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ABSTRACT 

In the present set of experiments, we investigated the effects of age and COMT 

genotypes on traditional measures of executive functions, e.g., Wisconsin Card Sorting 

Test (WCST; Hart et al., 1988), a battery of executive functions based on the 3 factor 

model (shifting, updating, inhibition) described by Miyake et al. (2000) and developed at 

the University of Arizona (Alexander et al., 2012), and two fMRI tasks of executive 

functions (shifting, updating).  The results of experiment 1 showed that COMT influenced 

performance on several traditional measures of executive functions, with Met 

homozygotes outperforming Val homozygotes.  However, on the WCST we did not 

observe less perseverative errors in Met carriers as reported previously (Barnett, Jones, 

Robbins, & Muller, 2007; Bruder et al., 2005; Malhotra et al., 2002; Nagel et al., 2008).  

According to Miyake et al. (2000), however, such tasks as the WCST may actually 

involve multiple executive processes, making it difficult to tease apart the different types 

of executive functions being measured.  Furthermore, COMT may be sensitive to some 

aspects of executive functions and not others.  To this end, in experiment 2 we 

investigated associations between COMT and measures of executive functions from each 

of the 3 domains described in Miyake et al. (2000).  According to the models proposed by 

Bilder et al. (2004) and Cools and D’Esposito (2011), the Val allele promotes cognitive 

flexibility, while the Met allele promotes cognitive stability.  Contrary to what we 

expected, Met homozygotes actually performed better than Met/Val heterozygotes but no 

better than Val homozygotes on one measure of updating (flexibility).  Upon closer 

examination of the processes involved in the updating task, however, the results may not 

necessarily be contradictory as the task may have required greater stability than 
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previously thought.  In the fMRI experiment, although behavioral performance was 

largely similar between age groups and COMT genotypes on the fMRI tasks, we observed 

differences in activation such that younger adults and Met homozygotes showed higher 

levels of activation relative to older adults and Val carriers, respectively.  Our results 

suggest that these higher levels of activation may have been relied upon to maintain 

similar levels of performance.  Additionally, across the 3 experiments the effects of 

COMT indicate that an overall Met advantage cannot be assumed.  Rather, the benefits of 

one allele compared to the other should be investigated in terms of the specific cognitive 

processes involved in the task at hand.  Thus, it is important for future studies to continue 

characterizing the unity and diversity of executive functions and investigate factors that 

may influence these patterns behaviorally and neurally, such as age and genetics.  
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CHAPTER 1 

GENERAL INTRODUCTION 

It is widely accepted that there are two relatively independent trajectories in the 

aging process, each differentially affecting the neurobiology of the brain and cognitive 

functioning (reviewed in Albert, 1997; Buckner, 2004; Erickson & Barnes, 2003; Hedden 

& Gabrieli, 2004; Jagust, 2013).  These two trajectories have been called normal aging 

and pathological aging, such as aging with Alzheimer’s disease (AD; Hedden & Gabrieli, 

2004).  Normal aging includes neuroanatomical and neurochemical changes with a 

regional distribution and progression that is quite distinct from those characteristic of 

diseases of aging.  Notably, while volumetric declines have been observed across 

multiple gray and white matter regions of the normal aging brain (Brickman et al., 2006; 

Raz et al., 2005; Raz, Ghisletta, Rodrigue, Kennedy, & Lindenberger, 2010; Resnick et 

al., 2003; Salat et al., 2009; Walhovd et al., 2011), the greatest declines tend to occur in 

frontal regions (Head, Snyder, Girton, Morris, & Buckner, 2005; Raz et al., 1997).  

Similarly, while loss of structural integrity in white matter has been observed across 

multiple regions (de Groot, Ikram, Akoudad, & Krestin, 2014; Ryan et al., 2011), the 

declines appear to affect frontal white matter tracts to a greater extent (Head, 2004; 

Pfefferbaum, Adalsteinsson, & Sullivan, 2005; Sullivan et al., 2001).   

