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ABSTRACT 

Economic decisions are continuously made throughout daily life and involve 

subjective value (SV) assignment and subsequent selection of the option with the 

highest SV amongst competing alternatives. The precise temporal characteristics of 

early value computation are unknown, and, to date, no research has examined the 

neural dynamics of subjective valuation in naturalistic environments, which have 

different perceptual and motivational characteristics which could alter SV. The current 

thesis examined the spatiotemporal neural dynamics underpinning subjective 

valuation of products in naturalistic settings using mobile electroencephalography 

(EEG) and eye-tracking.  

Eye-movement related potentials (EMRPs) underpinning SV of products were 

examined in a product gallery for 2-D images, and a custom-built mock shop for real 

3-D products. Stimulus onset corresponded to the first instance of the gaze touching 

an object. Products were viewed and rated whilst mobile electroencephalography and 

eye-tracking recordings were taken. Willingness to pay (WTP) values were used as a 

measure of SV and were elicited using a Becker-DeGroot-Marschak (BDM) auction 

following the mobile EEG task. ICA was used to reduce contamination of eye-

movement artefacts. Source dipole modelling was used to estimate cortical generators 

of EMRP components.  

Results from three experimental chapters suggest early encoding of unique 

bands of SVs for 2-D and 3-D products in multiple distinct cortical clusters. Low- and 

high-value products were discriminated binarily in early latencies of EMRPs, with 

facilitated encoding of low-value items. Intermediate-value items were discriminated 
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in later components of EMRPs, both within parietal/occipital cortex. Linear encoding 

of SV was observed for 3-D products.  

The current thesis demonstrates, using novel methodologies and mobile EEG 

and eye-tracking recordings in realistic settings, that early SVs assigned to 2-D and 3-

D products are computed on a coarse grid, within multiple distinct components of 

EMRPS within parietal/occipital cortex, with facilitated binary representations of low- 

and high-value products and later encoding of intermediate-value products. 
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1. GENERAL INTRODUCTION 
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1.1. Overview 

Value-based decisions are a natural part of everyday life and subjective values (SVs) 

are continuously assigned, either consciously or unconsciously (Rangel et al., 2008). 

Value-based decisions involving the assignment of SVs to competing alternative 

options can range from the relatively trivial to the highly consequential and life-

changing, with a whole spectrum of decisions in between (Clark et al., 2012; Rangel 

et al., 2008). Effective value-based decision making is essential for surviving and 

thriving in the world, and maladaptive patterns of salience attribution and value-based 

decision making can lead to issues of substance abuse (Galandra et al., 2018), 

hoarding, obsessive-compulsive disorder (Pushkarskaya et al., 2017) and pathological 

gambling (Kräplin et al., 2014) among other issues. 

It is an important research agenda to understand how a decision maker 

processes and assigns SVs to competing alternatives (Rangel et al., 2008), how SVs 

are compared, how a decision is reached based on these comparisons (Brosch & 

Sander, 2013), and how the consequences of these decisions are evaluated and inform 

future choices (Rangel et al., 2008). The recently-emerged field of neuroeconomics 

combines disparate fields of neuroscience, psychology, economics and computer 

science to integrate theory and practice to determine the neurobiological 

underpinnings of value-based decisions (Camerer et al., 2004; Fehr & Rangel, 2011). 

The field of neuroeconomics has led to the comprehensive mapping of the neural 

substrates of the brain valuation system (BVS) (Rangel et al., 2008). However, as 

functional magnetic resonance imaging (fMRI) has been the dominant neuroeconomic 

technique for examining value-based decisions, questions of whether value-based 

decisions are processed within the same or distinct brain regions, and their time-
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course, remain unanswered due to the method’s limited temporal resolution. 

Therefore, some aspects of the BVS remain largely unknown, and investigation of the 

spatio-temporal dynamics of the BVS is essential to gain a more holistic insight into 

the ways in which the brain processes SV. Traditional laboratory-based neuroimaging 

experiments have also been criticised for their lack of ecological validity, preventing 

them from being generalised to real-world settings (Andrade, 2018). 

Mobile brain/body imaging (MoBI) has emerged over the last decade to 

investigate embodied cognitive processes in their natural context (Parada, 2018), 

overcoming the limitations of previous research methodologies. Mobile neuroimaging 

has revolutionised the investigation of cognition by affording the opportunity to 

compare natural contextualised neural processing with findings generated in more 

restrictive laboratory-based studies to verify their generalisability (Ladouce et al., 

2017). The MoBI approach can provide new insights into the neural dynamics 

underlying value-based decision making by allowing for examination of value-based 

processing in naturalistic contexts during free viewing. Examination of natural 

behaviours is essential as brain states differ during movement (Ladouce et al., 2017), 

information can be processed in the periphery of the visual field (Dias et al., 2013), 

and immediate availability of products can alter motivated behaviours (Jędras et al., 

2019; Jones et al., 2012). However, to investigate value-based decisions using MoBI, 

methodological issues related to the recording and extracting of mobile EEG data need 

to be addressed, including the precise synchronisation of EEG and eye-tracking data 

streams and the minimisation and effective removal of movement-related artefacts. 

Therefore, the aim of the current thesis is to determine the spatio-temporal dynamics 

of value-based decisions for products in freely behaving participants in natural 
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environments, whilst ensuring high-quality of recording by effective reduction of 

artefactual noise. 

1.2. Purchasing decisions and consumer theory  

1.2.1. Rational choice and utility maximisation 

Buying decision making incorporates a series of stages which precede product 

purchase. Dewey (1910) described the five stages of buyer decision making as 

problem/need recognition, informative search, evaluation of options, purchase 

decision and post-purchase behaviour (Bruner & Pomazal, 1988). These stages are 

considered to be the central pillar of popular consumer behaviour model, and 

demonstrate that the purchase decision is a process of cost-benefit analysis which 

directs a customer from the initial identification of their needs to purchase behaviours, 

motivated by a desire to achieve homeostasis between the actual and desired state 

(Bruner & Pomazal, 1988). Consumer theory is a branch of microeconomics which 

examines how people make financial decisions considering their resources, 

preferences, the products available and their respective prices (Bondarenko, 2020; 

Hess et al., 2018). Consumer theory is built around the concept of utility maximisation 

and assumes that customers are inherently rational and make calculated purchase 

decisions (Bondarenko, 2020; Hess et al., 2018). 

Pioneering the study of economic decision-making and purchase decisions in 

the 17th century, Smith (1759) proposed the invisible hand theory in his book ‘The 

Theory of Moral Sentiments’. Smith suggested that acting in one’s own self-interest, 

including its individual and social context, is one of the key principles governing 

rational individual economic decisions which drive a free market economy. Smith also 

argued that such self-interested behaviour actually maximises the interests of society 
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as a whole and thus, is morally justified (Smith (1759) as cited in Bishop, (1995)). 

Smith is considered the founder of Rational Choice Theory, which proposes that 

individuals are fundamentally rational and are focused on expected utility 

maximisation; obtaining the best reward at the lowest price to satisfy motivation 

ranging from selfishness to altruism (Elster, 2001). 

Utility maximisation can be modelled by the Marshallian demand function 

which illustrates rational customer decision-making (Marshall, 1890). The 

Marshallian model makes purchase predictions in the context of price and income and 

assumes that customers are able to provide a perfect solution to the utility 

maximisation problem by spending money whilst maximising utility (Marshall, 1890). 

The Marshallian demand curve demonstrates the relationship between price and 

demand under the assumptions that the prices of alternative products and consumers 

income are constant. However, critics of the Marshallian model point out that the 

model does not define what is in customer’s best interest, which is likely subjective, 

and offers logical norms for purely rational buyers. The normative stance may likely 

be appropriate for the purchase of the most expensive goods, such as a car, but may 

not be applicable to essential items such as which brand of tissues to purchase (Kotler, 

1965). Additionally, human decision making can be inconsistent and irrational and the 

desire to purchase can be motivated by many different factors, both within and beyond 

conscious awareness, not just driven by the pursuit to maximise utility (Fine, 2008). 

For example, consumers might be less likely to purchase a previously favoured 

product when it is on offer, as they might perceive a price reduction as a reduction in 

product quality or in their social status (Kotler, 1965). Ultimately, the Marshallian 

model is unable to explain how product preferences are formed, highlighting the 
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importance of investigating the decision-making process outside of the bounds of pure 

rationality. 

1.2.2. Alternative models of consumer decision making; Pavlovian, 

Psychoanalytic, Veblenian and Maslow’s theory of motivation  

Psychological models and methods can be used to understand preference formation 

and decision irrationality, which is not considered in purely economic models of 

decision making. The Pavlovian model of decision making, named after the Russian 

physiologist Ivan Pavlov, offers a limited yet important insight into purchasing 

behaviour, indicating that purchasing is a form of learned behaviour which can be 

developed through repetitive actions and learned relationships between stimuli (Clark 

et al., 2012; Kotler, 1965). According to the Pavlovian model, conditioned stimuli 

trigger previously acquired behavioural responses which are capable of reinforcing 

novel behaviour acquisition, and can produce behaviours that act against optimal 

outcomes which would maximise utility (Clark et al., 2012). The Pavlovian model 

utilises four concepts to explain purchase decisions; drives, cues, responses and 

reinforcement (Dollard & Miller, 1950; Kotler, 1965). Drives refer to primary 

physiological or learned social internal motives which motivate purchase (e.g. 

acquisitiveness or fear). Cues and their intensity (e.g. promotions, discounts) are 

environmental or internal stimuli which can trigger buying behaviour. A response is a 

buyer’s action which is activated by a combination of cues which may lead to 

purchase. Reinforcement learning means that purchase behaviours which were 

rewarding are more likely to be repeated (e.g. brand preference) (Dollard & Miller, 

1950; Kotler, 1965). However, the Pavlovian model does not offer insight into 
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perception or unconscious processes associated with purchasing decisions (Kotler, 

1965). 

The psychoanalytical approach to consumer behaviour and purchase decision 

originates in work of psychoanalyst and neurologist Sigmund Freud (Cluley, 2008). 

The psychoanalytical account suggests that many of the consumer decisions are 

motivated by drives and environmental conditions in response to symbolic concerns 

(e.g. feelings, attitudes), which can operate outside of awareness, indicating that 

customers may become receptive to a message even before experiencing it (Cialdini, 

2016). Freud’s nephew, Edward Bernays, pioneered the use of psychoanalytic tactics 

in sales and public relations (Bernays, 1928; Tye, 1998). Bernays realised that it was 

possible to manipulate the irrational forces that drive human behaviour to influence 

purchasing behaviours (Bernays, 1928). For example, during the Lucky Strike 

cigarette campaign, he convinced women to smoke despite the societal taboo by 

promoting the symbolism of female smoking as a challenge to male power and female 

independence, referring to them as ‘torches of freedom’ at a publicised parade in 

which female suffragettes smoked (Amos & Haglund, 2000). Bernays simultaneously 

tapped into the emerging stereotype that women should be ‘slim’ using the slogan 

‘reach for Lucky, instead of a sweet’ (Amos & Haglund, 2000). Ultimately, Bernays 

used symbols to appeal to unconscious desires, suggesting that the product is able to 

fulfil them, and these tactics are still embedded within marketing, advertising, 

branding and public relations today (Cluley, 2008). 

The Veblenian (Veblen, 1899) model of consumer behaviour emphasises the 

role of society and culture in shaping purchasing decisions (Hodgson, 2004; 

Rutherford, 2011). According to the Veblenian perspective, psychological habits, 

social institutions and anthropological and economic factors, such as income, all 
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contribute to purchasing behaviour. Veblen argued that predatory and competitive 

habits led to the stratification of society into lower- and upper- socioeconomic classes, 

in which high-status members are involved in unproductive occupations and low-

status individuals are economically productive. Consequently, the consumer’s social 

and cultural background plays an important role in purchase decisions, as consumers 

purchase goods to emulate the higher-class which arguably uses the best and the most 

desirable goods available. Therefore, the conspicuous consumer does not purchase 

goods to satisfy physical needs but, rather, to provide social satisfaction, prestige and 

the maintenance of social class (Almeida, 2016; Kotler, 1965). Maslow’s Theory of 

Motivation (Maslow et al., 1970; Maslow & Murphy, 1954) divides human needs into 

one of five hierarchical categories; physiological (e.g. food), security (e.g. safety), 

social (e.g. belongingness) Ego (e.g. success) and self-actualisation (e.g. self-

fulfilment). According to the theory, individuals will first satisfy basic physiological 

needs, but once fulfilled, people then move up the hierarchy and are driven to satisfy 

the next need. The theory of motivation has been used to understand consumer 

behaviour by mapping each aspect of product marketing onto the hierarchy of human 

needs and relating this to purchasing decisions. For example, products that satisfy 

basic physiological needs are abundant and cheap, whereas products that map onto 

self-actualisation at the top of the hierarchy are more scarce, reflecting product supply 

and demand. WTP and product prices should also be reflected by the hierarchy, with 

consumers willing to pay more for products at the highest level of the hierarchy. Yalch 

& Brunel, (1996) applied the needs hierarchy in consumer evaluation of product 

designs and found that consumers were 30% more likely to pay more for an 

aesthetically pleasing shaver and 22% more likely to pay more for an aesthetically 

pleasing toothbrush compared to basic equivalent items, reflecting the higher value of 
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items which are able to satisfy self-actualisation needs. More recently, Cui et al. (2021) 

showed that purchase of electric vehicles in China was significantly predicted by 

environmental concern then price, experience, social influence and finally self-esteem, 

reflecting Maslow’s hierarchy of needs. 

Contrary to the assumptions of early rational choice theories, the Pavlovian, 

Freudian model, the Veblenian model and Maslow’s Needs Hierarchy highlight the 

complexity of the purchasing decisions and the multitude of factors that can influence 

consumer behaviour. Internal influences on consumer behaviour include perception, 

motivation, personality, learning, attitudes and needs, emotions and physiological 

states (Hawkins & Mothersbaugh, 2010; Vainikka, 2015). External factors include 

social (Akar et al., 2015; Kotler, 1965), cultural (and subcultural) (Nayeem, 2012) 

influences, the influence of family (Kaur & Singh, 2019), demographic (Martins et al., 

2011) and socioeconomic factors (Kamakura & Mazzon, 2013). Situational factors 

include the amount of resources available in terms of money (as well as the economic 

situation) (Unger et al., 2014), time (Hornik & Zakay, 1996), mood, the presence of 

others, (Zhuang et al., 2006), price expectations (Puto, 1987), brand loyalty (Khan et 

al., 2014; Philiastides & Ratcliff, 2013), own product expertise or the presence of an 

expert (Cordell, 1997; Klucharev et al., 2008), previous experience (Gustafson et al., 

2016) and any competing demands which could dominate attention. Many of these 

factors are subject to fluctuations according to the environment and can increase or 

decrease susceptibility to particular marketing strategies which can influence 

purchasing behaviours. Such strategies include packaging (size, shape, colour, 

information) (Silayoi & Speece, 2004), elicitation of emotion (Kemp et al., 2012), 

creating urgency (Childs & Jin, 2020), and shopping environment (Michon et al., 

2005). Given the complexity of purchasing decisions, the current thesis will focus 
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specifically on economic aspects of product purchasing decisions; specifically, on 

early economic value-based decisions for products in naturalistic environments. 

1.3. Economic theory of value-based decisions 

1.3.1. Expected utility theory 

Most psychological, economic and neuroscientific research has investigated value-

based decision making and purchasing decisions based on concepts outlined in 

expected utility theory (EUT) and later, prospect theory (PT). EUT (Bernoulli, 1738) 

is the dominant normative rational choice model of economic decisions and is used to 

describe decision making under conditions of risk and uncertainty (Savage, 1954; Von 

Neumann & Morgenstern, 1944). According to EUT, decision agents will consider the 

respective value of each alternative outcome, otherwise known as their utility, predict 

the probability of each outcome occurring, combine each options utility with their 

respective likelihoods into a single expected utility and select the option with the 

highest expected utility (Mongin, 1998; Moscati, 2016). EUT outlines four axioms for 

the rational decision maker; completeness, transitivity, independence and continuity. 

According to the completeness axiom, the decision maker has well defined preferences 

and can always decide between two alternatives. Transitivity refers to the consistency 

of decisions between the same two alternatives on different occasions. Independence 

is the assumption that when an irrelevant third alternative is presented, the two relevant 

decisions will maintain their order of preference. Finally, the continuity axiom is the 

assumption that preferences are continuous and linear, and therefore, there are no 

jumps in preferences (von Neumann & Morgenstern, 1944). While EUT has been 

incredibly influential in economics, it has come under criticism for failing to explain 

certain behaviours, particularly when participants did not behave in a rational and 
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consistent way (e.g. the endowment effect, when participants value a possessed item 

more highly than it is worth). In these cases, most of EUTs axioms were violated and 

failed to explain outcome interpretation (Tversky, 1975). Being a normative model, 

EUT does not capture many aspects of natural human decision-making as it does not 

consider the decision makers subjective preferences, wants or needs (Bossaerts & 

Murawski, 2015), nor include intuitive or emotional responses, context or framing (De 

Martino et al., 2006). 

1.3.2. Prospect theory 

In order to make sense of decisions when the axioms of EUT were violated, such as 

under conditions of risk, Kahneman et al., (1979) developed PT. PT proposes that the 

decision maker evaluates the value of different decision prospects, and the prospect 

with the highest SV is subsequently chosen (Kahneman et al., 1979). Importantly, PT 

assumes that outcomes are evaluated as relative gains or losses to a subjective 

reference point, rather than objective states of wealth as considered by utility theory. 

PT describes maximisation of utility according to this reference point, and also 

incorporates how cognitive biases and heuristics can influence choices. 

According to (Tversky & Kahneman 1974), when faced with conditions of 

uncertainty, decision makers often rely on heuristics, biases and intuition and attempt 

to match information with a stored representation. Tversky and Kahneman (1981) 

demonstrated that, although risky prospects are evaluated based on their potential 

outcomes and their relative probabilities, the same prospect can be framed differently 

and this will influence decisions. For example, if options are framed as possible gains 

(compared to a reference state of gaining nothing), preferences tend to favour risk 

aversion, whereas if options are framed as potential losses with a reference state in 
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which nothing is lost, people tend to show risk seeking preference (Tversky & 

Kahneman, 1981). 

In line with PT, the SV of an item is a concave function of the size of a gain, 

and the same applies to losses. When the value function for gains and losses are 

compared side by side, an S-shaped function illustrates the value function, which is 

concave for gains and convex for losses, and considerably steeper for losses compared 

to gains (Kahneman & Tversky, 1984), relative to a neutral reference point 

(Kahneman, 2011). Tversky and Kahneman (1974) refer to this as loss aversion, 

whereby the loss of monetary resources is evaluated more negatively than a gain of 

the same amount is considered attractive, or in other words, the response to losses is 

stronger than the response to corresponding gains (Kahneman, 2011). Therefore, the 

amount of money available to win must be greater than the amount that could be lost 

in order for a gamble to be accepted. PT is able to account for individual variations in 

risk seeking or risk aversive attitudes by explaining how cognitive biases and framing 

can influence choices. 

 

Figure 1. Hypothetic value function for gains and losses. Adapted from Tversky and 

Kahneman (1981).  
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Moreover, Kahneman and Tversky (1984) show that people tend to 

underweight moderate and high probabilities relative to a sure thing, contributing to 

risk aversion. However, for losses, people tend to overweight low probabilities which 

enhances the value of long shots in gambles in the case of severe loss, contributing to 

risk seeking. Ultimately, people tend to be risk seeking in the context of unlikely gains 

and risk averse in the context of unlikely loss. Loss aversion is considered to be a 

manifestation of negativity bias, as the motivation to avoid negative outcomes is much 

greater than to obtain positive outcomes (Kahneman, 2011). Additionally, Kahneman 

(1990; 1991) used features of the valuation function to explain the endowment effect, 

which is the reluctancy to part with a good that one owns for the same price that they 

are willing to pay for the same good. Rather, the value of a good increases when one 

owns the good, and more money is required to part with the good. 

1.4. Neuroeconomics and the neural basis of economic value-based 

decisions 

The discipline of neuroeconomics was formed in the 1990s to provide an 

encompassing perspective on the neurobiological mechanisms of decision making by 

utilising knowledge, theory and practice derived from the diverse fields of economics, 

psychology, neuroscience and computer science (Camerer et al., 2004). The 

neuroeconomic approach aims to answer the questions of how does the brain make 

different types of decisions, what are the brain structures underlying these processes, 

and how does this relate to real-world decision-making contexts (Fehr & Rangel, 

2011). 

The question of how humans make decisions has long evaded understanding 

(Sanfey et al., 2006). The multi-disciplinary field of neuroeconomics was an attempt 
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to bring together the best theories and techniques from economics, psychology, 

neuroscience and computer science in an attempt to bridge the knowledge gap, to make 

better predictions and to ultimately determine the neurobiological mechanisms that 

underpin value-based decisions once and for all (Camerer et al., 2004). Since its 

conception, the neuroeconomic approach to decision making has led to an exponential 

increase in research publications and, consequently, a whole host of new insights 

regarding the neural dynamics of value-based decision making and avenues for further 

exploration (Glimcher & Fehr, 2013). 

Primarily, neuroeconomic studies have endeavoured to comprehensively map 

out the neural structures of the BVS. Aiding empirical investigation, Rangel et al. 

(2008) devised a neuroeconomic framework describing the distinct stages of the neural 

valuation process, including; representation, valuation, action selection and outcome 

evaluation. Representation and valuation are subjected to internal and external 

demands, such as hunger or available resources, and outcome evaluation is fed back 

to inform future decisions about similar stimuli (Rangel et al., 2008). The discrete 

neural stages outlined by the model have been used to examine specific aspects of the 

brain valuation process (Chib et al., 2009; Kurniawan et al., 2013; Lin & Vartanian, 

2017). According to Rangel et al. (2008), there are three value subsystems operating 

within the BVS which can operate independently or concurrently, and each subsystem 

has its unique brain activation patterns. These include the Pavlovian, habitual and 

goal-directed subsystems. The Pavlovian subsystem is activated during stimulus-

response valuations for natural stimuli; mapping on to approach-avoidance behaviours 

(Wright et al., 2013). Consequently, the Pavlovian system includes a neural circuit of 

brain areas associated with emotion and reward, including the basolateral amygdala, 

the ventral striatum and the orbitofrontal cortex (Cardinal et al., 2002; Holland & 
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Gallagher, 2004). The habitual subsystem is responsible for valuation resulting from 

learned associations which are accumulated through repetition and includes brain 

structures such as the dorsolateral striatum and the thalamus (Ashby et al., 2010; 

Rangel et al., 2008). Lastly, the goal-directed subsystem is responsible for top-down 

outcome-based valuation and operates during novel situations, predicting and 

evaluating outcomes. The suggestion of discrete brain areas for the processing of 

different value-based decisions is supported by research which shows activation of 

unique voxels for discrete categories of stimuli (Bulthé et al., 2014; Diana et al., 2008; 

Haxby et al., 2001; Haxby et al., 2000; Howard et al., 2009; Kragel & LaBar, 2016). 

The Rangel et al. (2008) framework has been extensively used to investigate the BVS 

by examining neural correlates at each of the decision stages. 

As an alternative to the proposal of discrete value systems within the brain set 

out by Rangel et al. (2008), the common neural currency hypothesis holds that all 

value-based decisions are computed within the same neural valuation system, which 

is domain general and generic, and SVs are assigned persistently and automatically to 

stimuli in the environment (Bartra et al., 2013; Levy & Glimcher, 2011; Westbrook et 

al., 2019). In line with the common neural currency hypothesis, SV computation 

involves comparison of costs and benefits across different domains for multiple 

competing alternatives on a common scale, which are then ranked to form a decision, 

and the BVS must account for this cross-domain comparison (Bartra et al., 2013; 

Westbrook et al., 2019). Support for the common neural currency hypothesis comes 

from research which shows activation of the BVS regardless of whether a valuation is 

explicitly needed, demonstrating the automaticity of the BVS (Lebreton et al., 2009; 

Tyson-Carr et al., 2018). 
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Kahneman (2011) proposed that there are two neural systems which govern 

consumer thought and decisions; System 1 and System 2, which are individually 

responsible for automatic and more conscious decisions, respectively. According to 

Kahneman (2011), System 1 is a ‘quick thinking’ system which is intuitive and relies 

on ‘gut response’. It is automatic and fast and requires little or no effort, has a high 

processing capacity, relies on biases, heuristics, habits and associative memory 

processes and is often emotionally charged (Kahneman, 2003). Importantly, 

Kahneman suggests that System 1 is in perpetual operation unless the individual’s 

attention is focussed elsewhere. System 1 can produce emotional reactions and 

physical behaviours in response to stimuli which replicate previous reactions to similar 

events, such as reacting with aversion to the word vomit, due to the fact that cognition 

is embodied. Conversely, System 2, the ‘slow thinking’ system, is conscious and 

controlled and relies on cognitive effort, deductive reasoning and conscious attention. 

Consequently, System 2 operates more infrequently and has a limited capacity, so it is 

deployed when System 1 is unable to provide an answer, and monitors the progress of 

System 1, exercising impulse control over System 1 when necessary. Kahneman 

(2011) argues that System 1 is innate and exists within most animal species, whereas 

System 2 is specific to humans. There can also be crossover between the two systems, 

for instance, System 1 creates impressions, intentions and feelings which can be 

endorsed by System 2 and turned into beliefs, making it more likely that System 2 will 

accept the impressions of System 1 in the future. Kahneman (2011) argues that in 

familiar situations, System 1 predictions are usually accurate and appropriate. System 

1 and System 2 exist to maximise performance speed and accuracy, whilst exerting 

the minimum amount of effort. From an evolutionary perspective, System 1 provides 

continuous assessment of the environment to promote survival, therefore, it is 
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associated with approach and avoidance and detecting threats and opportunities, which 

has been adapted to issues in the modern world. 

In decision making, heuristics and biases are cognitive shortcuts based on 

stored examples which reduce cognitive load and facilitate fast responses to similar 

events, however, they deviate from rational judgement and can be flawed (Ehrlinger 

et al., 2016). Different heuristics and biases can influence decision making in both 

System 1 and 2. One such heuristic is the law of small numbers, i.e. the tendency to 

believe that a sample is highly representative of the population and that the law of 

large numbers (large samples will certainly be representative of the population) also 

applies to small numbers (Tversky & Kahneman, 1971). Furthermore, an anchoring 

effect can occur as a result of priming (System 1), or in a deliberate process of evidence 

gathering and estimate adjustment (System 2) (Kahneman, 2011). Additionally, the 

availability heuristic can produce biases that are more influential on system 1. 

The Somatic-Marker Hypothesis (Damasio, 1994) provides neurobiological 

support for judgements made based on intuition, as in System 1 of Kahneman and 

Tversky’s theory (Bechara & Damasio, 2005). The Somatic Marker Hypothesis is a 

neural theory of economic decision making, which stipulates that natural decisions 

must be quick and require less computation to be effective, therefore, they must be 

grounded in emotional ‘gut’ responses. Damasio (1994) suggested that emotions or 

‘gut instincts’ are essential in guiding behaviour and decisions as they facilitate 

immediate rejection of aversive actions and reduce the amount of decision alternatives, 

protecting against future losses and supporting more efficient and accurate decisions 

(Damasio, 1994; Wilkinson & Klaes, 2012). Damasio argued that emotion, or somatic 

markers, can consciously and unconsciously assist cognitive processing during 

decisions and index subsequent decision making. Specifically, somatic markers 
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function to assign initial values to decision alternatives, ultimately resulting in 

approach and avoidance and guiding later decisions (Bechara, 2013). If people are 

unable to activate the somatic states that facilitate early value attribution during 

decision making, for instance, in patients with ventromedial prefrontal cortex 

(vmPFC) impairment, this results in decision-making impairments and problems with 

emotion (Bechara, 2013). 

An alternative explanation comes from drift diffusion model (DDM), which 

proposes that, in natural environments where multiple options are available, value-

based decisions are made via noisy evidence accumulation over time, which is 

modulated by visual attention (Krajbich & Rangel, 2011; Milosavljevic et al., 2010). 

For a decision to be made, the costs and benefits of each alternative must be integrated 

and weighed against each other until a decision boundary is reached, stimulating the 

binary choice of acceptance or rejection based on anticipated rewards or losses (Basten 

et al., 2010). The DDM of value-based choices holds that relative value signals are 

persistently computed while evidence is gathered in favour of a heuristic-based 

‘hypothesis’ that one item is more highly valued than another. Once a value signal 

reaches some upper or lower threshold following evidence integration, SV is reached 

(Milosavljevic et al., 2010). Therefore, according to the DDM approach, the brain 

assigns value sequentially and stochastically by extracting stimulus features through 

evidence accumulation and integrating the values over time (Milosavljevic et al., 

2010). The DDM is conceptually similar to the embodied predictive processing 

account of embodied cognition (Clark, 2015; Friston et al., 2010), which holds that 

serial and hierarchical perception would take a long time and, thus, be disadvantageous 

in natural environments. In the real-world, information is accumulated in a continuous 

forward flow and constructs representations as more evidence is gathered, interacting 
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with and updating stored representations as it goes, and is subject to top-down 

attention modulation (Clark, 2015). As a result, predictions and attempts to optimise 

predictions and minimise prediction errors are made (Friston et al., 2010; Kirchhoff, 

2018). In this way, interactions with the world are akin to sensory experiments and 

hypotheses are tested by gathering further evidence through actions (Friston, 2012). 

The DDM holds that the process of cost-benefit comparison is related to the 

competing behavioural tendencies of approach or avoidance, therefore, the cost-

benefit comparison is modelled as drifting towards accept or reject decision 

boundaries (Basten et al., 2010). Basten et al. (2010) found evidence to support the 

DDM when examining the neural mechanisms underlying cost-benefit comparisons, 

with increased blood-oxygen-level-dependent (BOLD) activity in the nucleus 

accumbens (NAcc) and amygdala during evidence accumulation for costs and 

benefits, in the vmPFC, reflecting and comparison of reward and loss, and increased 

activity in the intraparietal sulcus reflecting integration of the difference signal, 

accumulated until a decision threshold is reached. 

1.4.1. Neural substrates of the brain valuation system 

The main priority for neuroeconomic research has been to comprehensively map out 

the BVS during the different value stages outlined by Rangel et al., (2008) using 

methods such as fMRI and single neuron recordings (Konovalov & Krajbich, 2019; 

Rangel et al., 2008). Studies have suggested that the BVS incorporates a diverse 

network of brain structures in the occipital, temporal and parietal cortices (Lebreton 

et al., 2009), including the striatum, the ventromedial prefrontal cortex, orbitofrontal 

cortex (OFC), posterior cingulate cortex (PCC), hippocampus, amygdala, insula, 

dorsolateral prefrontal cortex (DLPFC) and anterior cingulate cortex (ACC). 
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The striatum is thought to encode positive SVs of primary and secondary 

rewards at the time of choice and during outcome evaluation (Bartra et al., 2013), 

overall reward magnitude (Elliott et al., 2000), monetary gains and losses (Delgado et 

al., 2000), anticipation of an increasingly rewarding (Knutson et al., 2001) or aversive 

stimulus (Jensen et al., 2003) and prediction errors (Hare et al., 2008). Similarly, the 

vmPFC also plays a role in SV computation at the time of choice for primary and 

secondary rewards (Hare et al., 2010; Kable & Glimcher, 2007; Padoa-Schioppa & 

Assad, 2006; Plassman et al., 2007) and evaluation of decision outcomes (Clithero & 

Rangel, 2014; Levy & Glimcher, 2012; Padoa-Schioppa & Cai, 2011; Rangel & Hare, 

2010) and correlates with subjective desirability of goods (Plassmann et al., 2007), 

expected value (Kable & Glimcher, 2009), reward outcome value (Knutson et al., 

2003), experienced pleasure (Grabenhorst & Rolls, 2011), and the difference between 

chosen and unchosen options (Grabenhorst & Rolls, 2011). Moreover, different areas 

of the vmPFC might encode distinct aspects of the valuation process, with anterior 

vmPFC activity reflecting experienced value, and posterior vmPFC activity indexing 

decision value (Smith et al., 2010). Both the vmPFC and striatum activity elicited in 

the absence of value choices have been shown to predict subsequent choices, 

suggesting that these areas encode SV automatically (Levy et al., 2011) and activation 

of the vmPFC and striatum correlate with the value of fixated targets, suggesting that 

these value signals are modulated by visual attention (Lim et al., 2011). 

The OFC is one of the main projection areas in dopaminergic pathways and is 

thought to index reward processing (Liu et al., 2011), particularly, reward learning and 

adaptive decision making in dynamic environments (Walton et al., 2011). OFC 

activity has been shown to correlate with positive rewards (Liu et al., 2011), reward 

availability and anticipation (Blechert et al., 2016; Jędras et al., 2013), expected value 
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and experienced value, and subjective pleasantness (Grabenhorst & Rolls, 2009). In 

primates, neurones in the OFC encode SVs of alternative options and chosen options 

(Padoa-Schioppa & Assad, 2006), and reward amount (Wallis & Miller, 2003). 

Additionally, it has been shown that OFC lesions impair goal-directed decisions 

(Padoa-Schioppa & Conen, 2017) in uncertain environments (Walton et al., 2011). 

Moreover, OFC neurones encoded gaze position and value, which was amplified when 

primates fixated on a cue, demonstrating the importance of gaze behaviour in the 

neural mechanisms of value-based decisions in ecologically valid settings (McGinty 

et al., 2016). Therefore, the OFC is thought to be an essential structure in economic 

decision making (Padoa-Schioppa & Conen, 2017). 

The PCC, involved in memory retrieval (Lebreton et al., 2009), has been linked 

to SV computation and information integration during decisions (Clithero & Rangel, 

2014), and correlates with value coding for delayed rewards (Peters & Büchel, 2009), 

expected rewards, punishments, and planning of saccadic eye-movements to target 

stimuli in primates (Iyer et al., 2010). The PCC may also index decision salience and 

attention (Heilbronner et al., 2011). The hippocampus, another memory-related neural 

structure, also plays a role in the BVS. Hippocampal activity is modulated when 

preference decisions are based on brand information (McClure et al., 2004; Schaefer 

& Rotte, 2007), for example, increased preferences for Coca-Cola compared to Pepsi 

Cola correlated with hippocampal activation (McClure et al., 2004). Additionally, 

hippocampal activity is correlated with sensitivity to financial loss, and the 

hippocampus might have an inhibitory effect on reward experience, forming part of 

the behavioural inhibition system (Elliott et al., 2000). 

The amygdala is associated with monetary loss aversion and there is evidence 

to suggest that it could be important in inhibiting behaviour which is likely to produce 
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negative outcomes (De Martino et al., 2010). The amygdala is also thought to be 

involved in generating value expectancy (Holland & Gallagher, 2004). Alternatively, 

the insula is involved in the encoding of subjective unpleasantness (Grabenhorst & 

Rolls, 2009), and processing of aversive outcomes (Tanaka et al., 2004), including the 

encoding of low-value products (Tyson-Carr et al., 2018). 

The DLPFC is known to be involved in working memory and mental 

manipulations, and is thought to index relative value computations according to 

contextual demands (Lee & Seo, 2007; Saraiva & Marshall, 2015). The DLPFC and 

VMPFC interact during value-guided decisions and the DLPFC might modulate the 

value encoded by the VMPFC when decision conflict occurs (Saraiva & Marshall, 

2015) and during cost-benefit decisions (Basten et al., 2010). Moreover, DLPFC 

activity is thought to encode goal-value signal in primates and in humans (Rangel et 

al., 2008) and values of actions correlate with DLPFC (Morris et al., 2014). 

Similarly, the ACC is thought to guide adaptive decision making and value 

through cognitive control mechanisms and integration of choice history and outcomes, 

particularly in dynamic naturalistic environments (Walton et al., 2007). ACC activity 

has been linked to processing of response conflict and adaptive modification of 

behaviour following reinforcement learning (Botvinick et al., 2001), as well as 

cognitive control, motivation, inhibitory control, surprise and reward-based decision-

making (Shenhav et al., 2016; Vassena et al., 2020). 

It has been suggested that because the vmPFC/OFC, striatum and insula show 

activation to a variety of rewarding stimuli in the same participants, these brain areas 

might represent a common neural currency for economic value decisions, allowing for 

comparison between different stimulus categories (Brosch & Sander, 2013). Complex 
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decisions involving a cost-benefit analysis could involve interactions between the 

vmPFC/OFC and insula, whereas issues of delaying gratification and value 

discounting might be subject to interactions between vmPPFC/OFC and ventral 

striatum (Brosch & Sander, 2013). 

Although not part of the BVS, brain areas responsible for visual attention may 

also play a role in early value-based decisions during free viewing, as crude, 

preliminary SVs, derived from learned values or heuristics, may be assigned to 

competing stimuli to selectively guide attention to salient stimuli (Itthipuripat et al., 

2015). Supporting the role of visual attention in valuation, studies have demonstrated 

that highly rewarding stimuli receive neural prioritization of attention in the visual 

cortex, despite the fact that they are not physically salient (Itthipuripat et al., 2015). 

Therefore, visual attention could interact with the BVS during early automatic 

valuation to ensure facilitated attention to salient stimuli, promoting approach and 

avoidance behaviours. 

1.4.2. Temporal dynamics of value-based decisions; electrophysiological 

evidence 

The majority of neuroeconomic research has investigated the BVS using 

neuroimaging methods such as fMRI, providing an overview of brain regions that 

comprise the BVS (Bartra et al., 2013; Lebreton et al., 2009). However, the limited 

temporal resolution of fMRI cannot provide insight into the temporal properties of the 

brain valuation process during decision-making and, consequently, much less is 

known about the temporal dynamics underpinning valuation decisions (Larsen & 

O’Doherty, 2014). To date, a limited amount of research has targeted the 

electrophysiological correlates of valuation in evoked potentials, providing mixed 
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results. MoBI research has found equivalents for some visual evoked potentials 

(VEPs). However, currently, no specific investigations of valuation decisions using 

eye movement related potentials (EMRPs) have been conducted. Such investigation is 

essential for uncovering the spatio-temporal dynamics of the BVS, which can help to 

reveal the ways in which the brain processes SV in realistic settings. The following 

paragraphs will provide an overview of visually evoked ERPs, or VEPs, associated 

with valuation and, where applicable, the EMRP or MoBI-derived equivalent ERPs. 

1.4.2.1. P200 

The P200 is an early VEP component showing a positivity in central-frontal and 

parietal-occipital scalp regions and peaking between 150–250 ms after the onset of a 

visual stimulus (Bourisly & Shuaib, 2018; Hu et al., 2017). The P200 is often 

associated with visual attention to salient stimuli (Carretié et al., 2001b). Specifically, 

research has shown modulation of P200 when attending to emotional stimuli (Carretié 

et al., 2001b; Gerdes et al., 2013; Schirmer et al., 2011), particularly negative cues, 

which might reflect a negativity bias in the brain (Carretié et al., 2001b; Correll et al., 

2006; Gerdes et al., 2013; Huang & Luo, 2006; Rigoni et al., 2010; Wang & Han, 

2014; Wang et al., 2012). Moreover, P200 is thought to index early valuation of 

rewards (Gui et al., 2016), as well as outcome evaluation, predictability of outcomes 

and risk (Polezzi et al., 2008; Rigoni et al., 2010; Schuermann et al., 2012), and 

desirability of products (Tyson-Carr et al., 2018). In wireless EEG recordings of 

natural behaviours, the P200 has been observed during piano playing (Zamm et al., 

2019) and natural reading of unexpected words (Fjaellingsdal et al., 2020).  
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1.4.2.2. N200 

The N200 is a negative evoked potential occurring between 180–325 ms in posterior 

electrodes and is thought to be essential for stimulus evaluation, discrimination, 

conflict processing and selective attention (Dennis & Chen, 2007; Gajewski et al., 

2016; Hakim & Levy, 2019; Patel & Azzam, 2005), including attention encoding 

during free viewing (Natraj et al., 2018). The N200 might reflect a reinforcement 

learning signal for adaptive decision making, as it is sensitive to outcome valence and 

emotion processing (Hajihosseini & Holroyd, 2013; Kanske & Kotz, 2010). It has 

been suggested that the N200 indexes prediction errors and encoding of product 

preference (Goto et al., 2017; Schaefer et al., 2016; Telpaz et al., 2015; Tyson-Carr et 

al., 2018). In relation to MoBI research, the N200 has been shown to reflect automatic 

inhibition of motor control during sitting and walking in a go/no go task (De Sanctis 

et al., 2014), and has been investigated in the context of deviant stimuli during 

skateboarding and driving (Robles et al., 2020; Zander et al., 2017). 

