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Summary 

The transformation of incoming sensory information into an appropriate motor response 

is known as perceptual decision making, and constitutes a key computation within the human 

brain. Perceptual decision making is composed of three main components: sensory input, 

decision formation, and motor response (Gold & Shadlen, 2007), with the process often being 

conceptualised as the integration of sensory evidence up to an action-triggering threshold. 

Mathematical models have proved extremely useful in the description and explanation of 

perceptual decision making, with some of the model-based predictions also being borne out at 

the neural level. Recent advancements in electrophysiology have made it possible to parse the 

individual levels of perceptual decision making with a high degree of temporal precision (O’ 

Connell, Dockree, & Kelly, 2012).  

However, although extensive progress has been made in this field, one area that has 

been under-explored thus far is the neurophysiological changes that occur in perceptual decision 

making as we age healthily. An overarching aim of this thesis was to utilise insights from 

previously existing model-based investigations of perceptual decision making to generate 

hypotheses to be tested within healthy older populations. Specifically, computational work done 

in the areas of the Speed-Accuracy Trade-Off, leakage in the accumulation process, and the use 

of prior information to inform decisions. Across all experimental chapters, older adults were 

compared to younger adults in order to analyse the ways in which perceptual decision making 

changes as a result of aging. 

Chapter One of the thesis gives a review of relevant literature in the area, with a 

particular focus on behavioural modeling work carried out in older populations, and the 

evidence available to link such work to the underlying neural mechanisms at play.  

Chapter Two contains an investigation into the speed-accuracy trade-off, i.e. the inverse 

relationship between speed and accuracy which characterises the decisions we make. This is a 

theme which has been extensively researched using mathematical modeling, and more recently, 

neurophysiological methods. In this experiment, it was found that, when changing across speed 

and accuracy conditions, older adults displayed similar accuracy adjustments but comparatively 

less speeding of response times than the younger group. However, older adults had significantly 

stronger sensory representations of the evidence, indicating the potential effect of task 

engagement and attention on performance. Older adults were found to have less flexible motor 

preparation as measured by beta-band activity, and no Speed/Accuracy effects were found at the 

abstract evidence accumulation level in either age group. A final key finding from this chapter 

was the lack of functional impairment observed in older adults (as indexed by a points reward 

system), despite these alterations at the neural level. Therefore, this experiment suggests that 



4 

older adults may favour a more conservative form of responding, if this can be achieved with no 

loss of reward.     

Chapter Three contains some key insights for research in perceptual decision making 

generally, as well as for research on strategic adaptations in older adults specifically. This 

experiment addressed a major unanswered question in the literature: is leakage present in 

human perceptual decision making? A neural signature of leak was isolated in the human brain 

with the use of a novel task paradigm involving the insertion of gaps within periods of coherent 

motion evidence. A characteristic dip in the abstract evidence accumulation signal in the 

younger group indicated that leak may be a major strategic adjustment within continuous 

monitoring contexts. The older group did not exhibit this pattern, and it is therefore argued that 

older adults differ from younger adults in terms of their use of leak as a strategic decision 

adaptation.  

Chapter Four consists of an experiment examining the impact of aging on prior-based 

perceptual decision making. The main aim of this research was to investigate the efficiency 

with which older adults can utilise cues to inform and enhance their decision making. 

Interestingly, it was found that older adults did not display any deficits in terms of the use of 

priors in decision making when compared to younger adults. This indicates that adaptation 

based on prior information within perceptual decision making may be retained with age. Prior 

cues were found to primarily have an impact at the level of motor preparation, whereby more 

beta-band activity was observed within cued conditions than neutral conditions. This neural 

signal did differ significantly as a function of age, but older adults did not show impairment at 

the behavioural level, despite differing neural effects.  

Chapter Five consists of a General Discussion relating to the research detailed in the 

preceding chapters. The primary contributions of the thesis are outlined, and the research is 

situated within a wider context.      
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Chapter 1: The Impact of Natural Aging on Computational and Neural Indices of 

Perceptual Decision Making 

  

It is well established that natural aging negatively impacts on a wide variety of 

cognitive functions and research has sought to identify core neural mechanisms that 

may account for these disparate changes. A central feature of any cognitive task is the 

requirement to translate sensory information into an appropriate action - a process 

commonly known as perceptual decision making. While computational, 

psychophysical, and neurophysiological research has made substantial progress in 

establishing the key computations and neural mechanisms underpinning decision 

making, it is only relatively recently that this knowledge has begun to be applied to 

research on aging. Mathematical modeling studies have consistently reported that older 

adults display longer non-decisional processing times and implement more conservative 

decision policies than their younger counterparts. However, there are limits on what we 

can learn from behavioural modeling alone and neurophysiological analyses can play an 

essential role in empirically validating model predictions, and in pinpointing the precise 

neural mechanisms that are impacted by aging. Although few studies to date have 

explicitly examined correspondences between computational models and neural data 

with respect to cognitive aging, neurophysiological studies have already highlighted 

age-related changes at multiple levels of the sensorimotor hierarchy that are likely to be 

consequential for decision making behaviour.  

Advances in modern medical science have led to an unprecedented growth in 

the world’s aging population. The number of people aged 65 years or older is projected 

to rise from an estimated 617 million people, comprising 8.5% of the world’s 

population, to approximately 1.6 billion older people by 2050, representing 16.7% of 

the total population (He, Goodkind, & Kowal, 2016). With this exceptional growth in 

the aging community it is becoming increasingly important to understand the cognitive 

changes associated with both normal and pathological aging. Such changes in our 

cognitive capacities have the potential to impact our ability to perform everyday tasks 

such as crossing the road, driving, activities relying on mobility, and all forms of social 

engagement. Indeed, older adults consider a decline in cognitive function to be one of 

the most debilitating aspects of growing old and fear the reduced quality of life that 

accompanies this decline (Bayles, Kaszniak, & Tomoeda, 1987). 
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Extensive research has already demonstrated that normal aging is accompanied 

by a gradual decline in many cognitive abilities including episodic memory (e.g. 

Levine, Svoboda, Hay, Winocur, & Miscovitch, 2002), working memory (e.g. 

Gazzaley, Cooney, Rissman, & D’esposito, 2005), speed of processing (e.g. Salthouse, 

1996) and task-switching (e.g. Wasylyshyn, Verhaeghen, & Sliwinski, 2011), and the 

extent of this decline has been shown to predict the risk of progression to dementia 

(Bäckman, Jones, Berger, Laukka, & Small, 2005). In an effort to explain these wide-

ranging changes, researchers have sought to identify core age-related processes that 

may cut across multiple domains of cognitive functioning (e.g. Salthouse, 1996; Stern, 

2002; Park & Reuter-Lorenz, 2009). One common feature of any cognitive test is 

perceptual decision making, the process through which sensory information is 

translated into an appropriate action. The last twenty years have witnessed substantial 

advances in our understanding of the core neural mechanisms underpinning perceptual 

decision making. The development of a powerful set of computational models that 

parse the latent psychological processes guiding our decisions has provided the field 

with a common theoretical framework, while neurophysiological research has made it 

possible to directly observe and measure the unfolding neural decision process in a 

range of species including rodents, monkeys, and humans (see Hanks & Summerfield, 

2017 for a review). Recent behavioural modeling and neurophysiological studies 

suggest that perceptual decision making is degraded by aging, a critical observation 

since this deterioration could potentially contribute to age-related decrements on a wide 

variety of perceptual and cognitive tasks (e.g. Ratcliff, Thapar, & McKoon., 2006b; 

Starns & Ratcliff, 2010; Forstmann et al., 2011). 

The aim of this chapter is first to provide a brief overview of the key insights 

that have been garnered thus far from research on perceptual decision making. We will 

then examine how the resulting models and techniques are being applied to the study of 

aging. In so doing, we will first review behavioural modeling research examining the 

impact of aging on perceptual decision making and consider its strengths and 

limitations. Next, we will highlight the essential role that neural data can play in 

empirically validating mathematical models and in linking age-related model parameter 

differences to distinct levels of neural processing. Neurophysiological research 

examining aging effects on three of these levels (decision formation, sensory encoding, 

and motor processing) will then be reviewed. 
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Abstract Decision Models 

Understanding how the brain allows us to select appropriate courses of action 

based on information that is almost always to some degree incomplete or unreliable has 

been the subject of a major multidisciplinary research effort spanning several decades 

(Shadlen & Kiani, 2013). According to a highly influential set of ‘sequential sampling’ 

models (Laming, 1968; Link & Heath, 1975; Ratcliff, 1978), the brain can make 

decisions that are robust to sensory noise by accumulating relevant sensory information, 

or ‘evidence’, over time and withholding commitment until a predefined quantity has 

accrued in favour of one of the decision alternatives. These sequential sampling models 

have been shown to provide a highly detailed account of choice accuracy and response 

time distributions on a wide range of perceptual and cognitive tasks. Aside from their 

success in accounting for choice behaviour, a key advantage of these models is that they 

decompose behavioural data into a set of psychologically meaningful latent parameters 

such as the quantity of evidence needed to trigger commitment (the ‘decision bound’), 

the quality of evidence entering the decision process (the ‘drift rate’) and processes not 

directly associated with evidence accumulation such as sensory encoding and motor 

execution (the ‘non-decision time’, see Figure 1.1 for an overview of two of the main 

variants of sequential sampling models). The widespread adoption of sequential 

sampling models in decision neuroscience can also be attributed to the fact that they 

have received empirical validation from both direct and non-invasive 

electrophysiological recordings which have highlighted neural signals exhibiting 

choice-predictive dynamics that closely correspond to the theorised accumulate-to-

bound processes (Kelly & O’ Connell, 2015; Shadlen & Kiani, 2013, see 

‘Neurophysiological Investigations of Aging and Decision Making’ below for further 

discussion). 
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Figure 1.1 Sequential Sampling Models: Schematic depicting decision trajectories from 

two of the most popular variants of sequential sampling models - (a) the Drift Diffusion 

Model (DDM; Ratcliff, 1978), and (b) the Linear Ballistic Accumulator Model (LBA; 

Brown & Heathcote, 2008). 1(a). The diffusion process begins at starting point (z) 

located between the decision boundaries and noisy evidence is accumulated over time 

with average drift rate (v) until one of the boundaries is crossed leading to a response. 

Traces are shown for correct (blue) and incorrect (red) responses and probability 
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density plots represent cumulative boundary-crossing times for the two responses. Non-

decision time (Ter) incorporates processing delays associated with sensory encoding 

and motor execution. The simulated response time is the sum of the diffusion process 

and the non-decision time. 1(b). The LBA assumes that evidence accumulation for 

different choice alternatives occurs in separate and independent accumulators (allowing 

for the modeling of multi-alternative decisions, by simply increasing the number of 

integrators). The evidence for each decision is integrated as a separate total, and the 

various totals (two in the case of Figure 1.1b) race against each other. The ultimate 

choice is dependent on which of the integrators reaches its threshold first. The LBA 

shares the majority of its parameters with the DDM, but is different in that, while drift 

rate variability is included, within-trial noise is not. 

 

To date, most of the research in this field has focussed on highly simplified two-

alternative sensorimotor tasks because they are computationally tractable, feasibly 

implemented in non-human animals, and facilitate the selection of candidate brain 

regions likely to trace decision formation in neurophysiological investigations. 

However, even though perceptual tasks act as the vehicle, it is assumed that they can 

expose a set of fundamental neural computations that apply to a far broader range of 

perceptual and cognitive tasks (e.g. Shadlen & Kiani, 2013). Indeed, sequential 

sampling models have already been applied in investigations of response inhibition, 

response conflict, and item recognition (Ratcliff, Smith, Brown, & McKoon, 2016). The 

potential scope of these models is particularly underlined by the demonstration that 

even the memory retrieval process can be modelled as an evidence accumulation 

process (Ratcliff, Thapar, & McKoon, 2004, 2006b, 2007, 2010; McKoon & Ratcliff, 

2013). Sequential sampling models have also played an important role in elucidating 

the impact of various contextual factors on decision making. For example, there is 

broad agreement across a range of studies that the speed-accuracy trade-off is 

principally mediated by adjustments to the decision boundary such that the quantity of 

evidence required to trigger commitment is raised when accuracy is at a premium and 

lowered when time pressure increases (Ratcliff et al., 2016; Hawkins, Forstmann, 

Wagenmakers, Ratcliff, & Brown, 2015; Hanks, Kiani, & Shadlen, 2014; Murphy, 

Boonstra, & Nieuwenhuis, 2016). The cumulative result of this research effort is that 

there now exists a powerful set of models, paradigms, and neural signals for probing 

decision making processes and these are increasingly being adopted for research on 
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aging. Thus, establishing precisely how aging impacts on decision making mechanisms 

may take us a long way towards understanding age-related cognitive decline. 

 

Modeling Age-Related Changes in Decision Making Behaviour 

One of the most ubiquitous findings in research on aging is an age-related 

increase in response latencies during cognitive performance (Salthouse, 1996, 2000). 

The task-independence of this effect has inspired a highly influential hypothesis that 

cognitive aging can be understood in terms of a general slowing of information 

processing due to increased neural noise (Cerella, 1985; Salthouse, 1996, 2000). 

However, a neurobiological constraint on the speed of information processing cannot 

readily explain age-related differences in accuracy which vary substantially across 

studies and appear to be highly task-dependent. Nor can it account for the fact that, with 

sufficient training, older adults are capable of achieving accuracy levels and response 

latencies that match those of younger adults (e.g. Ratcliff, Thapar, & McKoon, 2006a). 

A number of studies have therefore turned to mathematical modeling techniques in 

order to obtain a unified view of the age-related processes driving changes in both 

choice accuracy and reaction time. 

Thus far, only a relatively small number of modeling studies have examined the 

effects of aging on perceptual decision making, with the vast majority of these studies 

emanating from a single research group and employing the DDM (Ratcliff 1978; see 

Figure 1.1a). Despite the fact that these studies employed a variety of different tasks, 

experimental manipulations, and age groups, some trends have already emerged. For 

instance, one consistent finding in these studies is an increase in decision threshold 

amongst older adults suggesting that their longer response times are in part due to a 

more cautious decision policy whereby a greater quantity of evidence is required in 

order to reach commitment (e.g. Ratcliff, Thapar, & McKoon, 2001, 2006a, 2006b, 

2007, 2010, 2011; Thapar, Ratcliff, & McKoon, 2003; Ratcliff, Thapar, Gomez, & 

McKoon, 2004; Spaniol, Voss, & Grady, 2008; Starns & Ratcliff, 2010; McKoon & 

Ratcliff, 2012, 2013, Ratcliff & McKoon, 2015). In a further exploration of this 

phenomenon using a different sequential sampling model (the LBA, see Figure 1.1b), 

Forstmann et al. (2011) asked younger and older participants to perform a motion 

discrimination task in which they were randomly cued on a trial-to-trial basis to 

emphasise either speed or accuracy in their decision making. In addition to exhibiting 

higher decision boundaries overall, the older participants also made smaller boundary 
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adjustments in response to the speed/accuracy cues. In another study by Ratcliff et al. 

(2006a), older and younger participants underwent training on brightness and letter 

discrimination tasks across four sessions. At the outset, the older group made more 

errors and responded more slowly than their younger counterparts. However, by the end 

of training, these differences had disappeared for the brightness task and were 

substantially reduced for the letter task. Drift diffusion modeling indicated that these 

improvements in the older group were mediated by a gradual reduction in the decision 

threshold and an increase in drift rate. Taken together the findings of Forstmann et al. 

(2011) and Ratcliff et al. (2006a) suggest that, while older individuals retain a 

substantial capacity for making decision threshold adjustments over time, their capacity 

for rapid, moment-to-moment adjustments may be compromised. An open question that 

arises from this work is whether these differences in boundary setting reflect a 

voluntary strategic preference and/or capacity limitations (see ‘Neurophysiological 

Investigations of Aging and Decision Making’ for further discussion). 

Aside from elevated decision thresholds, the other consistent observation across 

modeling studies has been that older adults display longer non-decision components 

across a range of different tasks indicating delays in sensory encoding and/or motor 

execution (Ratcliff, Thapar, & McKoon, 2001, 2003, 2004, 2006a, 2006b, 2007; 

Thapar, Ratcliff, & McKoon, 2003). In contrast, the effects of age on drift rate are much 

less consistent, depending more on the task at hand. For instance, whereas older and 

younger adults accumulated sensory information at a similar rate on a signal detection 

task (Ratcliff et al., 2001), older adults accumulated evidence at approximately half the 

rate of younger adults on a letter discrimination task (Thapar et al., 2003) and at a faster 

rate than younger adults on a motion discrimination task (Forstmann et al., 2011). This 

task dependency suggests that aging does not lead to a fundamental decline in 

information processing, as predicted by the general slowing hypothesis (Salthouse, 

1996), but rather impacts on certain aspects of sensory processing (see ‘Aging and 

Sensory Encoding’ for further details). 

 

Behavioural Modeling: Summary and Evaluation 

In contrast to unitary explanatory accounts, such as the general slowing 

hypothesis, mathematical modeling studies of decision making point to a more 

multifaceted view of cognitive aging by highlighting the important influence of altered 

decision making strategies as well as task-specific differences in evidence accumulation 
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rates and task-independent increases in non-decisional processing times. Nevertheless, 

it is important to stress that the mathematical modeling literature on decision making in 

older age is still in relative infancy and several important phenomena await 

examination. For example, we still know very little about how computational indices of 

decision making are impacted by age-related differences in risk aversion, temporal 

discounting, valuation, and in the learning of stimulus probabilities (see Sparrow & 

Spaniol, 2016 for review). In addition, sequential sampling models come in many 

forms, often containing fundamentally different algorithmic elements, yet the studies 

conducted to date have implemented a single model variant in isolation. Studies that 

formally compare the relative ability of alternative models to quantitatively account for 

age-related changes in decision making behaviour have yet to be conducted. 

A more fundamental point is that, while mathematical modeling techniques 

offer deeper insights into the impact of aging on decision making processes, there are 

limits on what can be gleaned from behavioural modeling alone. For instance, it is 

difficult to ascertain whether age-related differences in drift rate reflect differences in 

the way that sensory information is encoded, differences in the way that sensory 

information is readout at the level of decision formation, or differences in the 

recruitment of other supportive processes, such as attention. This limitation perhaps 

applies most notably to the particular sequential sampling frameworks which are the 

focus of the present chapter. However, while these models do not specify how the drift 

rate is computed, extensions of these models have been proposed in the literature. For 

example, Smith and Ratcliff (2009) introduced an integrated theory of attention and 

decision-making. The theory links visual encoding, spatial attention, visual short-term 

memory and perceptual decision-making in an integrated computational framework, 

and offers the potential to disentangle the effects of aging on these distinct processing 

levels. Similarly, neurophysiological studies are increasingly highlighting the multi-

level nature of the brain’s neural architecture for implementing even the most 

elementary sensorimotor decisions (Hanks et al., 2014; Romo & de Lafuente, 2013; 

Kelly & O’ Connell, 2015).  

A more technical point concerns the use of scaling parameters in sequential 

sampling models. If all the parameters in the model are free to vary, there are an infinite 

number of possible parameter values and so the model cannot converge on a solution. 

To get around this issue, one parameter value must remain fixed and all other 

parameters are interpreted with respect to this scaling parameter. By convention, the 
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parameter usually fixed in the DDM is within-trial noise (Ratcliff & Tuerlinckx, 2002). 

However, the use of within-trial noise as a scaling parameter in aging research is 

complicated by the fact that there is ample psychophysical and neurophysiological 

research to suggest that a key consequence of aging is a significant increase in neural 

noise (see ‘Aging and Sensory Encoding’). Despite this, the vast majority of aging 

studies that have employed the DDM have fixed this within-trial noise parameter to be 

the same for the younger and older groups, potentially leading to misleading estimates 

of the unconstrained parameters. 

Relatedly, recent studies have suggested that the full DDM may be more 

complex than required and that its power in identifying between-group effects can be 

enhanced by eliminating or constraining some of its parameters (Lerche & Voss, 2016, 

2017; van Ravenzwaaij, Donkin, & Vandekerckhove, 2017); however, determining 

which parameters should be constrained is not straightforward. Analysis of the 

neurophysiological signals that reflect the key neural computations underpinning 

decision formation processes could provide a principled way of determining which 

model parameters should be constrained to be equal between age groups. Thus, as we 

will highlight in the following section, there is much to be gained from considering 

neurophysiological data alongside mathematical models. 

 

Neurophysiological Investigations of Aging and Decision Making 

While computational models demonstrate that sensorimotor transformations can 

be reduced to a one-dimensional computation, the reality is that the brain forms 

decisions within multi-layered, hierarchical networks that perform at least three 

essential processing steps: the encoding of sensory evidence, the translation of that 

evidence into a decision to act, and the implementation of that action. In the following 

sections we outline the psychophysical and neurophysiological studies that have 

examined the impact of aging on each of these components. 

 

Impact of aging on decision signals. To date, there have been very few 

neurophysiological investigations that have explicitly examined the impact of aging on 

the decision formation stage of processing. In the only study of aging thus far to 

combine computational modeling with neurophysiological data, Forstmann et al. (2011) 

examined the relationship between age-related decline in decision boundary setting 

abilities and structural connectivity. In previous work involving a younger cohort, 
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Forstmann et al. (2010)  demonstrated that individuals who showed greater flexibility in 

adjusting their decision thresholds had stronger structural connections between the Pre-

Supplementary Motor Area and striatum, consistent with the proposal that 

corticostriatal pathways serve to regulate the balance between risky and cautious 

response styles (Forstmann et al., 2008; Bogacz, Wagenmakers, Forstmann, & 

Nieuwenhuis, 2010). As previously mentioned, Forstmann et al. (2011) found that older 

participants exhibited a diminished capacity for flexibly adjusting their decision bounds 

in the face of rapidly changing speed versus accuracy demands compared to younger 

participants. The same cohort exhibited a reduction in white matter integrity within this 

same pathway, suggesting that age-related differences in decision policy adjustments do 

not purely reflect voluntary strategic preferences but likely arise, at least in part, from a 

structural limitation of the aging brain. 

While techniques such as functional magnetic resonance imaging (fMRI) are 

well-suited to pinpointing spatial locations associated with perceptual tasks, the 

comparatively poor temporal resolution of such methods means that they can provide 

only limited insight into the dynamic evolution of neural signals across time. It is only 

within the last ten years that electrophysiological signatures of evidence accumulation 

have been identified in the human brain (e.g. Donner, Siegel, Fries, & Engel, 2009; De 

Lange, Rahnev, Donner, & Lau, 2013; O’ Connell, Dockree, & Kelly, 2012; Kelly & 

O’ Connell, 2013; Philiastides, Ratcliff, & Sadja, 2006). These signals have been shown 

to exhibit the same decision-predictive dynamics observed in single-unit recordings 

(Shadlen & Kiani, 2013) including a gradual build-up whose rate is inversely 

proportional to the difficulty of the perceptual task (consistent with evidence 

accumulation) and a fixed amplitude immediately prior to the decision report 

(consistent with a threshold-crossing effect). These decision signals fall into two 

functionally distinct categories: effector-selective signals that reflect the translation of 

cumulative sensory evidence into a specific action plan (e.g. De Lange et al., 2013; 

Murphy et al., 2016; O’ Connell et al., 2012) and a domain-general signal, known as the 

centro-parietal positivity (CPP), that traces cumulative evidence irrespective of the 

particular sensory or motor demands of the task (Twomey, Kelly, & O’ Connell, 2016; 

Kelly & O’ Connell, 2013; O’ Connell et al., 2012). 

While aging effects on these signals have yet to be directly examined in the 

context of the evidence accumulation tasks typically employed in research on 

perceptual decision making (e.g. random dot motion discrimination), it has recently 
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been demonstrated that the CPP is functionally equivalent to the classic P300 or ‘P3b’ 

potential (Twomey, Murphy, Kelly, & O’ Connell, 2015) which has been extensively 

studied in research on aging (e.g. Polich, 1996, 1997; Fjell & Walhovd, 2001). The 

P300 is one of the most robust psychophysiological markers of aging (Rossini, Rossi, 

Babiloni, & Polich, 2007) and age-related pathologies such as Alzheimer’s Disease 

(Bonanni et al., 2010). Studies with large normative samples spanning the lifespan 

show that P300 amplitude decreases and its peak latency increases linearly from 

adolescence to senescence (Polich, 1996; Fjell & Walhovd, 2004). In addition, the 

aging process is reliably associated with a marked anterior shift in P300 topography that 

has been proposed to arise from the compensatory activation of frontal regions (Fabiani, 

Friedman, & Cheng, 1998; West, Schwarb, & Johnson, 2010). The P300 and CPP have 

been shown to share the same polarity, topography, relationship with response time, and 

contingency on goal-relevance (O’ Connell et al., 2012) but while the P300 is typically 

evoked using tasks involving discrete, briefly presented stimuli and short response 

times, the CPP has typically been examined in the context of tasks that involve difficult 

perceptual detections or discriminations that require relatively long periods of 

deliberation. Nevertheless, when Twomey et al. (2015) analysed data from a classic 

oddball paradigm they found that, if aligned to the timing of response execution, the 

P300 exhibited the same build-to-threshold dynamics as the CPP. 

If the P300 traces the evolution of a decision then the observation that its peak 

latency is delayed in older adults could point to a delay in decision formation as a 

contributing factor in their slowed response times. Meanwhile, the decrease in its peak 

amplitude could indicate that older adults set lower boundaries on the quantity of 

evidence required to commit to a decision. This latter result is clearly at odds with the 

findings from numerous computational modeling studies which consistently report 

elevated decision boundaries in older age. However, there are several potential 

explanations for this apparent discrepancy that will need to be explored. First, as 

already mentioned, the tasks used to elicit the P300 in aging research are markedly 

different to those employed in mathematical modeling studies. Consequently, it is 

unclear whether these modeling and electrophysiological results are genuinely 

discrepant, or if age-related influences on decision making manifest differently across 

these paradigms. Ultimately, studies that measure behavioural and neural indices of 

decision formation within the same paradigm will be required. Second, the P300 is 

typically measured in terms of its peak amplitude in stimulus-aligned averages. If the 
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P300 does indeed index the decision formation process then its stimulus-aligned peak 

amplitude and latency will increase in inverse proportion to response time variability. In 

other words, between condition or group differences in stimulus-locked P300 amplitude 

can potentially arise purely from differences in RT dispersion in the absence of any 

change in amplitude at the single-trial level (for illustration see Figure 2c of Twomey et 

al., 2015). These concerns can be potentially addressed by analysing response-aligned 

amplitudes or single-trial peak measurements. It is noteworthy, however, that one study, 

which did correct for trial-to-trial variations in peak latency when measuring P300 

amplitudes, still found reduced amplitudes in older versus younger adults (Walhovd, 

Rosquist, & Fjell, 2008). A third concern is that the rapid stimulus onsets that are 

typically used to elicit the P300 also evoke a number of other spatially and temporally 

overlapping components, several of which are known to be affected by aging. Amongst 

these is the occipito-parietal N1 component which has been consistently found to 

increase with age (e.g. De Sanctis et al., 2008; O’ Connell et al., 2012) and could 

contribute to smaller parietal P300 amplitudes. Recent work has shown that decision 

signals can be better isolated via pattern classification techniques (e.g. Philiastides, 

Ratcliff & Sadja, 2006; Ratcliff, Philiastides & Sadja, 2009) and by avoiding sudden 

stimulus changes or intensity transients (e.g. O’ Connell et al., 2012; Kelly & O’ 

Connell, 2013). 

 

Aging and sensory encoding. Our ability to make accurate perceptual decisions 

is heavily dependent on the quality of sensory evidence entering the decision process. 

Accordingly, when assessing the effects of aging on perceptual decision making, it is 

also important to consider how aging affects sensory processing. As outlined above in 

‘Modeling Age-Related Changes in Decision Making Behaviour’, computational 

modeling studies suggest that the degree to which aging impacts the quality of sensory 

information entering the decision process is highly dependent on the task at hand and 

that this task dependency speaks against the idea that senescence simply leads to a 

general slowing of information processing. Consistent with this view, psychophysical 

studies suggest that although some aspects of visual perception are compromised by 

normal aging, other visual abilities are spared (reviewed in Owsley, 2011, 2016; 

Hutchinson, Arena, Allen, Ledgeway, 2012). For instance, examples of perceptual tasks 

that appear to remain intact throughout adulthood include orientation discrimination 

(Delahunt, Hardy, & Werner, 2008), contrast discrimination of suprathreshold stimuli 
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(Beard, Yager & Neufeld, 1994; Tulunay-Keesey et al., 1988), blur perception (Elliott, 

Hardy, Webster, & Werner, 2007; Jung & Kline, 2010) and colour perception 

(Delahunt, Hardy, Okajima, &Werner, 2005; Werner, 1996). On the other hand, visual 

acuity (Pitts, 1982), spatial and temporal contrast sensitivity (Elliott, 1987; Elliott, 

Whitaker, & McVeigh, 1990; Burton, Owsley, & Sloane, 1993), motion perception 

(Ball & Sekuler, 1986; Bennett, Sekuler, & Sekuler, 2007), binocular vision (Faubert & 

Overbury, 2000) and visual processing speed (Salthouse, 1996; Owsley, 2011) have all 

been shown to decline with age. 

