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Abstract

Impaired attention can hinder information processing at multiple levels and may explain

some aspects of the cognitive decline in aging.  An inefficient inhibitory system can lead to

deficits in focused attention (FA).  FA deficits are observed in patients with mild cognitive

impairment and Alzheimer’s disease (AD).  The Stroop task was applied to functional magnetic

resonance imaging (fMRI) to investigate the neural correlates of FA in cognitively normal older

adults (NC), patients with amnestic MCI (aMCI) and patients with mild AD.

Twenty-one NC, seven aMCI and fifteen mild AD patients performed a verbal Stroop-

fMRI paradigm.  Both structural and T2*-weighted functional scans were acquired.  In Series 0,

subjects were presented with colour words printed in black ink and were asked to read the word.

In Series 1 and 2, subjects were presented with colour words printed in an incongruent ink colour.

Series 1 had four blocks of the ‘Read the word’ condition followed by four blocks of the ‘Say the

colour of the ink’ condition. Series 2 had eight blocks of alternating ‘Read the word’ and ‘Say the

colour of the ink’ conditions.  SPM5 was used to detect anatomical areas with significant signal

intensity differences between the two conditions.

The NC group performed significantly better in the Stroop-fMRI task than the aMCI and

mild AD groups.  The percentage of errors on incongruent trials was significantly lower in the

NC group (2%) than the aMCI (14%) and mild AD (13%) groups.  The ‘Say the colour of the

ink’ minus ‘Read the word’ contrast for the NC and mild AD groups yielded common areas of

activation in the supplementary motor area, precentral gyrus, and inferior frontal gyrus.  aMCI

patients also showed activation in the precuneus, temporal and postcentral gyri.

 Worse performance on the Stroop-fMRI task by the aMCI and mild AD groups suggests

deficits in FA.  This is the first study to investigate the neural correlates of FA using the Stroop

task in aMCI and AD patients.  The verbal Stroop-fMRI paradigm employed in the current study

provides a means to study the neural correlates of FA in older adult and patient populations.
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Chapter 1

Introduction

At any one time, we are bombarded by an expansive amount of external stimuli.  Our brain acts

upon this information to determine what is most important and worth attending to.  As a result,

despite the continuously changing world around us, we are only aware of a very small portion of

our surrounding environment.  Among supporting cognitive domains, attention plays a crucial

role in our ability to carry out our daily tasks despite this continuous and overwhelming

information load.  The mechanisms of attention are needed to restrict the sensory input load that

enters our processing system to prevent overload (Johnson & Proctor, 2004, p. 58).  Attentional

control derives from a supervisory attentional system that is engaged, most importantly, in times

of cognitive conflict (Kane & Engle, 2003).

Most models of cognitive control and attention include some concept of early or late selection

(Velanova, Lustig, Jacoby, & Buckner, 2007).  That is, at what level of processing does attention

become involved (Johnson & Proctor, 2004, p. 59).  In the early selection view, Broadbent

hypothesized that attention operates to select information at an early, precategorical level based

on attributes such as location or features of a stimuli (Johnson & Proctor, 2004, p. 60).  Broadbent

characterized the human information processing system as having a limited capacity and early

selection reflected the degree by which task-relevant stimuli can be anticipated in order to

efficiently filter incoming information.  Extending beyond Broadbent’s filter theory, Treisman

suggested that an early filter does not completely block out unwanted stimuli but that degrees of

attenuation could either increase or decrease the strength of the stimuli (Johnson & Proctor, 2004,

p. 61).  Alternatively, late selection argues that attention is not needed to perceptually process
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information but that selection occurs after the stimulus has already been identified (Johnson &

Proctor, 2004, p. 61).  In the view of Deutsch and Deutsch, there is no processing limitation but

late selection processes are applied to edit, update or elaborate on information based on task

demands (Johnson & Proctor, 2004, p. 61).  Despite the conflicting views regarding the timepoint

at which attention modulates information processing, there is little doubt of the pivotal role

attention plays in modulating the information that gains access to our working memory.

Working memory refers to a memory system that holds information relevant to current goals and

behaviours.  In their influential working memory model, Baddeley and Hitch (1974) identified a

central executive system encompassing executive functions. Executive functions are critical for

complex thought and behaviour (Daniels, Toth, & Jacoby, 2006).  The lack of a concrete

definition of the cognitive processes that fall under the umbrella term of executive functions does

not diminish its significance. The central executive is considered more of an attentional system

than a memory system (Johnson & Proctor, 2004, p. 203). The Baddeley and Hitch working

memory model emphasized a dynamic interaction of memory maintenance and attentional control

to subserve cognitive functions (Kane & Engle, 2003).  Furthermore, Engle argued that executive

attention and working memory capacity are the same thing, in that working memory capacity is

the ability to control and sustain attention in the presence of interference or distraction (Johnson

& Proctor, 2004, p. 324).  The relationship between working memory and attention can be

understood in the context of inhibitory control.  According to Hasher, Zacks, & May (1999), due

to the limited capacity of working memory, inhibition restricts the contents of working memory

to task-relevant information.  When inhibition fails, working memory becomes cluttered leading

to difficulties in the selection of appropriate goals, thoughts and actions (Johnson & Proctor,
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2004, p. 318).  In this way, attentional control supports the function of inhibition, which in turn

controls the activation of task-relevant information in working memory.

Extensive research investigating attention has allowed for the delineation of several

subcomponents.  Although no completely agreed taxonomy of attention exists, several

components are well established and recognized (Parasuraman, Greenwood, & Sunderland,

2002).  Among these, is selective or focused attention, herein referred to as focused attention

(FA).  Effective attentional control provides mechanisms that allow the filtering of incoming

stimuli by selecting behaviourally relevant information and disregarding that which is considered

irrelevant (Johnson & Zatorre, 2005).  FA modulates the information we are exposed to by

enhancing task-relevant information (Townsend, Adamo, & Haist, 2006).  Relevance is

dependent on context, and thus FA is considered a dynamic set of processes since what is

considered relevant at one moment may become irrelevant the next moment (Kramer & Kray,

2006).

Several experimental paradigms and methods exist to study FA and inhibitory control.  In the

Eriksen flanker task (Eriksen & Eriksen, 1974), a central target letter is flanked on both sides by

irrelevant distractors (flankers).  The flankers can point to the same response as the target letter

(compatible), to the opposite response (incompatible) or may be neutral regarding the response

(neutral).  Reaction time and error rates are higher in the incompatible condition than either the

compatible or neutral conditions.  The negative priming effect is another paradigm used in the

study of FA.  Participants select a target using a cue such as color, location or appearance and

respond to the identity or location of that stimulus in the presence of one or more distractors

(May, Kane, & Hasher, 1995).  Reaction time and error rate are higher on trials when subjects
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respond to a current target that was previously a distractor compared to trials when neither target

nor distractor was repeated across trials.  Saccadic eye movements are also used to investigate

FA.  In pro-saccades, subjects are shown a visual stimulus and are instructed to generate an eye

movement in the direction of the stimulus.  Anti-saccades present a conflict between the task

goal, generating an eye movement opposite to the direction of the visual stimulus, and the visual

cues that are presented (Kane & Engle, 2003).  Generating an anti-saccade requires the ability to

suppress the more automatic response of directing the eye toward the stimulus.  In this way, anti-

saccades have emerged as a powerful technique to measure FA, inhibitory processes and

attentional control (Currie, Ramsden, McArthur, & Maruff, 1991).

Despite these different approaches to studying FA, the Stroop task (Stroop, 1935) has emerged as

the gold standard assessment of FA.  The Stroop task, which was first introduced in 1935, is the

most widely used experimental task in FA investigations due in part to its high power and

reliability and its ease of administration.  Furthermore, its adaptation for use in conjunction with

neuroimaging techniques has provided the means by which the neural correlates of FA can be

investigated.
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Chapter 2

Literature Review

2.1 The Stroop Task

The classic Stroop paradigm is a measure of the ability to inhibit irrelevant information by the

presentation of colour names printed in a non-matching ink colour (Perry & Hodges, 1999).  The

Stroop task demonstrates that the word itself can be a strong source of interference to color

naming (Milham et al., 2002).  Subjects are slower at naming the colour of the ink a word is

written in if the meaning of the word and ink colour do not match (termed incongruent; e.g. the

word ‘green’ written in red ink) compared to when the meaning of the word matches the ink

colour (termed congruent; e.g. the word ‘red’ written in red ink) or when the meaning of the word

is unrelated to the ink colour (termed neutral; e.g. the word ‘lot’ written in red ink).  The

additional time it takes to name the colour of the ink in the incongruent condition relative to the

congruent or neutral conditions is termed the Stroop effect.  An important property of the Stroop

effect is that it is asymmetric; that is, incongruent color words slow color naming but does not

slow color-word reading (Johnson & Proctor, 2004, p. 131).  Clinically, the Stroop effect is

observed during incongruent conditions when subjects are asked to name the colour of the ink

compared to when they are asked to read the word.  For skilled readers, reading is a relatively

effortless process and consequently when presented with an incongruent colour word, it takes

longer to name the ink colour because one must override the more automatic response of reading

the word.  Moreover, it is FA that allows the relevant (the ink colour) dimensions of the stimulus

to override the more automatic, although irrelevant (the written word) dimensions (Perry &

Hodges, 1999).  The result is an increase on the demands of the attentional system to resolve the

conflict between these two competing response tendencies.  It is widely held, that both relevant
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and irrelevant stimulus dimensions are processed in parallel and an efficient FA system acts to

limit the conflict between the two dimensions by suppressing the irrelevant one (Verhaeghen &

Cerella, 2002).  The Stroop effect accounts for the presence of cognitive interference and the

failure to maintain the task goal in face of a habitual response (Kane & Engle, 2003).

Consequently, interference reveals itself both in an increase in response latency but also in a

higher error rate as subjects’ cannot inhibit their tendency to read the word (Kane & Engle, 2003;

Spieler, Balota, & Faust, 1996).

2.2  Cognition and Aging

Although it is well established that many aspects of cognition decline with normal aging,

determining the underlying mechanism of cognitive aging remains a challenge.  The difficulty

arises in studying the mutually dependent cognitive processes that make up human cognition and

attempting to tease these processes apart to study them in isolation (Gazzaley, Cooney, Rissman,

& D’Esposito, 2005).  Literature on aging and attention has, and continues to debate the influence

of global age-related slowing and task specific attentional processes that may be affected by aging

(Jennings, Dagenbach, Engle, & Funke, 2007).  In an attempt to understand the cognitive changes

that occur in normal aging, two theories have emerged to explain the cognitive decline observed

in older adults.  Analysis of Stroop task performance in older adults has been used to support each

of the theories of age-related changes in cognitive performance.

The first theory, the unspecific hypothesis of general slowing, suggests that cognition is driven by

a processing rate and that all cognitive processes are susceptible to declines in processing speed

(Zysset, Schroeter, Neumann, & von Cramon, 2007).  As cognitive demands increase for a given

task, an increase in processing steps is required.  For older adults, a decline in the rate of
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processing speed is thought to underlie their cognitive changes (Verhaeghen & Cerella, 2002).

Support for the general slowing hypothesis can be found in age-related increases in the Stroop

effect.  A meta-analysis of 20 behavioural studies examining the Stroop task found that the

magnitude of the effect size was similar for both young and older adults (Verhaeghen & De

Meersman, 1998).  The results of the meta-analysis argued that an absence of a significant age-

dependent interference deficit suggested that the Stroop effect was an artifact of general slowing.

Event-related potential findings from the flanker response competition task also lend support to

the general slowing account (Zeef & Kok, 1993). The P3 latency is considered an index for the

relative stimulus evaluation time.  The peak latency of the P3 wave was delayed for the

incongruent trials meaning such trials required a longer evaluation time, and that such an increase

was greater in older adults (Zeek & Kok, 1993).

The second theory, termed the inhibitory deficit hypothesis, suggests that age-related declines

across a number of cognitive domains in older adults results from impairments in inhibitory

processes (Hasher & Zacks, 1988).  Moreover, an inability to inhibit task-irrelevant information

reflects specific impairments in the executive processes of inhibitory control, such that with

increasing age, inhibitory processes are reduced (Zysset et al., 2007).  Declines in inhibitory

efficiency contribute to the poor performance of older adults on tasks requiring FA resulting in

increased susceptibility to interference from the task-irrelevant dimensions of the word stimulus

presented in the Stroop task (Spieler et al., 1996).  Just as some findings from the Stroop task

have been used to support the general slowing account, there are other studies of the Stroop task,

whose findings provide evidence for the inhibitory deficit hypothesis (Brink & McDowd, 1999).

In a study of Stroop performance in healthy young and older adults, Spieler et al. (1996) found an

interference effect that was disproportionately increased in older adults.  Moreover, such an
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increase could not be accounted for simply by a difference in overall speed of processing, but

suggests that some unique effect of age beyond that of general slowing is contributing to a larger

Stroop effect in older adults.  A significant relationship between age and performance on

incongruent trials after controlling for factors common to measures of perceptual speed or

performance on neutral trials argues against the general slowing hypothesis (Spieler et al., 1996).

Findings from electrophysiological studies provide additional support to the inhibitory deficit

hypothesis.  Event-related potential studies have found age-related changes in amplitude, latency

and topographic distribution of brain electrical responses (Townsend et al., 2006).  Enhanced

potentials in the elderly are thought to reflect a general reduction in cortical inhibition that is

consistent with a decreased ability to selectively filter incoming information and subsequent

processing of irrelevant information (Townsend et al., 2006).

Given the longevity of experimental research involving the Stroop test, various experimental and

analytic techniques have been applied to the Stroop task to investigate inhibitory processes in

older adults.  In their electrophysiological study of the Stroop task, West and Alain (1999), using

event-related potentials, observed amplitude modulations in incongruent trials when compared to

congruent or neutral trials.  An enhanced negativity over the midline frontocentral region (N500),

reduced positivity over the left parietal region and reduced negativity over bilateral frontal

regions was observed in incongruent trials.  These regions were proposed to reflect inhibitory

processes active on incongruent trials to suppress word processing.  Furthermore, enhanced

positivity over the left temporoparietal region at 700-1000 msec after stimulus presentation was

observed in incongruent trials and is thought to reflect processing of colour information.  These

results suggest that patterns of electrophysiological activity may reflect both a suppression of

word information and the processing of colour information on incongruent trials (West & Alain,



9

2000).  Spieler et al. (1996) used an ex-Gaussian analysis of reaction time distributions to

investigate the interference effect observed in Stroop task performance of older adults.  They

found a disproportionate increase in interference in older adults and attributed it to an increase in

the tail of reaction time distributions in incongruent conditions where there was greater

interference from the word dimension.  Large age-related increases in the word process estimates

in incongruent conditions support the notion of a decline in processes engaged to inhibit

irrelevant information in older adults.  By modulating the experimental context of the Stroop task,

West and Baylis (1998), showed that age-related increases in the Stroop effect depended on the

level of demand placed on inhibitory processes.  When the proportion of incongruent trials was

high, age-related increases in the Stroop effect was observed; however when the proportion of

incongruent trials was low, no such Stroop effect was observed.  Due in part to the diversity of

Stroop paradigms used and the multiple approaches to its analysis, the Stroop task remains a

popular experimental task for the study of inhibitory control.

2.3  Pathological changes in aging

In addition to cognitive deficits, age-related changes in the brain are also observed in older adults.

The frontal lobe has been shown to be instrumental in attentional control.  Consequently,

pathological changes to the frontal lobe may lead to detrimental effects in older adults on the

performance of tasks requiring attentional control.  The frontal lobes are believed to be among the

first regions of the brain to become susceptible to age-related changes (West, 1996).  According

to Whelihan and Lesher (1985), age-related structural changes in the frontal lobes occur earlier

and more rapidly than in other parts of the cortex.  Among the most common structural change

observed in older adults is the atrophy of brain tissue.  In aging, there is a reduction in brain
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volume and subsequent enlargement of the ventricles (Davis & Wright, 1977).  A large

component of this loss of brain volume is the reduction of gray matter (Buckner, Head, & Lustig,

2006).  Cognitive function depends on intact gray matter tissue in the cortex (Cook, Bookheimer,

Micke, Leuchter, & Kumar, 2007), with cortical atrophy shown to be a predictor of cognitive

performance and cognitive decline (Mungas et al., 2002).  Structural studies show that prefrontal

cortices experience the highest degree of age-related atrophy (Milham et al., 2002).  Furthermore,

the prefrontal cortex (PFC), an important neural substrate underlying executive functions such as

attention and working memory, also has extensive anatomical connections with many cortical and

subcortical regions.

