated for each participant and frontal-left, frontal-right and

central clusters of electrodes. We performed a repeated-measures ANOVA including

the location of clusters (frontal-right, frontal-left and central) as a within-subjects

factor, and the two presentation conditions (continuous and gaze-contingent) as a
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between-subjects factor. The mean amplitude was found to be significantly lower

for the gaze-contingent group (M = -5.31 µV, S.E. = 1.41) than for the continuous

group (M = -1.24 µV, S.E. = 1.04) for the main effect of presentation condition:

F(1, 21) = 4.787, p < 0.05, η2p = 0.186.

There were no main effects on location. Also, no interaction effects between

location and condition were found, suggesting that the same effect was found across

the frontal and central region, as can be seen in Figure 3.4.

Figure 3.4: Grand average ERP waveforms for the different clusters. Grey line:
Continuous group. Black line: Gaze-contingent group. Top left: Frontal-Left cluster
including F3 and surrounding electrodes. Top right: Frontal-Right cluster including
F4 and surrounding electrodes. Central right: Central cluster including Cz and
surrounding electrodes. Bottom right: Occipital cluster including Oz and above
electrodes. An Nc effect was present in the frontal and central areas of the scalp,
larger in amplitude for the gaze-contingent group. Note that the negative is plotted
up.
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3.4 Discussion

The aim of the present study was to investigate whether gaze-contingent techniques

could help sustain infants’ attention during an ERP study and whether this could

engender a higher quality of obtained data. We tested two groups of 10-month-

old infants, one with a gaze-contingent presentation and one with a continuous

presentation. The results showed that the number of trials accepted for the final

ERP analysis were similar. Both the eye tracking data and ERP data show, however,

that there was a clear difference in behavior and attention of the infant during

the ERP phase as a consequence of contingent stimulus presentation. First, the

distribution of gaze of the gaze-contingent group was more concentrated near the

fixation image. Also, the Nc component of the ERP response in the gaze-contingent

group was significantly larger in amplitude over the frontal and central electrodes.

Based on previous studies of attention in infants, the larger Nc component found

in the gaze-contingent group can be related with sustained attention during the ERP

phase (Richards et al., 2010; Richards, 2001). Also, previous studies have already

shown that gaze contingency improves attention in infants (Forssman et al., 2014;

Wass et al., 2011). The present results support this notion and add behavioral and

electrophysiological evidence that indicate that gaze contingency helps sustain an

infant’s attention to the stimuli during an ERP experiment. One factor for this at-

tentional effect seems to be increasing the complexity of the elements shown during

the presentation. Animated stimuli and variability have been shown to sustain in-

fant’s attention longer than static stimuli (Cohen, 1972; Courage et al., 2006; Stets

et al., 2013). Thus, our hypothesis of why gaze contingency sustained infants’ at-

tention is that we showed animations with movement and sound when the infants
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started to diminish their attention towards the screen. Often this would recover

the engagement of the infant to the stimuli, with more attention allocated towards

the subsequent presentation of trials. Showing animated attention grabbers dur-

ing an infant ERP experiment is a common practice to regain infant’s attention.

However, they are usually triggered manually by the researcher or automatically

by the stimulus presentation in a regular basis every certain number of trials. In

fact, the continuous group in our study was also shown attention grabbers follow-

ing these common procedures whenever the infant was distracted for a number of

trials. Presenting attention grabbers more consistently whenever the infant started

to diminish the attention—as the gaze-contingent presentation did—seems to have

made a difference in sustaining the infant’s attention to stimuli.

There are some studies that suggest that gaze contingency can have more con-

sequences for infants than just sustain their attention. First, in Wass et al. (2011),

it is concluded that gaze contingency acted as an attention trainer for the infants.

Our data suggest, however, that in our experiment gaze contingency helped sustain

infants’ attention but did not act as an attentional trainer. The mean cumulative

number of trials that used an attention grabber as a consequence of the infant disen-

gaging from the screen increased through the test session in a linear fashion. In our

understanding, an attentional training process would be associated with a decrease

in the number of trials that needed gaze contingency to grab the infant’s attention

back to the stimuli. There are significant differences in the experimental design

between Wass et al. (2011) and the present study related to the type of stimuli and

procedure, but also to the number of sessions. In Wass et al. (2011), the attentional

improvement was tested in a second session after applying a gaze-contingent train-

ing session. Second, it has also been shown that infants are able to learn that their
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gaze behaviour can modify the presentation of stimuli in gaze-contingent paradigms

(Wang et al., 2012). This would be a negative consequence in the proposed ERP

methodology because it would have presumably made the infants look off the screen

more often to trigger an attention grabber. The constant increase of the mean cumu-

lative number of trials that triggered an attention grabber also suggest that infants

did not learn the consequences of gaze contingency. We believe that infants did not

learn the consequences of gaze contingency in the present experiment (presentation

of the next trial) because they experienced them on average only during 15% of the

total presented trials.

Gaze contingency was found to positively affect the ERP response in terms of

engagement and attention. It is unknown whether it modified the cognitive response

to the stimuli in any other way that could affect the ERP response. This question

applies to showing attention grabbers during an experiment, with or without gaze

contingency. This issue should be of interest to the developmental research com-

munity as attention grabbers are a common practice in infant ERP studies. In this

regard, our intention was to study whether the ERP response was different in the

gaze-contingent group between the trials that were shown right after an attention

grabber (second and third attempt) and the trials that were shown without it (first

attempt). However, the lack of enough valid ERP trials shown after an attention

grabber made that addressing this important question was unfeasible. On the basis

of our data, it is unlikely that attention grabbers affect the ERP response as the

animations were presented between trials and only when the infant was distracted.

Further research would shed light on this important topic.

At least one previous study has found that gaze contingency helps retain more
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trials during an ERP visual experiment (Maguire et al., 2014). The study was

conducted with a similar experimental setup but on six to eight year-old children.

Based on this and after examining the difference in the distribution of gaze on the

screen between groups (Figure 3.3), we did not expect to have similar number of

ERP trials accepted between both groups in our experiment. The procedure followed

to assess the validity of ERP trials for both groups was normative for infant ERP

studies: an ERP editor visually inspected each ERP trial both in terms of EEG

noise and looking behavior of the infant. Looking behavior is coded by analyzing

the session recordings frame-by-frame and marking trials in which the infant was not

looking to the screen as invalid. A t-test analysis applied to the N1 visual component

of the occipital area of the ERP revealed no significant differences in this component

between the two presentation modes. This suggests that the trials included in both

groups had similar amount of the visual N1 component in response to the stimuli.

However, in our experience, the quality of the video could lead to uncertainties in

the decision of whether the infant is looking at a certain location of the screen.

The infant could seem to look at the screen but the precise location of fixation is

ambiguous. In this regard, and considering the different pattern of distribution of

gaze on the screen observed in the eye tracking data, it is possible that there were

ERP trials included in the continuous group where the infants were looking at the

screen but not at the fixation image. This would have introduced trials with a

weaker cognitive response to the stimulus, which would have affected the final ERP

quality in the continuous group (Domı́nguez-mart́ınez, Parise, Strandvall, & Reid,

2015).

The lack of difference in the percentage of valid eye tracking data between groups

during the training phase confirms that the differences that were found during the
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ERP phase are due to the gaze contingency manipulation. It is notable that both

groups of infants began the ERP phase with a similar average percentage of valid

eye tracking data and, after only 20 trials, the difference in the quantity of valid eye

tracking data started to increase between groups. Since the number of accepted trials

were similar in both conditions, we have two different hypotheses that could have

contributed to this difference: (1) the eye tracker had more difficulties in tracking

infants assigned to the continuous group as they were less engaged with the stimuli

and moved more. Such behavior is known to cause a decrease in the eye tracking

data quality (Holmqvist et al., 2011). (2) The infant behaved in the same way

in both groups but the infants assigned to the continuous group were more often

outside the virtual trackable box of the eye tracker. The fact that the presentation

of trials in the gaze-contingent group was dependent on the correct functioning of

the eye tracker could have created an operator bias. This is, the operator would have

been more attentive to the location of the infant with respect to the eye tracker to

make sure that the infant was inside the trackable box and therefore the trial was

triggered properly. A visual inspection of the video recordings did not show any

clear behavioral bias towards any of the two hypotheses stated. Thus, we believe

that the reason for the decrease in quality of the eye tracking data in the continuous

group could be due to a combination of the two hypotheses. These two factors make

the use of gaze contingency advantageous to maximize the eye tracking data quality

of any visual infant paradigm.

The gaze-contingent presentation also appeared to induce an improvement in the

quality of the final ERP morphology. All the components of the ERP—not only the

Nc—in different locations of the scalp seem to be enhanced in the gaze-contingent

group. Our hypothesis is that the difference in the quality of the ERP morphology is
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directly related to the general infant behaviour during the experiment. Being more

attentive to the stimulus presentation—as shown by the Nc component—would have

also reduced the amount of movement in the gaze-contingent group. Head and body

movements are one of the main causes of artifacts in infant EEG signals which may

lead to a reduction in the signal-to-noise ratio of the final ERP (De Haan, 2007a;

Hoehl & Wahl, 2012). An ERP with a low signal-to-noise ratio could mask cognitive

responses and potentially even change final results. For that reason, obtaining the

best signal quality should be the main goal of any ERP methodology. The method

proposed in this study based on gaze-contingent presentation is one example of an

ERP methodology that is worth applying when considering the potential improve-

ments in ERP quality.

3.5 Conclusions

In this experiment, a gaze-contingent technique acted as an attention guide to direct

infants’ attention to the part of screen displaying the manipulation in the visual

stimuli. Our results show that the use of gaze-contingent techniques during the ERP

experiment helped sustain infants’ attention to the stimuli. The change in behavior

of the infants assigned to the gaze-contingent group also affected the eye tracking

data quality and helped collect as many valid eye tracking samples as possible. We

believe that this is a strong rationale for using gaze-contingent techniques in any

kind of eye tracking experiment with infants. Importantly, the quality of the ERP

data was improved as determined by the amplitude of the Nc component of the

resulting grand average ERP.
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3.6 Prelude to Chapter 4

The preceding experiment investigated the use of gaze-contingent techniques to sus-

tain infants’ attention during an ERP presentation. The differences in the gaze

patterns observed in the continuous and gaze-contingency group suggest that the

gaze-contingent presentation facilitated that infants assigned to this condition fix-

ated the important part of the stimulus. Also, the Nc component was found to

be significantly more negative for the gaze-contingent group than for the continu-

ous group. Since the Nc component is related with attention, the Nc amplitude

difference indicates that infants were more attentive to the stimuli when using the

gaze-contingent technique. Finally, the general ERP morphology enhancement ob-

served in the grand average ERP of the infants assigned to the gaze-contingent group

shows that the visual and general behavioural differences had a positive impact in

the general ERP data quality.

Chapter 3 further explored the potential advantages of using eye tacking during

an infant ERP study, specifically, whether eye tracking increases infants’ attention

when used during the presentation of ERP stimuli as a gaze control tool. Our results

suggest that the use of eye tracking during the presentation of repetitive trials, as it is

the case of ERP stimuli, can help sustain infants’ attention longer than conventional

methods of presentation of stimuli. These results are consistent with other studies

that have reported the positive use of gaze contingency as an attentional training

tool (Forssman et al., 2014; Wass et al., 2011). Additionally, using eye tracking

as a gaze control tool during the presentation of ERP stimuli seems to help direct

infants’ visual attention to the important part of the stimulus. Based on the results

obtained in Chapter 2, this is of great importance to maximize the brain response
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related to the stimuli and obtain a good quality ERP. Taken together, the new ERP

presentation methodology proposed in Chapter 3 based on eye tracking techniques

appears to have a positive effect in the final ERP data quality.

As a next step, the objective of this thesis was to further explore the potential

benefits of using eye tracking in an infant ERP experiment. Particularly, the aim

was to investigate whether the use of eye tracking data during the ERP data editing

process would help assess the validity of ERP trials based on the gaze behaviour of

an infant (i.e., was the infant’s gaze behaviour ”good enough” to include a given

trial in the grand average ERP?). However, during the study definition process

we realized that the data analysis limitations of current infant ERP techniques,

explained in the introduction chapter (see page 21), would not allow us to obtain

valid conclusions. The approach that we intended to take to evaluate the use of

eye tracking during the ERP data editing was to propose an algorithm that, based

on the eye tracking data collected during the experiment, could give an objective

measure of the validity of a given ERP trial. To validate such an algorithm and

evaluate the performance, it would have been necessary to compare it with the

current gold standard in ERP editing techniques. Currently, as also explained in

the introduction, the most common methodology to select valid trials is mainly

based on visual inspection and manual selection. A literature search revealed that

these practices have never been assessed and validated. This means that there is no

validated gold standard in ERP editing methodology that could be used to compare

it with a potential new editing methodology approach based on eye tracking and

evaluate its performance. We considered it to be critical that an assessment of

the current standard ERP editing methods was conducted, before proposing a new

infant ERP editing method that could not be properly validated. The following
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chapter will, therefore, try to address the second research question of this thesis:

Are current infant ERP editing methods in need for further standardization?

