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Abstract 

There is growing evidence that cognitive changes associated with healthy aging occur much 

earlier than previously believed. Yet, the vast majority of healthy cognitive aging studies neglect to 

analyze the gradual neural and behavioural age-related changes that surreptitiously begin in mid-

adulthood and continue into late-life. Attention serves as an example of one of these mid-life 

behavioural changes and, as such, offers an excellent opportunity for investigation into the early, 

behavioural changes that begin in mid-adulthood and their associated neural underpinnings. In this 

study, we attempted to unearth the neural correlates of these incremental changes by subjecting 

participants to a rapid event-related adaptation of the classic Stroop Task, concurrently with 

functional MRI scans. We recruited 60 cognitively normal participants from 40-90 years of age, 

with 12 participants within each decade group. 

We found that the bilateral Middle Frontal Gyrus (MFG) was the only area to exhibit 

unanimous, linear age-associated declines in activity amongst all participants. Anticipating major 

differences in neural activity between participants who exhibited large and small Stroop 

interference, in comparison to their age-matched peers, we divided participants into three separate 

groups, based on performance. Interestingly, those who performed well on the Stroop task exhibited 

declines only in the MFG, while participants who performed relatively poorly demonstrated age-

associated declines in every single examined region of the Frontoparietal Attention Network. 

Furthermore, in accordance with studies of effective age-associated functional compensation, we 

discovered that high performers of the Stroop task solely relied on bilateral prefrontal Attentional 

Network regions to maintain optimal cognitive performance. In contrast, the relatively poor 

performance of those who exhibited larger Stroop effects was attributable to activity in areas 

involved in intact distraction suppression mechanisms, like the Intraparietal Sulcus (Superior and 

Inferior Parietal Lobules) and the Supramarginal Gyrus of the Temporoparietal Junction. Taken 

together, this investigation provides corroborative evidence for the high sensitivity of the Stroop 
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task in detecting early neural age effects, novel insights into the linear changes associated with 

aging from mid- to late-life, and conclusive testimony of the widening interindividual variability in 

the functional patterns of the brain, and subsequently behaviour, in the elderly. 
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Chapter 1 

Introduction 

1.1 Healthy Cognitive Aging 

1.1.1 The Behavioural Changes Associated with Healthy Cognitive Aging 

For decades, researchers have noted that increasing age is associated with many 

behavioural changes. Even in the absence of clinically diagnosed cognitive impairment, a great deal 

of elderly individuals subjectively cite progressive declines in short term memory capacity and the 

speed and aptitude at which they are able to complete everyday tasks. However, these changes do 

not occur uniformly amongst the entire elderly population. Often times, these age-related changes 

also have widely varying onsets and rates of decline. This is because with increasing age, the 

interindividual differences that are virtually undetectable in the young, become more pronounced in 

the elderly (Fabiani, 2012). Consequently, researchers have sought to quantify the exact behavioural 

changes that occur with age to ascertain an accurate framework of cognitive aging.  

While subjective accounts of cognitive aging are generally associated with cognitive 

decline, research postulates that there are actually many cognitive functions that remain stable and 

even improve across the adult lifespan. By and large, crystallized abilities, like vocabulary for 

example, that are reliant on lifelong learning, experience, and practice tend to remain well preserved 

(Eyler et al., 2011; Fabiani, 2012; Harada et al., 2013). Conversely, fluid intelligence and tasks 

involving flexible information processing remain more susceptible to age-related declines (Fabiani 

2012; Harada et al., 2013). Objective measures of these types of fluid intelligence tasks have shown 

that elderly individuals consistently produce more errors and increased reaction times in comparison 

to their younger counterparts (Fabiani, 2012). Specifically, the abilities most consistently associated 

with these fluid ability declines include the following (Craik and Salthouse, 2008, Eyler et al., 2011, 

Fabiani 2012, Harada et al., 2013): 
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 Attention 

 Processing speed 

 Response Inhibition 

 Executive function; and  

 Declarative Memory  

Some researchers have suggested that many of the cognitive domains declining with age 

actually represent multiple sides of the same coin, so to speak (Fabiani, 2012). This is because 

many executive functions and certain types of memory require intact attention and processing speed 

mechanisms for optimal performance. Age-related attentional deficits manifest mostly as ineffectual 

distraction suppression, which in turn affects processes that require effortful concentration and 

multitasking skills (Harada et al., 2013). Meanwhile, generalized slowing can cause performance 

decrements when tasks involve time constraints or when multiple tasks occur at the same time 

(Fabiani, 2012). Together, these age-related declines in processing speed and attention, which are 

fundamental operations in many higher-order operations, can easily escalate to both memory and 

executive function impairments. A real-life example of this can be found when one engages in a 

private conversation in a loud and crowded room. Reciprocal engagement in a private conversation 

involves both episodic memory to recall details of the conversation and working memory, which is 

an aspect of executive function, to manipulate relevant details stored in short-term memory in order 

to generate an appropriate response. Clearly in this situation, ineffective attentional mechanisms can 

increase one’s susceptibility to distraction, while processing speed deficits can interfere with one’s 

ability to follow along with the relatively fast conversation. Ultimately, these altered processes can 

result in a decreased ability to properly engage and then later remember conversations and, 

moreover, complete a host of other daily activities. 
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1.1.2 The Neural Correlates of Healthy Cognitive Aging  

While there is a considerable amount of heterogeneity in the behavioural changes 

associated with aging, the structural and functional correlates of healthy cognitive aging can exhibit 

arguably greater interindividual differences. This can be seen in the many cross-sectional studies 

that have surprisingly revealed that two elderly individuals, of identical age and cognitive ability, 

can present with markedly different brain physiology (Reuter-Lorenz and Cappell, 2008; Eyler et 

al., 2011, Mora, 2013). Interestingly, this phenomenon can sometimes occur even after controlling 

for factors like gender, education, and comorbid conditions (Mora, 2013). This can happen for a 

number of reasons. Firstly, the pathological changes associated with neurodegenerative diseases 

like Alzheimer’s disease (AD) can often manifest and subsequently proliferate as much as twenty 

years prior to the presentation of overt, clinically-diagnosable behavioural symptoms (Mora, 2013). 

Secondly, genetic predispositions, environmental factors, lifelong experiences, and lifestyle can 

differentially affect the brain as well. For instance, physical exercise and intellectual stimulation 

have been established as neuroprotective activities that can strengthen one’s cognitive reserve in an 

effort to slow down the progression of detrimental physiological brain changes and avert the 

appearance of behavioural markers of cognitive decline (Reuter-Lorenz and Cappell, 2008; Mora, 

2013). Combined, these factors lead to marked variability in what is phenotypically considered 

cognitively normal and introduce significant methodological hurdles in cognitive aging studies 

using human samples. Due to these obstacles, there are currently many seemingly conflicting 

theories regarding the changes that happen in the brain with age in the absence of detectable 

cognitive impairment. Generally though, these theories involve either functional neural network 

changes or structural grey and white matter changes. 

1.1.2.1 Structural Grey and White Matter Changes Associated with Healthy Cognitive Aging 

Healthy cognitive aging is associated with widespread and regional grey matter atrophy. 
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More specifically, selective regional grey matter volume losses are most pronounced in the 

hippocampus, insula, parietal lobe, prefrontal cortices, and, to a lesser extent, the temporal grey 

matter (Resnick et al., 2003; Folstein and Folstein, 2010; Eyler et al., 2011; Samson and Barnes, 

2013). Conversely, the occipital lobe grey matter remains generally preserved throughout aging 

(Resnick et al., 2003; Eyler et al., 2011). Of these structural changes, volume loss selectively 

targets the frontal lobe earlier than any other region, especially in the orbital, inferior frontal, and 

cingulate areas (Resnick et al., 2003). The selective vulnerability of the frontal cortex to age is 

consistent amongst non-human primate and rat models as well (Samson and Barnes, 2013). Even 

though grey matter volume losses are also a hallmark feature of pathological aging, there are some 

key differences. In particular, the hippocampus, amygdala, and parahippocampal gyrus experience 

markedly more pronounced declines in those clinically diagnosed with cognitive impairment 

(Folstein and Folstein, 2010; Harada, 2013).  

In contrast to grey matter volume changes that decrease linearly with age, white matter 

integrity changes follow a parabolic shape, with optimal white matter volumes peaking in the fifties 

(Samson and Barnes, 2013; Yap et al., 2013). These changes are highly region-specific, with most 

age-related white matter integrity losses occurring in the corpus callosum, the fornix, and the white 

matter of the prefrontal cortex (PFC) (Chowdhury et al., 2011; Harada et al., 2013; Yap et al., 

2013). Conversely, projection fibres like the superior longitudinal fasciulus (SLF) and uncinate 

fasciculus (UF) decline later in life (Lebel et al., 2012; Yap et al., 2013). This regional specificity 

has been demonstrated amongst non-human primate studies as well (Samson and Barnes, 2013). 

These changes can be caused by progressive loss of myelination in old age, accumulation of water 

compartments in myelin sheathes, loss of small myelinated fibres, and splitting and thickening of 

myelin lamellae (Westlye et al., 2009; Yap et al., 2013). While these age-related changes in 

myelination are likely to be consistent amongst the aging population, much of the interindivdual 

differences seen in white matter integrity may be attributable to the presence of white matter 
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hyperintensities (WMH)(Samson and Barnes, 2013). The incidence of WMHs is directly related to 

cardiovascular health, which is more likely to deteriorate with age and is highly dependent on 

lifestyle (Hampstead and Brown, 2013; Harada et al., 2013; Mora, 2013). Since optimal white 

matter integrity is pivotal to fast cognitive performance and synchronous neural network 

functioning, studies have shown that greater numbers of white matter hyperintensities are correlated 

with poorer cognitive performance in older adults, particularly in processing speed and attention 

tasks (Gunning-Dixon and Raz, 2000; Madden et al., 2009; Penke et al., 2010; Hedden et al., 2012; 

Samson and Barnes, 2013). 

1.1.2.2 Functional Changes Associated with Healthy Cognitive Aging 

In comparison to grey and white matter changes, differences in brain activation patterns that 

occur with age are arguably more complex. Loss of grey and white matter is intuitively related to 

loss of function. However, aging is associated with both increased and decreased regional 

activations. Furthermore, there is considerable debate regarding whether or not increased activation 

is a sign of decline or a method of compensation. The theory of age-related compensation postulates 

that increases in brain responsiveness are associated with better cognitive performance, while the 

theory of dedifferentiation maintains that increased activity is reflective of inefficient processing 

(Reuter-Lorenz and Cappell, 2008; Eyler et al., 2011). A systematic review conducted by Eyler and 

colleagues attempted to reconcile this debate and determined that increased brain activation is 

positively correlated with cognitive performance, especially in frontal regions of the brain, therefore 

lending more support to the theory of compensation (Eyler et al., 2011). This is in line with the 

PASA (Posterior-to-Anterior Shift in Aging) theory of cognitive aging as well, which is based on 

the observation that frontal activations are increased, while posterior activations are decreased in the 

elderly during attention, episodic memory, working memory, and visuospatial processing tasks 

(Grady et al., 1994; Davis et al., 2008). Other notable theories of changing response patterns with 

age are the HAROLD (Hemispheric Asymmetry Reduction in OLDer adults) and CRUNCH 
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(Compensation-Related Utilization of Neural Circuits) hypotheses, which respectively postulate that 

with increasing age, individuals tend to extensively recruit brain areas more bilaterally and at lower 

levels of task load in comparison to their younger counterparts (Grady et al., 1994; Davis et al., 

2008; Reuter-Lorenz and Cappell, 2008; Eyler et al., 2011). Another theory of cognitive aging, 

entitled the GOLDEN aging (growing of lifelong differences explains normal aging) hypothesis, 

argues that normal aging merely represents a continuation of maturational processes, causing slow 

and progressive shifts in mental abilities over time (Finch, 2009; Salthouse, 2009; Fabiani, 2012). 

This theory is in stark contrast to much of the research dedicated to cognitive aging processes that 

maintain that cognitive abilities and their neural correlates experience an abrupt change during mid- 

to late-adulthood and progressively decline thereafter (Fabiani 2012).  

While each of these concepts seemingly conflict, in reality, aging may reflect a combination 

of each of these theories. One conceptual framework that attempts to unify these disparate theories 

of cognitive aging is the Scaffolding Theory of Aging and Cognition (STAC). Initially proposed in 

2009 by Park and Reuter-Lorenz, the STAC hypothesis postulates that intial age-associated declines 

in neural structure and function reactively induce a specific pattern of neural network changes that 

serve as hallmarks of the adaptive brain (Park and Reuter-Lorenz, 2009). This scaffolding pattern of 

compensation involves the compensatory strengthening of existing neural networks and the creation 

of alternative neural circuits in an effort to maintain optimal cognitive performance. While this 

attempt at unifying the concepts of cognitive aging is insightful, unfortunately, a consensus still has 

yet to be reached regarding the onset and progression of the neural correlates of age-related 

cognitive changes. 

1.1.3 The Neurobiological Changes Associated with Healthy Cognitive Aging 

It was a long held belief that age-related grey and white matter volume reductions, and the 

consequent functional changes that result, were due to neuronal death.  However, research 
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conducted within the past decade has indicated that, rather than cell loss, increasing age is 

accompanied by changes in neuronal morphology and function that manifest as decreased regional 

volume and integrity (Harada et al., 2013; Samson and Barnes, 2013). These modifications are slow 

and plastic, with a constant fluctuation between changes either promoting progressive 

neurodegeneration or reactive compensation. The neurobiological mechanisms involved in this 

oscillation between constructive and destructive events act via functional and structural 

modifications to synapses, dendrites, receptors, neurotransmitters, and electrical transmission 

(Shankar, 2010; Harada et al., 2013). 

As neurons age, there is a gradual lysosomal accumulation of Lipofuscin, which is a non-

degradable, lipid-containing granular residue of lysosomal digestion (Brunk and Terman, 2002; 

Shankar, 2010). This over-accumulation can be toxic to a neuron since it can obstruct proper 

mitochondrial turnover, leading to the accrual of aged mitochondria deficient in ATP, and can 

initiate the release of reactive oxygen species which can, in turn, compromise cellular adaptability 

and trigger pro-apoptotic pathways (Brunk and Terman, 2002; Shankar, 2010).  

Dendritic pruning is one probable mechanism of reducing metabolic demands and has been 

proven to be one of the first changes that occur in an aging neuron (Shankar, 2010). While dendritic 

length and arborisation remain somewhat constant throughout the lifespan, dendritic age-related 

changes mainly manifest as losses of dendritic spines, which are major sites of excitatory synapses 

(Shankar, 2010; Dickstein et al., 2013; Harada et al., 2013). This adaptive loss of dendritic spines is 

regional and occurs preferentially in long-projecting neurons of the prefrontal cortex, hippocampus, 

superior temporal gyrus, and precentral regions in humans, non-human primates, dogs, and mice 

(Mervis, 1978; Shimada et al., 2006; Kabaso et al., 2009; Dickstein et al., 2013).  These 

morphological dendritic changes lead to altered transmission patterns in these areas, which may 

manifest behaviourally. Specifically in Brodmann Area 46 of the rhesus monkey neocortex, apical 

dendritic tuft branches of pyramidal neurons recede with age, which interestingly correlates with 
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performance on the delayed non-match to sample task, which tests learning and working memory 

(Peters et al., 1998; Peters et al., 2001; Dimitriu et al., 2010; Dickstein et al., 2013).  

Seemingly in an attempt to offset the effects of this increased dendritic spine loss and 

overall reduction in synaptic density, the remaining synapses responsively increase in size (Terry 

and Katzman, 2001; Resnick et al., 2003; Harada et al., 2013; Henley and Wilkinson, 2013). 

Together, these complex synaptic alterations, structural changes in dendritic spines, and impaired 

neuronal transmission with age can eventually lead to alterations in the expression and distribution 

of various neurotransmitters (Dumas and Newhouse, 2011; Staub et al., 2013). This can then impact 

the function of large-scale neurotransmitter systems over time. Systems like the dopaminergic, 

cholinergic, and adrenergic systems have been demonstrated to change with age and directly impact 

neural network efficiency and behaviour (Finch, 2009; Dickstein et al., 2013). For instance, non-

human primate studies investigating norepinephrine (NE) transmission impairments in Brodmann 

Area 46 of the dorsolateral prefrontal cortex (DLPFC) are known to lead to working memory 

impairments, which can be entirely reversed using adrenergic agonists (Wang et al., 2011; Samson 

and Barnes, 2013). 

While these slow modifications seemingly connected to cognitive decline take place, many 

compensatory changes can also occur to maintain optimal cognitive performance. Neurotrophins 

like brain-derived neurotrophic factor (BDNF), which can be released in response to physical 

exercise and cognitive stimulation, are essential to increasing neuronal resistance to oxidative and 

metabolic insults (Mora, 2013). These environmental influences can, in turn, prevent the initial 

synaptic and dendritic changes that lead to decreased grey and white matter integrity and altered 

neural network connectivity. 

1.1.4 Healthy Cognitive Aging in Mid-Adulthood 

 For many years, neuroscientists were adamant that declines in cognitive function related to 
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aging do not manifest until after the age of sixty. For this reason, much of the research dedicated to 

discerning the relationship between cognition and age have cross-sectionally compared young 

versus old. However, this view is changing. Many studies are now suggesting that subtle changes in 

cognition can occur much earlier than previously hypothesized (Finch, 2009; Salthouse, 2009; 

Fabiani, 2012; Samson and Barnes, 2013). For example, fluid intelligence test scores appear to peak 

at the age of 26 and, after a short plateau, decline linearly with age (McArdle et al., 2002; Finch, 

2009). Furthermore, independent of known pathology, processing speed and psychomotor ability 

tend to decline after the age of 30, while multitasking and divided attention show decreases in 

middle-age as well (Li et al., 2001; Salthouse, 2009; Finch, 2009). Although these studies maintain 

that subtle cognitive declines can begin as early as the mid-twenties, a large, longitudinal Whitehall 

II cohort study revealed that age-related cognitive changes could be detected in some domains in 

the forties (Singh-Manoux et al., 2012; Samson and Barnes, 2013). Evidently, researchers still have 

yet to come to a consensus regarding the age at which cognitive decline begins. However, based on 

the myriad of contributing factors – genetic, lifestyle, and environmental – and the marked 

interindividual variability in the rate of the aging process itself, researchers may never come to a 

conclusion regarding the official starting age of cognitive decline. 