In addition to atrophic changes of gray matter, age-related white matter changes also occur.  Age-

related atrophy of white matter appears to have a preferential target of the frontal lobe (Buckner

et al., 2006). White matter tracts are required for the communication between different brain areas

and the integrity of these tracts become susceptible with aging.  White matter diffusion studies

have shown age-related decreases in white matter integrity, with prominent degradation of white

matter in the frontal regions (Townsend et al., 2006).  Path analysis models indicate that

subclinical white matter damage may give rise to poor cognition due to the disconnection

between communicating brain regions (Cook et al., 2007).  White matter hyperintensities

manifest as an increased signal on T2-weighted and fluid attenuated inversion recovery (FLAIR)

magnetic resonance imaging (MRI) sequences of the brain (Yoshita et al., 2006).  T2-FLAIR

sequences optimize the contrast between normal and abnormal parenchyma and allows improved

lesion detection when contrasting against a suppressed cerebrospinal fluid signal (Meiners et al.,

1999).  The extent of white matter hyperintensities is associated with increasing age and is most

prevalent in frontal areas of the brain, particularly common in the periventricular region (Yoshita
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et al., 2006).  According to Cook et al. (2007), performance on frontal-executive tasks is

especially vulnerable to white matter hyperintensity burden (Cook et al., 2007).

Given the importance of the frontal lobe in attentional control, age-related changes in the frontal

regions may contribute to a decline in inhibitory control. The aging brain’s increased

susceptibility to distracting, irrelevant stimuli may be a consequence of the age-related changes in

the dorsolateral prefrontal cortex (DLPFC) (Milham et al., 2002).  The DLPFC is thought to

impose and maintain an attentional set and bias activity within posterior processing systems

(Banich et al., 2001).  Cortical pathways that originate in the frontal eye fields of the DLPFC are

shown to be involved in anti-saccades (Segraves & Goldberg, 1987).  Neuroimaging studies lend

support to the involvement of the frontal cortex in the Stroop task, with the anterior cingulate

cortex (ACC), PFC and inferior frontal gyrus (IFG) among the commonly activated brain regions.

Functional imaging studies provide evidence of a frontoparietal network underlying FA (Melcher

& Gruber, 2006) with structural and functional connections between the PFC and the parietal

cortex (Milham et al., 2002).  Banich et al. (2001) posits that a dorsolateral-parietal circuitry is

the source of attentional control and is responsible for selecting and maintaining an attentional set

for task-relevant information.  Posterior brain regions, including the parietal cortex, are involved

in attentional control, visual selection and processes of competitive selection and top down

sensitivity control (Milham et al., 2002; Thornton & Raz, 2006).  It appears that frontal and

parietal regions work together for effective attentional control.
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2.4 Alzheimer’s disease

2.4.1  Pathological and clinical symptoms

Just as changes to executive functions including attention, are evident in normal aging, such

changes can be exacerbated in some pathological diseases.  Alzheimer’s disease (AD) is a

progressive neurodegenerative disease and accounts for two thirds of all dementia cases

(Nussbaum & Ellis, 2003).  AD has characteristic clinical features with memory difficulties

typically being the first symptom to appear.  This memory deficit is consistent with

neuropathological abnormalities that begin in the temporal lobes, specifically in the hippocampus

region (Belleville, Chertkow, & Gauthier, 2007).  The disease progresses to impair other

cognitive domains such as executive function, visuospatial abilities, and language, and does so to

the point that such impairments interfere with basic activities of daily living and instrumental

activities of daily living (IADLs) (Dickerson & Sperling, 2008).  Pathologically, AD is

characterized by neuronal loss, intracellular neurofibrillary tangles and extracellular neuritic

plaques.  Neuronal and synaptic loss leads to cerebral atrophy (Ramini, Jensen, & Helpern, 2006).

The neurofibrillary tangles are composed primarily of the hyperphosphorylated microtubular

protein tau (Ramini et al., 2006).  The neuritic plaques consist largely of the peptide β-amyloid

(Ramini et al., 2006). The β-amyloid protein exerts its neurotoxic effects through a variety of

secondary mechanisms, including the hyperphosphorylation of tau leading to neurofibrillary

tangles, which ultimately leads to cell death (Ramini et al., 2006).  Initially, it appears that these

neuropathological changes occur in the hippocampal formation, entorhinal and perihinal cortices

of the medial temporal lobe (MTL) before eventually spreading throughout the brain.
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Memory impairments are thought to be the hallmark of AD and derive largely from atrophy of

medial temporal structures.  However, in addition to memory impairments, deficits in attentional

control are now recognized in the early stages of AD (Baddeley, Baddeley, Bucks, & Wilcock,

2001; Belleville et al., 2007; Bentley, Driver, & Dolan, 2008; Levinoff, Saumier, & Chertkow,

2005).  According to Dannhauser et al. (2005), the initial memory impairment is followed by

impairments in divided attention and FA.  Impairments of attention in early AD may contribute to

a reduced performance by AD patients on tasks of cognitive domains, including memory and

executive functions (Rizzo, Anderson, Dawson, Myers, & Ball, 2000).  Cognitive testing in

patients with AD reveal deficits in FA.  Parasuraman et al. (2002), found that patients with mild

AD showed deficits in their performance of covert attention and visual search tasks, and that

these deficits may reflect impairments in FA.   Furthermore, they suggested that impairments in

executive control are revealed by the patient’s deficits on tasks of divided attention, the Stroop

task and other tasks requiring changes in an attentional set.  Belleville et al. (2007) provide

evidence that patients with AD show significant impairment of attentional control based on

different attentional components. These findings provide evidence of attentional deficits in AD

patients and highlight the importance of assessing cognitive functions beyond that of episodic

memory alone.

The neural basis of the attentional deficits of AD points to the involvement of two neural systems,

the basal forebrain cholinergic system and the corticocortical pathways.  Disruption or a

deficiency of input by these systems may underlie attentional impairments in AD (Bentley et al.,

2008; Dannhauser et al., 2005).  The basal forebrain cholinergic system provides the main

cholinergic input to prefrontal and parietal cortices, the thalamus and the nucleus basalis of

Meynert, an area prominently affected in AD pathology (Dannhauser et al., 2005).  Degeneration
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of cortical cholinergic neurons is an early pathological finding in AD and is associated with

acetylcholine deficiency and cognitive impairment (Bentley et al., 2008).  Acetylcholine is a

neurotransmitter found in the brain, whose cholinergic receptors modulate neuronal functioning

in the hippocampus and parietal cortex (Greenwood & Parasuraman, 2003).  Cholinergic

receptors play an important role in regulating efficient synaptic transmission.  However, in

normal aging cholinergic neurons undergo reversible atrophy (Greenwood & Parasuraman, 2003).

The cholinergic hypothesis of aging attributes the cognitive decline in aging to selective

deterioration within the cholinergic system (Greenwood & Parasuraman, 2003).  The cortical

cholinergic system plays an important role in regulating a balance between executive-attentional,

top-down control process and bottom up, stimulus-driven processing (Bentley et al., 2008).

Acetylcholinesterase inhibitors, which are currently the most common prescribed treatment

available to patients with AD, inhibit the breakdown of acetylcholine thereby maintaining higher

levels of acetylcholine in the brain.  Attentional deficits can be modulated by the use of

cholinesterase inhibitors, and appear to respond more to cholinesterase inhibition than do memory

deficits (Dannhauser et al., 2005).  As a result, cholinergic genes have emerged as good

candidates for investigating genetic contributions to cognition, in particular attention (Greenwood

& Parasuraman, 2003).

The deficits of attentional control observed in patients with AD are supported by pathological

changes of the frontal and parietal lobes.  The longitudinal fasciculi is a corticocortical pathway

that connects the frontal and parietal cortices.  Neocortical synapse densities in frontal and

parietal cortices are highly correlated with AD pathology and dementia severity (Dannhauser et

al., 2005).  According to Belleville et al. (2007), the anterior cingulate gyrus (ACG), an important

substrate in response selection and inhibition, is affected in AD.  Cholinergic inputs to
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frontoparietal cortex are necessary for the facilitation of task-relevant stimuli.  Moreover, the

frontoparietal activity was found to be impaired in patients with AD during performance of

attentional tasks (Bentley et al., 2008).  In another imaging study using functional MRI, patients

with AD showed reduced activation, also known as hypoactivation, of temporal and prefrontal

areas during tasks of divided attention, visual search and working memory tasks (Dickerson &

Sperling, 2008).

2.4.2  The genetics of Alzheimer’s disease

AD is typically categorized as either early-onset or late-onset, reflecting the age at the time of

diagnosis.  Early-onset AD, also referred to as familial AD, is associated with a younger age of

appearance of clinical symptoms and subsequent diagnosis, faster disease progression and more

abundant tissue histopathology (Mondadori et al., 2006).  Early-onset forms of AD account for

only 2-5% of all AD cases (Parasuraman et al., 2002).  The majority of AD cases are of the late-

onset, or sporadic AD form, whereby clinical symptoms appear at a later age, typically over the

age of 65.  In addition to differentiating early and late-onset AD by age at diagnosis, emerging

evidence suggests that the genes involved in early and late-onset are also different (Mondadori et

al., 2006).  There are at least 4 genes that have been associated with AD:  amyloid precursor

protein (APP), presenillin-1 (PS-1), presenillin-2 (PS-2) and apolipoprotein E (ApoE) (Hsuing,

Sadovnick, & Feldman, 2004).  Genetic mutations of the APP, PS-1 and PS-2 account for most

early-onset forms of AD, while ApoE is generally associated with late-onset forms of AD

(Hsuing et al., 2004).  Genome-wide association studies are part of a continuing effort to identify

other susceptibility genes for late-onset AD.  Recently, the results of a large genome-wide

association study revealed two markers outside of ApoE, CLU on chromosome 8 and CR1 on

chromosome 1, to show evidence of an association with late-onset AD (Lambert et al., 2009).

CLU, which encodes for clusterin, and ApoE are the most abundantly expressed apolipoproteins
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in the central nervous system, and like ApoE, CLU is present in amyloid plaques and can bind to

amyloid-β-protein (Aβ) (Lambert et al., 2009). CR1, which encodes for the main receptor of the

complement C3b protein, may involve the same pathways as those in Aβ clearance which may

suggest CR1 plays a role in the clearance of β-amyloid peptides (Lambert et al., 2009).

Initial studies of early-onset AD focused on chromosome 21 because of the high prevalence of

AD in individuals with Down syndrome (caused by a trisomy of chromosome 21) and because

Aβ was shown to derive from a larger precursor protein, the β-APP, which is encoded by a gene

on chromosome 21.  However, as research investigations grew into the genetics underlying AD,

evidence mounted that mutations at chromosome 21 did not account for all early-onset AD cases.

The major constituent of the extracellular neuritic plaques is the Aβ, which is a proteolytic

fragment of the β-APP (Selkoe, 1998).  Missense mutations in the gene encoding β-APP have

been observed in patients with early-onset AD (Citron et al., 1992).  PS-1 and PS-2 are membrane

proteins localized primarily in the endoplasmic reticulum and Golgi, and are highly homologous

although they appear to undergo slightly different cytoplasmic phosphorylation (Selkoe, 1998).

In 1995, the presenillins were identified as bearing missense mutations that cause early-onset AD,

as they appear to selectively increase the production of Aβ-42 (Selkoe, 1998).  Furthermore, a

twofold increase in Aβ-42 specific plaques is observed in the brains of AD patients with PS-1

mutations compared to AD patients without such mutations (Selkoe, 1998).  The presenillins are

thought to regulate APP proteolysis at the alpha-secretase site.  Studies have demonstrated that

early-onset AD mutations in PS-1 and PS-2 play a crucial role in alpha-secretase cleavage of

APP, resulting in earlier and higher Aβ deposition (Goate, 2006).  Currently, amyloid-based

approaches are being pursued in an attempt to find new treatments for AD, and inhibiting the

alpha-secretase is emerging as a potential target (Selkoe, 1998).  It appears that in early-onset
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AD, both APP and the presenillins lead to the abnormal cerebral production and accumulation of

the Aβ-42 which in turn may cause the AD phenotype (Selkoe, 1998).

The apolipoprotein genotype has emerged as a major risk factor for and reduces the age of onset

in late-onset AD (Trivedi et al., 2006).  The ApoE gene is located on chromosome 19 and is the

principal apolipoprotein in the brain and cerebrospinal fluid (Parasuraman et al., 2002).

Apolipoprotein is an amino acid glycoprotein, mostly synthesized in the liver, and plays a key

role in the storage, transport and metabolism of cholesterol and triglycerides (Parasuraman et al.,

2002; van Duijn et al., 1994).  Its role as a lipid carrier may allow it to supply lipids for growing

neuronal processes (Greenwood & Parasuraman, 2003).  The amyloid hypothesis of AD suggests

that genes with a role in the degradation of β-amyloid, a substance thought to be neurotoxic in

AD, may be good candidates for genes involved in the cognitive decline in aging (Greenwood &

Parasuraman, 2003).  Evidence suggests that ApoE may interact with the Aβ peptide to influence

its conformation and aggregation (Ramini et al., 2006).  Immunohistochemical analyses show that

ApoE is present in AD brain lesions and in vitro experiments indicate that ApoE in cerebrospinal

fluid binds to β-amyloid with high affinity (van Duijn et al., 1994).  There are three common

isoforms of the ApoE protein, ε2, ε3 and ε4, which differ by the interchange of cysteine (cys) and

arginine amino acid residues at positions 112 and 158 of mature ApoE. ε2 has 2 cys residues, ε3

has 1 cys and ε4 has no cys.  As everyone has two ApoE alleles, there are 6 possible ApoE

genotypes: ε2/ε2; ε2/ε3; ε2/ε4; ε3/ε3; ε3/ε4; ε4/ε4.  In addition to AD, an association has also

been shown between ApoE ε4 and other diseases including atherosclerosis (Mahley & Rall, 2000)

and multiple sclerosis (Shi, Zhao, Vollmer, Tyry, & Kuniyoshi, 2008).  The presence of the ε4

allele modifies the risk of AD in a gene dose manner such that as the number of ε4 alleles

inherited increases, the risk of developing AD also increases.  Moreover, individuals that carry
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one ε4 allele are three times more likely and individuals with two ε4 alleles are nine times more

likely to develop AD than individuals that have no ε4 alleles (Hsuing et al., 2004).  Although

ApoE has emerged as a major susceptibility gene for late-onset AD, sensitivity, specificity and

predictive values do not yet lend support to ApoE ε4 genotyping as a diagnostic tool (Hsuing et

al., 2004).

2.5  Mild Cognitive Impairment

Somewhere along the spectrum of normal aging and AD, in what may represent a transitional

stage between the two, is mild cognitive impairment (MCI).  Although the initial concept of MCI

was vague, in recent years, a clinical diagnostic criteria developed by Peterson (Peterson et al.,

1999) is now widely used and accepted.  According to Peterson’s criteria, MCI is defined by a

memory complaint, normal activities of daily living, normal general cognitive function, abnormal

memory for age and absence of dementia.  MCI is a heterogeneous disorder both in its clinical

presentation and its outcome.  Subclassifications of MCI can include a single cognitive

impairment, either amnestic or a non-memory domain, or can involve multiple cognitive

domains.  The clinical outcome of patients with MCI varies.  While some MCI patients remain

stable, others may see their cognitive abilities return to within a normal range and there are those

that will convert to dementia.  The type of dementia a patient may progress to is in part a

manifestation of their MCI subtype.

One of the most common subtypes of MCI is amnestic, where the predominant symptom is

memory loss.  Patients with amnestic MCI (aMCI) are those with scores that are 1.5 standard

deviations (SD) or lower below the mean for age, sex and years of education-matched controls on
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standard memory tests.  Patients with aMCI represent a specific population of individuals that are

at a higher risk for developing AD (Dannhauser et al., 2005; Tabert et al., 2006).  There is a 10-

15% annual conversion rate from aMCI to AD, compared to a 1-2% rate in the normal elderly

population (Peterson et al., 1999).

The diagnosis of AD is preceded by a long preclinical stage.  Pathological characteristics of AD

including neuritic plaques and neurofibrillary tangles, have been found in adults not diagnosed

with AD and may reflect a preclinical stage (Bookheimer et al., 2000).  For the past decade, there

is growing interest in studying this preclinical phase with the hope of developing a disease

modifying therapy that could slow the progressive decline of AD or reverse its underlying

neuropathology (Belleville et al., 2007; Dickerson & Sperling, 2008).  With an increasing aim at

earlier AD diagnosis and with AD modifying drugs currently being studied in clinical trials with

more in development, it is becoming increasingly important to diagnose and assess MCI patients,

as they represent a patient population at high risk for developing AD (Dierckx, Engelborghs, De

Raedt, De Deyn, & Ponjaert-Kristoffersen, 2007).