While some of these impairments may be attributable to changes in the eye, 

optical factors alone cannot fully explain the extent of these sensory deficits (Bennett, 

Sekuler, & Ozin, 1999; Sekuler, Bennett, & Mamelak, 2000; Herbert, Overbury, Singh, 

& Faubert, 2002). Indeed, single-unit recordings in senescent monkeys and cats suggest 

that age-related impairments are the result of changes in the response characteristics of 

neurons located in a number of early visual regions. These studies have shown that 

although the effects of aging in the lateral geniculate nucleus are minor (Spear, Moore, 

Kim, Xue, & Tumosa, 1994), neurons in primary visual cortex (V1; Schmolesky, 

Wang, Pu, & Leventhal, 2000; Hua et al., 2006), visual area V2 (Yu, Wang, Li, Zhou, 

& Leventhal, 2006) and the middle temporal area (Liang et al., 2010) are subject to a 

variety of functional changes with age. These changes include reduced orientation and 

direction selectivity, higher rates of spontaneous neural activity, and decreased signal-

to-noise ratios (Schmolesky et al., 2000; Leventhal, Wang, Pu, Zhao, & Ma, 2003; 

Liang et al., 2010). Moreover, subsequent studies have linked these results from animal 

neurophysiology to the age-related perceptual deficits observed in humans through 

simulations from simple models of sensory processing. For instance, Bennett, Sekuler, 

and Sekuler, (2007) developed a model of motion processing, consisting of a population 

of evenly distributed directionally-selective mechanisms, to simulate motion detection 

and discrimination performance in younger and older adults. While the model could 

successfully recreate performance for both tasks and age groups, a substantial increase 

in internal noise was required to reproduce the older group’s data. As previously 

mentioned (see ‘Modeling Age-Related Changes in Decision Making Behaviour’), 

evidence of increased neural noise in older age is problematic for sequential sampling 

models of perceptual decision making, which typically fix within-trial noise as a scaling 

parameter that cannot vary between age groups. 



23 

While there is good agreement between different animal neurophysiology 

studies regarding the effects of age on sensory encoding, the findings across human 

neuroimaging studies have been less consistent. One controversy, for example, 

surrounds whether the structure of early visual cortex is affected by aging and whether 

any such changes can account for the behavioural effects reported in psychophysical 

studies. Whereas some structural magnetic resonance imaging (MRI) studies report 

prominent age-related atrophy in primary visual cortex (e.g. Resnick, Pham, Kraut, 

Zondermann, & Davatzikos, 2003; Salat et al., 2004), other research suggests that 

occipital areas are largely preserved from the effects of age (e.g. Raz et al., 2005; 

Lemaitre et al., 2012). Similar discrepancies exist in the results of fMRI studies, with 

some suggesting that there are no age-related changes in the size of V1 (e.g. Crossland, 

Morland, Feely, Von Dem Hagen, & Rubin, 2008), while others indicate significant 

changes in areal size (e.g. Chang et al., 2015). One consistent finding, however, is that 

of lower blood-oxygen-level-dependent (BOLD) activity in the foveal representation of 

V1 in older adults compared to their younger counterparts (Crossland et al., 2008; 

Brewer & Barton, 2012). Furthermore, using fMRI population receptive field modeling 

methods (Dumoulin & Wandell, 2008), Brewer and Barton (2012) revealed an increase 

in the population receptive field size in the same foveal region in older adults and 

suggested that these neural changes may contribute to well-established effects of aging 

on vision, such as impairments in visual acuity and reduced contrast sensitivity at high 

spatial frequencies (Elliott, 1987; Elliott & Whitaker, 1992). 

Elsewhere, numerous studies have examined the effects of age on early sensory-

evoked potentials of the electroencephalogram (EEG). Consistent with the age-

dependent increase in non-decision times reported by the DDM, the majority of these 

studies have reported an increase in the latencies of early visual evoked potentials with 

age, suggestive of delays in early sensory processing during active tasks, including 

oddball paradigms (Amenedo & Diaz, 1998; Yordanova, Kolev, Hohnsbein, & 

Falkenstein, 2004; Falkenstein, Yordanova, & Kolev, 2006; Kolev, Falkenstein, & 

Yordanova, 2006; Mager et al., 2007; De Sanctis et al., 2008; but see Czigler & Balazs, 

2005). Surprisingly, however, many of these studies have also reported that older adults 

exhibit significantly larger signal amplitudes than younger individuals. The functional 

significance of these changes remain unclear and their interpretation is complicated by 

the fact that the precise functional role of these signals has yet to be established. In 

particular, it is not known to what degree these signals index the quality of the sensory 
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evidence on which the decisions are actually based versus task-irrelevant stimulus 

features. The presentation of any stimulus is likely to elicit a range of sensory signals, 

many of which may be irrelevant to the task at hand. The key defining characteristics 

that distinguish sensory evidence signals from other sensory activity is that they co-vary 

with a decision-relevant stimulus feature and also that they predict the timing and/or 

accuracy of the observer’s choices in a stimulus-independent fashion. A challenge for 

future work will be to examine the impact of aging on such sensory evidence signals 

(see Kelly & O’ Connell, 2015 for further discussion). 

 

Aging and motor processes. A variety of age-related changes in the motor 

domain have been documented which could potentially account for some of the age-

associated variance in performance on perceptual and cognitive tasks. A consistent 

finding in this literature is that older adults are slower and more variable in movement 

initiation and execution (e.g. Salthouse, 2000; Yan, Thomas, & Stelmach, 1998; Yan, 

Thomas, Stelmach, & Thomas, 2000; Welford, Norris, & Shock, 1969; Pratt, Chasteen, 

& Abrams, 1994; Walker, Philbin, & Fisk , 1997; Sosnoff & Newell, 2007). In addition, 

older people perform more poorly on tasks that require trajectory corrections (Rossit & 

Harvey, 2008), inhibition of primed motor plans in favour of novel ones (Potter & 

Grealy, 2006), and utilise slower and more variable force when executing motor 

responses relative to younger participants (Sosnoff & Newell, 2006a). 

Several studies have examined age-related changes in non-invasive 

electrophysiological signatures of motor-level processing including contralateral mu 

and beta frequency band (11-33 Hz) desynchronisation (e.g. Pfurtscheller, 1981, Crone 

et al., 1998), the lateralised readiness potential (LRP), which indexes preparation of 

unilateral hand or arm movements (e.g. Gratton, Coles, Sirevaag, Eriksen, & Donchin, 

1988; de Jong et al., 1988; Eimer, 1998), the contralateral movement-related potential 

(MRP) which reflects the final stages of cortical response activation (e.g. Taniguchi, 

Burle, Vidal, & Bonnet, 2001; Yordanova et al., 2004) and electromyography (EMG) 

which indexes the activation of the response executing muscle (e.g. Sosnoff & Newell, 

2006a). This work has demonstrated that older adults have stronger movement-related 

mu/beta desynchronisation than younger groups (Sailer, Dichgans, & Gerloff, 2000; 

Quandt et al., 2016) as well as increased MRP amplitudes (Yordanova et al., 2004). 

Despite previous research indicating that older adults have more variability in their 

force output during voluntary motor responses (e.g. Galganski, Fuglevand, & Enoka, 
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1993), neither EMG activity nor response force differed between age groups in the 

studies of Falkenstein et al. (2006) and Yordanova et al. (2004). Sosnoff and Newell 

(2006a) obtained similar findings, with a group of 20 year olds showing similar levels 

of force variability to a group of 60 year olds, although significant reductions in EMG 

activity were observed in a group of 70 year olds. It is challenging to synthesise this 

information as a variety of different methodologies have been utilised, which may all 

index slightly different aspects of motor processing within decision making. For 

example, while the LRP tracks emerging motor plans linked to a particular effector, this 

can be tracked in the time domain, while mu beta activity is measured within the 

frequency domain and is thus subject to temporal smearing, which may make it difficult 

to link directly to ERP signals. However, taken together, and along with the motor 

execution signals mentioned, these results suggest that older individuals may require 

greater cortical motor processing in order to execute a given movement, consistent with 

fMRI findings indicating that older adults show increased and more widespread 

activation of contralateral primary motor cortex during performance of a simple, 

voluntary motor response task (Mattay et al., 2002). 

Several studies have also presented evidence that motor preparation may be 

initiated more slowly with age. Falkenstein and colleagues (2006) found that the onset 

latencies of both the LRP and MRP were delayed in older relative to younger adults as 

was the onset latency of the MRP. Yordanova et al. (2004) observed no differences in 

LRP onset but did observe MRP delays. The MRP delays were only apparent on a 

choice reaction task and not in a simple reaction task suggesting that these motor 

processing differences arise from a functional dysregulation of motor processes, rather 

than a fundamental neurobiological one (Yordanova et al., 2004). 

Thus the literature highlights a number of age-related changes in motor 

preparation and execution. Precisely how these changes impact on decision making 

behaviour has yet to be determined. One obvious impact of deficient processing at the 

motor-level would be to introduce a longer delay between the time that commitment is 

reached and the execution of the decision-reporting action, which in mathematical 

modeling studies would manifest as an increase in the non-decision time parameter. 

However, neurophysiological data indicate that evidence accumulation dynamics are 

also apparent in brain regions involved in motor preparation (Murphy et al., 2016; Kelly 

& O’ Connell, 2013; Roitman & Shadlen, 2002), suggesting that motor-level changes 

have the potential to impact on decision accuracy as well as response times. A further 
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consideration is that, given the hierarchical nature of decision networks, certain changes 

in motor processing might in fact reflect the knock-on consequences of changes at 

upstream processing levels. These uncertainties underscore the need for studies that can 

simultaneously probe multiple levels of the sensorimotor hierarchy and that link 

neurophysiological changes to changes in behaviour. 

 

Neurophysiological studies: summary and evaluation. Neurophysiological 

studies of the aging brain highlight significant changes at each of the processing levels 

considered above. Very little work has yet been done to directly examine neural 

signatures of evidence accumulation in older age, but research on the P300 strongly 

indicates that there are prominent aging effects at this processing level. Research on 

sensory processing highlights modality-dependent aging effects which tally with 

cognitive modeling studies reporting task-dependent effects on drift rate. Aging effects 

have also been consistently reported at the level of motor preparation, but more research 

will be required to determine the degree to which these differences reflect altered 

processing at the level of motor processing or the consequence of alterations at 

upstream processing levels. In particular, the above review underlines the need for 

aging research to apply mathematical models in tandem with neural recordings to 

enable age-related changes in neural activity to be linked to specific computations 

underpinning decision formation. 

 

Outstanding Questions 

Decision making mechanisms do not operate within a vacuum but rather are 

heavily dependent on the support of other brain systems. Age-related changes in these 

systems could potentially contribute to decision making deficits, or alternatively these 

systems could be recruited to compensate for and mask deficits in core components of 

the decision network. For example, most perceptual decision making experiments 

involve performance of many trials and thus place emphasis on the participant’s ability 

to sustain goal-directed attention over time. The capacity to maintain vigilance over the 

duration of a trial (even one lasting a relatively short amount of time), or to maintain 

this vigilance over the course of a whole experiment is known as sustained attention, 

and is heavily dependent on the functioning of the frontal lobes (Wilkins, Shallice, & 

McCarthy, 1987; Robertson, Manly, Andrade, Baddeley, & Yiend, 1997; Reuckert & 

Grafman, 1998), a region known to be disproportionately affected by aging. However, 
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research on sustained attention in older age has yielded inconsistent results with some 

studies showing a decline in these abilities with age (Deaton & Parasuraman, 1993; 

Mani, Bedwell, & Miller, 2005), and other studies showing no change (Berardi, 

Parasuraman, & Haxby, 2001; Bunce & Sisa, 2002), or even an improvement (Carriere, 

Cheyne, Solman, Smilek, 2010). One complicating factor in synthesising these results is 

the variation in the tasks used across studies. Age-related decrements in sustained 

attention may only manifest under certain conditions. For example, a review by Zanto 

and Gazzaley concluded that age-related deficits in attentional engagement do become 

apparent under higher levels of task difficulty (Zanto & Gazzaley, 2014). There is also 

some evidence to suggest that sustained attention may undergo a more rapid decline 

after the age of 70 (Filley & Cullum, 1994). Given the tendency to employ difficult 

perceptual tasks in research on decision making, further investigation of the behavioural 

influence of age-related differences in attentional engagement will be necessary. 

A recent study has also indicated that target selection mechanisms play a far 

more general role in facilitating perceptual decisions than previously thought. Although 

previously highlighted as a potentially key aspect of perceptual judging, Loughnane et 

al. (2016) isolated an early target selection signal which did not merely precede 

evidence accumulation, but whose amplitude predicted the onset and rate of evidence 

accumulation signals. This relationship was observed even when sensory evidence was 

presented at an already attended location (e.g. coherent dot motion at fixation) and in 

the absence of any distracting information. Several studies have reported that target 

selection signals are delayed and attenuated in older adults (Amenedo, Lorenzo-Lopez, 

& Pazo-Álvarez, 2012; Lorenzo-Lopez, Amenedo, & Cadaveira, 2008) suggesting that 

target selection mechanisms are also affected by the aging process which may have 

knock-on consequences for evidence accumulation processes. Another understudied 

question is how aging impacts on the ability to monitor and evaluate decisions i.e. 

metacognition, a highly important faculty for detecting errors and optimising decision 

policies. No consensus has yet been reached on the precise mechanisms underlying 

metacognition in general (for a review see Yeung & Summerfield, 2012), however, 

recent reports suggest that aging impacts on conscious error detection rates (e.g. Harty 

et al., 2014) and post error slowing (Dutilh, Forstmann, Vandekerckhove, & 

Wagenmakers, 2013), highlighting that further research is required in this area. Finally, 

it has yet to be determined whether the performance of older adults in highly simplified 

laboratory-based perceptual decision making tasks correlates with decision making 
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behaviour in real world settings. Do poorer perceptual decision making abilities under 

experimental settings indicate reduced functioning more generally? 

 

Conclusions 

The last two decades have witnessed substantial advances in our understanding 

of the neural principles and processes that enable decision making which have yielded a 

powerful set of experimental scenarios, mathematical models, and neural signals for 

probing the distinct components of decision making. Although still at a relatively early 

stage, research on perceptual decision making is providing important new insights into 

the manner in which natural aging impacts on cognitive functioning. The results 

discussed above illustrate that aging effects on choice behaviour are multifaceted and 

likely reflect a combination of strategic differences and compensatory adjustments, as 

well as information processing decrements at distinct levels of the sensorimotor 

hierarchy. However, there are many fundamental questions remaining to be addressed 

regarding the impact of aging on decision making, and we highlight some prominent 

examples in the section above. There is also a clear dearth of studies that seek to draw 

correspondences between mathematical models and neural data. A key goal for future 

work, therefore, is to assess how decision-relevant signals in older adults differ from 

those measured in younger adults and to identify correspondences between these age-

related differences and those derived from modeling studies. Together, these techniques 

will help to determine the key adaptations that occur in perceptual decision making with 

advancing age. 

 

Summary of Existing Research and Key Aims of Thesis 

As outlined above, despite huge advances in our understanding of the 

computational and neural underpinnings of decision making, their susceptibility to 

natural aging has received very little attention. Consequently, we still know very little 

regarding how the aging process affects fundamental elements of choice behaviour such 

as speed-accuracy trade-offs, prior-informed decisions, or continuous monitoring for 

unpredictable targets. An overarching aim of this thesis is to leverage the decision 

theoretic framework and recently developed non-invasive electrophysiological 

recording methods to shed new light on these important questions. 

The purpose of Chapter One of this thesis was to provide an overview of the 

work which is beginning to offer new insights into the core psychological processes that 
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mediate age-related cognitive decline in adults aged 65 years and over. In particular, the 

perceptual decision making abilities of this population. The three experimental chapters 

aim to investigate how efficiently healthy older adults can adapt these abilities under a 

variety of circumstances.  

Chapter Two of this thesis presents novel empirical research into one of the 

most fundamental and ubiquitous strategic adaptations - the speed-accuracy trade-off 

(SAT). The aim of Chapter Two is to use behavioural and electrophysiological results 

to investigate the flexibility with which older adults can adapt under varying conditions 

of speed and accuracy emphasis. The use of EEG can offer greater insight into the 

level(s) of perceptual decision making that may account for age-related behavioural 

changes that have previously been reported within literature using SAT tasks. 

In line with a key unanswered question in the perceptual decision making 

literature, Chapter Three of the thesis explores the potential presence of leak (ongoing 

evidence loss over time) in the decision making process and the degree to which its 

invocation changes with age. This represents the first time that leak has been 

investigated neurophysiologically in an older population, and is thus the first study 

capable of detecting differences in the use of leak as a strategic adaptation across age 

groups.  

Chapter Four aims to investigate whether differences in the capacity for 

incorporating prior information into decision making contributes differentially to age-

related declines in perceptual task performance. Although research has been carried out 

in relation to the impact of prior cues on abilities in varying cognitive domains, the 

work contained in Chapter Four represents the first attempt to ascertain the effect of 

cues on perceptual decision making in older adults using EEG.  

Finally, Chapter Five offers a general discussion of the main findings of the 

thesis, offers some context for these findings by situating them within relevant existing 

research in the area, and offers specific suggestions for future research. Pertinent issues 

within contemporary research on healthy aging are also discussed in line with the key 

results from the present experiments.  

The above aims of each chapter all have the potential to inform future 

mathematical modeling work in the area of decision making in aging, as recent research 

has illustrated that the predictions derived from model-based analyses are not always 

borne out at the neurophysiological level (McGovern, Hayes, Kelly, & O’ Connell, 

2018).  
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Chapter 2: Neurophysiological Underpinnings of the Diminished Capacity for 

Regulating Speed-Accuracy Tradeoffs in Older Age 

 

Introduction 

The Speed-Accuracy Tradeoff 

Daily life often presents us with situations in which making a timely choice is 

more important than making an accurate one, for example, when approaching a fork in 

the road while driving. In other situations the accuracy of a decision is much more 

important than its speed, for example, when locating the correct vehicle within a 

carpark. The ability to appropriately balance these often competing demands for speed 

and accuracy is a fundamental property of choice behaviour, and one which clearly 

demonstrates the flexibility with which agents can navigate varying goals, preferences, 

biases, and environmental demands. Since the 1950s (e.g. Audley and Jonckheere, 1956 

- see Heitz, 2014 for a review) this ‘Speed-Accuracy Trade-off’ (SAT) has been a topic 

of continual interest, and a substantial body of work has sought to establish its 

susceptibility to the aging process.  

  

Behavioural Accounts of Age Effects on SAT Modulation 

Behavioural studies investigating how well older adults are able to balance the 

competing demands of speed and accuracy have found that older adults favour slower 

but more accurate responding both by default (Salthouse & Somberg, 1982) and when 

explicitly instructed to prioritise speed (e.g. Salthouse, 1979; Strayer, Wickens, & 

Braune, 1987; Forstmann et al., 2011). Although it was initially suggested that this 

could be due solely to voluntary strategic differences on the part of older adults, 

evidence to the contrary emerged from several lines of research. For example, an 

analysis of conditional accuracy functions (a plot of participant accuracy by RT) by 

Salthouse and Somberg (1982) demonstrated that age-related differences in RT 

persisted after controlling for differences in accuracy, suggesting that age-related 

slowing cannot be solely attributed to strategic differences. Elsewhere, Hertzog and 

colleagues (Hertzog, Vernon, & Rypma, 1993) used a mental rotation task to establish 

that older adults showed less of a reduction in accuracy compared to younger adults 

when they were given neutral SAT instructions versus an instruction to prioritise 

accuracy. This suggests that younger adults were significantly more amenable to the 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4052662/#B6
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SAT manipulation, while older adults appear less responsive to instructions, 

maintaining high levels of accuracy across conditions. Other work has highlighted 

substantial inter-individual differences in SAT flexibility. Brebion and colleagues noted 

that a subset of their older adult participants displayed considerably longer RTs than 

younger adults while obtaining significantly higher scores on a reading comprehension 

and working memory task, consistent with a more conservative decision making style 

(Brebion, Smith, & Ehrlich, 1997; Brebion, 2001). Although there was no SAT 

experimental manipulation in this study, this subset only exhibited this conservative 

behavioural pattern when the memory load was heavy. Overall, early behavioural 

investigations consistently found that older adults are slower generally at cognitive 

tasks, are prone to favour accuracy of response at the expense of speed, and are less 

likely to speed up their RTs in comparison to younger adults when under explicit 

instruction to alter their strategies in this way.  

However, a drawback of these behavioural studies is that they cannot 

definitively determine the extent to which such age differences are related to global age-

related slowing versus factors like evidence encoding ability and decision caution 

criteria or a combination of several such factors. RT and accuracy are products of a 

variety of neural processes and underlying influences, several of which may even cancel 

out in the final overt behaviour. For this reason, a more recent approach has been to 

utilise sequential sampling models (SSMs; outlined in Chapter One of this thesis) to 

parse and estimate these latent influences when investigating the behavioural and 

neurophysiological adjustments associated with SAT. The use of these mathematical 

models is particularly warranted in this context because they have the power to account 

for both the timing and accuracy of decisions, while traditional Signal Detection Theory 

relies on accuracy alone for its explanatory accounts. According to the most influential 

SSM-based account, SAT is mediated by strategic adjustments to the quantity of 

evidence required to trigger commitment such that less evidence will be accumulated 

when speed is emphasised, resulting in faster, more error-prone decisions. This can be 

achieved either by lowering the decision bounds and/or by raising the starting point of 

the accumulation process. Although these two distinct parameter adjustments would be 

associated with distinct neurophysiological signatures, they are mathematically 

equivalent in terms of their impact on choice behaviour and so, for simplicity, the 

majority of SAT modeling studies allow only for the adjustment of decision threshold. 
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Figure 2.1 (from Bogacz, Wagenmakers, Forstmann, & Nieuwenhuis, 2009). Decision 

caution: A sequential sampling account of SAT, shown here as a model with two 

accumulators, i.e. a choice between two alternatives. The darker blue accumulator 

represents the correct choice. The horizontal lines indicate two different threshold 

settings. Using a higher threshold (green horizontal line) leads to a slower but correct 

response, while using a lower threshold (red horizontal line) leads to a quick but 

incorrect response.    

 

A variety of behavioural studies have used SSMs to investigate how well older 

adults are able to manage tasks in which being fast and accurate are of central concern. 

The application of SSMs within this domain - most prominently, Ratcliff’s DDM 

(1978) - offered support for the interpretation of age-related RT slowing as a strategic 

difference by demonstrating that older adults set wider, more conservative decision 

boundaries than younger adults, suggestive of a preference for accuracy at the expense 

of speed (e.g. Ratcliff, Thapar, & McKoon, 2004, 2006a, 2007, 2010; Starns & Ratcliff, 

2010). This represents a radical departure from the traditional generalised slowing 

account of aging, which implicated slower information processing as the factor 

accounting for age-related deficits (e.g. Cerella, 1985; Salthouse, 1996, 2000). One 

modeling study (Forstmann et al., 2011) used a different SSM variant - the LBA 
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(Brown & Heathcote, 2008), and produced similar results, with older adults again 

showing slower RTs overall and wider estimated decision boundaries. In addition, 

modeling studies have frequently reported age-related effects on two other SSM 

parameters: an increase in non-decision time, and a task-dependent reduction in drift 

rate (see Chapter One, and Dully et al., 2018 for review), although these parameter 

differences have not generally been invoked in accounts of age-related differences in 

SAT specifically.  

While the weight of evidence from research conducted thus far seems to point to 

increasingly cautious decision strategies in older age, the methods that have been used 

to examine SAT warrant careful consideration. For example, some studies have 

attempted to investigate potential age differences in SAT without systematically 

manipulating speed vs accuracy emphasis (e.g. Brebion et al., 1997). Here, the 

relationship between participants' default speed and accuracy levels are often analysed, 

rather than their ability to speed up or slow down their responses in line with an 

experimental manipulation of SAT. These studies therefore lack a measure of age 

differences in SAT adjustment flexibility. Some studies have also manipulated SAT 

emphasis on a trial by trial basis (e.g. Forstmann et al., 2011), which makes it unclear to 

what degree the apparent diminished flexibility might reflect a specific problem rapidly 

adapting on a trial-by-trial basis versus a motivational difference (i.e. a preference for 

accurate cautious responding). Additionally, in several of these studies, explicit 

instruction and/or feedback (e.g. points) were not given to participants regarding 

optimisation of SAT performance (e.g. Starns & Ratcliff, 2012). Because not all studies 

on SAT and aging have actually provided incentives for prioritising speed over 

accuracy, this leaves participants free to use their preferred strategy without any real 

consequences. This issue could be corrected by providing participants with regular 

feedback on a points-based reinforcement schedule that can be adjusted in order to 

systematically vary the incentive for speed versus accuracy emphasis. Other 

experiments gave more extensive instructions to participants about how they should 

balance speed and accuracy, but conducted statistical analyses separately on RT and 

accuracy data rather than computing a single metric to quantify SAT performance.  

In an attempt to investigate SAT regulation quantified in a single metric, Starns 

and Ratcliff (2010) investigated the Reward Rate Optimal Boundaries (RROB; Bogacz, 

Brown, Moehlis, Holmes, & Cohen, 2006) of individual participants (an optimal 

threshold value for a given set of circumstances including task demands, noise, etc.) in 
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a group of older and younger adults. It was found that, due to the consistent setting of 

higher decision bounds on the part of older adults, they were further away from their 

RROB, and made slower decisions than were necessary to maintain a high level of 

accuracy. Thus, this overly-conservative response style significantly impacted 

performance, although the authors note that RROB is one of many ways to define 

optimal SAT strategy. Because these age differences persisted even when participants 

were given explicit instructions regarding how they should optimise their reward rate 

(Starns & Ratcliff, 2012), it appears that they are not merely due to age effects on task 

goals (e.g. that older adults may deliberately set out to answer more accurately, despite 

explicit instructions to the contrary). 

Another important consideration is that SSM models have been developed based 

solely on fits to behavioural data and statistical conventions that heavily emphasise 

parsimony. For example, model evaluation procedures typically favour models that can 

account for behavioural phenomena like SAT through a minimum of parameter 

adjustments but the degree to which this approach yields models that accurately reflect 

the underlying computational adjustments is unclear. Moreover, many SSM variants 

exist and these disagree regarding the role of several fundamental parameters of the 

decision process. For example, the DDM specifies that once set, the decision bounds 

remain fixed for the duration of each decision whereas other models allow for dynamic 

time-dependent bound adjustments or ‘urgency’ (e.g. Cisek et al., 2009; Thura et al., 

2012). It is as yet unclear to what extent such model variants would point to the same 

interpretation of aging effects as in the DDM account. Thankfully, recent developments 

in non-invasive neurophysiology have made it possible to test many of these model 

assumptions.  

 

Neurophysiological Insights on SAT Regulation  

As noted earlier, most models assume that SAT is mediated by decision 

threshold adjustments. However, adjustments to the starting point would have 

mathematically indistinguishable behavioural effects. While these alternative parameter 

adjustments make identical predictions for behaviour, they do make distinct predictions 

for decision-related neural activity. A series of fMRI experiments on SAT provided 

support in favour of a shift in starting point as a primary mediator of SAT adjustments. 

Forstmann and colleagues (2010) identified a corticostriatal network responsible for the 

determination of decision caution, whereby activity in pre-SMA and the striatum 
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increased when participants were exposed to a speed emphasis cue as compared to an 

accuracy emphasis one. Because this increase in activity took place in the interim 

between speed cue and stimulus presentation, these findings have been interpreted as 

evidence in favour of a shift in the starting point of integrator neurons responsible for 

decision making in these brain areas. This finding tallies with single-unit studies which 

suggest that the accumulation of sensory evidence reaches a fixed threshold, regardless 

of RT, which provides support for the hypothesis that SAT adjustments are not made at 

the level of decision threshold (or at least not solely). For example, Heitz and Schall 

(2013) show an elevation of Frontal Eye Field activity prior to evidence onset under 

speed emphasis, Hanks et al. (2014) show the same result for the Lateral Intraparietal 

Area, and Steinemann et al. (2018) showed elevated beta-band activity after a speed 

emphasis cue. Forstmann and colleagues (2011) also found that older adults had weaker 

white matter tract connectivity in regions containing accumulator neurons accounting 

for starting point adjustments prior to the beginning of evidence accumulation in favour 

of a particular alternative. It may be the case that the slower response times observed in 

older participants are not the product of a voluntary response strategy, but rather, a 

structural limitation of the aging brain.   