While there is ample evidence of mid-life changes in cardiovascular, rheumatologic, 

reproductive, and various other aspects of physical health, there is still very little known regarding 

mid-life neurological changes (Finch, 2009). One physical determinant of cognitive health that is 

known to change in mid-adulthood is cardiovascular health. Atherosclerotic degenerative processes 

in the brain often begin relatively early in life, with almost everyone developing atheromas by age 

30–40, which can later serve as platforms for forming and trapping clots (Finch, 2009). Down the 

line, this can lead to microinfarcts that damage the grey and white matter (Finch, 2009). The 

Baltimore Longitudinal Study of Aging demonstrated that cerebrovascular changes in arterial 

patency, which change in the fifties, are linked to greater declines in verbal learning and delayed 



 

 

10 

recall (Waldstein et al., 2008; Finch, 2009). Structural evidence of these mid-life changes in 

cognition, induced by cerebrovascular changes, can be seen in measures of grey and white matter 

integrity across the lifespan. Grey matter volume is postulated to decrease linearly with age, 

beginning as early as the second decade of life (Harada et al., 2013). White matter integrity changes 

are hypothesized to begin later, with white matter volumes peaking in the mid-fifties and 

experiencing a more accelerated decline after the age of 65 (Allen et al., 2005; Gunning-Dixon et 

al., 2009; Bennett et al., 2010; Giorgio et al., 2010; Malykhin et al., 2011; Samson and Barnes, 

2013; Yap et al., 2013). Furthermore, the GOLDEN aging hypothesis, mentioned earlier in Section 

1.1.2.1, postulates that the behavioural impairments and the structural and functional neural changes 

seen in elderly individuals reflect a continuum of slow and progressive maturational processes, 

rather than an abrupt change (Salthouse, 2009; Fabiani, 2012). 

 These clear discrepancies regarding the age at which numerous cognitive functions begin to 

decline underscore the increasing importance of longitudinal characterizations of the distinct 

cognitive and behavioural changes that begin during mid-adulthood and continue across the adult 

lifespan. 

1.2 Attention  

Attention has been topic of great interest in neuroscience due to its central role in almost all 

other cognitive functions. Essentially, attention involves the organization and proper allocation of 

mental resources involved in early perceptual processing of incoming sensory stimuli, the proper 

reconciliation of these stimuli with internal goals and current working memory constructs, and the 

timely generation of an appropriate behavioural response. These attentional processes occur 

constantly, even during rest and in cases when an overt motor response is not necessary. Attentional 

mechanisms carry out its filtering-like function by assigning priorities for motor constructs, states of 

consciousness or alertness, and certain types of memory (Raz and Buhle, 2006). Neurally, 

attentional allocation and prioritization can present as enhancement of electrical activity over 
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extrastriate visual systems, for example. Behaviourally, attentional facilitation can manifest as faster 

reaction times toward attended stimuli in comparison to non-attended stimuli. While there is still 

some debate regarding certain fine aspects of attention, one thing that remains clear is that attention 

is far from being a unitary concept. It involves multiple different, fluid components that change 

based on one’s goals. As such, there have been multiple types of attention that have been 

distinguished as behaviourally and mechanistically distinct from one another. The most studied of 

these types of attention are divided attention and selective attention.  

Divided attention is the foundation of multitasking and involves the allocation of attentional 

resources based on each of the two or more tasks being performed simultaneously. Due to its 

greater computational demands, tasks of divided attention have been associated with higher error 

rates and slower reaction times in comparison to singular attention tasks (Corbetta et al., 1991). 

Conversely, selective attention involves heightened engagement in one specific task and the 

subsequent tuning of neuronal sensitivity in all sensory systems toward the reception of task-

relevant stimuli and the suppression of distracting, task-irrelevant stimuli and thoughts (Raz, 2004). 

1.2.1 The Behavioural Processes Underlying Attention 

Attention involves a complex and integrated set of processes. Past behavioural research 

initially proposed over 40 years ago by Michael Posner and colleagues, has broken down the 

concept of attention into three main components, each subserved by seemingly disparate areas of 

the brain and different neuromodulatory systems (Posner and Petersen, 1989; Peterson and Posner, 

2012; Raz, 2004; Raz and Buhle, 2006). While there have been many changes in the field of 

attention research since then, this initially proposed framework is still widely accepted. The three 

main components of this model, which have been touted by some as the Posnerian Trinity of 

Attention, hierarchically involve alerting, orienting, and executive control of attention and are 

explained in further detail below (Raz, 2004; Raz and Buhle, 2006; Posner and Petersen, 1989; 

Petersen and Posner, 2012).  
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1. Alerting refers to the cognitive process of achieving and maintaining a state of high 

sensitivity to all impending stimuli. It is sometimes referred to as vigilance or sustained 

attention and can be seen as the foundation form of attention on which other attentional 

functions rest (Raz and Buhle, 2006; Parasuraman, 2000). There has been much less 

neuroimaging research investigating the alerting of attention due to disputes regarding the 

difference between vigilance and the state of general arousal and the tasks that can be used 

to test them. 

2. Orienting requires proper categorization of all incoming sensory stimuli and the proper 

selection and subsequent fixation onto task-relevant stimuli. Orienting of attention is one of 

the most studied aspects of the Attentional Network. It can improve behavioural 

performance by enhancing neural activity in a given perceptual system based on task-

specific goals.  

3. Executive Control of attention has been referenced in other works under many different 

names, including conflict resolution, selective attention, and focussed attention. It 

essentially involves the resolution of conflict between competing areas of the brain in order 

to initiate the appropriate behavioural response (Raz, 2004; Raz and Buhle, 2006). 

Executive control of attention is often measured using tasks, much like the classical Stroop 

task, that involve incompatibility between the stimulus and desired response 

Additionally, orienting of attention can be further subdivided into endogenous orienting and 

exogenous orienting of attention. Endogenous orienting, which is also sometimes referred to as top-

down attentional control, involves the voluntary process of maintaining or directing attention based 

on internal goals (Chica et al., 2013). In contrast, exogenous orienting of attention, also known as 

bottom-up or stimulus-driven attentional control, involves the involuntary capture of attention and 

its subsequent reorientation towards salient, but task-relevant, stimuli (Chica et al., 2013). Many 

attention studies have established even more differences between endogenous and exogenous 

orienting above and beyond these initial distinctions based on volition. Endogenous orienting 
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represents effortful concentration and, as such, can be sustained much longer than exogenous 

attention, but can also be more susceptible to distracting thoughts and task-irrelevant or repetitive 

stimuli (Chica et al., 2013; Greene and Soto, 2014). In contrast, many studies have established that 

exogenous attention mechanisms are much quicker at reorienting attention towards novel, 

seemingly task-relevant stimuli, but last for very short periods of time (Chica et al., 2013). 

Together, these three main behavioural components of attention – alerting, orienting, and executive 

control – interact with one another to maintain one’s overall attentive state for optimal performance. 
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Figure 1.1: fMRI Correlates of the Alerting, Orienting, and Executive Aspects of Attention. Images of fMRI 

scans collected from 16 healthy adults performing the Attention Networks Test (ANT). a)-b) The Alerting Network 

demonstrates Inferior Parietal, Superior Temporal, Inferior Frontal, and Thalamic Activation. c)-d) The Orienting 

Network is represented by Parietal, Temporal, and Frontal activations. e)-f) The Executive Network is represented by 

anterior cingulate cortex and frontal lobe activation. The colour bar represents fMRI signal level (z-scores) above the 0.05 

significance threshold. Figure derived from Raz, 2006. 
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1.2.2 The Anatomy of the Attentional Network 

The development of neuroimaging technologies like MRI, PET, and EEG in recent years 

has led to major advances toward elucidating the location and dynamics of the Attentional Network. 

However, the exact anatomical locations of areas that subserve attentional processes still remain up 

for debate. Before neuroimaging, most information regarding the anatomy of attention came from 

lesion studies. For instance, patients with lesions in the right Temporoparietal Junction (TPJ) of the 

brain exhibited signs of neglect syndrome and were unable to properly reorient their attention in 

response to relevant peripheral stimuli, but were still able to maintain normal levels of vigilance 

(Chica, 2013; Geng, 2013). This early evidence led researchers to believe that the right TPJ was a 

pivotal area involved in exogenous orienting alone, but had little to no role in alerting or 

endogenous orienting of attention. On the other hand, patients who suffered from parietal lesions 

had difficulties in both maintaining an alert state and reorienting, with behavioural deficits most 

pronounced on the side contralateral to the lesion. These lesion studies of the parietal lobe 

underscore its role in both the alerting and endogenous orienting attentional circuits and provide 

some of the earliest evidence of overlap between these systems (Raz, 2004; Fox et al., 2006; Ptak, 

2012). 

Later neuroimaging studies further corroborated this evidence of possible overlap between 

circuits involved in both alerting and orienting attention (Beane and Marrocco, 2004; Raz, 2004). 

As seen in Figure 1.1, both orienting and alerting tasks activate frontal and parietal regions. The 

frontal and parietal areas common to these two behaviourally distinct components of attention led to 

the emergence of a new anatomical attentional system, called the Frontoparietal Attention Network 

(FPN or FPAN) (Corbetta and Shulman, 2002; Fox, et al., 2006). This network can be further 

subdivided into the Ventral and Dorsal Frontoparietal Attention Networks (VAN and DAN). The 

exact constituents of the Dorsal and Ventral Attention Networks and their locations are listed in 

Table 1.1 and Figure 1.2.  
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Neuroimaging studies examining the executive control of attention have mainly detected 

activations in the Anterior Cingulate Cortex (ACC) and the Dorsolateral Prefrontal Cortex 

(DLPFC). The areas of the DLPFC involved in attention seem to provide the connection between 

attentional control and the decision-making required for the initiation of a desired behavioural 

response (Corbetta et al., 2008; Chica et al., 2013). Interestingly, many studies have found 

overlapping orienting and executive control roles for the Middle Frontal Gyrus, most likely due to 

its close proximity to the DLPFC and inconsistencies in its localization across studies (Cobetta et 

al., 2008). However, the role of the Anterior Cingulate Cortex in the executive control of attention 

is much better defined. More specifically, the ventral portion of the ACC (vACC), defined as 

Brodmann Area 24, has been more associated with tasks requiring emotional regulation, owing to 

the vACC’s role in the Default Mode Network (DMN) involved with self-referential processes and 

introspection (Bush et al., 2000; Bush, 2004; Raz, 2004). Conversely, the dorsal Anterior Cingulate 

 

Anatomical Area 
Brodmann 

Area(s) 

 Ventral Attention Network (VAN) 

Middle Frontal Gyrus (MFG) 9,46 

Inferior Frontal Gyrus (IFG) 6,9,44 

Temporoparietal Junction (TPJ): 

 Supramarginal Gyrus (SMG) of the 

Inferior Parietal Lobule (IPL) 

 Posterior portion of the Superior 

Temporal Gyrus (STG) 

22,39,40 

Dorsal Attention Network (DAN) 

Intraparietal Sulcus (IPS): 

 Superior Parietal Lobule (SPL) 

 Inferior Parietal Lobule (IPL) 

7,40 

Frontal Eye Fields (FEF) 6 

 

Table 1.1: Anatomical Locations of the VAN and DAN 

Constituents (Left). Anatomical areas constituting the 

Ventral and Dorsal Frontoparietal Attention Networks and 

their corresponding Brodmann Areas 

Figure 1.2: Anatomical locations of the Ventral and 

Dorsal Frontoparietal Attention Network (Right). 
Estimated anatomical locations of constituents of the 

Ventral (Blue) and Dorsal (Yellow) Frontoparietal 

Attention Networks. Adapted from Aboitz et al., 2014, 

using information from Corbetta and Shulman, 2002. 
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Cortex (dACC), defined as Brodmann Area 32, has been more associated with cognitive control 

tasks (Raz, 2004). Additionally, the dACC plays a critical role in conflict monitoring and is found 

to consistently demonstrate heightened activation during cognitive control tasks that have a strong 

conflicting dimension, like the Stroop task (explained in great detail in Section 1.4). Together, both 

aspects of the Anterior Cingulate Cortex have proven to be a pivotal node in the executive control 

of attention, constantly resolving conflict between innate and desired behavioural responses.  

1.2.3 The Neural Correlates of Attention 

There has been considerable debate surrounding the dynamics of the Dorsal and Ventral 

Frontoparietal Attentional Networks and their respective roles in the orienting and alerting of 

attention. Due to the vast behavioural differences between the exogenous and endogenous orienting 

of attention, some of which were mentioned earlier in Section 1.2.1, researchers believed that each 

orienting mechanism involved functionally and anatomically separate systems, rather than a single 

one. These theories of functional independence were later debunked by functional MRI and EEG 

studies of the Ventral and Dorsal Attention Networks. 

Current research suggests that the DAN and VAN constantly interact with one another in an 

almost cyclical fashion, by way of the Ventral Frontal Cortex. There is evidence that both the IFG 

and MFG relay back and forth between the two components of the Frontoparietal Network.  

During a goal-directed visual task, the DAN is most active prior to stimulus presentation, 

working to bias activity in visual areas towards parts of the visual field where a stimulus is expected 

to appear, while also mitigating distraction by suppressing activity in the VAN (Wen 2012; Chica et 

al., 2013; Greene and Soto, 2014). Upon stimulus presentation, the FEF is always first to respond 

(Chica et al., 2013). This is contrary to the previously held belief that the VAN is always the first to 

respond post-stimulus. The FEF is responsible for indexing the locus of visual attention. If a task-

relevant stimulus appears in an unexpected visual area, the TPJ initiates contextual updating 

mechanisms by sending out a reorienting signal to halt activity in the DAN. This reorienting signal 

is hypothesized to be carried out through the MFG (Corbetta et al., 2008). As previously mentioned, 
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the IFG and MFG are important nodes between the TPJ and the DAN. The greater the level of 

concentration and the anticipated working memory load, the greater the suppression of VAN 

activity (Corbetta et al., 2008; Weissman and Prado, 2012). However during times of distraction, 

disruptions in the functional connectivity between the DAN and IFG are seen, leading to defective 

suppression of the Ventral Attention Network. Consequently, the TPJ ends up initiating more 

reorienting signals than necessary, due to the inappropriate reoriention towards distracting stimuli.  

1.2.3.1 The Asymmetry of the Attentional Network 

The first evidence of asymmetry within the Frontoparietal Attention network came from 

lesion studies. As mentioned earlier in Section 1.2.2, right TPJ lesion sufferers presented with 

noticeable attentional deficits compared to those with left TPJ lesions (Bourgeois et al., 2012; Chica 

et al., 2013). This observation led researchers to initially believe that the TPJ of the Ventral 

Figure 1.3: Frontoparietal Attention Network Dynamics. A) (Left) Results from a meta-analysis of activation data 

conducted by Corbetta and colleagues in 2008. Adapted based on more recent study data from Chica 2013. Regions in 

purple represent areas consistently activated during top-down attentional control. Regions in orange represent those 

activated when attention is reoriented to an unexpected but behaviourally relevant stimulus. Left (Left) and right (Right) 

hemisphere activations are pictured here. Adapted from Corbetta et al., 2008 using information from Chica et al., 2013. 

B) (Right) Resting state MRI data exhibiting the Dorsal and Ventral Attention Network areas and the overlap between 

them. Voxels in the dorsal system (blue scale) were significantly correlated (P < 0.01) with both the IPS and FEF regions in 

all three resting state conditions (fixation, eyes open, and eyes closed). Voxels in the ventral system (red scale) were 

significantly correlated with both the TPJ and VFC regions in all three resting-state conditions. Areas of overlap between 

the DAN and VAN are pictured in yellow. Data are displayed on the lateral and medial surfaces of the left hemisphere 

(Left), the dorsal surface (Center), and the lateral and medial surfaces of the right hemisphere (Right). Adapted from Fox et 

al., 2006. 

A B 
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Attention Network was completely right-lateralized. Conversely, lesions in the Dorsal Attention 

Network led to contralateral deficits, seemingly proving that the DAN was mostly bilateral. 

 Neuroimaging evidence mostly corroborates these findings of differential asymmetry 

amongst the Ventral and Dorsal Attention Networks. Functional MRI consistently demonstrates that 

the right TPJ is more dominant than the left throughout tasks that require attentional reorienting. 

While the right TPJ is undoubtedly more dominant during stimulus-driven attentional reorienting, it 

is important to note that the left TPJ still activates in response to targets during attention tasks, but 

is much less selective in its activation based on the task-relevance and location of stimuli. The 

hypothesized right lateralization of the Ventral Attention Network has also been postulated to 

extend to the Middle and Inferior Frontal Gyri as well, but evidence of lateralization amongst these 

areas has been more conflicting.  

The lateralization of the Dorsal Attention Network has also garnered some conflicting 

results. Some fMRI studies suggest that bilateral aspects of the FEF and IPS activate almost equally 

during visual attention tasks, while others have argued that left FEF and IPS are more dominant 

than the right, seemingly counterbalancing the right lateralization of the Ventral Attention Network. 