Neuropsychological, neuroimaging and genetic profiles of patients with MCI are consistent with

a transitional stage between normal aging and mild AD (Grundman et al., 2004).  Despite the

diagnosis of aMCI, which requires an isolated memory impairment, low performance on

executive tasks suggests that a reduced efficiency of the central executive system may exist in

addition to the memory impairment (Silveri, Reali, Jenner, & Puopolo, 2007).  Deficits in

executive functions and attention have been observed in MCI patients.  Longitudinal studies in

aMCI patients have shown that deficits in executive functions are one of the first domains

affected and can be predictive of later onset of AD (Traykov et al., 2007).  Silveri et al. (2007)
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found that aMCI subjects obtained lower scores on a selective attention task compared to normal

controls.  In an attempt to dissect the components of executive control in MCI patients, Perry,

Watson, & Hodges (2000), investigated its subcomponents using various experimental tasks.  The

subcomponents of response inhibition and selective attention were found to be impaired in MCI

patients.  MCI patients were found to be significantly impaired on the Stroop test and the

modified Wisconsin Card Sorting Task, both executive tasks, when compared to controls

suggesting MCI patients had problems with response inhibition, switching and cognitive

flexibility (Traykov et al., 2007).  In their functional MRI study using divided attention, visual

search and working memory tasks, Dickerson and Sperling (2008) observed similar

hypoactivation of temporal and prefrontal cortices in both patients with MCI and AD.  There are,

however, studies that found MCI patients were not impaired in cognitive domains outside of

episodic memory.  Peterson et al. (1999) found that their group of MCI patients showed impaired

verbal episodic memory performance comparable to that of mild AD patients, but that their

performance on other cognitive domains, including executive functions was equivalent to that of

healthy older adults.  The conflicting results on the presence of impairments in executive

functioning in MCI patients may reflect variability in the tasks and measures used to assess

executive functioning as well as the subtype of MCI assessed (Traykov et al., 2007).

2.6  The influence of genetics on cognitive function and patterns of brain activation

In addition to recognizing MCI patients as having an increased risk of developing AD, ApoE ε4

carriers have also been identified as individuals at higher risk of developing AD.  Given that most

cases of AD are of the late-onset type, the influence of genetic genotype on cognitive function

and patterns of brain activation are discussed only in relation to the ApoE ε4 allele.  Though the
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usefulness of ApoE ε4 genotyping for clinical diagnosis remains questionable at the present time,

its use in research studies have provided valuable information about brain changes associated

with polymorphisms of the ApoE gene.

Polymorphisms of the ApoE gene are found to be associated with significant alterations in brain

morphology and cognitive domains in cognitively normal older adults, patients with MCI and

patients with AD.  One such cognitive domain is memory.  Among cognitively normal older

adults, ε4 carriers had lower memory scores than ε4 non-carriers (Caselli et al., 2004;

Greenwood, Sunderland, Lambert, & Parasuraman, 2005).  Support for this increased memory

impairment is the finding of smaller hippocampal volumes in non-demented ε4 carriers than non-

carriers (Hirono, Hashimoto, Yasuda, Kazui, & Mori, 2003).  Likewise, patients with MCI who

are ε4 carriers also show greater memory impairment than patients with MCI who are non-

carriers (Hirono et al., 2003). For patients diagnosed with AD, the number of ApoE ε4 alleles was

found to be significantly correlated with cognitive decline over one year and ε4 carriers

diagnosed with AD showed a greater longitudinal change in hippocampal volume than ε4 non-

carriers diagnosed with AD (Hirono et al., 2003).  Impairments in attention, visual spatial

attention, and working memory (Parasuraman et al., 2002) as well as psychomotor speed and

Mini-Mental State Examination (MMSE) (Folstein, Folstein, & McHugh, 1975) scores (Berr et

al., 1996) have also been found in cognitively normal individuals that carry the ε4 gene.

Functional MRI studies have shown differences in brain activation patterns between cognitively

normal ε4 carrying adults and non-carrier ε4 adults.  Trivedi et al. (2006) found that during a

novel picture-encoding paradigm, the MTL exhibited a reduction in activation in middle aged,

cognitively normal ε3/ε4 heterozygotes with a family history of AD.  In another functional MRI

study, Bookheimer et al. (2000) found that in a task requiring memory, middle to older aged
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subjects at genetic risk for developing AD showed significantly greater extent and magnitude of

activation.  Positron emission tomography (PET) studies further support the differences found in

functional MRI experiments by showing alterations in glucose metabolism and blood flow in

cognitively normal ApoE ε4 carriers relative to ApoE ε4 non-carriers (Lind et al., 2006;

Passaruman et al., 2002).  Similarly, in their fluorodeoxyglucose positron emission tomography

(FDG-PET) study in MCI ApoE ε4 carriers, Mosconi et al. (2004) showed reduced regional

glucose metabolism rate within frontal areas that could result from anterior-posterior

corticocortical disconnection, and whose metabolic pattern appeared similar to that observed in

AD patients. Together, these results from behavioural and neuroimaging studies suggest the

presence of the ApoE ε4 gene may translate into reduced cognitive performance and altered

functional brain activity.

2.7  Studies of healthy older adults, patients with MCI and patients with AD

Healthy older adults, patients with MCI and patients with AD have been studied in relation to

different cognitive domains.  Brain regions underlying some of these cognitive domains may be

disrupted by the pathological changes that occur in these patient populations.  Among these

affected cognitive domains are attention and memory.  Belleville et al. (2007) measured

attentional control of working memory in both MCI and AD patients.  Three tasks were used to

assess divided attention, manipulation capabilities and inhibition.  Patients with AD showed

significant impairments in all three tasks whereas patients with MCI showed impairment only in

the divided attention task.  No differences were found between the normal older participants and

the MCI patients for the test of inhibition.  The absence of an inhibition impairment in the MCI

group may suggest that such an impairment develops rapidly and around the time of conversion
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to AD.  Their findings do support, however, that episodic memory is not the only domain to be

impaired in the evolution of MCI to AD.  Levinoff et al. (2005) used three reaction time tasks to

determine the extent of FA impairments in MCI and AD patients.  The tasks assessed general

psychomotor speed, FA and whether or not subjects could benefit from a cue prior to stimulus

presentation.  All subjects responded slower in the FA task than in the general psychomotor speed

task, with the AD group showing the slowest response.  In the FA task, there was a pronounced

difference between the AD group and normal elderly controls providing additional evidence of a

FA impairment in AD.  The MCI group performed the FA task similar to the AD patients

suggesting that FA deficits are present in this patient population.  Lastly, while normal elderly

controls benefited from the presence of a cue, neither MCI nor AD patients showed a

performance benefit with the cue.  Together, the studies by Belleville et al. (2007) and Levinoff et

al. (2005) support the notion that in addition to the episodic memory impairment of MCI and AD

patients, impairments in attention are also present.

Significant AD pathology in the MTL is observed in MCI and AD patients (Dickerson &

Sperling, 2008).   Given the differences in the underlying brain pathology in normal aging and

MCI and AD patient populations, functional MRI is providing a useful neuroimaging tool for

detecting alterations in brain function.  Sperling (2007) investigated the neural substrates of

associative memory processes such as memory encoding and found that healthy older adults

activated their hippocampus during successful associative encoding.  In comparison, AD patients

showed significantly less hippocampal activation.  Depending on where a MCI patient fell on the

spectrum from normal aging to AD, differential patterns of brain activation in MCI patients were

observed.  While severely impaired MCI patients showed a decrease in MTL activation, those

with very mild MCI actually showed increased MTL activation.  The increased MTL activation,
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Sperling (2007) hypothesized, may represent a compensatory response in face of the pathological

changes in the underlying MTL and hippocampal regions.  There was evidence of increased

activation in some cortical areas in AD patients that may reflect additional brain areas being

recruited in order for successful encoding.

2.8 Neuroimaging

2.8.1 Magnetic resonance imaging

Neuroimaging methods have become an important tool for the investigation of neural correlates

underlying various cognitive functions.  An extensive amount of research using brain imaging

tools can be seen in a wide range of experimental areas from cognitive psychology to medicine.

Magnetic resonance measures how radio frequency electromagnetic waves act upon dipoles in a

magnetic field (Logothetis & Wandell, 2004).  The signal generated by the magnetic resonance

arises mainly from the hydrogen nuclei in water, which are present in significant enough quantity

to allow for measurement (Logothetis & Wandell, 2004).  The proton is the positively charged

spinning nucleus of hydrogen atoms, and because of its charge and spin, it has a small magnetic

field (Edelman & Warach, 1993).  When placed inside a strong magnetic field, such as a scanner,

the protons will transition from a random orientation to one where it will align itself with the

scanner magnetic field.  When radiofrequency energy is applied, protons that are aligned with the

scanner magnetic field absorb the energy and reverse their direction.  As the protons release the

absorbed energy, they relax back to their original alignment at a rate determined by the T1 and T2

relaxation times, which are dependent on the characteristics of the tissue (Edelman & Warach,

1993).  In the relaxation process, the protons produce a voltage, which translates into the

magnetic resonance signal, in a radio antenna called a coil, which surrounds the patient or in
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smaller coils localized over regions of the body, such as a head coil (Edelman & Warach, 1993).

One example of the application of MRI to the study of cognitive aging and in patients groups,

including MCI and AD, is in the field of volumetrics, which provides measures of brain regional

volumes and is used in the detection and assessment of atrophy (Ramini et al., 2006).

2.8.2 Functional magnetic resonance imaging

Functional magnetic resonance imaging (fMRI) is a non-invasive neuroimaging technique with

high spatial resolution to allow for the visualization of brain activation during the performance of

cognitive tasks.  fMRI has been used to show differences in patterns of brain activation during

memory and attentional tasks as well as other cognitive domains.  fMRI provides a powerful

method for studying how the healthy brain functions during a given task and how it may be

affected in different diseases.  The primary goal of functional brain imaging is to identify regions

of the brain whose activation correlates with a given psychological event (Samanez-Larkin &

D’Esposito, 2008).  The fMRI signal acquired is not an absolute measure, but a relative measure

(D’Esposito, Deouell, & Gazzaley, 2003) that detects differences in activity associated with

various conditions set up by the researcher to isolate the psychological event of interest.  The

advantage of using fMRI lends itself in part to its non-invasive nature, no exposure to radiation as

well as the wide availability of MRI scanners.

The blood oxygen-level dependent (BOLD) contrast mechanism provides the link between the

underlying neural activity and the measured T2* value acquired with imaging.  The BOLD signal

alters the T2* parameter through neural-activity dependent changes in the relative concentration

of oxygenated to deoxygenated hemoglobin in the blood (Logothetis & Wandell, 2004).  BOLD

contrast imaging employs hemoglobin as an endogenous contrast agent to create a fMRI signal

due to a magnetization difference between oxygenated and deoxygenated hemoglobin (Arthurs &
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Boniface, 2004).  Oxygenated hemoglobin is diamagnetic and when hemoglobin loses its oxygen

and becomes deoxygenated, its magnetic properties change and it becomes paramagnetic.  The

presence of paramagnetic molecules in the blood changes the proton signal from water molecules

in the surrounding vessels and consequently produces a difference in the magnetic susceptibility

between the blood vessel and the surrounding tissue (Ogawa, Lee, Kay, & Tank, 1990).  When a

stimulus is presented, a neural response is elicited.  The neural response alters the ratio of

oxygenated to deoxygenated hemoglobin by influencing the cerebral blood flow, cerebral blood

volume and cerebral blood oxygen consumption (D’Esposito et al., 2003). There is a subsequent

increase in local blood flow and blood volume to the region in the brain where the neural

response was elicited.  There is not, however, a concordant change in oxygen utilization

(Buckner, Snyder, Sanders, Raichle, & Morris, 2000).  As a result, this increase in local blood

flow results in a decrease in the concentration of deoxygenated hemoglobin in the surrounding

vasculature of the region of activation (D’Esposito et al., 2003).  This changes the ratio of

oxygenated hemoglobin to deoxygenated hemoglobin leading to an increase in the BOLD signal

at the site where the neural response was elicited.  However, the spatial resolution of fMRI is

limited by the fact that the BOLD signal occurs not only at the capillary level, but also at large

draining veins that can be located a few centimeters away from the region where the initial neural

response occurred (Arthurs & Boniface, 2004).  As a result, large blood vessels that are not

closely localized to the origin of the neural response, may contribute to the source of the fMRI

signal.

fMRI provides an indirect measure of neural activity that relies on a coupling of local neuronal

activity to vascular hemodynamic response (Buckner et al., 2000).  The BOLD mechanism

depends on the integrity and proper regulation of local vasculature (Buckner et al., 2000).



27

Neurovascular coupling is the process by which neural activity influences the hemodynamic

properties of the surrounding vasculature (D’Esposito et al., 2003).  Direct comparison of the

BOLD signal relies on the assumption of a linear relationship between neural activity and the

BOLD signal.  However, confounding factors between different study populations, and even

between different brain regions, may be present, though conflicting findings are reported

(D’Esposito et al., 2003).  Age-related changes in vasculature may lead to age-related differences

in the BOLD signal that may not be attributed to differences in underlying neuronal activity

(Samanez-Larkin & D’Esposito, 2008).  Buckner at al. (2000) reported significant regionally

specific reductions in the amplitude of the hemodynamic response in older adults relative to

young adults.  Samanez-Larkin and D’Esposito (2008) suggested that vascular differences or an

increased likelihood of sampling non gray matter may contribute to a reduced BOLD signal in

older adults.  D’Esposito et al. (2003) reported no significant difference in the shape of the

hemodynamic response function or peak amplitude of the BOLD signal in older adults, however

they had a decreased signal to noise ratio due to increased noise.  Different properties on

measures of neuronal activity may exist between young and older adults such as the mechanical

capacity of cerebral arterioles to dilate, cerebrovascular dynamic factors, and structural damage to

blood vessel walls (Cook et al., 2007).  Such factors may consequently affect the amplitude of the

BOLD signal.  Just as caution in BOLD signal interpretation must be taken when comparing

between young and older adults, caution must also be made when comparing between patient and

control groups as disease pathology may alter the neurovascular coupling.  Buckner et al. (2000)

reported that in an analysis of the hemodynamic response, demented older adults exhibited more

variance than young or non-demented older adults.  Though the mechanism of how the BOLD

contrast may differ between different study populations is not fully understood, with careful
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consideration of the procedures used in the analysis and cautious interpretation of results, fMRI

provides a valuable investigative tool.

2.8.3  Neuroimaging the default mode network

Functional neuroimaging typically provides a means to study task-dependent increases in brain

activity by contrasting a baseline period from a period where an experimental task is performed

(Rombouts, Barkhof, Goekoop, Stam, & Scheltens, 2005).  More recently, functional

neuroimaging has also been used to study brain activation that occurs in the absence of any

experimental task (Raichle et al., 2001).  The network of brain areas that are active at rest has

been termed the default mode network (DMN) and includes the medial frontal, medial and lateral

parietal, posterior cingulate cortex (PCC), and precuneus (Persson, Lustig, Nelson, & Reuter-

Lorenz, 2007).  These regions show high metabolism under rest conditions using FDG-PET and

are thought to reflect monitoring one’s own internal state (Persson et al., 2007) and mediates

processes such as reviewing past knowledge in preparing for future actions (Greicius, Srivastava,

Reiss, & Menon, 2004).  Upon initiation and performance of the experimental task, the DMN is

deactivated and the brain regions mediating the experimental task are then activated (Greicius,

Krasnow, Reiss, & Menon, 2003).  This deactivation of the DMN is thought to reflect a

reallocation of resources away from the default mode and towards the demands of the

experimental task (Persson et al., 2007).  Alterations in the DMN have been observed in normal

older adults (Persson et al., 2007) as well as in patients with MCI and AD (Sperling et al., 2009).

Older adults have shown reduced DMN deactivation, with MCI and AD patients showing even

further reduced DMN deactivation, relative to young adults.  Such differences may reflect

alterations in the DMN specifically as well as the general disruption of connections in the brain

that occurs in aging (Sperling et al., 2009) and may influence the interpretation of functional

neuroimaging studies.
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2.8.4  Neuroimaging studies of the Stroop task

Initially, young adults were the preferred subjects in brain imaging studies to understand the

neural correlates of a given cognitive task.  This knowledge provided a foundation that allowed

the functional processes in healthy aging and in various conditions and diseases to be

investigated.  In his article, “Experimental design in brain activation MRI:  Cautionary tales”,

Savoy (2005) recommends the use of well documented and well-established tasks for fMRI

studies.  The Stroop task, one of the most well recognized tests in psychology, has been adapted

for use in the MRI and many studies have investigated the neural correlates underlying Stroop

performance.  Leung, Skudlarski, Gatenby, Peterson, & Gore (2000) used event-related fMRI to

identify the neural circuits activated by cognitive interference using the Stroop task.  In their first

experiment, most of the colour word stimuli were congruent with only a few incongruent,

whereas their second experiment had mostly incongruent with only a few congruent.  Among the

brain regions most activated by young adults during Stroop task performance was the insula,

inferior frontal, ACG and the basal ganglia.  Their results demonstrated differential time course

patterns between the ACG and frontal activations. The ACC has been shown to be a brain region

commonly activated in Stroop task performance.  The ACC can be divided into discrete

subdivisions, including visceromotor, nociception, attention-to-action and vocalization regions.

Gruber, Rogowska, Holcomb, Soraci, & Yurgelun-Todd (2002) sought to clarify the regional

signal intensity changes in the ACC during Stroop Color-word task performance.  Using

vocalized responses, young adults showed a significant increase in the average signal intensity in

both the attention-to-action and vocalization regions of the ACC in the interference subtest when

subjects were asked to name the colour of the ink on an incongruent trial.  Moreover, Gruber et

al. (2002) suggested that the vocalization region was required for the inhibition of responses.