 These findings from neurophysiological research add greater insight to the 

accounts traditionally offered by SSMs, and allow us to consider which neural 

mechanisms might underpin the cognitive-level adjustments that the models highlight, 

as well as which ones might be at fault for deficits (including age-related decline). 

Studying the associated neural level processes alongside the behaviourally-based 

models revealed that the adjustment for SAT manifests to some extent in increased pre-

decision motor activity. Older adults’ response times may be affected both by the 

voluntary adoption of a more cautious response strategy, as well as by corticostriatal 

tract strength deterioration (Forstmann et al., 2011). It should be noted that, although 

Forstmann et al. found that older adults had decreased white matter tract strength as 

compared to younger adults, and that they were more cautious than younger adults 

across all SAT conditions, only weak effects were found to indicate that older adults 

were less flexible at adjusting their decision bounds across SAT conditions. This would 

be most clearly indicated by a significant interaction between age and SAT condition on 

bound adjustment, which was not reported by the authors. Therefore, tasks in which 

reduced flexibility is observed in older adults, if any, warrant further investigation at the 

neurophysiological level to see which neural adjustments accompany such reduced 
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flexibility. In addition to this, it is not yet known to what extent declines in sensory 

encoding may contribute to age-related effects on SAT, whether there is a distinct 

abstract representation of the decision that could also be at fault in terms of explaining 

age-related changes in decision making (O’ Connell et al., 2012), and what impact 

dynamic urgency components may have. Dynamic urgency signals drive neural activity 

closer to motor thresholds as time passes, regardless of the actual sensory evidence and 

represent a key area of ongoing exploration within the decision making literature 

generally (e.g. Steinemann et al., 2018).  

Thus, many unanswered questions remain about age-related changes in the 

neural underpinnings of perceptual decision making. A concerted effort has begun 

relatively recently to ascertain the precise neural mechanisms underlying SAT, with 

behaviour in SAT tasks being examined in conjunction with single-unit data in a study 

by Heitz and Schall in 2012, and continuing presently (e.g. Servant, Tillman, Schall, 

Logan, & Palmeri, 2019), as well as the use of EEG to track SAT adjustments in 

humans on a more precise temporal scale than the fMRI research that had gone before. 

This research has highlighted that in contrast to the highly parsimonious bound-

adjustment account offered by the extant SSM literature, SAT appears to be mediated 

by numerous and functionally distinct adjustments across multiple levels of the 

sensorimotor hierarchy, including changes at early sensory stages during which 

evidence is encoded (Ditterich, 2006b; Standage, You, Wang, & Dorris, 2011, 2013; 

Heitz & Schall, 2012; Steinemann, 2018), at the level of effector-selective motor 

preparation (Osman et al., 2000; Rinkenauer, Osman, Ulrich, Müller-Gethmann, & 

Mattes, 2004, Steinemann et al., 2018) and even changes in muscle activation during 

response execution (Spieser, Servant, Hasbroucq, & Burle, 2017; Steinemann et al., 

2018). Thus, these recent neurophysiological investigations indicate that the adjustment 

of a boundary separation parameter alone does not provide a comprehensive 

explanation of the brain’s algorithmic adjustments mediating SAT.  

This stream of neurophysiological research into the mechanisms underlying 

SAT has highlighted that behavioural modeling studies may not be providing a 

comprehensive account of aging effects on decision making and SAT, but that a 

comprehensive account can be established by incorporating recently-discovered 

temporally-precise multi-level decision signals into aging research. Among the issues to 

be explored are whether SAT adjustments are represented in the same way in the aging 

brain as in the younger brain, which factors can account for observed age-related 



38 

deficits in SAT, and indeed, how plausible it is to make such between-group 

comparisons between neural signatures of decision making across older and younger 

groups in the first place. An advancement in the study of between-group differences in 

human perceptual decision making was recently developed, which can help to bridge 

this gap. Although this research did not manipulate speed/accuracy emphasis, it did 

provide a neurophysiological account of perceptual decision making in the aging brain, 

and highlighted some specific shortcomings of traditional model-based accounts. 

McGovern et al. (2018) constructed a neurally informed model, whereby abstract DDM 

model parameters were constrained using neurophysiological observations - in 

particular, electrophysiological signatures of evidence accumulation and motor 

preparation (O’ Connell et al., 2012; Donner et al., 2009) (discussed in Chapter One of 

this thesis). McGovern and colleagues initially fit a conventional DDM model to data in 

younger and older adults. Similar to the classic findings outlined above, the model 

predicted greater boundary separation for older adults as the primary explanation for 

behavioural performance in two different perceptual decision making tasks. However, 

the analysis of neural signals indicated that there were no bound differences (as indexed 

by the amplitude of two classes of decision signals). Instead, a slower rate of evidence 

accumulation (in a motion discrimination task), and a reduction in between-trial 

variability (in a contrast change detection task) were found in the older group. When 

these insights from neurophysiological data were used to constrain the model 

parameters, a better fit to behaviour was obtained. This is a highly important finding, as 

these neurophysiological adjustments depart from what would be predicted based on 

previous modeling studies, indicating that there may not be a one-to-one relationship 

between abstract model parameters and neural signals. The finding that older adults did 

not have higher bounds also calls into question the dominant account of the effects of 

cognitive aging on SAT adjustments. However, it is not clear the extent to which these 

new aging effects are task dependent. The tasks used in the McGovern et al. study 

(2018) were both continuous tasks, in which participants constantly monitored a 

stimulus for the temporally unpredictable onset of evidence. Because of the nature of 

the tasks, older adults may have been less conservative than they otherwise would have 

been, as the raising of decision boundaries may be unsuitable in the context of a 

continuous target detection task due to an increase in the likelihood of misses. As well 

as this, participants in the study were not put under particular speed stress and so it is 

unclear how older adults may adapt when faced with varying SAT conditions. 
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Therefore, it remains to be seen whether the well-replicated effects of enhanced 

response caution in older adults will be obtained when discrete-trial tasks more closely 

matching those of the Ratcliff and Forstmann studies are used.  

 

Summary of Existing Literature 

In summary, modeling studies have provided influential accounts of what might 

impact the SATs of older adults, strongly favouring an account of aging characterised 

by increased caution via boundary elevation. Recent work in the wider field has 

highlighted that several core features of these standard models are in fact controversial. 

Neurophysiology is increasingly being used to definitively adjudicate among competing 

models and the one study to incorporate this approach into the study of aging to date 

found no evidence of boundary elevation in older adults. A coupling of the key insights 

from electrophysiology and neuroimaging aging studies outlined above, along with 

recent findings in SAT experiments in animals and younger adults thus call into 

question the standard model-based explanation for SAT adjustments in the aging brain 

(i.e. that this is solely achieved at the level of boundary adjustment), and make SAT 

regulation in the aging brain a key issue to be explored in order to gain insight into the 

challenges faced by older adults on an everyday basis. There has as of yet been no 

research which has sought to link the two - to investigate the impact of speed/accuracy 

pressure on recently identified decision signals in order to see how SAT changes in the 

aging brain. The present study aims to address these issues, and fill this gap.  

 

The Present Study 

Aims. The key aims of this experiment were: (i) to replicate previous reports 

that older adults have a diminished capacity for regulating speed vs. accuracy in 

decision making using an objective measure of SAT adjustment, and (ii)  to examine 

the degree to which the age-related effects on neural signatures of decision formation 

correspond to the predictions of previous behavioural modeling studies, (iii) to gain 

insight into the functional effects of these neural deficits using an objective measure 

(i.e. a points system) of behavioural SAT performance.  
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Materials and Methods 

Participants 

60 adults participated in this study. Behavioural analyses were conducted on all 

participants, but 5 (3 older, 2 younger) were excluded from electrophysiological 

analyses due to excessive artifacts (<50% trials remaining). Thus the behavioural 

analyses were conducted on 30 younger adults (15 female, age range: 18-34 years, 

mean age = 23 ± 4.4 years), and 30 older adults (15 female, age range: 62-77 years, 

mean age = 70 ± 3.5 years), while the EEG analyses were conducted on 28 younger 

adults (14 female, age range: 18-33 years, mean age = 22 ± 4.4 years), and 27 older 

adults (14 female, age range: 62-77 years, mean age = 70 ± 3.6 years). All participants 

had normal or corrected-to-normal vision, no personal or family history of neurological 

or psychiatric illness or brain injury, or epilepsy, no unexplained fainting or sensitivity 

to flickering light. Across both age groups, participants were matched for years in 

education (Younger group: M = 17.2 ± 3.1 years ; Older group: M = 17 ±3.8 years; t 

(59) = 1.29, p = 0.380), and all scored >24 on the Mini Mental State Exam (MMSE). 

Older and younger participants did not differ in terms of their predicted premorbid IQ, 

as judged by the National Adult Reading Test (NART; Nelson, 1982), BF<1. 

Participants provided informed written consent prior to testing and were paid a gratuity 

of €30 to compensate them for their time and any travel expenses incurred. All 

procedures were approved by the Trinity College Dublin School of Psychology Ethics 

Committee, and were in accordance with the Declaration of Helsinki. 

 

Procedure 

Participants were first administered the MMSE, the NART, and demographic 

questionnaires. Participants performed the computerised contrast change discrimination 

task in a darkened, sound-attenuated room, seated approximately 50cm from the 

presentation computer, with their head supported by a chin rest. Stimuli were presented 

on a 40.5cm CRT monitor which had a refresh rate of 100 Hz and a screen resolution of 

1024x768.   

 

Experimental Task 

Participants performed a two-alternative forced choice contrast discrimination 

task (see figure 2.2), in which they decided which of two overlaid orthogonal sets of 

gratings had greater contrast. Visual stimuli were programmed using the PsychToolbox 
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extension of MATLAB. The visual stimulus was annular in shape with an inner radius 

of 1 degree, and an outer radius of 6 degrees of visual angle. The annular pattern was 

presented centrally on a grey background with the same mean luminance (65.2 cd/m2) 

and was composed of two overlaid square-wave gratings (spatial frequency = 1 cycle 

per degree). Of the two sets of overlaid orthogonal gratings, one set was tilted left by 45 

degrees relative to vertical, and one set was tilted right by 45 degrees relative to vertical 

(left tilted grating: -45°; right tilted grating: +45°). The gratings were phase-reversed at 

20 Hz and 25 Hz (these phase reversal frequencies were pseudorandomly 

counterbalanced across trials) to provide measurement of incoming sensory evidence 

for both possible choices. 

Prior to each block of trials, a prompt was provided on screen informing 

participants whether the upcoming block was a speed emphasis block or an accuracy 

emphasis block. Speed/accuracy condition was kept constant throughout each block, 

alternated from block-to-block and the condition performed first was randomised across 

participants. Participants fixated on a central point of 2x2 pixels throughout the task, 

with their head supported by a chin rest. Following presentation of this fixation point 

for 500 ms, they received another brief cue of either “go fast!” or “be accurate!”, 

depending on which condition they were completing. This cue was displayed for 500 

ms, after which time, the fixation dot was again displayed for 500 ms. Following this, 

the grating stimulus appeared, and after a fixed delay of 400 ms (during which time the 

stimulus remained at 50% contrast), the contrast of one grating increased to 60% (low 

contrast) or 66% (high contrast), while the other decreased by a corresponding amount 

(to 40% or 34% respectively). These two levels of evidence strength (small/large 

contrast difference) were randomly interleaved on a trial-by-trial basis. The contrast 

difference (evidence) was displayed for 1600 ms. Participants were required to indicate 

by means of a mouse click, whether they perceived the target stimulus as left- or right-

tilted with the thumb of the corresponding hand (i.e. left thumb click for left-tilted 

pattern). There was an inter-trial-interval of 500 ms. 
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Figure 2.2. Task structure and trial timing: Initially, the two orthogonal gratings are at 

equal (50%) contrast. After a fixed delay, the contrast of one grating (in this case, the 

rightward facing grating) stepped up in contrast to either 60% or 66% (dependent on 

low/high contrast condition), while the other stepped down to 40% or 34%. Participants 

responded with a mouse click. In this example, the correct response would be a right 

handed button click. 

 

Participants were instructed to try to maximise their points in each experimental 

block by responding as quickly as possible (without guessing) in the speed emphasis 

condition, and by responding once certain of the tilt direction in the accuracy emphasis 

condition. Participants were not made aware in advance of the precise number of points 

they would receive for the various response types (e.g. correct/incorrect, too fast/too 

slow), but they were made explicitly aware that faster responses under speed emphasis 

would result in a higher number of points, while more accurate responses under 

accuracy emphasis would result in a higher number of points. Participants were advised 

that by following the cue instructions (i.e. “go fast!” or “be accurate!” they would 

achieve the best possible performance, and they received trial-by-trial feedback on their 

performance in the form of points (based on Steinemann et al., 2018 - see figure 2.3). 

Under the accuracy emphasis condition, a set number of points (60) was awarded for 

correct responses within a discrete deadline of 1600 ms. Participants earned 0 points for 

a miss, and had 60 points deducted for an incorrect response (error). Under the speed 
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emphasis condition, the maximum number of obtainable points was 100, with the 

number of points awarded for correct responses diminishing as a function of RT at a 

rate of 75 points per second. Therefore, responses that were correct but very slow led to 

a deduction of points. Incorrect responses incurred point deductions of at least 20 points 

(with the number of points deducted increasing at a rate of 4 points per 64 ms). 116 

points were subtracted for misses (i.e. when participants did not give any response 

within the deadline). Following each trial, participants were also told whether they had 

answered incorrectly, correctly, or too late.   

 Participants first carried out a short practice block of 20 trials with the target 

stimulus at 100% contrast, and a second short practice block of 20 trials with the 

contrast change procedure as outlined above. Participants were required to obtain 80% 

accuracy in the first practice block, and 60% accuracy in the second practice block 

before moving onto the main task. Participants then completed 6 blocks of 60 trials 

each as their main testing session (composed of 3 speed emphasis blocks, and 3 

accuracy emphasis blocks). 

 

Figure 2.3. Points reward system: The system for awarding points for participants 

under accuracy emphasis (a), and under speed emphasis (b). Figure adapted from 

Steinemann et al., 2018. 
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EEG Data Acquisition and Preprocessing 

Continuous EEG data were acquired using an ActiveTwo system (BioSemi, The 

Netherlands) from 128 scalp electrodes, digitised at 512 Hz. Eye movements were also 

recorded using two vertical electro-oculogram (EOG) electrodes placed above and 

below the left eye. Data analysis was carried out using custom scripts in MATLAB 

(Mathworks, Natick, MA, USA) that drew on EEGLAB routines (Delorme & Makeig, 

2004). Noisy channels were interpolated (spherical spline) and the data were re-

referenced offline to the average reference. The continuous recordings at all channels 

were detrended in order to minimise the influence of slow drifts and the data were low-

pass filtered below 35 Hz and above 0.1 Hz using a Hamming Windowed-Sinc Finite 

Impulse Response (FIR) filter (MATLAB’s eegfiltnew function). A 50 Hz notch filter 

was also applied in order to eliminate noise at the mains frequency. Because statistical 

assessments of EEG data were conducted following application of a 35 Hz low pass 

filter, statistical analyses were also conducted on the unfiltered data in order to ensure 

that the present results were not produced as a result of filter-related distortions. The 

analyses on the unfiltered data did not change the direction or statistical significance of 

the reported results.  

The EEG data were segmented into epochs of -500 to 1500 ms relative to target 

onset and baseline corrected relative to the average signal in the window -200 to 0 ms. 

Epochs were rejected if the bipolar vertical EOG signal (upper minus lower) exceeded 

an absolute value of 200 microvolts (uV) or if any scalp channel exceeded 100 uV. 

These data were further segmented into epochs of -0.7 to 0.1 ms relative to response 

execution. EEG analyses were conducted on all trials, whether correct or not. The data 

were also converted to Current Source Density (CSD; Kayser & Tenke, 2006) using the 

CSD Toolbox for MATLAB (Kayser & Tenke, 2006) in order to reduce spatial 

projection between distinct topographical foci, in particular the potential impact of 

frontocentral motor signals on posterior signals of interest (Kelly & O’ Connell, 2013). 

Statistical analyses were also carried out in SPSS Version 22. Participants had an 

average of 158 trials in the Accuracy Condition, and an average of 139 trials in the 

Speed Condition. 

 

Statistical Analyses 

The assumption of normality was verified using Kolmogorov-Smirnov Tests. 

This assumption was met in all cases. Outliers were removed across all signals where 
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values greater than 1.5 times the inter-quartile range from the median value existed 

(assessed separately within each age group). This assessment was also conducted for 

within-subject factors, and was applied to EEG signal data. In the case of EEG data, if 

an outlier was detected in a given epoch, this epoch was excluded from analysis. 

Homogeneity of variance was assessed using Levene’s Test, and a result of p>0.05 

indicated that the assumption of homogeneity of variance was met. Two-Way Mixed 

Factorial ANOVAs were used to assess behavioural differences in RT and accuracy, as 

well as in neural signal amplitude differences, with Age Group as the Between Subjects 

Factor, and Speed/Accuracy Condition as the Within Subjects Factor. Where significant 

interaction terms existed within the Two-Way Mixed Factorial ANOVAs, analyses of 

simple effects were run in order to determine the direction of the effects. For the 

purposes of creating the conditional accuracy function, data were binned as a function 

of RT such that all bins had the same number of trials, with a minimum of 15 trials per 

bin. This produced either 6 bins or 7 bins of 266 trials each, depending on the condition. 

The mean RT and accuracy were averaged across participants for equivalent bins.  

 

Signal Analysis 

Sensory evidence representation. The Steady State Visual Evoked Potential 

(SSVEP) is a continuous oscillation occurring in response to stimuli flickering at a 

constant, rapid rate (greater than 1 Hz). The SSVEP is strongly contrast-dependent and 

has been shown to index the sensory input to contrast-based perceptual decisions with 

its amplitude predicting choice timing and accuracy (O’ Connell et al 2012; Loughnane 

et al 2018; Steinemann et al 2018).  In the present contrast discrimination study, as in 

that of Steinemann et al (2018) the visual sensory evidence was indexed by the 

difference between the SSVEP of the grating flickering at 20 Hz and that of the grating 

flickering at 25 Hz. The SSVEP signals were measured using the standard Short Time 

Fourier Transform (STFT) with a boxcar window length of 400 (fitting 8 cycles of the 

20 Hz flicker frequency, and 10 cycles of the 25 Hz flicker frequency) and 20 ms step 

size. The SSVEP was averaged over 2 electrodes near standard site Oz using the 10-20 

co-ordinate system for both age groups. These electrodes were selected on the basis of 

visual inspection of the SSVEP topography. SAT effects were measured within the 

window from 350 to 550 ms following target onset.  
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Evidence accumulation. The CPP is a human evidence accumulation signal 

that has been shown to trace the integration of sensory evidence across time, displaying 

a build-up rate proportional with evidence strength (O’ Connell, Dockree, & Kelly, 

2012) and consistently preceding effector-selective motor preparation signals (e.g. the 

LRP), indicating that it indexes an intermediate level between sensory evidence 

representation and motor response preparation (Kelly & O’ Connell, 2013). The CPP is 

supramodal and abstract, in that it occurs across sensory modalities and in the absence 

of a required motor response to indicate the decision that has been made (O’ Connell et 

al., 2012). In the present study, for each participant, ERPs were created by averaging 

across single trials. The response-locked CPP was extracted from within the stimulus-

locked epoch (-500 to 1500 ms relative to target onset) over a window of -500 ms to 

100 ms relative to response. The mean amplitude of the response-locked CPP was 

calculated within a measurement window of -100 ms to -50 ms relative to response, 

while CPP build-up was defined as the slope of a straight line fitted to the response-

locked waveform at -200 ms to -50 ms (using the polyfit function in MATLAB). The 

CPP for the younger group was averaged over 3 electrodes between standard sites Cz 

and Pz using the 10-20 co-ordinate system. This was based on visual inspection of their 

grand average topography. The CPP for the older group was averaged across 4 

electrodes in total situated in lateral parietal areas of the scalp (i.e. areas lateral to 

standard sites Cz and Pz). This was due to the presence of a negativity in the standard 

CPP electrode sites, potentially caused by motor activity or an age-related neural 

response to a feature of the stimulus. The waveforms generated at the electrode sites 

lateral to Cz and Pz shared the same latency and polarity as the CPPs generated in the 

younger group’s centro-parietal electrodes. It also built at a significantly faster rate in 

the easy contrast condition than the difficult one. The observed centro-parietal 

negativity existed across the entire older group in the present experiment, and was also 

observed in a similar task utilising the same stimulus in a later chapter of this thesis. 

Interestingly, when older adults were exposed to a random dot motion stimulus 

(Chapter Three of this thesis) the same negativity was not present. Note that when 

statistical analyses were run using the same electrodes across both age groups (i.e. 3 

electrodes between standard sites Cz and Pz for both the younger and older adults) this 

did not alter the results. Note that in the stimulus-locked CPP waveform plot in the 

present chapter, this 5 Hz oscillation due to the difference in the two stimulus flicker 

frequencies (25 Hz - 20 Hz) is visible, particularly in the older group. This effect is seen 
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more strongly in the older group due to the difference in electrode selection between 

older and younger. For this reason, it was difficult to accurately measure the stimulus-

locked CPP, or to glean any reasonable conclusions from its analysis. The measurement 

window used for statistical analysis of the CPP slope was from -200 to -50 ms, while 

the window used to measure the CPP amplitude at response was from -100 to -50 ms. 

 

Motor preparation. In the present study, the preparation for a motor response 

(mouse click) was quantified in terms of beta-band power over motor regions 

contralateral to the responding hand. Beta power has been shown to desynchronise 

during the preparation of motor responses (particularly in the hemisphere contralateral 

to the responding hand). Donner and colleagues showed that this beta-band activity 

exhibited the characteristics of an effector-selective decision signal, in that it reflected 

the integral of incoming momentary sensory evidence, and in accordance with emerging 

motor preparation associated with perceptual decisions (O’ Connell et al., 2012; De 

Lange et al., 2013; Steinemann et al., 2018). Therefore, although beta-band activity 

traced sensory evidence accumulation, it was tied to a particular response modality 

(unlike the CPP). In the present study, beta-band activity was measured as the 

oscillatory power in the 18 to 30 Hz range over motor electrodes in the left hemisphere 

and in the right hemisphere. These electrodes were chosen on the basis of visual 

inspection of the grand average topography. Power was measured in a sliding boxcar 

window of 100 ms with 10 ms step size. Stimulus-locked beta was measured 

statistically using a window of -400 to 0 relative to target onset (i.e. a time period 

following the Speed or Accuracy cue, but prior to sensory evidence onset). This pre-

target window was chosen, and waveforms were collapsed across ipsilateral and 

contralateral responses, in order to investigate motor preparation for either response 

prior to any sensory evidence, which can be used as a measure of the preparation 

participants began the trial with, i.e. their starting point. Response-locked beta analyses 

were conducted within a measurement window of -300 to -100 relative to response, and 

were not collapsed across ipsilateral and contralateral activity as the stimulus-locked 

analyses were. A mixed factorial ANOVA was carried out on this data within the 

measurement window of -300 to -100 relative to response.  
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Results 

Behavioural Results 

The Speed/Accuracy manipulation was successful in promoting alterations in 

decision strategy, with participants in both groups responding more rapidly (ANOVA, 

F (1, 58) = 60.39, p < 0.001, d = 0.64) but less accurately (ANOVA, F (1, 58) = 21.66, 

p < 0.001, d = 0.55) when speed was emphasised. Both groups respected the response 

deadline to a similar degree as indicated by the absence of any significant Age Group 

difference in the number of misses (younger M = 16.17, ± 27.50, older M = 25.55, ± 

33.28, independent samples t-test, t (59) = 1.29, p = 0.380, d = 0.19). There was no 

significant main effect of Age Group on RT, (ANOVA, F (1, 58) = 0.11, p = 0.747, d = 

0.21), but a significant Age Group x Speed/Accuracy Condition interaction was 

observed, (ANOVA, F (1, 58) = 8.92, p = 0.004, d = 0.51). It was found that the cross-

condition RT adjustment of the younger group (M = 123.15 ms, ± 105.23) was 

significantly greater than that of the older group (M = 54.78 ms, ± 68.21), (independent 

samples t-test, t = 5.29, p < 0.001, d = 0.69), see figure 2.4a, with reaction time 

distributions shown in figure 2.4c. Although numerically the younger group also 

exhibited a larger cross-condition accuracy difference (younger M = 0.047, younger SD 

= 0.056; older M = 0.025, older SD = 0.063), there was no significant main effect of 

Age Group on accuracy, (ANOVA, F (1, 58) = 2.24, p = 0.14, d = 0.22), nor any Age 

Group by Speed-Accuracy Condition interaction, (ANOVA, F (1, 58) = 2.06, p = 0.16, 

d = 0.21), see figure 2.4b. 
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Figure 2.4. SAT behavioural plots. (a) Mean RTs and (b) mean accuracies across age 

groups and speed/accuracy emphasis conditions. (c) Reaction time distribution showing 

age groups and speed/accuracy conditions (number of correct responses as a proportion 

of the number of trials, solid lines). Dashed lines indicate error responses. (d) Points 

earned by participants (younger and older) across the two speed/accuracy conditions. 

Error bars represent standard error of the mean in all cases. 

 

The above findings are similar to what has been reported in previous aging-

related studies on perceptual decision making (e.g. Ratcliff, Thapar, & McKoon, 2006; 

Starns & Ratcliff, 2010), in that older participants adapted their choice RTs and 

accuracies less under conditions of increased speed emphasis. Importantly however, this 

did not translate to older adults earning fewer points overall (figure 2.4d). There was no 

main effect of Age Group on number of points scored, (ANOVA, F (1, 58) = 0.254, p = 

0.616, d = 0.3), and no significant interaction between Age Group and Condition  

(ANOVA, F (1, 58) = 0.235, p = 0.63, d = 0.24). Thus, although older participants 

failed to speed up their responses as much as younger participants, this did not come at 

a significant cost to points earned, suggesting a lack of functional impact of their 

apparent reduced flexibility of RT adjustment. 



50 

One behavioural signature of dynamic urgency is a decrease in accuracy over 

RT, and therefore Accuracy was also examined as a function of RT (conditional 

accuracy function - CAF, figure 2.5).  These plots show a commonly observed trend of 

an initial increase in accuracy from fast to intermediate RTs followed by a progressive 

decline in accuracy for later RTs. No effect of Age Group was found on the rate of 

accuracy decline over RT, t (1, 58) = 1.15, p = 0.26, d = 0.19.  

 

 

Figure 2.5. Conditional accuracy function: CAF showing two different age groups and 

speed-/accuracy conditions. Error bars represent standard error of the mean. The units 

on the x axis represent the middle of each time bin.  

 

 

Electrophysiological Results 

Sensory evidence representation. Sensory evidence representation was 

quantified as the difference in occipital SSVEP between the two different flicker 

frequencies of the gratings in the task (Figure 2.6). As expected, the SSVEP was highly 

sensitive to the direction (left vs. right tilt) and magnitude of the contrast change in both 

age groups. There was a significant main effect of difficulty level (ANOVA, F (1, 49) = 

35.40, p < 0.001), with higher mean amplitudes in the easier contrast condition in both 

age groups, and lower mean amplitudes in the difficult contrast condition in both age 

groups. Contrary to previous research (Steinemann, 2018) no main effects of 

Speed/Accuracy Condition were found on the SSVEP amplitude (ANOVA, F (1, 49) = 
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0.00, p = 0.99, d = 0.2). Unexpectedly, we found that older adults had significantly 

stronger differential SSVEP responses than younger adults, F(1, 49) = 4.86, p = 0.03, d 

= 0.52. This effect was found across both Speed and Accuracy conditions (figure 2.6 

shows the amplitude of the SSVEP differential - i.e. target minus non-target - for older 

versus younger adults across Speed/Accuracy conditions). Therefore, older adults 

showed significantly stronger sensory evidence encoding signals than younger adults, 

regardless of whether they were under speed or accuracy emphasis (see figure 2.7), 

indicating better discrimination at the sensory level. There was no significant Speed 

Accuracy Condition by Age Group interaction effect (ANOVA, F(1, 49) = 0.06, p = 

0.80, d = 0.27).   