White matter studies may provide the neuroanatomical basis for some of the functional 

asymmetries seen in the Frontoparietal Attention Network. The Superior Longitudinal Fasciculus 

(SLF), which is the main fibre tract of the FPN, definitively exhibits a posterior-to-anterior gradient 

of increasing right lateralization. The most dorsal SLF branch, SLF I, is symmetrically distributed 

between the left and the right hemisphere, while the intermediate branch, SLF II, shows a trend for 

right lateralization and the most ventral branch, SLF III, is almost completely right-lateralized (De 

Schotten, et al., 2011).  
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Table 1.2: Functional Characteristics of the VAN and DAN Constituents. A summary of each anatomical area associated 

with both the Ventral and Dorsal Frontoparietal Networks and their respective location and functional characteristics 

Anatomical Area 
Brodmann 

Area(s) 
Characteristics 

Ventral Attention Network (VAN) 

Middle Frontal Gyrus (MFG) 9,46 

 Functionally connected to both the DAN and VAN  

 “Circuit-breaking” function of the TPJ is carried out via the 

MFG’s connection to the DAN  

 Has been implicated in the executive control aspect of 

attention as well 

Inferior Frontal Gyrus (IFG) 6,9,44 

 Functionally connected to both the DAN and VAN 

 During goal-directed behaviour, IFG is highly correlated with 

FEF-IPS, and negatively correlated with the TPJ. This 

correlation reverses during attentional reorienting  

 Frontal operculum (BA 44) portion of IFG, along with the 

anterior insula, is anatomically connected to the dACC, via 

von Economo neurons. Together, these areas are involved in 

the initiation and maintenance of task control 

Temporoparietal Junction (TPJ): 

 Supramarginal Gyrus (SMG) 

of the Inferior Parietal Lobule 

(IPL) 

 Posterior portion of the 

Superior Temporal Gyrus 

(STG) 

22,39,40 

 Responsible for contextual updating and reorienting toward 

task-relevant, peripheral stimuli 

 Right TPJ is activated in response to task-relevant 

targets/stimuli anytime reorienting of attention is required 

 Left TPJ is hypothesized to activate as well but non-

selectively, when both reorienting is required and when it is 

not 

 Activity is suppressed in this region, but never completely 

deactivated, during effortful concentration while completing 

tasks involving large working memory loads 

 This region likely involves multiple specialized subregions, 

but due to the many functions of this area and uncertainty 

regarding its anatomical separation, researchers have still not 

come to a consensus regarding the locations and functions of 

its subdivisions  

Dorsal Attention Network (DAN) 

Intraparietal Sulcus (IPS): 

 Superior Parietal Lobule (SPL) 

 Inferior Parietal Lobule (IPL) 

7,40 

 Involved in both endogenous and exogenous orienting 

mechanisms  

 Anterior IPS also involved in memory retrieval 

 Left IPS is seemingly more dominant, than Right IPS 

 Together with the FEF, modulates visual cortices via the 

superior colliculus based on the expected location of incoming 

stimuli 

 Somatotopically organized, with specific regions of the IPS 

corresponding to regions of sensory cortices. This facilitates 

effective top-down attentional modulation and accurate 

biasing of sensory input 

Frontal Eye Fields (FEF) 6 

 Involved in sustaining attention 

 Indexes the current locus of visual attention 

 The first area to activate in response to stimulus presentation 

 Strongly modulates IPS activity, but is only weakly modulated 

by the IPS 

 Together with the IPS, modulates visual cortices via the 

superior colliculus based on the expected location of incoming 

stimuli 
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1.2.4 The Neurobiology of Attention 

Generally, the alerting, orienting, and executive control of attention have been respectively 

associated with the adrenergic, cholinergic, and dopaminergic neuromodulatory systems. However, 

just as there is considerable overlap amongst the anatomical areas subserving these behavioural 

components of attention, there are also extensive interactions between their neuromodulatory 

systems as well. Much of this facilitation comes from the overlapping roles and projections of 

acetylcholine (Ach) and norepinephrine (NE). For instance, NE has been long known to modulate 

vigilance and sustained attention (Beane and Marrocco, 2004; Dumas and Newhouse, 2011). More 

specifically, high tonic firing rates of the locus coeruleus (LC), which is responsible for NE release, 

are associated with inattention and increased distraction, while low tonic firing rates are associated 

with drowsiness, and intermediate firing rates correlate with optimal behavioural performance 

(Beane and Marrocco,  2004; Aston-Jones et al., 1991). However, evidence from studies involving 

the injection of cholinergic agonists into the basal forebrain have been shown to facilitate this NE-

mediated sustained attention as well (McGaughy and Sarter, 1995; Beane and Marrocco, 2004).  

Conversely, the orienting of attention is thought to be Ach-mediated. The first evidence of 

acetylcholine’s role in reflexive attention came from basal forebrain lesion studies in non-human 

primates (Voytko et al., 1994; Beane and Marrocco, 2004). Based on pharmacological studies using 

the Ach agonist, nicotine, and the muscarinic antagonist, scopolamine, this relationship between 

Ach and attentional orienting seemed to be direct and dose-dependent, much like NE’s role in 

sustained attention. In addition, these effects could be facilitated via noradrenergic mechanisms 

(Beane and Marrocco, 2004). 

Interestingly, a number of polymorphisms in genes associated with dopamine correlate 

specifically with executive attention scores involving higher order cognitive processes such as 

working memory, episodic memory and aspects of fluid intelligence (Backman et al., 2006; Dumas 

and Newhouse, 2011). This possibly alludes to the role of dopamine in the regulation of executive 

control (Green et al., 2008). Although this association is noteworthy, the role of dopamine in 
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attention has been far less studied in comparison to acetylcholine and norepinephrine. Although, 

cholinergic and, specifically, nicotinic receptor systems have modulatory control over dopamine 

release, it is especially significant that comparisons in the rat studies of cholinergic and 

dopaminergic mechanisms have shown that only the former influence the orienting response 

(Everitt and Robbins, 1997; Dumas and Newhouse, 2011). While some studies still maintain that 

dopamine does, at least, play a minor role in transient attention (Beane and Marrocco, 2004), the 

failure of dopaminergic replacement therapies in the treatment of general cognitive deficits have 

seemingly proven otherwise (Weintraub and Potenza, 2006; Dumas and Newhouse, 2011). 

1.2.5 Relating Attentional Network Mechanisms to Cognitive Performance 

Attentional mechanisms lay the fundamental groundwork for the efficient execution of 

other cognitive processes, like short-term memory, working memory, learning, and many others. 

Therefore, all disorders of attention, irrespective of their severity, can lead to a decreased capacity 

or complete inability to execute daily activities and skills (Allain et al., 2007). For instance, in order 

to follow a new recipe, one must pay close attention to the instructions. However, this association 

between attention and overall cognitive performance is not only behavioural, but is anatomical and 

neurobiological as well. Fully functioning working memory mechanisms, for example, are reliant 

on the cholinergic modulation of Attentional Network areas (Dumas and Newhouse, 2011). 

Anatomically, recent work suggests that the von Economo neuron connects the frontal operculum 

aspect of the IFG (BA 44) to the Anterior Cingulate Cortex, creating a network of regions not only 

involved in attentional processes but also the initiation and maintenance of information processing 

and behavioural output (Dosenbach et al., 2007; Peterson and Posner 2012; Weissman and Prado, 

2012). In addition, neuroimaging studies have shown that connectivity changes between DAN and 

VAN can directly influence reaction times and errors in a multitude of different cognitive tasks. 

Specifically, using a visuospatial attention task, Granger causality models, and fMRI, Wen and 

colleagues were able to ascertain the causal interactions within the Attentional Network that were 
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predictive of behavioural performance (Wen et al., 2012). Through this analysis, they determined 

that increased Granger causal influences from the Dorsal Attention Network to the Ventral 

Attention Network led to improved accuracy and reaction time scores, whereas increased Granger 

causal influences in the reverse direction led to poorer performance (Wen et al., 2012). More 

specifically, the regions within the DAN and VAN most related to performance were the 

intraparietal sulcus and the temporoparietal junction, which are most likely reflective of their 

competitive involvement in distraction suppression (Wen et al., 2012). 

1.3 Aging and Attention 

As mentioned in Section 1.1.1, there are many behavioural declines that are associated with 

healthy cognitive aging. At the core of many of these decreases in task performance is the 

progressive disruption of attentional network dynamics. These attentional network changes do not 

affect simple attention tasks, like the repetition of a string of digits (Salthouse et al., 1995; Harada 

et al., 2013). Instead, a more noticeable effect of age is seen in more complex attention tasks, such 

as those involving selective or divided attention (Harada et al., 2013). These age-related changes in 

Figure 1.4: The DAN and VAN Causal Influences Related to Cognitive Performance. Granger causal 

influence between the DAN and VAN as a function of behavioural performance (Accuracy and Reaction 

time) on a trial-by-trial cued visual spatial attention task, while acquiring fMRI scans. Linear fits are shown 

where R is the Spearman correlation coefficient and p is the significance level. Figure derived from Wen et 

al., 2012. 
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attentional processes have been attributed to increased susceptibility to distraction, which has been 

demonstrated with both functional neuroimaging and EEG studies (Bowles and Salthouse, 2003; 

Samson and Barnes, 2013). For example, while performing selective attention tasks, EEG studies 

have shown that elderly individuals have altered gamma rhythm activity in the Frontoparietal 

Network and less efficient PFC-to-Posterior Parietal Network activation (Samson and Barnes, 

2013). These functional changes are reflective of disruptions between the Ventral and Dorsal 

Attention Networks, which was established in Section 1.2.5 to be a pivotal connection leading to 

decreased task performance, due to unsuccessful distraction suppression (Wen et al., 2012). 

 On a neurobiological level, these behavioural and neural network changes are a direct result 

of synaptic changes (Dumas and Newhouse, 2011). Luckily, in cases of effective functional 

compensation, a 2011 review conducted by Dumas and Newhouse proposed that modulations in 

cholinergic release in the basal forebrain lead to the attenuation of the behavioural manifestation of 

these age-related synaptic changes (Dumas and Newhouse, 2011). However, the efficacy of this 

cholinergic functional compensation decreases with worsening synaptic loss, which is a hallmark 

sign of conversion from healthy cognitive aging to overt cognitive impairment. 

 

Figure 1.5: The Relationship 

Between Cognitive Performance, 

Synaptic Loss, and Cholinergic 

Stimulation. The proposed 

relationship between age-related 

synaptic loss, the neuroprotective 

effect of cholinergic stimulation, and 

cognitive performance. The 

cholinergic hypothesis of cognitive 

aging states that cholinergic 

stimulation can help maintain levels 

of cognitive performance in an 

inverted-U shape dose-repsonse 

manner. This neuroprotective capacity 

declines steadily as synaptic loss 

worsens. Figure derived from Dumas 

and Newhouse, 2011. 
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1.4 The Stroop Task 

The Stroop task is one of the most thoroughly studied tasks of selective attention in the field 

of psychology. In the classical version of the Stroop task, presented by John Ridley Stroop and 

colleagues in 1935, subjects were presented with a name of a colour written in a contrasting ink 

colour and were then asked to correctly identify the colour of the ink in which each word was 

written (Stroop, 1992). The accuracy and speed of these responses were then contrasted to those 

obtained after subjects were asked to identify the colour of a group of squares, which involved no 

conflicting colour-word stimulus combination. In this early work, Stroop had shown that subjects 

produced more errors and took 74.3% longer to name the colour of the ink when it was displayed as 

a conflicting colour-word, in comparison to when the colour stimulus was in the form of squares 

(Stroop, 1992). This phenomenon has since been called the Stroop effect or Stroop interference and 

has been replicated in innumerable studies since.  

There are many variations of the Stroop task in existence today, but what remains 

consistent amongst each version is the simultaneous appearance of pairs of conflicting stimuli that 

each represent inherent aspects of the same symbols (Stroop, 1992). Some of the many Stroop 

variations include the Auditory Stroop task (the words high and low sung at different high and low 

frequencies), the Spatial Stroop Task (the words north, south, east, and west presented at different 

spatial locations), and many others (White, 1969; Cohen and Martin, 1975).  In today’s classical 

version of the colour-word Stroop task, stimuli can either be congruent (e.g. BLUE written in blue), 

incongruent (e.g. BLUE written in red), or neutral (e.g HOME written in blue) (Peterson et al., 

1999). While there is a noticeable Stroop interference for neutral stimuli, the Stroop effect is much 

greater for responses to incongruent stimuli (Peterson et al., 1999).  

1.4.1 Attention and the Stroop Task 

There have been several proposed mechanisms put forth in an attempt to explain the 

phenomenon of Stroop interference. One that has still maintained its clout even after the advent of 

neuroimaging methods postulates that the generalized slowing of response time after the 
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presentation of an incongruent stimulus is an inherent property of parallel distributed processing 

systems (Cohen et al., 1990, Peterson et al., 1999). Specifically, the neural circuitry involved in 

reading, versus that of colour-naming, is much more powerful due to most subjects’ prior practice 

and lifetime exposure to reading and comprehension tasks. When two parallel, but conflicting, 

pathways are activated, cross-talk between the two is required in order to alter the signal strength 

towards the appropriate neural pathway to generate a timely and correct behavioural response 

(Peterson et al., 1999). During an incongruent condition, this involves increasing the strength of the 

colour-naming neural circuitry and inhibiting or decreasing the influence of the reading pathway. In 

order to suppress the natural behavioural response of reading, intact attentional mechanisms are 

pivotal to the effective compensation for the innate reading bias by increasing the gain in neural 

circuitry involved in colour-naming pathways (Peterson et al., 1999). 

 Functional MRI analysis of the Stroop task demonstrates that the attentional area involved 

in properly coordinating neural activity in an effort to minimize Stroop interference is the Anterior 

Cingulate Cortex (Peterson et al., 1999). Using factor analysis methods to attain a connectionist 

model of regional activation, Peterson and colleagues were able to determine that the ACC is a key 

central node in the attentional modulation of pathways involved in colour naming and word reading 

during the Stroop Task (Peterson et al., 1999). Cytoarchitecturally distinct areas of the ACC 

intervene at various points along these parallel neural pathways. Specifically, rostral portions of the 

ACC control the sensory, monitoring, and vigilance aspects of the Stroop task, while more caudal 

portions are involved in the executive control of selective attention, response selection, as well as 

motor planning and response.   

1.4.2 Aging and the Stroop Task 

As aforementioned, aging is associated with generalized slowing and disruptions in 

attentional and inhibitory processes. Naturally, these deficits lead to decreased Stroop performance 

across the adult lifespan. Compared to younger adults, studies have shown that cognitively healthy 

elderly individuals exhibit much greater Stroop interference, produce more incongruent errors, and 
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have slower overall response times (Spieler et al., 1996; Davidson et al., 2003; Balota et al., 2010; 

Zurron et al., 2014). These decrements in performance are highly interrelated. For instance, the 

generalized slowing associated with aging greatly, if not exclusively, affects Stroop interference 

(Uttl and Graf, 1997; Verhaeghen and De Meersman, 1998). Interestingly, these interrelated 

measures of Stroop performance are predictive of conversion from cognitive normality to 

pathology. Balota and colleagues demonstrated in a 2010 longitudinal study using a trial-by-trial 

version of the Stroop task, that Stroop incongruent error rates and changes in individual reaction 

time distributions were extremely strong predictors of conversion from normal cognition to AD 

(Balota et al., 2010). Furthermore, the predictive capacity of these Stroop measures was even 

greater than tests of declarative memory. Thus, this provides further evidence that attention is one 

of the earliest signs of cognitive decline in the elderly, even before memory, which is considered by 

most to be the hallmark sign of cognitive impairment. 

Neuroimaging investigations of the Stroop task in young adults versus the elderly have 

yielded insightful age-related differences. Stroop interference amongst young adults seems to 

directly correlate with grey matter volumes in the Anterior Cingulate Cortex, right Inferior Frontal 

Gyrus, and the cerebellum, and consequently also with the integrity of the white matter tracts 

surrounding these areas (Takeuchi et al., 2012). However, in the elderly, larger regional white 

matter volumes selectively in the Inferior Parietal Lobule are most associated with faster reaction 

times and less intraindividual variability in the Stroop task (Jackson et al., 2012). Furthermore, 

during incongruent conditions, elderly individuals seemingly rely more on effective activation of 

the left Supplementary Motor Area, bilateral Inferior Frontal Gyri, bilateral Precentral Gyri, left 

insula, and the right Superior Frontal Gyrus (Bowes et al., 2011). These MRI findings seemingly 

align with the HAROLD, PASA, and CRUNCH theories of cognitive aging.  

Interestingly, these patterns seem to carry over to event-related potential (ERP) studies as 

well. Zurron and colleagues demonstrated in a recent 2014 colour-word Stroop study between the 

young and old, that healthy elderly individuals differ from their younger counterparts only in terms 
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of reaction times, rather than in terms of error rates (Zurron et al., 2014). Upon further ERP analysis 

of this phenomenon they were able to establish that the generalized slowing seen in the elderly 

selectively targets the N2 and P3b latencies and, therefore, is not a result of early sensory and 

perceptual deficits. More importantly, Zurron and colleagues demonstrated adaptive frontal 

compensation in the elderly, which was seemingly consistent with the PASA theory of cognitive 

aging. Evidence of this came, firstly, from the fact that the frontal P150 was larger, while the 

parietal P3b was smaller in the elderly and, secondly, from their observation that the P3b 

component was maximum throughout frontal locations in the elderly, while it was maximum 

throughout parietal areas in the young (Zurron et al., 2014).  

1.5 The Principles of Magnetic Resonance Imaging 

Magnetic resonance imaging (MRI) is one of the most popular and continuously expanding 

research tools used for the study of the human brain. Compared to computed tomography (CT) and 

positron emission tomography (PET), which require the use of harmful ionizing radiation and the 

injection of potentially toxic radionuclides respectively, MRI is mostly non-invasive, with virtually 

no deleterious effects. In research applications, MRI has also proven to be an extremely robust tool 

compared to the singular use of methods like electroencephalography (EEG) and PET scanning. By 

virtue of its multiple acquisition methods, post-processing tools, and high spatial and temporal 

resolution, MRI provides valuable information about both structure and function. The main 

disadvantages of magnetic resonance imaging involve its long acquisition times and its exclusion of 

participants that are either claustrophobic or contain internally implanted magnetic materials or 

foreign bodies. However, this can be mitigated by thorough screening procedures. Ultimately, the 

robustness and relative safety of magnetic resonance imaging make it the method of choice for 

many studies of the human brain. 