The aim of Chapter 4 was to evaluate the validity of the current infant ERP

editing practices. The hypothesis was that the current methods to select valid infant

ERP trials, which are mainly based on visual and subjective methods, could have a

low level of agreement between infant ERP expert editors. The second hypothesis

was that, if the low agreement between ERP editors was confirmed, differences in the

ERP trials selected as valid by various ERP editors could lead to differences in the

final ERP morphology and could even affect the final results in terms of statistical

analyses. The following chapter focuses in the selection and agreement of ERP

trials for inclusion and exclusion for further analysis, based on EEG noise. Three

ERP human expert editors and one automatic algorithm were chosen to select the

valid trials of the same infant ERP dataset. Each human editor used the standard

methods for trial selection that they commonly use in their infant ERP studies.

Once the level agreement was determined, we further investigated the causes of the

level of agreement. We created a statistical model of the EEG characteristics that

each of the human editors took into account when selecting the valid ERP trials.

The aim of this work was to better understand the differences in current ERP trial

selection strategies.
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Understanding the Causes and
Consequences of Low Agreement
in Infant ERP Editing Practices

Text in preparation for submission

Abstract

During an infant event-related potential (ERP) study, the most common ap-

proach used by developmental researchers to analyse infant ERPs is via a trial-by-

trial editing process of the data. This process detects EEG channels that contain

noise due to movement and other artifacts and rejects trials that are judged to con-

tain an excessive level of noise. This editing process is either carried out manually

by experienced researchers, partially assisted by specialized software or completely

performed by an automatic artifact detection algorithm. The validity of current

infant ERP data editing methods was assessed by analysing the agreement between

four editing methods: three expert human editors and an automatic algorithm. The

level of agreement found between editors was low in terms of the number of tri-

94



Towards the improvement of infant ERP techniques

als included and number of channels interpolated. The agreement between editors

had an impact on the ERP morphology as well as in the statistical results of the

ERP component under study. The causes of disagreement were also analysed by

estimating the EEG characteristics that each of the human editors took into con-

sideration for accepting an ERP trial. We conclude that there is a need for further

standardization of infant ERP editing methods.
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4.1 Introduction

Event-related potentials (ERPs) allow for the measurement of brain responses re-

lated to external stimuli without the need for overt behavioural responses from a

participant. This technique can be applied from birth to study typical and atypical

development (Nelson & McCleery, 2008). ERPs have been increasingly used over

the last two decades to study how infants develop (De Haan, 2007a; Thierry, 2005).

There are, however, some limitations when using this technique with developmental

populations. One of them is that the automatic processing algorithms typically used

to detect artifacts in the adult electroencephalogram (EEG) are often not suitable

for infant EEG. To overcome this challenge, the most common approach is to man-

ually edit the EEG on a trial-by-trial basis to select artifact-free data for inclusion

in the final dataset (Hoehl & Wahl, 2012). Importantly, it is unknown how this

activity alters the makeup of the final dataset, particularly in terms of number of

included trials, and replicability of ERP effects and waveform morphologies between

individual data editors.

During an ERP experiment there are a number of aspects that need to be taken

into account to ensure that the recorded data are of a good quality. First, the EEG

signal recorded is sensitive to body and eye movement. In order to obtain artifact-

free trials, the participant should be as still as possible during the experiment, as

muscle activity and movements usually contaminate or mask brain signal (Luck,

2005). Second, in the case of visual stimuli, it is essential that the participant

directs attention towards the stimulus to obtain a brain response to the stimulus.

Adults can be instructed to move as little as possible and to pay attention to the

stimuli. When the participants tested are infants, these factors, together with their
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limited attention span, become a substantial challenge when recording EEG (Hoehl

& Wahl, 2012).

The ERP methodology typically requires that the brain response to the stimuli

must be recorded a number of times and averaged to obtain a final ERP. The number

of artifact-free trials per condition needed for ERP analysis will depend on the signal-

to-noise ratio of the component under study. For adult participants this goes from

a minimum of 40 trials with a typical number of around 75-100 trials (Picton et al.,

2000). The amplitude of infants’ electrical brain activity measured on the scalp is

usually higher than in adults due to reduced impedances, such as a thinner skull, in

addition to larger postsynaptic activity as a result of a larger number of synapses

(DeBoer et al., 2007; Thierry, 2005). This, together with the difficulty of getting

artifact-free trials in infants, are the main reasons why a minimum of 10 trials per

condition is usually reported (DeBoer et al., 2007; e.g., Bakker et al., 2015; Reid

et al., 2007; Reynolds & Guy, 2012), although some studies have suggested that

using three or five trials per condition results in a larger sample size and a similar

ERP morphology, which compensates for the reduced signal-to-noise ratio (Kaduk

et al., 2016; Stets & Reid, 2011; Yrttiaho et al., 2014). One of the main reasons

for exclusion of a participant from the final sample in an infant ERP study is not

reaching the minimum number of artifact-free trials. The attrition rate in infant

ERP studies is typically between 50%-75% of the tested infants (Stets et al., 2012).

The current approach used by developmental researchers is to analyse infant

ERPs via a trial-by-trial editing process of the data. This process detects and

rejects trials that contain artifacts. Causes to reject a trial are, amongst others

movement artifacts, muscle artifacts, eye movement artifacts or lack of attention to
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the stimuli (Hoehl & Wahl, 2012). During the editing process, an individual trial can

be directly accepted or rejected from those that will go on to form the ERP average,

or it can be accepted but with the interpolation of channels that contain noise. This

editing process is usually carried out manually by experienced researchers but can

also be partially assisted by specialized software. It usually comprises two steps:

(1) rejection of trials due to lack of attention. This is generally based on the visual

inspection of the video recording of the infant’s behaviour during the experiment.

The researcher makes sure that the infant is visually fixating on the stimulus and

therefore the ERP response is present (Hoehl & Wahl, 2012). (2) Detection of

EEG channels that contain noise due to movement and other artifacts. In adults,

this detection is usually completed utilising automatic algorithms (Luck, 2005). In

infants, this practice has been applied in some studies (e.g., Kouider et al., 2013;

Kulke et al., 2016a). However, the automatic algorithms for rejecting artifacts are

generally created for adult EEG signals, and are not always appropriate for infant

EEG amplitudes and artifacts because they are usually too strict for infant data

(Hoehl & Wahl, 2012). Therefore, this automatic detection is usually followed or

fully replaced by a manual editing process to detect the trials and channels where the

EEG signal is contaminated with artifacts (e.g., Jeschonek et al., 2010; Leppänen

et al., 2007; Reid et al., 2007; Righi et al., 2014).

One limitation of the current infant ERP editing process is the potential source

of variability due to “the human factor,” whereby there is variability in terms of

judgments made across editors regarding the quality of obtained EEG data. Infant

ERP methodology literature usually describes changes in amplitude as a way to

identify artifacts in EEG infant data (DeBoer et al., 2007; Hoehl & Wahl, 2012).

However, due to the complexity of infant EEG data and the high inter-subject
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variability, there are no clear standards in terms of what exact EEG characteristics

and what thresholds should be taken into account when editing ERP trials. There

are some software packages available for editing infant ERPs that synchronize the

EEG data with the video recorded (e.g., NetStation®, Brain Vision Analyzer® or

the graphical user interface for infant ERP analysis based on EEGLAB ; Delorme

& Makeig, 2004; Kaatiala, Yrttiaho, Forssman, Perdue, & Leppänen, 2013). These

tools ease the editing process but they do not automatize it. It is therefore possible

that the judgment and training of researchers could have an effect in the number of

trials accepted for further analysis.

In the present study we examined the reliability of current infant ERP data

editing processes for trial acceptance. To reduce the sources of variability, we focused

on the second step in the ERP editing process: the detection of artifacts in EEG

channels. The same infant EEG dataset was edited four times: three times by

human editors and once by an automatic algorithm. The editors applied methods

representative of the current processes for editing infant ERP data. We divided

our study in three parts. First, we assessed the level of agreement between the

editors in terms of trial acceptance and trial interpolation. Based on the complexity

of the infant EEG signal and the potential limitation of the “human factor”, we

hypothesized a rather low agreement between editing processes on selection of valid

trials and trials with channels marked for interpolation. Second, we studied whether

the level of agreement found could have any consequences in the final results of an

infant ERP study (i.e. statistical analyses on the average ERP waveforms). The

aim of the second part was to evaluate the importance of the agreement level found

between the editing processes. We computed a grand-averaged ERP for each of

the editing processes and analysed whether the differences in these processes had
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an impact on the final ERP morphology. Third, we examined the causes of the

agreement level obtained. The aim of the third part of the study is to shed light

on which EEG variables human editors take into account when selecting clean ERP

epochs. We did this by estimating the EEG signal characteristics that each of

the three human editors took into consideration for accepting an ERP trial. The

questions that we wanted to answer with the last part of the study are: (1) if there

is an agreement in the EEG characteristics taken into consideration between the

human editors and (2) if these EEG characteristics are similar to the ones used by

automatic algorithms.
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4.2 Materials and Methods

4.2.1 EEG dataset

EEG data from 10-month-old infants were selected from a pre-existing infant EEG

dataset (Monroy et al., 2017). The authors used a visual ERP paradigm to study

infants’ sensitivity to statistical structure in action sequences. Each ERP trial con-

sisted of a fixation image shown for one second followed by the stimulus, which was

a still image, displayed for one second. In total, nine different still images were used

as stimuli. EEG data were recorded using the Electrical Geodesic Incorporated (Eu-

gene, Oregon, USA) 124-channel recording system with a sampling rate of 500Hz

and Cz as an online reference. A video of each participant was recorded and syn-

chronized with the onset of every stimulus. The raw EEG data were filtered using

a band-pass filter from 0.3Hz to 30Hz and segmented into epochs that comprised a

200 ms baseline and 1000 ms after the onset of the stimulus.

The video recordings were visually inspected to identify the ERP trials where

the infants had been attentive to the screen in order to control gaze decisions across

the editors, thereby removing this variable as a source of potential variation between

edited datasets. Nineteen EEG recordings were selected for the present study. In

total, an average of 42.47 (SD = 4.4) trials per participant were included in the

study. The trials were split into two conditions that differed from the ones used in

the original study: condition 1 (M = 17.47) and condition 2 (M = 25). This was

done to have a larger number of trials per condition to be edited. An ERP analysis

based on the original data editing indicated that there was an Nc component over

the frontal area of the scalp in both conditions, with one of the conditions under
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study having a more negative Nc than the other condition.

4.2.2 ERP editors

Four editors: three human editors from three universities (Lancaster University,

Birkbeck University and Bangor University) and an automatic algorithm edited the

same ERP dataset. The three human editors were developmental researchers with

substantial experience in editing infant EEG data, with at least three EEG derived

papers published per editor. They applied the methodology and criteria used in

their labs to edit infant ERP data (see Table 4.1 for details). Two editors used a

similar manual approach to edit the data based on trial-by-trial visual inspection.

The third editor used a semi-automatic approach to edit the data: an automatic

algorithm was applied to detect artifacts followed by a trial-by-trial visual inspection.

The automatic algorithm chosen as the fourth editor had been previously utilised

to edit infant ERP data (Kouider et al., 2013). The algorithm was implemented in

Matlab. It automatically marked channels for interpolation and marked each trial

as accepted or rejected based on EEG amplitude levels (for detailed information

about the algorithm, see the supplementary material in Kouider et al., 2013).

4.2.3 ERP data editing procedure

The editors’ task was to assess the EEG signal for each of the ERP trials and accept

or reject each trial for inclusion in the individual ERP average. Additionally, for the

trials accepted, the editors had to report any channel that should be interpolated
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Editor
Editing
software

Editing
method

Criteria to
include a trial

Criteria to
include a
subject

Editor 1 NetStation®
- Visual

Inspection
trial by trial

- No more than 10
channels with eye

movement or other
artifacts detected.
- No cluster of 3 or

more nearby
channels with

artifacts detected.

- At least 5
trials per
condition

Editor 2
Matlab®

(ERPLab)

- Automatic
algorithm to

detect eye and
slow wave
artifacts.

- Visual
inspection

trial by trial.

- Not many
channels with eye
artifacts or slow
wave artifacts

detected by the
algorithm.

- At least 10
trials per

condition.
- 35% or more

of trials
accepted.

Editor 3 NetStation®
- Visual

inspection
trial by trial.

- No eye artifacts
detected.

- No alpha waves or
noise over frontal

channels detected.
- Less than 20%
channels marked
for interpolation.

- At least 10
trials per

condition.
- Not clear
drowsiness
shown by

alpha waves or
not extremely

fidgety.

Editor 4
(auto-
matic
algo-

rithm)

Matlab®

(EEGLab)

- Automatic
algorithm to

detect eye and
movement
artifacts.

- Less than 35%
channels marked
for interpolation.

- At least 10
trials per
condition.

Table 4.1: Summary of the methodology used by all the editors that participated in
the study.
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during the ERP data pre-processing. Finally, they decided whether they would

include each individual participant in the final ERP sample.

Prior to the start of the ERP data editing, the three human editors were given the

same information and guidelines: (1) a general introduction to the ERP experiment,

including the type of stimuli and the paradigm. (2) Hypothesis about the Nc effects

that were expected over the frontal area of the scalp. (3) A template document

with a list containing the trials to be analysed for each participant. The list of trials

was blind for condition. (4) A written explanation of the task as described in the

beginning of this section. The editors were also given the nineteen ERP data files

already filtered and segmented and the corresponding video recordings of the infants

with the stimulus onset information embedded.