 

 

Figure 2.6. The SSVEP across age groups: The SSVEP for the younger (a) and older 

(b) groups, with the power at 25 Hz subtracted from the power at 20 Hz. (c) Grand 

average topography used for selection of electrodes for quantifying the SSVEP. 
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Figure 2.7. The SSVEP across speed/accuracy condition: The SSVEP collapsed across 

target type (20 Hz or 25 Hz) shown here split by SAT condition (blue lines for young 

participants, green for old, with dashed lines representing speed condition, and solid 

lines representing accuracy). 

 

The plot above appears to show a greater increase in the SSVEP for younger 

participants at early post-stimulus timepoints. This pattern is broadly in line with 

findings from Steinemann et al. (2018) which indicated that the SSVEP was stronger 

under speed pressure. However, a statistical analysis of the present data indicated that 

the interaction effect between Age Group and Speed/Accuracy Condition in the time 

window from 0 to 300 ms was not significant (ANOVA, F (1, 49) = 1.63, p = 0.21, d = 

0.18). To further investigate this result, a repeated measures t-test was conducted on 

data solely from the younger group, but this also indicated no significant difference in 

the increase of the SSVEP across Speed/Accuracy conditions within the younger group, 

t (1, 29) = 0.79, p = 0.44, d = 0.17. 

 

Evidence accumulation. The stimulus-locked and response-locked CPP traces 

for the two age groups, and two speed/accuracy emphasis conditions are shown in 

figure 2.8. Analysis found that, while there was no main effect of Speed/Accuracy 

Condition on CPP amplitude, and no Speed/Accuracy Condition x Age Group 

interaction, there was a main effect of Age Group, (ANOVA, F (1, 53) = 7.71, p < 0.01, 
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d = 0.41), with younger adults exhibiting a higher mean amplitude at the time of 

decision report in both the Speed and Accuracy Conditions. The influence of Age 

Group and Speed/Accuracy Condition on the build-up rate of the CPP was also 

examined. A mixed factorial ANOVA revealed that there were no main effects of either 

Age Group (ANOVA, F (1, 53) = 0.003, p = 0.96, d = 0.2), or Speed/Accuracy 

Condition (ANOVA, F (1, 53) = 0.98, p = 0.33, d = 0.16) on CPP buildup rate, and 

there was no Age Group x Speed/Accuracy Condition interaction effect (ANOVA, F (1, 

53) = 1.33, p = 0.25, d = 0.21). Therefore, no age-related differences emerged in the 

rate at which evidence was accumulated in the contrast change task - a finding that 

accords with the observations of McGovern et al (2018).  

 

 

Figure 2.8. Stimulus-locked and response-locked CPPs: (a) Stimulus-locked 

waveform across Speed and Accuracy Conditions for younger and older adults with 

visible 5 Hz oscillation, likely driven by the SSVEP as the 20 and 25 Hz grating flickers 

resonate at 5 Hz. It is not clear why the older group have such a large 5 Hz oscillation 

compared to the younger group, but it may at least partly reflect their overall larger 

SSVEP differential. It may also be partially driven by age-related anatomical 

differences. (b) Response-locked CPP waveform across Speed and Accuracy 

Conditions for younger and older adults. (c) Grand average signal scalp topography in 

the time window of -150 ms to -50 ms relative to response for the younger participants 

(top) and the older participants (bottom).  
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Motor preparation. Consistent with previous work, an analysis of stimulus-

locked beta in the window -400 to 0 relative to target onset revealed a main effect of 

Speed-Accuracy Condition, (ANOVA, F (1,50) = 7.84, p = 0.007, d = 0.59), indicating 

that pre-target beta desynchronisation was significantly more pronounced in the speed 

condition (see figure 2.9a). A main effect of Age Group was also found (ANOVA, F (1, 

50) = 5.60, p = 0.02, d = 0.24), with younger adults exhibiting overall greater beta 

desynchronisation. Finally, an Age Group x Condition interaction effect was found, 

with younger adults showing a greater difference in the amount of preparation across 

Speed/Accuracy regime than older adults, (ANOVA, F (1, 50) = 5.63, p = 0.022, d = 

0.53). Response-locked beta-band activity is also shown below, in figure 2.9b. A mixed 

factorial ANOVA was carried out on this data, and no significant effects were found 

across age groups (ANOVA, F (1, 50) = 1.88, p = 0.176, d = 0.14), across SAT 

condition (ANOVA, F (1, 50) = 1.27, p = 0.26), or an interaction of these (ANOVA, F 

(1, 50) = 1.77, p = 0.18, d = 0.2).    

 

 

 

Figure 2.9. Beta power across age groups: (a) Activity in the beta-band shown locked 

to stimulus (stimulus appearance at timepoint 0) and (b) locked to response (response at 

timepoint 0). (c) Grand average response-locked beta-band topography for younger 

participants (above) and older participants (below). Note that the response-locked plot 

is not collapsed across ipsilateral and contralateral activity as the stimulus-locked plot 
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was. Instead, only contralateral activity is shown in the response-locked plot. The 

stimulus-locked plot is collapsed across ipsilateral and contralateral responses in order 

to illustrate the overall baseline shift (i.e. across any type of response as this is 

computed in the pre-evidence window). For the response-locked plot, contralateral trials 

are most relevant, as activity on these trials is linked with the response that was actually 

given. 

 

  



56 

Discussion 

Recent studies have highlighted the importance of investigating 

neurophysiological mechanisms underlying effects that have previously only been 

investigated using behavioural data. These studies have led to more comprehensive 

characterisations of the Speed Accuracy Tradeoff (e.g. Heitz & Schall, 2014), and of 

how perceptual decision making abilities may change with age (McGovern et al., 2018). 

To date, no study has tied these two areas together to examine how SATs are achieved 

in the aging brain, on a temporally precise scale. The present study aimed to correct this 

by examining neural signals across the three neural processing levels underpinning 

perceptual decision making in older and younger adults. Results of the present study 

showed that older adults did not alter the speed of responses across Speed/Accuracy 

emphasis conditions to the same extent as younger adults did, but this may be a 

strategic difference because, interestingly, the lack of RT adaptation across conditions 

did not result in poorer performance in terms of points. At the neural level, older adults 

had a stronger representation of the sensory evidence across both conditions, allowing 

them to obtain very similar mean RTs despite their much lower motor preparation at 

baseline. 

Behaviourally, each age group was amenable to SAT manipulation via verbal 

instruction and points-based feedback, with both younger and older adults responding 

more rapidly and less accurately in the Speed Condition, while responding less rapidly 

but more accurately in the Accuracy Condition. However, these RT adjustments were 

significantly smaller in the older group, suggesting that older participants were unable 

(or possibly unwilling) to speed up as much as younger adults in the transition from 

Accuracy to Speed emphasis. While older adults did not adapt RT as much as younger 

adults across SAT conditions, this did not come at a significant cost to performance, 

with no age-related deficits on mean points scored or misses. An important related 

discussion is whether it is correct to refer to older adults as 'less flexible', as has been 

commonly claimed. The results of the present experiment suggest that older adults 

simply prefer slower and more accurate responding if that can be achieved without a 

loss of reward (i.e. a strategic preference). Further work is required in this regard to 

establish this more fully, including trying different reward schedules and deadlines, and 

comparing the same participants on trial-to-trial versus blocked cueing. This is in case 

the observed high level of performance is entirely dependent on blocked cues, which 

could allow for a longer period of adaptation, often not encountered in everyday life. In 
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the case of worse performance in older adults on trial-by-trial based cues, it would also 

be necessary to establish whether this was as a result of less flexible decision making 

abilities, or the related ability of task switching.  

Thus, one of the most important findings of the present study is that the older 

adults score just as well as the younger adults and so the claim that older adults are 

'worse' at SAT may not be warranted. In this sense, the present study addresses a major 

limitation in the extant literature which has generally relied on simple verbal 

instructions with no explicit reward schedule against which behaviour can be optimised 

and assessed. Therefore, a key point to note in between-group comparison studies is the 

way in which the real world impact is assessed across groups, if this is measured at all 

(i.e. in cases where no age-related deficits are seen functionally at the behavioural 

level). When Ratcliff and colleagues assessed functional impact they used the RROB as 

a metric for performance and found that older adults were at a functional deficit in 

terms of the distances their responses lay from optimality, but results highlighting a 

significant age-related functional impact in terms of points scored were not found in the 

present study (Ratcliff et al., 2010; Starns & Ratcliff, 2012). This could be due to a 

different performance index being used - for example, if a system that included a much 

greater penalty for not speeding up had been used, a functional impact may have been 

seen in the older adults.  

SAT adjustments were readily apparent at the level of motor preparation, where 

both older and younger adults displayed increased baseline motor preparation prior to 

target onset under Speed emphasis than under Accuracy emphasis. This replicated a 

recent observation in younger participants (Steinemann et al., 2018), and additionally 

demonstrates that this motor level urgency adjustment is significantly less pronounced 

in older adults. Crucially, older adults had reduced beta preparation irrespective of 

condition (lining up with their numerically higher accuracy, which would be expected 

in the case of reduced baseline motor preparation). This is a key novel insight into the 

neural mechanisms modulating SATs in healthy older adults. These results are 

compatible with SSM accounts citing boundary separation as the primary aspect 

accounting for age-related changes in decision making. However, this research goes one 

step further in that it highlights that, rather than reduced adjustment of RTs in older 

adults being due to decision threshold changes, age-related SAT differences were 

mediated by starting levels of motor preparation, apparent in advance of sensory 

evidence presentations. Although the older group exhibited significantly less 
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desynchronisation at baseline, they reach the same amplitude at response, which is also 

consistent with the presence of wider decision boundaries, and with the caution account 

of aging changes in decision making. 

The lack of age-related effect at the effector-selective decision signal bound is 

also consistent with previous neurophysiological findings in older groups (McGovern et 

al., 2018). Interestingly, although significantly less motor preparation is implemented 

by older adults, this group had no difference in their mean RTs compared to the 

younger group. This is most likely due to the compensatory effects of their stronger 

sensory evidence signal. These findings show that shifts in starting point must be taken 

into account as a key neural adjustment accounting for performance on SAT adjustment 

in older age. The EEG results from the present study are consistent with work from 

fMRI research conducted into SAT in older adults which identified a starting point shift 

in neural activity as the factor underlying reduced SAT flexibility (Forstmann et al., 

2011).  

Despite both age groups having highly similar RTs, older adults were 

numerically more accurate. This is likely due to their stronger representation of 

evidence at the sensory encoding level, as indexed by an overall larger SSVEP 

differential. This is consistent with line with a previous study in this area whereby older 

adults exhibited reduced between trial variability in their drift rate, along with less trial-

to-trial CPP variability, and less variability of alpha band activity in older adults, which 

acts as an index of attentional engagement (McGovern et al., 2018). In the present 

study, older adults also had less variable RTs, indicating that they were paying more 

attention. Although older adults may have paid more attention to the task, and had a 

stronger representation of the sensory evidence, this was present across all conditions, 

rather than something implemented to facilitate adjustment across SAT conditions. This 

lack of adjustment of early sensory processes in response to SAT emphasis shows a 

failure to replicate previous SAT findings in younger cohorts (e.g. Steinemann et al., 

2018). However, in the present study the SSVEP data in the younger group does show a 

visual trend that is consistent with this previous research, but that did not meet 

statistical significance, either within an ANOVA, or when the younger group was 

analysed separately. This could be as a result of the difference between trial-by-trial 

cueing in the case of the study by Steinemann and colleagues (2018) versus block-by-

block cueing in the present study, in that the arousing effect of speed cues may be very 

short lived. However, an ANOVA indicated that there were comparable time-on-task 
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effects across age groups, with a main effect of reaction time bin on participant RTs in 

the speed condition, F(1, 58) = 2.75, p = .03. The lack of an interaction effect between 

RT Bin and Age Group indicates that this effect is consistent for both younger and older 

participants. The SSVEP effect in Steinemann et al. (2018) was attributed to arousal 

boosts, and these potential arousal differences indicate that certain SAT adjustments 

may not be universal across tasks, and could be verified more fully with the use of 

pupillometric data, as well as having the same sample of participants perform the task 

with trial-to-trial versus blocked SAT cuing.  

EEG analyses also indicated that there was an Age effect at the level of evidence 

accumulation, with the stimulus-locked and response-locked CPPs of older adults 

reaching significantly lower amplitudes than those of younger adults. While this 

observation is consistent with the P3b literature on aging (e.g. Polich, 1997), it is 

apparently inconsistent with reported boundary increases in the modeling studies of 

cognitive aging. It is also inconsistent with the findings of McGovern et al (2018) who 

reported no differences in response-locked CPP amplitude at the time of decision 

report. However, there are several explanations that could potentially be offered for 

these discrepancies. Firstly, the SSVEP generating stimulus flickers in the present 

experiment produced a strong 5 Hz oscillation (reverberation of the 20 and 25 Hz 

oscillations) that was particularly prominent in the older group, most likely because 

they had much larger SSVEP differentials overall. The precise impact of this oscillation 

on the averaged CPP amplitude and topography is very difficult to quantify in the 

present study. In Chapter Three of this thesis, identical flicker frequencies were used for 

both gratings in a similar contrast change paradigm, with the aim of eliminating the 5 

Hz oscillation.  

This observation highlights an important methodological issue for studies 

seeking to compare EEG decision signals (and in fact, EEG signals of any kind) across 

groups. Thus far, research on the CPP and beta signals has centered around within-

subject cross-condition comparisons but group comparisons bring a different set of 

considerations. Specifically, neural signal measurements are likely to vary with age due 

to alterations in brain morphology (e.g. cell loss, volume conduction) that may not 

necessarily impact on how decisions are formed in the brain. Consequently, it is 

uncertain to what degree any inter-individual or group differences in signal amplitudes 

can be attributed functional significance. Nevertheless, the key results reported in the 

present study rely on cross-group comparisons of within-subject effects that should be 
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much less susceptible to such confounds. Despite this, modeling studies that seek to 

quantify the impact of morphological differences in brain anatomy between younger 

and older adults on standard EEG components would be highly useful when 

investigating decision making differences across age groups. Another possibility is that, 

in this particular task, older adults use a qualitatively distinct strategy for making their 

perceptual decisions. There has been increasing awareness that decision processes 

alternative to the standard integrator models (for example the Extrema Detection 

Model) can provide equally good or better fits to behavioural data in certain cases 

(Waskom & Kiani, 2018). Therefore, it should not be assumed that all participants (or 

groups of participants) are integrating evidence across all tasks. Perhaps older adults do 

not accumulate evidence over time, but rather wait for a certain outlier value in sensory 

cortex before they make their decision, as predicted by the Extrema Model. No research 

has yet investigated the extent to which an accumulator model is the only explanation 

for performance in the particular task used in the present experiment. In random dot 

motion tasks, for example, the stimulus itself is stochastic, meaning that the optimal 

strategy is to integrate the information. In contrast, the physical evidence in the present 

study was completely fixed over time and is therefore as informative at the beginning of 

the trial as it is at the end. Although the presence of sensory noise disallows for a 

perfect single ‘snapshot’ in time of the target stimulus, the question remains whether 

sensory noise is sufficiently strong to necessitate temporal integration or not, and 

whether this might vary from person to person. However, in a recent study by Devine et 

al. (2019), participants did show some evidence of integration during a contrast change 

discrimination task, in that the extent of the CPP’s build-up at the time of evidence 

onset predicted the participants’ RT and choice accuracy. This finding cannot be easily 

reconciled with a snapshot account. Some insight into the presence or absence of 

integration during perceptual decision making can also be gained by introducing subtle 

stimulus perturbations and examining the time-course over which they influence 

decision making. Such an approach would help to address the need for further 

exploration of which decision making strategies people employ in general. An 

additional fruitful avenue for future work in this area is to use mathematical models to 

prize apart the potential underlying algorithmic adjustments. One future aim should  be 

to fit both Extrema and integration models to the older and younger data, and see 

whether there are differences in the fundamental decision making strategies employed 

by these groups.  
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These considerations, as well as the overall difficulty in measuring certain 

neural signals in the older group, are important findings in themselves, in that they 

indicate extreme care should be taken when comparing signals across distinct groups (in 

this case, older versus younger adults, but similar insights can be applied to clinical 

research which seeks to compare healthy participants with patients). If future research 

can provide greater insight into the existence of age-related differences in drift rate and 

dynamic decision bound adjustments (i.e. urgency), which have already been partially 

explored (e.g. McGovern et al., 2018), a clearer picture of age-related changes in 

decision making will emerge. From one perspective, issues about whether drift rate and 

dynamic bounds play a role in modulating age related performance in perceptual 

decision making are more important than distinguishing between starting point effects 

versus static bound adjustment effects. This is because the latter is a question purely 

related to neural implementation with no impact on the prevailing cognitive theories of 

aging, while the former addresses qualitatively different algorithmic adjustments. For 

example, establishing whether or not speed pressure affects drift rate is important 

because it leads to a different interpretation entirely of the underlying mechanisms at 

play, whereas establishing whether behavioural effects are caused by a starting point 

adjustment versus a static bound adjustment is less informative as they are still both 

manifestations of cautiousness.  

In conclusion, the present study provides neural support for modeling results 

implicating boundary separation in age-related effects on the Speed Accuracy Tradeoff. 

However, this occurs (at least partially) at starting point rather than solely at decision 

threshold, contrary to previous model-based analyses. While no evidence was found 

that older adults adapted early sensory processes to adjust across Speed/Accuracy 

conditions, they did encode sensory evidence more strongly, a potential compensatory 

mechanism. Several key considerations were discussed in relation to between-group 

experimental designs seeking to compare neural signals across distinct populations. 
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Chapter 3: The Role of Leak in Facilitating Continuous Monitoring Decisions in 

Younger and Older Age 

 

Introduction 

 

Evidence Accumulation for Decision Making 

The accumulation of noisy evidence in favour of a certain choice alternative is a 

key property of the decision process according to many perceptual decision making 

models, and has received empirical support from neurophysiological investigations in a 

variety of species, including humans (e.g. Britten, Newsome, Shadlen, Celebrini, & 

Movshon, 1996; O’ Connell et al., 2012). While sequential sampling models share the 

core assumption that sensory evidence is accumulated up to a bound during decision 

making, distinct model variants can differ dramatically in the way that they implement 

such processes. This has led to a number of prominent theoretical debates that in many 

cases have proven difficult to resolve due to the problem of model mimicry: two models 

that invoke fundamentally different algorithmic elements can nevertheless make 

indistinguishable predictions for behavioural data. A case in point is the question of 

whether sensory information is accumulated perfectly during decision making or if it 

might be subject to a degree of ‘leak’.  

According to conventional sequential sampling models, evidence is integrated 

perfectly across time, such that performance accuracy should increase as a function of 

stimulus viewing time until it reaches 100%. In practice, this accuracy trend is not 

always observed, particularly in the case of very difficult tasks on which accuracy 

typically asymptotes. The most influential sequential sampling model (the Drift 

Diffusion Model; Ratcliff, 1978) accounts for these observations while retaining the 

assumption of lossless integration. Specifically, via the addition of a between-trial drift 

rate variability parameter whereby the rate of evidence accumulation on a particular 

trial is drawn from a Gaussian distribution. Mathematical modeling has shown that 

models making this assumption of lossless integration can provide excellent fits to data 

in a wide variety of experimental tasks and paradigms, for example, in perceptual and 

memory tasks (e.g. Ratcliff, Thapar, & McKoon, 2007), in value-based decisions (e.g. 

Bakkour, Zylberberg, Shadlen, & Shohamy, 2018), in Speed-Accuracy Tradeoff studies 
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(e.g. Bogacz, Hu, Holmes, & Cohen, 2010), and in between-group comparisons (e.g. 

Starns & Ratcliff, 2010).  

However, while the DDM has been shown to provide comprehensive accounts 

of choice behaviour on a variety of tasks there are several reasons to question the 

plausibility of its assumption that evidence integration is always lossless: Firstly, the 

information received from the external world can change very quickly, and agents need 

to be able to prioritise newer information, for example, when scanning a rapidly moving 

crowd in a busy setting to locate the friend you had arranged to meet. Secondly, in 

many everyday life situations we do not know exactly when choice-relevant sensory 

information will present itself such as when checking the road ahead for approaching 

headlamps while driving at night. One solution when faced with this temporal 

uncertainty is to conduct a continuous accumulation of sensory information. However, 

this would come at a higher risk of making false alarms due to accumulation of sensory 

noise. In the case of a lossless integration process, such false alarms could only be 

averted by raising decision boundaries but this in turn would result in a higher rate of 

missed targets. A potential solution to this conundrum would be to discard the 

contribution of older evidence samples to the cumulative total, a process referred to as 

‘leaky accumulation’ (e.g. Usher & McClelland, 2001; Cisek, Puskas, & El-Murr, 

2009). It is important to note that the vast majority of studies on perceptual decision 

making have used tasks involving evidence streams whose statistics are fixed across 

time (i.e. mean dot coherence doesn’t change within or across trials so one sample of 

evidence is as informative as the next). Participants are also generally aware exactly 

when to start accumulating, with this typically being cued by the onset of the task 

stimulus. Thus, such studies have not yet addressed the question of how evidence 

accumulation processes might operate when there is no external cue to act as a guide.   

 

‘Leaky’ Integration as a Strategic Decision Adjustment: Computational and 

Neural Evidence 

The presence of leaky accumulation in decision making is supported by several 

lines of evidence, in both computational and neural studies. Usher and McClelland 

(2001) were among the first to use a neurophysiologically-inspired model which 

contained leaky integration, a property observed in the firing rates of both single 

neurons and populations of neurons (e.g. Abbott, 1991). Their Leaky Competing 

Accumulator Model (LCA), with its inclusion of a leak parameter allowing for changes 
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in the weighting of evidence as more time passes, places greater emphasis on dynamic 

aspects of decision making (i.e. parameters of the decision process that change over 

time) than the models that came before it, a factor that has increasingly been noted as 

relevant in comprehensively describing observations within the decision making 

literature. The Urgency Gating Model (UGM; Cisek, Puskas, & El-Murr, 2009) shares 

this concern for the time-dependence of the evidence accumulation process. In this 

model, sensory evidence is subjected to a low-pass filter that effectively imposes a very 

high degree of leak on the accumulation process and a growing ‘urgency’ signal which 

serves to drive the process toward its threshold as time elapses. The low pass filter is 

applied to the evidence such that there is only about 200 ms worth in the system at any 

given time.  

For a long time these distinct classes of leaky and non-leaky integration models 

existed in parallel but recent work has sought to adjudicate between them. These studies 

have used a variety of different task paradigms in order to investigate which specific 

circumstances may encourage or necessitate the use of leakage. Firstly, the discovery of 

the presence of a variety of  time constants in brain areas accumulating past events 

(Bernacchia, Seo, Lee, & Wang, 2011) has been taken as neural support for the leaky 

integration hypothesis. Although this pattern was observed in a reinforcement learning 

task, neural regions associated with the integration of sensory evidence during 

perceptual decision making were implicated (i.e. lateral intraparietal cortex), and this 

may reflect a more general neural principle of growing urgency signals in particular 

brain regions. Secondly, in a study by Carland and colleagues, participants carried out a 

random dot motion task within which pulses of motion were inserted in some trials and 

not others (Carland, Marcos, Thura, & Cisek, 2016). Pulses occurring later in a trial had 

a greater impact on decision RTs than earlier pulses. This observation is consistent with 

a leaky integration account, because if evidence were accumulated perfectly, pulses 

from any point within the trial would have a comparable effect on RTs. Elsewhere, 

Ossmy and colleagues (2013) showed that in conditions of non-stationary evidence 

where signals of interest appear at unpredictable times within an ongoing stream of 

noise, it is suboptimal to perfectly integrate sensory information as this leads to 

increased rates of false alarms due to pre-target accumulation of noise. Not only did a 

leaky integration model provide an improved fit to the behavioural data but the authors 

also found that the degree of leakage was subject to strategic adjustments that reflected 

expectations about how long the signal would last, resulting in improved behavioural 



65 

performance. In another study utilising neurophysiological data, Thura and Cisek 

(2014) found evidence inconsistent with perfect integration in monkeys (although a 

DDM was not formally fit to these data), but which supported the UGM account of 

decision making. Ongoing and evolving sensory information was shown to influence 

competition between motor choices right up to the ‘moment of commitment’ to a 

decision, while failing to exhibit integration of such sensory information. As in an 

earlier study, Thura and Cisek argue in favour of the presence of leak within the 

decision process at a timescale of less than 200 ms.  

While the studies of Bernacchia et al. (2011), Carland et al., (2016), and Ossmy 

et al. (2013) appear to support a role for leaky accumulation, several other studies have 

presented apparently contradictory evidence. For example, Brunton and colleagues 

(2013) showed that sensory evidence across the entire accumulation timescale is 

weighted equally in decision formation (Brunton, Botvinick, & Brody, 2013). A 

neurophysiological experiment investigating evidence integration within the lateral 

intraparietal area in monkeys also illustrated that ramping activity in this area was 

consistent with perfect integration (Huk & Shadlen, 2005). This study inserted motion 

pulses of higher coherence within a random dot motion task, which was reflected in 

both behavioural and neural activity up to 800 ms following the stimulus perturbation, 

and indicated that the LIP accumulated sensory evidence linearly towards a bound 

across time. Therefore, although leak has been found to be a useful addition to many 

modeling studies, it has received very limited support from neurophysiological 

investigations thus far. Crucially, there has been no neurophysiological demonstration 

of leak in a signal known to accumulate evidence in the human brain.  

 

The Impact of Aging on Leak: a Key Area for Exploration 

Potential age-related differences in leak also warrant investigation due to recent 

modeling studies indicating that leak could be an important strategic adjustment in 

response to changing environmental contingencies. The slower RTs of older adults 

coupled with their comparable or improved accuracy in previous studies have been 

interpreted as this age group utilising less flexibility to adapt their decision making (see 

Dully et al., 2018 for a review) - for example, older adults may adopt a more 

conservative strategy in decision making tasks, in which they are less willing or able to 

switch from emphasising accuracy of responding to speed of responding (e.g. Starns & 

Ratcliff, 2010, 2012). With the model fitting that is standard within studies of 
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perceptual decision making and aging, it is not possible to conclusively differentiate 

between, for example, strategic adjustments in bound versus strategic differences in 

leak, as it actually occurs in the brain. A larger issue is that, even apart from whether or 

not the role of bound versus leak adjustment could be established, to our knowledge no 

aging study has ever included the fitting of a model that included a leak parameter. The 

application of EEG methodology to questions previously only explored via behavioural 

modeling in human participants can therefore add much insight into which adjustments 

are being made at the neural level, and utilising a separate neurophysiological measure 

of leak can motivate the inclusion or exclusion of a leak parameter in future modeling 

studies examining age-related differences in decision making.  

A recent study (McGovern et al., 2018) provides a further rationale for 

investigating aging effects on information leakage by using a recently validated ERP 

signature of decision formation known as the centro-parietal positivity which traces the 

accumulation of sensory evidence independent of the sensory or motor modalities of the 

task (CPP; O’ Connell, Dockree, & Kelly, 2012; O’ Connell, Shadlen, Wong-Lin, & 

Kelly, 2018). The CPP grows at a rate consistent with the strength of stimulus evidence 

(Kelly & O’ Connell, 2013) and the integral of sensory encoding signals (O’ Connell et 

al., 2012). In the study by McGovern and colleagues older adults exhibited premature 

evidence accumulation taking place during inter-trial intervals when performing a 

continuous monitoring version of the random dot motion task in which unpredictable 

coherent motion ‘targets’ were embedded in a stream of otherwise random motion (see 

figure 3.1). One plausible interpretation of this result is participants implemented a 

continuous leaky accumulation process and that older adults applied less leakage to 

compensate for their weaker sensory representations and reduce the likelihood of misses 

(indicated by their overall slower CPP build-up, slower RTs and higher miss rates). A 

specially tailored experiment would be necessary to test this speculative interpretation 

and this was a key goal of the present experiment.  
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Figure 3.1. From McGovern, Hayes, Kelly, & O’ Connell (2018). Premature 

evidence accumulation in the CPP: Within a continuous task, older adults show 

increased evidence accumulation prior to stimulus onset in a given trial.  

 

Summary of Existing Literature  

A feature common across sequential sampling models is the idea of decision 

formation via the accumulation of sensory information up to an action-triggering bound. 