Despite its role in cognitive control, the functional role of the ACC is not yet fully understood and
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there are several studies that did not find ACC activation in the Stroop task.  Zysset, Müller,

Lohmann, & von Cramon (2001) used a button press to record responses of young adults during a

Stroop colour-word paradigm.  In the incongruent versus neutral comparison, significant

activation was observed in the presupplementary motor area (pre-SMA), inferior frontal sulcus

(IFS), frontopolar cortex, intraparietal sulcus and the fusiform gyrus.  No significant activation in

the ACC was observed suggesting that the ACC is involved in response conflict, not interference

per se.  The strongest activation in the IFS suggests it has a role in solving the interference effect

and task management.  Furthermore, Mitchell (2005) investigated the BOLD response during

three Stroop task modalities.  In the colour-word modality, dorsolateral and ventrolateral PFC,

middle and medial frontal gyrus, superior parietal lobule and precuneus/cuneus, with predominant

left hemisphere activation were more activated in the incongruent than in the neutral condition.

Mead et al. (2002) found that when either the congruent or neutral conditions was subtracted from

the incongruent condition, significant activation was observed in the left inferior precentral sulcus

at the junction of the pars opercularis of the IFG and left ventral premotor area.  When each of the

experimental conditions was compared to baseline rest periods, numerous areas of activation

were identified including the ACC.

Though the majority of Stroop-fMRI studies have investigated the neural correlates of FA in

young adults, several have extended the study paradigm to older adults.  In a recent study of

young and middle-aged adults, Zysset et al. (2007) investigated the effects of aging on Stroop

task performance.  The color-word interference task displayed two rows of letters and subjects

were instructed to decide, yes or no, via button-press, if the colour of the top row letters

corresponded to the color name written in the bottom row.  Their study design consisted of

neutral trials, where the top row of letters consisted of XXXX printed in colored ink and the
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bottom row consisted of a colour name (eg. red, blue, green or yellow), and incongruent trials,

where the top row consisted of a colour word printed in a non-matching colour and the bottom

row again consisted of colour names.  Their results showed that middle-aged adults were

significantly slower than young adults on both neutral and incongruent conditions, but that the

incongruent condition was no more affected by age than the neutral condition.  Analysis of the

incongruent against neutral condition contrast found the largest activations for the color-word

interference along the bilateral IFS, bilateral intraparietal sulcus, the posterior superior frontal

gyrus, and the medial wall of the superior frontal gyrus (or pre-SMA).  The neural network

underlying Stroop performance was the same for both young and middle-aged adults, however in

middle-aged adults, additional, predominantly left hemisphere brain areas were observed.  The

largest age-related changes in this contrast were found in the bilateral inferior frontal junction

area (IFJ), left IFG and anterior part of the right lingual gyrus.  The center of activation in the IFG

was located in the pars triangularis of the IFG, and reaching into the pars opercularis.

Milham et al. (2002) compared the neural correlates during performance of the color-word Stroop

task of young and older participants to investigate age-related changes of attention control.

Twelve young adults and 10 older adults underwent the block-design study.  Red, orange and

green were the ink colours used, and three types of trials, incongruent, congruent and neutral were

included.  Participants were instructed to identify the ink colour and respond using a three-button

response pad.  For both young and older adults, as the need for attentional control increased, a

network of structures including the ACC/pre-SMA, middle frontal gyrus, IFG, superior and

inferior parietal lobules and extrastriate cortex were activated.  Age-related differences were

noted in prefrontal and parietal cortices.  During the incongruent trials, there was a unique area of

greater activity within the DLPFC for young adults.  In older adults, the incongruent trials yielded
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greater activation of anterior inferior and ventrolateral regions of the PFC, including increased

bilateral activity in the IFG, than did young adults.  For older adults, the mere presence of

competing colour information was enough to produce increases in the ACC. Both young and

older adults showed increased activity within the right supplementary motor area (SMA) specific

to the presence of conflicting information.  In the incongruent trial, older adults showed activation

in the precuneus cortex, and a more diffuse network of temporal regions.  For older adults,

extrastriate cortex activations in response to the incongruent trials was more widely distributed

than young adults and included the lingual gyrus, cuneus, fusiform gyrus, and middle occipital

gyrus.

In another study examining the neural mechanisms of Stroop interference in older adults,

Langenecker, Nielson, & Rao (2004) recruited 13 young and 13 older adults to undergo a fMRI

study using the Stroop colour-word interference test.  The study protocol consisted of stimuli

words printed in one of four colours (red, blue, green or yellow) and 3 conditions, incongruent,

congruent and neutral.  Subjects were instructed to respond to the printed colour of the stimuli by

pressing one of four buttons on a keypad, with each button corresponding to one of the ink

colours.  The contrasts, incongruent-neutral and incongruent-congruent were used in the final

analyses.  Reaction time was slower, and more errors were made, for both young and older adults

in the incongruent condition compared to either the congruent or neutral conditions.

Furthermore, older adults made significantly more errors than young adults.  In the incongruent-

congruent contrast, older adults exhibited greater interference-based activation than young adults

in the right frontal gyrus and the left IFG.  Young adults did not show more interference-related

activation than older adults.  In the incongruent-neutral contrast, older adults exhibited greater
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activation compared to young adults, primarily located in the frontal lobes and in areas

comparable to those found in the incongruent-congruent contrast.

Together, the results from these and other Stroop-fMRI studies have identified various frontal and

parietal regions that underlie Stroop task performance.  Due to the variation across studies in

methodological issues such as choice of experimental conditions and analyses, differences in

observed regions of activation are to be expected.  Among the most commonly activated regions

are the IFG, middle frontal gyrus, ACC, pre-SMA and intraparietal areas.  A meta-analysis of

frontal lobe and anterior insula activations in colour-word Stroop studies found IFJ, ACC/pre-

SMA, ACC/superior frontal gyrus and insula to be activated in the incongruent conditions

compared to either congruent or neutral conditions (Derrfuss, Brass, Neumann, & von Cramon,

2005).  In their meta-analysis of label-based review and activation likelihood estimation in the

Stroop task, Laird et al. (2005) found agreement across both methods in the bilateral ACC, left

inferior frontal, left inferior parietal and left middle frontal regions.

2.9  Rationale for the current study

The Stroop-fMRI studies in older adults described above have all employed a manual response

modality in the form of a button-press box.  The button-box modality adds additional cognitive

demands by requiring subjects to remember which button corresponds to which colour stimuli,

rendering it not appropriate for use in patients with memory deficits.  By self-report and by

performance, cognitively normal older adults found the button-box more difficult to use than the

young adults (Langenecker et al., 2004).  It may be safe to assume that older adults with

preexisting diseases such as MCI and AD may experience even greater difficulty with the use of a
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button box than older adults without cognitive impairments.  If the button-box modality adds

difficulty disproportionately for older adults, a verbal response modality may be better suited for

Stroop-fMRI studies with older adults and patient populations.  Furthermore, a verbal response is

more similar to the paper version of the Stroop task used in the clinical assessment of FA.

Among the chief concerns with the use of verbal responses in any experimental paradigm is the

increased susceptibility to motion artifact from speaking.  By implementing measures that reduce

subject motion into the experimental protocol and analysis, such as motion-correction software,

mobilization of subject’s head and viewing and analyzing motion parameters, one can improve

the likelihood that the observed activation is in fact true activation in response to the experimental

task.

Due to inter-subject variability, fMRI analysis is more reliable with an increasing number of

subjects.  In face of the difficulty in recruiting older adults for fMRI studies due to an increase

prevalence of MRI contraindications, previous studies with older adults are often limited by

relatively small sample sizes.  Compared to previous Stroop-fMRI studies, the current study

provides the largest sample size of older adults.  In the previous Stroop-fMRI studies in older

adults, subjects were instructed to name the colour of the ink across all the incongruent,

congruent and neutral trials, and the resulting Stroop effect was observed when contrasting

incongruent with either congruent or neutral trials.  In the current study, the Stroop effect was

examined in incongruent trials when subjects were asked to name the colour of the ink compared

to when they were asked to read the word.  Such a Stroop-fMRI paradigm has not yet been

employed in either older adult or patient populations.
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The current Stroop-fMRI study employed a verbal response modality using incongruent colour-

word trials to yield the Stroop effect by contrasting reading the word from saying the ink colour

in cognitively normal older adults, patients with aMCI and patients with mild AD.  Given the

evidence of attentional deficits in aMCI and AD patients, it is hypothesized that the aMCI and

mild AD groups will not perform the Stroop task as well as the NC group in both the paper

version of the Stroop task, as well as the Stroop-fMRI experimental task.  If behavioural

differences in Stroop task performance exist between the groups, then it is also hypothesized that

functional differences between the groups in the brain areas mediating the Stroop task may also

be observed.
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Chapter 3

Methods

3.1  Participants

The current study was approved by the Queen’s University Research Ethics Board.  Cognitively

normal older adults (NC), patients with aMCI, and patients with mild probable AD were recruited

for study participation.  The NC group was recruited from the community.  Patients with aMCI

and mild AD were recruited from the outpatient memory disorders clinic in Kingston, ON.

Twenty-one NC (13 women, 8 men; mean (± SD) age 71 ± 6), seven patients with aMCI (4

women, 3 men; mean (± SD) age 72 ± 8) and fifteen patients with mild AD (10 women, 5 men;

mean (± SD) age 73 ± 9) successfully underwent the study procedures.  An additional two aMCI

patients and six mild AD patients were recruited and underwent study procedures, however were

excluded from the final analysis due to too many errors during the fMRI Stroop task.  All

participants gave written informed consent prior to undergoing any study procedures.

Participants were all native or highly proficient English speaking volunteers between the ages of

50 and 85 years.  Participants had no colour blindness, active neurological, cognitive or other

medical conditions that may have affected cognitive performance (other than those patients

diagnosed with aMCI or mild AD).  Participants were screened to exclude those with untreated

depression, those who were aphasic or could not perform the Stroop task.  Any individuals that

could not undergo a MRI due to the presence of metallic objects or devices, such as pacemakers

and hip replacements, were not recruited.
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Participants underwent a battery of neuropsychological tests to assess their cognitive function.

The following tests were administered to all participants:  the MMSE, the Montreal Cognitive

Assessment (MoCA) (Nasreddine et al., 2005), the Mattis Dementia Rating Scale (DRS) (Mattis,

1988), and the Stroop test.  The MMSE is a one of the most commonly used screening tools for

dementia, however its sensitivity decreases when administered to patients who present with mild

cognitive deficits.  The MoCA is also a brief screening tool used to screen patients for dementia,

and was developed in an attempt to overcome the limitations of the MMSE in detecting mild

dementia.  The MoCA has been shown to quickly and reliably distinguish patients with MCI from

cognitively normal adults.  The DRS is a test used for the detection of dementia that includes

subtests measuring attention, initiation and perseveration, visuospatial construction,

conceptualization and memory.  The Stroop test is considered the gold standard test for the

assessment of FA.  In addition, the California Verbal Learning Test- Version II (CVLT-II) (Delis,

Kramer, Kaplan, & Ober, 2000) was administered to the NC and aMCI groups.  The CVLT-II is a

verbal learning memory test that assesses learning and memory in a list-learning format.  Due to

the difficulty of the CVLT-II, it was not administered to the mild AD group.

The NC group consisted of independently functioning community dwellers with normal cognitive

abilities (MMSE ≥ 26, MoCA ≥ 26, DRS ≥ 123, CVLT-II verbal recall sub-scores higher than 1.5

SD below the mean) based on their scores of the neuropsychological test battery.  The diagnosis

of aMCI was made using the Peterson criteria (Peterson et al., 1999).  Patients with aMCI

presented with a memory complaint greater than expected based on their age, with normal

IADLs, normal general cognitive function (MMSE ≥ 26, MoCA ≥ 26; DRS ≥ 123) and who did

not meet the Diagnostic and Statistical Manual for Mental Disorders, 4th edition (DSM-IV)

(American Psychiatric Association, 1994) and National Institute of Neurologic and
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Communicative Disorders and Stroke/Alzheimer’s Disease and Related Disorders Association

(NINCDS-ADRDA) (McKhann et al., 1984) criteria for clinically probable AD.  The subjective

memory complaint documented by the patient was supported by at least 2 verbal recall sub-scores

of the CVLT-II equal to or lower than 1.5 SD below the mean after being matched for age, sex

and years of education.  An informant to the patient corroborated the lack of a functional

impairment.  The diagnosis of AD was made according to the DSM-IV and NINCDS-ADRDA

criteria for dementia.  The diagnosis was made or confirmed by the director of the outpatient

memory clinic, a geriatrician.  Mild AD patients, with MoCA scores between 15 and 26, and who

were capable of comprehending and performing the Stroop test were approached for study

participation.

3.2 Procedures

In addition to the neuropsychological test battery, all participants underwent a clinical interview,

which included a review of their medical history and current medications.  The clinical interview

and battery of neuropsychological tests were conducted on a separate day prior to performing the

fMRI experiment due to the length of time required in performing the test battery.  Only for those

participants who were unwilling or unable to come for two separate visits were the study

procedures all performed in a single day.

Two DNA samples were collected from each participant using the buccal (cheek) swab collection

method (Hixson & Vernier, 1990).  BuccalAmp DNA Extraction Kits (EpiCentre

Biotechnologies, Madison, WI), obtained from Interscience, Markham, ON, were used to collect

and prepare genomic DNA extracts for polymerase chain reaction amplification.  Buccal cells
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were collected from study participants using individual sterile Catch-All Sample Collection

Swabs.  Samples were collected from the inside of each cheek on separate swabs, then were air-

dried for approximately 15 minutes and stored at -70oC prior to transfer on dry ice to the

Neurogenetics Laboratory, Surrey Place Centre, Toronto, ON, the site of analysis.  DNA from

each swab was extracted with 500 µL of QuickExtract DNA Extraction Solution 1.0 in a 1 mL

Eppendorf tube using a modification of the Rapid DNA Extraction Protocol (6 min at 65oC, and

2.5 min at 98oC).  After preparation, DNA extracts were stored at -20oC prior to genotyping.

DNA was amplified in the exon 4 region of the ApoE gene according to a modification of the

protocol of Hixson and Vernier (1990).  Different ApoE genotypes were distinguished by

electrophoresis, followed by viewing and photography done on a transilluminator (wavelength =

254 nm).

3.3  fMRI Experimental Task

The fMRI experiment was carried out at the Queen’s University Research MRI Facility.

Participants were required to complete a MRI Safety Checklist prior to entering the scanner.  Due

to several possible interpretations of the colour, participants were shown the colour tan on the

paper version of the Stroop test prior to initiating the fMRI experiment.  Participants were told the

colour was tan but in an attempt to minimize additional cognitive demands, they were instructed

to call the colour whatever came most automatic to them.  Although most said tan, some

participants called the colour yellow or brown.

The Stroop test used in the current experiment was an adaptation from the word-colour

incongruent task taken from the paper version of the Stroop test.  The four colour word stimuli
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used in the experiment were blue, green, tan and red.  Colour word stimuli were presented

visually via a back projection onto a screen that was viewed through a mirror attached to the head

coil of the scanner.  The presentation of the colour word stimuli was run using MatlabR2006b

(The Mathworks, Sherborn, MA).  Participants were instructed to make verbal responses to the

presented colour word stimuli and to speak clearly but quietly and without excessive enunciation

in an effort to minimize excessive head motion while speaking.  A microphone was placed above

the participant’s mouth to record verbal responses, which was then transmitted to speakers in the

room adjacent to the scanner.  As each colour word stimuli was presented, the participant’s

verbal responses were marked as incorrect, missed (participant made no verbal response)

or corrected (participant initially said an incorrect response but was able to correct

themselves).  An audio file of the recordings of each participant’s verbal responses was

made available after the scanning session.  Participants were given headphones in order to

reduce the noise of the scanner and to enable communication with the participant.  Padding was

placed between the outside of the headphones and the sides of the head coil to mobilize the head

and reduce the opportunity for the participant to move their head.

The experimental protocol was carried out as a block design with four functional series.  Each

condition block was 28 seconds and consisted of 16 colour word stimuli, each of which was

presented for 1.75 seconds.  Condition blocks were separated by a 14-second rest period in which

either a fixation cross or instructions were presented, as described below in Figure 1.
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Figure 1.  Stroop-fMRI experimental paradigm.
In Series 0, 4 blocks of colour word stimuli were presented in black ink and participants were
asked to read the word.  The first rest period displayed the instruction of ‘Read the word’; the
remaining rest periods displayed a fixation cross.  In Series 1, 8 blocks of colour word stimuli
were presented in an incongruent ink colour.  In the first 4 blocks, participants were asked to
‘Read the word’ and in the last 4 blocks, participants were asked to ‘Say the colour of the ink’.
Each rest period displayed the instructions for the subsequent condition block.  Series 2a and 2b
are identical, each with 8 blocks of colour word stimuli presented in an incongruent ink colour.
The blocks alternated between the ‘Read the word’ and ‘Say the colour of the ink’ conditions.
Each rest period displayed the instructions for the subsequent condition block.