Each of the four editors returned the following information: (1) a list with the

trials accepted and rejected by participant. (2) Only for the accepted trials, a list

with the channels, if any, marked for interpolation. (3) The decision, when possible,

of inclusion of each participant in the final ERP sample.

Part 1: Agreement between editors

We used the Krippendorff’s alpha coefficient (α) for nominal data as a main mea-

sure to evaluate the level of agreement between editors. It is a reliability coefficient

designed to measure agreement between independent coders and, among other ad-

vantages when compared to other reliability methods, can be applied regardless of

the number of observers (Hayes & Krippendorff, 2007). The values of α range from

-1 to 1, with 1 representing perfect agreement, 0 representing no reliability between
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coders and values below 0 representing disagreement that exceeds what can be ex-

pected by chance. There is not a minimum acceptable value of α coefficient, but

a suggested threshold of α ≥ 0.667 is considered to indicate that the coded data

is reliable for subsequent analyses (Krippendorff, 2004). We used the SPSS macro

KALPHA to compute all the agreement values reported (Hayes & Krippendorff,

2007).

The agreement among editors was calculated on: (1) trial assessment (N = 804),

(2) participants included in the final sample (N = 19) and (3) channels marked for

interpolation on trials accepted by all editors (N = 218). To reduce complexity in the

agreement on channels marked for interpolation, we recoded the trials in a binary

format: trials with one or more channels marked for interpolation (1) and trials

with no channels marked for interpolation (0). As a secondary agreement measure,

the percentage agreement on all trials accepted and rejected was calculated. We

calculated the agreement among the four editors as well as in groups of three editors

to detect any possible editor outlier.

Part 2: ERP data analysis

We pre-processed the original ERP dataset four times to obtain four grand-averages

ERP, one for each of the editors. The only difference in the ERP analyses was

the selection of trials accepted for further processing and the channels that were

interpolated. These were based on the responses obtained from each of the editors.

For each of the ERP analyses, the following steps were applied: first, the trials

marked as rejected were discarded. Next, a trial-by-trial channel interpolation was
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applied to the channels that had been marked for interpolation. ERP trials were

re-referenced to the average of all channels and baseline corrected. Finally, the ERP

trials were split into conditions 1 and 2. Participants that did not comply with the

inclusion criteria given by the editors (Table 4.1; i.e. minimum number of trials per

condition) were excluded.

The Nc component was analysed to explore differences due to the data editing

process. The most logical analysis given our experimental design would be to run

a repeated measures ANOVA with the factors of condition (1, 2) and editors (1,

2, 3, 4) as between-subject variables for a specific location of the scalp. However,

this was not possible because different editors accepted different participants (see

Table A.1 of the supplementary material) which led to only 6 infants accepted by

all the editors. We confirmed that such ANOVA did not yield any significant main

or interaction effect for the mean amplitude Nc over the frontal-left area, which was

to be expected because of the small sample size. Also, running an ANOVA analysis

only with the participants accepted by all editors is probably not representative of

the entire sample accepted by each editor and it is therefore likely to be biased.

The only way to understand if different editing processes produced different

results was to run four independent statistical analyses on the Nc component, one

for each of the four final ERP datasets. By doing this, we examined each final ERP

as if they were four different studies studying the same data set. If the differences

in the editing process had no or little impact, then the statistical results of the

Nc component would be the same for all editors. We selected three clusters of

electrodes over the frontal area of the scalp: left (four electrodes, including F3),

central (six electrodes, including Fz) and right (four electrodes, including F4; see
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Figure 4.2). The clusters were chosen based on the Nc component observed in the

original grand average ERP that was calculated prior to this study. We selected two

Nc analyses based on visual inspection of the four grand-averages: a mean amplitude

analysis within a time window between 300 and 500 ms and a peak latency analysis

within a time window between 300 and 600 ms. For each type of analysis and each

final ERP, a repeated measures ANOVA was applied with location (left, central,

right) and condition (1, 2) as within-subject variables. Also, a paired-sample t-test

statistical analysis was applied for each location with the experiment condition (1, 2)

as a within-subject variable. SPSS 22® was used to run all the statistical analyses.

Part 3: Estimation of EEG characteristics that affected editors’ agree-
ment

EEG characteristics: We identified 22 EEG characteristics that have been used in

the literature to characterize an EEG signal and identify noise (Delorme et al., 2007;

Hoehl & Wahl, 2012; Inuso, La Foresta, Mammone, & Morabito, 2007; Junghöfer,

Elbert, Tucker, & Rockstroh, 2000; Luck, 2005; Nolan et al., 2010). The selection

contained both time-domain EEG characteristics and frequency-domain character-

istics. Each EEG characteristic was calculated for each of the 804 ERP trials and

each of the 124 electrodes. The reduction of characteristics was based on Pearson

correlation analyses. For each group of two or more variables with a correlation

higher than | 0.7 | only one of the variables was selected. The final set contained

11 EEG characteristics. The initial and final set of EEG characteristics used can be

found in the supplementary material, Table A.2.

Statistical model: The main statistical challenge with edited infant EEG data
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is that the electrode level quality ratings are not observed, we only observe the

trial level decision (i.e., trial accepted or rejected). For that reason and to reduce

the complexity of the statistical model, we first eliminated the electrode level in-

formation. To do so while losing as little information as possible, we constructed

a new one-dimensional EEG characteristic for each trial that was based on all the

electrodes. This new one-dimensional EEG characteristic described how unusual

the EEG characteristic was during an ERP trial compared to a measure of that

same characteristic for trials accepted by all editors. Our one-dimensional EEG

characteristics v ∼ij were computed as:

vij = log
[
(vij − v́)TΣ−1

v (vij − v́)
]

where vij are the vectors of each EEG characteristic for each participant i and

trial j, and v́ and Σv is the average EEG characteristic, calculated as the arithmetic

mean across participants of the within-participant empirical mean and covariance

of trials accepted by all the editors. In other words, to compute the mean we

first averaged the response across accepted trials within each individual, then took

the arithmetic mean of those averages across individuals, and similarly for the co-

variance. To avoid issues of potentially very large EEG characteristics in certain

electrodes and trials—which would affect our estimates of the mean and covari-

ance—we replaced extreme observations, defined as those below the lower 2.5% or

above the upper 97.5% quantiles respectively, by the 2.5% and 97.5% quantile for

that particular property across all individuals. We used the log transform because

according to both the AIC and BIC (Gelman, Hwang, & Vehtari, 2014), the fit of

our model (see detail below) was better compared with the non-logged measure.
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Finally, we further standardized each v ∼ij to allow us to directly compare effect

sizes using the estimated regression coefficients. We fitted the following mixed-effect

logistic regression model to the resulting data:

log( pi
(1−pi)

) = Ṽijβ + εi

where pi is the editor’s decision for each participant i and trial j, Ṽij is a vector

with the fixed effects containing the ṽij for each property, β is a vector of fixed effect

sizes, εi is the random effect at the participant level. We used backward selection, at

each step excluding the least significant variable whose estimated p-value was over

0.05 to arrive at the final model. We fitted three models, one for each of the editors,

and obtained the significant variables that influenced each editor’s decision. We also

obtained, for each model, the estimated fixed effects for each significant variable.
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4.3 Results

4.3.1 Part 1: Agreement between editors

The first difference between the four editing processes can be observed in the number

of participants included by each editor in the final ERP sample: editor 1 included 10

infants (M = 6.8 trials per condition), Editor 2 included 12 participants (M = 14.5

trials per condition), Editor 3 included 7 participants (M = 10.8 trials per condition)

and the automatic algorithm, from now on called Editor 4, included 16 participants

(M = 18.5 trials per condition; Figure 4.1). This difference is a direct consequence

of each editor’s inclusion criteria and the number of trials accepted by each editor,

which ranged from 32% of accepted trials by Editor 1 to 87% of accepted trials by

Editor 4. Regarding interpolation, the percentage of trials with at least one channel

marked for interpolation varied from 67% of the accepted trials by Editor 2 to 100%

of the accepted trials by Editor 4. Also, the average number of channels marked for

interpolation included high variability, from 1.8 channels on average for Editor 2 to

16.05 channels on average for Editor 4 (Figure 4.1).

These differences were confirmed by the Krippendorff’s alpha coefficients (Table

4.2). The overall α agreement among editors on trial assessment was 0.275. The

overall agreement on participants included in the final ERP sample was within the

same range of low reliability data (0.409). Very low agreement—close to chance—was

obtained for the trials marked for interpolation (0.061). Small differences of α val-

ues were obtained when excluding one editor from the calculations. Only a slightly

higher agreement was found among the human editors for all the variables, although

in any of the cases it was near the reliability threshold.
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Figure 4.1: Summary of the editing process results for each editor. From left to
right: (1) The percentage of participants included in the final ERP sample. (2) The
percentage of trials marked as accepted. (2) The percentage of trials marked for
interpolation. This percentage was based only on the trials marked as accepted by
each editor. (4) The average number of trials per condition that were included in the
final ERP sample. This was calculated only from the participants included. (5) The
average number of channels marked for interpolation. This average was calculated
only from trials that contained at least one channel marked for interpolation.

The percentage agreement also reveals low agreement on trials accepted and

rejected. 27.08% of the trials were accepted by all the editors, whereas 10.06%

were rejected by all of them (Table 4.2). When observing the percentage agreement

results by groups of three editors, it can be noted that Editor 1 substantially affected

this result, which reaches 46.21% when not taking Editor 1 into account. For the

agreement on trials rejected, Editor 4 has disproportionately affected this result

which reaches 26.46% when not taking Editor 4 into account.
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Krippendorff’s Alpha Percentage
agreement

Trial
assessment

Participants
included

Trials
interpolatedEditors

α(95%CI) α(95%CI) α(95%CI)

Trials
accepted

Trials
rejected

All
0.275 0.409 0.061

27.08% 10.06%
(0.085, 0.460) (0.224, 0.591) (-0.209, 0.318)

0.381 0.517 0.146
ED1, ED2
& ED3 (0.200, 0.560) (0.310, 0.724) (-0.091, 0.366)

27.20%
26.46%

ED1, ED2
& ED4

0.139 0.457 0.041
29.57% 10.06%

(-0.069, 0.338) (0.186, 0.690) (-0.222, 0.283)

0.201 0.293 0.061
ED1, ED3
& ED4 (0.002, 0.389) (0.046, 0.540) (-0.358, 0.469)

29.07%
12.17%

ED2, ED3
& ED4

0.320 0.345 -0.132
46.21% 10.19%

(0.113, 0.533) (0.091, 0.600) (-0.436, 0.171)

Table 4.2: Agreement results among all editors and by groups of three. From left
to right: (1) Krippendorff’s alpha agreement values and confidence intervals (CI)
for trial assessment (accepted, rejected), participants (included, excluded) and num-
ber of trials marked for interpolation (one or more channels marked, no channels
marked). The agreement on trials interpolated was calculated taking only into ac-
count the trials accepted. Alpha confidence intervals at the 95% level were calculated
by applying bootstrap analysis of 10.000 samples (Hayes & Krippendorff, 2007). (2)
Percentage agreement on trials accepted and rejected where all the editors of each
group agreed on the same decision.
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4.3.2 Part 2: ERP data analysis

Nc results

Figure 4.2 shows the frontal left, central and right clusters of electrodes of the four

grand average ERP waveforms calculated for each editor. The final sample that Edi-

tor 2 used for the statistical analyses was 11 participants. One participant, originally

accepted by Editor 2, had to be excluded because the averaged ERP contained high

amount of eye artifacts and substantially altered the resulting ERP. An Nc compo-

nent was observed in the four grand averages over the frontal electrodes, but with

variability in their amplitude levels as well as in latency to peak and the amplitude

difference between conditions (Figure 4.2).

Figure 4.2: Grand average of each editor across the frontal area split by condition.
For each editor, the same three clusters of electrodes are displayed: Frontal-left,
Frontal and Frontal-right. The variability in amplitude and latency of the ERP
components is notable when comparing the grand averages.
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Mean amplitude analysis: The repeated measures ANOVA analyses indicated

no effects in any of the editors’ ERP data for condition or location. However, Editor’s

2 ERP data had a trend interaction effect between condition and location (p = 0.09).

When each location was examined independently, there was a significant effect for

condition in the frontal left cluster as showed by the paired-sample t-test, t(10) =

-2.29, p = 0.045; d =0.69, where the amplitude in condition 1 was significantly more

negative (M = -5.03) than condition 2 (M = 0.88). None of the other editors had

any significant effects for condition in any of the locations.

Peak latency analysis: There were two significant effects in the ERP data

via Editor 1 as indicated by the repeated measures ANOVA analysis. First, there

was a significant main effect for condition, F(1,9) = 5.37, p = 0.046; η2p = 0.38.

The peak latency of the Nc component in condition 2 was significantly longer (M

= 685.73) compared to condition 1 (M = 636.75). Second, there was a significant

main effect for location, F (2, 18) = 6.67, p = 0.007; η2p = 0.43. The peak latency of

Nc in the frontal central cluster was significantly longer (M = 690.2 ms) compared

to the frontal left cluster (M = 636 ms), t(9) = -3.737, p = 0.005; d =1.18. None

of the other editors had any significant effects in the peak latency for condition or

location.