1.4.2.3. P300 

Later event related potential (ERP) components such as the P300, a positive wave 

occurring 250–450 ms in midline electrodes (Pozharliev et al., 2015), have also been 

linked to value processing in the brain. Similarly to the N200, the P300 is thought to 

index attention (Polich, 2007; Schuermann et al., 2012), particularly for novel stimuli 

(Ladouce et al., 2019; Suwazono et al., 2000). Specifically, it has been suggested that 

the P300 represents a later revision or mismatch detection between incoming stimuli 

and the initial processing which occurred in earlier components such as the N100, 

P200 and N200 (Polich, 2007). Consequently, if the new stimulus aligns with the 

initial representation, the ‘schema’ outlined by earlier components is maintained, 
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however if the stimulus is novel, additional P300 attention-related processes are 

needed to update previous stimulus representations (Polich, 2007). Therefore, P300 is 

thought to involve higher-level processing and working memory processes pertaining 

to attention (Polich, 2007). The P300 is also modulated by the positive or negative 

valence of stimuli (Cano et al., 2009; Conroy & Polich, 2007; Keil et al., 2002; Onishi 

& Nakagawa, 2019; Yeung & Sanfey, 2004), and allocation of attention when 

evaluating reward outcomes in terms of valence, magnitude and expectancy (Wu & 

Zhou, 2009; Yeung & Sanfey, 2004). In relation to MoBI research, the P300 has 

shown sensitivity for attentional resources for objects during dual-task walking (Shaw 

et al., 2018), and has been observed during sitting or walking (Debener et al., 2012), 

with reduced P300 amplitude during walking compared to standing still due to 

enhanced processing demands (Ladouce et al., 2019). 

1.4.2.4. Late positive potential (LPP)/Feedback-related negativity 

(FRN)/Error-related negativity (ERN) 

Other later components which are thought to be related to valuation include the LPP, 

the FRN and ERN, and these are thought to index valuation of outcomes. The LPP is 

a slow wave occurring 500–700 ms and is modulated by the emotional significance of 

stimulus valence (Hajcak & Olvet, 2008; Keil et al., 2002; Schupp et al., 2000), and 

reflects attention allocation for motivationally salient stimuli, including products 

(Goto et al., 2017; Lang & Bradley, 2010; Pozharliev et al., 2015). Findings regarding 

the LPP are mixed, however, as Pozharliev et al. (2015) only observed modulation of 

the LPP in a social context when others were present. The FRN is a negative deflection 

occurring in frontal-central electrodes with a peak latency of 250 ms (San Martín, 

2012). Like the P300, the FRN is thought to encode aspects of outcome evaluation 
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following feedback (Yeung & Sanfey, 2004), and is specific to negative feedback 

(Huang & Yu, 2014). The FRN is thought to reflect prediction errors and depend on 

the relationship between expected rewards and actual rewards, with worse than 

expected outcomes eliciting enhanced FRN (Huang & Yu, 2014). For example, the 

FRN is sensitive to price expectation violations during shopping (Schaefer et al., 

2016), and aversion to monetary loss (Kokmotou et al., 2017). The ERN is a negative 

deflection which peaks approximately 80 ms in frontal scalp regions in response to 

errors (Chang, 2016; Holroyd & Coles, 2002), and is thought to reflect higher-level 

conflict monitoring and error detection (Holroyd & Coles, 2002; Wessel, 2012). MoBI 

research has reported modulation of the ERN for incorrect responses of a go/no-go 

task during sitting and treadmill walking (De Sanctis et al., 2012). Recently, the LPP 

for threatening faces has been observed in virtual reality (VR) conditions (Stolz et al., 

2019). However, to date, modulations of the FRN have not been detected in MoBI 

studies in ecologically valid settings, which could indicate operation of different 

processes (Lange & Osinsky, 2020). 

1.4.3. Exploratory data-driven analyses to examine value-based decisions 

There is much research investigating the brain areas involved in value computation, 

however, much less research has investigated the activation of brain networks over 

time during value-based decisions, and the temporal dynamics of the brain valuation 

process remain elusive (Tyson-Carr et al., 2020). Converging neuroscientific evidence 

has suggested that choices involve initial assignment of SVs which are then compared, 

resulting in selection of the optimal option (Gold & Shadlen, 2007; Harris et al., 2011; 

Kable & Glimcher, 2009; Montague & Berns, 2002; Rangel et al., 2008; Rangel & 

Hare, 2010). In dynamic real-world environments, it may be essential to encode and 
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compare information from the environment over time to successfully weigh 

alternatives and form a decision, which is in line with the DDM (Basten et al., 2010; 

Milosavljevic et al., 2010; Ratcliff, 1978; Tzovara et al., 2015). 

It has been shown that modulation of value occurs across multiple time 

windows, ranging from 150 – 800 ms post stimulus onset (Harris et al., 2011). 

Categorisation of valence emerges from 120 ms (Smith et al., 2003), and value 

categorisation has been reported as early as 150 ms (Harris et al., 2011), suggesting 

that the BVS is capable of rapidly encoding stimulus value. Harris et al. (2011) 

conducted an exploratory analysis of EEG data over an extended time window and 

observed early cortical modulation of value between 150 – 250 ms in the parietal and 

temporal lobe, reflecting value signal computation, suggesting that early ERP 

components involved in early sensory processing can also encode stimulus value, not 

just salience. Later modulation of value (400 – 550 ms) was observed in the vmPFC, 

reflecting value comparison during decision making and, for the latest time bin (700 

– 800 ms), value-related modulation was observed in the intraparietal sulcus, 

reflecting transformation of goal-value into motor action. Taken together, Harris et 

al’s (2011) data demonstrated the temporal stages of valuation leading to action 

execution. Tzovara et al. (2015) examined the time course of single decisions 

following stimulus presentation to detect trial-to-trial level variation in decisions, 

allowing for identification of decision stages. A data-driven approach was utilised to 

avoid bias and overlooking decision-making phenomena occurring outside of a 

predefined time interval of interest. Results revealed an early time-locked component 

around 150 ms after stimulus presentation, reflecting evidence accumulation, and a 

later component which shifted across trials depending on level of difficulty of the 

decision. Easy decisions were detected at approximately 500 ms compared to hard 
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decisions which were detected around 700 ms, and decision onset could be predicted 

340 ms prior to the subject’s behavioural response by detecting correlates of when 

single decisions were made. 

The exploration of the time course of decision-making processes requires an 

exploratory or data-driven research approach utilising methods with a high temporal 

resolution such as EEG. Only a limited number of studies have specifically examined 

modulation of economic value, as determined by willingness to pay (WTP), across an 

extended time-course (Tyson-Carr et al., 2018, 2020). Tyson-Carr et al. (2018) 

conducted an exploratory analysis to examine the spatiotemporal characteristics of 

brain valuation, with WTP as a measure of SV for products in tasks where valuation 

was either relevant or irrelevant to ascertain the automaticity of valuation. The authors 

found an N200 component was modulated by value, with enhanced activation for low-

value items in the anterior insula and OFC, regardless of valuation context, suggesting 

that an automatic valuation process operates in the brain which promotes avoidance 

of unwanted items. Furthermore, Tyson-Carr et al. (2020) extended previous findings 

by examining eye-fixation related potentials for products over the entire period of 

natural object viewing; separating viewing into 800 ms time bins to determine how 

neural valuation decision temporally evolved. Following an independent component 

analysis (ICA), results revealed distinct spatio-temporal encoding of value. 

Importantly, each of these independent components (ICs) distinctly encoded product 

value early in the viewing period, within the N200, and persisted throughout the 

viewing period in free- and forced-bid trials. Results also suggested that high-value 

items did not significantly vary throughout the valuation stage and received increased 

fixations, therefore, increased cognitive processing may be required for these items. 

Tyson-Carr et al.’s (2020) results suggest that products of different SVs receive unique 
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neural encoding which begins as an automatic provisional value categorisation which 

persists across the decision period in successive fixations and is updated according to 

information gathered from the environment. These findings support the DDM 

perspective of valuation processing, whereby evidence is accumulated until a decision 

threshold is reached, and this can occur rapidly resulting in automatic value encoding 

in the brain (Harris et al., 2011; Milosavljevic et al., 2010; Tyson-Carr et al., 2020). 

Despite these initial findings, the identification of a decision-making timeline and 

neural correlates has been an important yet largely overlooked research avenue which 

could provide a better insight into decision-making processes in real-world settings. 

1.4.4. Linear versus distinct neural encoding 

Because the temporal dynamics of value-based decisions are not well understood, it is 

not known how the brain encodes SV. Studies have found some evidence for distinct 

SV encoding in unique spatio-temporal cortical clusters (Tyson-Carr et al., 2018, 

2020). For example, Tyson-Carr et al (2020) observed distinct cortical clusters for 

products of different SV as measured by WTP, with one component encoding high-

value products in the left parietal cortex, one encoding intermediate value items in the 

frontal-central region of the cortex, and one in the frontal cortex encoding intermediate 

and low-value products. Category specific neural selectivity has also been observed in 

other domains, such as for faces in the N170 component (Cao et al., 2014), and for 

negative stimuli in the P100, N100, P200 and N200 components (Huang & Luo, 2006; 

Lithari et al., 2010; Smith et al., 2003). 

Alternatively, there is some evidence which contends that SV could be linearly 

encoded by the brain (Abitbol et al., 2015; Bartra et al., 2013; Lebreton et al., 2009). 

Bartra et al (2013) questioned whether neural correlates of SV follow a linear or 
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nonlinear function, indicated by a monotonic increase in BOLD fMRI signal as a 

function of SV, compared to a U-shaped function showing maximal activation for at 

the polar ends of SVs. Bartra et al. (2013) found that some structures within the BVS 

demonstrated linear encoding, including the vmPFC and PCC, whereas the anterior 

insula displayed non-linear encoding. They also found evidence for distinctive neural 

structures encoding positive or negative value and combined encoding of valence in 

other structures. Therefore, further research is needed to determine whether SVs are 

encoded linearly or in distinct neural clusters within the BVS. 

1.4.5. Automatic valuation processing in the brain 

Decision-making was initially considered to be a conscious and deliberative process. 

However, because the real-world contains a multitude of complex information to be 

processed and because humans have limited attentional resources and higher order 

processing capacities including memory, in recent years is has been suggested that the 

BVS must assign some SVs automatically without conscious attention (Anderson, 

2013). 

Previous studies have reasoned that in order to adaptively and efficiently 

respond to stimuli in the environment, the BVS must automatically assign values to 

objects in the environment, and these SVs can influence behaviour even if the object 

is not explicitly attended to, or if they are choice irrelevant (Grueschow et al., 2015; 

Lebreton et al., 2009). This phenomenon is known as value-based attentional capture 

(Anderson, 2013), referring to the neural process of persistently monitoring the 

environment for behaviourally relevant or salient stimuli and automatically assigning 

SVs to efficiently guide choices promoting behavioural approach or avoidance. Rapid 

attention for a stimulus maximises the time that the decision-maker has to act upon the 
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stimulus, making it more likely that they can obtain a reward or avoid a negative 

outcome, increasing the likelihood that the individual will survive or thrive (Anderson, 

2013). In line with an adaptive response to stimuli, Cortese et al., (2020) demonstrated 

that value-based predictions drove motivated behaviours which allowed tasks to be 

solved more quickly, suggesting that decision-making in the brain is able to tap into 

higher-order summarisations of the task states. Furthermore, it has been suggested that 

an automatic BVS should be generic and encode both primary and secondary rewards, 

allowing for stimuli comparison across multiple dimensions (Lebreton et al., 2009). 

Additionally, it is unknown whether multiple distinct neural systems operating in 

parallel, one domain-general neural system, or a sequential evidence accumulation 

threshold mechanism operates in the brain when assigning SVs during value-based 

decisions. The automaticity of the BVS has been empirically supported, with studies 

finding activation of valuation neural circuits during explicit valuation and during 

distractor tasks when value computation was not required (Grueschow et al., 2015; 

Lebreton et al., 2009; Polanía et al., 2014), during forced choice tasks (Plassmann et 

al., 2007) or hypothetical purchase decisions (Tusche et al., 2010), suggesting that 

value is persistently and implicitly computed by the BVS (Lebreton et al., 2009). 

In addition to persistently encoding value, another indication of automatic 

valuation in the brain is rapid encoding of SV prior to conscious elaboration. 

Automatic processing and facilitated attention are allocated to motivationally salient 

stimuli to promote approach or avoidance, explaining the negativity bias. 

Additionally, target detection is facilitated when stimuli are associated with rewards 

(Kiss et al., 2009), and a history of previously rewarding or reward-associated stimuli 

can facilitate attentional priority for those items (Anderson, 2013). It has also been 

suggested that SV is closely linked to decision confidence, with high-value and low- 
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value options linked to high confidence, thereby stimulating approach-avoidance 

behaviours, whereas medium-value options are associated with more uncertainty and 

lower confidence (Bobadilla-Suarez et al., 2020). 

Previous ERP studies have shown facilitated processing of salient stimuli 

suggesting automatic value encoding. For example, research has shown that the 

amplitude of the P200, which is thought to reflect early automatic attention allocation, 

is modulated according to negative stimuli (Carretié et al., 2001b; Huang & Luo, 2006; 

Jin et al., 2017; Wang et al., 2012), and the N200 has been linked to automatic 

preference encoding (Goto et al., 2017; Kiss et al., 2009; Telpaz et al., 2015), as well 

as to automatic valuation for low-value products (Tyson-Carr et al., 2018) and 

low/medium-value products (Tyson-Carr et al., 2020). 

The role of the body and the environment has been largely overlooked when 

investigating automatic valuation. Because automatic valuation forms part of a process 

which stimulates approach and avoidance, the body plays an essential role, however, 

all of the studies to date examine neural responses while participants are sitting or 

reclining, omitting opportunities for approach-avoidance. Additionally, cues in the 

environment which signal the availability of items can facilitate attentional bias and 

alter motivated behaviours (Jędras et al., 2019; Jones et al., 2012; Maas et al., 2012), 

necessitating investigation of automatic valuation in natural environments. Despite the 

influence of the body on valuation and motivated behaviour, to date, no studies have 

examined the automaticity of the BVS in natural conditions using methods with high 

temporal resolution such as mobile EEG, and this is the focus of the experiments in 

the current thesis. 
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1.4.6. Interim summary of electrophysiological studies investigating value  

Many studies have examined the neural correlates of value, however, relatively fewer 

experiments have been dedicated to examining the temporal sequencing of value-

based decisions. Most of the electrophysiological literature on valuation has focused 

on electrical potentials that occur during processing of choice outcomes, such as the 

FRN, ERN and LPP. ERP correlates of value that are time-locked to the onset of the 

stimulus highlighted the P200, N200 and P300 ERP components, which are also 

thought to index visual attention for salient stimuli, although the literature is divided 

on how or whether these components are related to value encoding. Studies have 

observed value-based neural modulation across multiple time windows, ranging from 

150 – 800 ms post stimulus onset, with very early modulation of value in the brain at 

around 120 ms (Harris et al., 2011). Because the exact spatio-temporal dynamics of 

the neural valuation process are unknown, to avoid overlooking effects of valuation 

due to cherry picking the data, an exploratory-based data-driven approach 

investigating the entire time-course of the decision and utilisation of methods with a 

high temporal resolution, such as EEG, offers the most promising solution. A data-

driven approach affords investigation of outstanding research questions regarding 

whether value is encoded distinctly by separate cortical clusters or linearly within the 

same neural structures, to what extent value is automatically encoded within the brain, 

and whether an environment that is concordant with shopping will impact the 

valuation processes and behaviours.  
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1.5. The mobile brain/body imaging (MoBI) approach for investigating 

real-world value-based decisions 

1.5.1. MoBI and embodied cognition  

The MoBI approach was introduced in the seminal paper by Makeig et al., (2009) as 

a way of combining high density EEG measurements with body and eye-movement 

recordings in freely moving participants. The approach was developed to better 

understand the complex and multidimensional brain dynamics supporting cognition 

and motivated behaviour in realistic environments (Gramann et al., 2010; Gramann et 

al., 2011; Gwin et al., 2010; Liao et al., 2012; Makeig et al., 2009; Ojeda et al., 2014). 

Although other MoBI techniques exist, including mobile magnetoencephalography 

(MEG) (Boto et al., 2018) and mobile functional near-infrared spectroscopy (fNIRS) 

(Krampe et al., 2018; Park et al., 2018), the high temporal resolution of mobile EEG 

recordings makes it well suited for examining natural cognitive processes in real time 

(Makeig et al., 2004; Parada et al., 2020). 

Central to the MoBI approach is the issue of ecological validity, which is the 

question of whether data obtained in restrictive laboratory-based environments is 

generalisable to real-world conditions, and has been debated since the 1940s 

(Andrade, 2018; Brofenbrenner, 1977; Neisser, 1976). Despite static laboratory-based 

experiments affording enhanced control over experimental variables increasing 

internal validity, humans are active agents and cognitive processes are not made in 

isolation (Parada et al., 2020). Therefore, according to the MoBI approach, unimodal 

laboratory-based neural data can only inform about neural processes that occur in that 

specific environment and are not necessarily generalisable to real-world contexts 

(Ladouce et al., 2017; Neisser, 1976). Decision-making is strongly influenced by 
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fluctuations in internal demands, such as needs and desires, which are updated 

according to contextual changes within a complex and multifaceted environment 

(Makeig et al., 2009). 

The fundamental assumptions underlying the MoBI approach are consistent 

with the concept of embodied cognition, emphasising reciprocal interactions of 

agents’ mind and body in their environmental context (Lepora & Pezzulo, 2015). 

Embodied cognition can be understood from an evolutionary perspective, whereby 

cognition is holistically built upon perceptual and motor functions of the body, which 

evolved together through interactions with the environment (Gallagher, 2018). Such 

systems progressively adapted to increase effective (i.e. action selection) and efficient 

(i.e. action performance) utilisation of the available internal and external resources 

(Anderson & College, 2016; Gallagher, 2018). 

 For instance, during natural cognition, many aspects of a human body interact 

with environmental stimuli, including hands for grasping, eyes for focusing on stimuli, 

an upright posture and many other bodily states (Gallagher, 2018). Therefore, contrary 

to the neurocentric view that it is only the brain in isolation which determines 

perception, cognition and behaviours, the embodied cognition account posits that 

perception, cognition and behaviour are intrinsically linked to many embodied 

processes, including the endocrine and autonomic systems, and can mutually influence 

each other, altering neural processes (Gallagher, 2018; Gallagher & Allen, 2018). 

Moreover, there is a bi-directional interplay between decisions, choices and actions 

during natural cognition in ecologically valid settings, and these are continuously 

updated according to changes in the environment (Lepora & Pezzulo, 2015; Makeig 

et al., 2009). Sensory input, introspective bodily states, perception, cognition and 

motor actions all interact to inform natural decisions (Lepora & Pezzulo, 2015; Petit 
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et al., 2016) to facilitate actions within the environment (Makeig et al., 2009). 

Supporting the MoBI approach and embodied cognition perspective, research has 

demonstrated activation of the mirror neuron system in both humans and primates 

during action observation and execution, demonstrating the interdependence between 

visual perception (observation of action), cognition (inner representation of action) 

and action (mimicking the movement; Kilner & Lemon, 2013).  

To successfully examine the brain dynamics supporting natural cognition, it is 

essential to extend the traditional structured and controlled laboratory setting towards 

less controlled unstructured or semi-structured experiments that are embedded within 

their natural context (Parada, 2018). Examination and imaging of cognition in more 

naturalistic settings was made possible by advancements in the MoBI approach over 

the last decade, owing to advancements in EEG hardware such as the development of 

lightweight wireless EEG systems (Gramann, 2014; Oliveira et al., 2016) and active 

shielded electrodes (Gramann, 2014). The implementation of advanced data 

processing techniques such as ICA and principal component analysis (PCA) to remove 

movement-related artefacts, and the co-registration of eye-tracking data, combined 

with methods for synchronising multimodal data, have led to a marked increase in 

MoBI research (Artoni et al., 2017; Delorme et al., 2007; Gramann et al., 2014; 

Ladouce et al., 2017; Makeig et al., 1996; Makeig et al., 1999; Parada, 2018). MoBI 

methods allow for examination of neural dynamics during a number of natural 

behaviours including walking (Gwin et al., 2010; Severens et al., 2012; Wagner et al., 

2012), running (Gwin et al., 2010), cycling (Zink et al., 2016), driving a car (Protzak 

& Gramann, 2018) and piloting an airplane (Callan et al., 2015). MoBI methods have 

a wide spectrum of other applications and can be used to examine behaviours in a 

limitless number of natural contexts, such as during artistic performance (Cruz-Garza 
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et al., 2020), dance (Barnstaple et al., 2020), military training exercises (Ko et al., 

2015), an office work place (Wascher et al., 2014) and in brain-computer interfaces 

(BCI) for real-time game play (Liao et al., 2012). The broad applications of MoBI 

systems demonstrates their potential for investigation of novel settings, which expand 

research horizons beyond the scope of more conservative approaches. 

1.5.2. Free viewing in natural environments 

Real-world vision involves a multitude of information in the environment which must 

be selectively processed and attended to, necessitating many different types of eye-

movements by the visual system (Dimigen, 2014). The most frequent form of eye-

movement used to explore information in natural environments are rapid, planned 

movements of the eyes known as saccades (Dimigen, 2014). High visual acuity is 

limited to 1-2 degrees around the point of visual fixation, known as the fovea centralis, 

however, outside of the fovea, parafoveal and peripheral processing is still capable of 

detecting a lower resolution visual image. The function of saccades is to direct the 

fovea to the most salient information in the environment at each moment in time to 

produce the highest-resolution image allowing as much information as possible to be 

detected (Dimigen, 2014). As a result, visual processing in natural environments is an 

active, trans-saccadic and goal-directed process, involving persistent shifts of visual 

attention across saccades during exploration of the environment in order to attend to 

salient stimuli in line with task demands (Canosa, 2009; Jia & Tyler, 2019; Kretch & 

Adolph, 2015; Schall, 2013). 

Traditional laboratory experiments have precluded eye-movements during 

EEG measurement due to eye artefacts distorting the EEG signal (Jia & Tyler, 2019). 

Restricting eye-movements using serial presentation of stimuli can prevent expression 
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of natural behaviours and omit investigation of a large portion of visual information 

processing and associated neural responses, sacrificing external validity and not 

allowing for understanding of data in a broader context (Dimigen et al., 2011; Jia & 

Tyler, 2019). In order to truly understand early valuation responses (which as seen in 

the previous section are likely linked to visual selective attention) it is essential to 

examine natural viewing behaviours during free visual exploration without restricting 

the subject’s gaze (Kretch & Adolph, 2015). MoBI and eye-tracking can be combined 

to examine co-registration of eye movements and neural dynamics during natural free 

viewing and uncover aspects of cognitive processing and attention that could not be 

observed under more restrictive conditions (Dimigen, 2014; Fischer et al., 2013; 

Nikolaev et al., 2014, 2016). 

Data recorded during co-registration of EEG and eye movements have shown 

that the way in which information is processed in natural environments differs from 

responses elicited from laboratory and computer-based stimuli, demonstrating the 

complexity of oculomotor behaviour (Dimigen, 2014). In laboratory experiments, 

correlates of visual cognition examined using EEG are often recorded during periods 

of prolonged fixation (Dimigen, 2014). However, natural vision involves active 

sampling of environmental information across several saccadic eye movements per 

second (Dimigen, 2014), and not all information is processed serially as salient 

information can be pre-processed in the fovea from non-central viewing positions 

(Dimigen et al., 2011). Active, natural vision also involves the prediction and pre-

selection of future saccade targets in parafovea and periphery, motor preparatory 

processes, and anticipation which facilitates the rapid processing of stimuli affording 

swift responses in a dynamic environment (Dimigen, 2014). Trans-saccadic 

processing during natural vision also means that multiple visual representations 
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gathered over time need to be spatially integrated across saccades, and this cannot be 

accounted for by restrictive laboratory studies (Ray et al., 2011). As such, working 

memory must be involved in trans-saccadic processing to maintain information about 

salient objects across successive saccades in order to guide subsequent saccades 

through goal-directed visual attention (Melcher, 2007). Therefore, salient aspects of 

the scene can be encoded prior to fixation and used to guide visual behaviour 

(Nikolaev et al., 2013). Taken together, the complexity of natural, active vision 

necessitates the importance of examining cognition using co-registration of EEG and 

eye-tracking under naturalistic free eye-movement conditions. 

1.5.3. The importance of context and physical product presence for real-world 

value-based decisions 

When valuation decisions for products are made in natural shopping contexts, 

environmental information must be attended in order to facilitate goal-directed 

exploration. This will be updated during movement, facilitating goals through 

interdependent perception, cognition and action (Ladouce et al., 2017). The 

neuroeconomic literature has shown that context can significantly modulate valuation 

responses (Kahneman et al., 1979), which can alter underlying brain activity (Tymula 

& Plassmann, 2016). Context-dependent expectations surrounding a product, such as 

beliefs and predictions regarding price or quality (Tymula & Plassmann, 2016), 

modulation of expectation congruency (Noseworthy et al., 2014), or context-induced 

changes in arousal (Griskevicius et al., 2009), can influence product valuation even 

when the physical properties of the good remain constant. For example, modulation 

of the price of an identical wine altered beliefs about its taste and modulated value-

related brain areas (Plassmann et al., 2008). Conceptual and perceptual congruence 
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between products and the environment can facilitate their positive evaluation and 

purchase selection by making them more accessible and easier to process (Berger & 

Fitzsimons, 2008). Additionally, priming of fear or desire can influence product 

desirability ratings (Griskevicius et al., 2009). Therefore, because decisions are 

formed as part of a complex and dynamic interaction with an environment, conclusions 

drawn from highly controlled laboratory experiments which omit these interactions 

and context might be limited or misleading. MoBI affords the opportunity for 

examining value-based decisions within their natural contexts, and the neural 

dynamics that underpin natural decisions, thereby greatly improving external validity. 

An additional issue to consider when examining value-based decisions for 

products in naturalistic environments is the type of visual stimuli used. 3-D products 

can be examined from multiple different angles, which can differ in visual features 

such as luminance, contrast, size and shape. The physical presence of a product can 

influence motivated behaviours, with objects that are within reach being more likely 

to stimulate a purchase (Painter et al., 2002). Moreover, with 3-D objects, the 

participant is able to properly appraise the product using all of their senses. 

Alternatively, 2-D images can be standardised on basic visual dimensions, ensuring 

that responses elicited during product valuation are not due to low-level visual 

features. Factors related to utilisation of 2-D and 3-D stimuli should be carefully 

considered when developing a naturalistic paradigm to investigate valuation responses 

using MoBI.  
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2. GENERAL METHODS 
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2.1. Electroencephalography (EEG) 

EEG is a technology that can be used to examine brain waves, i.e., the electrical 

outputs of neurones in the brain (Borck, 2018; Luck, 2005). Hans Berger (1873-1941) 

pioneered this neuroscientific research method in humans. His seminal paper “On the 

Electroencephalographram of Man” demonstrated that the rhythmic firing of groups 

of neurones, called neural oscillations, could generate an electrical field which could 

be detected and measured using a scalp sensor (Berger, 1929; Luck, 2005). However, 

it was not until 1964 that modern cognitive event related potential (ERP) experiments 

were developed, allowing for measuring brain responses to specific events (Luck, 

2005). 

2.1.1. Physiological basis of the EEG signal  

The human brain contains approximately 100 billion neurones (Freberg, 2016; 

Herculano-Houzel, 2009). EEG measures oscillating electrical potentials from the 

cerebral cortex that are generated when neurones fire by placing electrodes on the 

scalp. Each EEG scalp electrode records many cortical sources, as neurones are 

densely packed in 105 per mm2 of surface, with broad synaptic interconnectivity 

(Nunez & Srinivasan, 2006). 

Neurones are volume conductors, meaning that currents can flow through 

them. They can also generate a variety of currents, including receptor potentials, 

synaptic potentials and action potentials (Gazzaniga, Ivry & Mangun, 2002). Neurones 

are comprised of a soma, the presynaptic axon, receptor dendrites and the synapse 

(Lodish et al., 2000; Speckman et al., 2011). The intracellular space contains high 

concentrations of potassium (K+) ions and small concentrations of sodium (Na+) and 

chloride (Cl-) ions. The extracellular space contains high concentrations of Na+ and 
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Cl-, with small concentrations of K+ ions. These unequal distributions of ions from the 

inside relative to the outside of the neuronal membrane create a resting potential 

voltage ranging between -60 to -70 mV (Barnett & Larkman, 2007; Speckman et al., 

2011). The action potential results from the rapid depolarization of the neuronal 

membrane caused by a rapid influx of positively charged ions across the cell 

membrane, reversing the resting potential polarity. When a threshold is reached 

(between -50 and -55 mV), the presynaptic neuron fires an action potential, releasing 

neurotransmitters across the synapse (Gazzaniga, Irvy & Magnun, 2002). The changes 

in the membrane potential of the post-synaptic neuron following signal transmission 

are referred to as postsynaptic potentials (PSPs) (Freberg, 2015). Excitatory PSPs 

(EPSPs) propagate positive charges to the postsynaptic cell increasing the likelihood 

of an action potential firing, producing local membrane current sinks with distributed 

passive sources, which preserves current conservation. Inhibitory PSPs (IPSPs) 

produce the opposite effect, making it less likely for an action potential to be triggered 

in the post synaptic neuron, producing local membrane current sources with distant 

distributed passive sinks. The source of EEG signals recorded on the scalp are largely 

represented by EPSPs and IPSPs, rather than the action potentials themselves, as 

synaptic potentials have a larger temporal duration of around 5 to 10 ms up to 100 ms 

compared to action potentials which only last for less than 2 ms (Freberg, 2015; 

Speckman et al., 2011). 

2.1.2. EEG measurement of electrocortical activity on the scalp 

EEG measures modulations of synaptic and action potential fields from their 

background levels (Nunez & Srinivasan, 2006). Current flows between two cortical 

areas with different potentials (Freberg, 2016; Olejniczak, 2006). At the peak of the 
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action potential, within the axon segment, there is a positive potential compared to the 

axon segment downstream, which is inactive and more negative. Current flows within 

the axon from the active to the inactive part of the axon, and the inactive part of the 

axon then reaches the threshold and becomes active. Simultaneously, current flows 

across the membrane to the extracellular fluid and back into the cell, completing the 

loop. Because current follows the path of least resistance, the extracellular current will 

produce differences in potential at the scalp, which can be detected using electrodes 

(Freberg, 2015). Electrical fields of individual neurones are usually not powerful 

enough to be detected using scalp sensors (Woodman, 2010). It is thought that due to 

the short latency of the action potential (< 1 ms) and the high-frequency of the signal, 

action potentials are only measurable at short distances from the scalp. Postsynaptic 

potentials have a longer duration, increasing the likelihood of summation and greater 

local field potential. To create electrical fields that are strong enough to penetrate the 

brain, dura mater, skull and skin, large groups of neurones must fire synchronously 

(Woodman, 2010). As a result, the current view among neuroscientists is that EEG 

measures the postsynaptic low-frequency current resulting from the synchronized 

activation of groups of neurones in a local network (Nunez & Srinivasan 2006; 

Logothetis et al., 2001; Luck, 2005). 

Local field potentials are recorded on the cortical surface when pyramidal cells 

are arranged orthogonally to the cortical surface (Luck, 2005; Nunez & Srinivasan, 

2006; Speckman et al., 2011). Synchronous field activation across a cortical patch 

stimulates the far-field potentials that are subject to volume conduction, which is 

measured by scalp electrodes (Makeig & Onton, 2011). Only local field activity that 

is synchronous across a particular source domain will contribute to the potential 

registered by scalp electrodes. Therefore, the distance of the sensor from the cerebral 
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source will determine accuracy of modelling for that particular source, along with 

interference from artefactual extra-cerebral sources (Makeig & Onton, 2011). 

2.1.3. Source dipole modelling  

Identification of cortical generators of scalp potentials and oscillations is a challenging 

issue in EEG research and practice. The need to identify cortical generators is 

essential, especially if EEG data are affected with extracerebral artefacts such as in 

wireless EEG recordings in freely behaving humans. Extracerebral artefacts, which 

can impede the ability to identify underlying neural events, include; eye-movement 

artefacts, muscle contractions, cardiac activity, cable sway, line noise and EEG sensor 

displacement. Broad local field potentials are attenuated by the different materials 

through which they must pass to be detected by scalp electrodes (Nunez & Srinivasan, 

2006), including the scalp, the skull, cerebrospinal fluid (CSF) and the brain itself 

(Makeig & Onton, 2011; Nunez et al., 2019; Nunez & Srinivasan, 2009). These 

cortical field potentials are met with resistance at each of these materials, which 

spatially distorts and diminishes the signal, and the resulting signal is registered on 

scalp electrodes (Makeig & Onton, 2011). 

Loci of neural activity that produce a particular voltage distribution on the 

scalp in event related potentials (ERPs) can be estimated using source localisation 

techniques (Slotnick, 2005). Source localisation estimation is hindered by the inverse 

problem, which refers to the fact that when researchers work backwards to predict 

accurate source locations, there are multiple possible configurations of cortical 

generators that can explain a particular scalp voltage topography (Grech et al., 2008; 

Lopez, Rincon & Shimoda, 2016; Slotnick, 2005). Therefore, there are many possible 

inverse solutions, and selecting a solution depends on a-priori information and 
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additional mathematical or anatomical parameter constraints (Durka et al., 2005; 

Slotnick, 2005). The forward problem refers to estimation of electrical scalp potentials 

resulting from primary current sources using models (Mosher et al., 1999). 

The forward solution modelling accounts for signal distortion and alterations 

caused by different tissue properties and assumes a specific model for cortical activity, 

since only certain configurations of neurons can produce far field potentials 

measurable at the scalp. The cortical activity is modelled using location of source 

activity, assuming a spherical head model with Cartesian coordinates (0, 0, 0) 

representing the centre and location coordinates of the dipole (x, y, z) are fitted in 

reference to the centre. As can be seen in Figure 2, to provide forward solution, vector 

r from the negative charge towards the positive charge is then fitted using spherical 

moment parameters (m - dipole magnitude, and Θ, Φ defining orientation) and M 

representing dipole moment (i.e., measure of separation between the positive and 

negative ends of the dipole), are used to calculate the area of interception of the dipole 

and the matrix of electrode coordinates defining their localisation on the surface of the 

spherical head model (Figure 2). While dipole moment, magnitude and orientation 

parameters can vary over time, it is assumed that a particular dipole is invariant in 

terms of location and orientation over time (Scherg, 1990; Slotnick, 2005), resulting 

in the forward solution. 
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Figure 2. Dipole and matrix of electrode coordinates defining their localisation on the 

surface of the spherical head model, with Cartesian coordinate location parameters r 

(x, y, z), and dipole moment parameters M consisting of m, representing dipole 

magnitude and Θ, Φ defining orientation of the dipole. Reproduced from (Slotnick, 

2005). 

Building on the forward solution, the inverse solution involves non-linear 

model fitting algorithms to iteratively modify the parameters outlined by the forward 

solution, such as dipole location, time course, orientation and magnitude, in a way that 

minimises the sum of squares error, reducing the discrepancy between the model fit 

and the data (Slotnick, 2005). Specifically, the dipole fitting method of source 

localisation involves the iterative adjustment of the model voltage parameters (Vmodel), 

generated by the forward solution to best fit the neural data reflected in voltages 

recorded at the scalp electrodes (Vdata). Dipole time course parameters can be fitted 



 

49  

using a linear regression separately to the dipole fitting routine. Such parameter fitting 

routines include the Levenberg-Marquart method (Marquardt, 1963), the simplex 

method (Nelder & Mead, 1965), simulated annealing (Kirkpatrick, 1984) and generic 

algorithms (McNay et al., 1996; Slotnick, 2005). 

The following factors are essential for the optimisation of the inverse solution: 

number of electrodes, solution constraining, head models and source localisation 

accuracy (Slotnick, 2005). An increased number of electrodes provides more 

information about underlying signal generators, thus, increases source localisation 

accuracy. It has been indicated that around 100 electrodes is likely to produce optimal 

source localisation as it allows adequate sampling of scalp voltage topographies 

(Laarne et al., 2000). Parameter constraints can increase the accuracy of source 

localisation, such as rejecting dipole solutions that are located outside of the head or 

limiting the number of dipoles by matching them to the expected number of neural 

sources. Initial dipole parameters can be randomly varied to reduce user involvement 

and convergent results represent the global minimum rather than the local minima of 

dipole parameters (Huang et al., 1998; Slotnick, 2005). Alternatively, a-priori 

knowledge regarding number of expected dipoles can be employed to specify initial 

parameters. Realistic head models, using the boundary element method or the finite 

element method, can provide more accurate approximations of head shape and 

conductivities of the skull, brain and scalp. However, such methods are extremely 

computationally demanding and still do not reflect accurate representations of the 

head, suffering from model misspecification and source localisation errors, 

particularly when multiple cortical sources are present. Source localisation has been 

shown to accurately predict sources up to approximately 1 cm using four-shell 

spherical head models (Slotnick, 2005). 
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Overall, while analysis of the voltage topography of an ERP can allow 

researchers to indicate underlying source generators of activation, source localisation 

techniques take this one step further, affording the accurate estimation of the location 

of the voltage source in the cortex (Slotnick, 2005). To estimate cortical sources, 

experimental chapter 1 in the current thesis estimated equivalent current dipoles using 

a sequential strategy describing the 3-dimensional source currents (Hoechstetter et al., 

2010; Scherg & Von Cramon, 1986) and experimental chapters 2 and 3 used a 

spherical head model in Dipfit 2.  

2.1.4. Independent component analysis (ICA) 

ICA is a higher order statistical spatial-filtering technique which can be used to 

linearly decompose mixed EEG signals recorded on the scalp into independent source 

components, allowing researchers to detect signal sources and to measure the spatio-

temporal characteristics of the brain (Calhoun et al., 2009; Ullsperger & Debener, 

2010). Importantly, ICA affords separation of cerebral from extra-cerebral artefactual 

activity facilitating the removal of artefactual noise, and is able to linearly decompose 

neural activity into independent sources, assisting the interpretation of  distinct spatial-

temporal components that comprise the EEG signal (Vigârio et al., 2000). There are a 

number of different ICA techniques available including InfoMax (Bell & Sejnowski, 

1995), joint approximation diagonalization of eigen-matrices (Cardoso & Souloumiac, 

1993), FastICA (Hyvärinen, 1999), second-order blind identification (Belouchrani & 

Abed-meraim, 1997) and adaptive mixture ICA (Palmer et al., 2011). 

ICA does not assume prior knowledge and uses blind source separation to 

decompose the multi-channel EEG signal (Bell & Sejnowski, 1995). Unlike PCA, 

there is no order of magnitude associated with the components in ICA (Langlois et al., 
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2010). The ICA method assumes that scalp signals are an amalgamation of constituent 

signals, both neural and artefactual, with spatially-fixed scalp distributions and 

independent temporal properties (Jung et al., 2000). When applied to multiple 

electrodes, ICA trains spatial filters which each focus on a single source in the data 

(Makeig & Onton, 2011). ICA assumes that the number of components that comprise 

the signal should be equal to the number of channels utilised during the recording and 

does not impose conditions on spatial filters, enabling IC components that overlap 

spatially to be separated temporally (Jung et al., 2000). Consequently, this provides 

more precise measurement of individual EEG source potentials and reduction of 

source signal mixing despite broad spread due to conduction through the brain, skull, 

and scalp (Makeig & Onton, 2012). When PCA cannot be used because amplitudes 

are comparable, ICA is an effective method for separating intra-cerebral neural data 

from a wide range of extra-cerebral artefacts (Jung et al., 2000).  Central to the 

assumption of applying ICA to artefact removal in EEG data is the idea that artefacts 

and neural components are temporally distinct at the statistical level (Jung et al., 2000), 

allowing for removal of stereotypical ocular artefacts such as eye-blinks, vertical and 

horizontal saccades (Nikolaev et al., 2016). ICA is the gold standard routinely used in 

EEG artefact removal, particularly for mobile brain/body imaging (MoBI) data 

obtained in naturalistic settings, which is prone to an increased number of artefacts 

associated with free movement of the body and eyes (Delorme & Makeig, 2004a; 

Nikolaev et al., 2016; Protzak & Gramann, 2018). However, artefacts with atypical 

topographies and waveforms must be precisely marked in order to be detected using 

blind source separation methods such as ICA. ICA decomposition is influenced by 

multiple factors including movement, number of EEG channels and high-pass filter, 

which can affect estimation of neural sources (Klug & Gramann, 2020). To ensure 
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adequate ICA decomposition, high-density EEG recordings should be obtained from 

no less than 64 electrodes and a high-pass filter of 1 – 2 Hz should be used depending 

on noise level (Klug & Gramann, 2020). 

2.1.5. Principal component analysis (PCA) 

PCA is a statistical technique used to decompose averaged ERPs into their component 

parts to extract linear combinations of variables whilst accounting for covariance in 

the data, particularly when the EEG signal is an amalgamation of many highly 

correlated variables (Dien & Frishkoff, 2005; Dien, 2012). PCA is a type of factor 

analysis applied across time points and electrodes to extract latent components 

associated with separate ERPs, providing statistical separation of neural data detected 

at the scalp (Dien & Frishkoff, 2005). PCA is useful for reducing data dimensionallity, 

data cleaning and filtering prior to analysis, and can also be applied to detect events 

by using spatial patterns to decompose the data into latent temporal patterns (Dien & 

Frishkoff, 2005). There are a number of PCA techniques, including temporal (Dien & 

Frishkoff, 2005), spatial (Dien, 1998), sequential (Spencer et al., 2001) PCAs and 

partial least squares (Lobaugh et al., 2001). 