In series 0, the neutral condition, the colour word stimuli were presented in black ink (e.g. the

word ‘red’ written in black ink) and participants were instructed to read the word.  The

instructions ‘Read the word’ were presented for 14 seconds and preceded the commencement of

the first condition block. A fixation cross at the center of the display screen was displayed during

the remaining rest periods. A total of 91 images were acquired with a sequence scan time of

approximately 3 minutes.  In Series 1, the colour word stimuli were presented in an incongruent

ink colour (e.g. the word ‘red’ written in blue ink) and consisted of 8 condition blocks.  In the
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first 4 condition blocks, participants were instructed to read the word and in the last 4 blocks,

participants were instructed to say the colour of the ink.  The rest period preceding the first 4

condition blocks presented the participants with the instructions ‘Read the word’, whereas the rest

period preceding the last 4 condition blocks presented the instructions ‘Say the colour of the ink’.

A total of 175 images were acquired with a sequence scan time of approximately 6 minutes.

In Series 2, the colour word stimuli were presented in an incongruent ink colour and consisted of

8 condition blocks.  Each block alternated between ‘Read the word’ and ‘Say the colour of the

ink’ conditions.  The rest period preceding each condition block displayed the appropriate

instructions for the subsequent condition block. A total of 175 images were acquired with a

sequence scan time of approximately 6 minutes. Series 2 was repeated twice and herein referred

to as Series 2a and 2b.

3.4  Image Acquisition

All imaging was acquired on a 3 Tesla Siemens Magnetrom Trio scanner (Siemens Medical

Systems, Erlangen, Germany) in conjunction with a 12-channel head matrix coil.  Multi-channel

receiver coils yield better contrast and spatial resolution than do single-channel receiver coils

(Savoy, 2005).  An automated image registration for motion correction was employed during

scanning to minimize the effects of motion artifacts from the verbal responses and the motion-

corrected data was subsequently used in the analysis.  The word presentation and image

acquisition were not synchronized.  The rationale for the chosen imaging parameters is described

below.  The TR was set to the minimum which allowed for the maximum number of volumes to

be imaged while maintaining good image resolution and TE was set to equal the approximate T2*

value of the brain at 3 Tesla, which optimizes sensitivity to BOLD signal changes.  The flip angle
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was set to the Ernst angle for the T1 of gray matter at 3 Tesla and a TR of 2 seconds to maximize

the signal-to-noise ratio.  The use of cubic voxels gives equal spatial resolution and partial-

volume effects in all directions, and reduces any systematic bias in the data, and the cubic voxel

size was chosen to balance good spatial resolution, imaging the whole brain in short time and

high signal-to-noise ratio.

Functional data were acquired along the anterior commissure-posterior commissure line with

BOLD T2*-weighted echo planar imaging.  A gradient-echo method was applied for T2*-

weighting to optimize sensitivity to the BOLD effect and echo-planar imaging provides a

technique for very rapid imaging.  Thirty-two axial slices (time to repetition (TR)= 1970 msec,

echo time (TE)= 30 msec, flip angle= 78°, FoV= 211 mm x 211 mm) of 3.3 mm thickness (cubic

voxel size 3.3 mm) provided whole-brain coverage using interleaved acquisition.

In addition to the functional sequences, conventional MR images were also acquired during the

scanning period.  Prior to acquiring the functional scans, structural data were acquired with a T1-

weighted anatomical scan.  T1-weighted 3-dimensional techniques, such as magnetization

prepared rapid gradient echo (MP-RAGE), are often used to obtain high resolution anatomical

images (Ramini et al., 2006).  Subsequently, a MP-RAGE, single shot sequence was used in the

study (TR= 1760 msec, TE= 2.2 msec, flip angle= 9°, FoV= 256 mm) to acquire 176 slices at a

slice thickness of 1 mm (cubic voxel size 1 mm).  T2-weighted scans were also acquired.  Forty

axial slices (TR= 3000 msec, TE= 92 msec, flip angle= 150°, FoV= 230 mm) of 3 mm slice

thickness (voxel size 0.4 x 0.4 x 3 mm) were acquired during the T2-Turbo Spin Echo scan.  Fifty

axial slices (TR= 9000 msec, TE= 79 msec, flip angle= 180°, FoV= 250 mm) of 3 mm slice

thickness (voxel size 1 x 1 x 3 mm) were acquired during the T2-FLAIR scan.  The T2-weighted
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Sampling Perfection with Application optimized Contrasts using different flip angle Evolutions

(SPACE) sequence acquired 176 slices (TR= 3000 msec, TE= 447 msec, FoV= 256 mm) of 1

mm slice thickness (cubic voxel size 1 mm).

3.5  Data Analysis

3.5.1 Stroop-fMRI task behavioural data

Participant’s verbal responses to colour word stimuli during the Stroop-fMRI experimental task

were recorded for analysis of performance accuracy.  Condition blocks with less than 75%

accuracy were considered error blocks and were excluded from fMRI analysis.  All error

responses were classified as incorrect, missed or corrected.  Statistical analysis on performance

accuracy on the Stroop-fMRI task was performed using Statistical Package for the Social

Sciences (SPSS), Version 17.0 (SPSS Inc., Chicago, IL).

3.5.2 Stroop-fMRI task functional data

Spatial pre-processing and statistical analysis of the imaging data was carried out using Statistical

Parametric Mapping (SPM5; Wellcome Department of Cognitive Neurology, University College

London, UK, http://www.fil.ion.ucl.ac.uk/spm/spm5/html).  To initiate pre-processing and

analysis using SPM5, the anatomical image and functional time series were first imported from

DICOM format.  The first two functional scans in each series were discarded from the analyses to

allow the longitudinal magnetization to reach a stable state.  Prior to analysis of the fMRI data,

the time-series data were reviewed using a data diagnostic utility, tsdiffana (tsdiffana.tar.gz).  The

diagnostic plots were used to visualize the slice-by-slice variance in the fMRI dataset as large

amounts of variance can arise from movement or severe artifacts.  The purpose of pre-processing

was to remove various kinds of artifacts in data and increase statistical validity (Smith, 2004).
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The following pre-processing steps were carried out:  realignment, co-registration, segmentation,

normalization and smoothing.  First, to compensate for subject inter-scan movement, functional

T2*-weighted images were spatially realigned.  This approach compares each image in the time

series to the first, reference image to minimize the ratio of voxels between the two images using a

six-parameter rigid-body transformation (Johnstone et al., 2006).  The six realignment motion

parameters were then used to visualize and analyze the amount of subject motion. The

realignment step computed a mean functional image, which was subsequently used in the co-

registration step.  Due to the lower spatial resolution of the functional images, the high resolution

T1-weighted structural scan was then co-registered to the mean image of the realigned functional

scans using an automated image-matching algorithm.  SPM5 combines segmentation, spatial

normalization and bias correction in a unified model approach (Ashburner & Friston, 2005).  The

unified segmentation of the co-registered images was carried out using SPM5’s segmentation

algorithm based on a priori tissue probability maps. The segmented images were then normalized

into the standard stereotactic space of the Montreal Neurological Institute (MNI) template (MNI,

McGill University, Montreal, QC).  Spatial normalization brings the images from all the

participants into the same stereotaxtic space, thereby accounting for the differences in brain

anatomy between individuals by aligning (or warping) each participant’s anatomy to a template

image (Samanez-Larkin & D’Esposito, 2008).  In this way, normalization helps to minimize

spatial and volume differences (Ramini et al., 2006).  Lastly, the functional images were

smoothed to increase the signal-to-noise ratio by suppressing noise and movement artifact with a

Gaussian kernel of 8 x 8 x 8 mm full width at half maximum (FWHM).  A 128-second temporal

high pass filter was applied to the functional data to exclude low frequency fluctuations and

artifacts, which can result from scanner drift.
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Following pre-processing, a univariate approach of the general linear model (GLM), was used to

analyze each voxel’s time series independently.  The GLM requires that a model is set up, and the

GLM is used to fit the model to the data. If the model is derived from the timing of the applied

stimulation to the participant during the experimental task, then a good fit between the model and

data suggests that the data was probably caused by the stimulation (Smith, 2004).  The GLM is

formulated in matrix notation, with each column representing a regressor, which corresponds to a

different part of the model.  Standard brain imaging programs such as SPM5, construct a

regression model with the predicted time courses for the various experimental conditions.  Data

was modeled as blocks, which was then convolved with SPM’s canonical hemodynamic response

function to account for the lag between stimulation and the BOLD signal (Samanez-Larkin &

D’Esposito, 2008).  For each participant, a design matrix was created whereby the rest periods,

correct ‘Read the word’ condition blocks and correct ‘Say the colour of the ink’ condition blocks

were applied as regressors to the design matrix, in addition to the six realignment parameters.  If

there were erroneous condition blocks for a given participant, these blocks were represented as

separate regressors, though not used in any contrasts.  Modeling of the design matrix allowed

different conditions to be compared, resulting in various contrasts of interest.

Statistical analysis was then carried out to determine which voxels were activated by the different

experimental conditions.  Statistical tests were conducted on time-series data on a voxel-by-voxel

basis.  Fixed-effects analysis was applied to each participant with a p threshold of 0.001,

uncorrected for multiple comparisons.  Voxel-wise statistical parametric maps (SPMs) were

obtained for each contrast of interest, which displays those points in the image where the brain

has activated in response to a given experimental condition (Smith, 2004).  For fixed-effects

analysis, it is advantageous to collect as much data from each participant, as doubling the number
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of trials within a subject will generally lead to more robust data, thereby improving statistical

significance, than doubling the number of subjects and keeping the same amount of trials

(Woods, 1996).  It is for this reason, that Series 2 was performed twice with them aim of

improving the statistical significance for the main contrast of the incongruent ‘Say the colour of

the ink’ and ‘Read the word’ conditions.  The results of these t-contrasts from each participant

were then entered into a random-effects analysis to investigate both within-group and between-

group activation maps.  Individual SPMs from each participant within the NC and mild AD

groups were pooled together to produce a separate SPM for each group (Mead et al., 2002). A

within-group analysis was not appropriate for the aMCI group due to its small sample size,

therefore individual SPMs were examined to determine the areas of brain activation for these

individuals.  For the NC and mild AD groups, a one-sample t-test was applied to investigate the

within-group activation level.  A significance p threshold of 0.05, uncorrected for multiple

comparisons, was selected and then applied to the t-statistics in the averaged group SPM.  For the

between-group analysis, the patterns of brain activation during Stroop task performance were

compared between the NC and mild AD groups using a 2-sample t-test with a p threshold of 0.05,

uncorrected for multiple comparisons.  To control for false positives, a spatial extent cluster

threshold of 3 voxels was applied whereby only clusters of with at least 3 contiguous voxels were

identified.  The coordinates of activated voxels that survived statistical threshold significance

were entered into MRICro software (Rorden & Brett, 2000) to determine anatomical

identification for the location of activation.  The automated anatomical labeling (AAL) template

created by Tzourio-Mazoyer et al. (2002) was used to report the localization of the activation.

The coordinates of activated voxels reported by SPM5 are reported in MNI space, and the AAL

template was created based on the anatomical parcellation of the spatially normalized single-

subject, segmented high resolution T1 volume provided by MNI (Tzourio-Mazoyer et al., 2002).
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Chapter 4

Results

4.1  Demographic and Genetic Data

Demographic and ApoE genetic characteristics for the NC, aMCI and mild AD groups are listed

in Table 1.  Buccals swabs used for determining ApoE status from 1 NC participant and 1 AD

participant were not readable, therefore their ApoE genotyping results are not reported.  Analysis

of variance (ANOVA) was used to compare the groups and found no significant differences for

age (p= 0.319) and years of education (p=0.491).

Table 1.  Demographic and ApoE genetic characteristics.

NC

(N=21)

Mean (SD)

aMCI

(N=7)

Mean (SD)

AD

(N=15)

Mean (SD)

Age, years 71 (6) 76 (8) 73 (9)

Education, years 16 (4) 14 (2) 16 (5)

Gender, M:F 8:13 3:4 5:10

ApoE status*, %

ε3/ε3

ε3/ε4

ε4/ε4

40

55

5

43

29

29

36

27

27

*For ApoE status, N=20 for NC group and N=14 for AD group.
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4.2  Cognitive Assessment

Mean scores for the battery of neuropsychological tests performed were reported for each group

and are displayed in Table 2.  As expected, the NC group performed significantly better than the

patient groups on the battery of neuropsychological tests.  The NC group was significantly better

than the aMCI group on the MMSE (p=0.001), MoCA (p<0.001), DRS Total Score (p=0.001),

Stroop Colour-Word score (p=0.001) and the short and long delay free recall scores of the CVLT-

II (p<0.001).  The NC group was significantly better than the mild AD group on the MMSE

(p=0.004), MoCA (p<0.001), DRS Total Score (p<0.001) and Stroop Colour-Word score

(p<0.001).  There were no significant differences on the MMSE (p=0.812), MoCA (p=0.262),

DRS Total Score (p=0.437) and Stroop Colour-Word score (p=0.896) between the aMCI and

mild AD groups.

Table 2.  Group mean scores on the battery of neuropsychological tests.

NC

Mean (SD)

aMCI

Mean (SD)

AD

Mean (SD)

MMSE 29.62 (0.50) 27.29 (1.11) 27.47 (2.42)

MoCA 27.00 (1.95) 23.71 (1.25) 22.60 (2.38)

DRS

     Total Score 141.90 (2.05) 132.43 (4.35) 130.50 (5.61)

Stroop

     Colour-Word Score
96.24 (11.53) 69.14 (12.95) 70.13 (17.67)

CVLT-II

     SDFR Raw Score

     LDFR Raw Score

10.19 (3.75)

10.43 (3.75)

2.86 (2.04)

3.43 (1.99)

N/A

N/A

MMSE= Mini-Mental State Examination; MoCA= Montreal Cognitive Assessment; DRS= Dementia

Rating Scale; CVLT-II= California Verbal Learning Test-Version II; SDFR= Short Delay Free Recall;

LDFR= Long Delay Free Recall
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4.3  Stroop-fMRI task performance accuracy

During the Stroop-fMRI experiment, performance accuracy was recorded for all participants.  As

shown in Figure 2, the mean (± SD) total number of errors collapsed across all series for the NC,

aMCI and mild AD groups was 8.00 ± 6.83, 53.00 ± 23.79, and 50.33 ± 30.42, respectively.  The

NC group had significantly fewer errors across all series than both the aMCI (p=0.002) and the

mild AD group (p<0.001), while the aMCI and mild AD groups were not significantly different

(p=0.841).
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Figure 2.  Mean number of errors per group across all series.
Mean number of errors, with standard error bars, across all series (Series 0, Series 1, Series 2a
and Series 2b) for the cognitively normal older adult (NC) group, the amnestic mild cognitive
impairment (aMCI) group, and the mild Alzheimer’s disease (AD) group.  The NC group had
significantly fewer errors than both the aMCI* (p = 0.002) and the mild AD group ** (p < 0.001).
The aMCI and mild AD groups did not significantly differ in the number of errors made (ns= not
significant).  A total of 384 incongruent trials were presented during Series 1, 2a and 2b.

The mean number of errors across each series for all groups is displayed in Figure 3.  For the NC

group, the mean (± SD) number of errors in Series 1, Series 2a and Series 2b was 1.38 ± 2.40,

3.57 ± 4.98 and 3.05 ± 4.51, respectively.  For the aMCI group, the mean (± SD) number of
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errors in Series 1, Series 2a and Series 2b was 11.29 ± 7.61, 22.57 ± 17.06 and 19.14 ± 14.80,

respectively.  For the mild AD group, the mean (± SD) number of errors in Series 1, Series 2a and

Series 2b was 11.47 ± 10.86, 25.20 ± 18.19 and 13.67 ± 14.02, respectively.  The distribution of

errors across the series was similar across NC, aMCI and mild AD groups.  For each group,

Series 1 showed the fewest errors while Series 2a, which was the first of two series with

alternating condition blocks, resulted in the highest number of errors.  The second series of

alternating condition blocks, Series 2b, saw an improvement with fewer errors made relative to

Series 2a.

0

5

10

15

20

25

30

35

Group

Total Number of Errors By Series

Series 1
Series 2a
Series 2b

Figure 3.  Mean number of errors per group for each series.
Mean number of errors, with standard error bars, for Series 1, Series 2a and Series 2b for the
cognitively normal older adult (NC) group, the amnestic mild cognitive impairment (aMCI)
group, and the mild Alzheimer’s disease (AD) group.  No errors were committed in Series 0 by
any group.  The distribution of errors across the three series was similar between the groups.