4.3.3 Part 3: Estimation of EEG characteristics that af-
fected editors’ agreement

Table 4.3 shows the results of the three mixed-effect logistic regression models, one

for each human editor. The fixed effects in these models measure the relationship
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between the EEG characteristics and the probability of accepting the trial. The sig-

nificant EEG characteristics can be interpreted as the characteristics that influenced

each editor’s decision.

Our main finding is that the EEG characteristics that were significant vary across

editors. Two characteristics—kurtosis and SNR—were significant in the three mod-

els. Thus, it is estimated that the three editors took them into consideration when

editing the ERP data. Two characteristics—number of local maxima and power at 0-

4Hz—were significant in two of three models. Five characteristics—amplitude range,

linear trend, power at 30-60Hz, spectral edge frequency and peak frequency—were

significant in only one of the three models. Two characteristics—deviation from the

channel mean and power at 8-13Hz—were not significant in any of the three models.

All the regression coefficients except one were estimated to be below 1. This can

be interpreted as the reduction in odds of accepting a trial given a unit increase in

the specific EEG characteristic. That is, the larger an EEG characteristic value, the

higher the chance of the trial being rejected by the editor with that EEG charac-

teristic estimated as significant; recalling that a higher EEG characteristic means a

more unusual signal. There is only one EEG characteristic for editor 1, peak fre-

quency, with its estimated regression coefficient above 1. The interpretation of this

is that this editor tended to accept trials with which the peak frequency was more

unusual.
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EEG
characteristic

Model 1
(Editor 1)

Model 2
(Editor 2)

Model 3
(Editor 3)

Amplitude range Ns Ns
0.547 (0.414;

0.722)

Linear trend Ns
0.720 (0.539;

0.964)
Ns

Deviation from
channel mean

Ns Ns Ns

Signal-to-noise
ratio

0.369 (0.270;
0.502)

0.553 (0.400;
0.763)

0.505 (0.375;
0.680)

Number of local
maxima

Ns
0.711 (0.519;

0.975)
0.621 (0.459;

0.839)

Kurtosis
0.416 (0.300;

0.577)
0.666 (0.520;

0.851)
0.569 (0.442;

0.731)

Power at 0-4Hz
0.443 (0.337;

0.582)
0.549 (0.399;

0.756)
Ns

Power at 8-13Hz Ns Ns Ns

Power at 30-60Hz Ns Ns
0.713 (0.523;

0.972)

Spectral edge
frequency

Ns
0.757 (0.573;

0.999)
Ns

Peak frequency 1.378 (1.113; 1.70) Ns Ns

Table 4.3: List of final EEG characteristics included (first column) and EEG char-
acteristics estimated by the three mixed-effect logistic regression models that in-
fluenced the decision of each human editor. Significant EEG characteristics of an
editor include their estimated regression coefficients and, in brackets, their confi-
dence intervals at 95%. The estimated regression coefficients can be interpreted as
odds ratios. Thus, a coefficient below 1 can be interpreted as the reduction in odds
of accepting a trial given a unit increase in the associated EEG characteristic. A
coefficient above 1 can be interpreted as the increase in odds of accepting a trial
given a unit increase in the associated variable. Ns: not significant.
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4.4 Discussion

The aim of the present study was to evaluate the reliability of the current infant ERP

editing methods. Four editors, three experienced humans and one algorithm, edited

the same infant ERP dataset to detect artifact-contaminated ERP trials. We found

low agreement between the editing methods in the number of participants included

in the final sample, the trials accepted for further analysis and the channels marked

for interpolation. As a consequence of the low agreement, the morphology of the

grand averages contained variability in the amplitude and latency of the resulting

ERP components. This variability was substantial enough to produce inconsistent

statistical results in the amplitude and latency difference between conditions of the

Nc component.

The three human editors relied on a trial-by-trial visual inspection of the EEG

data to identify the channels and trials with unacceptable values of noise in the EEG

signal. The criteria described by the editors to accept a trial was similar between

them (Table 4.1). They described a focus primarily on detecting physiological ar-

tifacts such as eye movements, blinks, body movement, slow waves or alpha waves.

However, the results of the statistical models applied to each editor suggest that one

of the causes of the low agreement may be the different EEG characteristics taken

into account by each of them to evaluate a trial. We believe that the differences in

the significant characteristics are explained by the level of complexity of infant ERP

data and highlight the lack of standardized methods and definitions to evaluate the

noise in infant EEG data.

There are some EEG characteristics included in the model (such as amplitude
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range or linear trend) that seemed easier to be measured or evaluated by visual

inspection with the consequence that they were more likely to be included as signif-

icant characteristics taken into account by the editors. These characteristics were,

however, significant only for individual editors. The two EEG characteristics that

were significant for the three editors were kurtosis and signal-to-noise ratio. These

EEG characteristics are not easily assessed by visual inspection. It is unlikely that

the editors assessed the level of noise in the EEG data by consciously using the

significant EEG characteristics that the model has predicted for each of them. In

our view, the main value of the results of the statistical model is not related to

the specific significant EEG characteristics obtained for each editor but, rather, the

evidence of the existence of different criteria and thresholds of what is considered

noise within infant EEG by the current infant EEG editing methods.

The results of this study indicate that one variable to consider when humans edit

complex data is the human error factor, which is inherent to any human process. An

example of this is a participant that Editor 2 included in the final sample with a high

amount of eye movement artifacts. As explained in the results section, the partici-

pant had to be excluded from the final sample of Editor 2 for this reason, which is a

common practice in ERP methodology when an individual ERP average is distorted

due to artifacts attributable to one participant (Luck, 2005). However, Editor 1

and Editor 4 included the participant in their final samples and the individual ERP

averages were not contaminated with eye movements for those editors. This type

of human error contributes to the decrease in agreement between editing methods

and, importantly, contributes to the differences found in the grand averages.

The agreement between editors was slightly reduced when the automatic algo-
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rithm (Editor 4) was included. From the number of trials accepted and channels

interpolated by each editor, the human editors and the automatic algorithm seem

to have two editing strategies: the human editors tended to reject trials when few

EEG channels where contaminated with noise, and usually marked only a small

number of channels for interpolation. The automatic algorithm tended to accept

trials with a higher amount of contaminated EEG channels but it interpolated them

first. Both strategies resulted in grand average with expected ERP morphologies

and amplitudes. Since there are no gold standards in infant ERP data editing, none

of the editing strategies can be considered better than the others a priori. However,

the interpolation of channels creates a new EEG signal based mainly on the nearby

channels (Luck, 2005). Therefore, an editing strategy where many channels are in-

terpolated needs to be applied carefully to make sure that the EEG signal is not

being altered excessively by creating correlation among channels.

The automatic algorithm used in the present study was initially intended for

adult EEG data and was adapted to infant levels of noise (Kouider et al., 2013).

The main limitation of utilising this type of algorithm with infant EEG data is that

the algorithm is based on general amplitude level rules. However, infant EEG data

have a high inter-individual variance of infant EEG and greater delta and theta band

activity than adult EEG data (Thierry, 2005). Finding a unique amplitude threshold

that is valid for all the infant participants may not be possible. As the results show

in terms of trials accepted, the algorithm thresholds used in this study were rather

flexible, especially when compared with the human editors’ criteria. The higher

tolerance of the automatic algorithm suggests that it could have included noisy

trials into the averaged ERP. Interestingly, the grand average ERP created by the

algorithm does not reflect any effect of potential noise. Rather, the higher number
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of trials and participants accepted seem to have had a positive effect in the signal-to-

noise ratio of the grand average ERP. It is unknown whether the higher amount of

channels interpolated could have influenced the ERP components’ morphology and

caused false negative results in the algorithm dataset (Editor 4). It is also important

to highlight that current algorithms based only on one EEG characteristic (such as

the amplitude threshold of the algorithm used in the present study) do not capture

the complexity of infant EEG data. The present study reinforces this view, where

different EEG characteristics play a role in the detection of noise in infant EEG data

for different editors.

The low agreement observed between editors had consequences for the morphol-

ogy of the final ERPs. There was a notable variability in the amplitude and latency

of the ERP components between the four grand averages. Also, what is commonly

more important for ERP studies, the grand averages of each editor showed variabil-

ity in the amplitude and latency between conditions for the Nc component. The

direct explanation of this variability between grand averages is the different set of

accepted trials and participants that were included by each editor. Each editor

selected varying levels of different trials that most likely contained different signal-

to-noise ratios: (1) because of higher amount of noise or (2) because of a higher

amount of response to the stimuli. Regarding the first reason, the results suggest

that the current methods for editing infant data do not have a common threshold of

noise to reject a trial, with the consequence that the grand averages are calculated

with trials that contain different amounts of noise. Regarding the second reason,

the changes in the infant’s brain response to the stimulus over time during an ERP

experiment could be also playing a role in the variability of the ERP morphology

(Stets & Reid, 2011).
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It should be pointed out that we are not able to compare the results obtained in

this study with any “gold standard” related to data preparation. There are no right

or wrong results for any of the editing methods, and therefore we can only speak

about the variability that exists between editing methods. Consequently, it is not

possible to come to any conclusion as regards of what editing method to choose or

how to standardize the editing methods yet. Also, in an infant study the sample

size is quite variable but it is uncommon to find significant effects with fewer than

ten participants due to effect sizes. In this study, the final sample size of some

of the editors would not be considered suitable to extract conclusions. It is quite

probable that were this a standard experimental study, the researchers would have

continued testing infants until getting a larger sample size could be reported (as

indicated in Stets et al., 2012). It should also be pointed out that this study had no

strong rationale about the expected Nc differences between conditions. It is possible

that the variability found in the current editing methods have less impact on the

final ERP morphology and differences between conditions of an ERP study where

the expected effect size of the component of interest is greater. Despite this, these

issues do not change the conclusions inferred from the results about the existing low

agreement between current editing processes in infant ERP studies.

There are many issues that need to be better understood before improved data

editing procedures can be adopted by the field. Some examples are whether some

infant participants are easier to edit than others because of behaviour or EEG signal

(see Appendix A, Table A.1 for a description of the agreement between editors on a

participant level, and Appendix A, Table A.3 for a description of the participant level

random effects from the models calculated for each editor). Another issue is how

the level of noise in the infant EEG evolves or changes during an experiment. Until
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these factors are more robustly understood, it is difficult to determine appropriate

pathways for methodological improvement. In addition, a more comprehensive ex-

ploration should be made regarding how interpolation of channels affects the final

ERP and its components. Using statistical models to address these questions could

be a valuable way to learn more about infant EEG data and to continue exploring

which EEG characteristics and values are important to consider when assessing noise

in infant EEG data. We believe that there would be large benefits for the infant

ERP community from examining such methodological questions that may help to

underpin a more reliable editing procedure in the future.

4.5 Conclusion

This study highlights the low level of agreement of the current infant ERP editing

methods. They introduce high levels of variability in the selection of ERP trials

as a consequence of noise in the EEG signal. As demonstrated in this study, this

variability induced by the editing processes can have an impact on the final ERP

morphology and on the amplitude and latencies of ERP components. Our conclusion

is that there is a need for a more standardized method when editing infant ERP

data. This will need to be preceded by a better understanding of the infant EEG

signal and noise characteristics in general, most likely on a component-by-component

basis.
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General Discussion

5.1 Introduction to the discussion: Why study

infant ERP techniques?

The ERP technique requires a very specific paradigm in terms of the experimental

design, data collection and analysis of the data in order to achieve valid results.

Methodological guidelines have been exhaustively described in the literature for

adult ERP research (e.g., Luck, 2005; Picton et al., 2000). However, as reviewed in

Chapter 1 of this thesis, infant ERP methodologies feature a number of limitations

that make it unfeasible for infant ERP researchers to follow many of the general

adult ERP guidelines, particularly during the data collection and analysis of infant

ERP data. The limitations are mainly due to the inability of infants to understand

and follow instructions and pay attention to the stimulus presentation for a sufficient

period of time. There have been some significant contributions to the infant ERP

methodological literature where some challenges have been described (DeBoer et al.,

2007; Hoehl & Wahl, 2012; M. H. Johnson et al., 2001). Although in some cases

advices on how to overcome certain limitations are suggested in these guidelines, they
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also capture the variability that currently exist in the number of strategies that are

adopted by infant ERP researchers during data collection and data analysis.

The aim of this thesis was twofold. Firstly, to assess the validity and potential

improvements of infant ERP data when including eye tracking during the data col-

lection. Secondly, to study the current variability of infant ERP editing methods

and assess their need for standardization. In this chapter, the key findings of the

three studies conducted as part of this thesis will be summarized, and their implica-

tions for infant ERP methodology will be discussed. Also, a broader analysis about

the use of eye tracking in infant ERP research will be made, as well as about infant

ERP editing methods. This will be followed by a discussion of the limitations of

these findings and directions for future research.
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5.2 Summary of findings

5.2.1 The fixation distance to the ERP stimulus influences

higher order cognitive responses of an ERP

The aim of Chapter 2 was to study to what degree higher-order cognitive components

ERP components are affected by the distance of the fixation point to the center of

the main part of a stimulus. Adult participants were presented with ERP stimuli

within foveal, parafoveal and peripheral area of their field of view. To achieve

this, four ERP conditions were created, with the only difference between them the

distance to the center of the main part of the stimulus to the fixation location of

the participant: 0°- foveal vision, 4° - parafoveal vision, 8° and 12° - peripheral

vision. The ERP stimuli consisted of a series of three images that depicted either

a congruent or an incongruent action. The same stimuli had been used before in

an ERP study and produced an N400 response for the incongruent action in adults

and 9-month-old infants (Reid et al., 2009). We hypothesized that there is a spatial

limit away from the stimuli that would cause a decrease in the effect measured in

the N400 component in the averaged ERP. This decrease could, in turn, affect final

conclusions of an ERP study.