In addition to the structural changes that occur in normal aging, changes in 

neurotransmitter systems occur with increasing age.  Declines in dopamine transporter 

(Volkow et al., 1994; Volkow et al., 1996a; Volkow et al., 1998) and receptor density 

(Rieckmann et al., 2011a; Rieckmann et al., 2011b; Volkow et al., 1996b; Volkow et al., 

1996c; Volkow et al., 1998) have been reported in the striatum and frontal cortex (Suhara 
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et al., 1991; Volkow et al., 1996b).  Additionally, declines in serotonin 5-HT2A receptor 

density have been observed in the frontal cortex (Sheline, Mintun, Moerlein, & Snyder, 

2002).   

An important factor to consider with respect to the changes in neurotransmitter 

systems is genetics, as different genotypes have been suggested to affect not only 

receptor responsivity in some neurons, e.g., the serotonin receptor-related polymorphism, 

HTR2A (Ozaki et al., 1997), but also neurotransmitter availability for others, e.g., the 

COMT polymorphism related to enzymatic degradation of dopamine (Chen et al., 2004).  

Furthermore, the changes that occur in these systems may result in functional differences 

in cognition.  For example, the COMT gene has been associated with various executive 

functioning tasks (de Frias et al., 2005; Nagel et al., 2008; Rosa, Dickinson, Apud, 

Weinberger, & Elvevåg, 2010) as well as memory tasks (de Frias et al., 2004; Papenberg 

et al., 2014; Raz, Rodrigue, Kennedy, & Land, 2009), with Met/Met homozygotes 

generally outperforming Val carriers.   

With regard to cognitive functioning, normal aging is characterized by declines in 

several domains such as episodic memory, executive functions, and information 

processing speed, as well as relative preservation in others such as semantic memory 

(Park et al., 2002) and some aspects of implicit memory (Howard & Howard, 2013).  

Contrary to the somewhat more established definitions of episodic and semantic 

memories, executive functions have been broadly defined as cognitive processes involved 

in planning, attention switching, inhibition, and working memory (Head et al., 2008).  

While some researchers propose a single overarching function that captures what is 

meant by executive functioning, such as attentional control (Kane et al., 2007) or 
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executive control (Braver, Cole, & Yarkoni, 2010), others emphasize a set of relatively 

independent processes that are engaged differentially depending on the demands of the 

task (Fisk & Sharp, 2004; Hull, Martin, Beier, Lane, & Hamilton, 2008; Miyake et al., 

2000; Vaughan & Giovanello, 2010).  A relatively recent model by Miyake and 

colleagues (2000), based on confirmatory factor analysis, described three relatively 

independent latent factors – shifting between multiple tasks or mental sets, updating and 

monitoring information in working memory, and inhibition of prepotent or dominant 

responses elicited by a task.      

In their study, Miyake et al. (2000) used confirmatory factor analysis on data 

collected from participants who performed tasks that have often been reported in the 

literature to measure these three functions.  Miyake et al. (2000) tested a full three-factor 

model in which the three factors were allowed to correlate with one another and 

compared it to a one-factor model in which the correlations among all three factors was 

set to 1.0, thus assuming complete unity among the three factors.  In addition, they 

compared the full three-factor model to several two-factor models in which various 

combinations of two of the three factors were allowed to correlate with one another while 

the third factor was set to 1.0.  To test for complete diversity among the three factors, the 

full three-factor model was compared to a “three independent factors” model in which all 

correlations among the three factors were set to zero.  Results from all comparisons 

indicated the full-three factor model as the best fit, indicating separability among the 

three executive functions.  However, the demonstration that the “three independent 

factors” model did not fit the data well indicates that the three executive functions are not 

entirely distinct from one another, suggesting a fourth, general “executive function” 
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factor that underlies all three functions.  Taken together, the results suggested both 

diversity and unity among the executive functions.   