There are three stages to a PCA. Firstly, the continuous variables are 

standardised to prevent distortion due to extended ranges between variables, a 

covariance matrix is computed which allows investigation of the relationship between 

continuous variables and whether they co-vary with respect to the mean. Next, 

eigenvectors (direction of axes where there is maximal variance) and eigenvalues 

(amount of variance in each principal component) are computed from the covariance 

matrix to determine the principal components. The principal components which 

explain the largest amount of variance in the data are presented first, with other 
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principal components arranged in descending order of amount of variance explained. 

Eigenvalues of each component are divided by the sum of eigenvalues to determine 

the percentage variance explained by each principal component. Principal components 

that explain less variance in the data can be disregarded at this stage to reduce data 

dimensionality in the feature vector. Finally, the feature vector created from selected 

principal components reorients the data from the original axis to the one represented 

by only selected principal components by multiplying the transpose of the original 

data by the transpose of the feature vector (Jaadi, 2019). 

In Brain Electrical Source Analysis (BESA, MEGIS Software GmbH, Munich, 

Germany, version 6.1), the EEG data can be reduced using PCA prior to ICA 

decomposition, with components that explain less than 1% of variance ignored. 

Additionally, artefacts can be removed using adaptive spatial filtering in BESA. The 

adaptive artefact correction method involves scanning of specific defined epochs 

considered to represent artefactual activity, and the segment is thought to reflect 

artefactual activity if the correlation between data and the artefact exceeds a certain 

threshold and the signal amplitudes are above a certain threshold. Subsequently, a 

PCA (Berg & Scherg, 1994) is then performed on the segments and the components 

that explain more than the minimum variance specified by the adaptive model have 

their topographies maintained. The PCA decomposes the matched components and 

the component with the highest p value explaining the least variance (e.g., below 5 to 

10% of data variance) is then subtracted from the EEG data (Ille et al., 2002), 

effectively removing the artefactual signals from the continuous EEG data. Overall, 

PCA can be an effective tool allowing for decomposition of EEG data in order to 

determine their temporally or spatially distinct components (Dien & Frishkoff, 2005). 
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2.1.6. Placement of EEG electrodes 

EEG is a technology that measures the modulation of local field potentials on the 

cortical surface over time using specialised sensors placed at specified locations across 

the scalp. As standard practice, EEG electrodes are placed into elasticated caps which 

are developed based on the internationally recognised 10-20 system, a standardised 

guideline for distribution of electrodes on the scalp based on proximity to anatomical 

landmarks of the skull, including the nasion, the inion, and the left and right pre-

auricular points (Jasper, 1958; Klem et al., 1999). The 10-20 system affords equal 

spacing of electrodes relative to each other across the scalp. It is vital that electrodes 

are placed consistently across participants, as even small errors in electrode 

positioning can lead to large changes in the measurement of electrical potentials on 

the scalp. 

To place the caps in a standardized manner across participants, a measurement 

of the circumference of the head is made to determine cap size. If the subject is in 

between cap sizes, the experimenter rounds down the measurement and the smaller 

cap is selected to receive a better connection between the scalp and the sensor. To 

place the cap according to the 10-20 system, a measurement is taken from the anterior 

(nasion) to the posterior plane (inion) through the vertex and a vertical line is marked 

at the midpoint using a blunt water-soluble pen. Following this, a measurement is 

made between the left and right pre-auricular points and a horizontal line is marked at 

the midpoint, converging with the vertical line to form a cross in the centre of the head. 

Electrode Cz is then positioned at the intersection where the two lines converge, 

indicating that the horizontal and vertical planes of the head have been correctly 

aligned (Figure 3). 
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Figure 3. (A) Diagram illustrating how the cap is placed according to the standardized 

10:20 system, relative to the midpoint between known anatomical landmarks. Red line 

indicates pen marks made in order to identify the midpoint and consequently Cz 

location on the X and Y axis. (B) Schematic representation of the Brain Products 

actiCHamp standardized 64-electrode layout (Brain Products, GmbH, Munich, 

Germany), with the red cross indicating a central placement of the cap on the 

participants head. 

Adequate scalp connection is important for maintenance of EEG signal quality 

which allows for optimal ICA decomposition and source localisation. The highly 

viscous Super Visc electrolyte gel (Brain Products) creates a column of gel between 

the hair within the electrode holder, reducing the gap between the sensor and the scalp, 

helping to maintain stable signal quality and low impedance levels during the task. 

Less viscous electrolyte gels tend to degrade over the course of the experiment, 

requiring the addition of more gel to maintain signal quality, which can produce 
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electrical bridging between nearby electrodes and this can reduce the ICA 

decomposition accuracy (Alschuler et al., 2014).  

Although as few as 35 channels are sufficient for identification of some 

dominant neural sources (Lau et al., 2012), a minimum of 64 electrodes are required 

for optimal ICA decomposition and identification of underlying source components 

(Klug & Gramann, 2020; Lau et al., 2012). 64 electrodes are more applicable in the 

mobile settings than more precise 128-channels as they significantly reduce time for 

equipment application and experimental set-ups, reducing likelihood of signal 

degradation. 

The EEG signal reflects the voltage potential difference between an electrode 

and a reference electrode (Luck, 2005), which can be a unipolar reference electrode 

(Cz, Fz, Oz, FCz are commonly used), the nose, or linked mastoids. Moreover, a 

Laplacian reference can be used, which detects the difference between the potential at 

each electrode and the averaged potential of nearest four neighbouring electrodes, or 

averaged reference can be utilised, which is an average potential over all electrodes 

(Yao et al., 2019). 

2.2. Mobile EEG signal acquisition and pre-processing 

A new generation of neuroscientific research has sought to examine the neural 

dynamics underlying natural cognition in more ecologically valid environments 

utilising mobile neuroimaging techniques such as mobile fNIRS (Krampe et al., 2018) 

and mobile EEG (Lau-Zhu et al., 2019). The MoBI approach typically investigates 

natural cognition and embodied dynamics using mobile EEG whilst participants freely 

move and behave, often in conjunction with other body imaging methods such 

movement analysis or eye-tracking. The MoBI approach affords investigation of the 
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relationship between movement, cognition and the brain in natural settings 

(Jungnickel & Gramann, 2016). A number of different mobile EEG systems exist, 

ranging from consumer grade wearable systems with a low number of electrodes such 

as Muse, (Interaxon, Toronto, Canada), Mindwave (Neurosky, San Jose, USA) and 

Epoch (Emotiv, California, USA),  to electrode dense research grade systems such as 

Brain Products MOVE (Brain Products, GmbH, Munich, Germany), LiveAmp 64 

(Brain Products), eego (Ant Neuro, Hengelo, Netherlands), SMARTING mobile EEG 

amplifier (mBrainTrain, Beograd, Serbia) and Quick wireless headset (Cognionics, 

San Diago, USA). 

 

Figure 4. A participant wearing the 64 channel Brain Products actiCap, 64 active 

shielded electrodes which are plugged into the Brain Products MOVE system 

transmitter, attached to a Velcro belt worn by the participant. The MOVE system 

receiver is attached to the actiChamp amplifier.  
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The Brain Products 64 channel MOVE system is a commonly used research 

grade mobile EEG system  (Gramann, 2014; Jungnickel & Gramann, 2016; Marini et 

al., 2019), see Figure 4. The Brain Products MOVE system utilises active Ag/AgCl 

electrodes which contain active circuits called impedance converters which make it 

possible to record high quality EEG signals in situations where high impedance levels 

are likely, such as during walking. Optimising the connection between the scalp and 

the electrode is even more essential in mobile EEG recordings as participants are 

walking and the signal quality could suffer from high-impedances due to electrode 

movement. Active electrodes reduce resistance between the sensor and the scalp using 

a voltage divider, which acts as a 1:1 amplifier, reducing the impedance of the signal 

and not allowing any feedback from the output of the conversion. By decreasing the 

resistance, the signal is amplified, and protected from electrode lines and external 

source interference; see Figure 5. Mobile EEG systems often utilise active electrodes 

to reduce the presence of line noise and movement artefacts in the EEG data. 

 

Figure 5. Schematic representation of an impedance converter inputs and outputs 

signals in active shielded electrodes, adapted from the actiCHamp documentation 

(2016, Brain Products, GmbH). Us and Rs refer to source current and source 

resistance, respectively. Ui refers to the input voltage at the input resistance Ri. Ii 

refers to impedance input and Io refers to impedance output. Ro is output resistance, 

which is smaller, and acts as a power amplifier. Uo is the output voltage.  
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2.2.1. Methods for synchronisation of eye-tracking and mobile EEG data 

streams 

The inability to control stimulus onset in natural conditions presents a methodological 

issue for mobile EEG, and, as such, a secondary eye-tracking data stream is necessary 

to provide natural stimulus onsets when the subject’s gaze touches an object. The 

addition of an eye-tracking data stream is one of the biggest challenges within the field 

of MoBI, as it must be precisely synchronised to the EEG data stream in order for 

ERPs to be accurately time-locked to the onset of the visual stimulus (Artoni et al., 

2018). Synchronisation of multimodal data is challenging as different data streams are 

likely to have different sampling rates, and there could be sporadic delays in the 

individual equipment, the recording software, the operating system, or if using an 

online platform, the network, which can all introduce temporal jitter (Delorme et al., 

2011). Different methods have been proposed to overcome the issue of data stream 

synchronisation in MoBI research, including online synchronisation platforms (lab 

streaming layer, LSL); the experimental real-time interactive control and analysis 

(ERICA) framework, and hardware (combined TTL and light pulse) solutions.  

LSL (Kothe, 2014) is an online open source synchronisation platform which is 

capable of synchronising multimodal data streams over a network in real time during 

recording. LSL consists of an LSL application programming interface and a core 

library (liblsl) available across programming platforms for communication between 

multiple systems. Liblsl incorporates a suite of tools such as a recording program, file 

importer, viewing recorder, and apps for acquisition software such as eye-tracking, 

EEG, motion capture audio and video. Data is provided to LSL by creating a program 

which pushes a data stream through an outlet sample by sample as a multichannel 
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vector. Receiving data involves discovering the stream on the network by the type of 

data stream; once discovered, an inlet is opened and samples of the data stream are 

pulled out. 

A limitation of LSL is that it relies on optimal network latency, a strong battery 

life and a high bandwidth for reliable transmission of data over the network and, 

ultimately, accurate synchronisation of data streams. A major issue with LSL is that 

because it is reliant on the network, it is possible to fall out of network range which 

can result in data loss. Furthermore, differences in refresh rates can cause temporal 

jitter in the time stamps of the data sets during synchronisation and even refresh rates 

of up to 120 Hz are unable to account for this issue (Ladouce et al., 2017). 

Additionally, not all hardware is currently supported by LSL. EEG hardware 

supported include Biosemi, Cognionics, Mindo, EGI Ampserver and eye-tracking 

hardware supported include SR Research Eyelink and custom 2 camera setup. 

Therefore, LSL only provides a solution for certain MoBI systems (Artoni et al., 

2018). 

The ERICA framework (Delorme et al., 2011) consists of an online multimodal 

data collection, synchronisation and processing platform which synchronises 

multimodal data in real time using an application called DataRiver which streams from 

Matlab (Delorme et al., 2011). Within the ERICA framework, data streams are 

individually converted into a device-independent stream which is merged in real time 

into a river over a local area network or internet subnet. The data can be viewed and 

processed in real time using the DataRiver client running in MATLAB. The 

framework offers a high synchronisation accuracy of up to 2 ms between data streams 
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(Delorme et al., 2011). However, the DataRiver application is available for a limited 

number of EEG systems (Biosemi) and relies on local network connection. 

An alternative method of EEG and eye-tracking data synchronisation which is 

not dependent on network performance or recording hardware involves delivery of a 

transistor-transistor logic (TTL) pulse to the EEG with a simultaneous light pulse 

delivered to the eye-tracker. The TTL light pulse method has proved effective for 

synchronisation of EEG, magnetoencephalography and eye-tracking data streams in 

naturalistic settings (Artoni et al., 2018; Soto et al., 2018). The combined TTL and 

light hardware solution to data stream synchronisation provides a useful alternative to 

online synchronisation techniques and can be used as a backup method of 

synchronisation in all instances so that data is never lost due to network dropout. 

Consequently, a combined TTL and light synchronization method was utilised in the 

experimental chapters of the current thesis.  

2.2.2. EMRPs 

EMRPs, or saccadic eye-movement related potentials, afford investigation of 

cognitive processes elicited during free eye-movement, such as sensorimotor 

integration (Jagla et al., 2007). Traditional laboratory-based experiments have limited 

saccade-related eye-movements due to the large number of associated artefacts that 

are produced. However, saccades can carry important information as natural cognition 

involves rapid shifting of the gaze and integration of visual information over 

successive saccades (Jagla et al., 2007; Melcher & Colby, 2008; Prime et al., 2011), 

short-term memory processes (Hollingworth et al., 2008) anticipation and prediction 

of visual information (Dias et al., 2013) and parafoveal processing of information prior 

to fixation (Degno & Liversedge, 2020). 
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In accordance with VEPs, EMRPs encompass averaged electro-

encephalographic cortical potentials time-locked to the onset or offset of a saccade 

(Jagla et al., 2007; Nikolaev et al., 2014; Thickbroom et al., 1991; Yagi, 1979), rather 

than to a static visual image. EMRPs display similar characteristics to VEPs as they 

are both thought to be generated by retinal stimulation and elicit voltage potential 

deflections relative to baseline (Thickbroom et al., 1991). Conversely, fixation-related 

potentials are time-locked to the onset or offset of a fixation, when the eye-movement 

is ceased (Wenzel et al., 2016). The earliest reported EMRP was a positive occipital 

wave in occipital cortex following rapid saccades, known as the lambda potential 

(Green., 1957). The well documented lambda component is an EMRP that is elicited 

in response to visual stimuli with a peak around 100 ms post stimulus onset and an 

occipital positive maximum (Kazai & Yagi, 2003; Thickbroom et al., 1991; Yagi, 

1979; Yagi, 1981). The lambda potential is known to be modulated by the structure of 

the visual background and illumination (Gaarder et al., 1964). 

 Saccadic EMRPs time-locked to the onset of saccades have been recorded 

over the occipital and posterior parietal cortex, reflecting premotor eye-activity known 

as the saccadic spike potential (SSP) (Thickbroom & Mastaglia, 1986). SSP reflects 

the use of oculomotor muscles initiating the saccadic eye-movement, peaking shortly 

after the onset of the saccade (Jagla et al., 2007). The SSP can modulate the amplitude 

of the lambda component (Yagi, 1979). Other EMRP components have been reported 

in posterior parietal cortex and frontal eye-fields, with modulation according to 

attention, information processing and command-related functions (Jagla et al., 2007; 

Kurtzberg & Vaughan, 1982). Saccades have been shown to represent important 

indexes of selective attention in natural environments, and have been investigated in 

the scanning of scenes, pictures, and during reading (Liversedge & Findlay, 2000). 
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Experiments investigating saccade-related potentials have demonstrated the influence 

of lower-level and higher-level semantic influences on eye movements and the 

processing of information (Liversedge & Findlay, 2000) and pre-saccadic extra-foveal 

neural activity has been linked to trans-saccadic prediction of stimulus category 

(Buonocore et al., 2020). 

2.2.3. Technical and methodological issues in MoBI research 

There are a wide range of hardware and software solutions available for recording and 

analysing brain activity during active behaviour (Jungnickel & Gramann, 2016) and a 

standard MoBI approach is yet to be determined. However, a number of 

methodological and technical issues have already been identified, and each must be 

considered when examining neural dynamics in natural environments using the MoBI 

approach (Gramann, 2014; Gramann et al., 2010; Gwin et al., 2010; Makeig et al., 

2009; Ojeda et al., 2014) to ensure high-quality data reflected in its accuracy, 

completeness, consistency and reliability. 

One of the most challenging issues for MoBI research is minimising the large 

amount of artefactual noise associated with free-movement in unconstrained 

environments (Gramann, 2014; Gramann et al., 2010; Gwin et al., 2010; Makeig et al., 

2009; Ojeda et al., 2014) to increase the signal to noise ratio (Gwin et al., 2010; 

Ladouce et al., 2017). The EEG signal can become contaminated by many artefacts, 

both within and outside of the body, which can fluctuate during movement in natural 

paradigms. Extra-cerebral artefacts originating from non-neural events include 

movement of the head and neck when the subject orients their head towards a stimulus 

in the environment (Gwin et al., 2010). Eye-movement artefacts including blinks, 

saccades or the saccadic spike potential can distort underlying neural data and are 
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generated by an eyelid movement, rotation of the corneo-retinal dipole or extra-ocular 

muscle contractions (Keren et al., 2010). Further biological artefacts include cardiac 

activity, movement and muscle contractions (Jung et al., 2000). Artefacts originating 

from non-biological sources which can occur during movement and through the use 

of natural paradigms include cable sway artefacts, line noise, and displacement of EEG 

sensors during movement which can alter ICA decomposition (Makoto, EEGLAB 

Wiki, SCCN 2019) and limit the ability to estimate neural sources of evoked 

potentials. 

Other issues associated with recording natural behaviours concern the inherent 

trade-off between maintaining experimental control to limit artefactual noise and 

maintain a high signal-to-noise-ratio, and enhancing ecological validity by the 

facilitation of free behaviours and associated neural responses within natural 

environments (Ladouce et al., 2017). For example, in comparison to standard EEG, 

MoBI set-ups are longer, which can cause electroconductive gel to dry out contributing 

to the degradation of signal quality over the course of the experiment. Addressing the 

conductivity issues by topping up electroconductive gel or saline solution during a 

naturalistic recording can impede the flow of the experiment and can result in electrical 

bridging across electrodes (Alschuler et al., 2014; Gramann et al., 2014). High-density 

dry electrode systems that perform at the same level as the wet systems are yet to be 

developed to resolve this issue (Ladouce et al., 2017; Oliveira et al., 2016). 

Another issue for naturalistic MoBI recordings is the lack of triggers to define 

stimulus onset. Body dynamics can be used to define stimulus onset during MoBI 

experiments, including heel strikes for measurement of movement dynamics (Gwin et 

al., 2011; Ladouce et al., 2017) or delivery of an auditory stimulus while the subject 



 

65  

navigates a natural environment (Reiser et al., 2019). Investigation of visual attention 

in natural environments necessitates the use of a secondary eye-tracking data stream 

to determine precisely when the participant’s gaze first touches a stimulus, and this 

can be used as an onset trigger during everyday real-world cognition (Ladouce et al., 

2017). However, eye-trackers rely on accurate gaze calibration, and this cannot be 

ascertained in natural environments without stable reference points, therefore it is 

essential for gaze to be accurately deciphered to allow for examination of evoked 

potentials (Nikolaev et al., 2016). Moreover, the addition of another data stream can 

be problematic as both data-sets need to be precisely synchronised in order for triggers 

to be precisely time-locked to the onset of the visual stimulus (Dimigen & Ehinger, 

2019). Finally, due to the lack of control over visual presentation during free-viewing 

in natural environments, evoked potentials elicited from MoBI and eye-tracking data 

can temporally overlap and must be distinguished (Dimigen et al., 2011; Stephani et 

al., 2019). 

2.2.4. Solutions for artefact identification and removal in mobile EEG 

The separation of cerebral from extra-cerebral artefacts is one of the most pressing 

challenges for mobile EEG research. Consequently, a number of practical and data 

cleaning solutions have been proposed to prevent or detect and remove movement- 

related artefacts, which are described below. 

Practical measures can be taken during mobile EEG recordings to reduce 

artefact contamination; for example,  cable sway artefacts can be reduced by clipping 

electrode strands to the subject’s clothes (Soto et al., 2018). Additionally, using digital 

filters can allow identification and removal of extra-cerebral EEG contaminants and 

line noise can be reduced by using a 50 Hz notch filter (Leske & Dalal, 2019). 
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A traditional technique used for artefact removal in EEG is the regression 

method (Jiang & Bian, 2019). The regression method assumes that activity at each 

EEG electrode reflects a mixture of neural and artefactual activity. Amplitude relations 

between the reference channel and each EEG electrode are defined by transmission 

factors and then estimated artefacts are subtracted from the data. A limitation of 

regressions is that they require one or more reference EOG and ECG channels for the 

removal of artefacts (Jiang et al., 2019). 

PCA (Berg & Scherg, 1991) is a well-known blind source separation method 

that is widely used to separate artefacts from neural data (Jiang et al., 2019). The PCA 

technique involves converting the correlated variables that make up the EEG signal 

into uncorrelated values called principal components, which are ordered from most to 

least explained variance in the data. Artefacts explaining a large proportion of variance 

in the data such as eye-blinks can then be identified and removed from the data using 

an inverse operation (Berg & Scherg, 1991; Jiang & Bian, 2019). Although it has been 

suggested that PCA is more efficient in terms of computation than regression methods, 

PCA is limited in that similar artefacts are not separated  (Casarotto et al., 2004; Jiang 

& Bian, 2019). 

ICA (Bell & Sejnowski, 1995) is a blind source separation method that is a 

widely applied to the remove artefactual contaminants such as ECG, EMG, eye-

movements and blinks from EEG data (Makeig et al., 2009). A minimum of 64 

electrodes are recommended for optimal ICA decomposition (Klug & Gramann, 

2020). ICA is often utilised for MoBI data obtained in naturalistic settings as it is 

useful for extracting  artefacts associated with free movement of the body, head and 

neck muscles and the eyes (Delorme & Makeig, 2004; Makeig  & Jung, 1996; Makeig 
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et al., 2002; Nikolaev et al., 2016; Protzak & Gramann, 2018). In addition to detecting 

artefacts, ICA can also be used to detect independent spatially and temporally distinct 

source activities that contribute to the overall observed scalp signal (Makeig et al., 

2009). However, spatial filtering techniques such as ICA are unable to detect non-

typical artefacts, such as saccades from every angle of viewing excluding vertical and 

horizontal saccades, unless they are discretely marked out. Therefore, methods of 

detecting atypical artefact topographies prior to ICA decomposition are needed. A 

combination of practical measures and ICA and PCA methods were utilised in the 

current thesis to correct ocular artefacts, drawing on guided saccade recordings for 

discrete marking of eye-movement artefacts. 

2.2.5. Advantages and limitations of mobile EEG 

Mobile EEG offers excellent temporal resolution which affords investigation of neural 

dynamics in real time with millisecond precision without constraining movements, 

which could alter natural responses. Neural dynamics underpinning behaviour in 

naturalistic environments is often guided by visual attention (Nikolaev et al., 2014). 

For instance, visual exploration of the environment is multi- and trans-saccadic, and 

information is integrated across successive saccades and fixations to direct visual 

attention (Dimigen et al., 2011; Prime et al., 2011; Ray et al., 2011). EEG experiments 

which do not allow for free eye-movements omit context, which can alter neural 

activations (Ladouce et al., 2017; Neisser, 1976), and brain states are known to differ 

during movement. Therefore, it is essential to verify laboratory-based findings of the 

neural dynamics of cognition in natural environments in order to determine whether 

findings actually reflect natural cognition. 
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Mobile EEG has a number of technical limitations which must be considered; 

these include the lack of triggers necessitating eye-tracking which must be precisely 

synchronised to the EEG, the lack of stable reference points for accurate gaze detection 

(Nikolaev et al., 2016), the large number of artefacts associated with movement (Gwin 

et al., 2010; Jung et al., 2000) and the degradation of signal quality over time (Lau-

Zhu et al., 2019). Although the spatial resolution of EEG is limited compared to 

neuroimaging methods such as fMRI, cortical sources can often be accurately 

estimated using source modelling techniques (Lystad & Pollard, 2009). Additionally, 

there is currently no standard procedures for MoBI data collection and artefact 

removal. To investigate the spatio-temporal dynamics of SV in naturalistic settings, 

the experimental chapters of this thesis utilised mobile EEG and developed 

experimental paradigms to overcome the technical limitations associated with mobile 

EEG recordings. 

2.3. Eye-tracking 

Investigation of visual behaviours predates the 19th century, with early 

experimenters using mirrors to examine eye-movements during reading. During 

exploration of a natural visual scene, participants make a number of rapid eye-

movements called saccades which are interrupted by pauses called fixations (Salvucci 

& Goldberg, 2000). Javal (1879) and Lamare (1892) pioneered the eye-tracking 

technique and discovered the presence of saccades and fixations. The first modern day 

computer-based eye-tracker, the oculometer, was developed in the 1960s (Merchant, 

1966). Portable head-mounted eye-tracking revolutionized the investigation of visual 

behaviour in 1994 by allowing for movement of the head (Mohamed et al., 2007), 

affording examination of more naturalistic visual behaviours in the real-world.  
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2.3.1. General principles of eye-tracking 

Eye-tracking is a standard research method directly measuring visual attention. 

Continuous recording of eye-movements allows for precise estimation of the location 

of the participants gaze by measuring the position of their eyes relative to their 

surroundings, or to their head (Singh & Singh, 2012). High sampling rates of eye-

trackers provide excellent temporal resolution, affording investigation of gaze 

behaviour in an environment over time (Nikolaev et al., 2016). Underlying cognitive 

processes are inferred through examination visual angle, duration, length and 

frequency of saccades and fixations (Raney et al., 2014). A saccade is characterised 

by higher thresholds of velocity and acceleration (Konig & Buffalo, 2014), whereas 

fixations have lower thresholds and are relatively static despite containing micro-

saccades, tremor and drift (Duchowski, 2017). Fixations can last from tens of 

milliseconds to several seconds, and are thought to index visual attention as 

information is taken in by the fovea (Holmqvist et al., 2011). 

In the human eye, the iris permits light to the retina by expanding and 

contracting the pupil and the lens focuses the image on the retina, within the fovea 

which is filled with photoreceptors. These cells transduce light into electrical impulses 

and relay this to the optic nerve, which translates the information to the visual cortex 

(Singh & Singh, 2012). A dominant method for gaze estimation in eye-tracking relies 

on identification of eye-movements through detecting the pupil relative to the 

surrounding iris, and the corneal reflection is sometimes used as an additional 

reference point (Holmqvist et al., 2011). 

In recent years, a range of head mounted eye-trackers have become available, 

affording investigation of natural behaviours in conjunction with mobile EEG. Head 
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mounted eye-trackers include the EyeLink II (SR Research, EyeLink, Ontario, 

Canada), which incorporates three cameras on a padded headband, two eye-cameras, 

and a head-tracking camera to track the subject’s field of view. Furthermore, the Tobii 

Pro Glasses (Tobii Pro, AB (publ), Stockholm, Sweden) utilise four eye-cameras 

which incorporate dark pupil detection, a gyroscope, an accelerometer, and a scene 

camera for the subject’s point of view, all within a lightweight pair of glasses, which 

wirelessly transmits the data. More recently, the Tobii Pro 3 glasses have been 

developed which integrate all eye-tracking components including 4 eye-cameras and 

a scene camera within the frame of the glasses, making them perfect for blending into 

natural environments. A cheaper alternative to the Tobii system is the wearable head-

mounted Pupil Labs Binocular eye-tracking glasses (Pupil Labs, GmbH, Berlin, 

Germany), a lightweight, modular system that relies on infrared (IR) video-based 

oculography. These glasses incorporate two eye-movement recording cameras using 

dark pupil detection, and a forward-facing world-view camera to record the subject’s 

field of view (Kassner et al., 2014). The Pupil Labs eye-tracking glasses were used to 

track the subject’s gaze during free viewing of products in naturalistic environments 

in the experimental chapters of the current thesis. 

2.3.2. Pupil detection 

A leading technique for head mounted eye-trackers to detect the pupils is the dark 

pupil detection method, which was utilised by the head mounted eye-tracking 

hardware utilised in the experiments presented in the current thesis. The dark pupil 

detection method is an algorithm which converts the eye-recording to grayscale to 

increase contrast, enhancing estimation of the dark pupil region of interest, with the 

strongest response for the pupil according to the centre surround feature (Swirski et 
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al., 2012). Subsequently, the contours of the eye are detected using the Canny edge 

detection algorithm (Canny, 1986). The darkest region within the eye is specified 

using the lowest spike in the pixel intensity histogram, which reflects the distribution 

of tonal range in the grey-level video. The remaining edges, outside of the darkest 

area, are filtered to exclude spectral reflections and the non-spectral reflected edges 

can be extracted into contours corresponding with the iris and connected components, 

whereby similar pixels are clustered. Sub-contours are isolated using curvature 

continuity criteria to define the common edge between iris and pupil. Potential pupil 

ellipses are then established through ellipse fitting using least square good-fit criteria, 

and an augmented combinatorial search is used to construct the final ellipses with 

supporting edges, encompassing the centre and surrounding of the pupil. The final 

ellipse’s edges are assessed based on their length and circumference and must pass 

confidence thresholding in order to be reported as a detected pupil contour, otherwise, 

the ellipse must be redefined. Figure 6 shows an example of pupils detected using this 

method. 

 

Figure 6. Calibrated left and right eye using the Pupil Labs Binocular eye-tracking 

glasses (Pupil Labs GmbH, Berlin, Germany). The pupils of both eyes were detected 

in the IR eye-cameras, indicated by the red ellipse, with the grey scale recording 

enhancing detection of the pupil.  The pupils were detected with a high confidence 

threshold of 1.00 in both instances, indicating highly accurate pupil detection. 
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2.3.3. Eye-movements 

Human eyes have a three-dimensional orientation inside the head facilitating 

horizontal, vertical and torsional eye-movements, and the orientation of the eyes 

determines the direction of the gaze (Holmqvist et al., 2011; Tweed & Vilis, 1990). 

The movement of the eyes can be broken down into three broad subdivisions; 

saccades, fixations and smooth pursuits. Saccades and fixations can be distinguished 

by their characteristics including velocity, acceleration, duration, and frequency. 

Saccades reflect frequent rapid movements of the eyes between stimuli in the 

environment, with enhanced velocity (30 – 100 º/s) and acceleration (4000 – 8000 º/s) 

thresholds (Holmqvist et al., 2011). Conversely, fixations have lower velocity and 

acceleration thresholds and must remain in a fixed position for a predetermined 

duration to be considered, ranging between 50 – 100 ms (Holmqvist et al., 2011).  

Scan paths contain a sequence of saccades and fixations across a visual image. 

Within a scan path, the amplitude of the saccade can be measured as a vector between 

the origin fixation point A (F1) and the end of the saccade; fixation point B (F2), using 

the absolute direction φ and the relative direction φ′. The saccade angle θ can be 

calculated by computing the angle between the saccade axis and horizontal axis. These 

computations can be used to determine angle and amplitude for saccades of any 

orientation within a 360º circle; see Figure 7 for a visual schematic of saccade angles 

and direction computation. 

  



 

73  

 

Figure 7. Saccade amplitude measurements adapted from (Holmqvist et al., 2011). (A) 

Saccade amplitude can be measured as a vector of fixation 1 (F1) relative to fixation 2 

(F2), with the absolute direction φ and relative direction φ′. (B) A scan path containing 

a series of vectors, with the lines representing saccades and the arrows representing 

fixations (F1 – F6). (C) Saccade direction φ calculated by determining the angle 

between the saccade and horizontal axis, representing the saccade angle θ. (D) 

Absolute saccade direction (E) Relative saccade direction (C) Segmented saccade 

directions. 

2.3.4. Gaze-tracking  

To track a subject’s gaze using a video-based binocular eye-tracker, 3-D gaze points 

must be estimated according to the relative positions of both eyes along the horizontal 

axis, according to principles of binocular geometry (Duchowski, 2017). Specifically, 

the pupils of both eyes are mapped and the vergence angle is calculated, which reflects 

the mid-point of the two eyes (Essig et al., 2006). The vergence angle is then 
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geometrically computed in relation to the 3-D environment, providing a 3-D gaze 

position estimate which is extrapolated into the world-view video (Essig et al., 2006; 

Mlot et al., 2016). 

The Pupil Labs binocular eye-tracker, utilised in the experimental chapters of 

the current thesis, relies on 3-D calibration to estimate gaze points, mapping the eye-

position to the gaze direction, and a 9-point grid is commonly utilised for accurate 

gaze estimation (Cognolato et al., 2018; Hassoumi et al., 2019). For calibration, 

sequential fixations on screen calibration markers are required, or fixations on manual 

calibration markers moved sequentially in a 3-D environment. 

2.3.5. Free viewing and removal of eye-movement-related EEG artefacts 

Although traditional EEG has limited eye-movements to limit the number of artefacts 

contaminating the data, natural vision is highly trans-saccadic and 2–4 saccades are 

made per second (Dimigen, 2020). In recent years, The advent of head-mounted eye-

trackers has afforded investigation of gaze behaviour and natural cognition during 

naturalistic free-viewing and whole-body movement (Niehorster et al., 2020) through 

co-registration of eye-movement and EEG recordings (Dimigen et al., 2011; Fischer 

et al., 2013; Nikolaev et al., 2011, 2013, 2016; Simola et al., 2015).  

Head mounted eye-trackers incorporate a world-view camera, in addition to 

eye-cameras, to examine the subject’s point of view and examine visual responses in 

natural environments (Gidlöf et al., 2013, 2017). Increased sampling rates for head 

mounted eye-trackers has improved their temporal resolution (Cognolato et al., 2018). 

However, head mounted eye-trackers have been criticised for providing less precise 

gaze detection due to movement making the device become uncalibrated (Cognolato 

et al., 2018; Kolakowski & Pelz, 2005; Niehorster et al., 2020). Lighting conditions 
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can also influence the ability of eye-trackers to detect the pupil by producing corneal 

reflections which is more likely to fluctuate in moving participants (Cognolato et al., 

2018; Kolakowski & Pelz, 2005), and eye-glasses or contact lenses can exacerbate 

these effects (Gwon et al., 2014). 

As saccade-related artefacts are highly prevalent in naturalistic recordings, it 

is essential to detect and remove artefacts associated with voltage distortions due to 

the following three types of ocular artefacts: movement of the eyeballs, movement of 

the eyelids and EMG activity due to contraction of the extraocular muscles at saccade 

onset (known as the saccadic spike potential) (Berg & Scherg, 1991; Keren et al., 

2010; Picton et al., 2000; Plöchl et al., 2012; Thickbroom & Mastaglia, 1986). These 

artefacts preclude examination of neural events which have smaller amplitudes 

(Dimigen, 2020). 

A number of ocular correction methods have been proposed in order to 

examine neural signals elicited during free viewing, including EEG on EOG 

regression, dipole modelling and beamforming, PCA, and ICA (Dimigen, 2020). Of 

these methods, ICA is the most commonly used method for removal of saccade and 

blink artefacts from free viewing EEG data (Delorme et al., 2007; Jung et al., 2000). 

ICs that are believed to reflect neural components are back projected to the electrode 

space, producing artefact free EEG data (Dimigen, 2020). Guided saccades can also 

be employed to objectively classify ICs as either artefacts or neural data (Plöchl et al., 

2012) by detecting saccades of each angle (Berg & Scherg, 1991; Dimigen, 2019; Ille 

et al., 2002) and adaptive spatial filtering (ASF; Berg & Scherg, 1994; Ille et al., 2002) 

can then be used to remove the marked artefacts, although these methods have not yet 

been used in conjunction for ocular artefact correction. 
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2.3.6. Viewing 2-D versus 3-D products 

Laboratory-based experiments assume that 2-D stimuli presented on a computer 

screen will elicit the same neural responses as 3-D versions of the stimuli that would 

be encountered in the real-world. However, this cannot be taken for granted. 

Translation from a 2-D image to a 3-D image poses perceptual challenges, as 2-D 

images tend to be smaller compared to real objects, with reduced resolution, altered 

colour and cues associated with depth such as motion, shadow and gradient are often 

absent or very different (Barr, 2010). Additionally, it has been shown that until the age 

of 3 years, children learn more from live demonstrations than they do from television, 

a phenomenon termed the video deficit, demonstrating the difficulty of transfer 

learning from 2-D to 3-D contexts (Barr, 2010). Further, Anderson & Jamniczky 

(2019) found that students who learned to recognise neuroanatomical structures using 

3-D models showed greater object recognition and N250 amplitude compared to 

students who learned the structures using 2-D models. This demonstrates neural 

differences in perception and object recognition of 2-D and 3-D objects, which could 

be due to stereopsis in the 3-D condition facilitating object recognition (Anderson & 

Jamniczky, 2019). 

The additional depth parameter in a naturalistic free-viewing situation affords 

examination of the stimulus from multiple viewpoints, and, as natural cognition is 

trans-saccadic, spatial relations and information obtained between these viewpoints is 

likely integrated over time to form a holistic representation. This is not accounted for 

by traditional laboratory-based fixed viewing research (Meilinger et al., 2011). 

Moreover, a moving subject might observe different luminance, contrast, shape, size, 

and position of the stimulus over time, and the stimulus might be viewed from atypical 
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viewpoints causing difficulties in processing and identification, all of which needs to 

be consolidated by the brain. It may also require additional time, holding of 

information in working memory, additional visual information or further processing 

compared to static 2-D images (Biederman & Gerhardstein, 1993; Murphy et al., 

2013). Taken together, evaluating 3-D relative to 2-D product representations could 

involve different neural processes and cognitive operations, which should be 

investigated in ecologically valid conditions. 

2.4. Experimental techniques to measure SVs 

SVs of choice options are often complex, multifaceted and context dependent. A 

holistic SV for an item might depend on a interaction between the products physical 

properties (e.g., size, shape, colour, function), the decision makers internal, emotional 

or motivational states (personal values, social values, anticipated feelings 

emotionally/physically towards the product, attitudes towards risk/ambiguity) and 

their external states (affordability, time delay, effort, risk, ambiguity, context) 

(Appelhans et al., 2019; Bagozzi et al., 2016; Bouzakraoui et al., 2017; Desrochers & 

Outreville, 2013; Nwankwo et al., 2014; Rangel et al., 2008). Consequently, it is 

essential to carefully consider experimental design to determine whether SVs are 

actually being examined and if SVs are reflective of those that would be produced in 

real-world conditions, as over-simplification may not produce data that is reflective of 

realistic SVs. 

2.4.1. Forced bid paradigms 

Traditionally, investigation of SV has relied on two alternative forced choice (2-AFC) 

paradigms whereby individuals make a binary decision between one product and one 

or more alternative products, and the selected product is considered to be the preferred 
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option (Deneve, 2009). Alternatively, 2-AFC paradigms can involve asking 

participants to bid a set amount of money for one product over another (Plassmann et 

al., 2007, 2010). Although 2-AFC tasks afford enhanced control over experimental 

conditions, these paradigms are only able to provide a limited amount of information 

regarding SV, as the decision maker is unable to opt out of a purchase whereas during 

real-world decision making, individuals can always choose not to buy (Dhar & 

Simonson, 2003). Moreover, the decision-maker could just choose the least 

unpreferred option; therefore, the 2-AFC paradigm can generate artefactual 

‘preference’ of a stimulus. Information about whether the product is preferred or 

unpreferred relative to an alternative in that specific context cannot necessarily provide 

understanding about the overall SV of the product in terms of high-value attribution 

or preference. 

2.4.2. Auction tasks and WTP 

Alternatively, free-bid paradigms such as auctions afford the participant the 

opportunity to submit their own monetary bid for a product, otherwise known as the 

willingness to pay (WTP) value. WTP refers to the maximum amount of resources that 

the consumer is willing to relinquish to obtain a good or service (Chib et al., 2009; 

Peters & Büchel, 2010; Plassmann et al., 2012). 

Auction tasks are better suited to examining SV compared to forced bid tasks, as 

they require WTP value computation, and a bid of £0 can be submitted, giving the 

participant the opportunity to opt out (Plassmann et al., 2007). WTP values can be 

examined on a continuous scale, allowing the experimenter to rank SVs for products 

in a linear fashion. This allows for the determination of the most and least preferred 

items and can be used to examine whether brain areas correlate with the economic 
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computation of WTP (Plassmann et al., 2007). Auction bids are also reflective of real-

world SV attribution as they are incentive compatible, as participants are given an 

endowment to spend and actually receive products that they bid on and win (Keller, 

Segal & Wang, 1993; Lusk et al., 2004; Wertenbroch & Skiera, 2002), and submitting 

monetary bids and winning items is something that is prevalent in everyday life in 

online auction environments such as eBay (Grzesiuk & Cypryjański, 2017). 

Consequently, WTP values elicited via auction tasks are more likely to reflect real- 

world SVs (Keller et al., 1993). 

There are a number of different auction paradigms available for the 

examination of WTP as a measure of SV. Open first-price ascending auction tasks, 

such as an English auction, involve participants submitting bids which increase until 

a single bidder remains, and the amount of money paid is equal to the final winning 

bid amount (Chow & Ooi, 2014). Alternatively, open first-price descending auction 

tasks, such as a Dutch auction, begins with a high maximum asking price which is 

then incrementally lowered until all bids are submitted, and the first bid, which is also 

the highest bid, wins the auction (Carare & Rothkopf, 2005). Open first price auctions 

are subject to strategies, due to the presence of opponents, which can alter detection 

of intrinsic SV. For instance, the winner’s curse, the tendency for the winning bid to 

exceed the true SV of an item, and bid shading, a technique used to avoid overpaying 

for an item, both of which can obscure detection of the subject’s true SV (Gligorijevic 

et al., 2020; Kagel et al., 1989). Therefore, the bidding behaviour in first-price auctions 

is not necessarily indicative of true SV. In contrast, second price sealed bid auctions 

such as the Vickrey auction (Vickrey, 1961) involves the participant submitting a bid 

of the amount that they would be WTP, without knowing the bids of competitors, and 
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if they are the highest bidder, they pay the sum equal to the second highest bid 

(Ausubel & Milgrom, 2013).  