Aside from this central ingredient, numerous model variants exist that invoke distinct 

algorithmic elements and adaptations. A key area of disagreement has been whether 

decisions are achieved by integrating evidence perfectly, without the loss of already 

obtained information, or whether evidence accumulation is subject to leak whereby 

older samples of information are discarded or lost as time passes. Although much work 

remains to be done to ascertain the exact mechanisms underlying leak, it is likely a 

passive or automatic process that is not subject to conscious control. However, a greater 

or lesser amount of leak may result as a by-product from elements that are within 

conscious control of the agent, for example, task demands, strategies, and timing. Leak 

has not yet been demonstrated neurophysiologically in the human brain. Additionally, 

the potential effects of healthy aging on leaky accumulation have not been examined, 

although older adults are often thought to be less flexible at making perceptual 

decisions.  

 

The Present Study 

The present study utilises a continuous version of the random dot motion task in 

which participants must monitor a path of incoherently moving dots for intermittent 

periods of coherent upward motion. The presence of leak in the CPP, a human evidence 
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accumulation signal, is investigated by inserting brief gaps of incoherent motion within 

coherent motion targets and analysing the effect that these gaps have on the CPP. 

Simulations of decision variable time-courses (see figure 3.2) confirm that in the 

absence of any leakage, the CPP should exhibit a deceleration immediately following 

the gap whereas the presence of leak would be indicated by  a significant downturn 

effect due to a combination of (i) the slowing and relative flattening of evidence 

accumulation coupled with (ii) subtractive leak in the accumulation process. It is 

hypothesised that leak will be demonstrably present in the CPP as a result of the task 

design, which would offer support for models of decision making invoking leak (e.g. 

the Leaky Competing Accumulator Model), and would be inconsistent with models of 

decision making positing loss-less integration (e.g. the Diffusion Decision Model).     

 

 

Figure 3.2. Simulation of leaky integration: The top panel shows simulated sensory 

evidence with a gap during which the evidence is turned off, with differing levels of 

noise (medium, and high). The shaded regions show the standard deviation of the noise. 

The lower panel shows the integration of the evidence in each corresponding upper 

panel with leak (red) and without leak (blue). The solid line is the mean over 1000 

simulations, and the shaded regions show the standard deviation. The leak value is set 

such that 2% of the integrated signal is lost at each time step.  
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The above simulation provides clear predictions for the outcome of the insertion 

of gaps within targets of a continuous task, in the case of a leaky integration procedure. 

However, leak is not the only possible way of adapting evidence accumulation 

processes to continuous monitoring contexts. For example, an alternative possibility is 

that participants may utilise target selection signals to dynamically alter the onset of 

evidence integration. Loughnane and colleagues found that such target selection signals 

were evident prior to CPP onset, and predicted RT via a relationship with the build-up 

rate of the CPP. A consideration of target selection signals when exploring the impact 

of leak on the decision process is highly important, as a reliance on target selection 

signals to initiate evidence accumulation might obviate the need for leakage. However, 

Loughnane et al. (2016) also showed that the size of the N2 scaled with evidence 

strength and was very small or absent at low coherence levels. This has been further 

supported by Devine, Gaffney, Loughnane, Kelly, & O’ Connell (2019) which showed 

that, when targets were at low coherence and were temporally uncertain, participants 

tended to initiate accumulation prior to evidence onset. Therefore, while the use of 

target selection signals to initiate the process of evidence accumulation may be a useful 

mechanism, this research suggests that the brain may have to rely on other strategies in 

certain instances. It may be the case that the transition from incoherent motion to 

coherent motion (and back again in the case of the present experiment), could provide 

some inkling that a change in the stimulus is occurring, and evidence integration could 

be triggered on that basis, thus reducing redundancy and/or allowing for perfect 

integration at only optimal time periods. Such an alternative possibility will also be 

addressed within the present study. Another motivation to consider the potential role of 

the N2 in the present experiment is its susceptibility to aging effects. For example, 

Pagano and colleagues found an age-related reduction in N2pc amplitude, (the N2pc 

signal is equivalent to the N2 calculated as a lateralisation index; Pagano, Fait, Monti, 

Brigani, & Mazza, 2015). Lorenzo-López and colleagues (2008) also found a reduced 

N2pc amplitude in older adults which corresponded with poorer performance at the 

behavioural level.  

 

Aims. The key aims of the present study were: (i) to use EEG to investigate a 

previously identified signal of human evidence accumulation (the CPP) for signatures 

of leak; (ii) to compare the presence and extent of leaky accumulation in older versus 

younger adults. 
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Materials and Methods 

Participants 

Data were collected from 54 participants in total. Of these, 3 participants (all 

older) were excluded due to excessive artifacts in the EEG data (fewer than 50 trials 

remaining). This left a final sample of 26 older (13 female, ranging in age from 60-81 

years, M = 70.4 ± 5.4), and 25 younger participants (12 female, ranging in age from 18 

to 30 years, M = 22.9 ± 3.6). All participants scored >24 on the MMSE and there was 

no significant difference across age groups in years in education (mean for entire 

sample = 15.7 ± 3.9; t (50) = 1.64, p = 0.11), or in NART IQ score (mean for entire 

sample = 118.6 ± 4.8; t (50) = 1.71, p = 0.09). All participants had normal or corrected-

to-normal vision, no sensitivity to flickering light, and no personal or family history of 

epilepsy, unexplained fainting, neurological or psychiatric illness or brain injury. The 

study was approved by Trinity College Dublin School of Psychology Research Ethics 

Committee, was in accordance with the Declaration of Helsinki, and all participants 

gave their informed written consent prior to testing. Participants were paid a gratuity of 

€25 for participation.   

 

Procedure 

Participants were administered a demographic questionnaire, the MMSE, and 

the NART by the experimenter. They then took part in two separate tasks, one directly 

following the other. The first was a contrast change discrimination task (the data from 

this task are reported in Chapter Four of this thesis), and the second was a random dot 

motion task (the present experiment). Participants performed the random dot motion 

task in a darkened, sound-attenuated room, seated approximately 50cm from the 

presentation computer, with their head supported by a chin rest. Stimuli were presented 

on a 40.5cm CRT monitor which had a refresh rate of 100 Hz and a screen resolution of 

1024 x 768. 

 

Experimental Task 

Participants performed a continuous random dot motion target detection task in 

which they were required to monitor a noisy, incoherent dot motion stimulus in order to 

detect intermittent targets defined by upward-motion at 25% coherence (this coherence 

level was used across all participants, regardless of age group) for a period of 1880 ms. 
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Gaps of incoherent motion (0% coherence) were inserted during half of the incoherent 

targets lasting from 175 to 375 ms post coherent motion onset. This timing was based 

on the typical onset latency of the CPP relative to coherent motion onsets in previous 

studies (e.g. O’ Connell et al., 2012; Kelly & O’ Connell, 2013), with the aim of 

ensuring that the gap occurred at a time point when the CPP had already commenced its 

rise (to ensure that the hypothesised turnaround effect would be discernible), but prior 

to responses being made. The task contained three possible inter-target intervals (2, 4, 

or 6 seconds). Participants responded with a right handed mouse click every time they 

perceived coherent upward motion. Participants carried out 5 blocks, each containing 42 

targets. Prior to beginning the task, participants first practiced with a coherence level of 

50% for 1 shorter block consisting of 20 targets. Visual stimuli were programmed using 

the PsychToolbox extension of MATLAB. The stimulus consisted of 75 randomly 

moving dots, with the diameter of the patch of dots equal to 8 degrees of visual angle. 

Each dot was sized at 4 pixels, and during coherent motion the dots moved upwards at 

90 degrees relative to a positive x-axis, at a speed of 6 degrees per second. 
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Figure 3.3. Random dot motion task timings: Upper panel - Gap Condition (105 

trials). Random dot motion appears on screen, the target is shown for 175 ms, after 

which a gap in this target occurs for a period of 200 ms, not visibly perceptible to the 

participant. Following this, the remainder of the coherent motion target appears (lasting 

1505 ms). Lower panel - No Gap Condition (105 trials). Random dot motion appears 

on screen, the target is shown for 1880ms (with no gap of incoherent motion).    

 

Following the conclusion of the task, participants were asked whether they had noticed 

anything unusual about the stimulus, and no participants spontaneously reported 

noticing a gap in the coherent motion targets. Participants were then asked whether they 

had seen a gap within any segment of coherent motion and all 54 participants reported 

that they had not noticed it. 

 

EEG Data Acquisition and Preprocessing 

Continuous EEG data were acquired from 128 scalp electrodes digitised at 512 

Hz using an ActiveTwo system (Biosemi, The Netherlands). Eye movements were 

recorded using two vertical electro-oculogram electrodes placed above and below the 

left eye. Data analysis was carried out using custom scripts in MATLAB (Mathworks, 

Natick, MA, USA) that drew on EEGLAB routines (Delorme & Makeig, 2004). Noisy 

channels were interpolated using spherical spline interpolation, and the data were re-

referenced offline to the average reference. The data at all channels were detrended in 

order to minimise the influence of slow drifts, and the data were low-pass filtered below 

45 Hz using two-way least-squares FIR filtering (eegfilt function in MATLAB). The 

EEG data were segmented into epochs between -250 ms pre- and 2 seconds post-

stimulus onset, and were baseline corrected relative to the average signal in the interval 

from -200 to 0 ms relative to stimulus onset. Epochs were rejected if the bipolar vertical 

EOG signal (upper minus lower) exceeded an absolute value of 200 microvolts, or if 

any scalp channel exceeded 100 microvolts. These data were further segmented into a 

window of -650 ms to 300 ms relative to response execution for response-aligned 

analyses.   

 

Statistical Analyses 

Statistical analyses were conducted using SPSS Version 22. The assumption of 

normality was verified using Kolmogorov-Smirnov Tests and was found to be met in all 



73 

cases. In order to isolate trials on which the gap occurred while evidence accumulation 

was ongoing trials with RTs occurring before the end of the gap (i.e. before 375 ms) 

were excluded from ERP analyses, in both the Gap and No-Gap conditions. EEG 

analyses were conducted on all trials, whether correct or not. Two-way mixed factorial 

ANOVAs were used to analyse group differences, due to the presence of a Between-

Groups Factor (Age Group) and a Within-Groups Factor (Gap versus No-Gap 

Condition). As this was a detection task rather than a discrimination task, accuracy is 

examined in the present study as hit/miss rate as a proportion of overall trial number.  

 

Signal Analysis 

CPP. The CPP was examined as an index of evidence accumulation. In the 

present study, for each participant, ERPs were created by averaging across single trials 

at a single electrode located between standard sites Cz and Pz using the 10-20 co-

ordinate system, identified by visual inspection of the grand average topography. CPP 

amplitude was measured within the window from 500 to 700 ms. CPP build-up was 

defined as the slope of a straight line fitted to the stimulus-locked waveform at 500 to 

700 ms. This measurement window was selected as this is the time period during which 

the gap effect manifested, and it also accords with observations from previous studies 

that stimulus perturbations take several hundred milliseconds to impact the build-up of 

the CPP (e.g., O’ Connell et al., 2012 - see figure 3b; Kelly & O’ Connell, 2013; and 

Loughnane et al., 2016). 

 

N2. The N2 target selection signal was also examined (Loughnane et al., 2016). 

In line with previous research in this area, waveform plots were generated from 

electrodes bilateral to standard site Oz (corresponding to electrodes P7/P8 in the 10-20 

co-ordinate system). This was also confirmed via visual inspection of the grand average 

topography from time window 350-450 ms. The time window used to investigate 

whether the initial onset of coherent target motion was also 350-450 ms, while the 

window used to check whether post-gap coherent motion onset elicited an N2 was from 

750-850 ms. 
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Results 

Behavioural Results 

The presence of a gap of incoherent motion within the coherent motion targets 

produced a circa 200 ms slowing of RTs in both groups relative to the No-Gap 

Condition  (Older mean RT Gap 1215.17 ± 228.12; Older mean RT No-gap 1009.78 ± 

268.35;  Younger mean RT Gap 1016.37 ± 190.85; Younger mean RT No-Gap 812.21 

± 213.37). This was confirmed with a significant main effect of Gap/No-Gap (ANOVA, 

F (1, 49) = 183.94, p < 0.001, d = 0.61), with no Age Group by Gap/No-Gap Condition 

(ANOVA, F (1,49) = 0.49, p = 0.83, d = 0.09). However, a significant main effect of 

Age was also observed, indicating that, regardless of Gap/No-Gap Condition, younger 

adults had shorter RTs than older adults (ANOVA, F (1, 49) = 9.96, p = 0.003, d = 

0.59). A dip is visible in the RT distribution of the younger group which is consistent 

with leak. Given that there is no evidence presented during the gap, the average 

cumulative evidence in a lossless integrator should plateau throughout the gap interval 

and therefore, response rates should also remain stable. However, here the younger 

group exhibits a noticeable reduction in RTs during the immediate post-gap interval, 

which is entirely consistent with leaky integration. Although an attenuation is visible in 

the older group, a dip is not apparent. 

Both age groups had similar detection rates on trials with a gap, with a 

significant main effect of Condition on number of misses, (ANOVA, F (1, 49) = 20.24, 

p < 0.001, d = 0.65), with more misses present within the Gap Condition. Older adults 

were also found to be have a lower detection rate than younger adults overall, 

(ANOVA, F (1, 49) = 6.04, p = 0.018, d = 0.39) but there was no significant Age Group 

x Condition interaction (ANOVA, F (1, 49) = 0.46, p = 0.50, d = 0.18), with older 

adults having a mean of 10.27 misses ± 9.68 in the Gap Condition, and a mean of 7.62 

± 8.26 in the No-Gap Condition. Younger adults had a mean of 4.88 ± 5.41 misses in 

the Gap Condition and a mean of 2.92 ± 3.30 in the No-Gap Condition. It would also be 

predicted that reducing leakage in a continuous integrator would result in more false 

alarms (i.e. responses made when no coherent motion was displayed). Although older 

adults made nearly twice as many false alarms as the younger group, an independent 

groups t-test indicated that this did not reach statistical significance  (Older group M = 

31.66 ± 46.13; Younger group M = 16.52 ±  21.07),  t (1, 49) = 1.5, p = 0.14, d = 0.14). 

RT distributions of younger and older adults across the two conditions are shown in 

figure 3.4. As expected, these distributions illustrate responses were made later on 
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average in trials with a gap. RTs occurring prior to the end of the gap on Gap Trials (i.e. 

375 ms) were excluded from the below distributions.   

 

 

Figure 3.4. RT distributions: Histograms for younger and older adults showing the 

proportion of total trials as a function of RT, with RT divided into 15 bins of equal 

width. Highlighted portion at circa 600ms shows the dip in responses (in the case of 

younger adults), and the attenuation of responses (in the case of older adults). 

 

 

Electrophysiological Results 

Establishing the presence of leak in the CPP. Stimulus-locked CPP 

waveforms were analysed in order to test for the presence of a downward CPP 
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trajectory following the gap in coherent motion that would be diagnostic of leaky 

integration. Inspection of the waveforms highlights a marked dip in the CPP between 

500 and 700 ms in the younger group. In contrast, older subjects exhibited a reduced 

but still positive CPP build-up rate following gap presentations. An ANOVA was also 

run on the slope of the CPP within the time window from 500 to 700 ms in order to 

investigate whether CPP slopes in the post-gap time period differ across the Gap and 

No-Gap Conditions. It was found that Condition did indeed have a significant main 

effect on post-gap CPP slopes, F (1, 49) = 33.13, p < 0.001, d = 0.73, with steeper 

slopes in the Gap Condition. There was no main effect of Age Group (p = 0.09, d = 

0.19), and no Age Group x Gap Condition interaction effect (p = 0.44, d = 0.12).  

 

Figure 3.5. Signature of leak within the CPP: Stimulus-locked CPP waveform plots for 

Gap and No-Gap Conditions in older and younger adults (left), and response-locked 

CPP topographies (right) from -150 to -50 ms.  

 

The robustness of these trends was tested in several ways. Bonferroni-corrected 

one-sample t-tests were carried out in both the younger group and the older group 

separately. To indicate leak, the mean slope in the Gap Condition should be 

significantly less than zero. When the slopes of the stimulus-locked CPP for the 

younger group in the Gap Condition were examined within the window from 500 to 675 
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ms it was found that the mean slope (M = -0.0086 ± 0.0141) was significantly below 

zero, t (21) = 2.87, p = 0.009, d = 0.49. In an additional step, CPP slope was measured 

in repeated 100 ms time windows for the younger group, stepping forward 50 ms for 

each window and t-tests were conducted on each window. This analysis highlights 

significant negative slopes for numerous time-windows (see figure 3.6). A one-sample 

t-test was also conducted on the older group, which revealed no significant negative 

slope differences from zero in the Gap Condition, (t (25) = -0.034, p = 0.973, d = 0.21).  

 

 

Figure 3.6. Sliding t-test analysis: Upper panel - The p-values for the sliding one 

sample t-tests in the younger group (p < 0.05 indicates slope values were significantly 
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below 0) conducted across the entire epoch. Lower panel - The p-values for the sliding 

one sample t-tests in the older group.  

 

Marked age-related differences in the amplitude of the CPP were also observed, 

with a mixed factorial ANOVA indicating a significantly lower stimulus-locked CPP 

amplitude overall in older adults as compared to younger adults (ANOVA, F (1, 49) = 

13.33, p = 0.001, d = 0.56) in the time window from 500 to 700 ms (i.e. the peak 

amplitude). One concern is that the overall smaller CPP signals of the older group may 

have made it more difficult to detect any potential signal dips following gaps. To 

investigate this possibility the ten participants with the largest stimulus-locked CPPs in 

the No-Gap condition, within the window from 500 to 700 ms post-evidence onset 

(mean amplitude 22.71± 5.82), were selected for further analysis. Consistent with the 

trends observed for the full group, no negative downward trajectory was apparent in the 

CPP waveforms of this subset (Figure 3.7, upper panel) and this was confirmed using a 

one sample t-test (t (9) = 0.42, p = 0.69, d = 0.12). Due to the apparent high amount of 

variability in the false alarm rate data of older adults, a CPP was also generated for the 

subset of ten older participants who made the fewest false alarms. No signature of leak 

was observed for this subgroup (Figure 3.7, lower panel).  
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Figure 3.7. CPP for subgroups of older participants: Above: stimulus-locked CPP 

waveform for the subset of 10 older participants with the largest CPPs. Below: 

stimulus-locked CPP waveform for the subset of 10 older participants with the fewest 

false alarms. 

 

The above plots were also generated following the application of CSD transformation 

(as in Chapter Two of this thesis). The results are shown below for the older age group 

(above), and the younger age group (below):  
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For completeness, the response locked CPP waveform is also shown below, for both 

age groups: 
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The N2 target selection signal. The waveforms from the temporo-parietal 

electrodes of the young group  (see figure 3.8) exhibited two N2-like components, with 

the first negative peak present circa 400 ms after coherent motion onset, and the second 

negative peak occurring circa 800 ms after coherent motion onset. This is consistent 

with an N2 being generated in response to both the initial appearance of coherent 

motion and its re-appearance following the gap (at 375 ms). Previous research has 

indicated that the N2 peak latency is coherence dependent, and highly similar N2 

latencies (circa 400 ms post-evidence onset) have been reported in previous work using 

the same coherence level (25%) to the present study (Loughnane et al., 2016).  
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Figure 3.8. The N2 target selection signal: N2 waveforms and topographies for the 

younger and older groups are shown, with the occurrence of a double N2 in the younger 

group highlighted with arrows. Topographies in the middle panel were generated in the 

time window from 350 to 450 ms, while topographies in the panel on the right were 

generated from 750-850 ms.  

 

The N2 signal appears to be entirely absent for the older group. Younger versus 

older N2 amplitudes were compared in the window where the young N2 peaks (i.e. 350-

450 ms). An ANOVA showed that while there was no significant effect of Gap/No-Gap 

condition on amplitude of the first N2 signal (ANOVA, F (1, 49) = 2.42, p = 0.127, d = 

0.2), there was a main effect of Age Group (ANOVA, F (1, 49) = 11.01, p = 0.002, d = 

0.6), with the younger group having a significantly larger N2 amplitude than the older 

group. Results also showed a Condition x Age Group interaction effect (ANOVA, F (1, 

49) = 6.57, p = 0.014, d = 0.48), whereby there was a greater amplitude difference 

across Gap/No-Gap Condition in the younger group’s first N2 than there was in the 

older group.  

 

The possibility of signal overlap. To establish that this dip within the CPP in 

the younger group was actually being driven by leak in the accumulation process rather 

than by interference from another signal (for example, the N2), difference topographies 

were generated by subtracting the amplitude from a 20 ms window centred around 700 
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ms from a 20 ms window centred around 500 ms post-target onset. These difference 

topographies, with positive centro-parietal activity, are shown below.  

 

 

 

Figure 3.9. Difference topographies showing centro-parietal activity: Difference 

topographies locked to target stimulus onset generated for older and younger adults. 

These topographies were created by subtracting the amplitude at circa 700 ms from the 

amplitude at circa 500 ms, i.e. the time of the negative-going dip in the stimulus-locked 

CPP waveform.    

 

This adds evidence to the claim that the downward dip visible in the CPP 

waveform plot was driven by centro-parietal activity, rather than interference from 

another signal. Figure 3.10 below showing the N2 waveforms also supports the idea 

that the CPP dip effect is not due to the N2 target selection signal, with the second 

negative N2 peak amplitude occurring substantially later than the observed dip in the 

CPP. This can be seen more clearly in the below plot, within which the N2 and the CPP 

signals are overlaid for the younger group:  
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Figure 3.10. Overlaid CPP and N2 waveforms: The CPP and the N2 overlaid on a 

single plot in order to illustrate the time-course of these two signals. Arrows are present 

to highlight the relevant portions of each signal (i.e. the onset of the dip versus the N2).   
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Discussion 

The present study aimed to test for the role of leakage in facilitating perceptual 

decisions in  continuous monitoring contexts, and to examine its susceptibility to aging. 

Although long a topic of debate in the computational modeling literature, a definitive 

neurophysiological indicator of leakage during perceptual decision making has not 

previously been identified. The present study capitalised on the recent characterisation 

of a non-invasive neural index of evidence accumulation, the CPP, in both older and 

younger adults during a random dot motion task for the presence of leak. Based on a-

priori simulations it was hypothesised that, were accumulation leaky, a significantly 

negative downturn would be present on trials in which a gap of incoherent noise was 

inserted within a coherent motion target. The present study had the scope to both 

investigate whether leak was present in perceptual decision making and, if so, whether 

the amount of leak observed differed as a function of age. The results of the present 

study showed a substantial decrease in the CPP in response to a gap in evidence in the 

younger group but not the older group. This indicates that leak is present as an adaptive 

strategy within perceptual decision making, but its invocation likely changes as a 

function of age.   

 

The Presence of Leaky Accumulation in Human Decision Making 

In the younger group, it was found that there was a dip in responses following 

the gap in the stimulus at the behavioural level, and that the stimulus-locked CPP 

displayed a significantly negative downward trajectory in response to the gap in the 

target stimulus, providing the first evidence of leak in a human evidence accumulation 

signal. This is a key finding highlighting that a parameter previously only implemented 

in a subset of  mathematical models may play an important role in human decision 

making. Why has a pattern characteristic of leaky integration been observed in the 

present study but not in previous studies of perceptual decision making, some of which 

have also investigated the CPP? Firstly, no previous study exploring the CPP has 

utilised the method of gap insertion within targets so there was no method through 

which a role for leak could be definitively established and, in any case, none attempted 

to do so. An interesting question for future work to reflect on is whether leak is 

particular to continuous monitoring and volatile evidence (e.g. Ossmy et al., 2013) 

contexts, or if it is actually applied more generally. For example, it remains an open 

question whether leak is invoked in the classic, discrete trial variants of the random dot 
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motion task in which evidence onsets are entirely predictable and the statistics of the 

evidence remain fixed within a trial.  In such instances, neurophysiological data may be 

particularly important because the gains in variance explained when fitting a model 

with leak to behavioural data may not be sufficient to outweigh the cost to model 

parsimony except in situations where leak is playing a highly prominent role. An 

additional way for this CPP signature of leak to be leveraged going forward is in 

neurally-informed modeling approaches. To circumvent the fact that a model including 

leak will be penalised for having an extra parameter and therefore might lose in a model 

comparison, future studies could directly estimate leak from the CPP and incorporate 

that into the modeling such that leak does not have to be a free parameter but is 

constrained to match the neural data. This would ensure that models with and without 

leak would have the same number of free parameters and could be more directly 

compared.  

Leak can be viewed as a strategic adjustment and it is not necessarily present 

within every single decision that is made. It has been demonstrated in the modeling 

literature that leaky accumulation is only optimal under certain conditions, i.e. when 

sensory evidence varies within a single decision (e.g. Radillo, Veliz-Cuba, Josić, & 

Kilpatrick, 2017; Kilpatrick, Holmes, Eissa, & Josić, 2018). In the present study, a 

continuous task with three different delay periods between targets was used in order to 

prevent participants from predicting when evidence would appear in order to maximise 

the likelihood of observing any leak that might be present in the decision making 

process. This was an important aspect of the task, as it may be the case that when 

participants are aware that a target is about to appear, they can implement a minimally 

leaky or lossless integration strategy, as there is a much lower risk of making false 

alarms under such circumstances.  

The finding that leak is present in human decision making under certain 

circumstances has the power to change how we conceptualise perceptual decision 

making, and adds to a growing trend of findings indicating that this process is much 

more flexible and adaptive than initially thought. For example, the recent finding that 

decision making is affected by an urgency signal which grows over time rather than the 

previous explanation of statically-lowered decision boundaries. The presence of leak in 

the evidence integration process can be thought of similarly - as an ongoing and 

temporally-sensitive adjustment being made within the human brain. The finding that 
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this adjustment can be visibly observed within the CPP signal is an exciting and novel 

insight.  

 

Leak Accumulation Observed Even in the Presence of Target Selection Responses 

In this study we also tested an alternative strategy for addressing uncertain 

evidence onsets: reliance on early target selection responses to trigger evidence 

accumulation. In fact, the CPP leak effects were observed despite the fact that coherent 

motion onsets both before and after the gaps, elicited robust N2 target selection 

selection responses. Although participants verbally reported that they were not 

conscious of any gap in the target, the stepped transitions from incoherent to coherent 

motion were apparently detected at a low level of processing   This suggests that the 

two strategies may not be mutually exclusive. One potential explanation for these 

results is that participants relied on target selection responses to trigger evidence 

accumulation and nevertheless implemented a leaky accumulation process to account 

for the fact that stimulus and sensory noise might elicit target selection responses at 

highly variable times relative to evidence onset and perhaps during the inter-target 

incoherent motion intervals. Older adults were able to initiate accumulation without any 

apparent N2, which suggests that target selection responses are not actually a 

prerequisite for accumulation, even in continuous monitoring contexts. Instead, older 

adults seemed to have used a less leaky accumulation process, but this still comes at a 

cost to target detection rates and RT. Also relevant to the present study, previous studies 

have shown age-related changes in target selection signals, indicating that these 

mechanisms are less efficient in older adults (Amenedo et al., 2012; Lorenzo-Lopez et 

al., 2008). These results add weight to the recent finding that the N2 acts as a target 

selection mechanism that has the potential to affect the neural signal responsible for 

accumulation of sensory evidence. Future research into the use of the N2 target 

selection signal as a potential strategic trigger for perfect integration is necessary (e.g. 

tasks in which the deadline is explicit). This will provide further information into how 

amenable leaky integration is to varying strategic concerns and task demands. Future 

research may also more precisely differentiate between the effects of leak versus target 

selection mechanisms.  
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Age-Related Effects on Leaky Integration 

Regarding age-related effects, older adults performed the task more poorly, 

exhibiting significantly longer RTs overall, across both Gap and No-Gap trials, as 

compared to younger adults. Although the presence of a gap on certain trials did not 

differentially affect the mean RTs of younger versus older adults, younger participants 

did exhibit a transient reduction in the frequency of detections in the interval following 

the gap and the timing of this effect closely corresponds to that of the CPP dip. This is 

consistent with leak and inconsistent with lossless integration. If there were no leak then 

the cumulative evidence total should remain constant throughout the gap window, as 

should the rate of responses. In the case of the older adults, the CPP continues a positive 

rise but at a slower rate to the equivalent of the No-Gap trials. The absence of a dip in 

the Gap RT distribution of the older group is also consistent with this, given that this 

group does not have an obvious CPP dip. However, it cannot be argued that the older 

group had an absence of leak without modeling the data. Together, the behavioural and 

neural data suggest that, in line with our hypotheses, older adults invoked reduced 

leakage in comparison to younger adults. However, it should also be noted that 

modeling is required to determine whether or not we should expect to see a differential 

gap effect on RT for younger versus older adults if they have different leak levels.   