Following the confirmatory factor analysis, Miyake et al. (2000) used structural 

equation modeling to determine the relative contributions of each of the three executive 

functions to more complex measures of executive functioning such as the Wisconsin 

Card Sorting Test (WCST), Tower of Hanoi (TOH), random number generation (RNG), 

and operation span.  Results showed that shifting contributed to performance on the 

WCST, inhibition contributed to performance on the TOH, inhibition and updating both 

contributed to performance on RNG, and updating contributed to performance on 

operation span.  By using structural equation modeling, Miyake et al. (2000) 

demonstrated that this technique is useful for determining which specific executive 

functions are relied upon by more complex executive functioning tasks.   

Although the sample included in the Miyake et al. (2000) study were young 

adults, their findings have implications for investigating executive functions in older 

adults as well.  In a study by Fisk and Sharp (2004), the authors tested a sample of adults 

ranging in age from 20 – 81 years on several measures used in Miyake et al. (2000), as 

well as a measure of visuospatial sequencing memory and verbal fluency.  Rather than 

performing confirmatory factor analysis as in Miyake et al. (2000), Fisk and Sharp (2004) 

performed a principal component analysis.  Similar to Miyake et al. (2000), Fisk and 

Sharp (2004) obtained a factor structure that included measures of shifting, updating, and 

inhibition.  Unlike Miyake et al. (2000), however, Fisk and Sharp (2004) also extracted a 

fourth factor which they called, “efficiency of lexical access” (p. 885).  Using this four 

factor structure, the authors found an age-related decline in measures corresponding to 
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shifting, updating, and inhibition.  In contrast to the declines observed across these three 

factors, older adults performed similarly to younger adults on the two measures that 

loaded onto efficiency of lexical access, i.e., random letter generation and verbal fluency.  

The authors suggest that this likely reflects the preservation of long-term memory for 

verbal information in older adults.   

Taking a more applied approach to investigating executive functions in aging, 

Vaughan and Giovanello (2010) performed two separate factor analyses:  one based on 

Miyake et al. (2000) and the other based on two measures of instrumental activities of 

daily living (IADL).  With regard to the neuropsychological tests they administered, 

Vaughan and Giovanello (2010) extracted a similar executive function factor structure as 

reported by Miyake et al. (2000).  Further, they found that their measures of IADL best 

fit a two-factor model rather than a one-factor model of IADL.  As hypothesized, the 

performance-based IADL factor was correlated with Miyake et al.’s (2000) factors.  

Using structural equation modeling, Vaughan and Giovanello (2010) demonstrated that 

task-switching performance in particular was significantly correlated with performance-

based measures of IADL.   

Based on the findings of the separability of shifting, updating, and inhibition, one 

may investigate whether each of these executive functions is differentially affected by 

normal aging.  Such differential effects may have implications for theories of cognitive 

decline in aging, indicating whether independent components of executive functioning 

are affected by normal aging, or whether these components co-vary with age.   

In the present study, we focus on genetic and neuroanatomic factors that affect 

executive functioning in aging.  Specifically, we explored the influence of a particular 
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gene, catechol-O-methyltransferase (COMT), on executive functioning in the context of 

normal aging, using both behavioral and neuroimaging measures.  COMT is a particularly 

well-suited target gene for studies of normal aging because of its impact on the 

availability of dopamine in frontostriatal circuits, thereby influencing frontally-mediated 

executive function processes.  In the paragraphs that follow, we provide a brief overview 

of executive functions as they change with age, the age-related changes in brain structure 

and function associated with executive functions, and the role of genetics and dopamine 

as modulators of executive functions.  We then describe three experiments that were 

designed to examine the influence of age and COMT genotypes on traditional 

neuropsychological measures of executive functioning, a model-based evaluation of 

specific executive function processes, and an fMRI study of two types of executive 

functioning tasks.   