One of the most influential auction tasks used in neuroeconomics is the 

Becker-DeGroot-Marschak auction task (BDM) (Becker et al., 1964), which is another 

example of a second-price sealed bid auction. During the BDM, a bid reflecting the 

participant’s WTP for a product is submitted and, the participant wins the auction if 

their bid is greater than or equal to a randomly generated number, paying the price 

equal to the random number. Importantly, the optimal bidding strategy of the second 

price sealed-bid auction is to bid one’s exact WTP value, as overbidding increases the 

chances of paying an amount higher than their WTP value and underbidding increases 

the risk of losing the auction. WTP values elicited from BDM auction tasks have been 

linked to real consumer choices (Roberts et al., 2018; Rozan et al., 2004; Tyson-Carr 

et al., 2018; 2020; Wertenbroch & Skiera, 2002) and are known to activate the brain 

valuation system (Chib et al., 2009; Plassmann et al., 2007; Plassmann et al., 2010; 

Tyson-Carr, et al, 2018; 2020). 

In conclusion, free bid paradigms are more likely to provide an accurate 

measure of true WTP than forced bid paradigms, as they give participants the option 

to opt out of a purchase, allow ranking of SVs to ensure that items are actually highly 

valued, and they are incentive compatible, as participants bid real money and actually 

receive winning items. Of the free bid auctions, second price sealed-bid auctions are 

the most influential in neuroeconomics research, as the optimal bidding strategy is to 

bid one’s true SV, regardless of the strategies or behaviours of other bidders, therefore, 

they are thought to index true SV. Although the Vickrey auction and the BDM auction 

are theoretically comparable, behavioural data has shown that, during Vickrey 
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auctions, the participant’s bidding behaviour diverges from the dominant strategy in 

the presence of rival bidders, altering the participant’s SV according to social 

dynamics (Toelch et al., 2014; van den Bos et al., 2008; Zeng et al., 2013). Therefore, 

the BDM auction is an optimal solution for measuring individual WTP outside of a 

social context (Flynn et al., 2016). As the current research is primarily interested in 

measuring true SV to products outside of social influence, the BDM auction was 

utilised in the experimental chapters of the current thesis.  
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3. RESEARCH PROBLEMS, HYPOTHESES AND 

THESIS OVERVIEW 
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3.1. Research problems 

Recording value-based decisions in naturalistic environments is accompanied by a 

number of research problems, both technical and theoretical. Specifically, it is not 

known whether it is possible to examine EMRPs underpinning SVs of products in 

wirelessly recorded data, as it has not been examined in the neuroeconomic literature. 

Lack of EEG research investigating the spatio-temporal processes of valuation during 

free-movement in natural environments is primarily due to the presence of a large 

number of artefacts distorting the EEG data. In particular, during free eye-movements, 

saccade-related artefacts produce atypical topographies preventing their complete 

removal using techniques such as PCA or ICA. To examine the neural dynamics 

underlying naturalistic value-based decisions, it is essential to determine the best way 

of detecting and removing movement-related artefacts in naturalistic experiments 

involving wireless EEG and eye-tracking. Such methods are particularly needed when 

detailed information about the eyes is not available, and currently there is no standard 

approach to artefact removal within the field of MoBI. 

The neuroeconomic literature detailing the temporal properties of the valuation 

process using EEG is scarce, although it has been suggested that SV can be computed 

rapidly by the brain (Goto et al., 2017; Ma et al., 2018; Telpaz et al., 2015; Tyson-

Carr et al., 2018; Tyson-Carr et al., 2020). However, examination of the neural 

temporal dynamics of valuation in natural settings is non-existent, and it is unknown 

how the brain valuation system encodes products of different SVs in natural settings 

and how rapidly SVs are computed. An additional problem is that it is not known 

whether neural components for SVs will be encoded linearly within the same clusters, 

as suggested in fMRI experiments (Abitbol et al., 2015; Lebreton et al., 2009) or 

whether SV categories will be distinctly encoded in unique clusters within the BVS. 
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Attempts must be made to characterise the spatio-temporal properties of neural 

components underpinning SV for products in ecologically valid settings using 

wirelessly recorded EEG. Moreover, it is important to determine whether SV is 

linearly or uniquely encoded within the BVS.   

Finally, it is assumed in the neuroeconomic literature that 2-D images of 

products are reflective of valuation responses to real products. This is problematic as 

3-D products contain depth information affording examination from multiple 

viewpoints, which could require integration over time, additional processing and 

different neural dynamics (Meilinger et al., 2011; Murphy et al., 2013). Likewise, the 

presence of a product can produce attentional bias, modulating motivation-related 

brain areas and consumption behaviours (Blechert et al., 2016; Jędras et al., 2019;. 

Jones et al., 2012; Maas et al., 2012; Painter et al., 2002). Therefore, examination of 

neural responses during 3-D product valuation is necessary to determine the 

generalisability of findings derived from 2-D product images. 

The current thesis investigated, for the first time, the spatio-temporal properties 

of the brain valuation process during free movement in naturalistic settings close to 

real life. The use of mobile EEG and eye-tracking methods allowed examination of 

the temporal dynamics of SV attribution to determine the latency of EMRP 

components encoding SV, and whether SV categories are encoded linearly or in 

distinct neural bands. Novel methods were developed to reduce the influence of 

artefactual noise, improving the quality of the mobile EEG data. The influence of 3-D 

products on the neural dynamics underpinning SV were explored. Utilising the high 

temporal resolution of EEG, data presented in the experimental chapters of the current 

thesis could facilitate deeper understanding of the spatio-temporal dynamics of the 

BVS and, for the first time, allow investigation of these dynamics in naturalistic 
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environments, bridging a gap in the neuroeconomic literature. Such research could 

have broad implications as value-based decisions are continually made in daily life 

and are essential for surviving and thriving, with negative impacts on health and 

wellbeing during maladaptive valuation. Therefore, the current research could provide 

deeper insight into how SV is computed by the brain in naturalistic environments. 

3.2. Hypotheses 

Hypothesis 1:  Components of EMRPs will distinguish between WTP values 

(SVs) for product images in a mock gallery. 

Hypothesis 2:  SVs of products will be linearly encoded by distinct 

components of EMRPs recorded using mobile EEG and eye-

tracking. 

Hypothesis 3:  EMRP components of SVs will be determined early on during 

free viewing, reflecting the automaticity of the brain valuation 

process in naturalistic environments. 

Hypothesis 4:  Combining guided saccades and ASF will significantly reduce 

the presence of saccade-related artefacts in EEG data obtained 

from freely behaving participants in naturalistic environments, 

compared to standard eye-blink removal. 

Hypothesis 5: Valuation decisions for 3-D products in a naturalistic shop will 

influence early neural valuation responses of EMRPs, reflecting 

enhanced complexity of stimuli.  
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3.3. Thesis chapter outline 

Chapter 4 describes a combined EEG and eye-tracking experiment which determined 

whether it was possible to examine the early spatio-temporal neural dynamics 

underpinning SVs for products in a free viewing naturalistic setting (Hypothesis 1). It 

was anticipated that SVs would show linear encoding in distinct neural clusters during 

early intervals (Hypothesis 2, 3). The experiment examined EMRPs in a novel product 

gallery setting and used ICA back-projection to separate independent generators of 

activity, with source dipole modelling to investigate neural sources for ICs modulated 

by SV.  

Chapter 5 is a continuation of the experiment described in chapter 4 and 

similarly aimed to determine if components of EMRP encoded SVs of products in the 

product gallery monotonically and linearly in early latencies (Hypothesis 1, 2, 3). The 

experiment extended the price range of products in an effort to examine neural 

responses to high-value items. Guided saccade recordings and ASF successfully 

removed residual saccade-related artefacts from the EEG data, outperforming standard 

eye-blink removal (Hypothesis 4). The study utilised an ICA cluster technique to 

determine distinct neural clusters reflecting SV conditions. 

Chapter 6 involved the examination of the neural dynamics underlying SVs for 

real 3-D products in a custom-built mock shop using mobile EEG and eye-tracking. It 

was anticipated, in line with previous experiments, that independent components (ICs) 

of EMRP would encode SVs of products monotonically and linearly in early latencies 

(Hypothesis 1, 2, 3). Additionally, it was anticipated that the use of real 3-D products 

in a naturalistic shop would influence neural processing of SVs (Hypothesis 5). 
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Chapter 7 provides a general discussion of results obtained in all experimental 

chapters, with interpretation of their theoretical and practical significance in 

neuroeconomics, the limitations of the experiments, and discussion of directions for 

future avenues of research. 
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4. TRACKING THE ECONOMIC VALUE OF 

PRODUCTS IN NATURAL SETTINGS: A 

WIRELESS EEG STUDY 
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4.1. Abstract  

Economic decision making refers to the process of individuals translating their 

preference into SV. Little is known about the dynamics of the neural processes that 

underpin this form of value-based decision making and no studies have investigated 

these processes outside of controlled laboratory settings. The current study 

investigated the spatio-temporal dynamics that accompany economic valuation of 

products using mobile EEG and eye-tracking techniques. 

Participants viewed and rated images of household products in a gallery while 

EEG and eye-tracking data were collected wirelessly. A BDM auction task was 

subsequently used to quantify the individual’s WTP for each product. WTP was used 

to classify products into low, low medium, high medium and high economic value 

conditions. EMRP were examined, and ICA was used to separate sources of activity 

from grand averaged EEG data. 

Four ICs of EMRPs were modulated by WTP (i.e., SV) in the latency range of 

150–250 ms. Of the four value-sensitive ICs, one IC displayed enhanced amplitude 

for all value conditions excluding low-value, and another IC presented enhanced 

amplitude for low-value products only. The remaining two value-sensitive ICs 

resolved inter-mediate levels of SV. 

Our study quantified, for the first time, the neural processes involved in 

economic value-based decisions in a natural setting. Results suggest that multiple 

spatio-temporal brain activation patterns mediate the attention and aversion of 

products which could reflect an early valuation system. The EMRP parietal P200 

component could reflect an attention allocation mechanism that separates the lowest-

value products (IC7) from products of all other value (IC4), suggesting that low-value 
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items are categorized early on as being aversive. While none of the ICs showed linear 

amplitude changes that parallel SV’s of products, results suggest that a combination 

of multiple components may sub-serve a fine-grained resolution of the SV of products. 

4.2. Introduction 

Rewarding and aversive stimuli that occur in natural environments prompt humans to 

make a large number of value-based decisions. Such decisions can be computed 

consciously, or can be reached without conscious awareness. Determining the SV of 

each parallel option is a key input for the decision process. Economic decisions occur 

when an individual evaluates how much a product is worth by computing subjective 

preferences reflecting their current needs and desires (Gluth et al., 2012; Polanía et al., 

2014; Ruff & Fehr, 2014; Stott & Redish, 2015). According to the value maximization 

framework (Kahneman & Tversky, 1979; Samuelson, 1937), economic decisions 

involve the initial assignment of SVs to competing alternatives and the option with the 

highest SV is consequently selected (Bartra et al., 2013; Rangel et al., 2008; Wallis & 

Rich, 2011). 

There is only a limited number of studies examining the temporal sequencing 

of economic value-based decisions in the brain using event related potential (ERP) 

methods, particularly for low-value products (Gajewski et al., 2016; Goto et al., 2017). 

Although limited, some studies have suggested that the N200 VEP represents an early 

selective attentional response to relevant stimuli and, hence, could be related to 

consumer preferences (Goto et al., 2017; Telpaz et al., 2015; Tyson-Carr et al., 2018). 

For example, Telpaz et al. (2015) employed a binary choice paradigm and found a 

smaller N200 for preferred products. Likewise, the P200, which is thought to index 

early selective attention, has also been implicated in economic decision making and 
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buying decisions (Jones et al., 2012; Pozharliev et al., 2015; Tyson-Carr et al., 2018). 

Studies regarding later ERP components in relation to economic decisions, however, 

show conflicting results (Goto et al., 2017; Pozharliev et al., 2015; Telpaz et al., 2015). 

For instance, Pozharliev et al. (2015) found that the late positive potential (LPP) was 

modulated by product preferences for luxury items, but only when in the presence of 

other people. These components detailed above, including the N200 (Handy et al., 

2010), P200 (Carretié et al., 2001b), and LPP (Schupp et al., 2000), have also been 

implicated in general hedonic processing. An important question for researchers is 

how making economic value-based decisions for low-value items differs from high-

value items, and whether such decisions employ the same neural circuitry (Xie & 

Padoa-Schioppa, 2016) or multiple neural systems (Daw et al., 2005; Dickinson & 

Balleine, 2002; Rangel et al., 2008). 

The SV of a good can be approximated by the amount of money an individual 

is willing to pay for an item (Chib et al., 2009; Peters & Büchel, 2010). WTP can be 

estimated using the BDM auction (Becker et al., 1964). The construction of the auction 

is such that a value smaller or larger than the actual value that a participant would be 

willing to pay would produce a disadvantageous outcome, whereas bidding their true 

WTP would maximise expected utility, and participants were made aware of this 

(Berry et al., 2012). The validity of the BDM has been supported by experiments 

demonstrating that it reliably activates brain areas that have been associated with value 

processing, such as the medial orbitofrontal cortex (Plassmann et al., 2007, 2010), the 

ventral striatum (De Martino et al., 2009) and the dorsomedial prefrontal cortex 

(Plassmann et al., 2007). The BDM auction paradigm is motivationally relevant as the 

subject receives a subset of items that have been purchased successfully, making it 

more likely that participants will provide a true economic value (Keller et al., 1993). 
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Recently, Tyson-Carr et al. (2018) used the BDM auction to examine the spatio-

temporal dynamics of economic decisions for everyday household products in a 

laboratory-based setting. A negative component peaking at about 200 ms with a source 

in the right anterior insula was found to be stronger in low compared to high-value 

products, possibly due to an aversion to the risk of the financial loss associated with 

purchasing an unwanted item. 

It has been argued that laboratory environments elicit unrealistic behavioral 

and neural responses and, as such, findings might not be generalizable to real-world 

scenarios (Brofenbrenner, 1977; Ladouce et al., 2017). In particular, the limiting 

environmental conditions could hamper important aspects of embodied human 

cognition that are essential to the decision-making process, such as the interactions 

between perception, cognition and action that occur in complex natural environments 

(Gramann et al., 2014; Ladouce et al., 2017). As such, to gain a more encompassing 

and realistic insight into economic value-based decisions for products, it is essential 

to examine these processes whilst participants navigate a real-world environment, 

moving toward analysing brain responses during a realistic shopping experience 

(Minguillon et al., 2017; Pradeep, 2010). Owing to recent advancements in mobile 

EEG technology and signal processing techniques, it is now possible to examine 

neural responses while participants move freely in the real-world (Banaei et al., 2017; 

Gwin et al., 2010; Jungnickel & Gramann, 2016). As a case in point, Soto et al. 

(2018) used mobile EEG and eye-tracking techniques to demonstrate the feasibility of 

using EMRPs to examine faces and objects within a valuation context in naturalistic 

conditions. The current study represents an initial attempt to examine economic value 

related ERPs in naturalistic settings where purchase decisions would be made, such as 

in a supermarket or shop. 
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The aim of the current experiment was to determine whether it is possible to 

resolve the spatio-temporal neural responses that encode the economic value of 

everyday household products during free viewing in a naturalistic, economically valid 

environment. A mobile EEG system was utilized to examine brain responses to 

products whilst participants viewed and selected the objects that they would be most 

or least likely to purchase in the gallery setting. Eye-tracking was used in tandem for 

real-world triggering and the procedure was based on a recent experiment by Soto et 

al. (2018). The BDM auction (Becker et al., 1964) was utilized to elicit WTP for 

products, which participants could freely inspect beforehand in a mock gallery. 

4.3. Materials and Methods 

4.3.1. Participants 

Twenty-eight healthy participants (14 females) were recruited for the current 

experiment. Nine participants were removed from the final data analysis due to poor 

signal quality in EEG recordings (six participants) or insufficient eye-tracking data, 

such as a missing light emitting transistor–transistor logic (TTL) trigger in the world 

view camera (three participants). The amount of data loss in the current study can be 

attributed to the difficulties associated with acquisition of mobile EEG data in 

naturalistic conditions. For instance, some free movements in the real-world do not 

follow a stereotyped pattern and, as such, cannot be extracted using principal 

component analysis (PCA) or ICA methods (Jungnickel & Gramann, 2016). Data loss 

can also be attributed to difficulties associated with the collection of eye movement 

data. A TTL light emitting trigger box was used for synchronization of the data streams 

and, on three occasions, the light was not registered either due to misplacement of the 

light relative to the world view camera (two participants), or due to a computer 
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buffering error (one subject). The final sample consisted of 19 participants (seven 

females) with an average age of 25 ± 5.02 (mean ± SD) years, three of which were left 

handed. All participants were provided with information about the nature of the 

experiment and gave written informed consent prior to the commencement of the 

experiment. Full ethical approval was obtained from the University of Liverpool 

Research Ethics Committee (reference number 1145), and all experimental procedures 

were conducted in accordance with the Declaration of Helsinki. Participants received 

a £10 reimbursement for their time and an average of £12.26 ± 1.96 (mean ± SD) was 

retained from the £16.00 endowment given during the BDM task, which was added to 

their final payment. 

4.3.2. Product Images 

The stimuli used in the current experiment consisted of 198 colour images of everyday 

household items from a shopping catalogue (2016, December 12). The images were 

split into three distinctive value categories; images of low-value products costing 

between £0.35 and £2.80, images of medium-value products costing between £3.00 

and £5.50 and images of high-value products costing between £6.00 and £8.00, with 

a total of 66 images in each value category. All stimuli were pseudo-randomly 

distributed within their value conditions for all tasks. Due to the pseudo-random 

distribution of products around the fixation cross combined with the fact that value 

categories were subjectively defined, i.e., one product could be considered high-value 

for one subject and low-value for another subject, the researchers did not anticipate 

any order effects of value category, and this was not analysed in the current 

experiment. Furthermore, an effort was made to ensure that no two products of the 

same semantic category were displayed on the same board, i.e., it did not contain two 

toasters. Most participants tended to view the products beginning at the top middle 
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image on a panel and sequentially viewing the products in a clockwise manner as this 

tends to be the easiest method in order to remember which products have already been 

viewed. 

All images were presented on 22 A0 sized poster sheets which were mounted 

on to Styrofoam panels of equal size using adhesive tape (Figure 8A). Each panel 

displayed three images from each value category (low, medium and high) with a total 

of nine images per panel. All panels were mounted on to the walls of two hallways 

within a building at the University of Liverpool using adhesive Velcro, creating a 

product gallery setting (Figure 8B). All images (sized at around 15 cm × 20 cm) were 

arranged around a central fixation cross (14.3 cm × 14.3 cm, see Figure 8C). Across 

all panels, the accumulative value for all objects on each panel ranged between £32.30 

and £42.24, with a mean price of £38.16 ± £0.53 (mean ± SD).  
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Figure 8. Mobile EEG set up and product gallery. (A) Example of a subject wearing 

the 64 channel actiCAP with active shielded electrodes attached to the Mobile EEG 

transmitter, located on the subject’s belt. The subject also wears PupiLabs eyetracking 

glasses which are plugged into a laptop located in a backpack. Subject looks at product 

panel. (B) Schematic representation of the corridor where the product gallery task took 

place. The white rectangles represent the locations of the product panels on the 

walls. (C) Schematic representation of a product panel located within the gallery. 

Product images in the figure were created using 3D Warehouse templates in SketchUp 

2018. Each panel contained nine images of household products from a shopping 

catalog. The nine images were divided into three images from three different retail 

price categories, high (£6.00–£8.00), medium (£3.00–£5.50), and low (£0.35–£2.80).  



 

98  

4.3.3. Procedure 

The experiment was split into two separate sessions due to the time intensive 

nature of the mobile EEG and eye-tracking set up. Session 1 included the product 

gallery task followed by the BDM auction task, and session 2 consisted of a behavioral 

rating task for hedonic aspects of the stimuli. In the first experimental session, 

participants arrived at a laboratory in a building at the University of Liverpool. 

Instructions were delivered and full informed consent was obtained. Participants had 

their heads measured and were then fitted with an EEG cap (actiCAP, Brain Products, 

GmbH). Electrolyte gel was applied to the scalp using a syringe and 64 electrodes 

were then attached to the cap, with care taken to ensure that electrode impedances 

were kept under 50 kΩ. Following impedance checks, participants were connected to 

the mobile EEG system and wireless signals were visually inspected during 

movement. Eye-tracking glasses (Pupil Binocular Eye Tracking Glasses, PupiLabs, 

Germany) were then fitted to the participant over the EEG cap and plugged into a 

lightweight Lenovo laptop using a universal serial bus connector. The subject’s gaze 

was manually calibrated against a blank A0 sized panel using a 3D calibration routine 

with manual markers kept at a distance of 1 m. 

The laptop was placed in a backpack which was worn by the participant during 

the mobile part of the experiment. The EEG electrode cables that ran from the EEG 

cap to the MOVE system transmitter (MOVE, Brain Products, GmbH, Mnich, 

Germany) on the subject’s belt were clipped on to the backpack in order to reduce the 

likelihood of generating cable sway artifacts during gait (Gramann et al., 2010; Gwin 

et al., 2010, see Figure 8A for an example of the set up). The MOVE system receiver, 

amplifier and battery were plugged into a Toshiba laptop and all of the equipment was 

seated on a mobile trolley, which the experimenter pushed during the experiment. If 
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the subject was moving too far out of range of the cart, the experimenter would push 

the cart closer to the transmitter in order to maintain optimal signal. As the subject was 

moving freely, it is possible that the distance between the subject and the receiver 

varied over the course of the experiment, however, the raw signal was consistently 

monitored throughout the experiment, and the distance between the transmitter and 

receiver never exceeded 7 m, after which the signal to noise ratio (SNR) is known to 

deteriorate (Reis et al., 2014). 

Likewise, impedances were lowered to 50 kΩ at the beginning of the 

experiment and were checked in the break between the experimental blocks, as 

impedances can change during movement. If individual electrodes became noisy 

during the experiment, they were corrected using electrolyte gel while the subject 

made their ratings on an A4 sheet of paper, so as to distract them as little as possible 

during the task. Examination of whether there was any temporal modulation of the 

SNR over time during the experiment was also conducted by computing the broadband 

spectral power in the data at three time bins in block one and block two for all 

participants. No significant modulation of the broadband spectral power of the data 

was observed (all p-values > 0.05), which suggests that the signal quality was 

maintained throughout the experiment. 

The product gallery task consisted of two experimental blocks and took 

approximately 30 min to complete. Following the product gallery task, the EEG 

equipment and eye-tracking glasses were removed and participants then took part in 

BDM auction task for the same 198 products in a laboratory space at the University of 

Liverpool. The task took approximately 35 min to complete. The second part of the 

experiment took place within 7 days of the first experimental session. Participants 

arrived in the same laboratory space at the University of Liverpool and took part in a 
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behavioral rating task for the same 198 products. This task took approximately 35 min 

to complete. Afterward, participants received two random items that they had bid on 

and won in the BDM auction task, were asked to fill in a payment form and were 

debriefed and thanked for their time. 

4.3.4. The Product Gallery Task 

Following the mobile EEG and eye-tracking set up in the first session, participants 

took part in the product gallery task, which was conducted in two adjoining corridors 

at the University of Liverpool (see Figure 8B). At the beginning of both blocks of the 

product gallery task, a light emitting trigger box was used in order to synchronize EEG 

and eye-tracking data sets. In both blocks, participants were instructed to move in a 

natural manner through the gallery. Participants were informed that they could view 

the panels and the images on the panels in any order, provided that they viewed all of 

the images on one panel before continuing on to the next. Participants were also 

instructed to look at each object for a minimum of 3 s, and should always return their 

gaze to the fixation cross in the centre of the panel before moving on to look at another 

image. After viewing a complete panel, participants were required to indicate two 

objects that they would be most likely to buy and two objects that they would be least 

likely to buy on an A4 version of the panel using the pen provided. Importantly, to 

produce a more natural environment, the corridor was not isolated from the rest of the 

building and people were free to walk past at any point. 

The decision to create a product gallery rather than use actual 3D products was 

to try and observe, for the first time, whether eye movement related potentials to 

EMRPs for products could be recorded outside of a laboratory-based environment at 

all before moving on to create a more ecologically valid setting in which 3D objects 
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are evaluated. By using product images, it was possible to introduce some level of 

control into the experiment, while still maintaining a naturalistic gallery-like scenario. 

This allowed researchers to standardize the front facing view of the objects, the size 

of the objects, the lighting, and other aspects of the stimuli that could have influenced 

ERPs, to see whether it was possible to record ERPs at all in this naturalistic context. 

4.3.5. The BDM Auction Task 

Following the product gallery task, participants took part in a BDM auction task, 

which was displayed on a Dell monitor using a HP Compaq 8200 Elite computer. 

Presentation of the stimuli was controlled using Cogent 2000 (UCL, London, United 

Kingdom) running on MATLAB (version R2014a, The MathWorks, Inc., United 

States). The BDM task (Becker et al., 1964; Wilkinson & Klaes, 2012) was adapted 

from previous studies (Plassmann et al., 2007, 2010; Tyson-Carr et al., 2018). During 

the auction, 198 images of everyday household products from a shopping catalogue 

were presented once. Each trial in the auction task was comprised of a fixation cross 

(presented for 2 s), followed by an evaluation stage for the product (image presented 

for 3 s) and then a bidding stage (presented until button press) where participants were 

required to bid the amount they would be willing to pay for the product. Participants 

were required to bid between £0 and £8 on the products in increments of £0.50 and 

increments of £1 from £3.00 onward, producing a total of 11 bidding options. 

During the feedback stage, participants were notified as to whether the item 

was ‘purchased’ or ‘not purchased.’ The purchasing outcome was dependent on the 

subject’s bid and its relationship with a randomly generated number. An item would 

be purchased if b ≥ r, where b represents the subject’s bid and r represents the 

randomly generated number for each individual trial. Afterward, two ‘purchase’ 
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auction trials were randomly selected, and for both items, the corresponding price 

of r was deducted from the subject’s endowment of £16, which covered a maximum 

of £8 being spent on each trial. The subject received these winning items during the 

second experimental session. The task took approximately 35 minutes to complete.  

4.3.6. Behavioral Rating Task 

In the second experimental session, which took place within a week of the first 

experimental session, participants took part in a behavioral rating task in the same 

laboratory space at the University of Liverpool. Presentation of stimuli was again 

controlled using Cogent 2000 (UCL, London, United Kingdom) running on MATLAB 

(version R2014a). During the task, participants provided hedonic ratings for the same 

198 product images using two sliding visual analog scales (VAS), which were sized 

at 10 cm and were anchored from ‘not desirable’ to ‘very desirable’ and from 

‘unpleasant’ to ‘pleasant’. Each trial consisted of a fixation cross (presented for 1 s), 

followed by an evaluation stage (presented for 2.5 s) and, finally, a rating screen 

(presented until button press). This task took approximately 35 minutes to complete. 

4.3.7. EEG Recordings 

EEG was continuously recorded over the whole scalp using a 64-channel wireless 

mobile EEG system (MOVE, Brain Products, GmbH, Münich, Germany). The 

wireless system included a lightweight signal transmitter which was carried by the 

subject on a Velcro belt tied around their waist, and a signal receiver, which was 

connected to the EEG amplifier and battery, see Figure 8A. Active Ag/AgCl 

electrodes were connected to the scalp via an elastic cap (actiCAP, Brain Products, 

GmbH) according to the 10-20 electrode system, using electrolyte gel to ensure 

electrode-to-skin impedances were consistently kept under 50 kΩ (SignaGel, Parker 
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Laboratories, Inc., Fairfield, NJ, United States). EEG recordings were sampled at a 

rate of 1,000 Hz, with electrode FPz used as the system ground and all electrodes were 

referenced to Fz. The EEG cap was placed in accordance with the midpoint of the 

anatomical landmarks of the nasion, the inion and the left and right pre-auricular 

points. EEG average reference was applied to all electrodes and signals were digitized 

to 1 kHz on a BrainAmp DC amplifier running on Brain Vision Recorder version 

1.20.0601 for Windows on a Toshiba Satellite P875-149 laptop. A 50 Hz notch filter 

was utilized during the recording. 

Given that the current study was exploratory in nature, high density recordings 

were necessary in order to investigate not only the temporal sequencing of economic 

decision making, but also to spatially estimate which brain regions were activated 

during decision making. Furthermore, high density EEG systems afford the use of 

advanced computational methods such as ICA to remove many artifacts that 

contaminate the data, as the more channels that are provided, the more effective ICA 

is at separating cerebral from non-cerebral artifacts (Gramann et al., 2010; Gwin, 

Gramann, et al., 2010; Lau et al., 2012; Palmer et al., 2008). A 64-electrode system 

represented a compromise between high density recordings in naturalistic 

environments, and more quick, convenient and wearer-friendly experimental set ups. 

4.3.8. Eye-Tracking Recordings and Analysis 

Eye-tracking recordings were taken on Pupil Binocular Eye Tracking Hardware using 

Pupil Capture software (version 0.9.6) running on Ubuntu SMP for Linux on a Lenovo 

Thinkpad x250 Ultrabook laptop (see Figure 8A). Both eye cameras and the world 

view video data streams maintained 800 × 600 resolution. The sampling rate for the 

world view camera was set at 60 Hz and the eye cameras were sampled at 120 Hz, 
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however, the actual sampling rate of the world view camera was calculated offline to 

be 48.29 Hz (± 2.58) on average across all participants. The pupils of both eyes were 

detected using a plugin for Pupil Capture software that algorithmically separates the 

pupil from the cornea (center-surround detection algorithm, Świrski et al., 2012). A 

manual 3D calibration method was employed, whereby a grid of a minimum nine 

points was generated on a blank A0 sized panel in the world view camera of the 

subject. This protocol was repeated until gaze positions were ascertained to be accurate 

at all points where stimuli occurred on the panel. Mid-recording calibrations were 

conducted if pupil gaze was lost or misaligned during the product gallery recording. 

The video streams were then exported and eye tracking data was subsequently 

processed using the Pupil Player Program (version 0.9.6). If the gaze fixation marker 

was off centre, fixation offsets were manually corrected using the Manual Gaze 

Correction plugin and fixation jitters were accounted for using in-house scripts in 

MATLAB version R2014a. Raw gaze positions were exported using the Raw Data 

Exporter plugin. Raw data exported files contained gaze positions, eye positions and 

level of confidence for each individual frame, as well as a corresponding time stamp 

based on the computer’s real time clock. Eye-tracking videos were then visually 

inspected and the onset for a stimulus was defined as the first instance in which the 

gaze touched any part of the stimulus. The image reference number, value level and 

the onset frame was manually tabulated into an excel spreadsheet. Two participants’ 

data were excluded from the sample due to loss of gaze calibration during the 

recordings. Analysis of gaze duration was not included as no information was 

registered for the last instance in which the participants gaze left the object. This was 

due to researchers only being interested in using gaze onset for real-world triggering. 
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Participants were asked to view each product for a minimum of 3–4 s, and could 

continue viewing the products for as long as they liked. 

4.3.9. EEG and Eye-Tracking Data Synchronization 

A trigger box with a light emitting diode was used to temporally synchronize the eye- 

tracking and EEG data streams. A pulse of light was delivered into the world view 

camera whilst a TTL pulse was inputted into the continuous EEG data and, from this, 

the frame in which the pulse of light was offset in the eye-tracking data and the last 

TTL trigger registered in the EEG data was recorded and used to zero both clocks. The 

temporal accuracy of the synchronization trigger was tested previously in a 15-min 

recording whereby 15 synchronizing light/TTL pulses were produced every minute 

and the temporal asynchrony between triggers in both data streams was 0.022 ± 0.020 

ms (mean ± SD) within a 15-min period. 

Using a custom MATLAB script, subject’s BDM ratings were split into 

quartiles based on monetary values assigned to the products, producing four SV levels: 

low-value, low medium value, high medium value, and high-value, and these were 

used to retrospectively redefine the value conditions. These subjective BDM values 

for each object were combined with the timestamp of the computer’s real time clock 

that corresponded to the tabulated frames where the eye first hit each object, and this 

was combined with a set file for each block in order to create an event file to import 

the triggers into the EEG data. In this way, value conditions were defined by each 

individual subjectively rather than by retail price. 

4.3.10. Eye Movement Related Potentials and Handling Eye Movement Artefacts 

EEG data was pre-processed using Brain Electrical Source Analysis (BESA) software 

version 6.1 (MEGIS Software GmbH, Munich, Germany). The data was referenced to 
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a common average (Lehmann, 1987), and, following visual inspection, eye blink 

artifacts were identified by defining their topographies and removed using a principal 

component analysis pattern selection algorithm which identifies artifacts based on 

topographies of marked segments and excludes them from the data (Berg & Scherg, 

1994). Muscle artefacts were manually selected and removed from the data. Event 

markers were inserted into the data by temporally synchronizing the EEG and eye- 

tracking data sets using custom Matlab scripts. The time period for baseline correction 

was from -300 ms to 0 ms, and the data was epoched from -300 pre-stimulus to 600 ms 

after the instance when the eye first hit the object (0 ms). The data was filtered from 1 

to 35 Hz and all time-locked post-saccadic EMRPs from all participants across four 

value conditions (low-, low-medium, high-medium, and high-value) were analysed. 

Due to the time locking of EMRPs to the offset of saccades, a number of 

saccade- related artefacts needed to be extracted from the data. Saccade related 

artifacts are generated by rotation of the corneoretinal dipole of the eye (Berg & 

Scherg, 1994; Dimigen et al., 2011), movement of the eyelid during blinking and 

vertical or horizontal saccades (Dimigen et al., 2011; Picton et al., 2000) and muscular 

activation at the beginning of a saccade, referred to as the saccadic spike potential 

(Dimigen et al., 2011; Nikolaev et al., 2016; Thickbroom & Mastaglia, 1986). 

To separate further eye movement artifacts such as saccade-related potentials 

from genuine cortical activity, an infomax ICA analysis (Iriarte et al., 2003; Jung et 

al., 2000; Khushaba et al., 2013; Nikolaev et al., 2016) was performed which 

algorithmically separates the grand average signal into its maximally statistically 

independent constituents. An infomax ICA was conducted using concatenated grand 

averaged data from four different value conditions (2,400 time points). ICs weights 

were estimated, and, of these, ICs were selected based on spatial and temporal 
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properties as well as responsiveness to value conditions. Subsequently, individual ICs 

were back projected onto single subject average data by loading the grand average 

ICA weights on single subject averages and exporting only the individual IC data of 

interest (Debener et al., 2010). This method allowed for the removal of ICs that 

represented residual saccadic artefacts from the grand averaged sensor signal by only 

back projecting the ICs of interest. 

4.3.11. Source Dipole Modelling 

To localize the generators of cortical potentials represented in ICs of interest, IC 

waveforms were analysed using source dipole analysis in BESA version 6.1 program. 

Using a sequential strategy (Hoechstetter et al., 2010; Stancak et al., 2002), equivalent 

current dipoles (ECDs) were fitted to describe the 3-dimensional source currents in 

the regions contributing predominantly to the data (Scherg & Von Cramon, 1986). 

ECDs were fitted one at a time to explain the latency components starting with the 

shortest latency. ECDs had free origins and orientations. The fitting procedure was 

stopped when the ECD explained the maximum amount of variance (at least 90%) or 

if the dipole was located outside of the head. A 4-shell ellipsoidal volume conductor 

model was used to create the source dipole model with the following conductivity 

levels assumed; head = 0.33 S/m, scalp = 0.33 S/m, bone = 0.00 S/m, and cerebral 

spinal fluid = 1.00 S/m. 

4.3.12. Statistical Analyses 

For behavioral ratings, separate one-way repeated measures ANOVAs (four levels) 

were employed to examine the relationship between value level (as defined by BDM 

rating) and BDM rating, retail price, desirability and pleasantness ratings. 

Greenhouse-Geisser corrections were used to overcome the violation of sphericity 
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assumption when necessary. All significant effects were further analysed using t-tests 

and a critical threshold of p < 0.005 was utilized. All standard statistical tests were 

carried out in SPSS v. 24 (IBM Corp, 2016). 

Independent component analysis waveforms for each individual IC were 

exported and one-way repeated measures ANOVAs were conducted using the 

EEGLab toolbox (Delorme & Makeig, 2004). The four SV levels (low-value, low-

medium value, high-medium value, and high-value) were compared against IC 

amplitude across time windows where amplitude was maximal for each IC. T-tests 

were also used to compare all low versus all high-value conditions for each IC of 

interest. A 95% confidence level was always employed. To reduce the likelihood of 

generating false positives, p-values were corrected using 1,000 permutations (Maris 

& Oostenveld, 2007) and a critical threshold of p < 0.005 was utilized. 

4.4. Results 

4.4.1. Behavioral Results 

Figure 9A–D show the mean values of WTP, retail price, desirability and pleasantness 

in four different levels of values ranging from low to high-value, respectively. All of 

these measures showed a statistically significant relationship with SV level according 

to one-way ANOVAs for repeated measures with four levels of values as the 

independent variable [BDM: F(1,24) = 141.22, p < 0.001; retail price: F(2,43) = 

72.61, p < 0.001; desirability: F(1,37) = 89.13, p < 0.001; pleasantness: F(2,38) = 

75.53, p < 0.001]. In all dependent measures, the t-tests showed statistically 

significant differences across all value levels (p < 0.005). Additionally, there was a 

highly significant linear trend component (p < 0.001 in all cases), confirming a linear 

increase in WTP, retail price and subjective ratings across all SV categories. 
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Figure 9. Average behavioral ratings. (A) Bar graph showing the mean BDM auction 

bids for four different value levels: low, low medium, high medium, and high-value. 

The value conditions are split by subject’s auction rating, and the bar graph shows 

significant differences between all value conditions. A double asterisk (∗∗) indicates 

presence of high statistical significance (p < 0.001), and a single asterisk indicates 

statistical significance (p < 0.05). This provides validation for the splitting product 

stimuli into four value categories based on BDM auction value. (B) Bar graph showing 

mean retail price across the four BDM auction value conditions. Highly significant 

differences were indicated with a double asterisk, and p < 0.05 was indicated with a 

single asterisk. The bar graph indicates that significant differences were found in retail 

price across all value levels (p < 0.05), suggesting that BDM auction value ratings 

mirror the actual retail price of the product. (C) Bar graph showing mean product 

desirability rating across four value conditions. From the graph it can be seen that 

mean desirability increased incrementally with BDM value (all p < 0.001). (D) Bar 

graph showing mean product pleasantness rating across all value levels. Again, this 

graph shows that mean pleasantness increases incrementally with BDM value (all p < 

0.001).  
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4.4.2. Eye Movement Related Potentials 

Figure 10A displays a grand average butterfly plot demonstrating EMRPs across all 

value conditions and all 19 participants.  Figure 10B illustrates the topographic maps 

corresponding to time points of interest that are highlighted in Figure 10A. During the 

pre-stimulus interval prior to onset of fixation, the topographic map displays a large 

frontal positivity which is maximal in the region of the eyes at -18 ms across all 

conditions and participants. This potential component represented a corneoretinal 

artifact, and was associated with the offset of the saccadic eye movement when the 

subject directed their gaze toward a particular stimulus. At stimulus onset (0 ms), there 

was residual corneoretinal artifact associated with a saccadic eye movement. The 

lambda potential (Thickbroom et al., 1991; Yagi, 1979, 1981) (Figure 10A,B) peaked 

at 88 ms and demonstrated a large positivity across occipital electrodes similar to P100 

component in a visual evoked potential. Figure 10A also demonstrates a positive peak 

around 168 ms, which was associated with positivity in parietal electrodes (Figure 

10B). Another peak emerging at 227 ms demonstrated bilateral posterior positivity 

(Figure 10A, B). 

https://www.frontiersin.org/articles/10.3389/fnins.2018.00910/full#F3
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Figure 10. Grand average EMRPs waveforms and topographic maps. (A) Butterfly 

plot showing grand average EMRPs waveforms across all participants and all product 

value conditions with key points of interest highlighted with arrows. The butterfly plot 

demonstrates that eye movement activity is present in the baseline (–18 ms) and 

residual eye movement is present when the eye first touches the image (0 ms). The 

lambda component is highlighted (88 ms) and two later value related peaks are 

observed at 168 ms and 227 ms. (B) 3D whole head topographic maps displaying 

grand average EMRP cortical activation at key time points (–18 ms, 0 ms, 88 ms) and 

value related peaks (168 ms and 227 ms). 

4.4.3. ICA Reconstruction of Eye Movement Related Potentials 

Figure 11A shows the grand average IC activities for five separately back-projected 

IC components collapsed across four value conditions (low, low medium, high 

medium, and high-value products). Figure 11A also shows the topographic maps and 

source dipole solutions for each of the ICs. Figure 11B demonstrates how individual 

IC amplitude responds separately for each of the four value conditions. 
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Figure 11. Grand average IC activity (nV) and value. (A) Grand average waveforms 

for each isolated IC of interest between –200 and 600 ms, with peak activity for each 

component indicated with an arrow. Source dipole modeling was used to estimate 

equivalent current dipoles (ECDs) in order to explain the cortical sources of activation 

for each IC. ECDs for each IC can be observed in a glass brain showing the location 

and orientation of estimated cortical activity, with no more than three sources 

utilized. (B) The grand average waveforms for each individual IC were split by 

condition in order to illustrate how each IC responds to value over time. 
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IC2 showed a strong positive peak at 76 ms, and the topographic maps 

presented a strong positive potential in the right occipital region of the scalp (Figure 

11A). This spatio-temporal pattern was modeled with one ECD (ECD1IC2) which was 

fitted in the visual association area (Brodmann area 18, approximate Talairach 

coordinates x = -4.5, y = -56.3, z = -10.4 mm). The peak in IC2 was seen in all four 

value conditions (Figure 11B). 