Although certain neural signals have been explored in order to add insight to 

modeling results, for example the CPP’s response-locked amplitude being utilised as an 

index of decision boundaries, or baseline beta-band activity being used as an index for 

starting point, leak is a parameter that has been excluded from many modeling studies 

of aging and decision making. In addition to this, an appropriate signal needed to be 

isolated which could act as an index of sensory evidence accumulation, with the CPP 

providing such a signal in this case. One possibility suggested by previous work in this 

area (McGovern et al., 2018) was that younger adults may invoke leaky accumulation 

as an adaptive strategic adjustment during tasks requiring continuous monitoring, while 

older adults, often argued to be less flexible at perceptual decision making tasks (e.g. 

Starns & Ratcliff, 2010), may not make such an adjustment. Although a similar 

premature CPP build-up was not observed in the present study, these potential age-

related effects on leaky integration were examined by means of separate Bonferroni-

corrected slope analyses in the two age groups, within which no negative downward 

trajectory was identified in the older group. This result points to the reduction of leak in 

the older group, which is in line with the less precise enactments of strategic adaptation 
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observed in various other age-related studies (e.g. Forstmann et al., 2011). There is also 

the possibility that the reduced leakage observed in older adults is itself a strategic 

adaptation to account for the fact that their encoding of coherent motion is degraded, 

with several studies showing that older adults have poorer performance on random dot 

motion tasks (e.g. McGovern et al., 2018). In that case, combination of leakage with 

poor evidence encoding may lead to an unacceptable rate of missed targets and so older 

adults may reduce their leak in order to compensate. One way to test this theory would 

be to examine tasks in which older and younger participants achieve equivalent 

performance levels, for example the continuous contrast change detection task used by 

McGovern et al on which older and younger participants had highly similar mean RTs 

and target detection rates. An important consideration is that, due to age-related neural 

changes including cortical thinning and an increase in neural noise, older adults have a 

smaller CPP overall and any potential ‘dip’ in the signal is more difficult to observe and 

detect. An increase in neural noise may also obscure such a dip. The mean peak 

amplitude of the CPP in older adults was significantly lower overall. To further 

investigate this, a subset of older adults with the largest CPPs were selected and their 

CPPs were investigated. Even in these older adults, no significant dip occurred in 

response to the gap in the target stimulus. Moreover, the RT distribution plots illustrate 

a reduction in responses for the younger group around the time that the gap impacts the 

CPP (i.e. circa 500-800 ms) that was not observed in the older group. If there 

participants were accumulating losslessly then the cumulative evidence total should 

remain constant throughout the gap window, as should the rate of responses.  This RT 

dip, like that of the CPP, is therefore consistent with leaky integration and its absence 

from the older group data suggests that the failure to detect a CPP dip is not simply 

down to poor signal quality. Ultimately, mathematical modeling will be highly 

beneficial in further interrogating these effects and validating these interpretations of 

the neurophysiological data.  

A host of age-related neural changes have been demonstrated in older adults, 

which could theoretically affect the mechanisms or pattern of leak. In addition, age-

related effects on target selection mechanisms have also been observed, which may 

have affected both their N2s observed in the present study, as well as any knock-on 

effects on leaky vs. lossless evidence integration shown by the older group, if it is the 

case that the N2 can affect the extent of leak. One reason why insights such as these are 

so important is because mathematical models like the DDM provide great promise for 
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advancing our understanding, and treatment, of perceptual decision making deficits 

observed in clinical populations or indeed, in the case of natural aging. This is true in 

that quantitative models allow for parsing of underlying variables that cannot be 

gleaned from a model-free analysis of just RT and accuracy alone. However, if such 

latent parameters do not reflect the operations actually taking place in the brain, they are 

of limited use to us from a neurophysiological standpoint.    

 

Limitations and Suggestions for Future Research 

One limitation of the present task paradigm is that the ITIs varied within a 

relatively small time range and coherent motion durations were fixed. An interesting 

question for future research is do we calibrate leakage to match the predictability and 

duration of targets? A key test to help answer this question would be to determine 

whether substantially increasing the unpredictability of target onsets would lead to 

participants applying increased leakage.  

Further to this, quantitative modeling of behavioural data from similar tasks (i.e. 

continuous tasks in which no cue exists to alert participants to target onsets) is also 

necessary and should be a key aim for future work in this area. In particular, a formal 

comparison of behavioural fits for a DDM with leak to a DDM without leak would be 

useful to confirm the interpretations put forward in this chapter. Due to the small 

number of error responses observed in the present experiment, it would be difficult to 

distinguish between models with and without leak in terms of their quantitative fits to 

behaviour however it would be important to establish whether a lossless integration 

model could account for the post-gap RT and CPP dips that we observed in the younger 

group  The need for modeling is further highlighted by the fact that multiple, not 

mutually exclusive, adaptive strategies may be at play, complicating interpretation of 

results. For example, it is not clear to what extent dynamic bound or ‘urgency’ 

adjustments may be implemented in this context. Arguments in favour of the presence 

of an urgency component in decision making arose as a result of a combination of 

modeling studies finding good fits when implementing collapsing bounds, and 

neurophysiological studies showing an evidence-independent, temporally growing 

component to decision signals (O’ Connell, Shadlen, Wong-Lin, & Kelly, 2018). 

Therefore, it remains to be seen how relatively prominent adaptations of leak in 

integration are in terms of accounting for age-related impairments in decision making. 

Urgency has previously been traced in key single-unit studies such as Heitz and Schall 
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(2012), and the beta-band studies of Murphy et al. (2016), and Steinemann et al. (2018). 

An ERP signature of urgency has also recently been isolated in the form of the 

Contingent Negative Variation (Devine, et al. 2019). In Kelly and O’ Connell (2013), it 

was found that the CNV evolved alongside the CPP even in a continuous monitoring 

context with unpredictable coherent motion onsets. The majority of this work has been 

done on discrete tasks (with the exception of Kelly & O’ Connell, 2013). Although it is 

less clear how urgency can be implemented if participants do not know when the target 

is coming, there are possibilities. For example, individuals may collapse their bounds 

gradually as soon as a target disappears, knowing that the more time passes, the more 

likely it is that a target should appear. The N2 could also potentially be relied upon to 

initiate urgency signals. Therefore, as stated earlier, there are some signs that 

individuals can implement dynamic urgency/collapsing bounds outside of discrete trial, 

fixed timing contexts, but more work is needed to fully probe this issue. This is 

certainly something that needs to be considered if the aim is to develop a 

comprehensive account of (i) how continuous monitoring tasks are performed, and (ii) 

why older adults are worse at them.    

In terms of suggestions for future research, the key findings of a study 

conducted by Purcell and colleagues (2010; 2012) offers a potential avenue for 

exploration. Purcell et al. investigated the plausibility of a leakage mechanism using a 

neurally-constrained modeling approach. Firstly, they observed that a perfect integrator 

predicts a positive correlation between baseline activity and RT, because there is 

substantial variability in activity accumulated prior to stimulus onset (if an accumulator 

unit has reached a high activation after accumulating noise over time, the threshold is 

likely to be reached more quickly). This prediction was not observed in the single-unit 

data. Secondly, Purcell and colleagues found that a leakage mechanism was not able to 

eliminate this predicted correlation. The only model that was able to capture the data 

incorporated both leakage in evidence integration and a tonic gating inhibition 

mechanism applied to the target selection signals. These key findings could potentially 

be fruitfully tested using the present behavioural and EEG data.  

These are promising pathways to begin implementing a neurophysiologically-

inspired model of decision making accounting for leak. Although untangling potential 

effects of urgency on this dip on the CPP is a concern and can be investigated using a 

model-based approach, it should also be noted that previous findings indicate that the 

build-up of the CPP is not directly affected by urgency, but rather, is affected indirectly 
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via activity in motor preparation beta-band signals to which urgency effects are applied 

directly (Steinemann, O’ Connell, & Kelly, 2018). For this reason, we did not 

hypothesise that an effect of a gap in coherent motion targets would necessarily be 

present in beta-band activity, as the additional impact of urgency would likely interact 

with any leakage that might occur at this level, serving to ‘cancel out’ the impact of leak 

to some extent.  

Finally, in the case of the present study, the indication that older adults may use 

an accumulation strategy that is less leaky has the potential to powerfully impact future 

modeling work in this area. It may be the case that apparent changes in boundary 

separation, non-decision time, or rate of accumulation may be unduly over-utilised in 

explaining age-related changes in decision making observed at the behavioural level, 

and that solely focusing on these parameters (and their neurophysiological counterparts) 

cannot account entirely for the effects of age on decision making. As with previous 

questions, mathematical modeling of aging in decision making could strongly benefit 

from the use of constraints based on neurophysiological insights (e.g. McGovern et al., 

2018). This approach shows particular promise in terms of more precisely categorising 

between-group differences.    

 

Conclusions 

In summary, combining an established electrophysiological marker of evidence 

accumulation with a more appropriate task design than has previously been used (i.e. 

continuous rather than discrete-trial) has allowed us to investigate the presence of leak 

in evidence integration in the human brain for the first time. This insight adds to our 

knowledge about the resources the human brain has in order to strategically adjust its 

decision making under various circumstances. The fact that leak has not previously 

been observed in the CPP during decision making, but that it was present during a task 

in which the evidence changed dramatically within a trial highlights the remarkable 

adaptability of the human brain, which capitalises on a variety of different mechanisms 

to suit task demands occurring on different temporal scales. The question of age-related 

effects on leak in evidence accumulation was a previously unexplored area. However, a 

common intuition throughout neuroscience and psychology has been that older adults 

are slower and less adept at approaching novel information in a flexible manner. This 

intuition has seemingly been reflected in a variety of experimental findings - from 

modeling studies to neurophysiological investigations, although this thesis illustrates 
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that the impact of aging may have more subtle effects. The present experiment can act 

as a first step toward investigating a lack of leak in integration as an alternative or 

additional reason underlying the less flexible behaviour observed in the decision 

making capabilities of older adults. In conclusion, this neurophysiological investigation 

of decision making in the human brain strongly indicates the presence of leak in 

decision processing in younger adults, and shows that older adults do not display such a 

pattern. Quantitative modeling will be key in cementing these findings, and expanding 

upon this research to gain insight into age-related changes in adaptive decision making.   
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Chapter 4: The Impact of Aging on the use of Prior Information in Perceptual 

Decision Making 

 

Introduction 

 

While the accumulation of sensory information received directly through the 

senses is central to many current models of perceptual decision making, an ever-present 

underlying assumption is that this process is subject to influence by a range of factors. 

These include factors external to the brain such as noise in the environment, stimulus 

strength, task instructions, and required response modality, as well as internal factors 

including attention and motivation for the task, conservativeness of decision strategy, 

and sensory acuity. One element that can be said to straddle the line between internal 

and external influence is decision bias. Various forms of decision bias exist, some 

internally motivated and some externally motivated, for example intrinsic response bias 

(Hu & Rahnev, 2019) and choice history bias (e.g. Urai, de Gee, Tsetsos, & Donner, 

2019) could be classified as internally motivated forms of bias. Another form of bias 

that has been of interest is how decisions are made when prior information about the 

relative likelihood of the upcoming response options is made available. This is an 

example of an externally motivated form of bias, as the prior information can be 

acquired from first person experience of statistical regularities within the environment - 

or it can be received second-hand from other agents. A robust finding in general 

populations is that our choice behaviour is highly sensitive to prior information 

regarding outcome probabilities, exhibiting fasters RTs and increased accuracy when 

the expected choice alternative does occur and slower RTs and diminished accuracy 

when it does not (e.g. van Ravenzwaaij, Mulder, Tuerlinckx, & Wagenmakers, 2012).  

Like many key questions within the domain of perceptual decision making, our 

understanding of how prior information is incorporated into decisional processes has 

been influenced hugely by the application of sequential sampling models. In a two-

alternative task, bias toward one or the other alternative can be induced by either 

providing cues on each trial that predict the likely choice outcome or by varying the 

outcome probabilities across blocks of trials. Sequential sampling modeling studies 

have centered around two dominant accounts of how the brain adjusts to these contexts: 

The ‘origin model’ and the ‘gain model’. The origin model proposes that prior-
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informed biases arises due to the starting point being shifted closer to the decision 

bound representing the expected outcome (e.g. Voss, Rothermund, & Voss, 2004; 

Bogacz et al., 2006; Diederich and Busemeyer, 2006; Wagenmakers, Ratcliff, Gomez, 

& McKoon, 2008). The gain model proposes that prior information biases the rate at 

which sensory evidence is accumulated for the two alternatives, or drift bias (e.g. 

Ratcliff, 1985; Diederich and Busemeyer, 2006). Thus far, modeling studies have 

tended to favour the origin model over the gain model when accounting for behavioural 

adjustments to prior information (e.g. Ratcliff & McKoon, 2008; Mulder, 

Wagenmakers, Ratcliff, Boekel, & Forstmann, 2012). For example, a behavioural study 

by Bang and Rahnev (2017) investigated the possibility of sensory modulations driven 

by stimulus expectations, as predicted by the gain model. In the study, participants 

made contrast discriminations which they reported upon provision of a response cue at 

the end of each trial. The authors compared the behavioural effects of two distinct cues 

types: pre-stimulus cues which provided information about the upcoming stimulus prior 

to its onset (i.e at a time when the cues could influence both early sensory processes and 

decision processes), and post-stimulus cues which were presented after stimulus offset 

but before the response cue. Participants were instructed to withhold reporting their 

decisions until a response cue appeared at the end of the trial. In this way, the post-

stimulus cue could still influence their final choice despite appearing after the stimulus 

had disappeared. There was no difference in behavioural performance across these 

conditions and decision criterion adjustments alone were sufficient in accounting for the 

impact of prior information, rather than the involvement of early sensory signals. 

While behavioural modeling has pointed to a highly parsimonious account of 

prior-informed decision making, it is not clear to what degree these models provide an 

accurate account of the true underlying neuro-computational adjustments. For example, 

as discussed in Chapter Two, modeling studies have also tended to identify bound 

adjustments as the key mediator of speed-accuracy trade-offs yet, neurophysiological 

studies have pointed to a far more diverse and complex set of neural modulations. To 

take one example, Steinemann et al. (2018) found that increasing speed pressure led to 

changes at the levels of sensory encoding, evidence accumulation, motor preparation, 

and even muscle activity in the decision-reporting effectors. It is also worth noting that 

while the modeling work treats the origin and gain models as mutually exclusive 

accounts for reasons of maintaining model parsimony, there is no reason to believe that 

they must be mutually exclusive in reality.   
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Because perceptual decision making is comprised of three primary levels 

(sensory encoding, decision formation, and motor response preparation), adjustments to 

prior information could theoretically occur at any, some, or all of these levels. These 

issues are difficult to tease apart using modeling alone, since the models are 

intentionally abstract and one-dimensional. Recent neurophysiological work has begun 

to address these questions. The behaviourally-informed account put forward by Bang 

and Rahnev (2017) was seemingly further strengthened by the results of a model-based 

fMRI study carried out by Mulder, Wagenmakers, Ratcliff, Boekel, & Forstmann 

(2012). In this study, prior cues were found to improve behavioural performance, with 

modeling again attributing this effect solely to starting point shifts. Linked to activation 

of frontoparietal regions. Together, these results appear to constitute support for the 

origin model of prior probability. However, these studies may not provide the full 

picture. It is important to note that the study by Bang and Rahnev (2017) contained 

behavioural modeling with no reference to the underlying neural adjustments, and the 

study by Mulder et al. (2012) used fMRI which has relatively poor temporal resolution. 

As well as this, Mulder et al.’s neurophysiological analyses centred around correlating 

starting-point parameter estimates with the BOLD responses. In other words, the neural 

analyses presuppose the validity of the model, rather than providing any independent 

test. 

Rungratsameetaweemana and colleagues (2018) attempted to correct for these 

shortcomings by using EEG data to further investigate the issue 

(Rungratsameetaweemana, Itthipuripat, Salazar, & Serences, 2018). The authors found 

no impact of prior cues on the early visual negative potential (VN), leading them to 

argue that, in line with the previous work in the area, no prior effects are found at the 

earliest sensory stages of decision making. This work represents one of the only studies 

to examine sensory-level modulations in response to prior information. However, in 

spite of the higher temporal resolution offered by the EEG methodology in this study, it 

could not be established if the VN indexed the sensory input to the evidence 

accumulation process on that task as opposed to a task-irrelevant stimulus-evoked 

response. Some additional neural evidence for the impact of priors on perceptual 

decision making has been found by Hanks and colleagues, who demonstrated a drift 

rate bias that was mirrored in the firing rates of LIP neurons (in favour of the more 

likely outcome), a finding which supports the gain model (Hanks et al., 2011). In 

addition to an increase in firing rate at baseline for the more likely outcome, this 
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research also showed that this gain in drift rate varied as a function of time, entailing 

that a given piece of prior information has a greater impact on more difficult trials, as 

these are more likely to have longer associated RTs.  

The limitations of previous studies in the area, as well as the conflicting 

evidence within the literature shows that further investigation in the area is warranted. 

For example, the P3 ERP component is known to be highly sensitive to outcome 

probabilities, with much research indicating that this signal is smaller for expected 

versus unexpected stimuli/outcomes (e.g. Squires, Squires, & Hillyard, 1975; Duncan-

Johnson & Donchin, 1977). However, these analyses have been limited to stimulus-

locked peak amplitude measurements which can be confounded by cross-condition 

differences in RT distribution, and which overlook other distinct signal parameters such 

as build-up rate. An investigation into the P3’s role in prior-informed decision making 

that addresses such drawbacks is vital in allowing us to understand how the brain forms 

decisions based on prior information. This is especially true because of research 

showing that the P3 indexes the same functional process as the CPP decision signal 

(Twomey, Murphy, Kelly, & O’ Connell, 2015). A recent study by Kelly, Corbett, and 

O’ Connell (2019) explored the impact of prior information on decisional processes 

using EEG data to inform mathematical modeling. They found modulations in CPP 

response-locked amplitudes in response to prior probability and when these data were 

used within the neurally-informed model, it fit the observed data better than a standard 

DDM. This further highlights the need to unpack the processes underpinning the use of 

priors within perceptual decision making, as often the standard model-based accounts 

are unable to capture the subtleties of the underlying neural adaptations. It should also 

be noted that adjustments may be made across multiple levels in order to incorporate 

prior information, and so a methodological approach which allows for the tracing of the 

distinct levels of decision making is key.  

In addition to these ongoing debates and open questions about how priors are 

used within the brain in general populations, an area that has remained entirely 

unexplored is the impact of aging on the use of prior information in perceptual decision 

making. A basis for predicting that older adults may display differences in the use of 

prior knowledge to inform their perceptual decisions has arisen from studies of 

economic decision making, which commonly involved the use of paradigms like the 

Iowa Gambling Task or the Probability-Associated Gambling Task. An important 

distinction is made within this body of literature between decisions under ambiguity 
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versus decisions under risk. Decisions under ambiguity refer to ones in which the 

outcome probabilities are not explicitly available prior to the task, while decisions 

under risk are ones in which the outcome probabilities are given in advance. Within this 

domain, a meta-analysis found that there are no age differences when risky decisions 

are made with explicit knowledge of outcome probabilities but age differences do 

become apparent when participants are required to estimate outcome probabilities 

themselves on the basis of past experience (Mata, Josef, Samanez-Larkin, & Hertwig, 

2011). This indicates that older and younger adults potentially differ in their ability to 

encode statistical regularities. Another study in this area using an experience-based 

risky choice showed that age differences emerged only when the number of decision 

options (i.e. the information load) was high (Frey, Mata, & Hertwig, 2015).  

To our knowledge, there has been no study investigating the extent to which 

older adults can use prior cues to guide their perceptual decision making. However, a 

between-groups investigation on the use of priors on perceptual decision making was 

carried out with a group of patients with Parkinson’s Disease (Perugini, Ditterich, & 

Basso, 2016). The patient group displayed deficits in using priors to guide their 

decisions when compared to an age-matched healthy control group in a task that 

involved the self-tracking of prior information (i.e. the inclusion of no explicit cues). 

Interestingly, the deficits exhibited by the patient group did not appear to be due to an 

inability to learn the prior information, but rather, an inability to use it effectively. Drift 

Diffusion Modeling indicated failure to adjust the starting point of evidence 

accumulation, accompanied by a retained ability to adjust drift rate offset, which could 

compensate for impaired starting point adjustments. Within this study, an experiment 

was also included within which explicit information about the prior probability was 

given to the participants verbally (eliminating the need for learning from trial feedback). 

Again, patients with Parkinson’s failed to use verbal instructions about the priors to 

inform their choices.   

 

Summary of Existing Literature 

In summary, the process of how agents use prior information to improve their 

decision making is not yet fully known, although some progress has been made in this 

area. Two primary viewpoints exist within the modeling literature: the origin model 

(prior probability has an effect at the level of starting point), and the gain model (prior 

probability has an effect at the level of drift rate). For this reason, one of the major 
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debates in the literature has been the extent to which prior probabilistic information 

impacts the earliest stage of decision making - sensory encoding. On the basis of the 

progress that has already been made, as well as research from related areas of decision 

making, a key area for investigation has come to light - whether older adults maintain 

the ability to utilise prior knowledge to inform and enhance their perceptual decision 

making in a manner similar to younger adults.  

 

The Present Study 

Aims. The present study aimed to fill these gaps by investigating prior-informed 

decision making by groups of older and younger adults in the context of a perceptual 

discriminationa contrast change detection task that is specially designed to enable 

isolation of neural signatures of sensory evidence encoding, evidence accumulation and 

motor preparation, as well as ascertaining which neural adjustments accompanied the 

process. Since the goal in the present study was to establish the ability of older adults to 

adjust to priors, difficulty was titrated to ensure that results would not be confounded by 

group differences in basic perceptual decision making abilities or strategies. 
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Materials and Methods  

 

Participants 

The same participants recruited for Chapter Three of this thesis performed tests 

of prior-informed decision making within the same testing session. Behavioural and 

EEG data were collected from a total of 54 participants, of which the data from 3 

participants excluded due to the presence of artifacts (fewer than 50 trials remaining). 

The final sample consisted of 26 older participants (13 female) and 25 younger 

participants (12 female). Older participants ranged in age from 60-81 years, with a 

mean age of 70.4 ± 5.4. Younger participants ranged in age from 18-30 years, with a 

mean age of 22.9 ± 3.6. There were no significant group differences for years in 

education (M = 15.7 ± 3.9; t (50) = 1.64, p = 0.11), and NART IQ (M = 118.6 ± 4.8; t 

(50) = 1.71, p = 0.09). Inclusion criteria met by all participants were as follows: MMSE 

score >24, normal or corrected-to-normal vision, no sensitivity to flickering light, and 

no personal or family history of epilepsy, unexplained fainting, neurological or 

psychiatric illness or brain injury. The study was approved by Trinity College Dublin 

School of Psychology Research Ethics Committee, and was in accordance with the 

Declaration of Helsinki. All participants gave their written consent prior to testing, and 

were paid €25 for out-of-pocket expenses incurred during their participation.   

 

Procedure 

Participants were first administered a demographic questionnaire, the MMSE, and the 

NART by the experimenter. All participants then carried out two separate perceptual 

decision making tasks. The first of these was a two alternative forced choice contrast 

change discrimination task (the present experiment). The second was a random dot 

motion task, as described in Chapter Three of this thesis. Participants performed both 

tasks in a darkened, sound-attenuated room, while seated approximately 50cm from the 

presentation computer, while their head was supported by a chin rest. Stimuli were 

presented on a 40.5cm CRT monitor which had a refresh rate of 100 Hz and a screen 

resolution of 1024 x 788.  

 

Experimental Task 

Contrast change discrimination task: Participants performed a two-alternative 

forced choice contrast change discrimination task, similar to the task described in 
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Chapter Two of this thesis (see figure 4.1). This task required participants to observe a 

checkerboard stimulus consisting of two overlaid orthogonal sets of gratings, one of 

which had greater contrast than the other. Participants decided which of the two sets of 

gratings (left or right titled) had the greater contrast, and indicated this via a mouse 

click (left mouse button for left tilt contrast increase). Prior to the onset of the gratings 

stimulus on each trial, participants were either presented with (i) a cue in the form of an 

arrow pointing leftward or rightward which indicated which grating (left or right tilted) 

was most likely to increase in contrast in the upcoming trial, or (ii) the fixation dot 

instead of an arrow cue. There were three categories in total corresponding to the three 

cue types of the task: Valid cues, whereby the direction of the cue arrow matched the 

correct choice outcome (e.g. a leftward facing cue predicting a left button click); Invalid 

cues, whereby the direction of the cue arrow did not match the direction of the 

upcoming grating; Neutral cues, whereby no arrow cue appeared, but instead, the 

fixation dot remained on screen for the same length of time as the arrow cue appeared 

on other trials (i.e. 400 ms). Participants carried out 5 blocks consisting of 100 trials 

each. Within each of these blocks, 60% of trials contained a valid cue, 20% of trials 

contained an invalid cue, and 20% of trials contained a neutral cue. Cue types were 

interleaved within blocks on a trial-by-trial basis. Participants received feedback after 

each trial on whether they were ‘correct’, ‘incorrect’, ‘too early’ (responding prior to 

the contrast change evidence had begun) or ‘too late’ (failing to respond before the end 

of the contrast change - a period of 1500 ms). Participants did not receive points, and 

did not receive any feedback on their RT unless it was ‘too early’ or ‘too late’. 

Participants fixated on a central point of 2x2 pixels throughout the task. Prior to 

beginning the titration and main task, participants first practiced a version of the task 

within which the contrast was at 50% for 2 blocks of 30 trials each. This was to allow 

participants to become comfortable with the task, but also to allow us to trace the 

sensory evidence they represented. More detail on this process is provided in Signal 

Analysis.  
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Figure 4.1. Contrast change discrimination task timings: Timings of task events within 

the prior-informed contrast change discrimination task. In terms of regime cues, this 

figure shows both a directional cue (arrow) and a neutral cue (fixation point). Only one 

of these was displayed to participants per trial..     

 

Task instructions: Participants were not explicitly told the precise accuracy with which 

cues would predict the direction of the upcoming stimulus, to discourage participants 

from relying solely on the cues to guide their choices instead of evaluating the stimulus. 

Apart from the basic task instructions that participants should click the direction of the 

stronger contrast change perceived (left or right), participants were given the following 

instructions regarding the arrow cues: “There are arrow cues in this task indicating 

which direction the gratings are likely to tilt. The cues are there to help you. You should 

pay attention to the cues but do not merely guess based on what they say because they 

are not correct 100% of the time”. 

 

Task timings: The timings of the experimental task were as follows: The 

fixation dot appeared for 500 ms. Following this, either a predictive cue or the fixation 

cue (on neutral trials) appeared for 400 ms. The grating stimuli then appeared at 50% 

contrast for 800 ms, following which the gratings underwent stepped contrast changes 

of identical magnitudes but opposite directions that were maintained for 1500 ms. 
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Participants were required to indicate by means of a mouse click, whether they 

perceived the stimulus as left or right-tilted with the thumb of the corresponding hand 

(i.e. left thumb click for left-tilted pattern). Each period of evidence was followed by an 

inter-trial interval lasting 800 ms, during which feedback was displayed.  

 

Staircasing: Participants’ performance was titrated once at the beginning of the 

task using a staircasing procedure which was 1-down 1-up initially, and switched to a 3-

down 1-up staircase upon the first error. This staircasing procedure was utilised to 

obtain the threshold contrast difference value for each participant that corresponded to 

80% accuracy on the task. In the context of the present task a threshold value of, for 

example, 0.24 would indicate that one grating should increase in contrast to 0.74, and 

the other should decrease in contrast to 0.26.  

 

Task stimuli: Task stimuli were programmed using the PsychToolbox extension 

of MATLAB. The stimulus was annular in shape, had an inner radius of 1 degree and 

an outer radius of 6 degrees of visual angle. The annulus was presented centrally on a 

grey background of the same mean luminance (65.2 cd/m2) and was composed of two 

overalid square-wave gratings (spatial frequency = 1 cycle per degree). Of the two sets 

of overlaid orthogonal gratings, one set was tiled left by 45 degrees relative to vertical, 

and one set was tilted right by 45 degrees relative to vertical (left tilted grating: -45°; 

right tilted grating: +45°). Both of the gratings (leftward and rightward) flickered at the 

same frequency of 30 Hz, but were at different phases. Although the gratings were out 

of phase, they were perceived as overlaid and simultaneous.  