EEG and eye tracking data were recorded simultaneously. Eye tracking data

were used to control the stimulus presentation throughout the experiment based on

the participants’ gaze behaviour. As a secondary aim of the study, the use of eye

tracking data as an eye artifact detection tool was also assessed.

The results showed a significant N400 effect in the right parietotemporal elec-
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trodes within the 0° visual angle condition. The N400 effect was reduced in am-

plitude within the parafoveal condition (4°) and not present within the peripheral

condition (8° and 12°). The same results were found with the standard artifact

rejection technique based on EEG amplitude and the artifact rejection technique

based on eye tracking data, suggesting that the standard artifact rejection tech-

nique is good enough to discard trials with eye artifacts in adult EEG data. The

main conclusion of this study is that, when conducting visual ERP experiments,

it is important to ensure that the stimulus is presented within the foveal vision of

the participant to maximize ERP effects related to higher order cognitive processes.

This is especially crucial when the participants come from difficult populations that

are unable to follow instructions, like certain clinical conditions or infants.

5.2.2 Gaze contingency as a tool to sustain infant’s atten-

tion during an ERP presentation

Chapter 3 described an experiment that evaluated the use of a gaze-contingent stim-

ulus presentation as a way to increase infants’ attention during an ERP experiment.

Two groups of 10-month-old infants were shown the same ERP stimuli with dif-

ferent presentation strategies. The first group, called the continuous group, was

shown the ERP stimuli in a standard manner with the ERP trials presented in a

continuous fashion, with the experimenter presenting attention grabbers and mak-

ing pauses when the infant diminished the attention. The second group, called the

gaze-contingent group, was shown the ERP stimuli in a continuous fashion until the

infant’s gaze was measured to be outside the important part of the stimulus, mea-

sured with an eye tracker. At that moment, an attention grabber was automatically
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shown to regain infant’s attention to the screen, moment when the ERP stimulus

presentation was resumed. EEG and eye tracking data were recorded in both groups

of infants. The infants’ ERP response to the stimuli and their gaze behaviour were

compared between the two groups.

The results showed no significant difference in the number of trials shown or

accepted for the ERP average between the continuous and the graze-contingent

group. In terms of gaze behaviour, the gaze-contingent group showed a difference

in gaze behaviour when compared to the continuous group. The gaze-contingent

group looked mainly around the fixation image and the stimulus, whereas the con-

tinuous group had a more spread looking behaviour along the first 12 degrees from

the center of the fixation image. The amount of valid eye tracking data was also

significantly different, being higher for the gaze-contingent group. Our hypothesis

of this difference in eye tracking data quality would be due to a combination of

a better overall infant behaviour or an operator bias due to the gaze contingency

procedure. Importantly, we also found a difference in the ERP waveform of the

negative central (Nc) component, which is a marker of visual attention (Richards,

2001; Richards et al., 2010) and further indicates that the infants assigned to the

gaze-contingent group were more attentive to the stimuli. Our hypothesis of why

gaze contingency sustained infants’ attention for a longer period of time is that the

dynamic attention grabbers, shown at specific moments of the presentation when

infants started to diminish their attention to the stimuli, helped them keep their

visual attention on the area of the fixation image. These results are also in line with

previous studies that have already shown that gaze contingency improves attention

in infants (Forssman et al., 2014; Wass et al., 2011).
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5.2.3 Low agreement of current ERP editing practices

In the last study described in this thesis, in Chapter 4, the validity of the current

infant ERP editing practices was evaluated. Currently, the selection of valid trials

in an infant ERP study is commonly either carried out manually by experienced

researchers, partially assisted by specialized software or completely performed by

an automatic artifact detection algorithm (Hoehl & Wahl, 2012). To study the

reliability of the current editing approaches, the agreement between four different

editors was analyzed in terms of trial acceptance. We hypothesized that a low level of

agreement between editors would affect the final ERP morphology obtained—since

different trials would be included in the final sample—and that could, in turn, modify

the results of an ERP study in extreme cases. The same infant ERP dataset was

analyzed by four editors: three expert human editors and one automatic algorithm.

The level of agreement found between editors was low in terms of the number

of trials included and number of channels interpolated. The agreement between

editors had an impact on the final ERP morphology. The difference in morphology

was large enough to cause disagreement in the final results of the ERP study. Only

editor 2 found a significant Nc amplitude difference between conditions, and only

editor 1 found a significant Nc latency difference between conditions. These results

highlight the impact of the current infant ERP editing techniques disagreement in

the final ERP morphology.

As a second part of the current study, the causes of disagreement between human

editors were examined. The aim of this part of the study was to understand which

EEG variables human editors take into account when selecting clean ERP epochs.
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We did this by estimating with statistical models the EEG signal characteristics

that each of the three human editors took into consideration for accepting an ERP

trial. The three models estimated that the three human editors have used mostly

different EEG characteristics to evaluate the validity of an ERP trial. Also, in most

of the cases, the EEG characteristics were not the same ones that the human editors

reported to have used during the selection of valid trials, nor were these EEG char-

acteristics easily assessed by visual inspection. We believe that this result highlights

the evidence of the existence of different criteria and thresholds of what is considered

noise within infant EEG by the current infant EEG editing methods and that it is

most probably complicated for an expert human editor to be consistent in the cri-

teria used to assess the validity of infant ERP trials. The main conclusion that can

be extracted from this last study is that there is a need for further standardization

of infant ERP editing methods.
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5.3 Eye tracking as a research tool to improve

infant ERP techniques

5.3.1 Help sustain infants’ attention

Sustaining an infant’s attention during an ERP study appears to be one of the

fundamental keys to obtain a good quality ERP in terms of number of trials, and

morphology of the ERP individual average. When infants are in a sustained atten-

tion phase, they are less likely to be distracted from the primary stimulus (Casey

& Richards, 1988) or to perform body or eye movements. Body movements and

gaze shifts are one of the most frequent causes of EEG artifacts, which contributes

to a large extent to the final quality of an infant ERP. Previous research about in-

fant’s visual attention has also shown that attention has positive effects on infant’s

recognition memory (Frick & Richards, 2001) and peripheral stimulus localization

(Richards & Hunter, 1997). Furthermore, it has been suggested that the positive

effects observed during attention may be caused by an enhancement of areas of the

brain that are related to information acquisition or recognition (Richards, 2003).

In his study, Richards (2003) classified periods of attention and inattention of in-

fants during an ERP study by measuring variability of infants’ heart rate over time.

Stimuli presented during periods of attention correlated with a larger Nc component

than the periods of inattention, as well as an enhancement of the slow wave, the

ERP component under study. Based on these indications, an ERP stimulus pre-

sentation methodology that keeps infants’ attention during the experiment for as

long as possible is most likely one of the possible directions of research that could

fundamentally improve current infant ERP techniques.
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The results presented in Chapter 3 indicated that gaze-contingent techniques

have helped sustain infants’ attention to the ERP stimulus presentation when com-

pared to a common method of presenting ERP stimuli. The main difference between

the two evaluated methods was the presentation of attention grabbers as soon as

the infant started to diminish attention to the stimuli, measured as the visual dis-

engagement from the stimulus presentation. The concept of gaze contingency is not

exclusive to eye tracking technology. Gaze control approaches have been used before

to sustain infants’ attention to an ERP presentation. An ERP experiment that can

serve as an example is Leppänen et al. (2007). The approach used by Leppänen

and colleagues to present an ERP trial was also based on a gaze control technique

but, instead of using an eye tracker to assess the infant’s visual attention, one of

the experimenters assessed it based on the live monitoring of the infant’s behaviour.

Also, instead of using video attention grabbers to regain infant’s visual attention,

another experimenter tapped the screen to attract infant’s attention to the screen.

The advantages of using a gaze-contingent presentation based on an eye tracker

instead of human assessment are (1) that the procedure is more automatized and

therefore less prone to human biases and errors and (2) that fewer human resources

are needed during the experiment.

Point (1) above requires one important question to be addressed, namely, the

pros and cons of having a totally standardized and controlled stimulus presentation

methodology when the participants are infants. One of the advantages that eye

tracking technology can offer as a gaze control method during an ERP presentation

is the consistency of the experimental procedure across infants, e.g., show atten-

tion grabbers consistently under the same infant behaviour. This is, in principle,

seen as an advantage since it increases the number of variables under control in
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an experiment. It is uncertain whether infants benefit from the same method for

sustaining their attention or it would be better to have an individualized approach.

Another question to take into account when standardizing a stimulus presentation

methodology is its predictability. A gaze-contingent presentation method with a

very consistent outcome has the potential of being discovered by the infant and of

modifying the infant’s behaviour (Wang et al., 2012). A sign of learning process

in the study reported in Chapter 3 could have been a significant increase during

the ERP presentation in the number of times that an infant looked away from the

fixation image, which could have been associated with an intention of the infant to

make the attention grabber play on the screen. The results of Chapter 3 do not

indicate any sign of learning process by the infants of the gaze-contingency mecha-

nism. However, getting further insights about the learning process and if that has

an effect in the infant cognitive responses is a crucial question that should be exam-

ined in further investigations when proposing any type of ERP stimulus presentation

methodology with predictable events that are not related with the research question.

5.3.2 Help improve ERP data quality

One significant question to address in order to improve infant ERP data quality is

the inclusion of only those trials where the infant was fixating at the main part of

the stimulus in the ERP average. As shown in Chapter 2, including trials where

the main part of the stimulus is not within the participant’s foveal vision diminishes

the cognitive response to the stimulus and can affect the overall quality of the

resulting ERP. In this regard, eye tracking is a tool that could improve the main

current method of selecting ERP trials in terms of visual attention (i.e., based on
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a video recording of the infant’s behaviour during the experiment; see Chapter 1 –

Introduction, page 12).

The use of eye tracking as a tool to select the valid ERP trials in terms of

visual attention has already been assessed in some studies with adult participants

(Ahtola et al., 2017; Plöchl et al., 2012). In Chapter 2 of this thesis, eye tracking

data was also used as a method for selecting ERP trials where the participant was

looking at the right part of the stimulus and there were no blinks or significant eye

movements during the trial. This method was compared with the more traditional

ERP rejection methods based on EEG amplitude algorithms. Our results showed

no significant difference between the two methods in the ERP quality obtained.

These results reaffirm that automatic algorithms based on EEG characteristics are,

in the case of healthy adult participants, generally good enough to ensure a good

ERP quality. A previous study proposed a method that used eye tracking data to

detect and correct eye movement artifacts in EEG data (Plöchl et al., 2012). In

this case, more advanced methodologies based on Independent Component Analysis

(ICA) where used, and eye tracking data was found to increase the eye movement

detection sensitivity and help remove ocular artifacts from EEG data. Also, a

recent study has investigated the use of eye tracking as an artifact rejection tool

designed for selecting valid epochs in infant EEG clinical studies (Ahtola et al.,

2017). The authors used the eye movement information to obtain a gaze quality

index that was used in the classification of trials with an evoked visual response.

The results obtained in that study showed that eye movement information helped

detect visual evoked responses to complex stimuli in the EEG of infants. It is

unknown, however, whether this positive result found by Ahtola et al. (2017) applied

to other infant ERP experimental paradigms would also benefit from using artifact
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detection techniques based on eye tracking. The main limitations found are: (1) the

infant EEG variability and complexity, which increase substantially the difficulty

of applying advanced artifact rejection or correction methods based on automatic

techniques and (2) the eye tracking data quality that is usually obtained when

participants are infants, i.e., usually less accuracy, precision and track robustness

than in adult datasets (Wass, Forssman, & Leppänen, 2014).

5.3.3 Limitations of the combination:

Combining EEG and eye tracking techniques has many potential benefits but also

a number of limitations:

A limitation is the potential increase in time to make the experimental setup

ready to start acquiring data. The preparation time needed once the infant is in

the lab is especially important in infant research due to the limited attention span

of infants. Adding eye tracking to an ERP study usually requires ensuring that

the infant is within the virtual track box of the eye tracker1 and the calibration

time, which may result in an increase of the experiment preparation time. A way

to overcome this limitation would be to validate the approach already taken in a

small number of studies, where the authors have tried to reduce the eye tracking

setup time by calibrating the eye tracker with an adult before the infant participant

arrives (Kulke, Atkinson, & Braddick, 2015; Kulke et al., 2016b).

A second limitation involves eye tracking data quality. Combining EEG and

eye tracking techniques increases the risk of exclusion of ERP trials, especially if

1The track box of an eye tracker is a virtual three-dimensional space in front of the eye tracker
where the eyes of the participant can be detected and tracked.
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the results are dependent of the good data quality of both techniques. In the case

of gaze-contingent techniques, the correct functioning of the stimulus presentation

depends on the quality of the eye tracking data. If the eye tracker cannot track the

eyes at a certain moment of the presentation (e.g., the infant is outside of the virtual

track box), the gaze control functionality will not be able to work as it is primarily

expected. Thus, it is crucial to consider the abovementioned track loss risk when

designing any experiment that relies on eye tracking gaze-contingent techniques.

Alternatives should be defined that ensure that the ERP trials will be displayed to

the infant and the EEG data quality will not be diminished.