IC3 displayed a positive potential maximum in the right occipito-temporal 

electrodes and a negative potential in the left frontal region of the scalp (Figure 11A). 

The time course of IC3 manifested a peak at 112 ms followed by a double peak around 

210 ms and later around 250 ms. The spatial pattern of IC3 was modeled with two 

ECDs. ECD1IC3 explained the most variance for left frontal negative activation in the 

dorsolateral prefrontal cortex (Brodmann area 46, approximate Talairach 

coordinates x = -41.7, y = 37.1, z = 5.4 mm). ECD2IC3 accounted for the right occipital 

positivity and was placed in the visual association area (Brodmann area 19, 

approximate Talairach coordinates x = 24.9, y = -78.9, z = -4.4 mm). While the later 

latency peak at 250 ms was seen in all four value conditions, the earlier peak (212 ms) 

was prominent only in the low- and high-medium value conditions (Figure 11B). 

IC4 showed a peak at 169 ms (Figure 11A). The spatio-temporal maps of IC4 

showed two large positive and negative component maxima in frontal and occipital 

regions of the scalp, respectively, and further positive maxima in centroparietal 

electrodes. This complex spatio-temporal configuration required a model with three 

ECDs (Figure 11A). ECD1IC4 explained the large negative potential maxima in the left 

frontal region and was located in the frontal eye field area of the cortex (Brodmann 

area 8, approximate Talairach coordinates x = 28.8, y = 20.6, z = 44.7 mm), which was 

maximal around 169 ms. ECD2IC4 was fitted into the left parietal area (Brodmann area 
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39, approximate Talairach coordinates x = -45.9, y = -50, z = 33.4 mm), to explain the 

temporal positivity. ECD3IC4 was fitted to the right primary somatosensory cortex 

(approximate Talairach coordinates x = 56.3, y = -16.7, z = 35.8 mm) and explained 

right localized parietal negativity and right occipital positivity at 169 ms. The IC4 

component peak at about 169 ms was seen in all value conditions except the low-value 

condition (Figure 11B). 

IC6 demonstrated a positive peak occurring at 151 ms (Figure 11A). The 

topographic map manifested a frontal negative potential, a parietal positivity, and a 

localized negative potential in the midline occipital electrodes. Two ECDs explained 

this topographic map. ECD1IC6, located in the parietal cortex (Brodmann area 40, 

approximate Talairach coordinates x = -28.4, y = -32.7, z = 21.5 mm) accounted for 

frontal negativity. ECD2IC6 pointed to the negative potential in the midline occipital 

electrodes (Brodmann area 18, approximate Talairach coordinates x = 22.5, y = -

97.0, z = 9.4 mm) and was located in the right visual association area. The peak at 

about 150 ms was seen in all four value conditions (Figure 11B). 

Figure 11A displays a peak for IC7 at 99 ms, and a second smaller peak at 208 

ms, with large frontal negativity and occipital positivity. Three ECDs were used to 

explain this activation, and this can be seen in Figure 11A. ECD1IC7 explained most 

variance in the frontal cortex (Brodmann area 19, approximate Talairach 

coordinates x = -48.7, y = -65.9, z = 6.7 mm), which peaked at 208 ms and accounted 

for negativity in the frontal cortex. ECD2IC7 explained most variance in the left 

occipital region (Brodmann area 18, approximate Talairach coordinates x = -0.3, y = -

71.2, z = 7.3 mm), in the left primary visual area, peaking at 208 ms and explaining 

the occipital positivity. ECD3IC7 explained a source in the parietal cortex (right 

Brodmann area 39, approximate Talairach coordinates x = 39.4, y = -55.8, z = 44.9 
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mm), in the angular gyrus, and this accounted for right frontal negativity peaking at 

208 ms. In Figure 11B, IC7 displays a peak for low-value objects at 208 ms that does 

not seem to appear for other value conditions. 

Notably, the use of ICA afforded the separation of components that had a 

cerebral origin and responded to product values from the potentials caused by 

oculomotor activity such as saccades, spike potentials and residual eye blinks (Berg & 

Scherg, 1991; Dimigen et al., 2011; Nikolaev et al., 2016; Picton et al., 2000; 

Thickbroom & Mastaglia, 1986). Examples of the artefact-related ICs are shown in 

Figure 12A, B. For instance, IC11 showed strong positive activation around the eyes 

which peaked at 6 ms indicating that this IC represents artefactual saccadic activity. 

Likewise, IC16 showed a positive potential maximum that was biased to the right eye 

with a peak at 5 ms. This suggests that the subject was making a right sided saccade 

when their gaze touched the first image. 
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Figure 12. Grand average IC waveforms and corresponding 3D whole head 

topographic maps (nV) for two ICs that represent eye movement related 

artifacts. (A) IC11 showed peak activity around image onset (6 ms), with a positive 

maxima around the eyes, suggesting that this component represented left biased 

saccadic eye movement related activity. (B) IC16 showed peak activation around 

product image onset (5 ms) and positivity maximal around the right eye, suggesting 

that that this component represents right-biased saccadic eye movement related 

activity. 

4.4.4. The Effect of Value on ICs 

Figure 13A–D show, for each individual IC, statistically significant effects of values 

with all value conditions superimposed and bar graphs with mean voltage amplitude 

differences at key time points of interest for each IC, with standard error bars. IC3, 

IC4, IC6, and IC7 showed statistically significant effects of value categories according 

to a one-way ANOVA for repeated measures which was conducted for five 

components, including IC2, across all time points ranging from -200 ms to 600 ms. 
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Figure 13. Statistical differences in product value for ICs of interest measured in 

nanovolts (nV). (A–D) Figures illustrating grand average EMRP activity split across 

four value conditions, indicated by different colored lines, for four isolated ICs of 

interest including IC3, IC4, IC6 and IC7 respectively. The corresponding bar graphs 

illustrate differences in mean amplitude across the four SV conditions for each isolated 

IC of interest. Significant differences between mean amplitude across conditions are 

indicated with a single asterisk for differences significant at p < 0.05.  
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In IC3, a statistically significant effect of value was found in two latency 

intervals, 207–222 ms and 246–258 ms. In the time window 207–222 ms [F(2, 42) = 

7.22, p < 0.005, Figure 13A], the effect of product value was largely driven by the 

low-medium value products demonstrating a significantly lower amplitude compared 

to low- (p = 0.014) and high-medium value products (p = 0.006). The high-medium 

value also demonstrated a significantly higher IC3 amplitude than the high-value 

category (p = 0.033). When all low- and all high-value conditions were compiled, 

there were no statistically significant differences (p > 0.05). 

In the latency interval 246–258 ms, the effect of product values [F(2, 51) = 

6.67, p = 0.001] was related to the high-medium products producing lower IC3 

amplitude compared to low-value (p = 0.013) and low-medium product amplitude (p = 

0.007). When all low- and all high-value conditions were compiled and compared 

using a t-test, we found low-value products produced higher IC3 amplitude (116 ± 26 

nV, mean ± SEM) compared to high-value products (33 ± 21 nV, mean ± SEM), and 

this difference was statistically significant [t(36) = 4.02, p < 0.001]. 

In IC4 (Figure 13B), a statistically significant effect of product values was 

found in the latency interval 164–205 ms [F(2, 42) = 7.36, p < 0.005], with low-value 

products producing significantly smaller amplitude compared to low-medium value 

(p = 0.002), high-medium value (p = 0.03), and high-value products (p = 0.04). When 

low- and high-value levels were compiled, products showed no statistically significant 

differences (p > 0.05). 

In IC6 (Figure 13C), the product values differed significantly in the latency 

interval 144–151 ms [F(2, 41) = 5.61, p = 0.005] with low-value products producing 

significantly higher IC6 amplitude compared to low-medium value products (p = 
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0.005), and high-medium value producing significantly higher IC6 amplitude 

compared to low-medium products (p = 0.023). When low and high-values were 

compiled, the difference between low- and high-value was not statistically significant 

(p > 0.05). 

Finally, IC7 showed no statistically significant effect on the peak at 99 ms, but 

did show a statistically significant effect of product values in the latency interval 200–

219 ms [F(2, 45) = 6.95, p = 0.001, Figure 13D]. This effect was driven by the low-

value category producing significantly higher IC7 amplitude compared to low-

medium (p = 0.009), high-medium (p = 0.017) and high-value conditions (p = 0.010). 

When all low-and all high-values were compiled, the difference was not statistically 

significant (p > 0.05). 

4.5. Discussion 

The present study explored the cortical representations of economic decisions for 

products using EMRPs extracted from mobile EEG. ICA revealed a typical lambda 

component as well as four components that were modulated by subjective economic 

value in the latency range of 150 – 200 ms. The most important finding in the current 

study was that two ICs demonstrated contrasting responses to low-value products, with 

IC4 modulating amplitude for all except the lowest value products, and IC7 exhibiting 

enhanced amplitude for lowest value products. 

Viewing high and intermediate value items was associated with comparatively 

strong IC4 activity peaking at 169 ms. This enhanced responsiveness of IC4 to all 

value conditions excluding low suggests that there is early enhanced attentional 

processing for higher-valued items and this could point toward a relatively automatic 

valuation system that preferentially attends to more highly-valued items (Anderson et 
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al., 2011; Glimcher & Fehr, 2014). Support for this interpretation comes from research 

demonstrating that a shorter latency and larger amplitude of the P200 component was 

associated with early preferential attention (Hanatani et al., 2005). In a recent 

study, Tyson-Carr et al. (2018) found that the P200 component was modulated by 

valuation context during product preference decisions. The authors observed enhanced 

P200 activation when participants considered product desirability, which they 

suggested was related to attention allocation during valuation decisions. These results 

align with the present experiment in that more highly valued, desirable stimuli 

received enhanced attention, making it more likely that they would be readily 

purchased at a later stage. Likewise, the P200 has also been associated with 

preferential processing of primary reinforcers such as sugary foods (Schienele et al., 

2017). Our data suggests that the cortical response captured by IC4 represents an 

automatic attention allocation mechanism that responds preferentially to higher-

valued stimuli in order to facilitate purchasing for higher valued items and to avoid 

aversive low-value stimuli, irrespective of product category. An ECD for IC4 was 

estimated in the left parietal area (BA39). The parietal cortex has been shown to 

become activated during explicit comparisons (Cappelletti et al., 2010; Hsu & Goh, 

2016; Menon et al., 2000) and correlated with evidence seeking during reward related 

decisions (Furl & Averbeck, 2011). An ECD for IC4 was also observed in the right 

primary somatosensory cortex, which has shown modulation following rewards in a 

somatosensory task (Pessoa & Engelmann, 2010). These results lend some support to 

the interpretation that IC4 represents an early neural attention allocation mechanism 

that selectively responds to more highly valued stimuli and is insensitive to the stimuli 

that are the least positively valued, even in the case of everyday household products. 
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In contrast to IC4, IC7 responded to low-value items around 200 ms. This early 

enhanced processing for the low-value objects can be understood in terms of very low-

value products representing an aversive stimulus, due to the potential for the loss of 

monetary resources. In support of this interpretation, the P200 ERP component has 

been found to be modulated by emotional valence of a stimulus (Ashley et al., 2004; 

Carretié et al., 2001a; Huang & Luo, 2006), and to moderate attention allocation 

(Carretié et al., 2001b) for products of different valence (Carretié et al., 2001a; Polezzi 

et al., 2008). Moreover, some studies suggest that the P200 ERP component is 

reflective of a subjectively negative assessment (Polezzi et al., 2008). For 

instance, Carretié et al. (2001b) found a higher P200 amplitude and shorter latency 

when viewing negative stimuli, which they attributed to enhanced attention for 

aversive stimuli. Source dipole modeling for IC7 revealed an ECD in the visual 

association area, which has been shown to be modulated by the motivational relevance 

of a stimulus (Krawczyk et al., 2007). Another ECD was located in the angular gyrus, 

which is associated with numerical problem solving, (Seghier, 2013), attention 

allocation for salient stimuli (Gottlieb, 2007), response inhibition (Gottlieb, 2007; Nee 

et al., 2007; Seghier, 2013) and stimulus value (Lin et al., 2012). Angular gyrus 

activation has also been observed in gambling tasks, with more activation for potential 

losses (Minati et al., 2012). Therefore, it is likely that the angular gyrus is involved in 

enhancing attention toward low-value stimuli to inhibit buying and avoid monetary 

loss. Taken together, we suggest that IC4 and IC7 reflect attention-related and aversive 

responses which are likely part of an early valuation system that serves to enhance 

attention for intermediate and high-value stimuli to facilitate purchasing and to 

enhance attention for aversive low-value stimuli in order to facilitate avoidance 

(Libera & Chelazzi, 2009). In this way, basic economic decision making appears to 
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occur quickly in order to isolate the lowest value products and to ensure monetary 

resources are being economically optimized. The authors recognize, however, that IC7 

represents a very small component that peaks close to baseline, therefore, any 

conclusions should be viewed with caution. 

Two other ICs, IC3, and IC6, preferentially responded to medium-value 

products, although these responses are more difficult to interpret. IC6 peaked at 151 

ms and exhibited higher amplitude for low and high medium-value products. The P150 

ERP component has been associated with a basic rapid visual categorization process 

and it might be that it forms part of a ‘tagging’ mechanism that marks items out for 

later enhanced processing downstream (Cesarei et al., 2015; Kirchner & Thorpe, 2006; 

Nikolaev et al., 2013). In support of this interpretation, an ECD was located in the left 

supramarginal gyrus, which has been implicated in semantic categorization of visual 

stimuli (Pexman et al., 2007), and economic decisions for products (Deppe et al., 

2005). Another dipole was observed in the visual association area, which has been 

shown to be modulated by the motivational relevance of a stimulus (Krawczyk et al., 

2007). 

IC3 showed statistically significant increases in activity for medium-value 

categories in two latency windows within the range of the P200 ERP component. 

Further data and replications are needed to fully understand the role of IC3 in product 

evaluations in natural settings. However, the finding of a source contributing to IC3 

in the dorsolateral prefrontal cortex suggests that this component was related to value-

based decision-making as important components of decision making such as WTP, 

moderation of risk, and top down attention have been shown to be mediated by this 

brain region (Bartra et al., 2013; Hubert & Kenning, 2008; Mahesan et al., 2016; 

Morris et al., 2014; Plassmann et al., 2007). 
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Our data suggests that attention or aversion reflecting SV is attributed to 

products during free viewing in quasi-naturalistic settings as early as 200 ms. Further 

support for this comes from studies of single neurons in monkey’s orbitofrontal cortex, 

which have been shown to respond to values and risks as early as 180 ms (Critchley 

& Rolls, 1996; Padoa-Schioppa & Assad, 2006; Schultz et al., 1993). The data also 

suggest that this early automatic valuation is mediated by a set of cortical activation 

patterns, none of which encodes values in a linear fashion. Rather, our results prompt 

the hypothesis that certain cortical regions or sub regions of larger brain areas are 

tuned to respond predominantly to low -or high- value items. Value-tuned brain 

modules that are responsible for spotting low- or high-value items in our environment 

would allow rapid categorization and prompt behavioral avoidance or approach 

responses. 

The fast bottom-up responses for low and higher value products and the 

potentially more deliberative top-down responses for more ‘difficult’ medium-value 

decisions can be better understood from the perspective of the Fuzzy Trace Theory 

(Brainerd & Reyna, 1990). The theory postulates that decisions in the real-world are 

calculated based on two processes that are computed in parallel; verbatim 

representations, which involve automatically matching characteristics to 

representations stored in memory, and more meaningful top-down gist representations 

(Corbin et al., 2015). In the current study, it is possible that high and low-value items 

elicit an automatic verbatim representation as they have been experienced before, 

whereas medium-value products require more top-down deliberation and elicit a 

semantic ‘gist’ representation. As such, the Fuzzy Trace Theory provides explanation 

for the similar latencies of the ICs as they are processed in parallel and clarifies the 

recruitment of top-down brain areas for medium-value decisions. This draws 
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similarities to the neuroeconomic concept that multiple brain systems are involved in 

the computation of value (Dickinson & Balleine, 2002; Rangel et al., 2008). Daw et 

al. (2005) propose that different brain systems might be involved when choosing 

between options with different values under varying levels of uncertainty. These 

systems include habitual processing, which represents fast responses that are learned 

through trial and error, and goal-directed responses, which involve the assignment of 

value through outcome assessment and reward calculation for multiple options. In the 

current study it could be the case that the habitual processing system was employed 

for valuation of products that participants had more experience of choosing between, 

i.e., high and low-value products. Conversely, when the product is not categorized as 

either high or low-value, the goal-directed system dominates as further assessments 

are needed in order to determine the products’ worth. The results of the current study 

are also highly relevant to the field of neuromarketing as it was shown that, within the 

first 200 ms of viewing a product, the brain already computes and assigns a value 

(Jones et al., 2012; Pozharliev et al., 2015; Tyson-Carr et al., 2018). As such, it appears 

that first impressions are very important when deciding whether to purchase a product 

and previous experience and expertise can influence purchase decisions. 

There are, however, several limitations associated with the current study. One 

limitation of this experiment is that we were unable to detect EMRPs occurring later 

than 300 ms post stimulus. Previous research has highlighted the role of the P300 (San 

Martín, 2012; Yeung & Sanfey, 2004) in outcome evaluation during economic 

decisions. In traditional laboratory-based experiments, participants are presented with 

a fixation cross followed by a stimulus in the same predefined position in order to 

avoid saccade related artefacts (Dimigen et al., 2011). In contrast, free-viewing in the 

real-world is both a multi-and-trans-saccadic process in which the visual stream is 
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constantly being updated and integrates new sensory information into continuous 

perceptual and cognitive processes (Dimigen et al., 2011). As a result, the new sensory 

information does not show a fixed phase relative to the time-locked event and 

distortion of the signal occurs later in the EMRP (i.e., after 300 ms; Dimigen et al., 

2011). This is an ongoing issue for experiments that combine free eye movements with 

EEG, as it is difficult to ensure that continuous visual updating does not distort the 

EMRP without compromising the ecological validity of the experiment. As a result, 

the current findings should be viewed as preliminary, and more research is needed to 

determine how the brain computes valuation decisions later in the decision-making 

process. Another limitation of the current study is that source dipole modelling was 

used to estimate sources for EMRP activity. It must be emphasized that any 

conclusions drawn from source dipole modelling in mobile EEG should always be 

viewed with caution and any interpretations are tentative. As such, no statistics were 

performed on the dipole analysis, which was conducted purely for exploratory 

purposes. This is because of the difficulties associated with source localization in EEG 

data (Luck, 2005), which are exacerbated in mobile EEG data (Grech et al., 2008).  

Moreover, to avoid explicitly asking participants to provide an economic value 

for a product, participants were asked to rate whether they would purchase products 

during the gallery task and were later required to bid on the items, and these bids were 

used to retrospectively define the value conditions. However, it cannot be ruled out 

that participants considered other factors such as desirability and pleasantness to 

inform their decision in the gallery. These factors could theoretically influence 

attention or aversion, as our results show that desirability and pleasantness ratings 

echoed the economic value of the stimulus. Future studies should endeavour to isolate 

value related from non-value related attentional processes, although this is very 
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difficult to achieve. Likewise, attention, aversion and early economic valuation 

decisions should be further explored using fMRI and fMRI informed source analysis 

techniques in EEG. Finally, it is possible that the limited price range could have 

influenced economic value responses as the current experiment failed to show a 

component that responded exclusively to the highest value condition. This could be 

because objects within the £8 price bracket are only considered to be high-value within 

the context of products on offer. Future experiments may benefit from expanding the 

price range to better examine how the temporal sequencing of economic value 

attribution occurs in the brain. 

Finally, findings from the current study can be compared with results obtained 

from a standard laboratory recording. The present study follows a laboratory-based 

experiment from our research group by Tyson-Carr et al. (2018), who found, using the 

same BDM auction paradigm, that the N200 resolved the valuation of everyday 

household products, with a bias toward low-value objects. The authors suggested that 

the modulation of the N200 for low-value objects hints toward an automatic valuation 

system, which is similar to what was observed in the current study. Therefore, as the 

current study provides further support for automatic valuation of products even in 

naturalistic environments, this adds validity to the data. This is an extremely important 

and novel contribution as the current experiment was able to demonstrate the 

feasibility of examining EMRPs for products in naturalistic environments. 

4.6. Conclusion 

In conclusion, the current experiment demonstrated that, to some extent, the 

neural spatio-temporal dynamics that underpin economic decisions for household 

products can be resolved in a naturalistic setting. Findings suggest that the EMRP 

parietal P200 component reflects an attention allocation mechanism that responds 
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extremely quickly to isolate the lowest (IC7) value stimuli from all other value stimuli 

(IC4), as these represent important decisions in terms of maximizing economic 

resources. Other components responded to medium-value products and may indicate 

a fine grating of more difficult decisions (IC3, IC6). Overall, while none of the ICs 

displayed linear amplitude changes that parallel the SVs of products, results suggest 

that a combination of multiple ICs may sub-serve a fine-grained resolution of the 

subjective economic values of products. In order to fully disentangle the spatio-

temporal neural processes that underpin economic decisions for products in the real 

world and to better understand how medium and high-value products are represented, 

more research is needed with a broader range of stimuli. 
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5. INVESTIGATING NEURAL RESPONSES 

UNDERLYING PRODUCT VALUATION IN THE 

REAL-WORLD USING WIRELESS 

ELECTROENCEPHALOGRAPHY AND EYE- 

TRACKING  
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5.1. Abstract 

Previous laboratory-based EEG studies have shown that SV of objects within the 

visual field can be computed within hundreds of milliseconds. Our recent study 

(Roberts et al., 2018) used wireless EEG recordings and eye-tracking to identify 

components of EMRPs resolving SVs of household and office items viewed on a tour 

through a mock gallery. The P200 component of EMRPs has been shown to resolve 

low- versus high-value items. The present study investigated if EMRPs during product 

viewing would encode their SVs linearly by expanding the range of retail values of 

displayed products and by implementing a guided-saccade method for removal of 

saccade-related potentials that contaminate EMRPs and worsen the signal-to-noise 

ratio. 

Participants viewed 216 product images in a gallery whilst a 64-channel 

wireless EEG and eye-tracking data were recorded. Afterwards, an auction task was 

used to elicit WTP to establish the SV of items. SVs were used to retrospectively 

categorise products into four distinct SV categories. ASF was used to remove saccade-

related potentials extracted from guided saccade recordings. EMRPs were analysed 

using IC analysis and a clustering analysis of group data. 

The guided-saccade method removed saccade-related artefacts more 

efficiently than a standard pattern-matching algorithm fitted to eyeblink artefacts. Four 

ICs peaking in the latency window 50 ̵ 230 ms resolved the SV of items. One IC 

operating in the latency period of the lambda potential showed a linearly decreasing 

component activity paralleling increasing SV with the strongest IC activity seen 

during viewing of the low-value items. The rest of ICs responded preferentially to one 
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of the medium-value categories. The components resolving SVs early on (50 ̵ 60 ms) 

differentiated the low-value category from other categories. 

Results suggest that the cortical activation components elicited during free- 

viewing of household and office items in quasi-naturalistic settings are tuned to 

specific values bands, with the lowest-value items producing early activations. SV of 

items formed automatically during the initial period of viewing is based on a coarse 

grid of values, with low-values being attributed early on during free-viewing of items. 

5.2. Introduction  

The real-world contains large amounts of complex visual information competing for 

our attention, so it is essential to selectively allocate attentional resources towards 

salient information that supports the attainment of current goals (Oberauer, 2019). 

Despite the belief that decision making is an entirely conscious process, many of the 

decision making processes that are responsible for execution of repetitive procedures 

are fast, automatic and unconscious, preventing the conscious mind from information 

overload (Lebreton et al., 2009; Milosavljevic et al., 2011; Soon et al., 2008; Telpaz 

et al., 2015). According to the common neural currency hypothesis (Levy & Glimcher, 

2012), irrespective of demand, values are continuously and automatically computed 

and assigned to objects in the environment (Bartra et al., 2013; Lebreton et al., 2009; 

Levy & Glimcher, 2012; Tyson-Carr et al., 2018; Westbrook et al., 2019). In support 

of the automaticity of the brain valuation process, single neuron recordings from 

monkey prefrontal cortex have shown that valuation occurs early in the brain between 

100 ̵ 200 ms (Padoa-Schioppa, 2013). The ventromedial prefrontal cortex has shown 

encoding of SV of objects such as paintings houses or music in a linear fashion in 
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humans (Lebreton et al., 2009) and in primates (Abitbol et al., 2015; Lebreton et al., 

2009). 

In humans, event-related potentials (ERPs) facilitate investigation of how 

value-based decisions evolve in the brain over time (Milosavljevic, Koch, & Rangel, 

2011; Roberts et al., 2018; Telpaz, Webb, & Levy, 2015; Tyson-Carr et al., 2018; 

2020). Electroencephalographic (EEG) research in laboratory settings has indicated 

that early ERP components such as the N200 (Telpaz, Webb & Levy, 2015; Tyson-

Carr et al., 2018; 2020; Goto et al 2017) and the P200 (Ma et al., 2018) are modulated 

for products of different SV, particularly for the more extreme categories of least and 

most valued products, supporting the presence of an early attention-based neural 

valuation system. 

Because humans are active agents who navigate the environment according to 

their current needs and goals (Makeig et al., 2009), it could be hypothesised that the 

purpose of this early valuation process is to filter relevant from irrelevant stimuli, 

promoting automatic approach and avoidance responses, facilitating this navigation 

(Krieglmeyer et al., 2010, 2013). However, it is not known how the valuation process 

works in naturalistic settings during free-viewing. Naturalistic settings provide a 

different framing to objects occurring in the visual field due to the presence of a natural 

context influencing neural activations in humans (Ladouce et al., 2017; Neisser, 1976). 

Exploration of a visual scene (e.g., during shopping) involves multi- and trans-

saccadic operations in the brain to integrate information obtained in series of 

successive eye-fixations and to anticipate the visual features before the next saccade 

(Melcher & Colby, 2008). Upright posture in freely moving individuals compared to 

the sitting posture utilised in laboratory settings has been shown to affect brain activity 

and cognition (Thibault et al., 2014, 2015). Presenting one stimulus at a time removes 
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the opportunity for detecting trans-saccadic operations, including integration of 

information accumulated from the environment across saccades to guide attention 

(Dimigen et al., 2011; Prime et al., 2011; Ray et al., 2011) and interactions with short 

term memory (Hollingworth et al., 2008). Such operations are important for decision 

making in natural environments when multiple stimuli are present. 

Technological constraints have prevented the examination of valuation 

decisions within naturalistic settings in the past. However, recent advances in 

technological aspects of EEG recordings and data analysis have opened up 

possibilities for exploring brain activations in freely behaving individuals. MoBI is a 

novel non-invasive brain imaging approach to investigate brain activations occurring 

in freely behaving individuals (Gramann et al., 2011; Makeig et al., 2009). MoBI 

incorporates wireless EEG recordings and a multi-modal approach to data analysis 

which combines EEG recordings with recordings of muscle activity, spatial head 

coordinates, and eye movements (Ojeda et al., 2014). A MoBI approach has been 

implemented in a range of natural settings and activities including walking (Severens 

et al., 2012; Wagner et al., 2012), cycling (Zink et al., 2016), or piloting an airplane 

while airborne (Callan et al., 2015). 

We have implemented a MoBI approach to study the encoding of SVs in early 

electrocortical responses associated with viewing household and office items of 

different SVs displayed in a mock gallery (Roberts et al., 2018). The preliminary study 

employed wireless EEG and a lightweight eye-tracking device to record eye-

movements. After synchronising EEG and eye-tracking data streams and using the 

first instant of eye-fixation on an item image in the visual field of the participant, 

averaged EMRPs were computed. WTP was elicited for every item using Becker-

DeGroot-Marschack (BDM) auction (Becker et al., 1964). Results revealed a lambda 
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potential component in EMRP which is an equivalent of the P100 visual evoked 

potential (Thickbroom et al., 1991; Yagi, 1979a, 1981a) and EMRP components in the 

latency of 200 ms. differentiated the lowest-value products from all mid- and high-

value items, suggesting that early cortical activation might automatically resolve 

values in a binary and coarse manner. 

However, the coarse and binary resolution of values in EMRPs observed by 

Roberts et al. (2018) might have reflected the limited range of values in the study, 

which could have prevented the detection of a component responding exclusively to 

high-value, as products with a maximum retail value of £8 may not be attributed a 

high SV. The limited range of SVs may have reduced possibilities to identify the 

cortical activation components that would encode SV linearly. Therefore, the present 

study aimed to explore encoding of SVs in EMRPs using a larger range of values, with 

the highest retail price reaching £12. 

Another factor that may have limited the possibilities of resolving linear 

encoding of SVs in our previous study (Roberts et al., 2018) may be the presence of 

residual saccade-related potentials that would increase the noise levels in EMRP data 

and increase the risk of Type I error. Notably, saccade-related potentials originating 

from the corneoretinal potential of the eye (Berg & Scherg, 1991b; Dimigen et al., 

2011), movements of the eye lid (Picton et al., 2000) and contractions of eye muscles 

(Dimigen et al., 2011; Nikolaev et al., 2016; Thickbroom & Mastaglia, 1986) also 

affect scalp potentials in remote parietal or occipital electrodes (Forgacs et al., 2008).  

During free-viewing, saccade-related artefacts are of particular concern due to 

their increased prevalence (Cao et al., 2020; Dimigen, 2018; Dimigen et al., 2011; Ille, 

Berg & Scherg, 2002) and methods have been developed to reduce saccade-related 



 

135  

artefacts (Nikolaev et al., 2016; Plöchl et al., 2012; Roberts et al., 2018; Soto et al., 

2018; Tyson-Carr et al., 2020). Soto et al. (2018) approached removal of saccade-

related potentials by placing regional sources with three orthogonal equivalent source 

dipoles into the eye orbits. Roberts et al. (2018) employed a pattern-matching 

algorithm and PCA (Berg & Scherg, 1994) to identify and remove eyeblink artefacts. 

To further remove saccade-related artefacts, we employed an infomax ICA to 

decompose grand averaged data and subsequently back projected selected IC weights 

onto single-subject averaged data by exporting only the IC of interest (Debener et al., 

2010). To further improve on removal of saccade-related potentials, guided-saccade 

recordings can be employed, which was initially suggested by Berg and Scherg and 

later adopted by others (Berg & Scherg, 1991; Dimigen, 2019; Ille et al., 2002). In this 

way, saccades of various viewing angles can be produced prior to the recording 

allowing for precise detection and extraction of saccade-related artefacts by applying 

the ASF method (Berg & Scherg, 1994; Ille et al., 2002). ASF models and subtracts 

the saccade-related artefacts from the EEG data using a PCA spatial filter. Guided-

saccade recordings combined with ASF offer an alternative saccade removal solution 

for naturalistic recordings. Alternatives for saccade-related artefact removal are 

necessary when detailed information about saccade amplitudes and angles is not 

available, preventing implementation of linear deconvolution methods such as Unfold 

Toolbox (Ehinger et al., 2018). 

The current study aimed to examine the automatic valuation process in 

naturalistic settings elicited during free-viewing of products to investigate whether 

components of EMRP encoded SVs of household and office items monotonically and 

linearly. The primary objective of the present study was to address the limitations of 

our preliminary study (Roberts et al., 2018) by exploring the cortical activation 
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patterns underlying product valuation with an extended range of retail values. The 

current study achieved this by increasing the number of products and the monetary 

retail value threshold of the products. WTP values of items were evaluated using a 

BDM auction task, similar to Roberts et al. (2018). 

A secondary objective of the study was to implement guided-saccade 

recordings and ASF to remove saccade-related artefacts from wirelessly recorded 

EMRPs and to evaluate the effectiveness of this procedure by examining amplitude 

reduction of EMRP in frontal electrodes in the vicinity of the eye orbits. It was 

hypothesised that by incorporating a larger range of values, one or more independent 

components would show monotonically rising or decreasing activation paralleling 

SVs. Furthermore, it was hypothesised that low-value products would show neural 

prioritisation reflected in a shorter latency of early EMRP components (Roberts et al., 

2018; Tyson-Carr et al., 2018). Finally, it was hypothesised that the combined guided- 

saccade recordings and ASF would outperform the standard eyeblink artefact removal 

method implemented in Roberts et al. (2018). 

5.3. Materials and methods  

5.3.1. Participants 

Twenty-three participants (13 females) were recruited for the current experiment. 

Three participants were excluded from the final analysis due to inability to export the 

eye-tracking data (1 subject), insufficient eye-tracking calibration resulting in a low 

number of trials (1 subject) or high residual variance in the EEG data at the ICA level 

(1 subject > 40% RV). A final sample of twenty participants was retained (11 female), 

with an average age of 27 ± 5.9 years (mean ± SD), two of which were left-handed. 
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All participants received information about the experimental procedure prior to the 

commencement of the study.  

5.3.2. Ethical standards  

Full informed consent was obtained before the study began and ethical approval was 

awarded from the Health and Life Sciences Research Ethics Committee (Psychology, 

Health and Society) reference number 1145 (extended). All experimental proceedings 

were conducted in accordance with the Declaration of Helsinki. Participants were 

remunerated £10 for their participation. The remaining balance from their endowment 

received during a BDM auction task was added to their final payment (after deducting 

the price equal to the random number assigned to the winning products), with an 

average of £16.52 ± 2.42 (mean ± SD) retained. Participants also received two 

household products worth up to £12 each. 

5.3.3. Product images  

Two hundred and sixteen colour images of everyday household products taken from a 

shopping catalogue were utilized in the current experiment. Three retail price 

categories ranging between £0.50 and £12.00 were developed. Low-value products 

were priced between £0.50 – £4.00 (2.32 ± 1.16), medium-value products were priced 

between £4.50 – £8.00 (£6.31 ± 1.17) and high- value products priced between £8.40 

– £12.00 (10.46 ± 1.12), with 72 product images in each category. The product images 

were roughly sized at 20 × 20 cm and were presented on an A0 sized panel arranged 

around a central fixation cross (14.3 cm × 14.3 cm). All product images were pseudo-

randomly distributed around the central fixation cross, with care taken to ensure than 

no two products of the same type (i.e., two kettles) were included on the same panel. 
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All A0 sheets containing the stimuli and fixation crosses were mounted onto 

Styrofoam panels, with adhesive Velcro to secure them to the wall (see Figure 14A).  

All 12 panels were double sided with stimuli for block two on the reverse side. Panels 

were mounted onto the walls of two adjoining corridors in the Eleanor Rathbone 

Building at the University of Liverpool, creating a product gallery (Figure 14B). The 

retail value of products per panel ranged between £47 – £64, with an average value 

per panel of £56.93 ± £4.49 and an aggregate retail value across all panels of £1366.40.  

5.3.4. Procedure  

Participants took part in two experimental sessions over two days, with session two 

taking place within one week. Session one involved the mobile EEG and eye-tracking 

set up, the product viewing task and the computerized BDM auction task. Session two 

involved a computerized hedonic rating task. 

During the first experimental session, participants arrived at a laboratory space 

in the Eleanor Rathbone Building at the University of Liverpool. Participants were 

greeted, the experimental procedures were outlined, and fully informed consent was 

given. Participants had their heads measured and were fitted with a 64 channel actiCap 

(Brain Products, GmbH), which was placed according to the centre point between the 

anatomical landmarks of the nasion, the inion and the right and left pre-auricular 

points. Electrolyte gel was applied using a blunt syringe and 64 active shielded 

electrodes were connected, in accordance with the international 10 – 20 system. Once 

impendences were lowered to below 50 KΩ, the subject was connected to the wireless 

MOVE system (Figure 14A). 

Pupilabs binocular eye-tracking glasses (Pupil Binocular Eye Tracking 

Glasses, PupiLabs, Germany) were applied and plugged into a lightweight Lenovo 
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laptop. Once the eyes were calibrated using the 3D calibration routine on a blank A0 

panel with manual markers kept at a distance of 1 meter, the recording was started. 

Participants were asked to make a number of saccades on a circular template in order 

to map saccade-related artefacts (Figure 14C). Afterwards, the laptop was placed in a 

backpack which was carried by the participant during the task, with the electrodes that 

run from the EEG cap to the transmitter were clipped onto the backpack in order to 

avoid cable sway artefacts (Gramann et al., 2010; Gwin et al., 2010; Roberts et al., 

2018; Soto et al., 2018).  

Before the product viewing task began, a light-emitting transistor-transistor-

logic (TTL) pulse synchronized the eye-tracking and EEG data sets, indicating the 

beginning of the experiment. Participants navigated a gallery-like setting containing 

216 images of products over 2 blocks. Following the product viewing task, the 

equipment was disconnected and participants took part in a computerized BDM 

auction experiment to elicit subjective economic WTP values for each of the 216 

products.  In the second experimental session, participants completed a hedonic rating 

task, rating the 216 stimuli for desirability and pleasantness. Afterwards, they received 

a random two products that they bid on and won during the BDM auction task and 

were debriefed and thanked for their participation.   

5.3.5. Product Viewing Task  

When the mobile EEG and eye-tracking systems were running, participants walked 

through a product gallery, viewing each product on a panel to determine which two 

products on a panel that they would be most and least likely to purchase. Central 

fixation crosses were viewed in between image evaluation, serving as a neutral 

baseline and allowing gaze correction. The product viewing task included two 
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experimental blocks with 12 panels per block displaying 9 images per panel (108 

images per block). On average, participants took 15 minutes per block to view and rate 

the images. The corridor was not closed off, maintaining a naturalistic environment 

(Figures 14A–B). 

 

Figure 14. Stimuli and set up for Mobile EEG product viewing task. (A) Example of 

the mobile EEG and eye-tracking set up in the product gallery setting. The participant 

wears a 64 channel actiCAP with active-shielded electrodes attached to the move 

system transmitter, which is attached to the participant’s belt. The subject wears 

PupiLabs eye-tracking glasses which are plugged into a laptop contained in a backpack 

that is worn during the task. Participants view a product panel during the task 
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containing 9 household products and a central fixation cross to check gaze accuracy. 

(B) Template of the mock gallery in which the products were viewed and rated while 

EEG and eye-tracking recordings were taken. (C). Guided saccade template. 

Participants made a saccade from the centre fixation cross to a number and back to the 

cross three times sequentially from 1-9, mirroring the angle and distance that each 

product would be viewed. 

5.3.6. BDM Auction task  

Once the product viewing task was completed, participants took part in a computerized 

BDM auction task in a laboratory. Stimulus presentation was controlled using Cogent 

2000 (UCL, London, United Kingdom) running on Matlab (version R2014a, The 

MathWorks, Inc, United States) on a Dell monitor on a HP Compaq 8200 computer. 

Participants were endowed with £24, which was refreshed for each trial, and were 

asked to bid between 0 – £12 the amount that they would be willing to pay for each of 

the 216 products, with 14 bidding options available in increments of £0.50 from £0.00 ̵ 

£0.50, and in increments of £1 from £1 ̵ £12. Feedback was given regarding whether 

a bid resulted in a purchase. Importantly, the auction task required participants to bid 

their true WTP value, as there was no optimal ‘strategy’ for bidding. Importantly, 

participants actually received two products that they were bidding on, therefore, the 

task was incentive compatible and more likely to reflect true SV. The task took 

approximately 35 minutes to complete. The BDM auction task was used in a previous 

experiment in our laboratory (see Roberts et al., 2018 for a full outline of the task). 

Individual WTP values for each product were retrospectively used to subjectively 

categorize each product that the participant viewed in the gallery task, creating four 

categories for EMRPs; low, low medium, high medium and high. The task took 

approximately 35 minutes. 
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5.3.7. Hedonic rating task 

In the second experimental session, within one week of the first experimental session, 

participants took part in a computerized hedonic rating task in the same laboratory 

space. Stimuli were again presented using cogent 2000 running on MATLAB (version 

R2014a). Participants viewed the same 216 stimuli once and rated them for both 

desirability and pleasantness. The task took approximately 30 minutes to complete. 

5.3.8. Electrophysiological recordings  

EEG was recorded continuously over the whole scalp using a 64-channel wireless 

mobile EEG system (MOVE system, Brain Products, GmbH, Munich, Germany). In 

addition to the amplifier and battery, the wireless EEG system included a signal 

transmitter which connected to electrodes and was attached to a Velcro belt and a 

signal receiver. 64 active-shielded Ag/AgCl electrodes were applied to the scalp using 

an Elastic cap (ActiCap, Brain Products, Munich, Germany), in accordance with the 

international 10 – 20 system. The centre of the cap was placed in line with the centre 

of the nasion, the inion and the right and left pre-auricular landmarks. Electrolyte gel 

was applied to each hole before the sensors were connected, maintaining signals under 

50 KΩ (SuperVisc Gel, Brain products). EEG was sampled at 1,000 Hz, electrode FPz 

was utilized as the system ground, and Fz was used as a reference for all electrodes. 