Executive Functions in Aging 

Shifting Functions in Aging   

Shifting functions are typically measured by task-switching paradigms in which 

participants learn to perform one task associated with one stimulus-type or aspect of a 

stimulus, and another task associated with a second stimulus-type or aspect of a stimulus.  

Importantly, there are blocks of trials where only one of these tasks is performed, another 

set of blocks where the other type of task is performed, and a third set of blocks where 

trials alternate between tasks in either a specified order or a pseudo-randomized order.  

Blocks in which trials alternate between tasks will henceforth be called mixed blocks.  

Mean reaction times can be calculated for trials in single-task blocks and mixed blocks.  

Using this type of paradigm, global and local switch costs can be calculated.  Global 
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switch costs refer to the increase in reaction times to complete a mixed block compared 

to single-task blocks, whereas local switch costs refer to the increase in reaction times for 

switch trials compared to repeat trials within a mixed block (Alexander et al., 2012).  

Studies have shown that age effects are observed primarily in global switch costs (e.g., 

Karayanidis, Whitson, Heathcote, & Michie, 2011; Kray & Lindenberger, 2000; Mayr, 

2001).  Not only are age effects observed at the behavioral level, but also at the neural 

level.  In a task-switching paradigm in which participants had to perform trials where 

they made judgments regarding whether each digit in a string of the same number (e.g., 

7777) was greater or less than the value 5, or judgments regarding whether the number of 

digits in a string of the same number (333333) was greater or less than the value 5, 

DiGirolamo et al. (2001) showed that older adults recruited a greater extent of the 

dorsolateral prefrontal cortex (DLPFC) and medial frontal cortex than young adults 

during global switches.  However, neural activity during local switches was not reported.  

In a natural vs. man-made and large vs. small judgment task-switching paradigm, 

Madden et al. (2010) showed that younger adults had greater activation in the left inferior 

frontal gyrus compared to older adults during global switches.  During local switches, 

however, younger and older adults did not differ in their activation patterns.  In a young 

adult sample where fMRI activations were investigated during both global and local 

switches, Braver, Reynolds, and Donaldson (2003) found increased transient activity in 

DLPFC, ventrolateral prefrontal cortex (VLPFC), and superior parietal cortex during 

global switches.  During local switches, increased sustained activity was observed in right 

anterior PFC and ventral anterior cingulate regions.   

Updating Functions in Aging   
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Updating functions are often investigated in the context of working memory span 

tasks, with older adults showing greater declines in complex span tasks such as reading 

span and operation span (Alexander et al., 2012).  In a study comparing updating abilities 

in verbal and visuospatial domains, Fiore et al. (2012) found that older adults produced 

more errors in both domains compared to young adults.  fMRI studies of n-back tasks, 

which involve updating information held in working memory, have shown age-related 

decrements in performance beyond the 1-back task and activation differences as well 

(e.g., Mattay et al., 2006).  Mattay et al. (2006) observed greater activation than young 

adults in the DLPFC during 1-back performance but less activation than young adults in 

the DLPFC during 2-back and 3-back conditions.  The authors suggest that older adults 

recruit compensatory activity for the easier condition, but are no longer able to 

compensate for more difficult conditions.     

Inhibition in Aging   

Regarding inhibitory functions, results are mixed.  Older adults have been shown 

to perform worse on tasks measuring response inhibition or pressing a response button 

corresponding to the prepotent response rather than the button corresponding to the 

correct response, such as in the Go/No-Go task (Nielson et al., 2004) and the Simon task 

(Proctor et al., 2005).  However, other studies have demonstrated similar performance 

across age groups on the Stroop color word task (Prakash et al., 2009).  Interestingly, 

although older adults performed similarly to young adults in the Prakash et al. (2009) 

study, older adults showed a different pattern of activation than young adults.   