The mean number of errors by condition for each group is displayed in Figure 4.  For the NC

group, the mean (± SD) total number of errors in the ‘Read the word’ and ‘Say the colour of the

ink’ blocks was 2.90 ± 3.96 and 4.86 ± 4.98, respectively.  For the aMCI group, the mean (± SD)
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total number of errors in the ‘Read the word’ and ‘Say the colour of the ink’ blocks was 22.00 ±

20.10 and 31.00 ± 15.34, respectively.  For the mild AD group, the mean (± SD) total number of

errors in the ‘Read the word’ and ‘Say the colour of the ink’ blocks was 25.13 ± 24.14 and 25.20

± 19.88, respectively.  There was no significant difference in errors between the two conditions

for the NC, aMCI or mild AD group (p=0.144, p=0.407, and p= 0.994, respectively).  When the

series were stratified, only Series 1 showed a significant difference in errors between the two

conditions, with the NC, aMCI, and mild AD groups all displaying more errors in the ‘Say the

colour of the ink’ condition (p=0.026, p=0.020, p=0.004, respectively) .  The aMCI and mild AD

groups did not significantly differ in the mean number of errors in either the ‘Read the word’

(p=0.769) or ‘Say the colour of the ink’ (p=0.504) conditions.
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Figure 4.  Mean number of errors per group by condition.
Mean number of errors, with standard error bars, for the ‘Read the word’ and ‘Say the colour of
the ink’ condition for the cognitively normal older adult (NC) group, the amnestic mild cognitive
impairment (aMCI) group, and the mild Alzheimer’s disease (AD) group. There were no
significant differences in errors between the two conditions for the NC, aMCI or mild AD groups
(p=0.144, p=0.407, and p= 0.994, respectively), (ns= not significant).
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Error responses were classified as incorrect, corrected or missed and are displayed in Figure 5.

Incorrect responses were the most common error response for all groups.  The mean number (±

SD) of incorrect responses by the NC group, the aMCI group and the mild AD group were 1.29 ±

2.83, 11.43 ± 11.17, and 10.24 ± 12.39, respectively.  The mean number (± SD) of corrected

responses by the NC group, the aMCI group and the mild AD group were 0.79 ± 1.89, 2.00 ±

1.41, and 0.87 ± 0.94, respectively.  The mean number (± SD) of missed responses by the NC

group, the aMCI group and the mild AD group were 0.59 ± 1.12, 4.24 ± 5.58, and 5.67 ± 7.00,

respectively.

 
Mean Number of Errors by Response Type

0

5

10

15

20

25

Group

N
u

m
b

e
r 

o
f 

E
rr

o
rs

Incorrect Responses
Corrected Responses
Missed Responses

Figure 5.  Mean number of errors per group based on response type.
Mean number of errors, with standard error bars, for the cognitively normal older adult (NC)
group, the amnestic mild cognitive impairment (aMCI) group, and the mild Alzheimer’s disease
(AD) group were classified as incorrect, corrected or missed.  Incorrect responses were the most
common error response type among all three groups.
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4.4 Analysis of subject motion during Stroop-fMRI experimental task

The average subject movement was estimated based on both the rotation about and the translation

along each of the 3 coordinate axes (x, y, and z) using the non-motion corrected functional data.

For the NC group, there was a mean (± SD) translation of 2.79 ± 1.20 mm and a rotation of 2.95

± 1.47 degrees.  For the aMCI group, there was a mean (± SD) translation of 4.13 ± 1.44 mm and

a rotation of 3.5 ± 1.29 degrees.  For the mild AD group, there was a mean (± SD) translation of

5.7 ± 4.39 mm and a rotation of 6.13 ± 2.74 degrees.  Though non-motion corrected data was

used to assess subject movement, the motion-corrected data, which had smaller translation and

rotation movement parameters than the non-motion corrected data, was used in the analysis of the

functional data.

4.5  Stroop-fMRI task-related brain activation

The main contrast of interest in the current Stroop paradigm was the incongruent ‘Say the colour

of the ink’ condition against the ‘Read the word’ condition.  This contrast elicited activation in all

groups.  Across the three incongruent series, the brain areas found to be significantly more active

in the ‘Say the colour of the ink’ condition compared to the ‘Read the word’ condition for the NC

group are displayed in Figure 6.  The NC within-group analysis of the interference condition

yielded greater activation in the left SMA, bilateral precentral gyrus, right pars opercularis of the

IFG, left insula, and right superior frontal gyrus as listed in Table 3.
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Figure 6.  Statistical Parametric Map displaying brain areas more activated by cognitively
normal older adults (NC) in the ‘Say the colour of the ink’ condition than in the ‘Read the
word’ condition.
The within-group analysis of the NC group yielded significantly more activation in the observed
brain regions during the ‘Say the colour of the ink’ than in the ‘Read the word’ condition (p<0.05,
uncorrected).

Table 3.  Within-group analysis of the cognitively normal older adult (NC) group yielding brain
areas more activated in the ‘Say the colour of the ink’ than in the ‘Read the word’ condition.

Region Side
MNI coordinates in Talairach space

(mm)
        x                      y                   z

T Z-score

Supplementary
motor area L -9 9 48 3.89 3.32

-42 3 27 3.20 2.84L -36 0 36 3.15 2.81Precentral gyrus
R 60 9 39 2.78 2.53

Inferior frontal
gyrus, pars
opercularis

R 48 18 6 2.62 2.40

Insula L -27 21 6 2.50 2.31
24 12 69 2.43 2.25Superior frontal

gyrus R 27 3 66 1.97 1.87
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For the NC group, the Series 1 ‘Say the colour of the ink’ minus ‘Read the word’ conditions

resulted in significant activation in the left pars opercularis of the IFG, right insula, left superior

and inferior parietal, left fusiform gyrus, right middle and superior frontal gyrus and the right

precentral gyrus.  The largest activation cluster for the main contrast in Series 1 was 1439 voxels.

At a p threshold of 0.001, only the left pars opercularis of the IFG survived statistical significance

for the NC within group Series 1 ‘Say the colour of the ink’ minus ‘Read the word’ contrast.

Combining Series 2a and 2b ‘Say the colour of the ink’ minus ‘Read the word’ conditions

resulted in significant activation in the right postcentral gyrus, bilateral pars opercularis of the

IFG, bilateral SMA, left middle and superior frontal gyrus, left precentral gyrus, bilateral insula,

and right putamen.  The largest activation cluster for the main contrast in the combined Series 2a

and 2b was 118 voxels.

For the AD group, across the three incongruent series, the brain areas found to be significantly

more active in the ‘Say the colour of the ink’ condition compared to the ‘Read the word’

condition are displayed in Figure 7.  The mild AD within-group analysis of the interference

condition yielded greater activation in the left precentral gyrus, left pars opercularis of the IFG,

left pars triangularis of the IFG, pars orbital of the IFG, left fusiform gyrus, and left SMA, as

listed in Table 4.
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Figure 7.  Statistical Parametric Map displaying brain areas more activated by the mild
Alzheimer’s disease (AD) group in the ‘Say the colour of the ink’ condition than in the
‘Read the word’ condition.
The within-group analysis of the mild AD group yielded significantly more activation in the
observed brain regions during the ‘Say the colour of the ink’ than in the ‘Read the word’
condition (p<0.05, uncorrected).

Table 4.  Within-group analysis of the mild Alzheimer’s disease (AD) group yielding brain areas
more activated in the ‘Say the colour of the ink’ than in the ‘Read the word’ condition.

Region Side
MNI coordinates in Talairach space

(mm)
        x                      y                   z

T Z-score

Precentral gyrus L -48 6 48 3.63 2.99
Inferior frontal
gyrus, pars
opercularis

L -51 24 33 2.52 2.25

Inferior frontal
gyrus, pars
triangularis

L -39 18 27 2.09 1.92

Inferior frontal
gyrus, pars orbital

L -42 24 -15 2.62 2.32

Fusiform gyrus L -27 -60 -15 2.60 2.31
-6 12 48 2.28 2.07Supplementary

motor area L
0 3 69 1.94 1.80
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For the AD group, the Series 1 ‘Say the colour of the ink’ minus ‘Read the word’ conditions

resulted in significant activation in the left precentral gyrus, left middle and superior frontal

gyrus, bilateral fusiform gyrus, right insula, left hippocampus and parahippocampal, left superior

parietal, bilateral inferior temporal gyrus, bilateral precuneus, left SMA, and the left pars orbital

and pars triangularis of the IFG.  The largest activation cluster for the main contrast in Series 1

was 301 voxels.  At a p threshold of 0.001, only the left precentral gyrus survived statistical

significance for the mild AD within group Series 1 ‘Say the colour of the ink’ minus ‘Read the

word’ contrast.  Combining Series 2a and 2b ‘Say the colour of the ink’ minus ‘Read the word’

conditions resulted in significant activation in the left pars orbital and pars triangularis of the IFG,

left middle frontal gyrus, left precentral and left SMA.  The largest activation cluster for the main

contrast in the combined Series 2a and 2b was 29 voxels.

Individual SPM contrast images were analyzed to examine areas of activation for the interference

condition in the patients with aMCI.  As listed in Table 5, the brain regions found to be the more

activated in the ‘Say the colour of the ink’ than in the ‘Read the word’ condition for the aMCI

patients included the bilateral inferior and middle temporal gyri, bilateral precuneus and

calcarine, and bilateral postcentral and left precentral gyri, bilateral rolandic operculum and the

bilateral pars orbital of the IFG.
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Table 5.  The most frequently activated brain regions in aMCI participants for the contrast of
‘Say the colour of the ink’ condition minus ‘Read the word’ condition.

Region Side
Inferior temporal gyrus Bilateral
Middle temporal gyrus Bilateral
Precuneus Bilateral
Calcarine Bilateral
Postcentral gyrus Bilateral
Precentral gyrus Left
Rolandic Operculum Bilateral
Inferior frontal gyrus, pars orbital Bilateral
Supplementary motor area Bilateral
Inferior frontal gyrus, pars triangularis Left
Superior parietal gyrus Bilateral
Fusiform gyrus Bilateral
Rectus Right
Superior temporal pole Bilateral
Inferior frontal gyrus, pars opercularis Left
Middle frontal gyrus Bilateral
Superior frontal gyrus Bilateral
Cerebellum Bilateral
Middle temporal pole Bilateral
Middle occipital gyrus Bilateral

The patterns of brain activation for the main contrast of interest were compared between the NC

and mild AD groups as shown in Figure 6.  The brains regions that were significantly more

activated in the NC group compared to the mild AD group were the right middle frontal gyrus,

left middle occipital gyrus, right pars opercularis of the IFG, bilateral lingual and pars triangularis

of the IFG.  The brain regions that were significantly more activated in the mild AD group were

the left precentral, left supramarginal gyrus, left postcentral gyrus and the right middle frontal

gyrus.
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Figure 8.  Patterns of brain activation differences between the cognitively normal older
adult (NC) and mild Alzheimer’s disease (AD) groups for the main contrast of interest
‘Say the colour of the ink’ minus ‘Read the word’.
Brain regions showing increased activity in the NC group compared to the mild AD group for the
contrast ‘Say the colour of the ink’ minus ‘Read the word’, as displayed on an anatomical
template brain (top row).  Brain regions showing increased activity in the mild AD group
compared to the NC group for the contrast ‘Say the colour of the ink’ minus ‘Read the word, as
displayed on an anatomical template brain (bottom row).  The images are displayed in
neurological orientation, so that the left side of the image corresponds to the left side of the brain.

Brain regions more activated in the interference condition for the aMCI patients corresponded to

the some of the brain regions found in the NC group including the SMA, precentral gyrus, pars

opercularis of the IFG and superior frontal gyrus.  The aMCI group also showed brain areas that

were found in the mild AD group including left precentral gyrus, pars opercularis, pars

triangularis and pars orbital of the IFG, fusiform gyrus, and SMA.

In Series 0, colour word stimuli were presented in black ink and condition blocks alternated with

rest blocks whereby a fixation cross was displayed. For the NC group, the within-group analysis

for the Series 0 contrast of ‘Read the word’ minus rest (fixation cross) yielded significant activity
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in brain regions including the left postcentral gyrus, left SMA, right middle frontal gyrus, right

precentral gyrus, right lingual, bilateral paracentral lobule, left inferior parietal, left hippocampus

and right superior temporal gyrus. For the mild AD group, the within-group analysis for the

Series 0 contrast of ‘Read the word’ minus rest (fixation cross) yielded significant activity in

brain regions including the left superior parietal, right precentral gyrus, right middle and superior

frontal gyrus, bilateral SMA, left lingual and left postcentral gyrus.  For the Series 0 ‘Read the

word’ minus rest (fixation cross) contrast, the largest activation cluster for the NC group was

1164 voxels compared to 573 voxels for the mild AD group.  In the incongruent series (Series 1,

2a and 2b), within-group analysis of the ‘Read the word’ minus rest (instructions displayed)

contrast for the NC and the mild AD group yielded activation in common brain areas including

postcentral gyrus, superior temporal gyrus and middle occipital gyrus.  In the incongruent series

(Series 1, 2a and 2b), within-group analysis of the ‘Say the colour of the ink’ minus rest

(instructions displayed) contrast for the NC and the mild AD group yielded activation in common

brain areas including the left SMA, and precentral gyrus. Differences in activation cluster sizes

were evident in the contrasts of the incongruent conditions minus the instruction rest period.  The

largest activation cluster for the NC group for the ‘Read the word’ minus instruction rest period

was 6624 voxels whereas for the AD group, it was only 192. The largest activation cluster for the

NC group for the ‘Say the colour of the ink’ minus instruction rest period was 5309 voxels

whereas for the AD group, it was only 16.  Activation maps with the above-mentioned contrasts

for both the NC and mild AD group are shown in Figure 9.
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Figure 9.  Overlay of brain activation for the cognitively normal older adult (NC) and mild
Alzheimer’s disease (AD) groups during contrasts involving the rest periods.
Overlay of activation of the cognitively normal older adult (NC) group (blue) with the activation
of the mild Alzheimer’s disease (AD) group (yellow).  Top row:  Brain regions more activated in
Series 0 ‘Read the word’ than in Series 0 rest (fixation cross).  Middle row:  Brain regions more
activated in Series 1, 2a & 2b ‘Read the word’ than in Series 1, 2a & 2b rest (instructions
displayed).  Bottom row:  Brain regions more activated in Series 1, 2a & 2b ‘Say the colour of the
ink’ than in Series 1, 2a, 2b rest (instructions displayed).
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Chapter 5

Discussion

The current study investigated the neural correlates of FA in cognitively normal older adults,

patients with aMCI and patients with mild AD using a verbal response Stroop-fMRI paradigm.

Overall, Stroop-fMRI task performance accuracy was significantly better in the NC group.

Significantly more errors committed by the aMCI and mild AD patients is indicative of deficits in

FA.  Interestingly, none of the groups made significantly more errors in the ‘Say the colour of the

ink’ condition compared to the ‘Read the word’ condition, although the NC and aMCI groups

appeared to show a trend towards more errors in the ‘Say the colour of the ink’ condition.  The

main contrast of interest, ‘Say the colour of the ink’ minus ‘Read the word’, elicited increased

activation in all groups.  Among the brain regions activated were the SMA, precentral gyrus, and

IFG.  The neuroimaging results of the current study are consistent with brain regions found to be

activated in previous Stroop-fMRI studies in cognitively normal adults.  However, the neural

correlates of FA have never been studied before using a Stroop paradigm in aMCI or AD

patients.

5.1  Cognitive Assessment

As expected, the battery of neuropsychological tests revealed significantly better scores for the

NC group compared to either the aMCI or mild AD groups.  The aMCI and mild AD groups

performed similarly across the battery of neuropsychological tests.  The lack of any significant

differences in cognitive test scores between the two patient groups may reflect the mild stage of

the AD patients where, despite impairments in activities of daily living, relatively good cognitive
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function remains.  The high mean MMSE score for the AD group lends further support for a

relatively high functioning mild AD group. Our aMCI sample size was fairly small and

consequently, may not be an adequate representation of the range of cognitive functioning along

the aMCI spectrum.  Moreover, the aMCI patients were recruited from a memory disorders

clinic, and therefore, may reflect individuals with more pronounced memory, and possible

executive functioning impairments, that resulted in their referral to such a clinic.  It is important

to note that the mean MMSE scores for the aMCI and mild AD groups (27.29 ± 1.11 and 27.47 ±

2.42, respectively) are considered within the normal range for MMSE scoring.  Our sample

population was generally well-educated and the relatively high number of years of education for

the aMCI (14 years) and mild AD group (16 years) may contribute, in part, to higher scores on

the cognitive testing.  Although the scores of the MMSE and MoCA are reported, patients were

selected for the Stroop-fMRI experiment according to their capacity to do the paper Stroop task.

5.2  ApoE genotyping

Our ApoE genetic test results showed a greater number of participants with homozygous ε4

alleles in the aMCI and mild AD groups (29% and 27%, respectively) relative to the NC group

(5%).  ApoE ε4 has been linked to an increased risk of developing late-onset AD with

approximately 50% of all homozygous ε4 carriers going on to develop AD (Greenwood &

Parasuraman, 2003).  Although the ε2 allele is thought to confer a protective effect with regard to

the risk of developing AD (Parasuraman et al., 2002), it is also the least common of the three

main ApoE isoforms (Prasher et al., 2008).  In our sample, there were no individuals with ε2

alleles.  The ε3 allele is the most common of the three main isoforms (Hixson & Vernier, 1990),

which is consistent with the genetic findings of our study population.  For the NC, aMCI and
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mild AD groups, 95%, 71% and 71%, respectively, of individuals were either ε3 homozygous

(ε3/ε3) or heterozygous (ε3/ε4).  It has been argued that ApoE influences when, rather than

whether, an individual develops AD, as the primary effect of the ε4 allele is to shift to an earlier

age of onset of AD (Greenwood & Parasuraman, 2003; Nussbaum & Ellis, 2003).  When the mild

AD group was stratified based on ε4 alleles, patients that carry at least one ε4 allele (either ε3/ε4

or ε4/ε4) were younger (mean age 71 years) compared to patients that carry no ε4 alleles (mean

age 78 years), though this was not found to be statistically significant.  The lack of a significant

difference may be accounted for by the small sample size when the mild AD group was stratified

based on ε4 allele carrier status.