The signal was digitized to 1 kHz on an ActiChamp amplifier (Brain Vision Recorder 

v 1.20.0601) on a Toshiba Satellite (P875-149) laptop. A 50 Hz notch filter was also 

used during the recording. PupiLabs Binocular Eye Tracking glasses tracked visual 

behaviour and were connected to a Lenovo Thinkpad x250 Ultrabook laptop. The eye- 

tracking data was continuously recorded via the pupil capture software (PupiLabs, 

version 1.4.1) on Ubuntu SMP which was carried in a backpack during the recording. 
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The pupils of both eyes were detected using the pupil gaze centre-surround algorithm 

(Świrski et al., 2012) and a 3D calibration was used against a blank A0 panel. The 

resolution of the world camera was set to 1280 × 720 and was sampled at 60 frames 

per second, however, the actual sampling rate of the world view camera was calculated 

to be 46.55 (±12) frames per second on average across all participants. The resolution 

of the right eye was 192 × 192 and the frame rate was 200 samples per second. The 

left eye maintained a resolution of 380 × 240 with a frame rate of 120 samples per 

second. The eye-tracking data was imported into Pupil Player version 1.7.42 and if the 

gaze was considered to be off centre (i.e. when viewing the central fixation cross), the 

gaze marker was manually corrected using the manual gaze correction plugin. Fixation 

jitters were corrected using in-house scripts in MATLAB (R2017a). Raw data were 

exported using the Raw Data Exporter plugin. Gaze onset was exclusively used for 

triggering stimulus onset in the real-world. EEG and eye-tracking data sets were 

synchronized using a light emitting TTL trigger box by aligning the offset of a button 

press (the last TTL) with the light offset of the LED in the world view camera, 

indicating time zero (see Roberts et al. (2018) for full details).  

5.3.9. Eye-Movement-Related Potentials guided saccade recordings and ASF 

Once the triggers were created and imported, EEG data was processed using Brain 

Electrical Source Analysis (BESA) software version 6.1 (MEGIS Software, GmbH, 

Munich, Germany). A common average reference was employed, and muscle artefacts 

were removed upon visual inspection. 

Because eye-movement-related potentials (EMRPs) were time time-locked to 

the offset of the saccade, when the gaze first hit an image, a number of saccade-related 

artefacts were present in the data. To reduce saccade-related artefacts in the EEG data, 
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guided saccade recordings were taken prior to commencement of the experiment 

reflecting each angle of viewing from the central fixation cross to each image in the 

product gallery. Participants viewed an A4 panel displaying a circular template with 

nine 15 cm lines spaced 40 degrees apart that converged in the centre (Figure 14C). 

At the end of the lines were nine boxes labelled from 1 to 9 and participants were 

asked to make a saccade from the centre of the circle to box one, make a saccade back 

to the centre, and to repeat this process for all numbered boxes at least three times. 

Saccade angles were calculated by measuring the angle that the object would be 

viewed given the maximum distance that the subject could stand away from the panel 

(94 cm) in the corridor and the distance from the floor to the lowest image (38 cm). 

The effectiveness of this saccade-removal method was calculated for all participants. 

 Because each saccade angle was linked to an onset trigger in guided saccade 

recordings, typical saccade-related artefact topographies for each angle of viewing 

could be identified in the continuous EEG data, which were subsequently removed 

using ASF (Ille et al., 2002) in Brain Electrical Source Analysis (BESA) software 

version 6.1 (MEGIS Software GmbH, Munich, Germany). Specifically, ASF modelled 

each saccade-related artefact defined by visual inspection of topographies, using the 

amplitude criterion exceeding normal range (such as eye blinks, eye movements), and 

correlation criterion indicating similarity between the marked segment and 

topographies at certain time points throughout the recording. Next, a PCA (Berg & 

Scherg, 1994) decomposed the subset of matched components to model the activity 

and explain the variance and the component with the highest p value explaining the 

least variance (e.g., below 5 to 10% of data variance) is then subtracted from the EEG 

data (Ille et al., 2002). 
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The effectiveness of saccade-related artefact removal technique was examined 

by comparing amplitude for eye electrodes FP1 and FP2 during saccades made before 

stimulus onset (-7 ms). EMRP data for 20 participants with saccade-related artefacts 

removed using guided saccades and ASF were compared with EMRP data in the same 

participants with only eye blinks removed using ASF and with uncorrected EMRPs. 

Once the raw data was clean of muscle, eye blink and saccade-related artefacts, 

the EMRP data was exported to EEGLAB (Derlorme & Makeig, 2004) running in 

MATLAB R2017a (MathWorks, Inc., United States), and input into the EEGLAB 

STUDY structure to allow clustering of ICs across participants. The data was epoched 

from -200 to 600ms, baseline corrected -200 to -100 and filtered from 1–30 Hz. Set 

files were merged across experimental blocks to create four set files for the four value 

conditions for each subject. 

5.3.10. ICA decomposition, equivalent current dipole fitting and component 

clustering 

The block-concatenated single-subject epochs were subjected to an infomax 

independent component analysis (ICA; Delorme & Makeig, 2004; Makeig et al., 1996) 

using the ‘run.ica’ function in the EEGLAB toolbox (Bell & Sejnowski, 1995) 

individually for each subject in order to decompose the grand averaged EEG signal 

into its maximally temporal independent and spatially fixed component processes or 

ICs (Makeig et al., 1996). ICA was performed on 20 individual data sets for all 

conditions from -200 to 600 ms.  

Using the ICA weights for each subject, for each independent component map 

an equivalent current dipole was automatically computed using the spherical head 

model within the DIPFIT2 toolbox (Delorme et al., 2011; Maris & Oostenveld, 2007) 
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running in EEGLAB. The amount of residual variance for the dipoles was set to 30%. 

The study design comprised one independent variable having four levels (low-, low-

medium-, high-medium-, high-value). 

Clustering methods are employed to identify and categorise components of 

EEG data into similar and dissimilar component clusters  (Ding, & Xiaofeng, 2004). 

The dimensionality of the data was reduced using a PCA method so patterns of clusters 

could be detected more readily (Ding & He, 2004). A K-means clustering solution was 

then be applied in the lower-dimensional subspace (Ding & Xiaofeng, 2004; Zha, 

Ding, Gu, He, & Simon, 2001). Clustering of independent components was performed 

on ICA decomposed grand averaged EMRP data for 20 participants using the PCA 

method in EEGLAB (Delorme & Makeig, 2004a). The data were pre-clustered across 

participants using event-related potentials, scalp maps and equivalent current dipole 

locations for each subject, condition and cluster to determine the disparity between 

each IC, using the default weightings. In line with the EEGLAB protocol, a PCA 

reduced the dimensionality of these measures down to the first 10 principal 

components. 

A k-means clustering algorithm was then employed in EEGLAB with the 

number of clusters set to 8. The number of components was estimated in pilot analyses 

by observing the residual variance and strengths of extracted components. ICs located 

outside of the head were considered not reflective of brain activation and any 

components with a distance of more than 3 SDs from the mean of any cluster centroid 

in the joint measure space were automatically assigned to an outlier cluster and were 

excluded from further analysis. The parent cluster had 165 ICs and clusters were only 

subjected to further analysis if they had a minimum of 10 ICs and occurred in at least 

nine of the participants. 
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In order to identify significant clusters and latencies in a more objective way, 

for each cluster in the solution, 95% confidence intervals for the mean IC cluster 

activity were calculated across the whole epoch; -200 to 600 ms. Only clusters in 

which the confidence intervals deviated from baseline were subjected to further 

statistical analysis. 

5.3.11. Statistical analyses  

Four one-way repeated measures ANOVAs were conducted in order to analyse the 

effect of four value categories on retail price, desirability, pleasantness and willingness 

to pay. Greenhouse-Geisser corrections were used to overcome a violation of the 

sphericity assumption due to larger than two levels in the independent variable. 

Significant differences outlined in the ANOVA were subjected to pairwise t-tests and 

a critical threshold of p <. 05 was maintained. To examine the effectiveness of guided 

saccade and ASF for removal of saccade-related artefacts, one-way repeated measures 

ANOVAs were computed for FP1 and FP2 respectively, comparing amplitude in 

electrodes in the eye orbit for saccade corrected, blink corrected and uncorrected data. 

Greenhouse-Geisser corrections were used when sphericity was violated and p < .05 

was utilized. 

To analyse the effects of value on EMRPs, one-way ANOVAs for repeated 

measures were carried out to compare SV category (low, low-medium, high-medium, 

high) for each mean IC cluster activity over the latency interval 50 – 450 ms using the 

‘statcond’ function in EEGLAB (Derlorme & Makeig, 2004). In order to reduce the 

likelihood of generating false positives, p values were corrected using 5000 

permutations (Maris & Oostenveld, 2007). Significant main effects regarding a cluster 
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at a certain latency interval were further investigated using post hoc paired t-tests. A 

critical threshold of p <.05 was always adhered to. 

5.4. Results 

5.4.1. Behavioural results  

Figure 15A – D show that, for all behavioural measures, a significant relationship 

between SV level (low, low-medium, high-medium and high) was observed in the 

following variables; WTP: F (1, 27) = 186.95, p < .001; desirability: F (1, 40) = 79.62, 

p < .001; pleasantness F (1, 39) = 64.42, p <. 001 and retail price F (1, 32) = 56.81, p 

< .001. There was also a highly statistically significant linear relationship between SV 

and all dependent measures (p < .001 in all instances). Post hoc t-tests revealed 

significant differences between all conditions for all dependent measures (p < .005) 

except for retail price, as low- and low-medium-value conditions did not significantly 

differ (p = .134). 
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Figure 15. Bar graphs showing mean behavioural ratings for 20 participants. (A) Mean 

auction bids split into quartiles creating the four SV conditions; low, low-medium, 

high-medium and high. There were highly statistically significant differences across 

all SV conditions (B), in retail price for all SV conditions except between low- and 

low-medium-value and in pleasantness ratings (D) and in desirability ratings across 

all SV conditions, showing a linear increase with SV in all cases **p <. 001. 

5.4.2. Saccade-related artefact removal  

Figure 16(A) demonstrates a progressively decreased amplitude of potentials in FP1 

(right) and FP2 (left) amplitude from non-eye-artefact corrected data (uncorrected) to 

eye-blink artefact corrected (blink corrected) and saccade-related artefact corrected 

(saccade corrected) methods at -7 ms. Statistical analysis revealed that electrode FP1 

was significantly modulated by correction method F (2, 78) = 27.80, p < .001, with 

significantly reduced FP1 amplitude for saccade corrected data (4.51 ± 2.22) compared 
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to uncorrected (17.48 ± 11.64; p < .001) and eye-blink corrected (11.00 ± 9.02; p < 

.001), and reduced amplitude for eye-blink corrected data compared to uncorrected (p 

= .006, Figure 16B). A similar effect was seen in FP2 electrode (F (2, 78) = 40.08, p 

< .001) with significantly reduced amplitude for saccade corrected data (4.93 ± 2.19) 

compared to uncorrected (17.80 ± 10.19; p < .001) and eye-blink corrected (10.44 ± 

7.90; p < .001), and reduced amplitude for eye-bink corrected compared to 

uncorrected (p < .001, Figure 16C). 

 

Figure 16. Comparison of grand averages for guided saccade and ASF cleaned data 

(saccade-related artefact corrected), blink ASF-cleaned data (eye blink artefact 

corrected) and uncorrected data in electrodes around the eye orbit. (A) Grand averaged 

topographic maps show visual monotonic reduction of amplitude at eye electrodes FP1 

(right circle) and FP2 (left circle) from uncorrected to saccade corrected methods. (B-

C). Bar graphs showing statistically reduced amplitude at FP1 and FP2 eye electrodes, 

respectively for saccade-corrected compared to uncorrected and blink corrected, and 

for blink-corrected compared to uncorrected. **p < .001. 
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5.4.3. Eye-movement-related potentials 

Figure 17 shows the grand averaged EMRPs across conditions for 20 participants in 

form of a butterfly plot, with corresponding topographic maps for key time points that 

show deflections from baseline. Small baseline noise is present, however, across all 

participants as a saccade was made towards a stimulus (-7 ms) and at stimulus onset 

(0 ms), a lack of activation around eye electrodes was observed indicating attenuation 

of saccade-related artefacts in EMRP data. The lambda potential can be observed at 

88 ms and manifests as a large positivity at occipital electrodes (Thickbroom et al., 

1991; Yagi, 1979a, 1979b, 1981a). The lambda potential represents a visual response 

to a stimulus and is the free eye movement equivalent of the visually evoked P100 

component (Kazai & Yagi, 2003; Roberts et al., 2018; Soto et al., 2018). At 145 ms, 

a peak can also be observed displaying both parietal positivity and occipital negativity. 

 

Figure 17. Butterfly plot and topographic maps of EMRPs at selected latency points. 

Butterfly plot displays grand averaged EMRP activation across all participants and 

across low, low- medium, high-medium and high SV conditions between -100 and 500 
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ms. Topographic maps show attenuation of saccade-related artefacts in the saccade 

period between -7 and 0 ms. The lambda potential component is present at 88 ms, and 

the corresponding occipital positivity can be seen in the topographic map. A value-

related peak is observed at 145 ms and displays parietal positivity and occipital 

negative potential. 

5.4.4. ICA clustering of EMRPs with source dipole reconstruction 

Four IC clusters showed significant differences in cluster amplitude across value 

conditions between 50 – 230 ms. Cluster 3 (Figure 18A) displayed a positive potential 

in right occipital electrodes and negativity in central midline electrodes and peaking 

at 81 ms. An equivalent current dipole (ECD) was fitted to the mean cluster centroid. 

The ECD representing Cluster 3 was located in the right visual association area 

(Brodmann area 18, approximate Talairach coordinates x = 11, y = -66, z = 3) and 

explained 87.54% of variance. 

Cluster 5 featured a negative potential in the right occipital-parietal electrodes 

and a positive potential in the right occipital electrodes with a peak at 79 ms (Figure 

18B). An ECD was fitted to the left visual association area (Brodmann area 19; x = -

1, y = -90, z = -12) and explained 81.42% of variance.  

Cluster 6 was represented by a large positive potential in central midline 

electrodes peaking at 144 ms. An ECD was fitted to the ventral posterior cingulate 

area (right Brodmann area 23, x = 1, y = -38, z = 37, Figure 18C).  

Cluster 9 was featured by a negative potential in the medial central-parietal 

region of the scalp and a positive potential in occipital electrodes, with a strong 

positive deflection occurring at 78 ms. An equivalent current dipole was fitted to the 

left primary visual cortex (Brodmann area 17, x = -1, y = -71, z = 12, Figure 18D).  
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Figure 18. Averaged IC cluster amplitude between -200 and 400 ms for independent 

clusters across four SV condition and source dipole reconstruction from EMRPs. (A) 

Averaged cluster 3 amplitude comprising 9 participants and 32 ICs. A positive 

potential peaked at 81 ms and the averaged source dipole was localized to the visual 

association area. (B) Averaged Cluster 5 amplitude comprising 9 participants and 13 

ICs, displaying a strong positive peak at 79 ms. Averaged source dipole was localized 

to the left visual association area. (C) Averaged Cluster 6 amplitude comprising 15 

participants and 33 ICs, with a positive peak at 144 ms, and source dipole localized to 

the ventral posterior cingulate area. (D) Averaged Cluster 9 amplitude consisting of 

11 participants and 13 ICs, with a positive peak at 78 ms. An equivalent current dipole 

was fitted to the left primary visual cortex. 
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5.4.5. The effect of SV on IC clusters  

In Cluster 3, the component activity differed significantly across four value categories 

in the latency interval 116 – 127 ms (F(3, 24) = 3.88, p = .023) with a stronger 

component amplitude for low- compared to high-medium (p = .025) and high-value 

items (p = .032).  Moreover, between 193 and 204 ms (F(3, 24) = 2.56, p = .03), low-

medium-value products showed higher cluster 3 amplitude compared to high (p = 

.031), and high-medium-value products showed higher cluster 3 amplitude compared 

to high-value products (p = .033, Figure 19A). 

Figure 19B shows statistically significant effects of value categories in Cluster 

5 between 50 and 63 ms (F(3, 24) = 3.268, p = .035), with low-value products 

displaying larger amplitude compared to low-medium products (p = .034). Between 

132 – 148 ms (F(3, 24) = 3.116, p = .029), low-value products showed larger amplitude 

compared to low medium (p = .024) and high (p = .029). Likewise, between 170 and 

183 ms, low-value products showed significantly larger amplitude compared to low-

medium (p = .003) and high-medium items (p = .045) (F(3, 24) = 4.74, p = .010). 

Figure 19C highlights a statistically significant main effect of SV categories 

for Cluster 6 between 55 – 58 ms (F(3, 42) = 2.85, p = .045) with low-value products 

showing larger amplitude compared to high-medium (p = .002), and high-value 

products (p = .044). Between 226 – 230 ms, a statistically significant effect of four 

value categories was also observed (F(3, 42) = 2.974, p  = .042), with high-medium-

value products showing reduced amplitude compared to low (p = .015), low-medium 

(p = 0.031) and high-value products (p = .039). 

Finally, a statistically significant effect of value categories was seen in Cluster 

9 between 157 – 184 ms (F(3, 30) = 5.05, p = .006), with a larger component amplitude 
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in high-medium-value products to low- (p = .011), low-medium- ( p = .007) and high-

value products (p = .011) (Figure 19D). 
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Figure 19. The effect of SV on IC cluster amplitude. (A) Cluster 3 amplitude shows a 

statistically significant relationship with SV between 116 – 127 ms, with low-value 
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significantly differing from both high-value conditions. Between 193 – 204 ms, high-

value significantly differed from both medium-value products. (B) Cluster 5 amplitude 

shows a statistically significant difference between SV, with low-value differing from 

low-medium-value between 50 – 63 ms, low-value differing from low-medium and 

high-value between 132 – 148 ms, and low-value differing from both medium-values 

between 170 – 183 ms. (C) Cluster 6 amplitude shows a statistically significant 

difference between low and both high-value conditions between 56 –58 ms, followed 

by a difference between high-medium and all value conditions between 225 – 230 ms. 

(D) Cluster 9 amplitude shows a statistically significant effect of SV, with high-

medium-value differing from all others between 158 – 185 ms. 

5.4.6. IC cluster amplitude and WTP 

To check whether WTP had a linear association with amplitudes of ICs, simple linear 

regressions were conducted individually for each cluster and latency interval of 

interest, with mean WTP (SV) as a predictor and cluster amplitude as a dependent 

variable. Only Cluster 3 showed a comparatively modest but statistically significant 

linear relationship with WTP in the latency epoch of 116 ̵ 127 ms. A mean adjusted R2 

of 0.46 ± 0.32 was found across participants. A one sample t-test of the beta-

coefficients representing a linear association between WTP and IC amplitude 

confirmed that beta coefficients were different from zero (t(8) = -3.24, p = .01). Thus, 

amplitude of Cluster 3 was inversely related to WTP between 116 ̵ 127 ms, with the 

highest amplitude of Cluster 3 for low-value products. While the linear association 

between IC amplitude and WTP in Cluster 3 was statistically significant, the pair-wise 

contrasts in IC3 (Figure 19A) were statistically significant only between low- and 

high-medium and high-value items but not among any other categories suggesting that 

this component still offers only a limited resolution of SV. 

  



 

158  

5.5. Discussion  

The current study examined wirelessly recorded EMRPs in freely moving participants 

during automatic valuation of household and office items in a mock gallery. SVs of 

all items were evaluated using a BDM auction. Compared to our previous study 

(Roberts et al., 2018), items displayed included higher retail values of up to £12. 

Furthermore, an improved method of saccade-related artefact removal based on 

guided saccade recordings and ASF was implemented to probe a linear association 

between amplitudes of EMRPs and SV, which was previously reported in fMRI data 

(Abitbol et al., 2015; Lebreton et al., 2009). 

Results showed that implementation of guided saccade recordings and ASF 

significantly attenuated the saccade-related artefacts occurring during the saccade 

period. Three out of four ICs that demonstrated a statistically significant effect of value 

categories singled out the low-value category as showing the strongest component 

activity. Stronger IC activity in the low-value category compared to other value 

categories was observed in the early latency intervals, starting as early as 50 ms post 

stimulus. The low-medium and high-medium products showed the strongest IC 

activities in the latency epochs >150 ms in three out of four ICs. Only one IC showed 

a statistically significant linear association with SV and this linear association was 

largely due to the contrast between low- and high-medium and high-value categories. 

The present study replicated the findings of our previous study (Roberts et al., 

2018) by revealing that the early cortical activations manifested in EMRPs resolve 

SVs of products on a course grid by contrasting low-value items against items with 

higher SV. Furthermore, the low-value items elicit an early cortical response starting 

as early as 50 – 60 ms after the end of a saccade.  
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Clusters 3, 5 and 6 presented enhanced activation for low-value, compared to 

low- medium and high-value products, within the latency of the lambda component. 

Moreover, activation favouring low-value products occurred early on during the 

lambda component between 50 – 60 ms in Cluster 5. A fast and binary assignment of 

SVs reflected in early cortical responses, can be essential for survival, for instance, 

when deciding which food to eat and which to avoid (Polanía et al., 2014). Therefore, 

the observed early neural responses could reflect an adaptive dichotomous 

representation of low- and high-value within a domain-general system, facilitating 

approach and avoidance behaviours (Bartra et al., 2013; Westbrook et al., 2019). In 

line with a common neural system facilitating approach and avoidance, research has 

shown an overlap between neural circuits for processing of a wide range of appetitive 

and aversive stimuli (Delgado, 2007; Levy & Glimcher, 2012; Pessiglione & Delgado, 

Mauricio, 2015; Tyson-Carr et al., 2018). Furthermore, when considering low-value 

choices, potentially rewarding stimuli can be treated as aversive if they do not match 

expectations (Shenhav et al., 2018) generating avoidance motivation, feelings of 

anxiety (Shenhav et al., 2018) and activation of anxiety-related brain areas (Blair et 

al., 2006). Therefore, low-value items could have elicited an aversive response as 

participants were instructed that they would actually be receiving two of the items and 

the early activation might reflect an avoidance mechanism towards unattractive 

prospects to protect against potential financial loss. Notably, a previous ERP study 

conducted in a laboratory setting showed a larger amplitude of N200 component after 

presenting low-value compared to medium- or high-value products (Tyson-Carr et al., 

2018). 

A strong representation of low-value category in EMRPs is evidenced by the 

short latencies in which effects of low-value items have manifested. The earliest 
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latency interval featured enhanced activation for the low-value category between 50–

63 ms in Cluster 5. In contrast, low-medium and high-medium-value categories were 

only resolved in the latency intervals >150 ms in Clusters 3, 6 and 9. Enhanced early 

activation for the low-value category could reflect a loss-aversion response to low-

value stimuli, in line with previous research (Roberts et al., 2018; Tyson-Carr et al., 

2018; 2020). Enhanced motivational salience, arousal and neural activation for losses 

compared to relative gains (Baumeister et al., 2001; Rozin & Royzman, 2001; Sokol-

Hessner et al., 2009; Stancak et al., 2015) and a comparable negativity bias have been 

consistently reported in value processing, reflected in a reduced latency and enhanced 

amplitude of early ERPs such as the P100 (Cacioppo & Berntson, 1994; Vaish et al., 

2008; Williams et al., 2006; Yuan et al., 2015), P200 (Carretié et al., 2001b; Huang & 

Luo, 2006; Roberts et al., 2018; Schuermann et al., 2012) and N200 (Lithari et al., 

2009; Tyson-Carr et al., 2018; 2020) in response to negatively-valenced stimuli 

(Baumeister et al., 2001; Forbes & Leitner, 2014; Hofmann et al., 2009; Leleu et al., 

2015; Williams et al., 2006). The reduced latency of the component responding to the 

low-value category, between 50–63 ms, can be explained in terms of the free-viewing 

paradigm. Inclusion of eye-movements can facilitate processing of unpleasant 

information, suggesting facilitated attentional capture during free-viewing due to 

parafoveal processes, as covert attention can be allocated to a stimulus prior to the 

eyes reaching it during the saccade period (Simola et al., 2013). Low-value products 

were also contrasted against the higher-value categories in early latency periods for 

Clusters 3, 5 and 6. Modulation for positively-valenced stimuli have also been reported 

within P100 (Smith et al., 2003), P200 (Ma et al., 2018) and N200 (Goto et al., 2017; 

Kiss et al., 2009; Telpaz et al., 2015), supporting the interpretation that distinctive 

cortical components reflect binary categorisation of high- and low-value categories 
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within an early automatic valuation system. Medium-value products were 

discriminated in Clusters 3, 5, 6 and 9 in later latency intervals exceeding 158 ms, 

therefore, intermediate-value products could require further processing before value 

categorisation (Philiastides & Heekeren, 2009; Roberts et al., 2018), indicating that 

the early binary mechanism does not allow for rapid categorisation of intermediate 

values. Research supports this interpretation by highlighting the role of the P200 in 

outcome unpredictability during uncertain decisions (Polezzi et al., 2008; Beate 

Schuermann et al., 2012; Xu et al., 2011) and ‘anchors’ determined by the binary 

mechanism could be used to facilitate further value estimation leading to 

categorisation of these uncertain items (Mussweiler & Strack, 2000). 

Cluster 5 showed a statistically significant negative linear relationship between 

SV and component activity. While this finding would match previous reports of a 

linear association between SV, defined by pleasantness rating, and brain activation 

(Abitbol et al., 2015; Lebreton et al., 2009), the present finding is limited by the lack 

of statistically significant contrasts among neighbouring value categories, defined by 

WTP, with contrasts only observed between low- and high-medium and high-value 

items. Inspection of the scatter plots representing associations between SV and fMRI-

BOLD activity in the ventromedial prefrontal cortex in Figure 5 of Lebreton et al. 

(2009) study suggests only modest differences between medium-value categories. It 

is therefore possible, that the linear association between SV and Cluster 5 activity 

builds primarily on a steep difference between low- and high-value items. 

Clusters 3, 5 and 6 resolved low-value, versus high-value in the latency of the 

lambda EMRP, whereas Clusters 3 and 9 showed increased activity exclusively for 

viewing low-medium-value and high-medium-value items, from 158 ms onwards. The 

current results support the interpretation that distinct EMRP components resolve 
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specific bands of values during early valuation (Roberts et al., 2018; Tyson-Carr et al., 

2020). The possibility of multiple cortical activation patterns each encoding a distinct 

value category is consistent with a wealth of brain imaging data which supports the 

presence of unique patterns of voxels tuned to specific qualities of odours (Howard et 

al., 2009), visual objects (Haxby et al., 2000; 2001), emotions (Kragel & LaBar, 2016) 

or abstract stimuli such as scenes (Diana et al., 2008) or numbers (Bulthé et al., 2014). 

The combined implementation of guided-saccade recordings and ASF, first 

proposed by Berg and Scherg (1991), allowed for removal of the saccade-related 

artefacts generated in naturalistic free-viewing conditions. Therefore, it is unlikely that 

a linear association between EMRP component amplitudes and SV were smeared by 

the presence of saccade-related artefacts in the data. The viable alternative method for 

saccade removal utilised in the current study is important for MoBI research with co-

registered eye-tracking as detailed saccade-related information such as saccade angle 

amplitude and duration, required for sophisticated linear deconvolution techniques 

such as Unfold Toolbox (Ehinger et al., 2018), is unavailable in recordings taken in 

freely behaving individuals. Therefore, MoBI research could benefit from 

implementing a combination of guided-saccade recordings  (Berg & Scherg, 1991) 

and ASF (Ille et al., 2002) in the examination of neural responses in more naturalistic 

settings. 

The current study, building upon preliminary work by Roberts et al (2018), 

examined EMRPs in a product gallery to increase experimental control while 

maintaining a naturalistic scenario, affording examination of EMRPs for medium- and 

high-value products. However, 2-D product images might be processed differently to 

more complex 3-D images, as they can be observed from many different viewpoints 

and visual features and spatial relations must be integrated over time by the brain to 
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form a holistic representation of an object (Bülthoff et al., 1995; Orlov & Zohary, 

2018). Future research should endeavour to develop a mock-shop environment 

displaying 3-D products to determine whether distinct neural categorisation for low 

and high compared to medium-value products can also be resolved. However, the lack 

of experimental control over product size, luminance, contrast (Dimigen et al., 2011; 

Nikolaev et al., 2016), and multiple 3-D items in the visual field (Martin Eimer & 

Grubert, 2014; Tjan & Legge, 1998) must be accounted for, as these can influence 

early evoked potentials. Additionally, future studies should examine the influence of 

socioeconomic status on bidding behaviour, as data from the marketing sector suggests 

a positive relationship between purchasing and socioeconomic status (Slama & 

Tashchian, 1985). 

5.6. Conclusion 

To conclude, economic valuation of objects in the visual field rests on a coarse grid of 

SVs which primarily differentiates low-value items from items with higher SV. The 

low-value items evoked a cortical response early on during an EMRP. Furthermore, 

data suggest that multiple cortical activation components and latency intervals are 

tuned to specific bands of SVs. A linear association between SV and cortical activity 

was found in one EMRP component without resolving the differences between 

adjacent value categories. Our study contributes to the understanding of early, 

automatic valuation processing in naturalistic settings and demonstrates a viable 

method for controlling saccade-related artefacts in wirelessly recorded EEG data in 

humans engaged in free-viewing of visual scenes.  
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6. EXAMINING REAL-WORLD PRODUCT 

VALUATION IN A MOCK SHOP LABORATORY 

USING MOBILE 

ELECTROENCEPHALOGRAPHY AND EYE-

TRACKING 
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6.1. Abstract  

Stationary laboratory EEG studies have revealed encoding of product SV within 

hundreds of milliseconds, and wireless EEG studies have demonstrated binary 

encoding of low- and higher SV within distinct clusters of lambda and P200 EMRP 

components during economic decisions for 2-D product images. Real 3-D products 

have different physical and motivational properties to 2-D product representations, 

which could alter SV and underlying components. The current study investigated, for 

the first time, whether binary or linear encoding of SV would be observed for real 3-

D products in a novel mock shop.  

EEG and eye-tracking data was obtained from participants viewing 216 3-D 

products displayed in a mock shop, whilst deciding which products to purchase at the 

end of the session. Subsequently, a BDM auction was used to determine WTP for 

products to ascertain product SV. EMRPs were analysed using ICA clustering analysis 

of group data. 

IC analysis of EMRPs revealed four IC clusters modulated by SV in the latency 

window of 72–359 ms. Low- and high-value products were discriminated binarily 

between 72–139 ms, and a positive linear association with SV and cluster amplitude 

was observed between 129–139 ms. Intermediately-valued products were resolved 

between 170–359 ms, with high-medium discriminated last. A positive linear 

relationship between cluster amplitude and SV was observed between 323–359 ms. 

Results indicate that EMRPs rapidly discriminate different bands of SVs for 3-

D products, with facilitated binary encoding of low- and high-value products and later 

encoding of intermediate-value products. Initial attribution of SV to real 3-D products 
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is accomplished on a coarse grid, with different cortical activation patterns responding 

to bands of SVs monotonically and linearly. 

6.2. Introduction  

Purchasing encompasses a dynamic process of forming a preference for one or a 

number of products, comparing relative costs and benefits within and across products 

to form SVs, ultimately resulting in a binary choice; to purchase or not to purchase 

(Beresford & Sloper, 2008; Chawla & Miyapuram, 2018; Padoa-Schioppa, 2011). In 

natural contexts such as a shop, valuation decisions might be modulated by visual 

attention (Tovar et al., 2019) as items are not presented in isolation and multiple 

stimuli compete for attention in complex real-world environments (Scalf et al., 2013). 

To prevent cognitive overload, computation and assignment of SVs is often conducted 

automatically, unconsciously and continuously (Anderson, 2013; Lebreton et al., 

2009; Tyson-Carr et al., 2018; 2020). Although laboratory research has highlighted 

that automatic value-based decisions could occur as early as 150 ms following 

stimulus presentation, the precise temporal sequencing of early SV assignment is not 

well understood due to lack of research (Harris et al., 2011; Larsen & O’Doherty, 

2014; Tyson-Carr et al., 2018; 2020; Tzovara et al., 2015). Moreover, it has been 

debated whether SVs are represented linearly within single cortical components 

(Abitbol et al., 2015; Lebreton et al., 2009) or whether multiple unique cortical clusters 

encode each SV (Tyson-Carr et al., 2020).  

Previous stationary lab-based EEG studies incorporating product images 

displayed on a computer screen have provided evidence for the existence of unique 

cortical activation patterns that selectively and automatically respond to products of 

different SV during early product valuation, within the latency of the N200 (Tyson-
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Carr 2018; Tyson-Carr 2020) and P200 VEPs (Goto et al., 2017; Ma et al., 2018; 

Telpaz et al., 2015;). However, stationary laboratory environments bypass a plethora 

of information which can be essential in influencing the neural dynamics that underpin 

valuation processes (Ladouce et al., 2017; Neisser, 1976). 

Processes which may affect valuation of products in more naturalistic settings 

include the trans-saccadic integration of information across successive eye fixations 

(Melcher & Colby, 2008; Prime et al., 2011), visual anticipation and prediction (Dias 

et al., 2013) and the influence of short-term memory (Hollingworth, et al., 2007). 

Furthermore, in the real-world, early automatic modulation of attention for products 

of different SV could be used to facilitate approach-avoidance responses for these 

items during purchasing (Krieglmeyer et al., 2010, 2013). Despite the importance of 

examining the neural dynamics of SV within their natural context, the majority of 

neuroeconomic research has prevented movements and environmental stimulation 

when examining the neural dynamics of valuation decisions (Rangel et al., 2008; 

Sanfey et al., 2006; Tremblay, 2018) due to technical and methodological limitations 

preventing detection of underlying neural dynamics (Makeig et al., 2009; Reis et al., 

2014). During stationary laboratory EEG recordings, movement of the head and neck 

is traditionally prohibited in an attempt to reduce distortion of underlying neural 

components caused by movement artefacts (Gwin et al., 2010; Symeonidou et al., 

2018) including movement of the eyes (Cao et al., 2020) and the muscles (Jung et al., 

2000). Thus, stationary EEG introduces considerable limitations and restraints to the 

understanding of early SV attribution in everyday environments and examination of 

SV in naturalistic settings in which the subject is free to move is essential to validate 

and expand upon the laboratory-based findings. 
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Capitalising on recent methdological and technical advancements in MoBI and 

eye-tracking research (Dimigen, 2014; Fischer et al., 2013; Gramann et al., 2010; 

Gramann et al., 2011; Gwin et al., 2010; Liao et al., 2012; Makeig et al., 2009; 

Nikolaev et al., 2014, 2016; Ojeda et al., 2014), recent research has shown, using 

wireless EEG recordings in quasi-natural settings, a set of independently tuned brain 

activation components for unique bands of SVs elicited by household products images 

in a mock gallery (Roberts et al., 2018; Roberts et al., in preparation). In particular, 

Roberts et al. (2018) showed an EMRP component at 200 ms responding to low-value 

compared to all other products. Using an increased value range in the subsequent study 

(Roberts et al., in preparation), independent cortical clusters highlighted low- and 

higher-value products within the lambda component (EMRP equivalent of P100 VEP), 

and medium-value products showed activation clusters within 200 ms latency (See 

Study 2). Therefore, recent studies examining SVs of product images under 

naturalistic conditions suggested early encoding of SV in multiple distinct cortical 

clusters of EMRPs, similar to laboratory-based VEP findings. SV may be represented 

earlier in more realistic settings as indicated by modulation of low- and higher SV in 

the lambda component latency. 

Viewing and categorising 3-D products invokes different neural processes 

compared to viewing and categorising 2-D product photographs. For instance, the 

addition of depth affords examination from multiple viewpoints, therefore, a moving 

subject might observe different luminance, contrast, shape, size, and position of the 

stimulus (Murphy et al., 2013). Spatial relations between these viewpoints need to be 

integrated over time to form a holistic visual representation (Meilinger et al., 2011). 

3-D products viewed from atypical angles can require additional visual information, 

processing, and time for identification (Biederman & Gerhardstein, 1993). 
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Furthermore, a previous study has shown that multisensory evaluation defines product 

perception, both consciously and subconsciously (Krishna, 2012). The presence of a 

physical product affords consumers the opportunity to validate as they can touch, feel 

and smell it (Haridasan & Fernando, 2018; Peck & Wiggins, 2006). Therefore, the 

sensory and perceptual experience of a 3-D product could be significantly more 

complex and different from the interactions with 2-D images representing the same 

items, which could influence valuation processes, and this has previously not been 

considered.  

The sensory and perceptual aspects of 3-D products, compared to 2-D images, 

could signal their imminent availability which could influence their motivational 

salience, behavioural responses and associated neural dynamics. Environmental cues 

signalling product availability can increase attentional bias for related product cues 

(Jędras et al., 2019; Jones et al., 2012). Enhanced visibility and close within-reach 

proximity to food products can promote consumption (Maas et al., 2012; Painter et al., 

2002), increasing their palatability and activation of motivation-related reward circuits 

(Blechert et al., 2016). Due to the imminent availability of a product, reduced effort is 

needed to obtain it, and inclusion of real 3-D products could culminate in a more 

convenient shopping experience compared to an online sale which includes 2-D 

product representations (Haridasan & Fernando, 2018; Noble et al., 2005; Pauwels & 

Neslin, 2015). The changes in product salience and motivated behaviours related to 

product availability and accessibility demonstrate the importance of these factors in 

product valuation. Thus, the importance of using real 3-D products in the investigation 

of early SV attribution and associated neural responses must be considered. 

Despite the important differences between 3-D products and their 2-D 

representations, to date, no studies have investigated the neural dynamics of early SV 
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of realistic 3-D products. The present study aimed to expand initial findings (Roberts 

et al., 2018; Roberts  et al., in preparation; Tyson-Carr et al., 2018, 2020), examining 

the neural underpinnings of early automatic product valuation for real 3-D products in 

a naturalistic shopping environment. Previously, product luminance, size and spacing 

were standardised to determine the feasibility of detecting EMRPs to products in 

naturalistic settings (Roberts et al., 2018; Roberts et al., in preparation).  

In the current study, control over the environment was maintained by reducing 

the influence of low-level visual features such as luminance, contrast, distancing and 

position, whilst allowing the subject to freely roam and view the products from any 

angle, affording maintenance of a controlled environment to elicit evoked potentials 

whilst still facilitating a naturalistic shop context. As the previous study in this series 

partially supported the presence of linear encoding of value for 2-D product images 

(Roberts et al., in preparation), the study also aimed to determine whether cortical 

activation components could encode SV in a linear manner for real products. It was 

hypothesised that, in line with previous experiments (Roberts et al., 2018; Roberts et 

al., in preparation; Tyson-Carr et al., 2018), multiple distinct components would be 

detected in EMRPs monotonically and linearly for low-, high- and medium-value 

items and low-value products would show neural prioritisation reflected in reduced 

EMRP latency. 

6.3. Methods and materials  

6.3.1. Participants  

Thirty-seven participants (24 females) were recruited for the current experiment. 

Participants were excluded due to bidding too low (4 participants. In these participants 

the mean difference between the two low-price groups of items was only £0.51), 
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insufficient eye-tracking calibration (1 subject), a glitch in the Pupil Labs recorder 

resulting in no world view video export (1 subject), noise in the EEG data (1 subject) 

and residual variance in EEG at the ICA level exceeding 40% (3 participants). A final 

sample of 27 participants (17 female) was retained, with a mean age of 29 ± 6.25 years 

and one left handed participant. 

6.3.2. Ethical standards  

Full informed consent was obtained prior to commencement of the study. 

Ethical approval was awarded by the Health and Life Sciences Research Ethics 

Committee (Psychology, Health and Society; reference number 4693). The study was 

conducted in accordance with proceedings outlined in the Declaration of Helsinki. 

participants were remunerated £25.27 ± 5.70 (mean ± SD) and received a minimum 

of two products of their choice worth an average of £21.85 ± 5.73. 

6.3.3. Materials and procedures  

A mock shop was constructed in two adjoining rooms in the Brain and Behaviour Lab 

at the University of Liverpool. To optimise the number of products that could be 

displayed, thus increasing the number of trials for the EEG analysis, 18 shelves were 

constructed and divided into two using Styrofoam panel boards, resulting in 36 shelves 

(see Figure 20A).  
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Figure 20.(A) Schematic representation of the mock shop, with 36 shelves across six 

aisles displaying products. (B) An example of an aisle in the mock shop experiment 

with floor markers for participant position measurement, fixation crosses for gaze 

calibration and cardboard stands to ensure front facing view of the product. 

The room length was 1021 cm and the room width was 407 cm. The shelves 

were purchased from a DIY retailer and were sized at 182 cm × 78.50 cm × 40 cm. 

The shelves were spaced 11 cm apart within their aisles. All aisles maintained a 

viewing distance of 116 cm as this was the minimum distance that the world camera 

could view every single product on the shelf. The minimum distance was marked out 

with adhesive tape indicating generally where participants should stand when viewing 

a shelf (Figure 20B). Eight images of geometric fractals, taken from Google images, 
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were mounted on the walls at the start of every aisle and in the walk ways. Participants 

were instructed to observe the fractals while equipment was being readjusted at the 

beginning of the experiment and in between aisles to prevent boredom during inactive 

periods and to serve as a neutral baseline. 