 

EEG data acquisition and preprocessing  

Continuous EEG data were recorded using an ActiveTwo system (Biosemi, The 

Netherlands) with 128 scalp electrodes digitised at 512 Hz. Two vertical electro-

oculogram electrodes were placed above and below the left eye to record eye 

movements. Data analysis was carried out using custom scripts in MATLAB 

(Mathworks, Natick, MA, USA) that drew on EEGLAB routines (Delorme & Makeig, 

2004). Noisy scalp channels were interpolated using spherical spline interpolation, and 

data were re-references offline to the average reference. Data were low pass filtered at 

40 Hz to remove very fast voltage changes, and were high pass filtered at 0.1 Hz to 

remove very slow voltage changes. The MATLAB function ‘eegfilt’ was used for two-
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way least-squares FIR filtering of the data. The continuous EEG data were segmented 

into epochs from -1.3 seconds to 1.7 seconds relative to evidence onset, and were 

baseline corrected relative to the average signal in a baseline window from -200 to 0 ms 

relative to cue onset. Epochs were rejected if the bipolar vertical EOG signal (upper 

minus lower) exceeded an absolute value of 200 microvolts, or if any scalp channel 

exceeded 100 microvolts. These data were further segmented into a window of -650 ms 

to 200 ms relative to response execution for response-aligned analyses. Data were 

converted to Current Source Density using the CSD Toolbox for MATLAB (Kayser et 

al., 2006).   

 

Statistical analyses 

Outliers were rejected when data points fell greater than 1.5 times the interquartile 

range of the median value within a dependent variable. The presence of outliers was 

determined relative to the age group each participant was in. A 3 x 2 mixed factorial 

ANOVA was used to analyse both behavioural and electrophysiological data due to the 

presence of one between subjects factor with two levels (Age Group - younger and 

older), and one within subjects factor with three levels (Cue Type - valid, invalid, and 

neutral). EEG analyses were conducted on all trials, whether correct or not. Two-way 

mixed factorial ANOVAs were used to analyse group differences, due to the presence 

of a Between-Groups Factor (Age Group) and a Within-Groups Factor (Cue Type). The 

assumptions for parametric testing were assessed using the following measures: 

Mauchly’s Test of Sphericity indicated that sphericity of the data could be assumed 

χ2(2) = 1.31, p = 0.52. Statistical analyses were carried out using SPSS Version 22.  

 

Signal analysis 

SSVEP. To avoid issues previously encountered due to the presence of a 5 Hz 

oscillation driven by the reverberation of the two gratings flickering at distinct 

frequencies (see Chapter Two), the two gratings of the present stimulus (left-tilted and 

right-tilted) flickered at the same frequency of 30 Hz but at opposite phase (ie. the 

gratings were presented on alternate frames). The first goal was to identify the phase of 

the signal for a particular individual. For this, an FFT with a long time window of 760 

ms was chosen to compute the phase, in order to reduce spectral leakage and be more 

precisely able to access the frequency of interest (15 Hz). A shorter moving window of 

267 ms (to allow for 4 cycles of 15 Hz) was used to check whether there were any 
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changes in frequency and phase across time. As mentioned above, participants 

completed a high-contrast difference ‘practice block’ of the task prior to beginning the 

actual task. These trials were used to identify the electrode of maximum SSVEP 

amplitude for each individual. The phase was estimated from trials from the main task 

(i.e. the task trials with a smaller contrast difference, rather than from the high contrast 

practice block trials). Following this, the distinct SSVEP signals were isolated based on 

their opposing phase angles after averaging across all trials. The amplitude of the 

SSVEP was measured within the time window from 0 to 300 ms relative to evidence 

onset. 

 

CPP. For each participant, the ERPs were created by averaging across single 

trials. The CPP was measured over a single centroparietal electrode centred on the 

region of maximum component amplitude identified based on visual inspection of the 

grand average topography averaged across both age groups. Similar to the experiment 

detailed in Chapter Two of this thesis, the response-locked topography for older adults 

suggested a lateral parietal distribution of the CPP. Note that when statistical analyses 

were run using the same electrodes for older adults as in Chapter Two (i.e. four 

electrodes situated in lateral parietal areas of the scalp) this did not alter the results. The 

stimulus-locked CPP was extracted over a window of -1.3 seconds to 1.7 seconds 

relative to evidence onset, while the response-locked CPP was extracted over a window 

of -0.65 to 0.2 seconds relative to response. The mean amplitude of the response-locked 

CPP was calculated within a measurement window of -150 ms to 0 ms relative to 

response. The build-up rate of the response-locked CPP was calculated within the 

window from -300 to 0 relative to response. 

 

Beta-band activity. Beta-band activity was measured as the oscillatory power in 

the 18 to 30 Hz range (excluding 15 Hz and 30 Hz to avoid interference from the 

SSVEP) over motor electrodes in the left hemisphere and in the right hemisphere, 

chosen on the basis of visual inspection of the grand average topography. Power was 

measured in a sliding boxcar window size of 342 samples, with 26 sample point step 

size. Stimulus-locked beta was statistically analysed within the time window from -

1000 to -300 relative to evidence onset in order to assess the impact of cues on starting 

levels of motor preparation. Response-locked beta amplitude was examined within the 
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time window from -200 to 0 ms relative to response, while response-locked beta build-

up rate was analysed between -800 to 0 ms relative to response.  

 

 

 

Results 

 

Behavioural results 

A significant main effect of Cue Type was found on RT, F (1,45) = 3.49, p = 

0.035, d = 0.3, which was driven by a significant speeding of RTs on valid versus 

neutral trials (p = 0.036, d = 0.38). No significant difference was found between valid 

and invalid (p = 0.122, d = 0.19), or between invalid and neutral (p = 1.0). There was no 

significant Age Group x Condition interaction effect on RT, F (1, 45) = 0.2, p = 0.66, 

and although older participants exhibited slower average RTs than younger participants, 

the effect did not reach statistical significance, F (1, 45) = 2.92, p = 0.094, d = 0.32. 

Cue Type also had a significant effect on accuracy, F (1, 45) = 7.4, p = 0.002, d = 0.53, 

with higher accuracy scores overall in the valid condition, followed by the neutral 

condition, and then the invalid condition. Bonferroni corrected pairwise comparisons 

revealed that this was driven by a significant difference between (i) valid and invalid (p 

= 0.001), and (ii) a significant difference between invalid and neutral (p = 0.003), but 

(iii) no significant difference between valid and neutral (p = 0.07). No significant Cue 

Type x Age Group interaction was observed for accuracy, F (1, 45) = 0.54, p = 0.59. As 

expected given that difficulty was individually titrated, there was no significant main 

effect of Age Group, F (1, 45) = 0.014, p = 0.91, d = 0.21. Mean RT and accuracy for 

older and younger groups are shown in figure 4.2.  

 



107 

 

Figure 4.2. Priors behavioural plots: Mean RT (left) and mean accuracy (right) for 

older and younger adults across the three Cue Type conditions. Error bars represent 

standard deviation.   

 

Electrophysiological Results 

 

SSVEP. Contrary to what was found in Chapter Two, here differential SSVEP 

responses evoked by the contrast changes were significantly stronger in the younger 

group than the older group overall (ANOVA, F (1, 45) = 8.70, p = 0.005, d = 0.62). 

However, because task difficulty was individually titrated participants were exposed to 

different contrast difference magnitudes and older adults were exposed to numerically 

lower contrast difference values than younger adults (Older M = 0.13 ± 0.06; Younger 

M = 0.16 ± 0.08). This could indicate that the larger SSVEP in the younger group is 

merely a product of the different stimuli. Although it did not reach statistical 

significance t (46) = 1.47, p = 0.15, d = 0.17), this group difference in stimulus contrast 

nevertheless precludes a straightforward comparison of their SSVEP signals. In any 

case, the primary interest in this experiment was to examine inter-individual variation in 

signal sensitivity to the Cue Types (valid, invalid, and neutral). It was found that the 

difference in SSVEP amplitude across the 3 Cue Type was not significant, (ANOVA, F 

(1, 45) = 3.27, p = 0.08, d = 0.31) and there was no Group by Cue Type 

interaction(ANOVA, F (1, 45) = 1.54, p = 0.22, d = 0.19). Due to the fact that the older 

group signals may be noisier as they are quite small, and because the younger group 

shows a visual trend consistent with our hypotheses (valid > invalid), a separate 

factorial repeated measures ANOVA was run on the younger participants. However, the 
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result was not statistically significant, indicating no effect of cue on SSVEP amplitude 

in this group, F (1, 25) = 2.99, p = 0.10, d = 0.19.  

 

   

Figure 4.3. The SSVEP across cue types: Stimulus-locked SSVEP power for old and 

young participants (left) and grand average SSVEP topography averaged across all 

participants within the time window from 0 to 300 ms (right). 

 

 

CPP 

There was no significant main effect of Cue Type on CPP amplitude at 

response, F (1, 43) = 1.16, p = 0.32 but there was a significant main effect of Age 

Group F (1, 43) = 19.42, p < 0.001, d = 0.67, with older adults reaching lower 

amplitudes at response than younger adults. Despite the fact that the younger group 

have markedly smaller CPPs following valid cues as would be expected with a 

bound/starting point adjustment, we observed no significant Age Group x Condition 

interactionF (1, 43) = 1.43, p = 0.24, d = 0.17. In terms of the build-up rate of the 

response-locked CPP (measured in the window from -300 to 0 ms relative to response), 

Cue Type had no main effect on CPP slope, F (1, 43) = 0.27, p = 0.76, d = 0.12. Age 

Group also had no significant effect on CPP response-locked slopes (p = 0.32), and 

there was no significant Age Group x Cue Type interaction effect (p = 0.26). Visually it 

appears that CPP slopes in the valid condition are shallower within the younger group. 

One potential explanation is that, because RTs are faster on valid trials, more very fast 
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responses would be expected in this condition. However, this is likely not the case, as 

RTs < 300 ms were excluded from analyses and therefore, there is not a significant 

portion of trials for which the response-locked epoch is extending back to prior to 

evidence onset. When a factorial repeated measures ANOVA was conducted within the 

younger group only, no significant effects of Cue Type were found on the slope of the 

response-locked CPP, F (1, 25) = 0.83, p = 0.45, d = 0.14. 

 

 

 

Figure 4.4. CPP waveforms and topographies: Stimulus-locked and response-locked 

CPP waveforms split across Age Group, and Cue Type. The accompanying grand 

average response-locked topographies are also shown above.  

 

 

Beta-band activity 

Stimulus-locked beta was analysed in the window -1000 to -300 relative to 

evidence onset (see figure 4.5), revealing a significant main effect of Cue Type 

(ANOVA, F (1, 45) = 9.8, p < 0.001, d = 0.49). Bonferroni corrected pairwise 

comparisons revealed that this was driven by significantly greater beta 

desynchronisation in valid than neutral trials (p = 0.002), as well as significantly greater 

beta desynchronisation in invalid than neutral trials (p < 0.001). There was no 
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significant difference in beta desynchronisation between valid and invalid (p = 0.69). 

No main effect of Age Group was found (ANOVA, F (1, 45) = 1.2, p = 0.28, d = 0.18) 

indicating that the older and younger groups did not have a significant overall 

difference in beta desynchronisation, but an Age Group x Cue Type interaction effect 

showed that older and younger adults differed in terms of how much their beta 

desynchronisation changed across Cue Type conditions (ANOVA, F (1, 45) = 6.1, p = 

0.02, d = 0.41). This effect was driven by younger adults having a greater difference in 

their beta desynchronisation across both valid versus neutral cues (t (1, 25) = 4.49, p < 

0.001), and invalid versus neutral cues  (t (1, 25) = 4.19, p < 0.001, d = 0.58). This was 

not the case for the older adults, indicating that this group adjusts their motor 

preparation less than younger adults do when they receive any cue versus when they 

receive no cue (t (1, 25) = 0.2, p = 0.66, d = 0.09).    

Figure 4.5. Stimulus-locked beta-band activity: Activity in the beta-band shown locked 

to stimulus (evidence appearance at time-point 0). The grand average stimulus-locked 

beta-band topography across all participants is also shown. The stimulus-locked plot 

was collapsed across ipsilateral and contralateral activity to investigate the extent to 

which participants prepare any response in the post-cue, pre-stimulus window (i.e. the 

motor preparation in response to the cue).    

 

In order to probe the choice-specific bound adjustments, this analysis was 

followed by a test investigating contralateral versus ipsilateral stimulus-locked beta as a 

function of the direction that the cue was pointing (figure 4.6). A mixed factorial 
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ANOVA was conducted within the time window from -1000 to -300 ms relative to 

evidence onset (i.e. following the directional cue but prior to evidence onset). There 

was no significant main effect of ipsi/contra on beta power (ANOVA, F (1, 45) = 0.46, 

p = 0.5, d = 0.11), there was no significant Ipsi/Contra x Age Group interaction (p = 

0.16), and there was no main effect of Age Group (p = 0.29). These results indicate that 

the amount of choice specific bound adjustment did not differ as a function of Age 

Group. When a repeated measures t-test was run solely on the younger group, a non-

significant result was again found (t (1, 25) = 1.78, p = 0.09, d = 0.22). This indicates 

that even when the younger group were considered in isolation, this group did not 

exhibit greater preparation for the cued direction prior to evidence onset. 

 

 

 

Figure 4.6. Ipsilateral and contralateral beta-band activity across age groups: 

Ipsilateral and contralateral beta-band activity (i.e. choice-specific motor preparation) 

shown for older and younger adults. Trials with neutral cues were excluded from the 

analysis, as no motor preparation tied to one specific response effector would be 

expected in the case of neutral cues prior to stimulus onset. Time point 0 marks 

evidence onset. 
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Discussion 

The present study set out to investigate the effect of prior cues on perceptual 

decision making in healthy older adults. Three cue types were used: valid cues (where 

the cue matched the eventual evidence), invalid cues (where there was a mismatch 

between the cue and the eventual evidence), and neutral (where no cue appeared to 

inform participants of the more likely identity of the eventual evidence). Perceptual 

decision making in older adults has not been previously investigated at the neural level, 

and the key area of interest was the efficiency with which older adults can adapt the 

levels of perceptual decision making in order to incorporate prior information to aid 

their decisions.  

At the behavioural level, it was found that Cue Type (i.e. valid/invalid/neutral 

conditions) had a significant effect on the RT and accuracy of all participants, and that 

the strength of this effect did not differ as a function of Age Group. Neither were older 

adults slower or less accurate overall than were younger adults. This is an interesting 

finding and is compatible with some results in other cognitive domains showing that 

older adults are not necessarily worse than younger adults at utilising prior information 

to guide their choices. As discussed, in the area of economic decision making it has 

been found that older adults perform at the same level as younger adults when 

probabilities are explicitly provided to them, but that they may exhibit difficulties in 

tasks requiring them to learn the probabilities themselves and use this type of prior 

information to inform their choices. The present experiment represents an intermediate 

point between these, in which participants were told which direction of contrast change 

was most likely, but were not told specific probability values. At least within the 

domain of perceptual decision making, it appears that older adults are able to use such 

cues to strategically improve their behavioural performance in a contrast change 

discrimination task. This is a key novel finding, and illustrates an aspect of decision 

making that may be retained within healthy aging. It should be noted that, although 

these prior-related results are novel within the context of the present contrast change 

discrimination task, other perceptual tasks exist within which it is also shown that older 

and younger adults are able to strategically use cues to an equal degree to facilitate 

behaviour. For example, the Posner spatial cueing task and the Eriksen flanker task (e.g. 

Jennings, Dagenbach, Engle, & Funke, 2007). However, it is not possible to ascertain 

from the behavioural results of the present study alone whether older adults achieve this 
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in the same way as younger adults. There may be differences in how this strategic 

adaptation is enacted at the neurophysiological level.   

The present study suggests that the largest neural modulation in response to 

prior information takes place at the level of motor preparation. Specifically, baseline 

beta activity, which corresponds to starting point adjustments within DDM frameworks. 

This is in line with the origin model, as it means that when under the influence of an 

informative cue (even when they do not yet know whether it is a valid or an invalid 

cue), participants begin the task with a higher baseline level of motor preparation. 

Although this was true across both age groups, stimulus-onset motor preparation did 

differ in magnitude across younger and older adults in response to the cues. 

Specifically, compared to older adults, younger adults showed comparatively greater 

motor preparation in response to cues than they did in the absence of cues. Older adults 

had a less effective adaptation across Cue Type. It appears that younger adults adapt 

their decision making strategy when they receive prior information more so than older 

adults, at least at the neural level. Therefore, it seems that prior information may alter 

the perceptual decision making process via changes at the motor level.   

There has been ongoing debate about the possibility that prior information is 

used to modulate the earliest sensory stages of decision making. It is important to note 

that the SSVEPs in this experiment cannot be directly compared across age groups 

because each individual carried out the task at a different contrast level. Nevertheless, 

the results of the present study indicate that prior information did not affect the level of 

sensory encoding while participants (either young or old) made perceptual decisions. A 

significant interaction effect between Cue Type and Age Group would have been 

necessary in order to argue for poorer sensory encoding adaptation abilities in response 

to cues in the older group. The fact that no effect of Cue Type was found provides 

evidence against the idea of prior probability modulation at the earliest sensory stages 

of decisional processing across all age groups, which is a key finding in this area. 

At the level of decision formation, the amplitude of the CPP was not found to be 

modulated by Cue Type. However, a large effect of Age Group was observed, with 

significantly smaller amplitudes in older adults than younger adults. These low-

amplitude CPPs in older adults were also observed in Chapter Two of this thesis. The 

same stimulus was used in each task (i.e. a contrast change discrimination task), which 

may indicate that there is some age-related effect on contrast change discrimination, or 

an additional neural signal that is invoked in order to carry out this task. This is further 
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supported by the fact that the participants who took part in the present study were the 

same participants as those who took part in the experiment in Chapter Three, in which 

they exhibited normal CPPs in response to a random dot motion task. Due to the 

difficulty of adequately measuring this signal in the older group, it is not known 

whether they may have shown some modulation at this level, potentially compensating 

for their differences at the motor level, and thus allowing them to achieve comparable 

behavioural results. However, it was not necessarily hypothesised that prior information 

would affect this level of processing in any case, as recent research has shown that the 

CPP reflects the cumulative evidence for a particular decision independent of strategic 

factors like prior information or urgency, which seem to impact on activity at the motor 

level (Steinemann et al., 2018), which was also borne out within the present 

experiment.  

In Chapter Two of this thesis, results were reported which showed that older 

adults did not have a deficit at the functional level (i.e. in terms of number of points 

scored) even though they had differences at the neural level in the form of decreased 

flexibility of motor preparation. Interestingly, similar findings emerged in the present 

experiment, with older adults having no significant deficits in terms of their RT or 

accuracy, but showing less flexible adaptation at the motor preparation level in response 

to pre-evidence cues, as indexed by beta-band activity. What could account for the 

behavioural equivalence of older adults, despite this dampened neural adaptation at the 

motor preparation level? It may be the case that a factor related to decision making but 

not directly involved acted as a compensatory mechanism. This seems likely given the 

fact that the group of older adults in the present study were likely high-performers 

relative to other samples in the literature. The older adults in the present study did not 

differ from the younger comparison group in terms of NART IQ, MMSE score, years in 

education, or sensory threshold level. The latter may be particularly important in that it 

highlights the retained perceptual ability of the older group and suggests there could be 

a factor like motivation affecting the process.  

Based on insights gleaned from the present study and previous literature in the 

area, three aspects emerged which should be considered when conducting future 

research in this area. These are (i) the type of instructional information given, (ii) the 

type of cue provided, and (iii) the task design. Alterations in these conditions could 

potentially lead to conflicting results. (i) As outlined above, there is reason to believe 

that decision making may change in relation to explicit cues as opposed to implicit cues 
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learnt from experience with the task. Perhaps if older adults were required to learn the 

stimulus probabilities in the present study, there would have been more marked 

differences between the age groups. (ii) Prior bias could exist at the sensory level, the 

motor level, or both. The method of cueing could theoretically play into this. For 

example, if participants are provided with a symbolic cue that is more connected to the 

motor alternatives than to the sensory ones (e.g. a colour versus an arrow) this might 

impact the neural adaptations. (iii) Bogacz and colleagues (2006) have argued that prior 

information should affect the starting point for tasks in which difficulty does not change 

within a trial, while prior information affects drift rate criterion across trials that vary in 

difficulty. The inclusion or exclusion of neutral trials should also be carefully 

considered. Participants cannot know whether a trial is valid or invalid until the 

evidence has appeared, but in the case of neutral trials, the participant is aware that the 

‘cue’ is not informative (and is, in fact, merely a fixation point). In line with this 

knowledge, participants could preemptively adjust their decision bound, for example.   
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Chapter 5: General Discussion 

 

The purpose of the present chapter is to provide an overview of the primary 

findings and novel contributions of this thesis, and to suggest avenues for future 

research arising from the three experiments conducted. As stated in Chapter One, an 

overarching aim of this thesis was to leverage the newfound ability to measure the 

neural dynamics of human decision formation in order to address some of the key 

theoretical questions and debates that have arisen from previous model-based 

investigations of perceptual decision making Specifically, this thesis examined the 

neurocomputational adjustments mediating speed-accuracy trade-offs, and prior-informed 

decisions, as well as establishing the role of leakage in facilitating decisions in 

continuous monitoring contexts. It was hoped that neural data could be used to advance 

our understanding of processes previously only comprehensively understood at this 

abstract computational level. Assumptions underlying the thesis included: the idea that 

evidence accumulation is the key principle driving perceptual decision making; that, at 

least to some extent, parameters and processes present in sequential sampling 

frameworks have neural correlates that can be identified using EEG; and that natural 

aging has the capacity to fundamentally change perceptual decision making abilities.  
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Chapter 2: Neurophysiological Underpinnings of the Diminished Capacity for 

Regulating Speed-Accuracy Tradeoffs in Older Age  

 

Novel Contributions 

This study aimed to examine age-related effects on the speed-accuracy trade-off, 

and to examine the functional impact of such effects. Although speed-accuracy trade-

offs have been investigated in older adults in previous studies, this study was novel in 

several key ways. First, this study utilised a discrete-trial contrast change discrimination 

task, which has not been previously used in aging research while neural signals are 

measured in an older population. This task allowed the strength of sensory encoding 

signals acting as input to the decision process to be examined directly via contrast-

dependent steady-state visual-evoked potentials (O’ Connell et al., 2012). The 

speed/accuracy regime in the task was also altered on a block-by-block basis, rather 

than a trial-by-trial basis, the latter being present in previous similar studies in younger 

groups (e.g. Steinemann et al., 2018), but not in neural studies of SAT in older groups. 

This allowed greater opportunity for older adults to adjust their strategy across different 

speed emphasis conditions. Another important aspect of this study was that the CPP and 

beta-band activity were both measured, which was informative because each signal 

provides unique information. The CPP provides a pure representation of the 

accumulated evidence, with its post-cue amplitude unaffected by speed emphasis and its 

amplitude at response declining alongside choice accuracy as time elapses (Steinemann 

et al., 2018), whereas beta reflects the combination of that evidence with other strategic 

components including urgency. These elements allowed us to investigate the extent to 

which age-related findings on neural decision signals (e.g. McGovern et al., 2018) 

generalised across different tasks, as well as investigating the extent to which recent 

SAT findings in younger cohorts replicated across slightly different paradigms.  

Points were awarded on the basis of task performance to investigate how age 

differences at the neural level might impact behavioural function. Although a previous 

study has quantified older adults’ performance on the basis of their distance from an 

optimal response strategy (Starns & Ratcliff, 2012) this previous study was purely 

behavioural and therefore lacked the means to link function at the behavioural level 

with underlying neural dynamics. Finally, and perhaps most importantly, tracing key 

decision signals allowed us to gain more clarity in determining whether sensory input to 

the decision process (indexed by the SSVEP), starting point (indexed by post-SAT cue, 
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pre-target stimulus-locked beta-band activity), response threshold (indexed by CPP 

amplitude at response), or a combination of these, governed deficits in SAT adjustment 

and/or more conservative response styles that have been observed in older adults. In 

addition to this, it was important to investigate the feasibility of measuring such signals 

within an older population using EEG, including any problems this might present 

within this particular group.  

 

Summary and Main Findings  

When transitioning between accuracy and speed conditions, older adults were 

responsive to the change in emphasis, but they did not alter the speed of their responses 

as much as younger adults did. In this experiment, participants were being motivated to 

complete the task to the best of their abilities with the use of points as part of the 

paradigm. A major finding within this chapter is that, despite the reduced flexibility in 

cross-condition RT adjustment, older adults maintained a similar performance to 

younger adults in terms of the points reward system. Previous aging research has 

suggested that older adults tend to enact a more conservative, and slower, responding 

style, which has previously been seen as an indication of deficit. However, the present 

results indicate that older adults adopt such a strategy when this type of performance 

can be utilised without a loss of reward. The finding that older adults were able to 

implement a slower and more accurate style of responding while obtaining the same 

rewards as younger adults was a key insight from the experiment, and suggested that 

such behaviour could be a deliberate strategic choice. When under Speed emphasis, it 

was found that participants in both the older and younger groups exhibited increased 

motor preparation in advance of evidence onset compared to when they were instructed 

to prioritise accuracy. This result replicated a recent finding in a younger cohort 

(Steinemann et al., 2018), and it is interesting to see that the same process occurs in 

healthy older adults under speed stress. The overall age group difference in beta-band 

activity was consistent with the dominant account offered by the SSM framework in 

order to explain age-related behavioural differences - i.e. that older adults set wider 

boundaries. In this regard, the experiment represented an important neurophysiological 

validation of model predictions. Some previous papers have suggested that older adults 

make comparatively smaller adjustments to decision boundaries across speed/accuracy 

emphasis (Forstmann et al., 2011). However, the result in this previously conducted 

study (Forstmann et al., 2011) did not meet statistical significance. An interaction effect 
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between Speed/Accuracy Condition and Age Group was found on motor preparation in 

the present study (i.e. in Chapter Two). This indicates that age-related effects are at 

least somewhat attributable to adjustments in boundary separation. 

Although age group did not significantly affect accuracy levels, older adults had 

numerically higher accuracy levels despite the fact that the groups had highly similar 

overall RTs. In fact, it is noteworthy that the older group had higher accuracy and 

slightly faster RTs than the young group under accuracy emphasis. This pattern is 

difficult to explain solely in terms of bound adjustments which would result in slower as 

well as more accurate choices. The SSVEP results point to an alternative explanation, 

which potentially explains the lack of age effects on points scored. Although the 

interaction effect between Age Group and Condition on the SSVEP did not meet 

statistical significance, the fact that older adults have higher accuracy under accuracy 

emphasis despite very similar RTs is striking, as this suggests that their strong sensory 

evidence representations allowed them to achieve higher accuracy for a given RT. It is 

likely that the larger SSVEP observed in the older participants was due to increased 

attentional engagement and motivation in this group.   

Thus, a potential explanation for the above patterns is that the equivalence of 

points accrued by the two groups arises from the fact that the overall stronger sensory 

representations of the older adults were offset by the younger group’s greater flexibility 

in motor preparation adjustments to the speed/accuracy conditions. These are important 

considerations when seeking to link the performance of healthy older adults in the lab to 

tasks carried out in everyday life outside of the lab. Although behavioural results might 

sometimes indicate a deficit in performance, this does not mean that compensatory 

effects (in this case, increased task engagement/stronger sensory representation of the 

evidence) cannot be used to achieve similar performance levels to younger adults. The 

age-related disparity in results at the levels of sensory encoding and motor preparation 

also show that equivalent behavioural performance can be achieved via different 

mechanisms across groups. 

 

Overall Experimental Conclusions  

● Younger and older adults are both responsive to changing speed and accuracy 

demands within perceptual decision making tasks, speeding up their responses 

when under speed emphasis, and making gains in accuracy when instructed to 

be accurate. 
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● Older adults exhibit similar accuracy adjustments but comparatively less 

speeding of RTs than younger adults when changing across speed and accuracy 

conditions 

● This retention of accuracy may be linked to the higher sensory evidence 

differential signal present across conditions in the older group, while their lesser 

adjustment of RTs across conditions can be attributed to less flexible motor 

preparation at baseline across conditions in response to the speed/accuracy cue.  

● No effects of speed-accuracy condition were observed at the level of abstract 

evidence accumulation in either group, although the older adults’ CPP signals 

were difficult to interpret due to low amplitudes.  

● Perhaps most importantly, the differences observed in older adults did not result 

in them achieving lower rewards in the task points system, indicating the 

possibility for the preservation of identical functional capacity, despite 

differences at the level of neural implementation.  