1.5.1 The MRI Signal 

Atomic nuclei possess inherent magnetic properties as a result of their intrinsic quantum 

property of spin. In the absence of a magnetic field, these spins are oriented randomly in space, with 
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no particular orientation deemed most energetically favourable. Therefore, in the absence of a 

magnetic field, biological tissues exhibit no net magnetism. However, with the use of a very strong 

magnetic field, this property of intrinsic spin can be manipulated. More specifically, in biological 

applications of MRI, it is the magnetic properties of hydrogen atoms within the body that are 

magnetically manipulated and measured to create an image. Hydrogen nuclei are best for biological 

MRI since they are extremely abundant throughout the human body, mostly in the form of water 

and fat, and also possess a very strong magnetic moment. Fundamentally, the MRI signal is the 

result of the manipulation of the intrinsic magnetic properties of these hydrogen atoms to induce an 

electric current in a nearby wire, which can be detected, quantified, and translated into what is 

conventionally known as a magnetic resonance image.  

The net magnetization of hydrogen nuclei can be manipulated using a constant, strong 

magnetic field (B0), which polarizes the spins of atomic nuclei to create a net magnetization along 

the axis of B0. The great strength of B0, which is approximately 30,000 times stronger than the 

Earth’s magnetic field depending on the type of MRI system, almost instantaneously influences 

hydrogen nuclei to precess and align their spins either parallel or anti-parallel to B0. This is in 

contrast to environments devoid of strong magnetic fields, where paramagnetic nuclei like hydrogen 

do not have any specific spin orientation that is most energetically favourable. In the presence of B0, 

parallel or anti-parallel orientations are preferred, with the parallel alignment representing the lower 

energy state and, thus, the slightly more favourable of the two. This equilibrium can be disrupted by 

applying a relatively weak, perpendicular radiofrequency (RF) magnetic pulse, also known as B1, 

which causes the hydrogen nuclei to tip their net magnetization (M0) away from the direction of B0. 

The longer this RF pulse is applied, the more the net magnetization will be tipped away from B0. 

The degree to which this net magnetization is tipped is called the flip angle. Once the brief RF Pulse 

is turned off, the hydrogen nuclei begin the process of relaxation back to the equilibrium state (M0 

parallel to B0 and zero magnetization component transverse to B0). There are two components 

involved in relaxation: a longitudinal component (parallel to B0) and a transverse component 
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(perpendicular to B0). The longitudinal component of relaxation involves the recovery of the 

longitudinal magnetization back to its equilibrium value of M0 and is characterized by time T1. 

Conversely, T2 refers to the decay of the transverse component of the magnetization back to the 

equilibrium value of zero. These relaxation properties depend on the average distance between 

interacting magnetic moments and their mobility, leading to marked variation in the resultant signal 

detected between different chemical environments. It is these differences in T1 and T2 relaxation 

times that allow for the physiological contrast of all MRI images. 

Additionally, spatial information is provided by the application of another set of magnetic 

fields called magnetic field gradients, which linearly vary in strength depending on the position of 

the area being scanned. This is accomplished using three separate, position-dependent magnetic 

field gradients in each of the x, y, and z directions. Together, the static field (B0), RF pulses (B1), 

and magnetic field gradients provide the environment necessary for the acquisition of a magnetic 

resonance image. 

1.5.2 Imaging Methods 

The process of relaxation is extremely quick and the MR signal decays exponentially due to 

transverse relaxation and dephasing caused by spatial variations in the static magnetic field and 

magnetic field gradients. Unfortunately, this fast exponential decay of the MR signal does not 

provide ample time for the MR system to sample all of the necessary data within one repetition time 

(TR; time between each RF pulse). To combat this issue, echoes are needed. An echo allows for the 

MR signal to return after it has already decayed by reversing its dephasing, allowing for 

measurements of much stronger signals and more time for measurement. 

There are two main imaging methods used to generate echoes, which are the spin echo (SE) 

and the gradient echo (GE). Spin echo imaging methods involve the application of a refocussing 

180
o
 pulse some time, τ, after the initial 90

o
 RF pulse. This resultant echo, which reaches its 

maximum at time TE (echo time), is slightly weaker than the original signal, So, by a factor 
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dependent on T2. This is illustrated in the following formula, revealing the T2-weighted nature of a 

spin echo:  

 

S = Soe
-TE/T2 

 

Conversely, a gradient echo is formed with only a single RF pulse of any desired flip angle, 

followed by the application of a magnetic field gradient and then its subsequent reversal. Using this 

method, it is only the gradients themselves that are cancelled out, so the echo amplitude is T2*-

weighted. This means that the resultant echo is not only dependent on the transverse component of 

relaxation but is also dependent on the inherent magnetic field variations that are normally 

cancelled out with the 180
o
 refocussing pulse in spin echo imaging methods. This is illustrated in 

the following formula, revealing the T2*-weighted nature of a gradient echo:  

 

S = Soe
-TE/T2*

 

TE = 2τ 

τ 

TE 

Figure 1.6: Spin Echo and Gradient Echo Imaging Methods. The archetypal spin echo imaging method is 

pictured on the left and the gradient echo method is pictured on the right. τ: time between the initial RF pulse and 

the 180
o
 refocusing pulse. TE: Echo Time. Adapted from Stroman, 2011 
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Gradient echo imaging methods are of great importance in the present study since they were used to 

acquire both the anatomical and functional scans discussed in Methods Section 2.3.  

1.5.3 Functional Magnetic Resonance Imaging (fMRI) – BOLD Signal 

The term functional MRI refers the method of acquiring images based on changes in signal 

intensity related to neural function. There are many different contrast mechanisms that can be 

applied to create these images, such as Signal Enhancement by Extravascular Water Protons (SEEP) 

and Diffusion-Weighted Imaging (DWI), which are dependent on changes in tissue water content 

and water self-diffusion, respectively. However, one of the most common contrast mechanisms, and 

the focus of this study, is the Blood Oxygenation-Level Dependent (BOLD) contrast. The concept 

behind the BOLD contrast is that presynaptic input (inhibitory or excitatory) alters the firing rate of 

a neuron, which leads to changes in its blood oxygenation. This subsequently alters its relaxation 

time and, ultimately, the MRI signal. More specifically, as the metabolic demands of a particular 

brain region increase, the local cerebral blood flow (CBF) increases. Since the blood vessels 

generously donate more oxygen to the tissue than necessitated by the demand, the result is a net 

overall increase in the blood oxygenation level of this area and a drastic increase in the proportion 

of deoxygenated to oxygenated blood in the neighbouring capillary bed. Oxygenated and 

deoxygenated haemoglobin have very different magnetic properties. The iron in haemoglobin that is 

bound to oxygen is diamagnetic (very weak magnetic effect), in comparison to unbound 

haemoglobin which is paramagnetic (stronger magnetic effect). This results in much faster MR 

signal relaxation times and greater signal intensity, due to the stimulus-evoked increases in the 

proportion of deoxygenated haemoglobin in the blood vessel. Ultimately, this magnetic 

susceptibility difference, altered by activity-related blood flow changes, is the fundamental basis of 

BOLD functional MRI. 
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1.5.4 The Hemodynamic Response Function 

Application of BOLD fMRI often involves image acquisition during the performance of a 

task. Take for example an area of the primary visual cortex (V1). Upon presentation of a visual 

stimulus, V1 neurons receive presynaptic information that alters their firing rate and metabolic 

demands. This stimulus-evoked response lags approximately 2 seconds after initial stimulus 

presentation, reflecting the almost simultaneous and equivalent increase in oxygen consumption and 

CBF. The signal intensity then reaches its maximum 4-6 seconds after stimulus presentation, 

physiologically symbolizing the drastic increase in oxygen consumption and increased proportion 

of deoxygenated to oxygenated haemoglobin. The HRF then dips down to its minimum value 

approximately 12 seconds post-stimulus, and then slowly returns back to baseline. This time course, 

which lasts approximately 20 seconds after initial stimulus presentation, is called the canonical 

Figure 1.7: The Canonical Hemodynamic Response Function represents the time course of the MR signal change 

that occurs after an initial stimulation event. Time 0 represents actual stimulus presentation. The BOLD signal change 

in response to initial stimulus presentation lags by about 2 secs (A) and reaches peak signal intensity at 4-6 secs (B). 

The MR signal then drops and reaches a minimum at about 12 secs (C). Modified from Stansbury, 2012 

https://theclevermachine.wordpress.com/tag/hemodynamic-response-function/
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     Table 1.3: Summary of the Three Main fMRI Study designs 

Block Design Event-Related Design Fast Event-Related Design 

 Most efficient 

 Stimulus presented in blocks 

of 10-30 seconds at a time, 

allowing the BOLD response 

to reach a strong, steady state. 

 Interstimulus intervals (ISIs), 

representing the baseline 

condition, follow and precede 

each stimulus block 

 Allows for the study of 

sustained neural functions, 

like finger tapping 

 Stimulus presented as brief 

(~1s) events 

 ISIs of equal duration follow 

and precede each stimulus 

event 

 Allows for the study of 

transient neural functions, like 

solving math problems 

 Response accuracy can be 

contrasted  

 Produce much smaller BOLD 

responses 

 Stimulus presented as brief 

(~1s) events 

 ISIs of unequal duration 

follow and precede each 

stimulus event (jittered ISIs) 

 Compromise between Block 

and Event-Related Designs 

 Used when event-related 

designs are not practical, but 

responses to individual 

events are required results 

 

Hemodynamic Response Function (HRF) and is depicted in greater detail in Figure 1.7. 

1.5.5 fMRI Study Design 

There are three types of fMRI study designs, each affecting the measured MR signal in 

different but predictable manners. These designs are examined in greater detail in Table 1.3.  

 The previously demonstrated canonical hemodynamic response function, which lasts 20 

seconds, represents the MR signal change over time with respect to a single stimulation event. 

However, the study designs demonstrated below involve the application of numerous stimuli, often 

presented much less than 20 seconds apart. This leads to a temporal summation of adjacent BOLD 

responses, which can drastically change the shape of the measured MR signal over time. This 

concept is illustrated in detail in Figure 1.8. 
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Fortunately though, this complex data can be deconstructed into much simpler components if the 

stimulation protocol and the shape of the canonical HRF are known. To get an idea of the amplitude 

of the BOLD response, the stimulus pattern and the canonical HRF are convolved with one another 

to predict the BOLD response amplitude in time, which is then related back to the measured MRI 

signal. This method is called convolution and is a mathematical operation on two functions to 

produce a third set of values that is a modified combination of the original inputs. However, this 

Figure 1.8: Relating the Resultant MRI Signal to the Temporal Summation of Individual HRFs in Response to Single 

Stimulation Events. A) Pictorial representation of the temporal summation of successive HRFs after multiple stimulation 

events separated in time. Red lines denote a stimulation event, green curves represent the canonical HRF that would be 

expected to occur after each stimulus, and blue curves represent the summation of green canonical HRFs. Adapted from 

Lee, 2013.  B) Example of the resultant MR signal (white) intensity over time after the HRFs following individual 

stimulation events are summed. Coloured bars represent the onset and duration of different stimulus types.  
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operation cannot be performed for Fast Event-Related designs that involve the rapid succession of 

stimulus events. In these cases, deconvolution is needed. Deconvolution is the reverse mathematical 

operation of convolution, which takes the stimulation protocol and convolves it with the measured 

MRI signal to estimate the shape and amplitude of the hemodynamic response. Since the 

hemodynamic response shape and timing are merely estimated in deconvolution operations, careful 

consideration must be taken when analysing the resultant BOLD time course (Serences, 2004).  

Figure 1.9: Convolution and Deconvolution Methods. A) With block and slower event-related paradigms, the 

canonical HRF is convolved with the stimulation protocol to determine the best fit to the measured MR signal. 

Adapted from Pernet, 2005. B) With rapid event-related designs the reverse process, deconvolution is needed. 

Deconvolution takes the stimulation protocol and convolves it with the measured MRI signal to estimate the shape 

and amplitude of the hemodynamic response 

 

Canonical HRF Stimulation Protocol  Predicted MRI Signal 
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1.6 Objectives and Hypothesis 

Behavioural performance in a number of fluid abilities is known to decline with increasing 

age. These changes namely include regressions in attention and processing speed and, subsequently, 

the higher-order cognitive functions that rely on these processes. The neural correlates of these age-

related changes have been controversial and have yielded many conflicting theories, in part due to 

the methodological constraints involved in establishing cognitive normality in human studies of 

normal cognitive aging.  

However, the new concept that is gaining ground in aging research involves the notion that 

very subtle changes in synaptic and neurotransmitter function surreptitiously begin at a much 

younger age than previously hypothesized and, consequently, manifest as very understated and 

gradual changes in neural network function and cognition. Unfortunately, most studies of healthy 

cognitive aging merely involve comparisons between young and old and neglect to analyze the 

gradual changes in cognition and its neural correlates from mid-adulthood to late-adulthood, even 

though some cognitive and grey matter volume measures have demonstrated subtle declines 

beginning as early as the mid-twenties and thirties. Moreover, in mid-adulthood, changes in 

cognition become further exacerbated, coinciding with declines in white matter integrity at age 50 

and declining cardiovascular health, which is known to be a major risk factor for cognitive 

impairment. Furthermore, many studies that compare young versus old, define their elderly 

participants as people above the age of sixty and, as such, sometimes unsuitably group together 

elderly participants with as much as a twenty-year age gap (ex 60-80 year olds). Based on the 

theories that postulate that cognitive aging is a very gradual process, this characterization of 

“elderly” may mask some of the delicate differences between younger elderly individuals and the 

oldest old. These disparities in the current body of aging research underscore the importance of 

analyzing the gradual changes in the brain that occur from mid-adulthood and onwards. 

Attention has been a topic of great interest in aging research due to its proven regressions 

with age and its central role in almost all other cognitive functions. More specifically, numerous 
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studies have noted age-related changes in complex attention tasks like the Stroop task, which is a 

well-studied test of selective attention. Optimal performance on the Stroop Task in both the young 

and old involves effective engagement of the Dorsal and Ventral Frontoparietal Attention Networks 

and the dorsal Anterior Cingulate Cortex. Accordingly, these areas have shown declines with age. 

But just as with other studies of healthy aging, declines in these attentional areas have not been 

thoroughly investigated from mid-life and onwards.  

Consequently, the aim of this study is to analyze the incremental changes that occur in 

selective attention and Attentional Network areas from mid-adulthood to late-adulthood, during 

healthy cognitive aging. To address our goals, our study will include cognitively normal 

participants from the forties to eighties, and will involve behavioural performance measures and 

MRI analysis to determine the temporal pattern of age-associated changes that can begin in mid-life 

and incrementally intensify until late-adulthood. Changes in selective attention with age will be 

analyzed using functional MRI methods during an event-related, trial-by-trial adaptation of the 

classic colour-word Stroop task. Based on previous research, we hypothesize that there will be 

steady decrements in Stroop performance from the forties to the eighties, particularly in incongruent 

condition response times and Stroop interference. Neurally, we expect to see gradual declines in 

attentional network activity, with increasing age. We predict that these age-related declines will be 

directly related to cognitive performance on the Stroop Task. Accordingly, we hypothesize that age-

associated declines in the Temporoparietal Junction and the Dorsal Attention Network will lead to 

poor Stroop performance, while compensation-related recruitment of prefrontal Ventral Attention 

Network areas will be indicative of preserved cognitive performance in the elderly. The rationale 

behind these expectations is rooted in conceptual frameworks, like the PASA theory of functional 

compensation, that have highlighted the importance of the prefrontal cortex in cognitive aging, as 

well as the behavioural observation that aging-induced attentional deficits are a product of 

ineffectual distraction suppression.  
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Table 2.1: Participant Demographics 

 

Age Group Number of 

Participants 

Percentage of 

Females 

Mean Age  

± SD 

Mean Education 

(years) ± SD 

40s 12 58% 46.3 ± 2.5 17.4 ± 3.1 

50s 12 58% 53.8 ± 3.4 18.2 ± 5.2 

60s 12 58% 65.1 ± 3.0 16.6 ± 3.5 

70s 12 58% 73.3 ± 2.6 17.5 ± 3.3 

80s 12 58% 83.4 ± 3.2 15.6 ± 3.1 

 

Chapter 2 

Methods 

Ethics approval for this study was successfully obtained from the Queen’s University 

Research Ethics Board, in accordance with the “Tri-Council Policy Statement, 1998” prepared by 

the Medical Research Council, Natural Sciences and Engineering Research Council of Canada, and 

Social Sciences and Humanities Research Council of Canada.  

 

2.1 Participants 

A total of sixty cognitively normal English-speaking adults were recruited, each providing 

written, informed consent prior to study participation.  Participants were distributed in age between 

40 and 89. Grouped into decades, there were 12 participants in each of the five age groups. In 

addition, each age group was gender-balanced as best as possible, with 58% of participants being 

female. See Table 2.1 for further demographic information.  
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Exclusion criteria included claustrophobia, colour-blindness, MRI-incompatible foreign 

bodies or internally implanted metallic objects, a personal history of stroke, or a family history of 

early-onset dementia. Subjects that met one or more of these conditions were excluded. To also 

ensure that each participant would be able to see and complete our fMRI behavioural task, we only 

included participants with normal or corrected-to-normal vision (ie. no glaucoma, cataracts, etc).  