Lastly, the hardware and software resources that are currently available to make

the EEG and eye tracking combination possible in research are limited to researchers

with technical knowledge. A good time synchronization of the EEG and eye tracking

data stream is typically crucial to obtain valid results (Dimigen et al., 2011). With

the current hardware and software tools, ensuring an accurate time alignment of the

data streams requires certain level of technical expertise and a thorough synchro-

nization validation of the setup (Xue, Quan, Li, Yue, & Zhang, 2017). Also, most

of the software tools that allow the simultaneous recording of eye tracking and EEG

data require a moderate level of programming skills, especially if gaze-contingent

techniques are to be employed (e.g., Matlab®, E-Prime® or Python).

Most of the identified limitations have a technical nature and therefore improve-

ments that overcome these limitations can be expected in the near future. Having

EEG and eye tracking devices better tailored to infant participants (e.g., EEG sys-

tems with faster setup or eye tracking systems with larger track boxes or that are

more robust to sudden head movements) and more software tools that facilitate the
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combination, will decrease the number and severity of the limitations and will likely

open up new research possibilities that rely on eye movements and EEG measure-

ments.

5.3.4 Opportunities for new infant research methodologies.

One of the main themes of this thesis has been to explore the potential benefits and

viability of using eye tracking as a tool to improve infants’ attention and data quality

during an infant ERP experiment. It is important to note that eye tracking data

could be used not only as a tool to improve current methodology but as a research

method to measure visual attention information of the participant in order to obtain

further insights in an infant ERP experiment. In other words, the combination

of eye tracking and EEG within infant research could be used to gain a better

understanding of the mechanisms of cognitive development. An example of the

potential of this combination is the study conducted by Kulke et al. (2016b). Neural

responses and saccadic reaction times were measured simultaneously to understand

the development of attention shifts during infancy. The combination allowed the

authors to show a neural lateralization response with age that was associated with

improving ability to shift visual attention. In line with the previous example, eye

tracking could be used in infant ERP studies to, for instance, classify ERP trials

based on the infant’s visual behaviour (e.g., saccade onset, duration or amplitude).

Gaze-contingent techniques during an EEG study could be used not only as a

method to sustain infant’s attention but as a method to obtain information about

cognitive processes (i.e., novel paradigms where the stimulus presentation process

136 Chapter 5



Towards the improvement of infant ERP techniques

is contingent on the infant visual behaviour). They could potentially open new

methods of obtaining further insights into human cognition. For instance, the studies

that show how gaze-contingent techniques can help control attention could benefit

from the addition of EEG as a method to understand better the neural mechanisms

of attention in such situations (Forssman et al., 2014; Wass et al., 2014, 2011).

In addition to eye movement data, an eye tracker usually provides pupil size

data. Pupil dilation is closely linked with the sympathetic and parasympathetic

systems and it has been broadly used in the literature with infants and adults to

study cognitive and emotional processes (for a review, see Laeng & Endestad, 2012;

Sirois & Brisson, 2014; Hepach & Westermann, 2016). The combination of ERP

methodology and pupil dilation could provide new evidence for neural mechanisms

associated with specific functions and their development. This combination has been

already explored with adults, where a correlation was found between the amplitude

of the N400 ERP component and pupil size change (Kuipers & Thierry, 2011). The

same authors have further explored the relation between pupil size and cognitive

process in toddlers. Their results suggest similar links between pupil dilation and

cognitive processes associated with language acquisition (Kuipers & Thierry, 2013).

Finally, there is an increasing interest in the study of cognitive processes using

EFRP methodologies in adults (see Chapter 1 – Introduction, page 17). To the

knowledge of the author, EFRPs have not to date been applied to infant participants.

This is probably due to the eye tracking high temporal resolution and data quality

that is required in order to measure valid EFRP signals. However, allowing the

participant to move their eyes freely during the trial presentation would be especially

advantageous for a difficult experimental group such as infants. Paradigms that
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would allow more natural behaviour of the infants, while measuring event-related

cognitive responses, would open a totally new window of research possibilities.
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5.4 Need for standardization of infant ERP edit-

ing practices

5.4.1 Current editing practices in infant ERP research

Chapter 4 highlighted the variability that currently exists in infant ERP editing

practices, and the consequences for the ERP morphologies and results that this

variability can have. The question of why ERP editing techniques have not been

standardized to date may have diverse explanations. The most likely is that ERP

methodologies started to be applied in healthy adults and this has been the wider

and most studied population group. As a consequence, most of the signal processing

techniques to detect and remove noise from the EEG signal have been studied and

developed based on adult EEG signals (e.g., Croft & Barry, 2000; Delorme et al.,

2007; Luck, 2005; Vos et al., 2010). Developmental researchers are aware that

these EEG processing tools, that are mainly based on automatic algorithms, are not

directly applicable to infant EEG due to its higher complexity (Thierry, 2005). The

relatively small and new infant EEG field of research might be the reason why not

many scientific resources have been dedicated to study the most appropriate and

reliable method to edit infant EEG data. Thus, the main approach taken by the

developmental research community to increase the reliability of the EEG artifact

detection has been a manual edition approach to remove the trials with excessive

noise (Hoehl & Wahl, 2012).

In Hoehl and Wahl (2012), the following is pointed out: “One major problem

of manual trial rejection (or inclusion) is that criteria for rejection may be very
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subjective and vary from researcher to researcher”. Indeed, the differences found

between human ERP editors in the study presented in Chapter 4 are believed to be

due mainly to a subjective rejection criteria. The general rejection criteria described

by the 3 human editors was very similar (see Chapter 4, table 4.1). The rejection

criteria were mainly based on the detection of the characteristic patterns that ar-

tifacts create on the EEG signal (e.g., large EEG amplitudes due to electrode or

cable movements, large waves on frontal and central electrodes due to alpha waves

or high-frequency noise due to muscle activity). These patterns are to some extent

described in the literature (Hoehl & Wahl, 2012; Luck, 2005). However, one of the

problems seems to be to visually detect them and decide with an objective criterion

when they contain unacceptable levels of noise.

Although the general aspects of the current infant ERP editing techniques are

very much in agreement within the developmental research community as explained

in the previous paragraph, each lab or even each individual researcher seems to

have slightly different thresholds in some of the analysis variables. The variables

with different criterion found in Chapter 4 of this thesis where: minimum number

of trials to include an infant in the final sample and per condition, and maximum

number of channels that can be interpolated in total and in the same area. The

minimum number of trials to include an infant in the final ERP could be one of the

key factors to ensure a good quality ERP. To date, the most common threshold used

in infant literature has been a minimum of 10 trials per condition (for references see

Chapter 1, page 13). There are other studies that have used a lower minimum of

trials per condition, such as 3 or 5 trials (for references see Chapter 1, page 14). To

the knowledge of the author, these thresholds do not have any scientific rationale and

seem to have been chosen arbitrarily through a trial and error method. Importantly,
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they seem more like a standard threshold that each researcher uses rather than

adapted to each particular type of ERP component under study or experiment

type—as recommended by the guidelines for human ERP studies (Picton et al.,

2000). It is unknown to what extent each of these variables modify the final ERP

waveform but, based on the results presented in this thesis, it is likely that they

contribute a variable amount ranging from a small to a great extent.

Two statistic measurements are used to validate a method that relies on human

judgements and consider it as reliable and reproducible: (1) consistency of the

method between different raters (inter-rater reliability) and (2) consistency of the

method within the same rater (intra-rater reliability; Mchugh, 2012). Reliability

is simpler to achieve when the method is carried out by an algorithm that follows

certain rules. When the method relies on human decisions, it becomes crucial to

assess the reliability of the method to ensure valid results (Kirwan, 1992). In the

EEG field, several agreement studies have been conducted to assess the validity of

different human methods, especially in clinical applications (e.g., Benbadis et al.,

2009; Gaspard, Hirsch, LaRoche, Hahn, & Brandon, 2014; Nordli, Bazil, Scheuer,

& Pedley, 1997). In the ERP research field, there are also some studies that aim

to assess the reliability of raters. An example is Manresa, Arguissain, Redondo,

Morch, and Andersen (2015). In this study, the agreement between manual and

automatic methods for single-trial detection and estimation of features from ERP

generated by electrical stimulation was assessed. The authors found large differences

between detection and estimation of quantitative EEG features among methods and

concluded that the method selected for the selection and estimation should be chosen

carefully as it can lead to considerably different results. The authors also highlighted

that several factors that can modify the signal-to-noise ratio of the EEG signal (e.g.,
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the intensity of the stimulation in the case of this study) can play a role in the size

of these differences. These results and conclusions are very much in agreement with

the ones found in Chapter 4, and they stress the importance of finding a reliable

editing method for infant ERP that is consistent among infant researchers in order

to avoid as much as possible any influence on the final ERP morphology and the

results due to the editing process.

There are some actions that could be taken as a first step towards an infant

ERP editing technique standardization. Firstly, it would be beneficial if there was

a more detailed description of the criteria used to edit the infant ERP data in the

methodology section of any published study. This would emphasize the need of

being consistent with the method described (intra-rater agreement) and probably

would help the infant ERP research community to acknowledge the lack of common

methods and the need for a standardization (inter-rater agreement). And secondly,

if the visual inspection of the EEG data to select valid trials is the method used,

it would be good practice to have at least two editors reviewing the EEG data to

ensure an agreement between editors. This may well be a time-consuming task

which may impede this in becoming regular practice for every participant for all

ERP studies. However, there could be other ways that are less time consuming that

could increase the changes of improving the agreement or, at least, make editors

more aware of disagreement. Hoehl and Wahl (2012) recommend that editors learn

how to edit infant ERP data by editing an already analyzed dataset and compare the

results with those obtained by experienced editors. An add-on to this good practice

would be to do the same for every ERP experiment but only for a few randomly

chosen ERP trials or infants. This would help to ensure consistency of the ERP

editing techniques at the very least within the researchers working at the same lab.
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Nonetheless, the infant ERP research field would benefit from working towards an

standardization of the ERP editing practices that would ensure obtaining reliable

and reproducible results across specific individuals and across labs.

5.4.2 Could automatic algorithms be the solution to stan-

dardize infant ERP editing practices?

There are several limitations to the manual editing of infant ERP data where auto-

matic algorithms may well improve current practice. As explained in section 5.4.1,

the main limitation of manual editing practices is the variability that human sub-

jective criteria introduce in trial selection process. Also, manual editing is time

consuming for the researcher as it requires a trial-by-trial visual inspection. Fi-

nally, the detection of EEG artifacts by visual inspection is limited by temporal

characteristics of the EEG signal, which are mainly based on amplitude changes

of the signal. Automatic algorithms would be a way to improve the three main

disadvantages of manual editing practices. First, they ensure a reliable and repro-

ducible way of detecting artifacts in the EEG data as the mathematical rules applied

would be the same across participants and ERP studies. Second, it is likely that

the editing time would substantially decrease. This would depend on the level of

automatization of the algorithm and the need for a visual inspection after applying

the algorithm to confirm the results. For example, when an automatic algorithm

is applied currently to edit infant ERP data, it is common that it is followed by a

manual visual inspection to validate the algorithm results (Hoehl, Wiese, & Striano,

2008; Kaduk et al., 2016). Third, automatic algorithms can apply complex mathe-

matical transformations of the EEG signal that may be able to help the detection
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of EEG characteristics. An example is Independent Component Analysis (ICA) al-

gorithms that separate independent sources that are linearly mixed in several EEG

channels (e.g., oculomotor artifacts; see Delorme et al., 2007) or wavelet analysis

that uses joint time-frequency features to extract information from a signal (see

Unser & Aldroubi, 1996).

Automatic algorithms based on advanced mathematical transformations are widely

applied to many biomedical signals, both in clinical and research applications. In

almost all cases, these algorithms have been designed for adult EEG signals. The

type, amount and magnitude of the artifacts that most of the algorithms are de-

signed for are very different from the artifacts present in an infant EEG signal.

There have been some attempts to apply some of these techniques to infant EEG

signals, such as ICA. Some infant EEG studies where ICA techniques were used

to detect artifacts—predominantly, oculomotor artifacts—can be found in the lit-

erature (e.g., Marshall, Young, & Meltzoff, 2011; Orekhova, Stroganova, Posikera,

& Elam, 2006; Saby, Marshall, & Meltzoff, 2012). However, ICA techniques are

not appropriate when non-stereotyped artifacts (e.g., head movement and electrode

movements) are present in the EEG data. ICA decompositions may even be com-

promised when such artifacts are contained in the data (Delorme et al., 2007). In

their study, Delorme et al. (2007) highlights the importance of visually identifying

and discarding periods with such artifacts from the data before running ICA . In

the case of infant EEG data, abrupt moves that induce electrode artifacts in the

data are very common, which may in turn make the application of ICA techniques

to infant data ineffective.