6.3.4. Products 

Two hundred and sixteen everyday household products from online retailers 

(Tesco, Argos, The Range, Wilko) were displayed in the current study. Products were 

equally divided (n = 72) into three retail price categories of low (£0.50 – £4; £2.32 ± 

£1.20), medium (£4.50 – £8; 6.77 ± 1.21) and high (£8.50 – £12; 10.27 ± 1.17). One 

product from each retail category was pseudo-randomly positioned on each of the top 

two shelves, with six products in total displayed on each unit. The retail value of 

products displayed on each shelving unit ranged between £30.99 and £45.49 (£38.30 

± 3.23) and a cumulative value across all shelves of £1378.90. Products were spaced 

as evenly as possible, preventing product overlap. 

In order to reduce the impact of low-level visual features of displayed objects, 

measures were taken to space products evenly according to the lighting in the room 

(with pseudo-random positioning of one product from each retail category on each 

shelf). To increase visual contrast for dark products, white paper was attached to the 

bottom of the product and white card was mounted behind the products to increase 

visual contrast and to produce a neutral background for all items.  Products were 

arranged so that they maintained a front-facing view for the participant and, where 

necessary, stands were used to maintain this position (Figure 20B). To avoid product 

overlap, only medium- and small-sized products were displayed on shelves and 

products were spaced as evenly apart as possible. 
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Front-facing colour images of the 216 products (white background, 400 × 400 

pixels, 300 dpi) were displayed in the mock shop were taken from online shopping 

catalogues and used in the Becker-DeGroot-Marschak (BDM) auction paradigm and 

hedonic rating tasks. 

6.3.5. Procedure 

The experiment consisted of two testing sessions conducted on two separate occasions 

within 7 days. The first session involved mobile EEG and eye-tracking setup and the 

shopping experiment. The second session involved two computerized tasks; a BDM 

auction task and a desirability/pleasantness rating task. 

Participants were briefed at least one day prior to arrival and the consent form 

was signed before the experiment commenced. The participant’s head was measured 

and they were fitted with an EEG cap and electrodes and electrolyte gel was applied. 

Subsequently, participants were connected to the wireless EEG system and eye- 

tracking glasses were fitted and calibrated. A short EEG recording was acquired to 

register guided-saccades for different directions (Figure 21). Once completed, the 

laptop recording the eye movements was placed into a backpack on the participants 

back and the electrodes were secured to the backpack to reduce cable sway artefacts 

(Gramann et al., 2010; Gwin et al., 2010; Roberts et al., 2018). 

For the first part of the shop task, participants were asked to view a geometric 

fractal mounted on the wall of the first aisle of the mock shop. The eye-tracking, EEG 

and camcorder recordings were initiated and a synchronization flash was produced, 

indicating the start of the experiment. Participants then navigated the shop setting, 

viewing each of the products at least once across two experimental blocks. In the 
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second block, participants made their purchases. Afterwards, the equipment was 

removed and the next session was scheduled. 

The second experimental session involved a computerized BDM auction 

experiment for the products previously seen in the mock shop and participants 

subsequently completed a computerized pleasantness/desirability rating task for the 

same products. Finally, participants were debriefed, thanked for their participation and 

received the products that they purchased and their winning BDM item within one 

week. 

6.3.6. Shopping task 

The shopping task consisted of two experimental blocks. The first 

experimental block was a window-shopping task during which participants were asked 

to think about what products they would like to purchase in block two with a £20 

endowment. There was a caveat in that they had to purchase at least one product and 

could spend as much of the money as they wanted or retain the remaining endowment. 

Participants were instructed to stand as far back from the shelf as possible, to look at 

the central fixation cross, to observe a product for at least 4 seconds and to return their 

gaze to the fixation cross before observing the next product on the shelf. Participants 

were told that they could view the products on the shelf in any order that they desired 

and as many times as they liked, but they had to look at each product on the shelving 

unit at least once before moving on. Participants observed all products following a 

predetermined path around the room. First participants observed aisle 1 (shelves 1 – 

4), followed by aisle 2 (shelves 5 – 9) and aisle 3 which was double sided (viewing 

shelves 10–13 and then turning and viewing shelves 14 – 17).  Next, participants 

viewed products on aisle 4 (also double sided and viewed shelves 18 – 22 before 
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turning and viewing shelves (23 – 27), aisle 5 (shelves 28 – 32) and aisle 6 (shelves 

33–36; Figure 20A). 

In the second (purchase) block, participants were encouraged to shop as 

naturally as possible, including picking the products up and asking questions. 

Participants were informed that they only needed to observe the products that they 

were interested in. Participants made their purchases during this block by asking the 

experimenter about the retail prices of the products that they wanted to purchase and 

calculating how much of their £20 endowment they wanted to spend on the products. 

Block two was recorded for purposes beyond the current experiment and consequently 

no data from block two is recorded in the current study. 

6.3.7. Becker-DeGroot-Marschak auction task 

The computerized BDM auction task took place during the second 

experimental session, developed and described in more detail in Roberts et al (2018). 

In short, the task elicited subject’s willingness to pay (WTP) values for each of the 

216 products. Participants placed bids reflecting how much they were willing to pay 

for each product between £0 and £12. If the participant’s bid was greater than or equal 

to a random number, the bid resulted in a purchase. Of the purchased trials, a random 

product was selected for the participant to take home and the price equal to the random 

number was deducted from their £12 endowment. The task took approximately 35 

minutes. 

6.3.8. Hedonic rating task  

After the BDM auction task, participants took part in a computerized hedonic rating 

task, described in full in previous work (Roberts et al., 2018). In brief, participants 
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rated 216 products for desirability and pleasantness on two sliding VAS scales 

anchored from ‘desirable’ to ‘undesirable’ and from ‘pleasant’ to ‘unpleasant’. The 

task took approximately 35 minutes. 

6.3.9. EEG recordings  

EEG was recorded continuously over the whole scalp using a 64-channel 

ActiCHamp EEG and wireless MOVE system (Brain Products, GmbH, Münich, 

Germany). The MOVE system included a lightweight signal transmitter mounted on 

a Velcro belt worn by the participant and a receiver, which was plugged into an 

amplifier and battery located on a mobile trolley. The trolley was manoeuvred by the 

experimenter in order to maintain a distance of no more than 7 m from the transmitter 

(after which the signal is known to deteriorate). 64 active shielded Ag/AgCl electrodes 

were applied to the scalp using an elastic cap (ActiCap, Brain Products GmbH, 

Munich, Germany), in accordance with the international 10–20 system. The centre of 

the cap was placed in line with the mid-point of the anatomical landmarks of the 

nasion, the inion and the right and left pre-auricular points. Electrolyte gel was applied 

to each hole to ensure that every sensor maintained a good connection with the scalp 

and impedances were kept under 50 KΩ (Super Visc, Brain Products, GmbH, Münich, 

Germany). EEG was sampled at 1,000 Hz, electrode FPz was utilized as the system 

ground and Fz was used as a reference for all electrodes. EEG average reference was 

applied to all electrodes after the recording and the signal was digitized to 1 kHz on 

an ActiChamp amplifier running on Brain Vision Recorder (version 1.20.0601) for 

Windows on a Toshiba Satellite P875-149 laptop. A 50 Hz notch filter was also used 

during the recording. An Ansteker HD 1080P camcorder (Shenzhen BaoBei Yuan 

Technology Co., Ltd, China) recorded the participant’s location in the room. 
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6.3.10. Eye-tracking recordings 

Binocular Eye Tracking glasses (Pupil Labs, GmbH, Berlin, Germany) were utilized 

in the current experiment. The glasses were connected to a lightweight Lenovo 

Ultrabook laptop using a micro USB cable and data was recorded via the Pupil Capture 

software (Pupil Labs, version 1.12.17) running on Ubuntu SMP for Linux, which was 

carried by participants in a backpack. The pupils of both eyes were detected using the 

pupil gaze centre-surround algorithm for Pupil Capture (Swirski et al., 2012). A 3-D 

calibration was utilized to calibrate the eyes to the shelf using a 9-point grid. The 

calibration was checked via the live video feed at the beginning of the experiment and 

in between experimental blocks to ensure sufficient gaze accuracy. The resolution of 

the world camera was set to 1280 ×720 and was sampled at 60 frames per second, 

however, the actual sampling rate of the world view camera was calculated to be 49 

± 8 frames per second across all participants. The resolution of the left and right eye 

was 200 ×200 and the frame rate was 200 samples per second. 

The eye-tracking data was imported into Pupil Player (Pupil Labs, version 

1.12.17). Fixation jitters were corrected using in-house scripts in MATLAB (R2017a, 

The MathWorks, Inc., United States). The raw data were exported using the Raw Data 

Exporter plugin. Gaze onset was exclusively used for triggering stimulus onset from 

freely behaving individuals in naturalistic environment. 

6.3.11. Synchronization of data streams 

Data were recorded in three streams: a camcorder, EEG, and eye-tracking. To 

synchronise these data streams, a synchronization mark was delivered into all three 

data streams marking the beginning of the recordings, the start of a new shelf in block 

one and the beginning of each new aisle in block two.  Each synchronisation mark was 
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a combination of a TTL pulse and a Canon Speedlite 430 EX III-RT Flash pulse, which 

was initiated by pressing a membrane switch keypad attached to the button. When the 

switch was pressed, this initiated a flash from the flashgun and also delivered a TTL 

pulse into the EEG amplifier using a custom-built Arduino. The powerful flash was 

used as this allowed delivery of synchronization flashes from across the room rather 

than directly in front of the world view camera as in previous studies (Roberts et al., 

2018), allowing for multiple synchronizations, enhancing the accuracy of data stream 

temporal alignment without compromising the flow of the experiment. The offset of 

the light in the world view of the eye tracker was aligned to the last TTL trigger by 

setting both data streams to zero in a custom MATLAB script. The temporal 

asynchrony between data streams was checked in a 25-minute recording of EEG and 

eye-tracking data in which the flash was triggered every minute. There was a 50 ms 

lag between the button press and flash discharge, which was corrected in a custom 

MATLAB script during EEG data processing. 

The alignment of EEG and eye-tracking data was tested in a pilot experiment 

by comparing time intervals between successive synchronization pulses in both data 

streams. While the mean difference in timing of successive pulses was zero, there was 

a standard deviation of 16.61 ms suggesting minor variability in time-locking of the 

EEG and the eye-tracking data. The variability was possibly related to the accuracy of 

detection of flash onsets in eye-tracking data which was limited by the eye-tracker’s 

sampling rate of 60 Hz, yielding a 16.61 ms time grid. 

The frames in which the subject’s gaze first touched any part of a product were 

tabulated in Pupil Player program and combined with the timestamp of the computer’s 

real-time clock and a set file. Each product fell into one of four value categories which 
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were determined according to individual WTP values; low, low-medium, high-

medium, and high. 

6.3.12. EEG data pre-processing. 

The initial pre-processing of EEG data was carried out using BESA software (version 

6.1). A common average reference was employed, and gross movement and muscle 

artefacts were removed upon visual inspection. Before analysing EEG data from the 

shopping task, guided saccade recordings were examined. A PCA pattern matching 

algorithm was used to detect saccades of each of the nine angles in the guided saccade 

EEG recording. All instances of saccades that matched the marked segments in the 

continuous data were removed (Berg & Scherg, 1994). The artefact pattern file was 

then imported into the continuous EEG data recorded during the shopping task and all 

saccade patterns were removed using PCA. Figure 21 shows typical saccade patterns 

for selected directions of gaze. 

Cleaned EEG data was exported to EEGLAB (Derlorme & Makeig, 2004) 

running in MATLAB. Data were filtered from 1 Hz to 25 Hz during export. The 

artefact-free event files were used to create four EEGLAB files for each subject 

reflecting each SV condition. The data was epoched from -200 to 600ms, baseline 

corrected -200 to -100 and filtered from 1–25 Hz. 

6.3.13. Guided-saccade recordings  

EMRPs were time-locked to the offset of the saccade and, consequently when the gaze 

first hit an image, a number of saccade-related artefacts were present in the data. The 

artefacts can be produced by either the movement of the eyelid muscles during eye 

movements, the rotation of the corneoretinal dipole of the eye, or the saccadic spike 
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potential which refers to the contraction of extra-ocular muscles during saccade onset 

(Carl et al., 2012; Nikolaev et al., 2018). All such processes can distort the ability to 

identify the underlying neural signal. 

Roberts et al. (in preparation) utilised a combination of guided-saccade 

recordings (Berg & Scherg, 1991) to identify saccade-related artefacts and ASF to 

remove the saccade-related artefacts from the data (Berg & Scherg, 1994; Ille et al., 

2002) and this protocol was followed in the current experiment. Participants were 

asked to stand behind a marked line which was 116 cm away from an A0 sized portrait-

oriented panel. The panel housed a circular template with a central fixation cross. 

Extending from the centre of the cross were 15 cm lines spaced 40 degrees apart 

ending in numbered boxes labelled 1 – 9. The template was designed to mimic every 

saccade direction that could occur when viewing products on a shelf. Once the guided 

saccade recording was initiated, a flash synchronised with a TTL pulse delivered to 

the EEG amplifier indicated the first saccade angle and participants made 5 

consecutive saccades from the central fixation cross to number 1 and back. The same 

procedure was repeated for all numbers from 1 – 9 clockwise. The procedure allowed 

recording and quantification of a typical saccade topography for each angle of product 

viewing to be identified in the continuous EEG data, which were subsequently 

removed using Adaptive Spatial Filtering in BESA (Version 6.1) (Figure 21). These 

artefact topographies were then be imported and removed from the EEG recording 

obtained during the shop task.  
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Figure 21. Template used for guided-saccade recordings. Topographic maps show 

saccade-related potential configurations for different gaze directions, including when 

subject made a saccade to number 1, 40º to the right to number 2 and 40º to the left to 

number 9. 

6.3.14. ICA decomposition and equivalent current dipole fitting 

Four EEGLAB files for every subject, representing four value categories, were merged 

and the concatenated epochs were subjected to an Infomax ICA (Bell & Sejnowski, 

1995). For each independent component map in each subject, an equivalent current 

dipole was automatically computed using the spherical head model within the 

DIPFIT2 toolbox (Delorme et al., 2011; Maris & Oostenveld, 2007) running in 

EEGLAB. 

Group analysis of individual ICA data was carried out as a Study project in 

EEGLAB. The amount of residual variance for the dipoles was set to 35%. The study 
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design comprised one factor with four conditions standing for four value categories. 

Clustering of independent components was performed on ICA decomposed grand 

averaged EMRP data for 27 participants using the PCA EEGLAB routine. The data 

was pre-clustered using event related potentials, scalp maps and equivalent current 

dipole locations for each subject, condition and cluster to determine the disparity 

between each IC, using the default weightings. A PCA reduced the dimensionality of 

these measures down to the first 10 principal components. 

A k-means clustering algorithm was employed in EEGLAB with the number 

of clusters set to 7. ICs located outside of the head were considered not reflective of 

brain activation and any components with a distance of more than 3 SDs from the 

mean of any cluster centroid were automatically assigned to an outlier cluster and were 

excluded from further analysis. The parent cluster had 87 ICs and were only subjected 

to further analysis if they had a minimum of 10 ICs and occurred in at least eight 

participants. To identify significant clusters and latencies in a more objective way, 

95% confidence intervals for the mean IC cluster activity were calculated across the 

whole epoch between -200 to 600 ms for each cluster. Only clusters in which the 

confidence intervals deviated from baseline were subjected to further statistical 

analysis. 

6.3.15. Statistical analysis 

One-way ANOVA for repeated measures was conducted to examine the effect of value 

categories on retail price, desirability, pleasantness and WTP. To check whether 

socioeconomic status altered bidding behaviours, which was highlighted as a 

limitation of previous research (Roberts et al., in preparation), an index of multiple 

deprivation (IMD) was calculated for each participant (The English Index of Multiple 
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Deprivation, 2015). Participants were divided into two groups based on their IMD 

decile. Participants in group 1 had an IMD decile of 5 or less (where decile 1 is 

amongst the most deprived areas in England, 19 participants) and participants in group 

2 had an IMD decile between 6 and 10 (least economically deprived; 8 participants). 

To examine the effects of socioeconomic status on BDM bid, a 2 × 4 ANOVA for 

repeated measures was conducted comparing the effects of socioeconomic status 

(IMD low vs. high) and value category (low-, low-medium-, high-medium-, high-

value) on BDM auction bid. Greenhouse-Geisser corrections were utilised whenever 

sphericity was violated. Significant differences outlined in the ANOVA were 

subjected to pairwise t-tests and a critical threshold of p < .05 was upheld. 

One-way ANOVAs for repeated measures were used to compare mean 

amplitude in eye electrodes Fp1 and Fp2 for uncorrected, blink corrected and saccade 

corrected methods to determine whether effective saccade-related artefact removal 

seen in Study 2 could be replicated. To reduce the likelihood of false positive 

generation, p values were corrected with 1000 permutations. p < .005 was always 

upheld. 

To investigate the effects of value categories on EMRPs, one-way ANOVAs 

for repeated measures were carried out to compare value category (low, low-medium, 

high-medium, high) for each mean IC cluster amplitude over the latency interval 50–

450 ms using the statcond function in EEGLAB (Derlorme & Makeig, 2004). To 

reduce the likelihood of generating false positives, p values were corrected using 5000 

permutations (Maris & Oostenveld, 2007). Significant main effects were further 

investigated using post hoc paired t-tests for individual clusters. A critical threshold 

of p < .05 was always adhered to. 
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6.4. Results  

6.4.1. Product values and ratings 

Product retail prices, WTP, pleasantness and desirability ratings were analysed to 

check if value categories yielded linearly increasing trends from low to high-value 

categories. Figure 22A-D show significant effects of product categories (low, low-

medium, high-medium, high) in retail price (F(1, 49) = 235.2, p < .001); willingness 

to pay (F(1, 31) = 331.3, p < .001); product pleasantness (F(1, 40) = 122.3, p < .001) 

and product desirability (F(1, 41) = 117.6, p < .001). T-tests showed significant 

differences between all value categories in all dependent measures (p < .001). 
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Figure 22. Mean values and standard deviations of retail price (A), willingness to pay 

(B) product pleasantness rating (C) and product desirability rating (D) across four 

value categories of products. Significant differences between SV conditions p < .001 

are indicated with a double asterisk.  
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There was no significant main effect of socioeconomic status (IMD) on WTP 

values (p = .451) and no interaction effect between value categories and 

socioeconomic status (p = .316). Therefore, the socioeconomic status was not 

considered in further analyses. 

6.4.2. Saccade-related artefact removal 

Figure 23A demonstrates reduction of potential activation in eye electrodes FP1 

(right) and FP2 (left) from non-eye-artefact corrected data (uncorrected) to eye blink 

artefact corrected (blink corrected) and saccade-related artefact corrected (saccade 

corrected) methods at -7 ms. Statistical analysis revealed that electrode FP1 was 

significantly modulated by correction method F(1.485, 28.217) = 16.072, p < .001 

(Figure 23B). Saccade corrected data (5.50 ± 1.84 μV) showed significantly reduced 

amplitude compared to uncorrected (10.84 ± 5.36 μV; p < .001) and eye blink 

corrected methods (8.89 ± 3.54 μV; p < .001), however, eye blink corrected data did 

not significantly differ in amplitude compared to uncorrected data (p = .157). FP2 

electrode also displayed significant amplitude modulation according to correction 

method F(1.944, 36.937) = 55.327, p < .001, with significantly reduced amplitude for 

saccade corrected data (4.91 ± 1.61) compared to uncorrected (13.65 ± 4.82; p < .001) 

and blink corrected (8.39 ± 4.18; p = .001), and reduced amplitude for bink corrected 

compared to uncorrected (p < .001, Figure 23C).  
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Figure 23. (A) Topographic maps showing attenuation of saccadic artefacts at frontal 

and occipital electrodes for the saccade corrected compared to uncorrected and blink 

corrected methods at -7 ms. Statistically significant amplitude modulation was 

observed in electrodes Fp1 (B) and Fp2 (C) according to correction methods. **p < 

.001. 

6.4.3. Eye movement related potentials  

Figure 24A displays, in form of a butterfly plot, grand averaged EMRP signals in all 

63 electrodes collapsed across four value categories. Key latency points of interest are 

indicated with arrows showing deflections from baseline and these are also displayed 

in topographic maps (Figure 24B). The first time point reflects the offset of a saccade 

at 0 ms and shows no residual eye movement activity around the eyes or in the occipital 

cortex, suggesting that the method for isolating and removing saccades was effective. 

The next time point indicated at 130 ms was featured by a positive potential in occipital 
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electrodes which corresponded to the lambda potential (Roberts et al., 2018; 

Thickbroom et al., 1991; Yagi, 1979a, 1981a). At 152 ms, the positive potential shifted 

to more occipital regions, with negativity in parietal electrodes. At 276 ms, the EMRP 

showed a strong positive potential at vertex electrodes Cz, and FCz. The peak latency 

and the topographic configuration of this latency component resemble a P300 

component seen in event-related potentials (Jiang et al., 2017; Polich et al., 1997; 

Strüber & Polich, 2002; Wang et al., 1999). 

 

Figure 24. (A) Butterfly plot shows grand averaged EMRP waveforms across 27 

participants and four value categories, with key time points of interest indicated with 

arrows. (B) 3-D whole head topographic maps at key latency points 0 ms, 130 ms, 152 

ms and 276 ms.  
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6.4.4. EMRP independent component clusters  

Of the 7 clusters produced in the k-means clustering solution, clusters 7, 8 and 9 were 

excluded (Figure 25A–C).  Specifically, clusters 7 and 8 were excluded due to 

occurring in a low number of participants and containing a low number of ICs, 

demonstrating a lack of clear deviations from baseline and an atypical spreading of 

diverse sources across the scalp, suggesting that these clusters likely represented 

artefactual noise. Cluster 9 displayed a topography more typical of cortical activation, 

a distinctive peak around 200 ms and contained more ICs, however, it only occurred 

in 4 participants so was excluded from further analysis. 

 

Figure 25. Topographic maps, grand averaged waveforms and source dipoles for 

artefactual clusters 7 (A), 8 (B) and cluster 9 (C) were excluded from further statistical 

analysis due a low number of ICs in a low number of participants < 5.  
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Four IC clusters containing >10 ICs occurring in a minimum of 8 participants 

(3, 4, 5, 6) showed significant modulation from baseline, with peaks between 143–331 

ms. Figure 26A illustrates cluster 3 which showed a negative component peaking at 

143 ms in central midline electrodes. The component originated in the posterior 

parietal cortex (PPC; Brodmann area 23, approximate Talairach coordinates x = 0, y = 

-40, z = 23) and explained 86.76% of variance. Figure 26B shows cluster 4 which 

presented a positive peak at 160 ms in right occipital electrodes, originating in the 

visual cortex (right BA 19; approximate Talairach coordinates x = 23 y = -82, z = 23) 

explaining 80.34 % variance. The component accounted for the lambda potential. 

Cluster 5 (Figure 26C) was featured by a positive peak at 152 ms originating in the 

left visual association area (Brodmann area 18, approximate Talairach coordinates; x 

= -28, y = -80, z = 3), explaining 79.2 % of variance. Cluster 6 (Figure 26D) peaked 

at 331 ms with activity originating from the midline and the left visual cortex 

(Brodmann area 19; approximate Talairach coordinates x = -7; y = -77; z = 31), and 

explained 77.7% variance.  
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Figure 26. (A-D). Topographic maps, averaged IC (µV) waveforms collapsed across 

conditions and equivalent current dipoles for clusters 3-8 showing statistically 

significant deviations from baseline. The peak latencies are also indicated.  



 

194  

6.4.5. Effects of value categories on EMRP clusters 

Cluster 3 showed significant modulation by the value category factor in two latency 

epochs (Figure 27A). In the first epoch 217–250 ms (F(3, 33) = 6.53, p = .001), cluster 

3 amplitude was the smallest in high-medium category compared to low- (p = .033), 

low-medium (p = .005) or high-value products (p = .011).  In the second epoch 

between 323–359 ms (F(3, 33) = 4.77, p = .006), low-value products showed 

significantly reduced amplitude compared to low-medium (p = .006), high-medium (p 

= .027) and high-value products (p = .008). In cluster 4 (Figure 27B), the statistically 

significant effects of value categories were present in epoch 129–139 ms (F(3, 45) = 

3.128, p = .035). In this epoch, the amplitude of cluster 4 was stronger in low- and 

low-medium category compared to high-value products (p < .05). Cluster 5 was 

significantly modulated by value categories between 170 and 183 ms (F(3, 21) = 3.83, 

p = .01) (Figure 27C), with low-value products showing significantly reduced 

amplitude compared to low medium (p = .019), high-medium (p = .051) and high-

value products (p = .053). Finally, a statistically significant effect of value category 

on cluster 6 amplitude occurred between 72–83 ms (F(3, 30) = 3.23, p = .026) (see 

Figure 27D), with low-value products showing significantly reduced amplitude 

compared to low-medium (p = .041) and high-value products (p = .017).  
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Figure 27. (A-D). IC waveforms showing effects of value categories on cluster activity 

in clusters 3–6. Bar graphs show significant modulation of value condition on cluster 

amplitude between 72–359 ms for clusters 3–6, respectively. * p > .05, ** p > .01. 

6.4.6. Correlations between subjective value and IC amplitudes.  

To examine whether individual WTP values in four value categories linearly 

influenced cluster amplitude, simple linear regressions were conducted for significant 

time intervals for each cluster with mean WTP in four value categories as the predictor 
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and cluster amplitude as the observed variable. WTP significantly predicted cluster 3 

amplitude between 323 – 359 ms, showing a comparatively weak but statistically 

significant positive relationship between amplitude and WTP across four value 

categories. The mean standardised β coefficient was 0.03 ± 0.05 and a one sample t-

test showed that this was significantly different from zero (t(11) = 2.89, p = .015). A 

mean adjusted R2 of 0.35 ± 0.28 was found across participants. WTP also significantly 

predicted cluster 4 amplitude between 129 – 139 ms. The association in cluster 4 was 

negative with a mean standardised β coefficient of 0.037 ± 0.043. The association was 

different from zero across the whole group of participant [t(15) = 3.47, p = .003], with 

a mean adjusted R2 of 0.40 ± 0.34 across participants. No other clusters or time points 

showed any significant relationship with WTP (all p > .05). 

6.5. Discussion 

The current study examined wirelessly recorded EMRPs for real 3-D household and 

office products in a naturalistic mock shop environment. SVs of products were 

examined using a BDM auction. The experimental paradigm advanced previous 

research by producing environmental conditions that were more concordant with real- 

world economic decisions for products, examining early neural valuation responses to 

real 3-D products. In line with previous research (Roberts et al., 2018; Roberts et al., 

in preparation; Tyson-Carr et al., 2018; 2020), distinct cortical EMRP components 

were expected to uniquely and monotonically encode low-, high- and medium-value 

items, with neural prioritisation for low-value products reflected in reduced latency of 

the lambda and P200 EMRP components. 

The present study revealed four distinct IC clusters of EMRPs that were 

significantly modulated by SV category, supporting previous findings observed when 
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participants assigned SVs to 2-D product representations (Roberts et al., 2018; Roberts 

et al., in preparation; Tyson-Carr et al., 2018; Tyson-Carr et al., 2020), confirming that 

multiple cortical components of EMRPs represented different SVs of products at early 

latencies. Specifically, the data revealed that low-value products were binarily singled 

out against the highest-value category as early as 72 ms within the latency of the 

lambda component (Thickbroom et al., 1991; Yagi, 1979; Yagi, 1981a), replicating 

previous findings of early binary encoding of low-and higher-value (Roberts et al., 

2018; Roberts et al., in preparation), and extending findings by observing enhanced 

activation exclusively for the highest value category. In line with previous studies, 

high- and low-medium value products were encoded slightly later in latencies 

exceeding 170 ms, and differentiated only after 217 ms. Importantly, unlike previous 

results (Roberts et al., 2018; Roberts et al., in preparation), the investigation of real 3-

D products revealed significant linear modulation of SV within lambda component 

latency, and, for the first time, a P300-like component between 323 –359 ms, which 

also showed a positive linear association with SV. 

At the earliest latency, enhanced amplitude was observed for high-value items 

compared to both low-value conditions in cluster 6 between 72–83 ms, followed by 

the opposite activation in cluster 4 between 129–139 ms, with both low-value 

conditions displaying enhanced amplitude compared to high-value items. The 

observed activation was consistent with the latency and topography of the lambda 

component which is reported to occur in visual cortex with a peak of 100 ms 

(Thickbroom et al., 1991; Yagi, 1979, 1981b). Importantly, cluster 4 amplitude 

displayed a positive linear relationship with SV, with the lowest SVs showing the 

lowest activation. A fast binary assignment of low- and high- SVs, reflected in early 

cortical responses within the latency of the lambda component, could reflect motivated 
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automatic attention selection (Rellecke et al., 2011). The current findings partially 

replicate and extend previous results by observing enhanced amplitude for exclusively 

low- and exclusively high-value products, as opposed to low-value products versus 

higher-value products, demonstrated in previous research (Roberts et al., 2018; 

Roberts et al, in preparation). 

A fast, binary separation of the lowest from the highest value suggests early 

detection and identification of goal relevant items, thereby preferentially avoiding 

costs associated with behaviours that are incongruent with current goals (e.g. 

approaching an unwanted item). Feedback between higher and lower visual areas has 

been reported to begin around 100 ms, supporting early conscious visual experience 

(Koivisto & Grassini, 2016). Enhanced lambda activation has been linked to selective 

attention during eye-movement (Yagi, 1981b). Likewise, the P100, the VEP 

equivalent of the lambda component, is modulated by attention and suppression of 

task irrelevant processing (Finnigan et al., 2011; Herrmann & Knight, 2001; Hillyard 

& Anllo-Vento, 1998), as demonstrated by enhanced processing of both positive and 

negative emotionally valenced stimuli (Burt et al., 2017; Rellecke et al., 2011; 

Ventura-Bort et al., 2016). Attention allocation precedes action selection (Armel et al., 

2008; Krajbich et al., 2010) and an early binary neural system, revealed by enhanced 

lambda component activity in visual cortex for low- and high-value products (Clark 

& Hillyard, 1996; Hillyard & Anllo-Vento, 1998) could allow rapid and accurate 

categorisation of extreme values, planning and facilitation of approach and avoidance 

tendencies leading to goal accomplishment  (Balconi et al., 2012; Helie et al., 2017; 

Simola et al., 2013), whilst navigating complex distraction-rich real-world 

environments (Barbot & Carrasco, 2018), promoting survival (Polanía et al., 2014). 
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The detection of cortical components responding exclusively to the highest 

value category, as well as the lowest value category, was not observed in previous 

studies involving 2-D product images (Roberts et al., 2018; Roberts et al., in 

preparation). The detection of the highest-value category could be due to the 

experimental paradigm used in the current study. Interaction with real 3-D products 

and their imminent availability could have selectively captured attention and triggered 

reward anticipation, specifically enhancing the relevance and salience of high-value 

products. Cues signalling imminent availability of products and related anticipatory 

processes can alter consumption behaviours due to reward signalling which enhances 

the motivation to consume the item and stimulates approach tendencies (Jędras et al., 

2013). Thus, stimulating realistic approach-avoidance behaviours that could be seen 

in a real-world shopping environment during purchase decisions could potentially 

explain the additional effects for high-value products observed for real products 

compared to 2-D representations. 

Cluster 5 showed significant modulation of SV in the occipital cortex between 

170 –183 ms, displaying a positive linear relationship between SV and amplitude, with 

low-value products displaying the lowest amplitude compared to all other value 

conditions. The activation could reflect a slightly delayed visual lambda component 

(Van Humbeeck et al., 2018). The lambda component is sensitive to pre-saccadic 

activity such as saccade size and magnitude, which is modulated by the salience of 

stimuli during free-viewing (Ries et al., 2018b; Van Humbeeck et al., 2018) and linear 

encoding of SV within the lambda component could reflect an initial coarse estimation 

of intermediate value categories. A highly salient subsequent fixation location can 

reduce perisaccadic amplitude, whereas low salience can increase saccadic amplitude, 

suggesting that more attentional effort is required for less salient stimuli (Van 
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Humbeeck et al., 2018). The reduced saliency of intermediate value items could have 

delayed their initial categorisation, delaying the latency of the lambda component. A 

similar positive linear relationship with cluster 3 amplitude was also observed within 

the latency of the P300, which has been proposed to function as a mismatch detector 

for information encoded in earlier components (Polich, 2007). Therefore, initial rough 

categorisation of intermediate items within the lambda component could be later 

revised by P200 (Roberts et al., 2018; Roberts et al., in preparation) and then be 

moderated by top-down processing within the P300 component. 

Following binary encoding of low- and high-value and initial rough linear 

encoding of intermediate SV in the lambda component, intermediate items were 

differentiated in latencies exceeding 217 ms in cluster 3, with reduced amplitude for 

high-medium items in the PPC.  

Cluster 3 could reflect parietal P200 activity which further iteratively 

distinguished between medium-value products as the distinctions between 

intermediate-value categories is less extreme than the distinctions between low- and 

high-value categories. Therefore, more information could be required to precisely 

categorise intermediately-valued items in relation to each other. Enhanced processing 

for medium-value products reflected in the enhanced amplitude of cluster 3 for low-

medium value items and the statistically significant lower amplitude of high-medium 

value items compared to all other value items could reflect a parietal P200 EMRP 

which underpins the more precise categorisation of more uncertain intermediately 

valued products. P200 EFRPs have been shown to distinguish between stimuli based 

on semantic or salient features (Baccino, 2012) and could index selective attention to 

stimuli during natural viewing (Fischer et al., 2013). It has been suggested that 

intermediately-valued items are associated with more uncertainty (Bobadilla-Suarez 
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et al., 2020), and the P200 VEP, an analogue of the P200 EMRP, has been shown to 

be modulated by decision uncertainty and the predictability of decision outcomes 

(Polezzi et al., 2008; Beate Schuermann et al., 2012; Xu et al., 2011), as well as 

stimulus valence (Carretié et al., 2001a,b; Polezzi et al., 2008). 

Cluster 3 amplitude showed a positive linear association with SV in the latency 

interval of 323 – 359 ms, with activation in central parietal electrodes which was 

generated by electrical source dipoles located in mid- and posterior parietal cortex, 

forming a distinct peak at 300 ms. The negative sign of the IC map corresponds to the 

positive potential at vertex seen in the grand average EMRP waveforms at 276 ms. 

Therefore, SV amplitude modulation in the 323 – 359 latency epoch could reflect an 

EMRP analogue of the P300 ERP component. It is possible that the initial rough 

categorisation of intermediate value items in Cluster 5, within the lambda component, 

is moderated within the P300 component and if the initial categorisation is congruent 

with the top-down interpretation, the ‘schema’ outlined by earlier components is 

maintained, otherwise, top-down attentional processes could update the mismatched 

representation within the P300 EMRP (Polich, 2007). Centroparietal P300 EMRP has 

been reliably detected during natural free-viewing for target objects (Devillez et al., 

2015) and in naturalistic mobile EEG paradigms during locomotion (De Vos et al., 

2014c; De Vos et al., 2014a), displaying similar topography and amplitudes to 

laboratory-recorded P300 VEP (De Vos et al., 2014b). The parietal P300 VEP 

component is thought to index goal-directed attention when salient stimuli activate the 

PPC (Bledowski et al., 2004; Corbetta & Shulman, 2002; Linden, 2005) and P300 

could reflect a mismatch detector for information represented in earlier components 

such as the N100, P200 and N200 (Polich, 2007).  Therefore, in the current study, the 

later activation of cluster 3 could be indicative of top-down attention to salient 
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information during valuation, allowing for linear categorisation of intermediately 

valued products. 

The detection of a clear component in the PPC within 300 ms, which likely 

reflects the P300 ERP component, was not observed in previous studies using 2-D 

product images (Roberts et al., 2018; Roberts et al., in preparation). The detection of 

a P300-like component in the current data, but not in previous data (Roberts et al., 

2018; Roberts et al., in preparation), could be due to the use of 3-D products. The 

addition of depth afforded examination of the products from multiple viewpoints 

which could have different processing demands compared to 2-D items (Biederman & 

Gerhardstein, 1993; Murphy et al., 2013), producing later neural components. 

Observation of a previously unseen P300 component highlights the importance of 

considering potential processing differences when examining valuation responses to 

2-D and 3-D products to ensure that the neural responses observed are reflective of 

those produced under naturalistic conditions. Moreover, the P300 has been related to 

enhanced attentional processing and attention allocation for motivationally salient 

products (Nijs et al., 2009) and other salient stimuli (Wu & Zhou, 2009; Yeung & 

Sanfey, 2004). In addition, the imminent availability of products could influence 

attentional bias (Jędras et al., 2019; Jones et al., 2012). In the current data, attentional 

bias for real products could manifest in facilitated avoidance responses for low-value 

products, as the P300 has been linked to behavioural inhibition or avoidance of 

dysfunctional behaviours (Balconi & Crivelli, 2010).  
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6.6. Conclusion  

The current findings support previous research (Roberts et al., 2018; Roberts et al., in 

preparation; Tyson-Carr et al., 2018; Tyson-Carr et al., 2020), with SVs for 3-D 

products represented in multiple distinct components of EMRPs. Similarly, early 

binary encoding of low- and higher-value, and later representation of intermediate-

value, was observed for 3-D products. Uniquely, 3-D products elicited encoding of 

high-value products and early linear encoding of SV in the occipital lambda 

component, potentially reflecting rough discrimination of SV. Furthermore, an 

analogue of the P300 ERP was observed, which demonstrated linear encoding, 

potentially reflecting further top-down categorisation of SV. The current findings 

support the interpretation of an automatic valuation system which serves to maximise 

economic resources by initially allocating enhanced visual attention to low- and high-

value items, facilitating approach-avoidance to real products in a naturalistic shop 

environment.  
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7. GENERAL DISCUSSION AND CONCLUSIONS 
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The overarching aim of the current thesis was to utilise mobile EEG and eye-tracking 

methods to characterise the temporal dynamics underlying early subjective product 

valuation in increasingly realistic environments.  A secondary aim was to improve the 

signal quality of EEG data collected in freely moving participants by identifying and 

removing artefactual components and enhancing synchronicity between EEG and eye-

tracking data streams. 

7.1. Summary of findings 

• Different SVs of products were encoded in multiple distinct EMRP components 

documented in Studies 1–3. 

• SV categories were modulated in the lambda component (Studies 2–3) and the 

P200 (Studies 1–3) EMRP latencies. 

• In Studies 1–3, low-value products, compared to high-value products were 

always categorised early on in the EMRP suggesting early automatic processing. 

• Higher-value products were also distinguished at early latencies (Studies 1–3), 

with exclusively high-value distinguished rapidly in Study 3, suggesting an early 

detection and binary separation of low- and high-value by the brain. 

• Intermediate-value products were categorised following early binary 

discrimination of low- and high(er)-value items, potentially due to the increased 

processing demands required for intermediate-value products (Studies 1–3). 

• Study 2 revealed a weak and limited linear encoding of SV in one component, 

however, Study 3 revealed linear encoding of SV in two component clusters of 

EMRPs. 
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• In Studies 2 and 3, guided saccade recordings and ASF allowed for effective 

removal of saccade-related artefacts demonstrating their suitability for research 

in natural settings. 

• In Study 3, investigation of real 3-D products in a naturalistic shop produced an 

additional P300 EMRP component unseen during valuation of 2-D product 

images, which could reflect top-down valuation processes. 

7.2. Overarching themes emerging from the data 

7.2.1. Multiple distinct cortical components of EMRPs encode SV categories  

Studies 1, 2 and 3 showed encoding of unique bands of SV in multiple distinct neural 

components. In Study 1, low-value products were encoded in a distinct neural 

component (IC7) from all other higher-value products (IC4) within the parietal P200 

component latency; however, the spatio-temporal characteristics underpinning 

medium-value-products was not as clear. In Study 2, low-value products showed 

enhanced amplitude within the lambda component compared to higher-value products, 

beginning as early as 50 ms post stimulus, and low- and high-medium value products 

showed the strongest IC cluster activities in the latency epochs > 150 ms. In Study 3, 

low- and high-value products were binarily encoded in early components in the latency 

of the lambda component, whereas intermediate-value products were resolved in 

components exceeding 170 ms. 

Few studies have examined the temporal dynamics of the BVS, and therefore, 

it is not well known how the brain encodes SVs. A fundamental question within the 

neuroeconomic literature is whether the brain automatically computes all SVs in a 

linear manner within the same value-related brain structures (Abitbol et al., 2015; 

Lebreton et al., 2009), or whether multiple distinct cortical clusters encode unique 
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bands of SVs automatically within the BVS. The current findings provide support for 

the latter account (Studies 1-3), however, there is also evidence for linear encoding of 

SV within distinct cortical clusters, which was only observed for real products (Study 

3).  

In line with the account of unique cortical clusters encoding SV, previous 

research examining the temporal dynamics underpinning economic decisions for 

products have shown SV activation in unique cortical clusters. Tyson-Carr et al. 