2.2 Neuropsychological Testing 

To ensure cognitive normality, we administered a battery of neuropsychological tests, 

assessing proficiency in a number of cognitive domains. Brief assessments of global functioning 

were done using the Mini-Mental Status Examination (MMSE) and the Montreal Cognitive 

Assessment (MoCa). For more in-depth analysis of global functioning, the Mattis Dementia Rating 

Scale (DRS-II) was also administered. Verbal memory was extensively assessed using the 

California Verbal Learning Test (CVLT-II), while working memory was tested spatially via the 

WAIS-III Forward and Backward Spatial Span (SS Fwd/Bwd) and verbally by the WAIS-III Letter-

Number Sequencing (LNS) test. Furthermore, executive function and attention were tested using the 

paper version of the Stroop Task, Trails B, and the Wisconsin Card Sorting Test (WCST). The 

Trails B, WAIS-III Spatial Span, and WAIS-III Letter Number Sequencing tests were not used to 

confirm or reject a verdict of cognitive normality. While standardized scores for the CVLT-II and 

WCST were used to assess cognitive normality, we only used the raw scores of these tests for later 

age-group comparisons. Table 2.2 demonstrates the entire battery of cognitive tests administered 

and their respective cut-off scores and cognitive domains tested. Copies of these tests can also be 

found in Appendices B-J. 
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Table 2.2: Neuropsychological Test Battery 

 

 
Cognitive Test 

Cognitive 

Domain(s) 

Tested 

Normal Cut-off Scores 
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Montreal Cognitive Assessment 

(MoCa) 

Global 

Cognitive 

Function 

25/30 

Mini Mental State Examination 

(MMSE) 

Global 

Cognitive 

Function 

27/30 

Dementia Rating Scale Version II 

(DRS-II) 

Global 

Cognitive 

Function 

133/144 

California Verbal Learning Test 

Version II (CVLT-II) 
Verbal Memory 

No more than 1.5 SD below the mean in at 

least two of the following parameters*: 

1) SDFR  

2) SDCR  

3) LDFR 

4) LDCR 

 

Stroop Task (Paper Version) 
Selective 

Attention 
70/112 

Wisconsin Card Sorting Test 

(WCST) 

Executive 

Function 

Greater than the 16
th

 percentile in at least 

two of the following parameters**: 

1) Categories Completed 

2) Trials to Complete 1
st
 Category 

3) Failure to Maintain Set 

4) Learning to Learn 
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Trails B 

Visuospatial 

Executive 

Function 

 

Processing 

Speed 

Timed (No Cut-off)*** 

Weschler Adult Intelligence Scale III 

– Spatial Span Forward and 

Backward (WAIS SS Fwd/Bwd) 

Working 

Memory 

Visuospatial 

Processing 

Out of 16 (No Cut-off)*** 

Weschler Adult Intelligence Scale III 

– Letter-Number Sequencing (WAIS 

LNS) 

Verbal Working 

Memory 
Out of 21 (No Cut-off)*** 

SDFR: Short Delayed Free Recall; SDCR: Short Delayed Cued Recall; LDFR: Long Delayed Free Recall; LDCR: Long 

Delayed Cued Recall 

* CVLT-II standardized scores are based on the CVLT-II database of scores controlling for age, sex, and years of education. 

Standard scores determined cognitive normality and raw scores were used for later behavioural analysis 

** WCST percentile scores are based on U.S Census Age-Matched scores within the WCST database controlling for age. 

Standard scores determined cognitive normality and raw scores were used for later behavioural analysis 

*** For the purposes of this study, cut-offs will not be used to confirm or reject verdict of cognitive normality 
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2.3 MR Image Acquisition 

2.3.1 MRI Protocol 

All participants were scanned at the Queen’s University Research MRI Facility using a 3-T 

Siemens Magnetom Trio MRI system (Siemens Medical Systems, Erlangen, Germany) with a 12-

channel head coil. We began each imaging session with a brief 19-second acquisition of a set of 

localizer images in all three planes to provide reference for slice positioning. A high-resolution 

anatomical scan was then acquired using a T1- weighted 3D MP-RAGE sequence. Specific imaging 

parameters used for this scan are detailed in Table 2.3. Afterwards, we acquired eight functional 

MRI scans, while each participant performed a trial-by-trial, fast event-related adaptation of the 

Stroop task (described thoroughly in Section 2.3.2). Detailed imaging parameters of these eight 

fMRI scans are demonstrated in Table 2.3. In addition, each participant underwent resting state, T2 

FLAIR, and DTI scans. Since these scans do not pertain to our current analysis methods, they will 

not be further detailed here.  

Table 2.3: MRI Scan Protocol 

 

Anatomical Scan: 

T1-weighted 3D MP-RAGE 

Functional Scan: 

T2*-weighted gradient EPI 

Acquisition Time 6 min 4 min 12 sec 

Number of Slices 176 32 

TR 1760 ms 2000 ms 

TE 2.2 ms 30 ms 

Flip Angle 9
o
 78

o
 

FOV 256 mm 211 mm 

Voxel Size 1mm
3
 3.3 mm

3
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2.3.2 fMRI Behavioural Task 

While acquiring functional scans, a fast event-related adaptation of the Stroop task was 

implemented for a total of eight, distinct runs.  Each run of the task involved individual presentation 

of stimuli through back projection onto a screen viewed on a mirror attached to the 12-channel head 

coil. Prior to each functional run, participants were verbally and visually given the instruction, “Say 

the colour of the ink,” and were told to vocally respond as quickly and accurately as possible, while 

keeping head movement to a minimum. These verbal responses were recorded via a microphone 

also attached to the head coil of the scanner. A computer was used to both display stimuli as well as 

record responses for subsequent behavioural analysis.  

Each run of the Stroop task involved the following colour-word stimuli: red, green, yellow, 

and blue. Each colour-word stimulus represented a congruent, incongruent, or neutral Stroop 

condition. Congruent stimuli were colour words written in the same ink colour (e.g. BLUE written 

in blue). Incongruent stimuli were colour words written in a different ink colour (e.g. BLUE written 

in red). Neutral stimuli were non-colour words written in any ink colour. The neutral, non-colour 

words used were home, chair, day, and finger, with the frequency of each neutral word presentation 

balanced amongst each run. See Figure 2.1 for a pictorial representation of the trial-by-trail Stroop 

paradigm used. 

Each stimulus was presented on a black screen for exactly 1 second (1000ms). Congruent, 

incongruent, and neutral conditions were evenly distributed, with 15 stimuli of each trial type, for a 

total of 45 stimuli during each run. The order and presentation time of each condition were 

randomized and unique to each individual run. In between stimulus conditions, a white fixation 

cross was displayed during inter-stimulus intervals (ISIs), which were also randomized and ranged 

in duration from 1 to 19 seconds. Participants were told to ignore these white crosses presented 

during inter-stimulus intervals and only respond during Stroop colour-word stimuli. The stimulus 

sequence for all runs and jittering of inter-stimulus intervals were generated with Optseq 
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(http://surfer.nmr.mgh.harvard.edu/optseq/). Altogether, each run totaled 4 minutes and 12 seconds, 

with a brief break in between each run.  

After the scan, vocal responses were analyzed using Audacity, a digital audio editor 

program (Audacity 2.0.2, http://audacity.sourceforge.net/). Each response was scored based on 

performance accuracy and reaction time. Due to the ceiling effect on performance expected in 

cognitively normal adults, only correct responses were included in this functional analysis. In 

addition, all unintelligible responses were also discarded.  

2.4 Image Processing 

All MRI data was analysed using BrainVoyager QX (Brain Innovation, Maastricht, the 

Netherlands). The first two volumes of each functional run were discarded in order to allow the MR 

signal to reach a steady state. Functional runs were then preprocessed using slice scan time 

correction, 3D motion correction, and high-pass temporal filtering. Motion correction was 

performed based on translation and rotation in three planes each, yielding a total of six rigid body 

motion parameters. Runs exhibiting motion greater than 3 mm in any of these planes were excluded 

Figure 2.1: Illustration of the fMRI Stroop Experimental Task (total time 4 min 12 sec). In each trial (1.0 

sec; 1000 ms), participants verbally identified the ink colour of a centrally presented word. A) Congruent 

stimulus; B) Incongruent stimulus; C) Neutral stimulus; D) White fixation cross presented during inter-stimulus 

intervals (varied length between 1-19 sec)  

 

Time (Total 4 min 12 sec) 

1.0 sec 

1.0 sec 

1.0 sec 

1 - 19 sec 

A 

B 

C 

D 

http://surfer.nmr.mgh.harvard.edu/optseq/
http://audacity.sourceforge.net/
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from analysis. The remaining viable runs were then coregistered with T1-weighted anatomical 

scans to yield volume time course files, which were then spatially transformed to Talaraich space 

(Talaraich and Tournoux 1988) and spatially smoothed in the space domain using a full-width at 

half maximum (FWHM) Gaussian kernel of 8mm. 

 

2.5 fMRI Analysis 

A deconvolution design, with additional correction for serially autocorrelated observations, 

was used to temporally divide the hemodynamic response of each functional run into 10 data points 

(D0-D9). Additional regressors based on the three Stroop conditions (congruent, incongruent, 

neutral) were also used. These predictors were then further subdivided based on standardized 

reaction times unique to each run for each individual participant, yielding the following list of 9 

regressors: 

1. CON – F 

2. CON – A 

3. CON – S 

4. INC – F 

5. INC – A 

6. INC – S 

7. NEU – F 

8. NEU – A 

9. NEU – S 
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Responses that were greater than 0.5 standard deviations (SD) below the mean for that particular 

Stroop condition (ex. CON), were designated as fast responses (ex. CON - F), and those that were 

over 0.5 standard deviations above the mean for that Stroop condition were designated as slow 

responses. The arbitrary cutoff of ± 0.5 standard deviations ensured that each condition had an 

approximately equally distribution of fast, average, and slow stimulus intervals. This is illustrated in 

Figure 2.2 below.  

Therefore, the resultant single study general linear model (GLM) consisted of a total of 90 

regressors (9 Stroop condition regressors x 10 deconvolution design regressors). An example of the 

design matrix used for a single subject’s functional run can be seen in Figure 2.3. 

 

Figure 2.2: Pictorial Representation of Expected Normal Distribution of Reaction Times. Standardized reaction 

time scores greater than 0.5 SD below the mean were designated as fast RTs, constituting approximately 31% of all 

responses. Slow RTs represented response times greater than 0.5 SD above the mean and about 31% of all responses. 

Average RTs were within ±0.5 SD of the mean, constituting approximately 38% of all responses. 
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 Fifty-five participants, representing 11 gender-matched individuals from each age group, 

were then combined into one multi-study multi-subject design matrix using a random effects 

analysis method, correcting for serial autocorrelations. Only 55 participants were used in this design 

matrix, due to constraints within the Brain Voyager program, which limit the number of participants 

that can be combined in one multi-study multi-subject general linear model using a random effects 

analysis method and a deconvolution design. We then performed an ANCOVA (Analysis of 

Covariance), using age as a covariate in order to visualize the areas of the brain that change with 

age.  

2.5.1 Region of Interest Selection and Analysis 

To analyze the changes in selective attention across age using the Stroop task, the areas of 

greatest concern were regions of the Dorsal and Ventral Attention Networks and the dorsal Anterior 

Cingulate Cortex. Since selective attention is strongly associated with the incongruent condition of 

the Stroop task, focus was solely placed on the incongruent condition when selecting and, 

 

Figure 2.3: Example of Our Single Design Matrix used for one of the functional runs of a single subject. 
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Figure 2.4: ROI Selection of the Right Middle Frontal Gyrus. Using the Right Middle Frontal Gyrus (TAL 

41,10,40) as an example, this figure illustrates the method employed to select each ROI from the Brain Voyager 

ANCOVA model, which isolates the regions that demonstrate activity fluctuations with age. Blue areas represent 

BOLD percent signal change decreases with increasing age. p < 0.05.  

ultimately, analyzing activation patterns of these regions of interest (ROIs). Additionally, 

prestimulus activity (2 seconds prior to stimulus onset) was examined to avoid potentially 

confounding activity from areas like the Primary Motor Cortex, for example, that are associated 

with the initiation and execution of verbal responses, rather than the maintenance of selective 

attention. Based on the deconvolution design used in this study, prestimulus activity corresponds to 

time point D1, while stimulus presentation and response are analogous to D2 and D3-D4, 

respectively. As a control, we analysed the temporal hemodynamic response function of the 

Primary Visual Cortex, which would be expected to demonstrate peak activity at D2, and the 

junction between the Posterior Cingulate Cortex (PCC) and Precuneus, which are components of 

the Default Mode Network and therefore would be expected to demonstrate peak activity at D1 and 

lowest activity at D3-D4 and onwards. The Talairach coordinates of these control areas can be 

found in Table 2.4. 

To find the exact coordinates of these ROIs that would be most suitable for analysis, we 

used the Brain Voyager ANCOVA model to find the areas that significantly vary with increasing 
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Table 2.4: Talairach Coordinates of the Central Voxel of each Region of Interest 

Region of Interest 
Brodmann 

Area 

Talairach Coordinates 

(x,y,z) 

Dorsal Anterior Cingulate Cortex (dACC) 32 
R 5, 22, 26 

L -4, 20, 26 

Ventral Attention Network (VAN) 

Middle Frontal Gyrus (MFG) 9,46 
R 41, 10, 40 

L -41, 4, 44 

Inferior Frontal Gyrus (IFG) 6,9,44 
R 54, 8, 17 

L -42, 7, 24 

Temporoparietal Junction/Supramarginal Gyrus 

(TPJ/SMG) 
40 

R 54, -46, 21 

L -53, -48, 21 

Dorsal Attention Network (DAN) 

Superior Parietal Lobule (SPL) 7 
R 22, -64, 42 

L -34, -59, 41 

Inferior Parietal Lobule (IPL) 40 
R 37, -57, 39 

L -46, 54, 35 

Frontal Eye Fields (FEF) 6 
R 31, -3, 49 

L -40, 0, 44 

HRF Time Course Control Areas 

Primary Visual Cortex (V1) 17 R 17, -78, 11 

Posterior Cingulate Cortex-Precuneus (PCC-Precuneus) 31 L -6, -47, 32 

 

age. This was done looking exclusively at the age-related changes in activity during INC D1. The 

statistical threshold for this was set at p < 0.05.  

Beta weights, which represent time point-specific magnitudes of the apparent BOLD 

response, of the Attentional Network ROIs visualized using the contrasts above were then extracted 

within a 10x10x10 voxel cube centred around a local statistical maximum. The coordinates of these 

ROIs were validated using the Talairach Client program (Lancaster, 2000; 

http://www.talairach.org/client.html). An illustrative example of this process can be found in Figure 

2.4. The final ROIs chosen for analysis are detailed in Table 2.4 and illustrated in Figure 2.5. 

Once all of the regions of interest were determined, beta weights were extracted using two 

separate multi-study multi-subject general linear models containing 30 gender-matched subjects, 

with equal numbers of participants in each of the 5 decade groups from the 40s-80s.  

http://www.talairach.org/client.html
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Figure 2.5: Attentional Network Regions of Interest. An illustrative representation of the final ROIs chosen for analysis. Left Panel: Lateral (External) view of 

the left hemisphere; Right Panel: Medial (Internal) view of the left hemisphere; Purple: Ventral Attention Network; Green: Dorsal Attention Network; Orange: 

dorsal Anterior Cingulate Cortex  



 

 

51 

2.6 Statistical Analysis 

All statistical analysis was conducted using the IBM SPSS Statistics Program version 22 

(IBM Corporation, 2013). 

2.6.1 Cognitive Screening Statistical Analysis 

 One-way ANOVA Post-hoc Tukey’s Tests were used to measure group differences 

amongst all five decade groups for each cognitive screening test. Cognitive tests, like the CVLT-II, 

that required the use of standardized scores to obtain a verdict of cognitive normality were analyzed 

for group differences using raw scores. A summary of these screening measures can be found in 

Table 2.2. 

2.6.2 fMRI Stroop Behavioural Statistical Analysis 

Pearson correlations were used to separately compare Stroop interference, and mean 

congruent, neutral, and incongruent reaction times (RTs) with age. Stroop interference was 

calculated as the difference between mean incongruent and mean congruent reaction times. Of these 

three behavioural measures, Stroop interference is the strongest behavioural indicator of selective 

attention alone, since it eliminates the portion of the total reaction time attributable to visual 

processing speed and motor response. Consequently, special emphasis was placed on the 

relationship between Stroop interference and age. 

2.6.3 fMRI Stroop Performance Group Assignments 

 Based on the notion that healthy cognitive aging is a heterogeneous process that can lead to 

markedly different brain physiology in two demongraphically-matched individuals of similar age 

and cognitive ability, we decided to further divide participants into 3 groups based on their 

performance on the Stroop Task. For each participant, his/her mean incongruent and congruent 

reaction times from all viable task runs were subtracted from one another to obtain each 

participant’s overall Stroop interference. We then standardized each participant’s Stroop 

interference score, based on the mean for their respective decade group. In similar fashion to the 

method employed to determine the regressors for our stimulation protocol, outlined in Section 2.5, 
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we then placed participants into one of the following groups based on the arbitrary cut-off of 0.5 

standard deviations (SD) above or below the mean: 

 Small Stroop Interference  

 Average Stroop Interference 

 Large Stroop Interference 

All subsequent statistical analysis involving these groups focussed mainly on the Large and Small 

Stroop Interference Groups due to the potentially confounding results from the Average Stroop 

Interference Group, which likely contains a mixture of the two behavioural extremes. In order to 

make sure that all subsequent findings concerning the performance groups delineated above were 

not confounded by behavioural or demographic disparities between them, we performed One-way 

ANOVA post-hoc Scheffe’s Tests to obtain group comparisons and ensure groups did not 

significantly differ in years of education and in all cognitive test measures (Table 2.2). The post-hoc 

Scheffe’s Test was used due to the anticipated unequal sample sizes for these behavioural groups 

(31% Small and Large Stroop Interference, 38% Average Stroop Interference). Additionally we 

ensured that each group had an approximately equal distribution of males and females. 