There is evidence across numerous cognitive domains to suggest that cognitively normal adults

and MCI patients that carry the ApoE ε4 gene exhibit behavioural and functional differences to

non-carriers.  However, in the current study, only one of the twenty cognitively normal older

adults was a homozygous ε4 carrier, and our aMCI sample size was too small to allow for the

differentiation based on genotype expression.  Therefore the sample size of the current study does

not allow any inferences to be made regarding the relationship between ApoE ε4 allele carrier

status and cognitive function or functional patterns of brain activation.

5.3  Stroop-fMRI performance

In addition to worse performance in the colour naming part of the paper Stroop task administered

as part of the cognitive assessment, poor Stroop-fMRI task performance by the aMCI and mild

AD groups, relative to the NC group, adds further support of deficits of FA in patients with aMCI

and mild AD.  A decrease in Stroop task performance accuracy was assessed based on the
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number of errors made during the Stroop-fMRI experiment.  When naming the ink colour on

incongruent trials of the Stroop task, an inefficient FA system results in the processing of the

irrelevant colour dimensions (the written word), which interferes with the goal of naming the

relevant colour dimension (the ink colour) and results in errors when the irrelevant dimension

cannot be suppressed.

Although an isolated memory impairment is an essential part of the aMCI criteria established by

Peterson et al. (1999), there is evidence to suggest that deficits in executive functions are also

observed.  Our results, which revealed a greater number of errors in the aMCI group relative to

the NC group, support this view.  Perry et al. (2000) suggested that some subcomponents of

executive control, such as selective attention and response inhibition, may be particularly

vulnerable in MCI, while other processes are relatively preserved.  Their results demonstrated

problems in response inhibition and attentional switching in aMCI patients.  Further support of

this view comes from a study by Traykov et al. (2007) who reported significant deficits in a MCI

group in the Stroop test and Wisconsin Card Sorting Task, tests that require response inhibition

and attentional switching, respectively.  However, there are some studies that have found no

differences between MCI patients and normal controls on measures of inhibition (Zhang, Han,

Verhaeghen, & Nilsson, 2007) and executive functions (Peterson et al., 1999).  The discrepancy

as to whether executive functioning is compromised in MCI patients may reflect the use of

different criteria for MCI samples and reinforces the heterogeneity of the term ‘MCI’.

There is increasing evidence to show deficits in executive functions and attentional components

occur early in AD (Belleville et al., 2007; Parasuraman et al., 2002; Perry & Hodges, 1999).

Despite an AD group in the mild stages of the disease, deficits in FA were observed based on the
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Stroop-fMRI task behavioural results demonstrating significantly more errors in AD patients than

the NC group.  Impairments in inhibitory processing are commonly reported in AD patients

(Belleville et al., 2007; Levinoff et al., 2005; Perry et al., 2000).  A decline in inhibitory

efficiency emerges as an increase in interference, which is considered the hallmark of intrusion of

task-irrelevant information even in face of top-down selective attention to name the ink colour

(Baddeley et al., 2001; Melcher & Gruber, 2006).  In their analysis of Stroop performance in

older adults and AD patients, Spieler et al. (1996) demonstrated an increase in reaction time and

errors in AD patients, thus indicating a larger Stroop effect.  Spieler et al. (1996) suggested that

rather than take more time to decide upon the correct response, AD patients are more likely to

allow irrelevant dimensions of the stimulus to drive their response, leading to large increases in

intrusion errors.

The mean number of errors during the Stroop-fMRI experiment was not significantly different

between the aMCI and mild AD groups.  Our findings are in line with the results of Levinoff et

al. (2005), who found that MCI subjects performed a cued reaction time task similar to AD

subjects.  There are several possible explanations for the comparable performance of the aMCI

and mild AD groups in the current study.  Only AD patients that were capable of performing the

Stroop task were recruited for study participation, and for the most part, these AD patients were

in the early, mild stages of AD.  As a result, they were of relatively higher cognitive functioning,

as supported by the results of the battery of neuropsychological tests.  If one thinks of MCI and

AD as lying along a continuum, the mild AD group may lie closer to the MCI end, rather than the

severe AD end, and may account for their similar neuropsychological test scores and performance

accuracy.
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The introduction of Series 2a with alternating condition blocks resulted in the highest number of

errors across the groups.  In the second series of alternating condition blocks (Series 2b), all

groups made fewer errors than in Series 2a, thus demonstrated a learning effect, although the

number of errors was still greater than the non-alternating Series 1.  Due to the continuous

switching between ‘Read the word’ and ‘Say the colour of the ink’ condition blocks in Series 2a

and 2b, the increase in errors may reflect the additional cognitive demands required to maintain

the proper task instructions.  This would be especially true for the aMCI and mild AD patients

due to their memory impairments as they may not be able to remember which instructions were

given at the start of a block.  Interestingly, when the number of errors was collapsed across Series

1, 2a and 2b, none of the groups showed a significant increase in the number of errors in the ‘Say

the colour of the ink’ condition compared to the ‘Read the word’ condition.  While the NC and

aMCI groups showed a trend toward more errors in the ‘Say the colour of the ink’ condition, the

mild AD group showed almost identical number of errors between the two conditions.  This may

be because as the conditions alternate, the AD group had the most difficulty in remembering the

instructions for each given block.  In the clinical application of the Stroop task, naming the ink

colour requires FA to overcome the more automatic response of reading the written word.

However, it appears that in the given fMRI experimental task, FA was also required when

instructed to read the word.  In their study of selective attention in AD patients, Fernandez-Duque

and Black (2008) found that AD patients were impaired in their ability to maintain an alternating

mental set in the presence of distraction.  Moreover, AD patients had difficulty keeping in mind

the rule for target selection, especially when the rule changed throughout the experiment.  This

may be especially true for the AD patients with the current experimental paradigm whereby the

instructions alternated each block.
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Errors were classified as incorrect, missed or corrected.  Incorrect responses were the most

common type of error across all three groups.  Both the aMCI and mild AD groups showed more

missed than corrected responses.  Reaction time was not measured in the current study as colour

word stimuli were presented at a regular interval of 1.75 seconds regardless of whether a verbal

response was made.  Therefore, missed responses may reflect a slower reaction time when

presented with conflicting colour information.  Moreover, the patient groups may have needed

more than the 1.75 seconds allotted to make a response before the next word stimuli was

presented.  Previous studies of FA in AD patients have revealed increased reaction time

compared to normal controls (Levinoff et al., 2005; Spieler et al., 1996).  In visual search

paradigms, reaction time increases as a function of the number of distractors for normal controls,

however, for AD patients, they are abnormally slow as reflected by a steeper slope function

(Fernandez-Duque & Black, 2008).  Corrected responses, which represent a participant’s ability

to recognize an error and make the appropriate correction, were greatest in the NC group and

fewest in the mild AD group.  The reduced ability of the mild AD group to correct themselves on

incorrect responses may reflect deficits in initiation, which is a commonly observed symptom of

AD.  Fisher, Freed, & Corkin (1990) measured correct responses within a 45-sec interval during

Stroop performance in healthy older adults and AD patients and found that the AD patients made

fewer correct responses.

5.4 Patterns of Brain Activation

5.4.1 Main contrast of interest ‘Say the colour of the ink’ minus ‘Read the word’

The main contrast of interest was the subtraction of the incongruent ‘Read the word’ condition

from the incongruent ‘Say the colour of the ink’ condition.  Due to the conflicting colour
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information presented and the more automatic tendency to read the word, naming the colour of

the ink requires greater FA.  For the NC group, significant activation was observed in the left

SMA, bilateral precentral gyrus, right pars opercularis of the IFG, left insula and right superior

frontal gyrus during the ‘Say the colour of the ink’ relative to the ‘Read the word’ condition.

These brain regions are similar to those observed in the three previous Stroop-fMRI studies of

older adults.  In their comparison of incongruent against neutral trials, Zysset et al. (2007)

demonstrated activation in the bilateral IFS, bilateral intraparietal sulcus, the posterior superior

frontal gyrus and the medial wall of the superior frontal gyrus (also termed pre-SMA).  The

center of activation in the IFG was located in the pars triangularis, and reaching into the pars

opercularis.  Common regions between the work of Zysset et al. (2007) and the current findings

include the IFG and superior frontal gyrus.  In the Stroop-fMRI study of Milham et al. (2002), as

the need for attentional control increased across conditions, older adults activated a network of

structures including the ACC/pre-SMA, middle frontal gyrus, IFG, superior and inferior parietal

lobules and extrastriate cortex.  Both young and older adults showed increased activity within the

right SMA specific to the presence of conflicting colour information (Milham et al., 2002).  The

left SMA and the left precentral gyrus were found to be the largest activation regions for the NC

and AD groups, respectively, in the current study.  Langenecker et al. (2004) found that older

adults displayed greater activation in the right frontal gyrus and the left IFG in the incongruent-

congruent contrast.

Common brain regions in the interference contrast between the current study and the previous

Stroop-fMRI studies were identified despite obvious differences in experimental paradigms.

Chief among them was the use of a verbal response modality in the current study compared to the

manual response that was used by the other studies.  Secondly, the Stroop stimuli that were
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presented in the studies were different.  In the experimental design of Zysset et al. (2007), two

rows of letters appeared on the screen and participants were instructed to decide, yes or no, if the

colour of the top row letters corresponded to the colour name written in the bottom row.  The

studies undertaken by Milham et al. (2002) and Langenecker et al. (2004) used single word

stimuli, as in the current study, however participants were exclusively asked to name the ink

colours across the incongruent, congruent and neutral conditions.  As a result of different

conditions in the previous Stroop-fMRI studies, the contrasts performed to determine the brain

regions mediating the Stroop effect were also different.  Despite some consistencies across the

studies in terms of activated brain regions, the methodological differences may explain some of

the variation.

In the current study, the mild AD group showed significant activation in the left precentral gyrus,

the pars opercularis, pars triangularis and pars orbital of the left IFG, left fusiform gyrus, and left

SMA.  No previous study has investigated the neural correlates of the Stroop task in an AD

patient population.  The mild AD group showed several common activated brain regions as the

NC group including the precentral gyrus, the pars opercularis of the IFG, and the SMA.  The pars

triangularis and pars orbital of the IFG along with the fusiform gyrus were additionally activated

in the AD group.  The additional brain regions may reflect an increasing reliance by AD patients

on these frontal regions in the face of Stroop interference.  The mild AD group activated

predominantly left hemisphere brain regions during Stroop interference.  Although the bulk of

evidence points to the left hemisphere for the resolution of the interference (Mead et al., 2002),

the mild AD group appeared to rely more exclusively on it than the NC group.  Previous Stroop

studies have shown more extensive activation in older adults than young adults (Langenecker et

al., 2004; Milham et al., 2002; Zysset et al., 2007).  The increased recruitment of brain areas in
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older adults has been thought to represent a compensatory mechanism in order to perform the task

at a level similar to that of young adults (Persson et al., 2006).  Our results showed that the mild

AD patients did not show more extensive activation than the NC group.  Grady et al. (2003)

demonstrated that the recruitment of additional prefrontal areas into a cognitive network in mild

AD patients was associated with better performance of semantic and episodic memory tasks.

Given the large difference in performance accuracy between the NC and mild AD groups in the

current study, it may be that the mild AD patients did not or could not recruit the additional brain

regions that may have facilitated their performance of the Stroop task.

A within-group analysis was not appropriate for the aMCI group due to the small sample size.

Consequently, the main contrast of interest for each of the seven aMCI patients was performed

and the brain regions most consistently activated across the aMCI participants were reported.

Among the five most commonly activated brain regions in the aMCI patients, the left precentral

gyrus and bilateral pars orbital of the IFG, corresponded to brain regions activated by the NC and

mild AD groups.  Additional activated brain regions unique to the aMCI patients included

bilateral inferior and middle temporal gyri, precuneus, calcarine, and rolandic operculum.  The

temporal gyrus has been found to be activated in previous Stroop studies (Milham et al., 2002;

Langenecker et al., 2004).  Semantic encoding and word form processing has been linked to the

temporal cortex (Taylor, Kornblum, Lauber, Minoshima, & Koeppe, 1997), and activation of

these visual processing areas may reflect the inability to inhibit the processing of the written word

(Milham et al., 2002). The precuneus has been found in numerous neuroimaging studies of the

Stroop task, and is reported active when processing words (Banich et al., 2001; Langenecker et

al., 2004; Mitchell, 2005), and is thought to be part of an inhibitory circuit that includes the

inferior and middle frontal gyri and pre-SMA (Langenecker et al., 2004).  The calcarine is a brain
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region not commonly associated with the Stroop task, yet its activation was found in several of

the aMCI patients.  Primary visual activations in neuroimaging studies have been found in the

calcarine sulcus (Derrfuss, Brass, von Cramon, Lohmann, & Amunts, 2009).  Activation of the

rolandic operculum, which lies caudally adjacent to Broca’s area, may reflect articulation in the

participant’s verbal responses (Brown et al., 2009).  This lends support that Stroop interference

may be mediated by competing subvocal articulatory responses as proposed by Mead et al.

(2002).

Many of the most commonly activated regions thought to mediate Stroop performance lie within

the frontal cortex.  The work by Perret (1947) on the Stroop task established the importance of the

integrity of the frontal cortex in Stroop task performance by comparing Stroop performance in

patients with localized left frontal cerebral lesions to patients with non-frontal cerebral lesions

and to a control group.  Perret (1947) demonstrated that as cognitive conflict increased, Stroop

task performance in patients with the left frontal lesions decreased to a greater extent than the

other groups.  Subsequent neuroimaging studies have delved further into identifying and

classifying the frontal regions thought to mediate conflict resolution as presented by the Stroop

paradigm.  The parietal cortex appears to have greater involvement in younger than in older

adults, which led Milham et al. (2002) to suggest that older adults are more reliant on the more

anterior, frontal brain regions.  This is supported by the findings of the current study where the

majority of brain regions underlying Stroop performance lay within the frontal cortex.  However,

specific areas of frontal activation vary across studies (Laird et al., 2005).  In a study by Melcher

and Gruber (2006), the left ventral premotor cortex was found to be the only activation focus

specifically related to response conflict.  Premotor cortex is recognized as having an integral role

in motor response preparation and planning (Leung et al., 2002; Melcher & Gruber, 2006).
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Brodmann areas (BA) 44, 45 and 46 are located in the inferior, middle regions of the frontal

cortex, and include the pars opercularis of the IFG (BA 44), Broca’s area (BA44/45) and DLPFC

(BA9/46).   BA 44/45 are regions that appear to support the function of inhibiting reading (Leung

et al., 2000), which is critical for resolving Stroop interference.  BA 46 may be involved in

working memory, task monitoring and re-evaluation of task demands and BA 9 may be activated

in recognizing a potential erroneous response (Leung et al., 2000).  According to Egner and

Hirsch (2005), cognitive control implementation relies on modulation of bilateral inferior frontal

regions.  The activation of the left inferior frontal region has been consistently found in Stroop-

fMRI studies.  Activation of the inferior frontal region may reflect phonology as this area

becomes more active when viewing words and during the retrieval, selection, maintenance or

evaluation of semantic knowledge (Banich et al., 2001).  The inferior frontal region is also home

to Broca’s area for speech production.  Mead et al. (2002) suggested activation of this region is

due to response selection competition involving speech articulatory processes. Stroop interference

appears to be mediated by competing subvocal articulatory responses in both manual and verbal

response modalities suggesting this mediation is not specific to overt speech paradigms (Mead et

al., 2002).  In a PET study by Taylor et al. (1997) only the left IFG was consistently activated

during the interference condition.  The IFG has been anatomically segmented into three main

regions: the pars opercularis, the pars orbital and pars triangularis.  The left pars opercularis of the

IFG is commonly activated by Stroop stimuli (Mead et al., 2002).  The IFJ, a posterior region in

the frontolateral cortex, is located in the vicinity of the junction of the IFS and the inferior

precentral sulcus and is thought to be involved in updating task representations in task-switching

paradigms (Derrfuss et al., 2005).  In the Stroop-fMRI study by Mead et al. (2002), the

subtraction of the congruent condition from incongruent condition yielded activation in the left

inferior precentral sulcus.  The left inferior precentral sulcus is adjacent to the pars opercularis of
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the IFG and at its junction with the left ventral premotor area.  Mead et al. (2002) suggested that

the left inferior precentral sulcus plays a critical role in processing incongruent Stroop stimuli, a

finding supported by the work of Taylor et al. (1997).  The precentral gyrus may correspond to

the frontal eye fields (Paus et al., 1996), which has been shown to be important in top-down

allocation of attention (Corbetta et al., 1998).  The SMA is a region within the medial frontal

cortex that appears to be both structurally and functionally at the interface between prefrontal and

motor neural systems (Nachev, Wydell, O’Neill, Husain, & Kennard, 2007).  This region consists

of the pre-SMA and the SMA proper, and has been found to be activated in numerous Stroop-

fMRI studies (Banich et al., 2000; Derrfuss et al., 2005; Langenecker et al., 2004; Milham et al.,

2002).  While the SMA proper is important for the initiation and control of motor and speech

functions (Riecker et al., 2005) including the planning and execution of speech output, the pre-

SMA is involved in encoding the word information and in the selection of the word (Alario,

Chainay, Lehericy, & Cohen, 2006).  Located within the pre-SMA region is the superior frontal

gyrus, which is also frequently activated in the incongruent Stroop condition (Derrfuss et al.,

2005; Langenecker et al., 2004; Milham et al., 2002; Zysset et al., 2001).  According to Taylor et

al. (1997), the cingulate sulcus/SMA region is involved in resolving response conflict.  Brain

regions involved in response generation include the cerebellum, SMA and precentral gyrus (Price,

Moore, & Frackowiak, 1996).  Given the current Stroop task whereby subjects are required to

initiate a verbal response, the activation of the SMA and precentral gyrus support the role these

regions may play in response generation.