Changes in Neurotransmitter Systems 

Dopaminergic Neurotransmission and Executive Functions   
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In addition to reductions in gray and white matter volume and declines in 

structural integrity of white matter tracts, neurotransmitter systems also undergo 

substantial changes.  Using positron emission tomography (PET), studies have shown 

that there is age-related loss of dopamine D1 (Rieckmann et al., 2011b; Suhara et al., 

1991) and D2 (Volkow et al., 1996c; Volkow et al., 1998) receptors, as well as 

presynaptic dopamine transporters (Volkow et al., 1994; Volkow et al., 1996a; Volkow et 

al., 1998).  A caveat to these studies is that they were cross-sectional in nature, thus 

precluding the ability to measure change over time within the same individuals.  Instead, 

losses were estimated based on comparisons across age groups.  Using this cross-

sectional design, frontal and striatal D1 receptor losses have been estimated at 

approximately 5% per decade (Rieckmann et al., 2011b), while striatal D2 receptor losses 

have been estimated at 7.9% per decade (Volkow et al., 1996c).  Presynaptic striatal 

dopamine transporter losses have been estimated at 6.6% per decade (Volkow et al., 

1996a).   

Interestingly, the regional distributions of D1 and D2 receptors may have 

important functional implications (Hurd, Suzuki, & Sedvall, 2001).  Although both 

dopamine D1 and D2 receptors are highly expressed in the striatum, D1 receptors 

predominate in the cortex, particularly the prefrontal cortex (Hurd et al., 2001).  In a 

recent review article by Cools and D’Esposito (2011), the authors proposed a working 

hypothesis based on previous studies conducted in their laboratories and on the findings 

reported in the extant literature.  Cools and D’Esposito (2011) suggest that dopamine has 

differential effects depending on the brain region.  Specifically, they suggest that 

dopamine transmission in the striatum may be important for flexible updating of 
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information, whereas dopamine transmission in the prefrontal cortex may be important 

for the stabilization of information held in working memory and resistance to distraction 

(Cools & D’Esposito, 2011).    

In a combined PET and fMRI study conducted by Fischer et al. (2010), the 

authors investigated the effects of the dopamine D1 receptor antagonist, SCH23390, on a 

spatial delayed-matching task in which either 4 or 6 filled red circles appeared 

sequentially in one of 16 possible spatial locations on a computer screen during the study 

phase.  At test, an unfilled red circle probe appeared in any one of the 16 possible spatial 

locations and the participant had to indicate whether it was in one of the previously 

presented study locations.  In their study design, young adults underwent two fMRI scan 

sessions on two separate days.  During one of these sessions, they received an injection of 

SCH23390 and in the other session they received an injection of saline (placebo).  The 

order of drug administration was counterbalanced.  Older adults were tested as well, 

however they only underwent one scan session and did not receive an injection.  

Behavioral performance and blood oxygenation level-dependent (BOLD) activation was 

compared between the two age groups.  There was no effect of load (4 vs. 6 circles 

presented during study) for either age group so accuracy was collapsed across loads.  The 

authors found that young adults performed significantly better than older adults whether 

they received SCH23390 or placebo.  However, when comparing performance during 

SCH23390 administration to performance during placebo administration, young adults 

performed significantly better while on placebo, as expected.  In addition, fMRI results 

showed that when young adults were on SCH23390, their frontal activations were similar 

to that of older adults.  When young adults were on placebo, their frontal activations were 
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significantly greater than when they were on SCH23390 and significantly greater than 

that observed in older adults.  PET scans with [11C]SCH23390 revealed 47% blockade 

and 50% blockade of D1 receptors in the striatum and DLPFC, respectively.  The frontal 

activation changes in the young adults and their similarity to older adults when taking 

SCH23390 thus appears to support the proposition of D1-mediated effects primarily in 

frontal regions.  What is missing from this study, however, is a PET examination 

measuring the intrinsic levels of D1 receptor densities in older adults compared to 

younger adults to demonstrate that the older adults did in fact have fewer D1 receptors as 

typically shown in this population in other studies of dopamine receptor densities in older 

and younger adults.   