2.6.4 fMRI Statistical Analysis 

 Pre-stimulus incongruent (INC D1) beta weights extracted from each of the ROIs outlined 

in Table 2.4 were compared to age using Pearson correlations and Simple Linear regressions, in 

order to get a general impression of the attentional network changes occurring from mid- to late-

adulthood. For more in-depth analysis of when these changes occur, we also performed One-way 

ANOVA Post-hoc Tukey’s Tests comparing the activity of each ROI between all age groups.  

To determine the difference in age-related changes in brain activity between those with 

large and small Stroop effects, we conducted separate Pearson correlations and Simple Linear 

Regressions between Age and INC D1 activity for each of these groups. 
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2.6.5 Behavioural and fMRI Statistical Analysis 

To establish a connection between behavioural and fMRI findings, Pearson correlations and 

Simple Linear Regressions were used to relate Attentional Network INC D1 beta weights with 

Stroop interference. This analysis was then separately repeated for the Large and Small Stroop 

Interference Groups to investigate the connection between neural activity and subsequent behaviour 

after separating participants based on performance. In addition, partial correlations between INC D1 

and Stroop interference, controlling for age, were also done in order to investigate the effect of 

increasing age on the relationship between brain and behaviour. 
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Chapter 3 

Results 

3.1 Participants 

Unfortunately, acquisition-related errors in the functional MRI scans of one male 

participant in the 40s group and one male participant in the 80s group, compelled us to remove their 

functional data from all subsequent MRI analysis. Consequently, we were left with a total of 58 

participants. Also, it is important to note that many of the older participants in the 70s and 80s age 

groups exhibited much more head motion than the younger participants, resulting in fewer viable 

task runs available for analysis in these elderly participants. A summary of the finalized patient 

demographics can be found in Table 3.1. 

  

Table 3.1: Finalized Participant Demographics 

Group 
Number of 

Participants 

Percentage of 

Females 

Mean Age 

± SD 

Age 

Distribution 

Mean Education 

(years) ± SD 

40s 11 63.6% 46.7 ± 1.9 N/A 17.1 ± 3.1 

50s 12 58.3% 53.8 ± 3.4 N/A 18.2 ± 5.2 

60s 12 58.3% 65.1 ± 3.0 N/A 16.2 ± 3.7 

70s 12 58.3% 73.3 ± 2.6 N/A 17.5 ± 3.3 

80s 11 63.6% 83.4 ± 3.4 N/A 16.3 ± 2.1 

Small Stroop 

Interference 
18 61.1% 67.2 ± 14.4 

40s: 3 

50s: 3 

60s: 4 

70s: 3 

80s: 5 

17.1 ± 3.1 

Average Stroop 

Interference 
23 60.9% 61.7 ± 11.7 

40s: 5 

50s: 5 

60s: 5 

70s: 5 

80s: 2 

17.9 ± 4.5 

Large Stroop 

Interference 
17 58.8% 65.2 ± 14.3 

40s: 3 

50s: 4 

60s: 3 

70s: 3 

80s: 4 

15.9 ± 2.6 
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Dividing all participants into three groups based on individual Stroop interference scores 

yielded 18 participants in the Small Stroop Interference Group, 23 participants in the Average 

Stroop Interference group, and 17 participants in the Large Stroop Interference Group. A more 

detailed summary of each group’s demographics can be found in Table 3.1. 

3.2 Neuropsychological Testing 

All participants underwent a battery of neuropsychological tests to both provide evidence of 

each participant’s verdict of cognitive normality and to obtain behavioural measures for subsequent 

group comparisons between all five age groups. Using ANOVAs (Analysis of Variance) to compare 

all five decade groups from the 40s to the 80s, all cognitive tests found no significant group 

differences, with the exception of the Stroop Task (Paper Version), Trails B, and the Letter-Number 

Sequencing Test of the Weschler Adult Intelligence Scale III (WAIS III LNS). While standardized 

scores for the CVLT-II and WCST were used to assess cognitive normality, we only used the raw 

scores of these tests for ANOVA age-group comparisons. A summary of these group differences 

can be found in Table 3.2. 

 Additionally, group comparisons between the three Stroop Interference Groups were 

performed to ensure that all subsequent findings were not driven by behavioural or demographic 

disparities between them. These ANOVAs, acquired using Scheffe’s post-hoc test for unequal 

sample sizes, revealed no significant group differences between the three behavioural groups in all 

cognitive test measures and in years of education.   
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Table 3.2: Neuropsychological Test Battery Group Differences 

 Cognitive Test 
Cognitive 

Domain(s) Tested 
Score/Subscore 

Group 

Differences 
Significance 

U
se

d
 f

o
r 

C
o

n
fi

rm
a

ti
o
n

 o
f 

C
o
g

n
it

iv
e 

N
o

rm
a

li
ty

 

Montreal Cognitive 

Assessment (MoCa) 

Global Cognitive 

Function 
Total Score ns ns 

Mini Mental State Examination 

(MMSE) 

Global Cognitive 

Function 
Total Score ns ns 

Dementia Rating Scale Version 

II (DRS-II) 

Global Cognitive 

Function 

Total Score  ns ns 

Attention ns ns 

Initiation/Preservation ns ns 

Construction ns ns 

Conceptualization ns ns 

Memory ns ns 

California Verbal Learning 

Test Version II (CVLT-II) 
Verbal Memory 

SDFR – Raw Score ns ns 

SDCR – Raw Score ns ns 

LDFR – Raw Score ns ns 

LDCR - Raw Score ns ns 

Stroop Task (Paper Version) Selective Attention 

Total Score 

40s vs 70s 

40s vs 80s 

50s vs 80s 

60s vs 80s 

70s vs 80s 

0.032* 

< 0.001** 

< 0.001** 

0.024* 

0.041* 

Reading Time ns ns 

Colour Naming Time 
40s vs 80s 

50s vs 80s 

< 0.001** 

0.016* 

Stroop Interference 

40s vs 80s 

50s vs 80s 

60s vs 80s 

< 0.001** 

0.007** 

0.016* 

Wisconsin Card Sorting Test 

(WCST) 
Executive Function 

Categories Completed ns ns 

Trials to Complete 1st 

Category 
ns ns 

Failure to Maintain Set ns ns 

Learning to Learn ns ns 

N
o

t 
U

se
d

 f
o

r 
C

o
n

fi
rm

a
ti

o
n

 

o
f 

C
o
g

n
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o
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 Trails B 

Visuospatial 

Executive Function 

Processing Speed 

Time to Complete 
40s vs 80s 

50s vs 80s 

0.003** 

0.042* 

Weschler Adult Intelligence 

Scale III – Spatial Span 

Forward and Backward (WAIS 

SS Fwd/Bwd) 

Working Memory 

Visuospatial 

Processing 

WAIS SSFwd  

Total Score  
ns ns 

WAIS SSBwd 

Total Score 
ns ns 

Weschler Adult Intelligence 

Scale III – Letter-Number 

Sequencing (WAIS LNS) 

Verbal Working 

Memory 
Total Score 40s vs 80s 0.024* 

SDFR: Short Delayed Free Recall; SDCR: Short Delayed Cued Recall; LDFR: Long Delayed Free Recall; LDCR: Long Delayed Cued 

Recall; ns: No significant group differences; * The mean difference is significant at the 0.05 level; ** The mean difference is significant at the 

0.01 level 
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3.3 fMRI Stroop Behavioural Analysis 

Each participant performed the trial-by-trail version of the Stroop task concurrently with 

functional MR imaging. From this task, we obtained the following behavioural measures for each 

individual participant: 

 Mean Error Rate 

 Mean Congruent Reaction Time 

 Mean Neutral Reaction Time  

 Mean Incongruent Reaction Time 

 Stroop Interference (Mean Incongruent Reaction Time minus Mean Congruent Reaction 

Time) 

Group comparisons were done between all decade groups to determine the Stroop performance 

differences associated with aging. Significant group differences were only found between age 

groups in the measure Stroop interference. In addition to ANOVAs, Pearson correlations between 

age and each Stroop behavioural measure were performed. Statistically significant correlations with 

age were only found in measures of incongruent reaction time and Stroop interference. A summary 

of these Pearson correlations and ANOVAs can be found in Figure 3.1 and Table 3.3.  
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Table 3.3: fMRI Stroop Task Behavioural Measures: Group Differences and Correlations with Age 

fMRI Stroop Measure ANOVA Group Differences  
Significance  

(p) 

Pearson Correlation 

Coefficient (r) 

Significance 

(p) 

Error Rate ns ns 0.249 0.072 

Congruent Reaction Time ns ns 0.014 0.910 

Neutral Reaction Time ns ns 0.081 0.546 

Incongruent Reaction Time ns ns 0.323 0.014* 

Stroop Interference 

40s vs 80s 

50s vs 80s 

60s vs 80s 

0.001** 

0.014* 

0.026* 

0.486 <0.001** 

ns: No significant group differences; * The mean difference is significant at the 0.05 level 

** The mean difference is significant at the 0.01 level 

 

Figure 3.1: Stroop Task Age Group differences in Performance between each decade group and the mean congruent reaction time (left panel), 

mean incongruent reaction time (middle panel), and Stroop interference (right panel) collected from fMRI Stroop data. CON RT: Congruent 

Reaction Time; INC RT: Incongruent Reaction Time; Blue: 40s Group; Purple: 50s Group; Red: 60s Group; Orange: 70s Group; Green: 80s 

Group. 
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 3.4 fMRI Analysis  

3.4.1 Validation of the Hemodynamic Response Time Course Estimated by Deconvolution Analysis 

The deconvolution analysis method is the most accurate method of interpreting the 

measured MRI signal for rapid event-related fMRI study designs. However, this method does 

impose some ambiguity in the temporal accuracy of the resultant BOLD time course since it is 

merely estimated and not perfectly matched to the canonical hemodynamic response function. To 

control for this ambiguity, additional regions of interest (ROIs), separate from our study’s 

Attentional Network analysis and with predictable BOLD time courses, were analyzed. These ROIs 

were the right Primary Visual Cortex and the left PCC-Precuneus. Figure 3.2 demonstrates the 

average BOLD time course for all participants in the incongruent condition for each of these 

regions of interest. As expected, the right Primary Visual Cortex demonstrated peak activity at D2, 

while the junction between the left Posterior Cingulate Cortex (PCC) and Precuneus, which are 

components of the Default Mode Network, demonstrated peak activity at D1 and lowest activity at 

D3-D4 and onwards. Since the time course of these temporally predictable ROIs coincided with the 

time course of the canonical hemodynamic response function, we can approximately assume that 

beta weights extracted from the D1 time point do indeed correspond to the two seconds prior to 

stimulus onset.  

  

Figure 3.2: The Incongruent Condition Hemodynamic Response Function for Control Areas. Average BOLD 

time course in the incongruent condition for all participants. A: Right Primary Visual Cortex (Talairach 

coordinates: 17, -78, 11). B: Left PCC-Precuneus (Talairach coordinates: -6, -47, 32). Scan Repetition Time (TR) = 

2 seconds. 
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3.4.2 Incongruent Prestimulus Activity Changes with Age  

3.4.2.1 All Participants 

Pearson Correlations and Simple Linear Regressions were performed to measure the 

relationship between increasing age and prestimulus activity in the incongruent condition. The 

following areas exhibited significant age-related decreases in INC D1 activation: 

 Bilateral Middle Frontal Gyrus (Right: r = -0.435, B = -0.0122, p = 0.001**; Left: r = -

0.370, B = -0.0122, p = 0.004**) 

 Left Inferior Frontal Gyrus (r = -0.372, B = -0.0141, p = 0.004**) 

 Left Inferior Parietal Lobule (r = -0.260, B = -0.0081, p = 0.049*) 

 Left Frontal Eye Fields (r = -0.326, B = -0.0115, p = 0.012*) 

All other Attentional Network areas did not demonstrate significant age associations, however, a 

trending correlation was found in the right Inferior Frontal Gyrus (r = -0.255, B = -0.0107, p = 

0.053). An illustrative summary of these age-related decreases in activity with age can be found in 

Figure 3.5a and a detailed report of these values can be found in Table 3.4.  

Additionally, ANOVAs between all five age groups were performed to determine the 

approximate temporal patterns of age-related changes in the prestimulus activity of the brain during 

the incongruent Stroop condition. A detailed summary of each region of interest’s ANOVA results 

can be found in Table 3.4. In Figure 3.3, a pictorial representation of the ANOVAs performed for 

the Right Middle Frontal Gyrus, Right Temporoparietal Junction/Supramarginal Gyrus, and Left 

Superior Parietal Lobule can be found, demonstrating different examples of the temporal pattern of 

age-related change in two aspects of the Ventral Attention Network and one region of the Dorsal 

Attention Network, respectively. 
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Figure 3.3: Age Group vs INC D1 ANOVAs for Three Representative Regions. Group differences between each 

decade group and the prestimulus activity in the incongruent condition (INC D1) in the right Middle Frontal Gyrus 

(MFG)(A; left panel), the right Temporoparietal Junction/Supramarginal Gyrus (TPJ/SMG)(B; middle panel), and the 

left Superior Parietal Lobule (SPL)(C; right panel). 

3.4.2.2 Small Stroop Interference Group 

Pearson correlations and Simple Linear Regressions were performed for members of the Small 

Stroop Interference Group, measuring the activity changes that occur with increasing age in those 

who perform well on the Stroop task in comparison to their age-matched counterparts. These 

correlations revealed age-related declines only in the bilateral Middle Frontal Gyrus (Right: r = -

0.576, B = -0.0147, p = 0.012*; Left: r = -0.509, B = -0.0151, p = 0.031*). Additionally, the 

regression analysis, which provides insight into the rate at which these areas decline, demonstrated 

approximately a projected 0.15 unit decrease in beta weight for every decade of life. All other 

Attentional Network areas exhibited no significant changes with age. A pictorial representation of 

these findings can be found in Figure 3.5b and a detailed report of these values can be found in 

Table 3.4. In Figure 3.4a-c, examples of the Small Stroop Interference Group correlations and 

Simple Linear Regressions performed for the Right Middle Frontal Gyrus, Right Temporoparietal 

Junction/Supramarginal Gyrus, and Left Superior Parietal Lobule are depicted, demonstrating 
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different examples of representative regions of the Ventral Attention Network and Dorsal Attention 

Network, respectively. 

3.4.2.3 Large Stroop Interference Group 

Similarly, Pearson correlations and Simple Linear Regressions were performed for the 

Large Stroop Interference Group, measuring the correlation between increasing age and prestimulus 

activity in the incongruent condition. In contrast to the Small Stroop Interference Group, members 

of the Large Stroop Interference Group exhibited age-associated prestimulus activity declines in all 

Attentional Network areas, except for the dorsal Anterior Cingulate Cortex. Regression analysis 

revealed that the rate of decline was most severe in the Right IPL (B = -0.0197), the Right 

TPJ/SMG (B = -0.0182), and the Right MFG (B = -0.0181). Therefore, for every decade of life, 

these areas are projected to exhibit approximately a 0.2 unit decrease in beta weight. A pictorial 

representation of these findings can be found in Figure 3.5c and a detailed report of these values can 

be found in Table 3.4. In Figure 3.4d-f, a pictorial representation of the Large Stroop Interference 

Group correlations performed for the Right Middle Frontal Gyrus, Right Temporoparietal 

Junction/Supramarginal Gyrus, and Left Superior Parietal Lobule can be found, demonstrating the 

age-related changes in these Ventral and Dorsal Attention Network representative regions. 
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Figure 3.4: Age vs INC D1 Pearson correlations and Linear Regression Plots for Three Representative Regions. Right Middle Frontal Gyrus (MFG) INC 

D1 changes with age in the Small Stroop Interference (A; r=-0.576, B=-0.0147, p=0.012) and the Large Stroop Interference Group (D; r=-0.698, B=-0.0181, 

p=0.002). Right Temporoparietal Junction/Supramarginal Gyrus (TPJ/SMG) INC D1 changes with age in the Small Stroop Interference (B; r = -0.101, 

B=+0.0024, p=0.689) and the Large Stroop Interference Group (E; r=-0.595, B=-0.0182, p=0.012). Left Superior Parietal Lobule (SPL) INC D1 changes with age 

in the Small Stroop Interference (C; r=-0.116, B=-0.0031, p=0.647) and the Large Stroop Interference Group (F; r=-0.543, B=-0.0151, p=0.024). 
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Figure 3.5: Illustrative Summary of Age vs INC D1 Pearson Correlations. The Top Panel (A) 

demonstrates the areas exhibiting significant declines in activation with increasing age in all participants. The 

Middle Panel (B) and the Bottom Panel (C) represent areas exhibiting significant declines in prestimulus 

activity in the incongruent condition with age in the Small Stroop Interference Group and the Large Stroop 

Interference Group, respectively. Purple: Ventral Attention Network ROIs; Green: Dorsal Attention 

Network ROIs. 
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B
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Table 3.4: Age vs INC D1 ANOVAs, Pearson Correlations, and Simple Linear Regressions for All Participants, the Small Stroop Interference Group, 

and the Large Stroop Interference Group. 