(2020) reported non-linear encoding of SV for high-value items in the right parietal 

cortex, distinct encoding of intermediate SV in the frontal cortex, and separate 

encoding for low SV items in a different cluster of the frontal cortex. In line with the 

idea of distinct cortical encoding of SV, there is a plethora of research studies 

demonstrating distinct cortical activation patterns in voxels uniquely tuned to specific 

stimulus qualities (Bulthé et al., 2014; Diana et al., 2008; Haxby et al., 2001; Haxby 

et al., 2000; Howard et al., 2009; Kragel & LaBar, 2016). The results presented in the 

current thesis supports and extends previous findings by demonstrating, for the first 

time, unique encoding of SV in distinct cortical clusters in naturalistic environments, 

using mobile EEG. Specifically, in Studies 1, 2 and 3, components of EMRPs 

selectively encoded low-value compared to higher- or high-value products in early 

latencies, whereas intermediate-value products were resolved in later components of 

EMRPS. 

A potential reason for multiple unique cortical clusters encoding SV is that 

simultaneous encoding of SV allows information in the environment to be rapidly 

encoded and acted upon for low- and high-value stimuli, facilitating avoidance and 

approach behaviours. In support of quick processing of multiple task-relevant objects, 

previous research has demonstrated that when two objects are presented nearly 
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simultaneously, the second object can receive attentional focus within milliseconds of 

the first, whilst attention for the first object is maintained, suggesting rapid parallel 

attention for objects (Eimer & Grubert, 2014). The unique and fast encoding of SVs 

of products and preferential attention for low- and high-value products could function 

to facilitate motivated behaviours in natural environments. 

In addition to unique cortical clusters encoding SV, Study 2 revealed a linear 

trend in some components, and Study 3 showed some linear encoding of SV within 

the lambda and P300 components. Previous research has attempted to ascertain 

whether neural coding of SV follows a linear or non-linear function (Abitbol et al., 

2015; Bartra et al., 2013; Lebreton et al., 2009). However, the current findings suggest 

that SV is encoded in multiple distinct cortical components, some of which process 

SV linearly. In Study 3, the linearity of SV encoding can be interpreted as an initial 

coarse encoding of intermediate values within the lambda component, which could 

then be flagged for further top-down processing for more precise categorisation. In the 

P300, SV is more precisely encoded following a linear function, as top-down 

processes allow for categorisation of intermediate values. The current interpretation 

aligns with research which places the P300 as a mismatch detector for information 

encoded in earlier components (Polich, 2007) and accords with fMRI data which 

showed both linear and non-linear encoding of SV in distinct neural structures of the 

BVS (Bartra et al., 2013). Although research examining economic decisions suggests 

that SV follows either a linear function or non-linear function in distinct cortical 

clusters, the current data suggests that a combination of multiple unique cortical 

clusters, and linear processing within some of these clusters, are involved in 

processing SV. 
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7.2.2. Facilitated neural processing for low-value products; a negativity bias in 

the brain 

Distinct and rapid neural encoding for low-value products was persistently observed 

throughout studies. In Study 1, unique clusters within the P200 EMRP showed 

enhanced amplitude for low-value products, compared to products of all other SVs in 

the parietal cortex. In Study 2, low-value stimuli elicited the strongest IC of EMRP 

activity within the latency of the lambda component, beginning as early as 50 ms post-

stimulus onset. In Study 3, in a realistic shopping environment, low-value products 

were singled out against high-value products within two distinct ICs of the lambda 

component, beginning as early as 72 ms post stimulus. The consistent rapid encoding 

of low-value products implicates a negativity bias in the brain. 

Facilitated neural encoding of products with low SV, reflected in early cortical 

responses, could facilitate goal-directed behaviour. From an evolutionary perspective, 

survival is afforded by prioritising avoidance of negative stimuli, such as poisonous 

food, before approaching positive stimuli (Polanía et al., 2014). The products used in 

the current research were not primarily aversive or directly threating stimuli as they 

were potentially rewarding, however, it has been shown that rewards can be 

considered aversive if they do not match expectations (Shenhav et al., 2018). 

Incongruencies between expectations and reality can generate avoidance responses 

and aversive motivational states, and the activation of valance and anxiety-related 

brain circuits (Blair et al., 2006; Shenhav et al., 2018). In the context of current 

experimental procedure and results, undesired low-value products could have violated 

expectations, thus triggering aversive responses, as reflected by the associated reduced 

latency of cortical components. Rapidly processing and avoiding low-value items 
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could represent the negativity bias, affording avoidance of the risk of an unfavourable 

outcome such as selecting low-value products instead of preferred high-value 

products. The avoidance of risks associated with obtaining unfavourable outcomes by 

selecting low-value products could be considered as consistent with PT. PT stipulates 

that losses (such as the financial loss associated with purchasing unwanted low-value 

products) are weighted more heavily than gains, preserving financial resources and 

avoiding unwanted outcomes (Kahneman & Tversky, 1984). 

In accordance with the current findings which indicate negativity bias for low-

value products, numerous ERP studies have shown a negativity bias during value 

processing, reflected in reduced latency and enhanced amplitude of early neural 

components such as the P100 (Cacioppo & Berntson, 1994; Vaish et al., 2008; 

Williams et al., 2006; Yuan et al., 2015), the P200 (Carretié et al., 2001b; Correll et 

al., 2006; Gerdes et al., 2013; Huang & Luo, 2006; Rigoni et al., 2010; Schuermann 

et al., 2012; Wang & Han, 2014; Wang et al., 2012) and the N200 (Lithari et al., 2009; 

Tyson-Carr et al., 2018; 2020). Furthermore, enhanced motivational salience, arousal 

and facilitated neural activation have been observed for losses as opposed to gains of 

the same amount (Baumeister et al., 2001; Rozin & Royzman, 2001; Sokol-Hessner 

et al., 2009; Stancak et al., 2015). 

Enhanced neural processing of low SV products is likely to coincide with 

System 1 outlined by Kahneman (2011). According to Kahneman, System 1 

incorporates quick thinking that is usually in response to emotionally charged 

information and requires little to no conscious effort, operating continuously and 

automatically outside of conscious awareness. The early neural categorisation of low-

value captured in the current studies was likely operating below conscious awareness 

as illustrated by the early latency of the components. In Study 1, low-value was 
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categorised at ~ 200 ms, and in Studies 2 and 3, low-value was detected in the brain 

within the latency of the lambda component, as early as 50 ms post stimulus. 

The negativity bias was characterised by neural components responding to the 

low-value categories as early as 50–63 ms, which is earlier than previously reported 

in laboratory-based EEG studies (Carretié et al., 2001b; Huang & Luo, 2006; Williams 

et al., 2006; Yuan et al., 2015). The reduced latency can be explained in terms of the 

free-viewing paradigm. As a result of parafoveal processing, inclusion of eye-

movements can facilitate processing of unpleasant information with enhanced 

attentional capture during free-viewing. Covert attention can be allocated to a stimulus 

prior to the eyes reaching fixation during the saccade period (Simola et al., 2013). As 

a result, the naturalistic paradigms utilised in the current studies may have provided a 

more realistic insight into the way that low-value information is processed in real-

world settings. By affording participants the ability to move and engage with the 

stimuli, the brain may need to process information more quickly to facilitate planning 

and to provide quick responses that will allow for the avoidance of negative goal 

incongruent stimuli (Helie et al., 2017; Simola et al., 2013). 

7.2.3. Early binary SV resolution of low- and high-value within an automatic 

neural valuation system 

Studies 1 and 2 showed rapid encoding of low- versus higher values in ICs of EMRPs 

in the latencies of the lambda component and P200 component. In Study 3, low-and 

high-value products were binarily discriminated. The observed early neural responses 

could reflect an adaptive dichotomous representation of low- and high- values within 

a domain-general BVS, facilitating both early avoidance and approach behaviours 

(Bartra et al., 2013; Westbrook et al., 2019). Binary isolation of low- and high- value 
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item categories is a useful adaptation, prioritising the likelihood of one’s survival. Fast 

categorisation of items with the lowest and highest SVs stimulates quick avoidance 

responses for unwanted items and approach responses for wanted items, preserving 

resources and optimising time. 

Motivationally salient cues can influence attention selection, action selection 

and response speed (Chelazzi et al., 2013; Eimer, 1996; Kiss et al., 2009; Mendelsohn 

et al., 2014). In addition to prompted avoidance responses triggered by negative cues, 

it has been shown that target detection is facilitated by reward-related cues (Kiss et al., 

2009), and a history of positive reinforcement can facilitate attentional priority for 

those items (Anderson, 2013). 

There is a large amount of research to suggest that there may be a common 

neural system facilitating avoidance and approach, with many studies reporting an 

overlap between neural circuits responsible for both processes (Delgado, 2007; Levy 

& Glimcher, 2012; Pessiglione & Delgado, Mauricio, 2015; Tyson-Carr et al., 2018). 

Supporting the overlap of salience processing in the BVS, early ERP components 

show reduced latency and enhanced amplitude for both negatively and positively 

valanced stimuli, including the P100 (Cacioppo & Berntson, 1994; Smith et al., 2003; 

Vaish et al., 2008; Williams et al., 2006; Yuan et al., 2015), P200 (Huang & Luo, 

2006; Ma et al., 2018; Roberts et al., 2018; Schuermann et al., 2012) and N200 (Goto 

et al., 2017; Kiss et al., 2009; Lithari et al., 2010; Telpaz et al., 2015; Tyson-Carr et 

al., 2018, 2020). 

Facilitated processing for low- and high- value stimuli could be related to 

decision confidence, as it has been suggested that SVs at the extreme end of the 

spectrum are more likely to be associated with a high level of decision confidence and 
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consequent approach-avoidance behaviours (Bobadilla-Suarez et al., 2020). 

Alternatively, items of intermediate SV are considered to be associated with more 

uncertainty and lower decision confidence (Bobadilla-Suarez et al., 2020). The current 

interpretation links to the concepts of System 1 versus System 2 processing, as 

categorisation of low- and high- SV is likely to be carried out by System 1, which is 

thought to replicate reactions to similar events and rest more on emotional gut 

responses (Kahneman, 2011). 

The detection of early components which exclusively responded to low- and 

high-value, compared to Studies 1 and 2 which showed components for low and 

higher-value categories, could be due to the experimental paradigm. The physical 

presence of products within a shopping environment in Study 3 might have stimulated 

real avoidance-approach behaviours which could be observed in a real-world shopping 

environment as the products were immediately in front of them in a simulated shop. 

As such, the environment may have created more of a sense of immediacy and urgency 

related to current goals of selecting a product to purchase, therefore, necessitating the 

fast detection of wanted and unwanted items to facilitate approach of the favoured 

item. 

The above interpretation is supported by research demonstrating that imminent 

availability of products altered consumption behaviours (Jędras et al., 2013, 2019; 

Jones et al., 2012). The actual presence of products can act as conditioned stimuli 

signalling the imminent availability of the reward (Jędras et al., 2013), enhancing 

motivation and conditioned responses, such as approach tendencies, attentional 

processing and consumer behaviours. These effects are more pronounced when there 

are signals of availability that are consistent with the behavioural goals (Jędras et al., 

2013), which, in Study 3, was ‘purchase at least one item’. 
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7.2.4. Later encoding of intermediate-value products within an early attention-

based neural valuation system 

The current findings indicate that a non-linear iterative process could occur whereby 

SV resolution becomes progressively refined over time to decipher the full range of 

SV categories. The data revealed that medium-value products were categorised 

following early binary discrimination of low- and high-value items, between 150 – 

200 ms in Studies 1 and 2, and between 170 – 359 ms in Study 3, falling within the 

latencies of the P150, P200 and P300 EMRPs. 

Delayed categorisation of medium-value products is likely due to the contrasts 

between intermediate values being less obvious than between more extreme low- and 

high-value items. Therefore, intermediate-value processing may represent a finer 

resolution of value. As a result, the neural system that affords rapid categorisation of 

low- and high-value may not allow comparable fast categorisation of medium-value 

items, suggesting that two systems may be involved in the processing of early SV, 

with intermediate values receiving further processing (Philiastides & Heekeren, 2009). 

Whilst low- and high- value options are associated with high decision 

confidence, medium-value options are linked with lower decision confidence and 

more uncertainty (Bobadilla-Suarez et al., 2020). P200 can be modulated by outcome 

predictability and decision uncertainty (Polezzi et al., 2008; Schuermann et al., 2012; 

Xu et al., 2011). Consequently, categorisation of medium SV may require input from 

the ‘slow thinking’ System 2, which is deployed when further processing is required 

as the habitual, emotional responses of System 1 do not suffice (Kahneman, 2011). 

Supporting the current interpretation, resolution of medium SV corresponded with 

neural sources in areas of the cortex that are typically associated with the top-down 
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attention function of System 2 (Kahneman, 2011), such as the dorsolateral PFC (Bartra 

et al., 2013; Hubert & Kenning, 2008; Mahesan et al., 2016; Morris et al., 2014; 

Plassman et al., 2007) (See Chapter 4), and the PPC (Shomstein, 2012; Small et al., 

2005) (See Chapter 6). 

7.2.5. Examining real 3-D products versus product images.  

In Studies 1 and 2, images of products were displayed in a mock gallery, and neural 

activity corresponding with product valuation was recorded whilst participants freely 

roamed and evaluated products. In contrast, in Study 3, real 3-D products were 

displayed on shelves mimicking a realistic shopping environment, and neural activity 

corresponding with product valuation was recorded whilst participants freely roamed 

and evaluated products. Like Study 1 and 2, Study 3 results revealed multiple 

components of EMRPs encoding distinct SV, with early components encoding low- 

and high-value products, and intermediate products encoded by slightly later 

components in latencies exceeding 170 ms. Unlike Studies 1 and 2, Study 3 data 

revealed a later component within the latency of the P300, with a source in the PPC 

which showed an almost linear negative encoding of SV, with the lowest activation 

for low-value and the highest activation for high-value products. 

Encoding of SV in the later P300 component could indicate a top-down 

verification of SV, whereby the initial rapid binary and intermediate-value products 

categorisations are checked. P300 has been shown to be associated with enhanced 

attentional processing of motivationally salient products (Cano et al., 2009; Conroy & 

Polich, 2007; Keil et al., 2002; Nijs et al., 2009; Onishi & Nakagawa, 2019; Yeung & 

Sanfey, 2004), and allocation of attention, when evaluating reward outcomes in terms 

of valence, magnitude and expectancy (Wu & Zhou, 2009; Yeung & Sanfey, 2004). 
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The P300 also promotes behavioural inhibition, allowing for avoidance of behaviours 

which could jeopardise goal achievement (Balconi & Crivelli, 2010). P300 can 

represent a later revision or mismatch-detection between incoming stimuli and the 

initial processing, which may have occurred in earlier components such as the N100, 

P200 and N200 (Polich, 2007). If the initial representation is congruent with the new 

updated representation, the ‘schema’ outlined by earlier components is maintained. 

However, if the stimulus is novel, higher-level processing involving working memory 

and attention-related processes update previous stimulus representations, and the 

mismatch could be indexed by P300 (Polich, 2007). Because the lowest-value 

products were categorised first, within the early binary system (in cluster 6 between 

72-83 ms), it is possible that low-value items are used as a reference point against 

which all other items are checked in the P300, explaining why low-value products 

significantly differed from all other value conditions in the P300 component. 

The later processing in the P300 could be associated more with the slow 

thinking System 2, outlined by Kahneman (2011), which is tasked with monitoring the 

progress of System 1 and exercising impulse control. System 2 is a more conscious 

and controlled neural system which requires attention and conscious effort, therefore, 

initial impressions developed by System 1 may be checked by System 2 within the 

P300. 

The reason for the detection of a P300 in Study 3, but not in Studies 1 and 2, 

could be due to the additional depth dimension affording viewing from multiple 

perspectives, including atypical angles. Therefore, a moving subject might observe 

differences in product luminance, contrast, shape, size, and position over time 

(Murphy et al., 2013). It is possible that for 3-D products, compared to 2-D product 

images, the added complexity of spatial relations between these viewpoints need to be 
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integrated over time to form a holistic visual representation (Meilinger et al., 2011). 

Additional visual information processing could be required for identification and 

valuation to occur (Biederman & Gerhardstein, 1993), necessitating the additional 

validation of the initial categorisation within the P300. 

A further difference in the results of Study 3 compared to Studies 1 and 2 is 

the observation of a cluster encoding exclusively high-value items. The detection of 

neural components responding exclusively to high-value items could be a function of 

the shopping environment which, compared to the picture galleries used in Studies 1 

and 2, signalled the imminent availability of products. Imminent availability of 

products can increase their motivational salience, enhancing attentional bias for 

product-related cues, (Jędras et al., 2013, 2019; Jones et al., 2012) and consumption 

behaviours (Maas et al., 2012; Painter et al., 2002). The imminent availability of 

products can increase their palatability, as less effort is needed to obtain them, and this 

is associated with activation of motivation-related reward circuits (Blechert et al., 

2016). Therefore, although Study 2 increased the price range to allow for a finer 

resolution of SV in the brain, perhaps it is necessary to create environmental 

conditions which are congruent with consumption behaviours to observe realistic 

valuation responses and the full range of SV resolution in the brain. Conceptual and 

perceptual congruence between products and the environment can facilitate their 

positive evaluation and purchase selection by making them more accessible and easier 

to process (Berger & Fitzsimons, 2008; Fiore, 2008; Sherman et al., 1997), and 

equally, environmental irritants can negatively influence product evaluation 

(D’Astous, 2000). Characteristics of store environments can have a significant impact 

on emotions, affecting approach-avoidance behaviours reflected in the amount of 
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money spent, number of products purchased and time spent shopping (Sherman et al., 

1997). 

7.2.6. Removing saccade-related artefacts in the wild 

MoBI and eye-tracking methodologies can be combined to examine eye movements 

and neural dynamics during natural free-viewing, affording investigation of aspects of 

cognition which could not be observed under laboratory conditions (Dimigen, 2014; 

Fischer et al., 2013; Nikolaev et al., 2014, 2016). The present studies capitalised on 

recent methodological and technological progress in MoBI and eye-tracking research 

(Dimigen, 2014; Fischer et al., 2013; Gramann et al., 2010; Gramann et al., 2011; 

Gwin et al., 2010; Liao et al., 2012; Makeig et al., 2009; Nikolaev et al., 2014, 2016; 

Ojeda et al., 2014). to explore economic valuation of objects in freely behaving 

individuals. In the literature, co-registration of MoBI and eye-movement recordings 

for investigation of natural cognition has suffered from contamination of the neural 

signal by many saccade-related artefacts, which has severely hampered progress in the 

investigation of natural cognition. As such, to successfully examine the neural 

dynamics of value-based decisions in realistic environments, it was essential to 

develop a method for effectively removing saccade-related artefactual activity. 

In Study 1, saccade-related artefacts were removed from the data using an ICA 

decomposition and back-projection technique (Debener et al., 2010). The grand 

averaged EMRP activity was decomposed into ICs and only individual ICs which were 

thought to reflect genuine cortical activity, based on their latency and topographies, 

were back-projected to the scalp. While the ICA back projection method was effective 

in removing saccade-related artefacts, some residual eye-movement artefacts 

remained in the data, preventing detection of later neural responses. Residual eye-
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movement contamination is evident in the increased artefactual noise >300 ms in 

Figure 10 (Chapter 4). As such, it was essential to mark out and remove saccades of 

each angle using advanced data cleaning methods. In Study 2, saccade-related artefacts 

were first detected using a short guided-saccade recording (Berg & Scherg, 1991) in 

which participants made saccades for 9 angles around a circle, beginning at a central 

fixation cross. The procedure allowed recording and quantification of a typical saccade 

topography for each angle of product viewing to be identified in the continuous EEG 

data for the valuation task. The saccades were subsequently removed using ASF in 

BESA (version 6.1) and the artefact topographies could then be imported and removed 

from the EEG recording obtained during the valuation task. The method of guided-

saccade artefact removal showed a highly statistically significant decrease of residual 

activity in frontal electrodes compared to an eye-blink-corrected data and uncorrected 

data in Study 2 (Figure 16), demonstrating the effectiveness of the current method for 

saccade-related artefact correction. The guided saccade/ASF method was then further 

employed in Study 3 in the realistic mock shop experiment and effectively reduced 

artefactual noise in eye electrodes (Figure 23). 

The utility of the current method for saccade-related artefact removal could 

have wide-reaching implications for MoBI research and studies employing co-

registration of eye-tracking and EEG. Many methods have been developed to reduce 

the number of saccade-related artefacts contaminating MoBI recordings during free- 

viewing behaviour, including restriction of movement, regression (Jiang & Bian, 

2019), PCA (Berg & Scherg, 1991), ICA (Bell & Sejnowski, 1995) and linear 

deconvolution methods (Ehinger et al., 2018). However, restriction of movement 

decreases the generalizability of findings to the real-world and restricts the 

investigation of certain behaviours such as those related to locomotion. Additionally, 
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regressions are limited as they require one or more reference EOG and ECG channels 

(Jiang et al., 2019), and ICA and PCA methods cannot separate out similar artefacts 

unless they are marked out. Likewise, methods such as the Unfold Toolbox (Ehinger 

et al., 2018) require detailed information about saccade amplitude and angles to be 

utilised, which is not always possible to obtain in naturalistic settings. Alternatively, 

as shown in the current data, guided saccade recordings can be used to successfully 

detect saccades of every angle, which can then be removed using ASF, optimising 

decompositions using PCA and ICA techniques by marking out the data for removal. 

As the method can be utilised easily with any MoBI and eye-tracking system, it 

provides a necessary alternative to linear deconvolution methods as it does not require 

detailed information regarding saccades. When combined, guided saccade recordings 

and ASF are able to successfully remove a large portion of artefacts from the eye-

orbits which would contaminate detection of neural signals in naturalistic settings 

during free-viewing. Many naturalistic paradigms can employ the method to 

successfully remove contamination during free-viewing recordings, opening up a 

range of new possibilities for investigation of brain dynamics underpinning natural 

viewing behaviours in real-world environments. 

7.2.7. System 1 and System 2 (Kahneman, 2011) and their relation to the 

lambda component, parietal P200 and centroparietal P300 of EMRPs 

In Studies 1, 2 and 3, low- and high-value products were categorised early on by the 

brain and there was a clear role of the parietal P200 in the processing of product SV 

in naturalistic settings. In Studies 2 and 3, the inclusion of a broader range of stimuli 

and removal of residual saccadic artefacts lead to the detection of earlier processing 

of low- and high-value products within the visual lambda component in the occipital 
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cortex, in latencies beginning from 50 ms. In Study 3, examination of neural dynamics 

in a more naturalistic shop setting using real 3-D products, lead to the detection of a 

centroparietal P300 component which showed linear processing of SV. The current 

findings can be interpreted in the context of the System 1 and System 2 decision-

making model, introduced by Kahneman (2011). 

Due to the early latency modulation of SV within the lambda component, as 

early as 50 ms in Study 2 and 72 ms in Study 3, it is likely that SV was encoded 

automatically and without conscious awareness. Therefore, early encoding of salient 

low- versus high-value categories could form a part of System 1 (Kahneman, 2011). 

System 1 is an automatic and rapid neural system which categorises stimuli 

continually and with no expenditure of effort, relying on emotionally charged 

information as well as previous experience and heuristics. Supporting the current 

interpretation, the lambda component has been shown to index the afferent flow of 

information to the visual cortex and is modulated by bottom up low-level stimulus 

features such as luminance, contrast, size and spatial frequency (Kazai & Yagi, 2003; 

Ries et al., 2018a; Thickbroom et al., 1991; Yagi, 1979). As such, the lambda 

component likely operates within System 1, which automatically generates a limited 

set of basic assessments and impressions of stimuli, which are then later evaluated by 

System 2 (Kahneman, 2011). Furthermore, the lambda component is the EMRP 

equivalent of the VEP P100, which has been shown to be modulated by the value of a 

stimulus, reflecting bottom up rapid automatic valence detection and is considered to 

reflect System 1 processing (Marzi & Viggiano, 2007). The lambda component is also 

modulated by saccade size and magnitude, which are thought to be influenced by top-

down attention (Ries et al., 2018a). This suggests that System 2 has top-down 

influence on the bottom-up processing of System 1 in order to plan and execute eye-
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movements in line with task demands. Kahneman (2011) supported the top-down 

influence of System 2 on System 1, suggesting that it is possible for System 2 to 

executively program the automatic System 1 functions of attention and memory. 

Additionally, due to the early latency of components, the P200 has been linked 

to early value categorisation (Gui et al., 2016), in particular, directing visual attention 

to salient stimuli (Carretié et al., 2001a,b). Therefore, the P200 also likely forms a part 

of System 1 processing. However, intermediate value products were also processed 

slightly after low- and high-value items, within the latency of the P200. Therefore, it 

is possible that the P200 is able, to some extent, to recruit top-down processing for 

further fine-tuned categorisation of intermediate values within the early valuation 

system, or provide a rough estimate within System 1 which then flags intermediate 

items for further top-down processing by System 2. Supporting this interpretation, 

research has shown that both top-down and bottom-up processing occur when 

evaluating visual stimuli, with salient stimuli receiving bottom-up attention and task-

relevant stimuli receiving volitional top-down attention (Ligeza et al., 2017). 

Furthermore, the P200 has been associated with functional reallocation of executive 

attentional resources (Lai et al., 2019). 

In Study 3, a P300 was observed showing linear encoding of value, with low-

value products showing significantly lower amplitude compared to all other value 

conditions, with a cortical source in the posterior parietal cortex. A small but 

statistically significant positive correlation was also observed for cluster 3 and WTP 

in the latency period of 323 – 359 ms, suggesting linear influence of value category 

on cluster 3 amplitude. The linear encoding of value in the P300 could reflect encoding 

of value in System 2 (Kahneman, 2011), which is responsible for top-down decision- 

making, deductive reasoning and conscious attention whenever System 1 is unable to 
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adequately categorise a product. In the current data, it is possible that medium-value 

products were unable to be adequately categorised by System 1, which binarily 

encodes the more extreme low- and high-value products, therefore they are flagged by 

System 1, and System 2 is deployed to gather further evidence for categorization of 

more difficult intermediate-value items. The current interpretation is supported by 

research which suggests that P300 is a later revision or mismatch detection between 

incoming stimuli and initial processing conducted in components such as the P200. 

Therefore, if the stimulus is novel, additional attention is needed to update stimulus 

representations (Polich, 2007). Additionally, studies have linked the P300 to higher-

level processing and attention-related processes (Polich, 2007; Shaw et al., 2018). 

P300 has also shown reduction in amplitude with increasing task demands during 

walking (Ladouce et al., 2019), suggesting that it is tapping into finite higher-level 

attentional resources, in line with System 2. Finally, the cortical source in the PPC 

supports the current interpretation that P300 relates to System 2, as the PPC is 

associated with attention, information processing and command related functions 

(Jagla et al., 2007; Kurtzberg & Vaughan, 1982). 

The interpretation of the lambda, P200 and P300 components operating within 

Kahneman’s System 1 and System 2 can be considered from the perspective of the 

cusp catastrophe model (CCM) (Thom, 1974). The CCM is a mathematical model 

which explains discontinuous and divergent phenomena (Zeeman, 1976). The CCM 

can be used to interpret the initial binary processing of low- and high-value within the 

lambda and P200 components within System 1, and the recruitment of System 2 to 

characterise more difficult intermediate stimuli, including the later top-down linear 

encoding of SV within the P300 (Figure 28).  
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Figure 28. Schematic representation of the CCM, adapted from Zeeman (1976), 

integrating System 1 and System 2 to explain the rapid binary and slow linear encoding 

of product SV observed in the current data. The model shows automatic binary 

encoding of extreme low- and high-values within System 1. However, intermediate-

value items are unavailable in relation to automatic bimodal categories of System 1 

and must be categorised at the cusp point (C) by top-down, conscious and linear 

System 2. If the evidence gathered by System 2 makes the product less desirable, it 

will follow trajectory A (low-medium value), and if the evidence gathered by System 

2 makes the product more desirable, it will follow trajectory B (high-medium 

value).12 

In line with the CCM, the subjective valuation of products can be broken down 

into the initial bimodal categories of low-value (linked to avoidance behaviours) and 

high-value (linked to approach behaviours). These are both likely computed within the 

automatic and rapid System 1, which could correspond to the lambda and P200 

components of EMRPs in the current data. SVs of all products must exist somewhere 

along the axis of values ranging from low- to high-value. According to the CCM, 

because of the splitting factor (i.e. categorisation automaticity), linear middle values 
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are not accessible past the bifurcation point (C) (i.e. the border between linear and 

bimodal categorisation) as they do not fall into the bimodal set (A, B), causing the 

cusp catastrophe, to occur (Zeeman, 1976) (Figure 28). Further information is needed 

in order to categorise the intermediate items in relation to the bimodal categories, 

therefore, a trajectory must be chosen for intermediate items at point C (the cusp 

point). A graphical representation of this model can be seen in Figure 28. The further 

information required for categorisation of intermediate values at point C likely 

requires input from the top-down System 2, therefore intermediate-value items are 

initially categorized within the P200 and flagged for further top-down processing in 

the P300. If the evidence gathered makes the product less desirable, it will follow 

trajectory A and be categorized along the low-medium axis. If the information 

gathered makes the product more desirable, the intermediate-value item is categorized 

along trajectory B, and is categorized along the high-medium axis. In this way, small 

deviations in stimuli in intermediate categories in System 1 can produce relatively 

large changes in behaviour in System 2. Meanwhile, the relatively large qualitative 

difference between low- and high-value items in System 2 which are closely aligned 

to the bifurcation set can lead to small differences when evaluation is moved to System 

1. However, the extreme low and high SVs remain constant across System 1 and 2, 

providing stable anchors for categorisation of intermediate SV. Further top-down 

categorisation of intermediate items could correspond to P300 processing in the 

current data. Hence, the model could provide a potential explanation why certain 

studies demonstrate linear categorisation whereas others represent binary 

categorisation, or both are demonstrated together (Bartra et al., 2013). The CCM 

topology provides a potential explanation for why the current data showed early binary 

encoding of SV in lambda and P200 components, and why later components such as 
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the P300 followed a linear encoding of SV, as they include the ranked categorisation 

of intermediate values. 

7.3. Limitations  

Many factors can influence realistic purchasing behaviours in natural environments, 

and, although the data presented in the current thesis goes some way towards 

uncovering the neural dynamics underpinning real-world economic decisions for 

products, time limitations have meant that it was only possible to examine some of 

these factors. Research has shown that the shopping environment can influence 

purchase intentions and consumption behaviours by altering the consumers mood 

(Sherman et al., 1997). Mood was not explicitly measured in the current research, 

although we did measure more hedonic aspects of product valuation in terms of 

‘pleasantness’ and ‘desirability’, which closely corresponded to SV in each Study. 

Furthermore, to avoid explicitly questioning participants about their economic 

value ratings of products during the mobile EEG recording, participants later took part 

in an auction task in which they submitted their WTP value for each item, and these 

bid values retrospectively defined value conditions. It cannot be ruled out that 

participants did not consider other factors, such as visual appeal or current need, to 

form their economic value ratings for products in the product gallery and mock shop 

settings. These factors could theoretically influence attention or aversion of stimuli.  

A further limitation of the current work is the inability to automatically detect 

stimulus onset in the real-world. Not only does manual tabulation introduce an element 

of subjectivity regarding what eye-tracking frame corresponds to stimulus onset, it 

also introduces time constraints associated with manual tabulation of many stimulus 

onsets over many experimental blocks and participants. However, due to the 
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uncontrolled nature of naturalistic neuroimaging experiments, a degree of subjectivity 

is essential, as computers often cannot account for the variations caused by movement 

of the camera to reliably detect stimulus onset, and these factors must be considered 

to improve the quality of data in the future. 

Although the method of synchronization in Study 3 both improved the 

synchronisation of the data streams and made it less intrusive than the method utilised 

in Studies 1 and 2, the synchronization between EEG and eye-tracking data stream can 

be further improved to reduce asynchrony. There are online synchronisation platforms 

available with greater synchronisation accuracy, such as the LSL (Kothe, 2014). 

However, they are more unreliable as the software is dependent on network signal 

making it susceptible to data loss if the participant falls out of range, and the LSL is 

only compatible with some hardware. Hardware synchronisation solutions are much 

more reliable and measures should be taken to improve their accuracy. 

Contamination of eye-movements on brain potentials was addressed using ICA 

back projection in Study 1, and using guided saccade recordings and ASF in Studies 

2 and 3, the latter of which was extremely effective in removing saccadic artefacts. 

Despite the reduction in amplitude around eye electrodes, some remnants of eye-

movements may have remained in electrodes surrounding the eyes. In the current 

thesis, some effort was made to account for cortical potentials overlapping by not 

including stimulus onset triggers that were too close together. However, methods 

which extract the temporal overlap of neural events, such as Unfold Toolbox (Ehinger 

et al., 2018), could not be utilised in the current research as detailed information about 

gaze angle was not available. Additionally, Studies 1, 2 and 3 required fixation crosses 

to ensure that the gaze was aligned to confirm accurate stimulus onset, and a subtler 

method is required for a more naturalistic approach. 
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The effectiveness of the guided saccade and ASF method used in Studies 2 and 

3 should be validated in future research in a range of increasingly realistic settings 

and, if found to be robust, should be incorporated as a standard practice in combined 

MoBI and eye-tracking research. Future research would benefit from identifying 

affordable and easily implementable solutions for marking out movement artefacts in 

a similar way that would allow them to be removed using ASF. This would afford 

investigation of later neural components associated with decision outcomes, and for 

more unconstrained paradigms to be successful in identifying neural components. 

Another limitation of the current research is the spatial resolution of neural 

components. In Study 1, a source dipole analysis was conducted in BESA (version 

6.1) using a sequential strategy, and in Studies 2 and 3, ECDs were fitted to mean 

cluster centroids in EEGLAB, producing a single dipole to explain the distribution of 

neural potentials. The sequential dipole fitting strategy, as used in Study 1, could more 

accurately represent the neural generators compared to the strategy used in Studies 2 

and 3, as it does not produce a single mean cluster. Because the spatial resolution 

afforded by mobile EEG is limited, particularly due to movement due to locomotion, 

caution should be exercised when interpreting of cortical sources in Studies 1, 2 and 

3. 

Finally, in Studies 1, 2 and 3, participants were recruited primarily from the staff 

and student population at the University of Liverpool, which may not have produced 

a sample group that is representative of the entire population. Although it is possible 

that the sample used may have influenced economic decisions, socioeconomic 

background was checked in Study 3 and there was no statistically significant effects 

of socioeconomic status and value category on BDM auction bid. Moreover, there was 

quite a spread of socioeconomic status, with many participants in residing among the 
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most deprived areas in England, and 8 participants in residing in the most privileged 

areas, suggesting that the sample was quite representative in terms of SES in England. 

7.4. Directions for future research  

The data presented in Studies 1, 2 and 3, for the first time, afforded investigation and 

characterisation of the spatiotemporal dynamics underpinning economic decisions for 

products in the real-world opening up new research avenues. There are many factors 

which could influence economic decisions in natural environments that, due to time 

constraints, were unable to be explored in the current thesis and should be examined 

in future research. 

One avenue for exploration is the influence of product branding on SV 

processing in the brain. Research has shown that branding can have an important 

impact on consumer behaviour, explaining why companies carefully curate their 

brands so that visual features such as colour, shape, text and images are easily 

recognisable and capture early bottom up and top-down attention (Plassmann et al., 

2012). Brand anticipation and associations could be important factors modulating SV 

of a product, highlighting the importance of memory-related processes in valuation 

(McClure et al., 2004). Furthermore, social factors, such as the presence of other 

shoppers, can modulate electrophysiological responses to brand type (Pozharliev et 

al., 2015). Therefore, future research should examine the influence of branding, 

learning processes and social context on early SV encoding of products using mobile 

EEG in naturalistic environments. 

In a similar vein, familiarity and expertise with products and brands have been 

shown to influence economic decisions and should be considered as an avenue for 

further research (McClure et al., 2004; Morrin & Ratneshwar, 2000; Rossion et al., 
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2004; Schaefer et al., 2006). For instance, research has shown distinct cortical 

encoding for logos of culturally familiar brands (Schaefer et al., 2006) and ambient 

scents have been shown to increase recall for familiar brands but not for unfamiliar 

brands (Morrin & Ratneshwar, 2000). Brand familiarity might be particularly 

important with more expensive purchases (Schaefer et al., 2006), where knowledge 

could allow for avoiding financial risk, in line with PT, and thus, the impact of 

familiarity on SV could be of interest for future research. For instance, visual expertise 

with objects can also modulate early categorization processes (Rossion et al., 2004), 

and expert knowledge of products can alter consumer preferences regarding product 

attributes (Gustafson et al., 2016). Therefore, examination of the neural dynamics 

underlying product preferences for experts and non-experts could provide insight into 

the ways in which preferences are formed for different groups of consumers. The 

utilisation of MoBI in this area would allow for examination of expertise in the specific 

relevant context when the knowledge was originally encoded to investigate the impact 

of environmental congruence, expertise and SV (Park & Donaldson, 2019). 

Other areas for future research include the role of packaging within the 

shopping environment to examine the early visual saliency effect (Milosavljevic et al., 

2012). Packaging can have an important impact on consumer behaviour and SV 

(Milosavljevic et al., 2012) and is used as a marketing strategy to attract attention and 

to communicate key points about a products attributes. The perceived quality of a 

product is often determined by the quality of its packaging and its visual 

characteristics, and time constraints during purchasing can influence purchase 

behaviour through affecting bottom-up and top-down processing of products (Silayoi 

& Speece, 2004). Thus, future research could investigate to what extent product 

packaging affects encoding of SV and under what conditions. Such research could also 



 

231  

have implications for public health and the investigation of the impact of health 

messages on products considered to be harmful. 

Further factors which could influence EMRPs to products include the retail 

price of the product (Albari & Safitri, 2018), the motivation behind the purchase (Cui 

et al., 2021) and the emotional state of the consumer during the time of product 

evaluation. This can also be stimulated by the shopping context as companies often 

try to emotionally link products with particular experiences in a multisensory way to 

increase likelihood of purchase (Domenico, 2009; Helmefalk & Hultén, 2017). These 

factors could modulate SVs assigned to products in the real-world and merit 

investigation in future studies. 

Future research could also benefit from examining the neural dynamics 

underpinning SVs for products using other MoBI neuroimaging modalities, such as 

mobile fNIRS, which has been applied in the field of marketing to examine the first 

choice brand effect (Krampe et al., 2018). Biological measurements of arousal such as 

heart rate (Klaassen et al., 2021), skin conductance (Klaassen et al., 2021), 

electromyography (Kozlik et al., 2015) and pupillometry (Mckinnon et al., 2020) 

could be used to examine autonomic arousal for salient stimuli and task related 

engagement during approach and avoidance of products in naturalistic environments.  

The current work could also have clinical implications related to the 

measurement of approach and avoidance behaviours under naturalistic conditions 

where avoidance (e.g. anxiety, depression) and approach (e.g. substance use, 

gambling) tendencies, overvaluation of cues (Robinson & Berridge, 1993; Yiend, 

2010) and value-based decision-making biases have a negative impact on mental and 

physical health (e.g. Boffo et al., 2018; Livermore et al., 2021; Martínez-Vispo et al., 
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2018). The utilisation of MoBI could allow for gaining better insight into valuation 

mechanisms associated with mental health problems in naturalistic settings, affording 

a better understanding of clinical populations and enabling more realistic, and hence 

more effective, validation of the efficacy of clinical or health interventions. 

Finally, the current research would benefit from replications in other cultures. 

The current research was conducted in a Western society and therefore purchases can 

be influenced by culture specific phenomena and motivations. Therefore, replication 

in different cultures is essential to determine whether such neural dynamics 

underpinning economic decisions for products is culture specific or transcends cultural 

boundaries. 

7.5. Concluding remarks 

In contrast to traditional economic accounts, which posit that economic valuation is 

based on utilitarian functionality and the principle of utility maximisation, the current 

data suggest that early SV of products in realistic environments relies on low-level 

categorisation of SV, which is perhaps later validated by top-down processes. The data 

suggest that SV of products is encoded by multiple distinct neural clusters in 

naturalistic settings, and follows a non-linear function for low- and high-value items, 

which appear to be encoded binarily, rapidly and automatically, and could be encoded 

within Kahneman’s (2011) System 1. Conversely, medium-value products could 

follow a linear function in order to fine-tune the resolution of SV, with initial estimates 

within early EMRP components followed by top-down linear encoding of intermediate 

items within the P300, which could reflect Kahneman’s System 2. The rapid encoding 

of low-value items, as well as high-value items, could reflect facilitated processing by 

the brain to promote fast avoidance-approach behaviours. Low-value products 
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received quick encoding compared to all other value conditions, reflected in the 

reduced latency and enhanced amplitude of many components throughout the Studies, 

and may have been used as an anchoring point of comparison for linear encoding in 

P300 in Study 3, supporting the negativity bias.  Study 3 data suggest that 2-D images 

should not be assumed to produce identical responses to 3-D images, as 3-D products 

could require additional visual information processing and imminent availability could 

alter motivation, consumption behaviour and associated neural responses. Finally, the 

successful reduction of saccade-related artefactual activity using a combination of 

guided-saccade recordings and ASF could open up new possibilities for recording 

neural responses in naturalistic settings using combined eye-tracking and EEG. The 

current research enhances understanding of the spatiotemporal neural dynamics 

underpinning economic decisions for products in the real-world. 
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