Only one study has been found in the literature that studied and compared dif-
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ferent artifact detection methods for infant EEG data applied to the extraction of

ERP signals (Fujioka, Mourad, He, & Trainor, 2011). The authors synthetized an

ERP signal into a real 4-month-old infant EEG dataset and compared three artifact

removal techniques: conventional trial rejection based on visual inspection, the Ar-

tifact Blocking technique (AB; Mourad, Reilly, De Bruin, Hasey, & MacCrimmon,

2007) and the Independent Channel Rejection technique (ICR; C. He, Hotson, &

Trainor, 2007). Both AB and ICR techniques were found to be significantly better

in identifying the noise and isolating the ERP signal than conventional trial rejec-

tion. A thing to note is that the study simulated an auditory ERP signal, which

means that the synthetized ERP signal contained more than 500 trials. This is a

common number of trials in an auditory ERP experiment. Also, the infants watched

a silent movie with a puppet show during the EEG recording. This is probably a

more engaging stimulus than repeated images, which it is typically the case during

visual ERP stimuli. It is unknown whether the AB and ICR techniques are equally

valid with EEG recordings containing more noise as it is likely to be the case of a

visual ERP experiment and with participants older than 4 months.

Infant EEG data are, in general terms, significantly more complex than EEG

data recorded from participants that can follow instructions. Some of the variables

that contribute to the complexity in the EEG signal are likely to be due to the

specific infant’s behaviour and they are likely to vary between different participants

(Thierry, 2005). Conventional automatic artifact rejection methods based on simple

characteristics—like the amplitude level algorithm applied in Chapter 4—might not

be able to reflect this complexity. An automatic algorithm suited for infant EEG

data would need to take into account this complexity and be capable of adapting to

the existing signal variability. An example of an algorithm that tries to capture this
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variability is described in Kulke et al. (2016b). In this study, the EEG noisy data

was defined based on individual infant’s EEG data, following the median absolute

deviation procedure (Hampel, 1974) . To create and validate an automatic algo-

rithm that aimed to capture the infant’s EEG complexity, it would be necessary to

first better understand the variables that generate the complexity in the infant EEG

signal. In this sense, the developmental field would benefit from collaborating with

researchers from more technical fields, like mathematicians or statisticians. They

could investigate and apply more advanced methods to help understand the infant

EEG signal and find a suitable automatic algorithm for noise rejection or correc-

tion. Due to the magnitude of this task, currently a fully automatic noise detection

algorithm seems to be a long-term solution. Semi-automatic methods that provide

researchers objective measures about the level of noise of the EEG signal and help

them make a more informed decision about valid trials could be a medium-term

solution as a first step towards the standardization of the editing methods.
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5.5 Wider methodological implications

One of the goals of improving infant ERP methodologies is to maximize the number

of trials and infants that are included in the final sample of an ERP study. The

meta-analysis conducted by Stets et al. (2012) investigating the factors underlying

attrition rates indicated that the main factor that influences attrition rate in in-

fant ERP studies is the nature of the stimuli. In experiments with visual stimuli, a

combination of audio and visual stimuli had significantly lower attrition rates than

experiments with purely visual stimuli. The authors’ explanation of this result in-

cluded a direct relation of infants’ attrition rate with the ability of the stimulus

presentation to maintain infants’ attention to the ERP stimuli. Studies of selective

attention in infants that proposed and studied the intersensory redundancy hypoth-

esis are also in line with these results (Bahrick & Lickliter, 2000; Bahrick, Walker,

& Neisser, 1981). These studies found evidences of higher attentional resources

towards a visual stimulus which was accompanied by a synchronous audio than to-

wards a silent visual stimulus. On the other hand, Stets et al. (2013) supported the

direct relation between attention and attrition rate not by including audio during

the presentation of stimulus but by increasing the complexity of the visual stimuli

by means of mixing visual stimuli from three different ERP experiments in the same

session—as explained in the introduction chapter (see page 23)—although in that

study full replications of prior studies did not occur for some of the experiments.

These studies suggest that stimulus sets that include audiovisual or more complex

visual elements are more engaging for infant participants, which could, in turn, help

create longer periods of attention. While an infant is engaged with the stimulus

presentation, the infant is less likely to move and create artifacts in the EEG signal.
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Artifact-free EEG data from a steady participant increases the EEG data quality

and therefore it is likely that the number of valid trials for the final sample increases

as well. Results of Chapter 3 support the theory of the increase in attention when the

stimulus presentation combined visual with audiovisual elements—as the dynamic

attention grabbers used consistently based on infants’ gaze behaviour. However, the

increase in attention did not lead to a decrease in attrition rate when compared to

standard ERP stimulus presentation that mainly used visual stimuli. The reason

why attention did not lead to more trials included in the final sample might be the

increased length of the trials due to the attention grabbers that were introduced

in the gaze-contingent condition. Stets et al. (2012) also highlighted in their meta-

analysis study the negative impact on the attrition rate that dynamic stimuli can

produce due to the increase in trial length.

Overall, these results suggest that just the use of a more engaging stimulus pre-

sentation that increases the attention is not sufficiently robust to decrease attrition

rate on its own. It is likely that the sum of factors such as the nature of the stimuli,

the length of the trials, and other factors still unmeasured or unknown that are re-

sponsible for the final attrition rate. The unknown factors may be related with the

lab environment, the experimenter’s interaction with the infant and parent or with

the specific conditions of the infant at the moment of data collection such as time

since last fed, sleep, age, or general health situation. Further research that helps to

understand how and at what level these and other variables influence the attrition

rate would be highly beneficial for the improvement of data collection methodologies

in infant ERP. The improvements could go from practical aspects such as booking

the appointments with parents based on the sleeping or feeding patterns of the in-

fants—if these factors happen to have an effect in the likelihood of an infant being
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included in the final sample—, to more theoretical aspects such as guidelines to help

design a more engaging stimulus presentation with the appropriate type of stimuli,

length and breaks to maximize infants’ attention span.

Infant ERP data collection is not the only part of an infant ERP study that

determines attrition rate. Infant ERP editing practices can also have a direct impact

on the number of trials that are valid and the number of infants that are included

in the final sample. A clear example of how the editing practices influence the

attrition rate of a study has been shown in Chapter 4. Each of the four editors

that assessed the same infant ERP dataset included a different number of infants.

The use of different editing methodologies by each of the editors created a variance

in the attrition rate that ranged from the 16% for the automatic algorithm to 63%

for one of the human editors. As seen in Chapter 4, the difference in the editing

practices was not only observed in the agreement of the number of infants and trials

included in the final sample, but also in the final morphology of the grand average

and ERP component under study that each of the editing methods created. Stets

and Reid (2011) also found similar results when they reanalyzed an EEG dataset

and changed the criteria of the minimum number of trials to only the first three

trials. With this practice, they were able to include more infants into the final

sample—the attrition rate decreased—and they also found contradicting results in

the morphology of the ERP component under study when different amount of trials

and infants where included in the final sample.

Attrition rate may have not only practical consequences, which are mainly related

to the time spent by the researcher in collecting and analyzing infant data. Attrition

rate may also have crucial consequences in terms of the ERP results when trying to
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get insights into cognitive development at a specific age. In most cases, the exclusion

of infants from the final sample is due to an insufficient number of valid trials per

condition. The practice of excluding infants that do not contribute a sufficient

number of valid trials is important in order to ensure a good quality ERP but, it

is unknown to what extent there might be a relation between the infants excluded

and other variables that may influence results, such as their developmental stage.

For example, there could be a bias in the final ERP results if only the infants that

are at a more advanced developmental stage are able to sustain attention during

the ERP paradigm and therefore contribute to the final sample. In general, a high

attrition rate could be a sign of not having a representative sample of the population

under study. The potential bias that attrition might cause in ERP developmental

research would need further investigation and it raises an essential question: Is it

more important to work towards infant ERP methodologies that prioritize a decrease

in the attrition rate or towards ERP methodologies that prioritize that only infants

that provided good enough EEG signal quality are included in the final sample?

This question might be able to be answered when there is more information about

how attrition rate may influence and bias the final ERP results.
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5.6 Limitations and directions of future research

5.6.1 Limitations of the research

This thesis has focused on the study of infant ERP methodology with the aim of

expanding upon the understanding of how data collection and editing practices can

be improved to obtain better data quality and more robust results. Whilst the

research conducted in this thesis has contributed with some valuable insights to the

infant ERP methodology field, there are also a number of limitations that need to

be acknowledged and taken into consideration when examining them.

A general limitation of the present thesis is that the conclusions of the method-

ological implications are drawn based on a specific developmental age. The EEG

data were recorded from 10-month-old infants and was used for both experiments

presented in Chapters 3 and 4. It is unknown whether or not the results and method-

ological implications would have been the same if another developmental age were

tested. The main difference that could have arisen from testing a different age would

probably have been the infant behaviour and engagement with the stimulus presen-

tation (Chapter 3). A difference in the engagement would have probably led to a

difference in the EEG artifacts due to movements and therefore a difference in the

validity of the ERP (Chapter 4 ). However, infant ERPs are a common technique

used with infants from 3 to 12 months of age. This age range is considered to be the

least problematic in terms of attention span and with a comparable set of behaviours

during the experiment (Hoehl & Wahl, 2012). Also, Stets et al. (2012) did not find

a significant relationship between age group tested and the attrition rate reported

in a meta-analysis that studied the causes of attrition rate.

151 Chapter 5



Towards the improvement of infant ERP techniques

A limitation is derived from the wide scope of the first research question: Can

eye tracking help improve infant ERP and ERP data quality? The research question

asked was too broad to be answered with certainty with data from one infant study

that combined EEG and eye tracking. The research conducted in Chapter 2 and

3 shows evidence that partially answered the research question, but also generated

further questions rather than specific conclusions. The main questions that arise

are: to what extent can we directly relate visual attention to eye movements? Can

gaze contingency or attention grabbers affect the cognitive response of the stimulus?

Is it better for the ERP data quality to control the stimulus presentation in the same

way for every infant—e.g., with gaze-contingent techniques—to avoid biases or to

adapt the presentation of stimulus to each infant’s need and mood? These questions

are not only relevant when using eye tracking as a method to improve infant ERP

methodologies, they are more general questions, and the answers would help improve

infant ERP data collection methodologies.

An eye tracker measures with high accuracy and precision where the fovea of the

participant is located on a screen. When the fovea is relatively statically pointing at

a location, it is known as fixation. The non-direct link between fixation and spatial

attention has been a limitation both in Chapter 2 and 3. Studies of attention have

shown that the ERP response is modulated by spatial attention. In their review,

Luck et al. (2000) provided a compilation of several studies that show evidence for

how the attentional components of an ERP are modified when the participant is

instructed to allocate the attention in a location outside the fovea or fixation point.

The experimental design of Chapter 2 intended to exclude the variable of spatial

attention as the main purpose of the study was to investigate how a physical vari-

able, fixation distance to the stimulus, affected late components. This limitation
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was potentially compensated for by instructing participants to always attend to the

stimulus, irrespective of its location, depending on the trial condition. However,

there was no mechanism to control that the attention was indeed allocated to the

stimulus on every condition. That creates uncertainties about the cause of N400 de-

pletion being only due to distance to the stimulus or also due to attention allocation.

This uncertainty applies as well in Chapter 3, where eye tracking data indicated that

infants assigned to the gaze-contingent condition significantly fixated longer at the

area where the main part of the stimulus was located. It cannot be known, however,

what level of attention was allocated to the location where the fovea was pointing.

Similarly, the Nc results of Chapter 3 indicate that the level of attention to the

stimuli was increased when using gaze-contingent techniques. Several studies have

shown how the level of attention can be indirectly measured by the heart rate vari-

ability as periods of sustained attention are accompanied by a deceleration of the

heart rate (Casey & Richards, 1988; Richards, 2001, 2003; Richards & Hunter, 1997;

Richards et al., 2010). Richards (2003) also showed a correlation between the level

of attention, measured by the heart rate variability, and the amplitude of the Nc

component. This provides evidence that the Nc results obtained in Chapter 3 can

be associated with an increase of the level of attention to the stimulus presentation

of the infants assigned to the gaze-contingent condition. Nevertheless, the measure-

ment of the heart rate could have helped increase the certainty of the results and

could have provided more information to classify periods of sustained attention and

termination of attention.

The experimental design of the study conducted in Chapter 2, where participants

needed to follow instructions to fixate at a fixation cross and allocate the attention to
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the stimulus, limited the possibility of using infants as participants. The conclusions

of Chapter 2, which served for the experimental design of Chapter 3, were based

on adults due to this limitation. The assumption was that the results of Chapter

2 drawn with adult participants apply in the same way to the 10-month-old infant

participants of the experiment conducted in Chapter 3. It is currently conjectured

that the visual system develops primarily during the first postnatal year, including

abrupt changes in the development of visual acuity during the first six postnatal

months, both in central vision and peripheral vision (Allen, Tyler, & Norcia, 1996;

Sireteanu, Kellerer, & Boergen, 1983; Sireteanu, Fronius, & Constantinescu, 1994).

Therefore, the assumption taken in the present research work can be considered

reasonable and the potential errors in the experimental design that may have arisen

from differences in visual acuity between infancy to adulthood are unlikely to modify

the results or conclusions of the present work.