Region of Interest 

All Participants Small Stroop Interference Group Large Stroop Interference Group 

ANOVA 

Group 

Differences 

Sig 

(p) 

Pearson 

Correlation 

Coefficient 

(r) 

Slope 

Coefficient 

(B) 

Sig 

(p) 

Pearson 

Correlation 

Coefficient 

(r) 

Slope 

Coefficient 

(B) 

Sig 

(p) 

Pearson 

Correlation 

Coefficient 

(r) 

Slope 

Coefficient 

(B) 

Sig 

(p) 

Dorsal Anterior 

Cingulate Cortex 

R ns ns -0.238 -0.0095 0.072 -0.390 -0.0134 0.110 -0.225 -0.0082 0.385 

L ns ns -0.238 -0.0087 0.073 -0.400 -0.0130 0.100 -0.201 -0.0067 0.440 

Ventral Attention Network 

Middle Frontal 

Gyrus 

R 
40s vs 80s 

50s vs 80s 

0.004** 

0.042* 
-0.435 -0.0122 0.001** -0.576 -0.0147 0.012* -0.698 -0.0181 0.002** 

L 40s vs 80s 0.005* -0.370 -0.0131 0.004** -0.509 -0.0151 0.031* -0.550 -0.0177 0.022* 

Inferior Frontal 

Gyrus 

R 60s vs 80s 0.043* -0.255 -0.0107 0.053 -0.421 -0.0185 0.082 -0.614 -0.0173 0.009** 

L 

40s vs 80s 

50s vs 80s 

60s vs 80s 

0.006** 

0.042* 

0.007** 

-0.372 -0.0141 0.004** -0.457 -0.0173 0.057 -0.533 -0.0150 0.028* 

Temporoparietal 

Junction/Supra-

marginal Gyrus 

R 40s vs 80s 0.029* -0.194 -0.0060 0.144 -0.101 +0.0024 0.689 -0.595 -0.0182 0.012* 

L 
40s vs 80s 

70s vs 80s 

0.038* 

0.001** 
-0.111 -0.0032 0.409 -0.089 -0.0022 0.725 -0.560 -0.0155 0.019* 

Dorsal Attention Network 

Superior Parietal 

Lobule 

R ns ns -0.210 -0.0062 0.114 -0.130 -0.0031 0.607 -0.490 -0.0151 0.046* 

L ns ns -0.181 -0.0050 0.174 -0.116 -0.0031 0.647 -0.543 -0.0151 0.024* 

Inferior Parietal 

Lobule 

R ns ns -0.221 -0.0067 0.096 +0.006 +0.0001 0.982 -0.643 -0.0197 0.005** 

L ns ns -0.260 -0.0081 0.049* -0.110 -0.0028 0.663 -0.544 -0.0160 0.024* 

Frontal Eye Fields 

R ns ns -0.248 -0.0077 0.061 -0.228 -0.0056 0.362 -0.584 -0.0153 0.014* 

L 
40s vs 80s 

60s vs 80s 

0.018* 

0.048* 
-0.326 -0.0115 0.012* -0.434 -0.0124 0.072 -0.544 -0.0177 0.024* 

ns: Not significant 

* The mean difference is significant at the 0.05 level 

** The mean difference is significant at the 0.01 level 
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3.4.3 Incongruent Prestimulus Activity Correlations with Stroop Interference  

3.4.3.1 All Participants 

In an attempt to determine the connection between neural activity and behavioural performance 

across age, we performed Pearson correlations and Simple Linear Regressions between prestimulus 

incongruent activity and individual Stroop interference scores. This analysis demonstrated that the 

areas most significantly related to performance were the: 

 Right Middle Frontal Gyrus (r = -0.324, B = -73.077, p = 0.013*) 

 Left Inferior Frontal Gyrus (r = -0.264, B = -43.914, p = 0.046*) 

 Bilateral Temporoparietal Junction/Supramarginal Gyrus (Right: r = -0.262, B = --53.651, p 

= 0.047*; Left: r = -0.289, B = -62.311, p = 0.028*) 

All other attentional network areas did not exhibit significant relationships between Stroop 

behavioural performance and INC D1 activation. However, a trending correlation was found in the 

right Inferior Frontal Gyrus (r = -0.257, B = -38.689, p = 0.051). A pictorial representation of these 

findings can be found in Figure 3.7a and a detailed report of these values can be found in Table 3.5. 

3.4.3.2 Small Stroop Interference Group 

INC D1 vs Stroop Interference correlations and regressions were also performed separately 

for the Small Stroop Interference Group. These results demonstrated that, amongst these 

participants that performed well on the Stroop Task compared to their age-matched peers, 

performance was more highly influenced by prefrontal areas. More specifically, significant 

correlations were found in the bilateral Inferior (Right: r = -0.524, B = -41.467, p = 0.025*; Left: r = 

-0.543, B = -49.816, p = 0.020*) and Middle Frontal Gyri (Right: r = -0.552, B = -75.437, p = 

0.017*; Left: r = -0.498, B = -58.505, p = 0.036*). The slope coefficient, B, which represents the 

degree at which Stroop Interference (ms) is expected to change for each unit of beta weight change, 

illustrated that the prestimulus activity of the Right Middle Frontal Gyrus seemingly had the largest 

effect on performance. No other areas of the Attentional Network were correlated with performance 
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in this group. A pictorial representation of these findings can be found in Figure 3.7b and a detailed 

report of these values can be found in Table 3.5. 

3.4.3.3 Large Stroop Interference Group 

Pearson correlations and Simple Linear Regressions between Stroop interference and INC D1 

activity in the Large Stroop Interference Group demonstrated significant relationships between 

performance and prestimulus activity in the following regions of interest: 

 Right Middle Frontal Gyrus (r = -0.651, B = -133.418, p = 0.005**) 

 Bilateral Temporoparietal Junction (Right: r = -0.514, B = -89.191, p = 0.035*, Left: r = 

-0.661, B = -126.862, p = 0.004**) 

 Bilateral Superior Parietal Lobules (Right: r = -0.567, B = -97.867, p = 0.018*, Left: r = 

-0.608, B = -116.281, p = 0.010**) 

 Bilateral Inferior Parietal Lobules (Right: r = -0.552, B = -95.948, p = 0.022*, Left: r = 

-0.580, B = -118.001, p = 0.015**) 

 Right Frontal Eye Fields (r = -0.580, B = -118.001, p = 0.015*) 

No other areas of the attentional network were correlated with performance in this group. The slope 

coefficient, B, which represents the degree at which Stroop Interference (ms) is expected to change 

for each unit of beta weight change, illustrated that the prestimulus activity of the Right Middle 

Frontal Gyrus seemingly had the largest effect on performance. A pictorial representation of these 

findings can be found in Figure 3.7c and a detailed report of these values can be found in Table 3.5. 

3.4.4 Incongruent Prestimulus Activity Partial Correlations with Stroop Interference Controlling 

for Age 

In order to determine whether the relationship between Stroop performance and prestimulus 

Attentional Network activity is partly associated with age-related trends, we performed Partial 

correlations between INC D1 and Stroop Interference activity, while controlling for age. These 

correlations were only performed for those Regions of Interest that exhibited statistically significant 
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Pearson correlations and Simple Linear Regressions, discussed earlier in Section 3.4.3. 

Interestingly, the results of these Partial correlations revealed that the relationship between INC D1 

activity and Stroop interference becomes weaker and loses statistical significance after controlling 

for age in virtually all of the previously significant areas, with the exception of the Left TPJ/SMG (r 

= -0.271, p = 0.041*) measured for all participants. A detailed report of these Partial correlations 

can be found in 3.5.
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Figure 3.6: INC D1 vs Stroop Interference Pearson Correlations and Linear Regressions for Three Representative Regions. Changes in Stroop 

interference in the Small Stroop Interference Group associated with changes in Right Middle Frontal Gyrus (MFG) INC D1 activity (A; r=-0.552, B=-75.437, 

p=0.017*) and, similarly, in the Large Stroop Interference Group (D; r=-0.651, B=-133.420, p=0.005**). Right Temporoparietal Junction/Supramarginal 

Gyrus (TPJ/SMG) INC D1 activity effects on Stroop interference in the Small Stroop Interference (B; r = +0.030, B=+4.407, p=0.905) and the Large Stroop 

Interference Group (E; r=-0.514, B=-89.191, p=0.035*). Left Superior Parietal Lobule (SPL) INC D1 effects on Stroop interference in the Small Stroop 

Interference (C; r=-0.055, B=-7.2475, p=0.083) and the Large Stroop Interference Group (F; r=-0.608, B=-116.28, p=0.010*). 
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Figure 3.7: Illustrative Summary of INC D1 vs Stroop Interference Pearson Correlations. The Top Panel (A) demonstrates 

the areas exhibiting significant declines in activation with increasing Stroop interference in all participants. The Middle Panel  (B) 

and the Bottom Panel (C) represent areas exhibiting significant negative correlations between prestimulus activity in the 

incongruent condition and Stroop interference in the Small Stroop Interference Group and the Large Stroop Interference Group, 

respectively. Purple: Ventral Attention Network ROIs; Green: Dorsal Attention Network ROIs. 
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B
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Table 3.5: INC D1 vs Stroop Interference Pearson Correlations, Simple Linear Regressions, and Partial Correlations (Control: Age) for All Participants, the Small 

Stroop Interference Group, and the Large Stroop Interference Group. 

Region of 

Interest 

All Participants Small Stroop Interference Group Large Stroop Interference Group 

Pearson 

Correlation 

Coefficient 
(r) 

Slope  

Co- 

efficient 
(B) 

Sig 

(p) 

Partial 

Correlation 

Coefficient 

(r) 
Control: 

Age 

Sig 

(p) 

Pearson 

Correlation 

Coefficient 
(r) 

Slope  

Co- 

efficient 
(B) 

Sig 

(p) 

Partial 

Correlation 
Coefficient 

(r) 

Control: Age 

Sig 

(p) 

Pearson 

Correlation 

Coefficient 
(r) 

Slope  

Co- 

efficient 
(B) 

Sig 

(p) 

Partial 

Correlation 

Coefficient 

(r) 
Control: 

Age 

Sig 

(p) 

Dorsal 
Anterior 

Cingulate 

Cortex 

R -0.189 -29.864 0.155 

 

-0.437 -44.257 0.070 

 

-0.167 -24.575 0.521 

 
L -0.206 -35.344 0.121 -0.461 -49.278 0.054 -0.145 -22.994 0.580 

Ventral Attention Network 

Middle 
Frontal 

Gyrus 

R -0.324 -73.077 0.013* -0.143 0.288 -0.552 -75.437 0.017* -0.160 0.539 -0.651 -133.418 0.005** -0.171 0.528 

L -0.164 -29.245 0.217 
 

-0.498 -58.505 0.036* -0.154 0.555 -0.389 -64.269 0.123 

 Inferior 
Frontal 

Gyrus 

R -0.257 -38.689 0.051 -0.524 -41.467 0.025* -0.347 0.173 -0.427 -80.827 0.087 

L -0.264 -43.914 0.046* -0.102 0.451 -0.543 -49.816 0.020* -0.330 0.195 -0.475 -89.524 0.054 

Temporo-

parietal 
Junction/ 

Supra-

marginal 
Gyrus 

R -0.262 -53.651 0.047* -0.195 0.145 +0.030 +4.407 0.905 

 

-0.514 -89.191 0.035* -0.037 0.891 

L -0.289 -62.311 0.028* -0.271 0.041* -0.231 -33.127 0.357 -0.661 -126.862 0.004** -0.424 0.102 

Dorsal Attention Network 

Superior 

Parietal 
Lobule 

R -0.120 -25.783 0.367 

 

-0.059 -8.615 0.815 

 

-0.567 -97.867 0.018* -0.330 0.212 

L -0.141 -32.381 0.291 -0.055 -7.248 0.827 -0.608 -116.281 0.010** -0.334 0.206 

Inferior 

Parietal 
Lobule 

R -0.196 -40.683 0.139 +0.164 +22.921 0.515 -0.552 -95.948 0.022* -0.033 0.905 

L -0.176 -35.675 0.187 -0.199 -26.838 0.428 -0.544 -98.192 0.024* -0.193 0.474 

Frontal Eye 

Fields 

R -0.189 -38.501 0.155 -0.105 -14.868 0.680 -0.580 -118.001 0.015* -0.205 0.447 

L -0.221 -39.676 0.095 -0.426 -51.976 0.078 -0.399 -65.103 0.113   

* The mean difference is significant at the 0.05 level 

** The mean difference is significant at the 0.01 level 
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Chapter 4 

Discussion 

4.1 Principal Findings 

The objective of this investigation was to analyze the changes in the Attentional Network 

areas that occur during healthy cognitive aging from mid-adulthood to late-adulthood, using a 

selective attention task. To address this goal we included five groups of cognitively normal 

participants, equally distributed in gender, with each group representing one decade from the forties 

to the eighties. Selective attention performance measures, using the Stroop task, were attained 

concurrently with functional MRI scans to determine the temporal pattern of age-associated changes 

that can begin in mid-life and incrementally intensify until late-adulthood.  

Our behavioural results significantly demonstrated the highly discriminative ability of the 

Stroop task to detect marginal age-related changes in performance, particularly in the measure of 

Stroop interference. The sensitivity of the Stroop Task proved to be even better at detecting 

incremental group differences than almost all other cognitive measures, including those of verbal 

memory, which is conventionally considered to be the first overt behavioural decline in healthy 

cognitive aging. These marginal, but visible, decreases in Stroop performance were directly related 

to virtually unanimous declines in prestimulus activity of the Middle Frontal Gyrus. 

Furthermore, in an attempt to determine the brain regions associated with the discriminative 

ability of the Stroop Task, we divided all participants into groups based on age-group standardized 

Stroop Interference scores. This Stroop behavioural distinction between groups of age-, education-, 

and gender-matched participants, that would otherwise be considered to have identical cognitive 

ability, highlighted some thought-provoking differences in brain activity. In support of the current 

literature, this distinction revealed that those who demonstrated small Stroop effects only exhibited 
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age-associated declines in the bilateral Middle Frontal Gyrus. This was in stark contrast to those 

who did not perform as strongly on the Stroop task, who exhibited ubiquitous age-related activity 

decreases in all Frontoparietal Attentional Network areas. 

Additionally, we found that the activity declines in Attentional Network areas were tightly 

related to performance, albeit in different ways for the Small and Large Stroop Interference Groups. 

In line with many of the compensatory theories of aging, the relatively high performance of the 

Small Stroop Interference Group seemed to be solely and increasingly reliant upon bilateral Ventral 

Frontal Cortex activity with age, thereby, demonstrating that the increased frontal recruitment in 

these participants was a reactive, seemingly compensatory, product of aging. In contrast, the 

relatively weak performance of the Large Stroop Interference Group was strongly related to activity 

in areas that are known to be involved in intact distraction suppression mechanisms. Similarly, we 

found that these performance decrements, attributable to areas like the Temporoparietal Junction 

and the Intraparietal Sulcus (Superior Parietal Lobule/Inferior Parietal Lobule), were entirely 

products of aging.  

Ultimately, these findings demonstrate that healthy cognitive aging is a highly variable 

process. Even amongst age-matched participants of similar global cognitive ability, distinctions 

based on Stroop performance are discriminative enough to highlight differential trajectories of 

aging, beginning fairly early in mid-adulthood. In its entirety, this investigation provides 

corroborative evidence for the high sensitivity of the Stroop task in detecting early neural age 

effects, conclusive testimony of the widening interindividual variability in the behavioural and 

functional correlates of cognition in the elderly, and novel insights into the linear changes 

associated with aging from mid- to late-life. 

. 
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4.2 Interpretation of Findings and Comparison to Current Aging Studies of Attention 

4.2.1 Behavioural Stroop Performance Declines with Age 

By and large, our findings coincide with those of numerous other aging studies of attention. 

Based on both the paper and trial-by-trial versions of the Stroop task used in this study, we found 

incremental group differences and strong correlations between increasing age and Stroop 

interference. This is in line with previous studies that have demonstrated greater Stroop interference 

and impaired selective attention in healthy elderly individuals compared to younger adults (Spieler 

et al., 1996; Davidson et al., 2003; Balota et al., 2010; Zurron et al., 2014). The Stroop task 

additionally appeared to be more sensitive at detecting incremental, marginal declines in 

performance associated with aging, compared to tests of global cognitive function (MoCA, MMSE, 

DRS-II), verbal memory (CVLT-II), executive function (WCST), and visuospatial working memory 

(WAIS SS Fwd/Bwd). While group differences were detected in two tests of visuospatial executive 

function and processing speed (Trails B) and verbal working memory (WAIS LNS), neither were as 

sensitive as the Stroop task in detecting marginal changes in performance from age 60 and up. 

4.2.2 Incongruent Prestimulus Activity Changes with Age 

This study also established that the bilateral Middle Frontal Gyrus exhibits almost universal 

moderate decline with age. On a neurobiological level, this can be explained by non-human primate 

studies that have noted very early age-associated morphological dendritic changes in Brodmann 

Area 46, which are further correlated with performance decrements on learning and working 

memory tasks (Peters et al., 1998 and 2001; Dimitriu et al., 2010; Dickstein et al., 2013). Over 

time, these morphological neuronal changes have been proven to lead to impaired norepinephrine 

transmission in BA 46 and later prefrontal cortex grey matter volume losses (Park and Rueter-

Lorenz, 2009). Furthermore, correlations between age and prestimulus attentional network activity 

revealed weak-moderate declines in the left IFG (trending in the right IFG, p = 0.053), the left FEF, 

and left IPL. Age-related declines in the IFG are likely associated with the aforementioned Ventral 
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Frontal Cortex grey matter integrity decreases associated with healthy aging. However, the weak 

age effects noted in the left FEF and left IPL are likely representative of the left-lateralization of the 

Dorsal Attention Network, which would make age-related decreases in the left DAN appear more 

significant than the right. However, it is important to note that the results of the Age vs INC D1 

Pearson correlations and Simple Linear Regressions outlined in Section 3.4.2.1 are likely partially 

driven by the strong decreases in activity in these areas amongst the Large Stroop Interference 

Group.  

After segregating the participants into Stroop performance groups, we found that the Large 

and Small Stroop Interference Groups exhibited very different trajectories of age-related change. 