Among other brain regions found to be activated in the current study were the insula and fusiform

gyrus.  The insula is involved in many non-cognitive and language functions (Leung et al., 2000).

It is also believed to be involved in verbal working memory and selective attention tasks (Leung
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et al., 2000).  Support for its role in selective attention and top-down attentional processing comes

from Stroop-fMRI studies where it is thought to contribute to cognitive control when faced with

interference (Melcher & Gruber, 2006).  The insula, together with the left IFG, are regions

commonly involved in articulation (Laird et al., 2005).  The fusiform gyrus is involved in visual

processing, and the left fusiform gyrus appears to respond selectively for words (Starrfelt &

Gerlach, 2007).  Starrfelt and Gerlach (2007) found higher regional cerebral blood flow in the

fusiform gyrus during word compared to picture processing in the context of colour decision.

Support for the role of the fusiform gyrus in processing visual information, namely of words and

of colour perception, can be found in Stroop-fMRI studies (Banich et al., 2000; Banich et al.,

2001; Taylor et al., 1997; Zysset et al., 2007).

The first neuroimaging study of the Stroop task was by Pardo, Pardo, Janer, & Raichle (1990)

using PET on eight young adults, and found the ACC showed the most robust activation.  Their

results, they concluded, supported the role of ACC in attentional processing and in cognitive

conflict paradigms such as the Stroop task.  Functions attributed to the ACC include executive

control and conflict processing (Melcher & Gruber, 2006), organization and integration of

cognitive functions with attentional components (Gruber et al., 2002) and response selection and

online error detection (Leung et al., 2000).  However, despite early indications of unanimous

ACC activation on Stroop paradigms, there appears to be an increasing number of studies that

show inconsistent ACC activation (Mead et al., 2002).  Some authors have postulated that the

attentional demands are similarly enhanced on incongruent and congruent trials (Melcher &

Gruber, 2006).  Consequently, if the ACC activation is similar for both incongruent and

congruent trials, then in the contrast of incongruent versus congruent conditions, the ACC

activation would be cancelled out, resulting in no visible ACC activation.  In the Stroop block



77

design fMRI study by Mead et al. (2002), the interference condition did not yield ACC activation.

Moreover, the ACC was significantly activated at approximately the same intensity across the

incongruent, congruent and neutral experimental conditions.  According to Mead et al. (2002),

inconsistencies in demonstrating ACC activation may depend on methodological factors in the

experimental design.  Paradigms that have compared incongruent colour words to non-lexical

stimuli such as colour blocks, hatches or crosses have reported ACC activation while use of

lexical stimuli such as congruent, neutral or taboo words have resulted in less frequent ACC

activation (Mead et al., 2002).  In their event-related Stroop fMRI study, Carter et al. (2000)

suggested that ACC activation depends on the degree of conflict subjects are exposed to during

the experimental task.  That is, if one expected an incongruent trial and received an incongruent

trial, the ACC activation did not differ between incongruent and congruent conditions.  However,

if one expected congruent, and received incongruent, or vice versa, there was differential ACC

activation between the conditions.  In addition, lesion studies have demonstrated unimpaired

Stroop performance in some patients with extensive ACC damage (Egner & Hirsch, 2005).

These results suggest that although the ACC may be involved, it appears that Stroop task

performance does not require its activation to resolve the cognitive conflict presented by the

Stroop paradigm.

In the current study, the main contrast of interest for Stroop interference did not find ACC

activation.  There are several potential explanations for an apparent absence of ACC activation

with increasing evidence to suggest that ACC activation depends on details of the experimental

protocol (Mead et al., 2002; Mitchell, 2005).  If the ACC involves an evaluative role in its

anticipation of response conflict, a block design minimizes expectancies of the condition to be

presented (Mead et al., 2002), and thus ACC activation may be minimal, and thus not observed
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on statistically thresholded image maps.  In their Stroop-fMRI study in young and older adults,

Milham et al. (2002) showed that for older adults, the mere presence of conflicting colour

information, as in incongruent trials, was enough to produce increases in the ACC.  The current

experimental paradigm consisted largely of incongruent trials, so if the presence of incongruent

trials alone produces ACC activation, subtracting the two incongruent conditions (‘Read the

word’ and ‘Say the colour of the ink’) would cancel out the ACC activation.

5.4.2  Experimental conditions minus the rest periods

In Series 0, participants were instructed to ‘Read the word’ when the colour word stimuli, printed

in black ink, were presented and the condition blocks alternated with a fixation cross rest period.

When participants are asked to read a colour word printed in a neutral, black ink colour, there is

little difficulty due to the lack of conflicting colour information.  This is supported by the fact that

across the NC, aMCI and mild AD groups, there were no errors committed in Series 0.  Just as

similar behavioural results were observed in Series 0, similar pattern and extent of brain

activation was observed when a within-group analysis of the Series 0 ‘Read the word’ minus

Series 0 fixation cross contrast was performed for each of the NC and mild AD groups.  The brain

regions that showed the most activation to reading were the SMA, postcentral gyrus, bilateral

lingual, left superior parietal, and the right middle frontal gyrus, which are consistent with brain

regions typically associated with reading (Turkeltaub, Eden, Jones, & Zeffiro, 2002).

Due to the intermixing of ‘Read the word’ and ‘Say the colour of the ink’ conditions in Series 1,

2a and 2b, instructions had to be displayed prior to the commencement of each condition.

Consequently, the 14-second period between the two condition blocks was not a true rest period

due to the presentation of the instructions.  During Series 1, 2a and 2b, attentional demands were

higher due to the presence of incongruent colour word stimuli and therefore an increased
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likelihood of errors.  Behavioural data supports this, as all errors were committed in these three

series.  Furthermore, large performance differences between the NC group and patient groups

were revealed in Series 1, 2a and 2b.  Interestingly, when the instruction rest period was

subtracted from either of experimental conditions, large differences in the pattern of brain

activation were observed between the NC and mild AD groups.  While the NC group showed

larger regions of brain activation between either the ‘Read the word’ or ‘Say the colour of the

ink’ conditions minus the instruction rest period, the mild AD group showed very limited

increased activation for the same contrasts.  Since activation maps are created based on the

subtraction of two experimental conditions, the lack of significant activation between the

instruction rest period and the experimental task conditions in the mild AD group suggests a

similar level of brain activation in the instruction rest period as in either condition block. The

DMN may reflect cognitive processes such as planning and imagination (Buckner & Vincent,

2007). That is, that in order to remember the task instructions for the upcoming block, mild AD

participants may need to plan and process the instructions to a greater degree than the NC

participants.  Moreover, without memory impairments, the NC group may read and process the

set of instructions within the first few seconds of the 14-sec period, at which point the remaining

time is essentially rest.  Furthermore, studies of the DMN in patients with AD reveal functional

alterations in the DMN both at rest and during cognitive tasks (Sperling et al., 2009).  Lustig et al.

(2003) showed that AD patients exhibited sustained activation in the parietal and posterior

cingulate cortices, and did not exhibit the deactivation in these DMN brain areas as was observed

in elderly controls.  Reduced deactivation by the AD group may represent the small functional

activation difference observed between the task condition and rest condition, whereas if the NC

group were able to deactivate the DMN upon the initiation of the task, there would be a larger

signal change between the task condition and the rest condition.
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More recently, there is an increasing interest in studying the DMN.  Studying the activity of brain

regions only during active tasks assumes that all neural functions related to the cognitive function

are captured during task performance (Buckner & Vincent, 2007).  fMRI measures the relative

changes from one condition to another, rather than absolute measurements.  Therefore, significant

brain activation or differential patterns of brain activation may be missed if resting state is

assumed to reflect a baseline and is assumed to be consistent across study groups.  The default

mode and the brain areas commonly activated in the Stroop task share similar neural networks,

namely frontal and parietal regions.  Though this study did not attempt to investigate differences

in the DMN between the study groups, evidence of DMN functional alterations in MCI and AD

patients from previous studies as well as the observed differences in the pattern of brain

activation between the NC and mild AD groups in the incongruent conditions and the instruction

rest period, warrants further investigation into the DMN in cognitively normal older adults and

patients with MCI and AD.  In order to better understand the differences in the neural correlates

underlying cognitive tasks such as the Stroop task between young and older adults and between

older adults and patient populations, differences in the DMN in the absence of any cognitive task

must also be considered.

5.5  Imaging in older populations and patient populations

There are challenges to imaging older adult and patient populations, however there are also

several approaches, namely in the pre-processing and statistical analyses, that aim to confront

these challenges.  The most obvious is the anatomical variability that exists between the brains of

different subjects.  Spatial normalization aims to equate whole brain size and align key brain

structures so that when the averaged maps are created across a group of subjects, there can be

reasonable confidence in the localization of effects (Samanez-Larkin & D’Esposito, 2008).
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Spatial smoothing is also applied with the goal of reducing normalization errors and reducing

noise, which is thought to be higher when imaging older adults relative to young adults

(Samanez-Larkin & d’Esposito, 2008).

In order to improve the accuracy of neuroimaging findings, the use of appropriate, population-

specific template brains during the spatial normalization pre-processing step is beginning to be

acknowledged (Samanez-Larkin & D’Esposito, 2008).  Although there are many neuroimaging

studies that are performed in different age and patient populations, the majority of neuroimaging

is done on healthy, young adults.  As a result, the most commonly used and most readily available

templates are that of healthy, young adults. Gray matter atrophy, enlargement of ventricles and

sulcal expansion are some of the structural changes that occur in the aging brain (Samanez-Larkin

& D’Esposito, 2008).  Imperfect registration of the MR images to a brain template can occur if

such structural changes are not considered.  However, without a commonly referenced normal

elderly template or AD patient template, the use of a young adult template is frequently used.

In addition to the statistical considerations, there are fundamental considerations when doing

neuroimaging studies.  The MRI scanner is a far from ideal environment for conducting research

in any subject population due in part to its constant loud noise and confining space.  However,

some of these challenges are exacerbated with older adult and patient populations.  There is

evidence of age-related performance declines on some tasks during fMRI scanning compared to

the performance outside the scanner (Stevens, Hasher, Chiew, & Grady, 2008).  According to

Stevens et al. (2008), the noisy fMRI environment may be disproportionately more distracting to

older adults than it is to young adults.  The implementation of headphones to block out the noise,
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pillows and pads to make the participants as comfortable as possible, and communication with the

participant throughout the experiment aimed to provide a more comfortable study setting.

5.6  Study design

A block design was used in the current Stroop–fMRI study, though the Stroop task has been

applied to both block and event-related fMRI paradigms.  Leung et al. (2000) compared their

event-related Stroop-fMRI findings with a previous block design study they conducted and found

that overall, both studies showed similar regions activated by the Stroop effect.  While the

advantage of using a block design is the increase in statistical power to detect the BOLD signal, it

is however more susceptible to habituation in a subject’s response or strategies (Leung et al.,

2000).  The alternating nature of the current Stroop-fMRI paradigm helped to minimize this

habituation by keeping participants alert to the changing experimental conditions.

To determine which brain regions show activation for a given cognitive process (such as FA)

using a block design, images from one condition are subtracted from another condition, such that,

ideally, the only difference between the two conditions is the cognitive process of interest.  The

subtraction of activation maps between conditions yields an activation map that is presumed to

reflect the underlying brain regions mediating the cognitive process of interest.  In the current

study, the stimuli presented were identical across both ‘Read the word’ and ‘Say the colour of the

ink’ incongruent conditions.  The only difference between the two conditions was what the

participants were asked to do.  By limiting the differences across the conditions to be compared,

there is a greater likelihood that the activation observed is due to the cognitive process of interest.

The majority of previous Stroop neuroimaging studies have compared the incongruent condition

to congruent, neutral, or non-lexical stimuli (e.g. XXXX or coloured boxes).  However, such
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contrasts result in more differences across the conditions and in this way, the current Stroop-fMRI

paradigm isolates the cognitive process of FA better than previous Stroop-fMRI studies.

There is little consensus in the Stroop neuroimaging literature regarding a preferred response

modality.  The magnitude of the Stroop interference effect is larger with verbal responses than

with manual responses (Mead et al., 2002), however there is an increased risk of motion artifact

due to overt speaking.  The Stroop task is essentially a verbal task (Laird et al., 2005) used to

assess FA, and the least variation to the original task needed for the experimental protocol, the

more reliable the Stroop-fMRI results are in underlying the neural correlates of FA.  The potential

for motion artifact must be considered when using the verbal response modality.  As a

precautionary measure, extra foam padding was used to better secure the head of each participant

in a stable position and prior to going in the scanner, participants were instructed to speak the

words aloud in a quiet voice to minimize head movement.  The realignment parameters from each

participant using the non motion-corrected functional images were reviewed and analyzed.  The

range for the translation and rotation parameters was used to determine if any participants showed

any excessive or large movement across the entire experiment.  There were no points through the

functional time series that any participant showed a large spike that would render such data points

unreliable for data analysis.  The range of the realignment parameters was mostly the result of

slight movement between the series when participants were given a break, and not within each

series.  The NC group showed lower measures of movement based on the translation and rotation

parameters compared to the aMCI and mild AD groups. Although the motion-corrected

functional data that was used in the statistical analyses showed smaller measures of movement

than the non-motion corrected functional data, the non-motion corrected data provides the more

accurate measure of subject motion during the experimental run.  Given the increased difficulty in
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using a manual button box for cognitively normal older adults and presumably for aMCI and AD

patients as well, the use of verbal responses may provide a reliable and more suitable way to

study the neural correlates of FA in such study populations.

5.7  Conclusion

The current Stroop-fMRI study employed a verbal response modality using incongruent colour-

word trials to yield the Stroop effect by contrasting reading the word from saying the ink colour

in cognitively normal older adults, patients with aMCI and patients with mild AD.  The aMCI

and mild AD groups exhibited decreased accuracy on both the paper version of the Stroop test

and the Stroop-fMRI experimental task, compared to the NC group.  A decrease in Stroop

accuracy by the patient groups was based on a greater number of errors, and a greater error rate is

thought to be indicative of deficits in FA.  On both cognitive assessment and Stroop task

performance, no significant differences were found between the aMCI and mild AD groups.

However, the similar behavioural findings of the patient groups should be met with some caution,

given the small aMCI patient sample size.  The functional analysis of the main contrast of interest

yielded several brain areas, including the IFG, precentral gyrus and the SMA, that were more

activated in the ‘Say the colour of the ink’ condition than in the ‘Read the word’ condition.

These regions, which were found to be activated in the within-group analysis of the NC and mild

AD groups, as well in the individual aMCI subject analysis, suggest they play an important role

in mediating Stroop task performance in older adults.  These regions, in particular the IFG, have

been found in previous Stroop-fMRI studies in both young adults and older adults.  This is the

first study to use a verbal modality paradigm in older adults, and the first Stroop-fMRI study done

with MCI and AD patients, and may offer a more appropriate modality when studying these

populations.
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   Summary

Top-down attentional control is crucial in carrying out our everyday goals in the presence of the

overwhelming, irrelevant information that continually surrounds us.  There is a network of brain

regions that work together to enable us to focus our attention on the task at hand.  The Stroop task

is a well recognized test for the assessment and study of FA, and has been adapted for use in

conjunction with neuroimaging techniques such as fMRI.  The neural correlates of the Stroop

task, as found in the current study, include the frontal brain regions IFG, precentral gyrus, and

SMA.  These regions are thought to be involved in imposing an attentional set that allows task-

relevant information to be selectively attended to while inhibiting task-irrelevant information.  A

decrease in the effectiveness of these frontal regions to inhibit the distracting, irrelevant

information may result in reduced accuracy on Stroop performance, as seen in the aMCI and mild

AD patients.  Given the important function of attentional control in everyday life and the role FA

plays in guiding goal-directed behaviours, a better understanding of FA and its neural correlates

as we age is important to understand the cognitive changes of aging.
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