 

Open Questions and Suggestions for Future Research 

It remains unclear the extent to which age-related findings at the behavioural 

level (in this case, less adjustment of RT across Speed/Accuracy emphasis conditions) 

indicate a strategic choice versus an age-related deficit in motor-level flexibility. It 

would be interesting for future research to explore the extent to which it is possible for 

older adults to alter these strategic adaptations  when a different reward system is 

utilised (i.e. one that places greater emphasis on speed), or when speed/accuracy cues 

are provided on a trial-by-trial versus block-by-block basis. 

A limitation that should be considered when evaluating the observed results is 

the possibility that the present study was underpowered, and thus not capable of 

investigating the given research questions. The present experiment is based on a 

previous study by Steinemann and colleagues (2018), and details from this pre-existing 

study were used to compute a power analysis to determine the optimal sample size for 

the present study. Although the data obtained from 55 participants would have been 

sufficient for a repeated measures design (as in the case of Steinemann et al.’s study), 

this may not have been adequate for a mixed design EEG study.   

The results at the behavioural level were also in conflict with some previous 

modeling work in the area (e.g. Ratcliff, Thapar, & McKoon, 2001; Thapar, Ratcliff, & 

McKoon, 2003), in that older adults were not slower or less accurate overall. This is not 
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necessarily an issue in itself, but it raises the question: Is the comparable performance 

across older and younger participants in this study due to our having recruited a 

particularly high-performing sample of older adults? Older participants in this study 

were recruited from active aging groups, and it is possible that attending a university 

and a lab environment may have been more motivating for them compared to the 

undergraduate students who constituted the younger group. Therefore, the older adults 

in this study are potentially not representative of the general older population. See 

below for further discussion.  

 

Chapter 3: The Role of Leak in Facilitating Continuous Monitoring Decisions in 

Younger and Older Age 

 

Novel Contributions 

This experiment aimed to investigate the presence of evidence leakage within 

human perceptual decision making, and to examine whether the use of leakage as a 

strategic adaptation changed as a function of age. While leak has been investigated 

using mathematical models as well as in single unit studies previously, no signature of 

leak as measured non-invasively in a human sample had been demonstrated thus far, 

until the experiment in Chapter Four. It was argued that evidence of the presence of 

leak within the accumulation process would offer key insight into how the brain 

integrates noisy evidence across time, and has the potential to inform future model-

based investigations. Secondly, it is important to note that the neurophysiological 

studies that have been conducted to investigate leakage (i.e. animal studies) considered 

a very narrow range of decision scenarios that may not necessarily require the activation 

of leak in the decision process (i.e., discrete trials with relatively short stimulus 

streams). The present study consisted of a continuous monitoring task, within which 

even the target onsets were designed to be very subtle to avoid providing exogenous 

cues which participants could use to determine when evidence accumulation should be 

initiated. Thirdly, an investigation of leak in a healthy group of older adults can assist in 

further extending and refining our understanding of decisions in this group. Prior to 

beginning the experiment, it was argued that if no leak was observed in either age 

group, this would point to the existence of lossless integration in at least some cases. 

This would have borne out a key prediction made by a variety of SSMs, including the 

most popular one, the DDM. If leak was present in one age group but not the other, this 
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would be an indication that the use of leaky accumulation may change as a function of 

age, like certain other decision-related processes.   

 

Summary and Main Findings  

The experiment reported in Chapter Three investigated an issue that is highly 

important for the field of decision making generally, as well as for the area of aging and 

decision making specifically. With the use of a simulation, this experiment availed of 

strong hypotheses regarding what evidence in favour of leak would look like at the level 

of neural evidence integration. The most important result of this experiment was the 

existence of a substantial negative dip within the CPP evidence accumulation signal in 

response to a gap in coherent motion evidence. This dip closely corresponded to the a 

priori simulations conducted in advance of data analysis and was accompanied by a 

similar transient reduction in target detection responses. This result provides the first 

direct, neurophysiological evidence of leakage in a human decision signal. Reflecting 

on the existing modeling work carried out in relation to leak, it can be difficult to 

ascertain how much evidence is actually shown in favour of leak being implemented 

within decisional processes in this literature. Merely showing that data from a particular 

task can be well-fit by a model containing a leak parameter is not sufficient to provide 

definitive evidence of leak. Few of these studies have pitted a leaky model against a 

non-leaky model. Cisek et al. (2009) have previously compared the non-leaky DDM 

with the UGM, and showed that the UGM can better account for the results. However, 

the UGM involves more than the mere inclusion of leak (e.g. a strong urgency 

component and only very small amounts of integration), which changes the parameters 

of the discussion and complicates the analysis of leak effects. Mathematical modeling 

in this area can certainly benefit from additional validation from neurophysiological 

data, such as the results shown in the present experiment. A key contribution of the 

experiment detailed in Chapter Three is that, once a neurophysiological signature of 

leak is isolated, this can be used to study leak adjustments in contexts that may not 

always lend themselves particularly well to behavioural modeling. For example, within 

continuous decisions where so few errors exist that modeling is unfeasible, and it would 

be difficult to select the best model due to the lack of richness of the data. From this 

point of view, ascertaining a neural signature of leak is extremely powerful, and 

provides fertile ground for future experiments in the area. The identification of a 

signature of leak is also highly important in terms of its promise within the context of 
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between-group studies specifically, and even how leakage might vary across individual 

participants. When it comes to strategic adaptations, not every individual and indeed, 

not every group, will use the same approach.   

In line with this, another important insight gained from this experiment was the 

difference in the use of leakage as an evidence accumulation strategy in older adults. No 

significant dip in the CPP in response to evidence gaps was found in the older adults. 

This is important because it highlights the fact that older adults can potentially achieve 

the same behavioural results by utilising different underlying neural strategies. 

However, for this experiment (as for the other two), interpretation of older adults’ 

results at the evidence accumulation level is not as clear-cut as for younger adults. This 

will be discussed in more depth below.  

This experiment also helped to further explore the role of the N2 target selection 

signal within decision making, and it was hypothesised that the N2 could potentially 

provide an internal cue for triggering evidence accumulation. Surprisingly, despite the 

strong leak signature evidence in the CPP it was also found that both the initial and 

post-gap coherent motion onsets elicited robust N2 components. No N2 was observed 

in the older group, which could be a sign that a strategy other than target selection cues 

or leakage was used on the part of the older adults that produced equally effective 

results, although future work would be needed to confirm this.  

 

Overall Experimental Conclusions  

● As expected, all participants had slower and less accurate behavioural patterns 

in the case of Gap Trials compared to No-Gap Trials. 

● Interestingly, older adults did not display significant differences to younger 

adults at the behavioural level, regardless of whether there was a gap included in 

the evidence or not.  

● When the evidence integration signal (i.e. the CPP) was examined, it was found 

to have undertaken a significantly negative downward trajectory within the 

younger group in response to the gap in the stimulus. The pattern in the 

observed CPP traces was highly similar to the a priori simulation generated in 

advance, cementing the idea that younger adults utilise leaky accumulation 

within continuous monitoring contexts. 

● Older adults displayed no neurophysiological signatures of leakage, did not 

exhibit a transient post-gap reduction in target detections and had twice as many 
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false alarms as the younger group. This suggests that older adults apply 

significantly less leakage than younger adults, potentially to compensate for 

their weaker encoding of coherent motion. Older adults also showed no 

evidence of an N2 target selection being used (either to trigger evidence 

accumulation, or generally). Within the waveforms of younger adults on the 

other hand, a double N2 could be observed, although it did not appear to be 

driving or modulating CPP activity.  

 

Open Questions and Suggestions for Future Research 

A key ongoing issue within this chapter, as well as within the other experimental 

chapters, relates to model comparisons. Within the decision making literature relating to 

leak, further model-based comparisons involving leaky and non-leaky models being 

pitted against each other is absolutely vital. Additionally, as noted within Chapter Three 

specifically, one potential reason for why no leakage was observed in the older adults is 

that this age group could theoretically use an approach other than evidence integration 

to achieve their perceptual decision making goals. In order to investigate this 

possibility, an integration model and a non-integration model (e.g. the Extrema 

Detection Model; Waskom & Kiani, 2018) could also be fit and their ability to 

recapitulate the observed neural as well as behavioural trends put to the test.  

Another question that would be interesting and necessary to address going 

forward is: to what extent do individuals adjust and calibrate the level of leakage 

applied across different types of tasks? This could be done by manipulating both the 

duration and the predictability of targets in future tasks and measuring how the 

magnitude of leakage is altered on this basis. The flexibility with which individuals can 

adapt leakage processes therefore remains an unanswered question. One key novel 

aspect of Chapter Three was that it utilised a continuous monitoring task, however, it 

still remains to be seen how specific this context is in terms of eliciting leak, as do the 

specifics of the task utilised.  
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Chapter 4: The Impact of Aging on the use of Prior Information in Perceptual 

Decision Making 

 

Novel Contributions 

This experiment aimed to investigate age-related differences in how individuals 

utilise prior information in order to enhance their perceptual decision making. The use 

of information previously gleaned from the environment to inform decisions, and to 

ultimately make faster and more accurate choices, is an important and valuable strategic 

adjustment that has been researched quite extensively in general populations. Studies to 

date have not examined how priors affect processing at the distinct levels of the 

sensorimotor hierarchy. In particular, very few have examined sensory level 

adjustments, and none have examined them in the context of simultaneous measurement 

of evidence accumulation and motor preparation signals. The experiment in Chapter 

Four addressed these gaps in the existing literature. In addition to this, this study 

represented the first attempt to investigate these processes in older adults, and to offer 

insight into the underlying neural adjustments that may account for the performance of 

older adults in situations where previously learned information may be useful and 

informative.  

 

Summary and Main Findings  

 This experiment consisted of a neurophysiological investigation of an aspect of 

perceptual decision making never before explored within an older cohort: prior-

informed perceptual decision making. Although age-related differences within other 

decision areas have been reported, especially within economic decision making, the 

experiment reported in Chapter Four indicates that older adults are not any less efficient 

at utilising prior information to enhance their perceptual decision making process. This 

is a key novel finding and adds insight into what is known about cognitive abilities that 

may be retained as people age healthily. Older adults and younger adults both had faster 

RTs and better accuracy when valid, useful informational cues were provided in 

advance, illustrating the remarkable flexibility with which agents can use environmental 

contingencies to affect their decisional processes. This is consistent with certain results 

from economic decision making, which state that older adults often exhibit comparable 

decision making performance in tasks where the statistical regularities are explicitly 

provided, as opposed to the deficits they often show when they are required to glean 
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probabilities from the environment based on past experience instead. The fact that the 

task used in this experiment was at an intermediate level between these two (i.e. older 

adults were told that the cue was informative and could assist them ‘most of the time’, 

but were not explicitly told the probabilities involved) is interesting and speaks to the 

importance of how tasks in these types of experiments are framed. The fact that older 

adults were able to incorporate prior information to inform their perceptual decision 

making in the present study could also add weight to the claim that processes other than 

the incorporation of prior information might be at play in producing observed deficits in 

performance in economic decisions under ambiguity (for example, a deficit in learning 

rather than a deficit in bringing prior information to bear on choices). Having said this, 

although perceptual decision making has been described as a ‘blueprint’ for higher 

order forms of decision making, there are certainly differences between these two types 

of decision making and it is unclear how applicable the present results are for the 

domain of economic decision making, for example.   

Another particularly important debate in the area of prior-informed decision 

making relates to the extent of prior-based modulations at the sensory encoding level. 

The present study was consistent with previous work in the area that has been 

conducted in general populations, which found no evidence for prior bias being 

represented at the sensory-level. This was a question of particular interest following 

Experiment One of this thesis (Chapter Two), within which older adults were shown to 

have stronger SSVEP signals which indicated a stronger representation of sensory 

evidence. Within the present prior-based decision making study, we were specifically 

interested in finding out the magnitude of the difference between valid, invalid, and 

neutral cues in terms of their eliciting of SSVEP power. In terms of why older adults 

had lower SSVEP power in the present study but greater SSVEP power in Chapter 

Two, this is likely due to older adults being exposed to smaller contrast differences 

compared to the younger group in the present study, but identical stimuli to the younger 

group in Chapter Two.  It is unclear why older adults had overall stronger SSVEP 

power in Chapter Two, while they had lower SSVEP power in the present study. This is 

especially surprising because, although different participants completed the different 

tasks, the stimulus used in the paradigm was almost identical. The prior cue could 

potentially have had some interference effect at the neural level, or titration practices at 

the individual level within the priors study may have had an impact on how well 

participants were able to encode the sensory evidence.  
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Again, in this experiment, CPPs were of very low amplitude in the case of the 

older group. In terms of both the SSVEP and the CPP, the item of interest was the 

difference in SSVEP power between cues in each age group, rather than the difference 

in SSVEP power in each age group. An effect of cue type was not found in the case of 

the entire sample, or when the two age groups were split and analysed separately.     

 

Overall Experimental Conclusions  

● Older adults did not differ from younger adults in the extent to which three types 

of prior cues (valid, invalid, and neutral) affected their perceptual decision 

making. This indicates that older adults retain the ability to use prior 

information to inform their perceptual decisions, at least within some contexts.  

● Neural modulations in response to the availability of prior information were 

found to take place at the level of motor preparation, specifically baseline beta-

band activity in the post-cue, pre-evidence onset window. When participants 

(regardless of age group) received a cue as opposed to no cue, they exhibited 

more motor preparation.  

● This enhancement of beta-band desynchronisation in cued conditions as 

opposed to neutral conditions was larger in the case of younger adults, 

indicating that older adults have less of an adjustment at this level in response to 

cues, although this is not reflected in deficits at the behavioural level. 

 

Open Questions and Suggestions for Future Research  

As stated, research into the use of prior information in perceptual decision 

making in older groups is in the very nascent stages, with the experiment in Chapter 

Four representing the first of this kind of study. Some issues were highlighted as being 

of interest for future work to address, in order to gain a more comprehensive account of 

how well older adults can use prior information, and whether certain methodological 

factors could affect their ability to draw from prior information. For example, the 

manipulation of the explicitness of the description of prior probabilities. One area of 

interest for future work is the extent to which older adults can learn from statistical 

regularities encountered within the environment and use this type of information to 

inform perceptual decisions. Such an experiment would require a way to parse various 

abilities in older adults (e.g. the use of prior information to inform decisions, but also 

the ability to learn from patterns experienced within the environment). The type of cues 
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used could also have an impact on the levels of decision making affected by prior cues, 

for example, it would be interesting to compare the differential effects of cues that 

relate more directly to the motor demands of the task versus those relating to sensory 

demands of the task.  

 

 

Overarching Themes Across Chapters 

Each experiment in this thesis related to strategic adaptation in older adults in 

some way. There are many types of adaptations that our brains can make in order to 

maximise the success or efficiency of our perceptual decision making. Three primary 

examples of these which were each investigated in this thesis are as follows: changing 

the relative speed or accuracy with which we make decisions; changing the way in 

which evidence is integrated under different environmental circumstances; utilising 

previously obtained information to improve subsequent choices we make. When 

specifying the aims of this research, it was noted that a primary goal was the 

investigation of whether older adults could amend and adapt their decision making 

process to the same extent as younger adults to address environmental demands. In this 

sense, this thesis related less to age-related changes in general perceptual decision 

making abilities and instead related more to the successfulness of adaptation. In Chapter 

Two, the efficiency with which older adults can meet demands for the differential 

balancing of speed with accuracy was examined. Chapter Three was concerned with 

whether older adults enacted the same types of strategic alterations as younger adults do 

at the neural level within continuous monitoring tasks. Chapter Four related to how well 

older adults can use prior information in order to inform and modulate their decisional 

processes. These are all potentially useful adaptations that may be standard for younger 

groups, but to what extent do these processes change across the lifespan, and what is the 

impact?  

 

The Importance of Assessing Functional Impact of Observed Neural Differences 

Across Age Groups. 

The above question leads to the first overarching theme that can be identified 

throughout the three experimental chapters of this thesis: A lack of functional 

impairment in older adults, despite differences at the neural level. A pertinent question 

when reviewing empirical aging research (including the research included in this thesis) 
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is: to what extent can such studies inform us about the challenges faced by older adults 

in everyday life? The World Health Organisation cites the maintenance of ‘functional 

ability’ as a key part of healthy aging. In this context, functional ability is defined as 

“the intrinsic capacity of the individual, relevant environmental characteristics and the 

interaction between them” (WHO, 2018). This conceptualisation of functionality in 

older age is quite apt when considering the importance of the retention of strategic 

adaptation abilities. Such abilities are on the cusp of internal versus external factors 

affecting decision making, in that they relate to both information present in the 

environment, and each individual’s or age group’s intrinsic and idiosyncratic decision 

making abilities and strategies.  

Indeed, the perceptual decision making literature on aging that does exist has 

been steadily moving away from the initial conceptualisation of aging as a ‘general 

slowing’ process (Salthouse, 2000) to consider more nuanced age-related changes. 

Because EEG analysis offers extremely precise estimates of neural activity, including 

the ability to characterise apparent inefficiencies or weaknesses at this level, it is 

important not to assume that these will reflect differences at the functional level for 

older adults. Due to the heterogeneity of the aging process, a distinction is sometimes 

made in the literature between ‘common cause’ and ‘common outcome’ - i.e. the idea 

that the same underlying causes can produce different outcomes across individuals and 

group, versus the idea that different underlying causes can eventually produce the same 

outcomes. Throughout the three experiments, it was sometimes found that (i) older 

adults had comparable behavioural performance to younger adults but distinct neural 

processes underlying the achievement of this (for example, in Chapter Three where 

older adults had similar behavioural results to younger adults, but no evidence of 

leakage in their neural signals). On the other hand, it was sometimes found that (ii) The 

performance of older adults differed at the behavioural level, but a complete picture of 

why this was the case could not be established at one single neural level (for example, 

in the case of Chapter Two, where older adults displayed a difference in RT speeding 

across conditions, but it was not readily apparent why this was the case until signals 

from multiple levels of the neural hierarchy were considered in tandem). At the 

broadest level, it also calls into question what we can rightly consider as ‘deficits’, as 

opposed to mere age-related differences, changes, adaptations, or compensation. 
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The Inability of Model-Based Approaches to Comprehensively Characterise Age-

Related Changes in Perceptual Decision Making 

As detailed throughout this thesis, sequential sampling based approaches have 

been hugely useful in terms of offering a framework within which to describe, explain, 

and make predictions about aging research within perceptual decision making. 

However, it is important to always keep in mind that model based explanations, and the 

parameters therein, do not always have a one-to-one relationship with actual neural 

activity. Indeed, within the present thesis, it was found that such model predictions were 

not necessarily borne out within the neurophysiological data in every case. In cases 

where parameters assumed to contribute by models were, in fact, implicated at the 

neural level, this rarely turned out to be the only factor present as an age-related change. 

For example, in Chapter Two, boundary adjustment was implicated in SAT flexibility 

differences in older age, but other factors of interest included a combination of stronger 

sensory signals, and a lower amplitude of the evidence accumulation signal. It is likely 

rare that age-related effects on neural activity are simple, isolated, or unitary alterations. 

This underscores the usefulness of breaking down perceptual decision making processes 

into latent parameters, as is done in mathematical modeling. But it also highlights the 

reliance of mathematical modeling on neural data to validate its predictions. This is 

especially relevant in light of more recent trends in aging research which indicates that, 

rather than the idea of older adults linearly decreasing across general cognitive function 

or information processing abilities. A relatively new approach in the area of perceptual 

decision making has acknowledged and capitalised on this close and symbiotic 

relationship between modeling and neural data, i.e. the neurally-informed modeling 

approach. This will be discussed in more detail below, but can potentially contribute to 

the conflict present within traditional modeling approaches between parsimony and the 

complexity of the human brain.  

 

Measurements of Neural Signals in Older Adults 

As mentioned in all three experimental chapters of this thesis, some difficulties 

occurred when measuring neural signals in older adults, specifically the CPP. Older 

adults had lower amplitude CPPs in each study, to the extent that it made it difficult to 

draw firm conclusions from this signal. In Chapter Two, a strong 5 Hz oscillation was 

also present within the stimulus-locked CPP that was particularly prominent within the 

older group. This is likely due to the specific paradigm used in this experiment, coupled 
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with the larger differential SSVEPs in this age group. The impact of this oscillation on 

the averaged CPP amplitude and topography is very difficult to quantify in Chapter 

Two. Because of these difficulties with signal measurement in older adults in Chapter 

Two, the methodological approach for extracting the SSVEP was changed in order to 

address this issue in that some novel features were added to the task to try to correct for 

these methodological concerns. Specifically, identical flicker frequencies were used for 

the two gratings in order to eliminate the 5 Hz oscillation. This approach was successful 

in eliminating the 5 Hz oscillation.  

Another reason to believe that there was something specifically detrimental 

about the contrast change discrimination task for the older group in Chapter Two, is that 

McGovern and colleagues (2018) showed comparable older and younger CPPs on a 

random dot motion task. This indicates that older adults do not necessarily produce 

lower amplitude CPPs in response to all types of stimulus. One was this was 

investigated further was by designing the experiments contained in Chapters Three and 

Four so that the same participants could take part in both, on the same day. As well as 

the individual aims of the different experiments, this served a role in ascertaining 

whether the same older adults would produce lower amplitude CPPs across two 

different task types. Although the CPPs observed in Chapter Three’s random dot 

motion task were more akin to those of younger participants (including 

topographically), they were still markedly lower, and as stated earlier, it is not known 

whether the absence of a ‘dip’ in the CPPs of the older group was due to the absence of 

leakage or to signals being produced that were less amenable to our types of analysis.   

The above discussion highlights the importance of taking care in terms of using 

methodological approaches that are appropriate across both age groups, and can be 

readily compared. These three studies have also suggested that it may in fact be quite 

difficult to obtain much useful information regarding certain signals using current 

methods. Although disappointing in that certain CPP analyses did not lead to a huge 

amount of insight on questions specific to the experiments, it is valuable that such 

methodological issues have been discovered. This has the potential to impact the 

interpretation of all studies that have been carried out on EEG data of older adults. 

Indeed, its potential impact has the power to extend beyond the EEG research and into, 

for example, fMRI aging research. Within the fMRI literature, it has been 

acknowledged that blood flow to the brain changes as we age and that some of the 

aging effects that have been reported in the literature reflect age-related changes blood 
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flow differences rather than neural activity differences (e.g. Gazzaley & D’Esposito, 

2004). This has been a huge concern within this area, and is one of the reasons why 

there has been strong advocacy in favour of using combined EEG/fMRI analyses. The 

argument is that EEG is much more directly tied to the neural activity than fMRI is, and 

so can be used to pull out the relevant parts of the fMRI data. However, the results from 

the experiments within this thesis indicate that this may not be as straightforward or as 

useful a process as had been assumed, and highlights the possibility that neural signals 

(such as the CPP) can be reduced in a way that is not necessarily behaviourally relevant. 

The dramatic differences observed in CPP amplitudes in particular are difficult to 

reconcile with modeling trends and with the behaviour on the task, which for the most 

part was shown to be relatively similar to younger adults. 

Earlier approaches to EEG data and analysis have focused on the direct 

comparison of signal amplitudes, for example, across individuals and groups and have 

often assumed the functional role of neural signals based on this data alone (e.g. larger 

amplitudes on one condition than another). But these analyses have less commonly 

been directly linked to aspects of behavioural performance, in particular, they have not 

attempted to link very specific features of neural signals (e.g. amplitude/slope within a 

particular time window, trial-to-trial signal variability, etc.) to very specific aspects of 

behaviour (e.g. interaction effects across RT and accuracy, false alarms, etc.). Within 

the present experiments, we have largely been able to achieve this aim with the young 

group’s data. This thesis represents the first effort to apply this type of methodological 

framework of linking neural data to behaviour in a very detailed way to group 

comparisons. For this reason, the insights gained throughout the experimental chapters 

are highly relevant to future work in this area. It has been shown that this is not a 

straightforward task, and that potential solutions need to be explored to allow such 

comparisons. For example, the use of a hierarchical modeling method which combines 

neural and behavioural data into a single model fit so that the model can explain 

observed behaviour but also reproduce the CPP for each individual. Under such 

circumstances, the model is prioritising finding the best fit to the behaviour, but also the 

best fit to the CPP. A scaling parameter could also potentially be added allowing the 

model to simply change the scaling of the CPP in the event of conflict across the 

behavioural and EEG data (i.e. if, in order to provide a better fit to the neural data, the 

model is having to sacrifice how well it fits behaviour). Indeed, it remains an open 

question within the field to what extent we can directly compare the EEG of any two 
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people - even any two healthy, younger adults. Neurally-informed modeling approaches 

can potentially be used to control for inter-individual differences in neural activity that 

are not directly tied to decision making behaviour.         

 

Challenges within the Study of Aging 

Certain other broader themes emerged throughout the course of the three 

experiments that can be linked to research in aging more generally. Such issues are 

important to consider when seeking to root the experiments of this thesis within a wider 

scientific context. In some cases these issues are relevant for any between-groups 

design, while in other cases they apply specifically within an aging context. One key 

point to note is that inter-individual variability plays a huge role in aging research. 

There is no unitary and homogenous aging process. Rather, how an individual ages is 

reliant on a vast number of individual differences (e.g. Baltes, 1973). Aging research 

across cognitive domains has illustrated that chronological age is not necessarily the 

most relevant index for measuring aging or how aging is experienced functionally by 

individuals. It has been shown many times that two age-matched people may not be 

comparable in any useful way. As well as this, with recent advances in medical science, 

the distinction between middle age and old age (as well as between old age and older 

age) have become increasingly ambiguous. Inter-individual differences in aging 

trajectories can differ quantitatively (e.g. rate of decline) versus qualitatively (e.g. 

decline versus compensation, or even improvement).    

To what extent does this general principle affect interpretation of investigations 

of aging at the group level? The above insights across the entire domain of age-related 

comparisons entail the necessity of more closely matching participants, and of using 

methods other than mere chronological age to ensure parity within groups to be 

compared. When seeking to explore specific areas such as perceptual decision making, 

researchers must take into account constructs from other subdomains of psychology 

known to have an effect on individual developmental trajectories in older age. The most 

prominent example of this is cognitive reserve. The construct of cognitive reserve is the 

idea of reordering of neural regions involved in the completion of tasks, following 

structural decline in the brain. Scaffolding may be used by older adults to compensate 

for age-related changes, and in some case, even enhance existing function (Park & 

Bischof, 2013). It has already been suggested in this thesis that the samples of older 

adults may have been particularly high-functioning. Cognitive reserve is often taken as 
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a marker for ‘successful aging’ and so the reorganisation of perceptual and decision 

making processes in this group is a strong possibility. The fact that higher levels of 

cognitive reserve enable different cognitive strategies makes this issue particularly key 

for the experiments in this thesis, but also any research investigating age-related 

strategic changes.   
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Limitations 

Although limitations specific to each experiment were highlighted within the 

preceding chapters, a brief summary of overall limitations of the research is given here.  

The primary limitation of the present research is that the lack of computational 

modeling limits the strength of the claims that can be made in certain cases. This is not 

necessarily a shortcoming of the present research as the initial aims were achieved via 

the experiments, but the experimental results will be strengthened a lot more once 

modeling is carried out. For example, in Chapter Three, the arguments made regarding 

leak in evidence accumulation processes would have been substantially strengthened 

had mathematical modeling also been carried out.    

Secondly, the samples of older adults who participated in the experiments were 

potentially unrepresentative of older adults in the general community. They were a 

relatively highly educated group, and many of them were members of active retirement 

groups, bridge clubs, etc. This may have impacted their performance and for this 

reason, the results may not be adequately generalisable.  

Thirdly, as discussed above, interpretation of experimental results was 

hampered on the basis of low amplitude CPPs. Disappointingly, this led to a reduction 

in the possibility of conducting fine-grained analyses on this evidence accumulation 

signal in the older group. However, this did lead to novel insights in terms of the 

interpretation of existing research and the generation of ideas for future research to 

refine and improve methodological approaches within this area.  

 

Concluding Remarks 

Often in the literature on aging, and particularly in the earlier days of such 

research, older adults were seen as poorer at a range of cognitive functions (including 

decision making) for one primary reason - the slowing of information processing. More 

recent streams of research, including the results of the present experiments, illustrate 

that there are multiple levels at which age-related effects can be observed and 

investigated. Far from being attributable to one aspect of processing, there are many 

different mechanisms potentially at play depending on the task and context. Newer 

methodological approaches in the area index an increased appreciation for the nuance 

and complexity of cognitive aging. Further research is needed before we can conclude 

that the findings in the present experiments relating to the speed-accuracy tradeoff, 

leakage in evidence accumulation, and the use of prior information, are universal 
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signatures of decision making across all contexts. However, what is evident is that the 

human brain, whether older or younger, brings to bear a remarkable set of resources, 

and is adept at selecting an appropriate strategy to use under changing circumstances.   
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