Prestimulus activity in the Large Stroop Interference Group decreased in all areas of the 

Frontoparietal Attention Network, which is reflective of the whole brain volume losses, overall 

cortical thickness changes, decreases in white matter integrity, and functional connectivity 

impairments that are considered to be part of the healthy cognitive aging process. Conversely, the 

Small Stroop Interference Group only demonstrated declines in the bilateral Middle Frontal Gyrus, 

which, as previously established, is one of the first areas to exhibit regional grey matter volume 

losses. One interpretation of these differences is that these groups represent various time points 

within the same continuum of cognitive aging, rather than two entirely different models of aging. 

That is to say that those who performed well on the Stroop task in comparison to their age- and 

gender-matched peers, exhibited only early signs of cognitive aging and were seemingly able to 

decelerate the cognitive changes that became apparent much earlier in the Large Stroop Interference 

Group.  

However, this finding of prefrontal activity decrease with age in the high Stroop performing 

group is in opposition to many compensation theories of cognitive aging. Namely, the PASA 

(Posterior-to-Anterior Shift in Aging) theory of cognitive aging dictates that aging involves a 

compensatory increase in task-related prefrontal activations, whereas our study contrarily found a 
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decrease. This disparity is likely due to a couple of factors. Firstly, the Scaffolding Theory of Aging 

and Cognition (STAC) states that the compensatory frontal recruitment described in the PASA 

conceptual framework only happens after initial age-related structural changes and functional 

deterioration, which could explain the decreases in activation that we noted (Park and Rueter-

Lorenz, 2008). Additionally, this scaffolding of existing neural networks can occur via increased 

penumbral recruitment of prefrontal areas, which manifests as larger surface areas of prefrontal 

activation in the elderly, compared to the young, in response to the same cognitive task. While this 

scaffolding-associated change in the surface area of prefrontal recruitment may be occurring in our 

Small Stroop Interference Group, it is hard to prove this since our study mainly focusses on 

relatively small regions of interest, rather than whole brain activation patterns of age-related change. 

Secondly, the conflict between the decreases in INC D1 bilateral MFG activation noted in our study 

and the PASA theory may be due to the fact that the hemodynamic response of the elderly may 

actually lag in comparison to the young, rather than decrease in intensity. Thus, our targeted view of 

the INC D1 time point may not provide a full and accurate depiction of the entire hemodynamic 

response changes associated with age in the attentional network. See Figure 4.1 in Section 4.3 for a 

depiction of this. 

Additionally, results from our Simple Regression Analysis were quite informative as well. 

In areas like the Middle Frontal Gyrus, where both the Large and Small Interference Groups show 

declines, the degree of influence that age had on prestimulus activity was mostly comparable 

between the two performance groups, albeit slightly greater in the Large Stroop Interference Group. 

This highlights the fact that these two performance groups did not differ as much in their rate of 

decline in the bilateral MFG, but differed mainly in their locations of significant age-related 

decreases. 
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4.2.3 The Effects of Incongruent Prestimulus Attentional Network Activity on Stroop Interference 

Our results demonstrate a weak-moderate correlation between performance on the Stroop 

task and prestimulus Attentional Network activity in the right MFG, left IFG (trending in the right 

IFG, p = 0.051), and the bilateral TPJ/SMG. The dependence of performance on activity in the right 

MFG is in line with the theories of right lateralization of the Ventral Attention Network. 

Performance is also not surprisingly related to the IFG due to its central role in dictating the cyclical 

exchange of dominance and suppression between the DAN and VAN. Intact synchronicity between 

the IFG, TPJ/SMG, and the intraparietal sulcus (SPL/IPL) is absolutely crucial to optimal 

performance and decreased distractibility. While correlations between Stroop interference and INC 

D1 activation in all participants did not reach significance for the Inferior and Superior Parietal 

Lobules, the Large Stroop Interference group appropriately demonstrated this relationship between 

areas involved in distraction suppression and relatively poor Stroop performance.  

In contrast, the Small Stroop Interference Group’s performance was not intimately related 

to areas associated with sustained attention and distractibility. Instead, those who performed well in 

comparison to their age-matched peers exhibited a strong reliance on bilateral prefrontal cortex 

areas. This is markedly different from the tight positive correlation between Stroop performance 

and the Anterior Cingulate Cortex white and grey matter integrity seen in young adults (Takeuchi et 

al., 2011). Furthermore, after controlling for age, the connection between prefrontal recruitment and 

optimal Stroop performance disappeared, thereby suggesting the role of the aging process in 

prefrontal recruitment and strong Stroop performance. This relationship between brain and 

behaviour is perfectly in accordance with current models of effective functional compensation. For 

instance, the PASA (Posterior-to-Anterior Shift in Aging) and STAC (Scaffolding Theory of Aging 

and Cognition) theories postulate that elderly individuals reactively increase activations in 

prefrontal areas in response to age-associated structural and functional declines, in order to maintain 

peak cognitive performance. Additionally, our findings also support the HAROLD (Hemispheric 
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Asymmetry Reduction in OLDer Adults) framework of functional compensation, since optimal 

performance was related to bilateral recruitment of the Ventral Frontal Cortex, which is 

archetypally right-lateralized in models of the Ventral Attention Network in the young. 

Furthermore, our Simple Linear Regression analysis revealed fascinating connections 

between Stroop performance and Attentional Network activity as well. Based on the slope 

coefficient (B) values, which reflect the degree of change in Stroop interference for every one unit 

of increase in prestimulus INC D1 activity, it seems that Attentional Network activity influences 

performance to a much greater degree in the Large Stroop Interference Group. This is especially 

true for areas like the right Middle Frontal Gyrus, where the Large Stroop Interference Group’s 

slope coefficient (B = -133.418, p = 0.005**) was almost double that of the Small Stroop 

Interference Group (B = -75.437, p = 0.017). This means that for every one unit of decrease in 

prestimulus activity, the higher-performing group’s Stroop interference only increases by 75.437 

ms, while the lower-performing group’s Stroop interference goes up by 133.418 ms. This degree of 

difference is quite sizeable when you consider that the average Stroop Interference for the 40s age 

group was only 89.694 ms. Therefore, not only is the Large Stroop Interference experiencing 

greater neural activity declines, but also the degree at which these declines affect performance is 

much greater in this group as well. 

4.2.4 The Connection between the Dorsal Anterior Cingulate Cortex, Aging, and Stroop 

Performance 

It is important to note the lack of significant age- and performance-associated findings in 

the prestimulus activity of the dorsal Anterior Cingulate Cortex. While the dACC may not be the 

most thoroughly studied area in healthy aging research, it is certainly one of the most important 

areas involved in the incongruent condition of the Stroop task. Particularly in young adults, grey 

matter volume of the anterior cingulate cortex and white matter integrity of the tracts surrounding it 

are intimately related to Stroop interference (Takeuchi et al., 2011). However, this dACC-
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dependence does not apply to healthy elderly individuals (Jackson et al., 2012). Therefore, it was 

surprising to see that the dACC prestimulus activity was not correlated to age or Stroop 

interference. There are two possible explanations for this negative result. Firstly, the age-associated 

functional changes of the dACC may occur before the age of 40 and, due to the age distribution of 

our participants, would not have been detected in our study. However, the more likely reason is that 

the dACC’s function namely takes place at time points in the hemodynamic response related to 

stimulus presentation (D2) and the initiation of a response (D3-D4), while this study solely focused 

on the prestimulus time point (D1).  

4.3 Limitations 

One of the main goals of this study was to thoroughly analyze the temporal patterns of 

Attentional Network change that begin in mid-adulthood and extend until late-life. Ideally, this 

could be achieved by using Analysis of Variance tests across the five decade groups between the 

ages of 40 and 90. While this analysis was fruitful for areas like the Middle Frontal Gyrus that did 

exhibit virtually universal linear age-related decreases in prestimulus activity, most age group 

comparisons in other regions of interest were confounded by the fact that participants were mainly 

comprised of two groups with marginally different Stroop performance, but drastically different 

neural models of aging. To separately determine the temporal age-associated changes in these 

populations, ideally another ANOVA should be performed for each group. However, this could not 

be done with absolute confidence since each performance group contained only 3-5 participants 

within the same decade. Therefore, while this study certainly had plenty of participants, there was 

not enough people in each Stroop Interference Group to calculate accurate and reliable ANOVAs. 

As such, we were not able to fully meet our study goals and accurately describe the specific 

temporal patterns of age-related change in these groups individually. Unfortunately though, 

combining these groups often led to perplexing results.  
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Additionally, further insight could have been gained if we had a younger control group. 

Since there have been so few studies regarding age effects in mid-adulthood, it is difficult to claim 

that linear age-related changes begin at the age of forty. Especially considering the growing 

prominence of theories like the GOLDEN Aging hypothesis and the observed linear declines in 

grey matter integrity and behaviour that begin as early as the twenties, it would be important in the 

future to provide either a younger control group in their twenties or additional participants in both 

the twenties and thirties age groups. However, the high performance and degree of Attentional 

Network engagement exhibited in the 40s age group, combined with the fact that previous studies 

note that white matter integrity increases well into the fifties, we can assume for the purposes of this 

investigation that the age of forty is good enough to characterize mid-adulthood age-related trends. 

Moreover, this study was limited by its narrow focus on the prestimulus condition. This 

view can sometimes lead to erroneous conclusions since, realistically, activity increases and 

decreases that are associated with age likely involve other time points in the hemodynamic response 

(HRF) as well, and not just the two seconds prior to stimulus onset. While analysis of the D1 time 

point ostensibly ensures that the activations observed are related to attention, and not stimulus 

Figure 4.1: Average 

Hemodynamic Response 

Function in the Right 

Temporoparietal 

Junction/Supramarginal 

Gyrus for the 40s and 60s 

Age Groups. The red box 

highlights the INC D1 time 

point focussed on in this 

study. Blue: 40s group; 

Green: 60s group.   
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detection and response, it certainly does not tell the whole story. This is especially important 

considering the age-related changes in blood vessel patency and cerebral blood flow that may alter 

the shape of the apparent hemodynamic response with increasing age. Take for example the average 

right TPJ/SMG HRF for participants in the 40s and 60s age groups, pictured in Figure 4.1. 

Narrowly looking at INC D1 can lead one to believe that those in their 60s activate the right 

TPJ/SMG much less than those in their 40s, while consideration of the entire BOLD time course 

indicates that the HRF of the 60s group merely lags that of the younger age group. Perhaps, in this 

case, the width and overall shape of the hemodynamic response would be more indicative of the 

age-related trends in increasing Stroop Intereference and incongruent reaction time. Applied to the 

scenario illustrated in Figure 4.1, this type of analysis would reveal that it is the width of the HRF 

that increases with age, consequently leading to possible increases in Stroop Interference and 

incongruent reaction time. Furthermore, subsequent aging- and performance-related activations 

during time points like D2 or D3-D4, which are respectively associated with stimulus onset and 

response, may provide valuable insights into the changes that occur in areas like the dorsal Anterior 

Cingulate Cortex. Functionally, the dACC serves to monitor conflict in task-relevant stimuli and to 

properly guide neural activity by suppressing distracting or unnecessary neural pathways and 

promoting task-relevant ones in an effort to elicit a timely and correct behavioural response. 

Therefore, these functions of the dACC, which is an area that has been proven to be essential to 

optimal Stroop performance, may be better defined by other HRF time points.  

This study was also limited by its constrained analysis of relatively small regions of 

interest. Instead, if we were to look at whole brain changes with age or multiple ROIs within the 

same brain region, we may have obtained more information regarding compensation-related 

changes with age. For instance, many studies have found that prefrontal recruitment increases with 

age during the effective compensation and scaffolding of neural networks. However, this study 

unexpectedly found age-associated decreases in prefrontal activity in high Stroop performers. While 
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increased prefrontal recruitment may still occur in these high-performing individuals via increased 

surface areas of activation, we could not unequivocally comment on these changes since we only 

analyzed single, relatively small ROIs.  

Lastly, in studies of attention, the functional MRI method itself can be considered a 

limitation. The deconvolution analysis method used here breaks up the HRF into ten time points, 

with approximately two seconds (TR = 2s) in between each point. This two-second temporal 

resolution is extremely low when considering attentional processes that can change within hundreds 

of milliseconds. For this reason, many studies analyzing the synchrony between Attentional 

Network constituents have used event-related potentials instead, which have a much higher 

temporal resolution. 

4.4 Implications and Clinical Significance 

The results of this study provide extremely interesting and novel insights into the 

relationship between aging and attention. While there have been many conceptual frameworks put 

forth regarding the pattern of age-related changes that begin in mid-adulthood, there have been very 

few studies that have come forth quantitatively connecting neural activity, behaviour, and mid- to 

late-life patterns of aging in humans. Furthermore, this study lends support to many existing 

theories of cognitive aging and the widening interindividual variability in the elderly. For instance, 

findings of this study lend support to the GOLDEN Aging (Growing of Lifelong Differences 

Explains Normal Aging) and the STAC (Scaffolding Theory of Aging and Cognition) hypotheses 

that dictate that changes in neural network function begin much earlier than previously believed. 

Additionally, the age-related activity changes in the Small Stroop Interference Group and their 

recruitment of prefrontal areas during the Stroop task further substantiate the claims that the 

prefrontal cortex is one of the most malleable areas of the brain. Although grey matter integrity 

reductions preferentially begin in this area, reactive compensation to these age-related declines also 

exclusively occurs in the prefrontal cortex.  
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Indeed, there has been a considerable amount of research investigating the Stroop task and 

age. However, few have analyzed these relationships in a similar manner to those employed here. 

The drastically different age- and performance-related neural network patterns unearthed after 

separating participants into Large and Small Stroop Interference Groups truly displays the high 

sensitivity of the Stroop task in distinguishing between demographically-matched participants that 

would otherwise be considered to have identical cognitive ability.  

Undoubtedly, there is still more work to be done on this topic. However, the results outlined 

here can potentially have broad clinical implications in the future. Current cognitive aging and 

dementia research is aimed at earlier and earlier detection of cognitive impairment. From a 

cognitive screening standpoint, this work supports the continued use of the Stroop task as a 

sensitive measure of cognitive decline. Form a neural network perspective, the patterns of activity 

noted in the Large Stroop Interference Group offer an excellent opportunity for future analysis. Do 

these members of the Large Stroop Interference Group represent future cases of dementia? Do 

members of the Large Stroop Interference Group carry the very early histopathological (beta 

amyloid and tau) signs of Alzheimer’s disease? What genetic, environmental, and lifestyle factors 

distinguish the Large and Small Stroop Interference Groups from one another? These are just some 

examples of the many questions that arise from this study, whose answers can have potentially 

clinically significant impacts down the road. 

4.5 Future Directions 

The insights garnered from this investigation represent an exciting step toward elucidating 

the continuum of age-associated changes that begin in mid-life. However, many steps still need to 

be taken to reach major clinical significance. Some immediate future directions were alluded to in 

the Limitations (Section 4.3) portion of this chapter. Specifically, more participants are required in 

each of the Stroop Interference Groups in order to perform reliable ANOVAs that can provide 

important insights into the differential temporal patterns of age-related change in these two groups. 
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Looking at large-scale changes could also be beneficial. This would involve further analysis of 

whole brain changes in the entire hemodynamic response, rather than the highly targeted approach 

used in this investigation. Results from this type of examination could potentially lend further 

support to current theories of compensatory prefrontal and bilateral recruitment with age and offer 

novel observations of compensation or decline in the younger elderly individuals. Furthermore, an 

extension of this study should control for cortical thickness and whole brain volume losses, which 

may offer an explanation for the decrease in activity in numerous Attentional Network regions of 

interest noted in this study. 

In the long-term, future studies related to our investigation should attempt to longitudinally 

follow members of the Small and Large Stroop Interference Groups. This would evaluate the 

predictive capacity of the Stroop task and Attentional Network activity to isolate those most at risk 

of later cognitive impairment. 

4.6 Summary and Conclusions 

Ultimately, this investigation provides one of the first attempts at connecting behavioural 

performance on the Stroop task, which famously assesses selective attention, to Attentional 

Network activation changes associated with age from mid-adulthood to late-adulthood. This study 

was largely successful at illustrating the heterogeneity of the aging process. Demographically-

matched individuals, separated solely based on Stroop task performance, exhibited very different 

models of cognitive aging. Seemingly, those with small Stroop effects were able to decelerate the 

functional declines that are often associated with age and only exhibited early signs of cognitive 

aging in the bilateral Middle Frontal Gyrus. This was in stark contrast to the virtually ubiquitous 

age-related Attentional Network declines observed in those with comparatively large Stroop 

interference. 

Additionally, high-performing participants exhibited an increasing reliance on prefrontal 

activations with age, thereby displaying patterns of change associated with the effective functional 
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compensation noted in prevalent cognitive aging models, like the SCAT (Scaffolding Theory of 

Aging and Cognition) and PASA (Posterior-to-Anterior Shift in Aging) theories. Conversely, the 

low Stroop performance of those in the Large Stroop Interference Group was highly related to age-

associated change in areas involved in intact distraction suppression mechanisms. Taken together, 

this investigation provides corroborative evidence for the high sensitivity of the Stroop task in 

detecting age effects, novel insights into the linear changes associated with aging from mid- to late-

life, and conclusive testimony of the widening interindividual variability in the functional patterns 

of the brain, and subsequently behaviour, in the elderly. 
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Appendix B: Mini-Mental State Examination (MMSE) 
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Appendix C: Californa Verbal Learning Test-II (CVLT-II) 
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Appendix D: Stroop Task (Paper Version) 
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Appendix E: Dementia Rating Scale-2 (DRS-2) 
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Appendix F: Wisconsin Card Sorting Test (WCST) 
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Appendix G: Trails B 
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Appendix H: Weschler Adult Intelligence Scale-III – Spatial Span 

Forward and Backward (WAIS-III SS Fwd/Bwd) 
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Appendix I: Weschler Adult Intelligence Scale-III – Letter-Number 

Sequencing (WAIS-III LNS) 
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Appendix J: Montreal Cognitive Assessment (MoCa) 
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Appendix K: MRI Scan Protocol 
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Appendix L: MRI Safety Checklist for Research Subjects 
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