The main limitation of Chapter 4 was the lack of a method to measure which

editing technique performed better. Having information about the best performing

editing technique could have not only highlighted the current inconsistency between

editing methods as the present results do, but could have provided further insights

about how to improve infant ERP editing methods. Signal-to-noise ratio would

probably be the best method known to date to measure the proportion of signal and

noise that an ERP signal has as a consequence of the editing method used. Also, one

of the goals of the experimental design of the study conducted in Chapter 4 was to

give the editors dataset as realistic as possible, and so an existing infant EEG dataset

from a previous infant ERP experiment was used. The estimation of signal-to-noise

ratio with real ERP data is a real challenge that is difficult to overcome (Spencer,

2005). In real ERP data, there are many factors present that can contribute to
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noise, and the amount of cognitive response to the stimulus (signal) is not known

and can vary between trials, subjects and environmental conditions. Some authors

have proposed to calculate signal-to-noise ratio in real ERP data as the division of

the individual ERP amplitude by the standard deviation of the ERP baseline (e.g.,

Hu, Mouraux, Hu, & Iannetti, 2010; Spencer, 2005). This approach to estimate

signal-to-noise ratio was applied to the results of Chapter 4 to the four editors but

led to no significant results. There are two possible explanations of the lack of

significant results. One is that the four editing methods included similar amounts

of signal and noise and therefore the estimation of the signal-to-noise ratio was

correct. This is unlikely since the four editing methods clearly changed the grand

average ERP and led to different results of the component of interest. The second

possibility is that this approach to estimate the signal-to-noise ratio is not sensitive

enough to capture the difference in ERP signal quality that each of the editors

caused. The hypothesis for the reason why the signal-to-noise ratio estimation was

not significantly different between editors is currently a combination between the

two aforementioned possibilities.

One way to overcome this limitation would be to use synthetic ERP signals

instead of real ERP signals. The advantage would be that the amount of noise and

signal would then be known and the estimation of the signal-to-noise ratio would

be straightforward. There are many examples in the literature that have used this

method, mainly to evaluate artifact detection algorithms. They are usually applied

to adult data (e.g., Kayser & Tenke, 2003; Romero, Mañanas, & Barbanoj, 2008;

Yeung, Bogacz, Holroyd, & Cohen, 2004). At least one study has used this approach

with infant data (Fujioka et al., 2011). The authors embedded an auditory ERP

signal in a real infant EEG recordings to compare artifact rejection methods in infant
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data. It would be necessary to assess the ecological validity of simulated infant ERP

when studying the editing methods, especially with human editors, but it may be

a reliable option to have a better estimation of the quality of the editing method

under study.

5.6.2 Future directions

There are some specific questions and directions of future research arising from the

work of this thesis. Their main objective being the further understanding the infant

EEG signal, as well as infants’ behaviour during an ERP study. These questions’

ultimate aim would be to improve current infant ERP techniques.

As described in section 5.6.1, one of the possible directions of future research

would be to apply the same paradigms used in the experiments conducted as part

of this thesis to other age groups. Comparing the results of different age groups

would help get insights into what degree the results of this work and their impli-

cations with infant ERP methodology are the same for all developmental ages or,

on the contrary, whether infant ERP practices would benefit from their adaptation

to different developmental ages. In terms of data collection methods, this becomes

a rather complex research question that may need to include additional variables

besides age to obtain a full picture of what influences the general behaviour and

attention of an infant during an ERP experiment. Variables such as time since last

sleep or feeding, parental leave status of their progenitors or teeth could modify the

behaviour and attention span of infants. This new knowledge would contribute to

the development of new data collection methodologies. Specifically, knowing if it is
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more beneficial for the final ERP data quality and attrition rate to apply the same

stimulus presentation strategy to every infant or it is better to modulate the stim-

ulus presentation strategy to the emotional and physical status of each infant. The

use of gaze-contingent techniques such as the one used in the present work could also

benefit from this knowledge since the level of automatic control could be adapted in

the paradigm once this new knowledge is acquired.

In terms of infant data editing, this thesis has contributed to highlight the vari-

ability that current editing methods have in visual infant ERP studies. There are

some future directions of research that could be taken to work towards the stan-

dardization that is required in this field. One direction towards standardization

would be to look into more advanced, non-linear automatic algorithms that have

been already used in other EEG applications, and that can capture the complexity

of infant EEG. Some examples may be neural networks (e.g., Srinivasan, Eswaran,

& Sriraam, 2007; Subasi & Ercelebi, 2005), adaptive filters (e.g., Correa, Laciar,

Patiño, & Valentinuzzi, 2007; P. He, Wilson, & Russell, 2004) or wavelet analysis

(e.g., Adeli, Ghosh-Dastidar, & Dadmehr, 2007; Krishnaveni, Jayaraman, Aravind,

Hariharasudhan, & Ramadoss, 2006). This line of research would require the collab-

oration of developmental researchers with experts in biomedical signal processing.

Increasing the knowledge of the nature of the infant EEG signal would be essen-

tial before starting to develop any automatic algorithm. The mathematical model

applied in Chapter 4 to understand the causes of disagreement showed that the ed-

itors took different EEG characteristics into account. The characteristics that the

model predicted were not the same ones that the editors claimed to have used in

most of the cases. This result emphasizes the need for a better understating of infant
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EEG data. A good characterization of infant EEG would facilitate the classification

of signal and noise in an infant EEG and therefore have a better judgment when se-

lecting ERP trials with valid levels of noise. This could improve the editing methods

for human editors and could be used for the development of automatic algorithms.

Lastly, another important line of research towards an improvement of the current

editing methods would be to investigate whether or not the cognitive response of

the infant is modulated during an ERP session and what is the minimum number of

valid trials that is needed for each ERP component to obtain an appropriate signal-

to-noise ratio and robust results. Picton et al. (2000) provides some guidelines

to calculate the minimum number of trials to achieve certain signal-to-noise ratio.

However, the differences between adult and infant EEG signal, the differences in

cognitive processes, and the complexity of the infant EEG signal makes necessary

to further investigate this relation in infant EEG. Stets and Reid (2011) already

started this line of research and obtained interesting results about the differences in

the ERP waveform with different amount of average trials from different parts of an

experimental session. Increasing this knowledge would definitely help develop new

infant ERP editing techniques that could maximize the trials where the cognitive

response is present. An example of how this knowledge could be applied to infant

ERP editing methodologies would be to use a weighted ERP average such as the

one suggested by Davila and Mobin (1992).
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5.7 Conclusions

The research conducted as part of this thesis seeks to understand how current infant

ERP techniques can be improved to overcome some of the data quality challenges

that are associated with the recording and analysis of EEG data on developmental

populations. The first part of the thesis focused on the ERP data collection phase

of an ERP experiment. It explored the possible improvement of ERP methods when

using eye tracking techniques during the ERP data collection. The results suggest

that eye tracking can potentially help infant ERP techniques to improve the ERP

data quality. However, further development of hardware and software tools that

allow a more efficient combination of EEG and eye tracking techniques would be

needed. That would also facilitate the creation of new lines of research that use

this combination in infant populations. The second part of the thesis focused on

the evaluation of the current ERP data editing methods. The results show the low

agreement and low reliability of the current infant ERP editing methods. Overall,

the results of this thesis highlight that there are fundamental issues in current infant

ERP techniques that should be addressed. This thesis supports the need of further

research towards more robust and standardized infant ERP techniques.
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Participant Trial assessment Participants included

ID α 95% CI ED1 ED2 ED3
ED4

1 0.116 (-0.078, 0.301) x x x x

2 0.237 (0.044, 0.431) - x x x

3 0.147 (-0.083, 0.374) x x - x

4 0.075 (-0.126, 0.263) x x x x

5 0.455 (0.176, 0.686) - - - x

6 0.549 (0.382, 0.701) x x x x

7 0.319 (0.121, 0.501) x x - x

8 0.146 (-0.083, 0.385) x x - x

9 0.085 (-0.113, 0.284) x x x x

10 0.257 (0.019, 0.470) - - - x

11 0.169 (-0.035, 0.371) x - - x

12 0.326 (0.116, 0.524) - x - x

13 0.285 (0.061, 0.483) - x - x

14 0.188 (-0.008, 0.383) x x x x

15 0.311 (0.109, 0.500) - - - x

16 0.034 (-0.159, 0.221) - - - -

17 0.012 (-0.179, 0.207) - - - -

18 0.231 (0.013, 0.446) x x x x

19 0.505 (0.320, 0.671) - - - -

Table A.1: Agreement results among editors at a participant level and participants
included by each editor. From left to right: (1) Agreement results among all editors
(Krippendorff’s alpha values and confidence intervals (CI)) for trial assessment,
divided by participants. Alpha confidence intervals at the 95% level were calculated
by applying bootstrap analysis of 10.000 samples (Hayes & Krippendorff, 2007). (2)
Inclusion (x) or exclusion (-) of each participant in the final ERP sample by each of
the editors.
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EEG Char-
acteristic

Included Description

Time domain characteristics

Amplitude
range

Yes Peak-to-peak amplitude

Linear trend Yes
Absolute value of the slope fit of the EEG signal
to an oblique straight line (Delorme et al., 2007)

Deviation
from the

channel mean
Yes

Deviation from the channel’s average value as
described in Nolan et al. (2010)

SNR Yes
Signal-to-Noise Ratio defined as the ratio of the

range and standard deviation

Number of
local maxima

Yes
Number of times that the first derivative crosses

x-axis (O’Regan, 2013)

Kurtosis Yes
4th order moment of the data distribution as

described in Delorme et al. (2007)

Sliding
standard
deviation

No
Maximum value of the standard deviation of a
sliding time window of 500 ms (Hoehl & Wahl,

2012)

RMS No
Root mean Square (RMS) amplitude. Quadratic

mean of the amplitude.

Line length No
Sum of distances between consecutive points of

the EEG epoch (O’Regan, 2013)

NLE No
Non-linear Energy (NLE) of the EEG signal as
described in O’Regan (2013) and O’Regan and

Marnane (2013)

Entropy No
Reny’s entropy. Level of randomness in the EEG

signal (Inuso et al., 2007)

Table continues on the next page
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Table begins on the previous page

EEG Char-
acteristic

Included Description

Frequency domain EEG characteristics

Power at 0 –
4Hz

Yes
Average power of the Power Spectral Density

(PSD) between the frequencies 0-4Hz

Power at 8 –
13Hz

Yes
Average power of the PSD between the

frequencies 8-13Hz

Power at 30 -
60Hz

Yes
Average power of the PSD between the

frequencies 30-60Hz

Spectral edge
frequency

Yes
Frequency under which the 80% of the power in

the PSD lies. (O’Regan, 2013)

Peak
frequency

Yes
Frequency corresponding to the largest amplitude

of the PSD. (O’Regan, 2013)

Power at 5 –
7Hz

No
Average power of the Power Spectral Density

(PSD) between the frequencies 5-7Hz

Power at 14 –
29Hz

No
Average power of the Power Spectral Density

(PSD) between the frequencies 14-29 Hz

Table A.2: List of the EEG characteristics that were initially calculated for each
EEG epoch and electrode. Based on the Pearson correlation between all the EEG
characteristics, 11 independent variables were chosen as fixed effects for the mixed-
effect logarithmic model.
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Participant Model 1 Model 2 Model 3

ID (Editor 1) (Editor 2) (Editor 3)

1 1.28 (0.95, 1.73) 0.28 (0.19, 0.42) 0.58 (0.39, 0.88)

2 0.18 (0.12, 0.28) 0.38 (0.29, 0.51) 0.87 (0.64, 1.18)

3 0.24 (0.19, 0.31) 0.15 (0.12, 0.19) 0.40 (0.32, 0.50)

4 3.06 (2.48, 3.77) 4.81 (3.80, 6.09) 5.66 (4.53, 7.06)

5 0.42 (0.27, 0.64) 0.96 (0.78, 1.18) 0.80 (0.62, 1.03)

6 4.62 (3.69, 5.78) 1.64 (1.24, 2.17) 1.78 (1.40, 2.27)

7 0.60 (0.44, 0.82) 0.30 (0.24, 0.37) 0.44 (0.35, 0.56)

8 1.30 (1.02, 1.67) 0.95 (0.69, 1.32) 0.89 (0.66, 1.18)

9 2.67 (2.17, 3.28) 1.28 (1.04, 1.57) 1.70 (1.38, 2.09)

10 1.39 (1.06, 1.82) 0.35 (0.29, 0.43) 1.26 (1.00, 1.58)

11 2.84 (2.25, 3.58) 0.93 (0.75, 1.17) 2.54 (1.99, 3.24)

12 0.58 (0.37, 0.90) 1.34 (1.07, 1.68) 0.33 (0.25, 0.43)

13 0.65 (0.47, 0.90) 4.35 (3.49, 5.44) 0.42 (0.28, 0.62)

14 1.81 (1.47, 2.24) 1.83 (1.34, 2.50) 0.96 (0.78, 1.18)

15 0.73 (0.47, 1.15) 1.34 (1.03, 1.73) 0.97 (0.75, 1.26)

16 2.60 (1.84, 3.67) 2.66 (2.17, 3.26) 3.72 (2.87, 4.82)

17 0.30 (0.19, 0.47) 0.82 (0.59, 1.15) 0.36 (0.26, 0.51)

18 2.40 (1.85, 3.11) 6.82 (4.61, 10.08) 3.55 (2.73, 4.61)

19 0.52 (0.38, 0.71) 0.22 (0.18, 0.27)
0.48 (0.36, 0.63)

Table A.3: Participant-level random effects from each model. The table shows
participant level random effects of each model and confidence intervals (CI). Random
effects above 1 indicate greater variation in the outcome for that individual compared
to that which would be predicted by the fixed effects (and may indicate an especially
restless child) and random effects below 1 indicate lesser variation in the outcome
for that individual compared to that which would be predicted by the fixed effects
(and may indicate that the child is comparatively calm).

183 Chapter 5