In an fMRI study conducted by Cools, Sheridan, Jacobs, and D’Esposito (2007), 

the authors investigated the effects of the dopamine D2 receptor agonist, bromocriptine, 

on a delayed match-to-sample task that also incorporated rules for attention-shifting, i.e., 

attending to relevant vs. irrelevant stimuli that were presented during the encoding phase 

of the delayed match-to-sample task.  The participants were administered a self-report 

questionnaire that was used to screen for levels of impulsivity.  Participants were 

separated into two groups, a high impulsivity group and a low impulsivity group.  This 

grouping was used as an indirect measure of baseline levels of dopamine D2/D3 receptor 

binding based on a previous study showing that rats with high impulsivity tend to have 

lower baseline D2/D3 receptor binding (Dalley et al., 2007).  Rats were characterized as 

highly impulsive if they tended to consistently choose the immediate but smaller reward 

over the delayed but larger reward (Dalley et al., 2007).  Dalley et al. (2007) claimed that 

other studies have shown that rats that display this behavior also tend to self-administer 
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cocaine to a greater degree than those that tend to choose the larger delayed reward.  

Although this rationale was used for the baseline levels of D2/D3 receptor binding in the 

Cools et al. (2007) study, caution must be taken in making this assumption in a human 

population.  That being said, Cools et al. (2007) found that bromocriptine enhanced 

performance on trials involving attention-shifting for those with high impulsivity but not 

with low impulsivity.  Additionally, those with high impulsivity had greater levels of 

activation in the striatum during switch trials compared to nonswitch trials, which the 

authors interpreted as enhanced dopamine function in the striatum due to bromocriptine 

administration in these individuals.  This increase in activation was not observed in 

individuals with low impulsivity who were administered bromocriptine.  Interestingly, 

bromocriptine did not enhance performance for either high impulsivity or low impulsivity 

individuals on trials where a distractor was presented between encoding and probe of 

match-to-sample, thus lending support for D2-mediated effects in the striatum.  However, 

bromocriptine did increase activation in the lateral frontal cortex for high impulsivity 

individuals during trials with distractors.   

Genetic Factors that Influence Cognitive Functioning in General and Executive 

Functioning in Particular 

The field of genetics has also contributed to our understanding of normal 

cognitive aging (see Payton, 2009, for a review).  Several genes have received much 

attention in the literature including, but not limited to, apolipoprotein E (APOE) and 

catechol-O-methyltransferase (COMT).  APOE has been widely studied for its role as an 

Alzheimer’s disease susceptibility gene, with the 4 allele conferring greater risk for 

Alzheimer’s disease and the 2 allele conferring protection against Alzheimer’s disease 
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(Corder et al., 1994).  In normal older adults without clinical signs of Alzheimer’s 

disease, the 4 allele has been associated with greater acceleration of memory decline 

compared with noncarriers (Caselli et al., 2009) and deterioration of frontal and temporal 

lobe white matter as measured by diffusion MRI (Ryan et al., 2011).   

The COMT gene codes for the production of the COMT enzyme, which breaks 

down dopamine in the brain, particularly in the prefrontal cortex (Akil et al., 2003; Nagel 

et al., 2008).   A common single nucleotide polymorphism in the COMT gene results in a 

valine (Val) to methionine (Met) substitution at codon 158 on chromosome 22 (Lachman 

et al., 1996), creating three possible genotypes:  Val/Val, Val/Met, and Met/Met, with 

varying levels of enzymatic activity.  In a study investigating the enzymatic activity of 

COMT genotypes in human postmortem dorsolateral prefrontal cortex tissue, Chen et al. 

(2004) found that the tissues exhibited a linear increase in catabolic activity across the 

three genotypes.  Tissues of Val homozygotes showed ~38% greater activity than those 

of Met homozygotes.  Additionally, there is a relative lack of expression of dopamine 

transporters in the prefrontal cortex, highlighting its reliance on COMT for dopamine 

clearance (Akil et al., 2003).  Thus, Met carriers are thought to exhibit greater dopamine 

availability while Val homozygotes are thought to exhibit less dopamine availability 

(Slifstein et al., 2008).   

Due to its regional specificity in dopamine catabolism, COMT genotypes have 

been investigated for their potential associations with various executive functioning and 

memory functioning tasks.  Although the results in the literature have been mixed, the 

Val allele has generally been associated with poorer performance while the Met allele has 

generally been associated with better performance (Barnett et al., 2007; Bruder et al., 
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2005; Malhotra et al., 2002; Rosa et al., 2010; Stefanis et al., 2005).  In a study of 

younger adults, Met carriers had less perseverative errors on the Wisconsin Card Sorting 

Task (WCST; Malhotra et al., 2002).  A limitation to the study by Malhotra et al. (2002) 

is that they only tested performance on one executive function task.  Based on the 

findings from Miyake et al. (2000) discussed previously, the WCST primarily captures 

shifting, thus neglecting the opportunity to measure two other types of executive 

functioning, namely, inhibition and updating, which may show differential sensitivity to 

the effects of COMT.  Results in older adults have likewise been mixed, with some 

reporting a Met advantage (e.g., de Frias et al., 2005; Nagel et al., 2008; Raz et al., 2009) 

and one reporting sex-dependent effects indicating a Val rather than Met advantage for 

males but not females (O’Hara et al., 2006).  As suggested earlier, a caveat to many of 

these studies is that they do not test multiple measures of executive functioning in one 

study.  It is thus worthwhile to investigate multiple executive functions in one study, as 

was performed in the present study.  Aging may affect each executive function 

differently, which cannot be captured by one measure of executive functioning.  In 

addition, COMT may also affect each executive function differently.   

The multidimensional nature of executive functioning underscores the need for 

further investigation of the associations between age and COMT genotypes with each of 

the components of executive functioning described by Miyake et al. (2000).  The goal of 

the present set of studies was to combine the information gained from genetics with 

behavioral and neuroimaging data to investigate neurobiological factors that contribute to 

age-related changes in executive functioning.   

 



28 

CHAPTER 2 

EXPERIMENT 1:  COMT GENOTYPES AND TRADITIONAL 

NEUROPSYCHOLGOCIAL MEASURES OF EXECUTIVE FUNCTIONS 

Introduction 

In Experiment 1, the effects of COMT were investigated on traditional 

neuropsychological measures of executive functioning and memory.  COMT genotypes 

influence levels of dopamine in the brain, particularly in the prefrontal cortex where 

dopamine clearance relies more heavily on the COMT enzyme (Akil et al., 2003; Bilder, 

Volavka, Lachman, & Grace, 2004; Cools & D’Esposito, 2011; Grace, 1991; Grace, 

1993).  The three possible genotypes (Met/Met, Met/Val, Val/Val) produce varying levels 

of COMT enzymatic activity, leading to different rates of dopamine catabolism (Chen et 

al., 2004).  Specifically, Met homozygotes break down dopamine at the slowest rates, 

while Val homozygotes break down dopamine at the fastest rates and Met/Val 

heterozygotes show rates intermediate to those of the two homozygous groups (Chen et 

al., 2004).  Thus, Met carriers are thought to have greater dopamine availability while Val 

homozygotes are thought to have less dopamine availability (Akil et al., 2003; Slifstein et 

al., 2008).   

The reliance of the prefrontal cortex on the COMT enzyme for dopamine 

degradation and the critical role of dopamine in the performance of cognitive functions 

involving this region has prompted studies investigating COMT genotypes for their 

potential associations with various cognitive functions such as executive functions 

(Aguilera et al., 2008; Bruder et al., 2005; Colzato, Waszak, Nieuwenhuis, Posthuma, & 

Hommel, 2010; de Frias et al., 2005; Malhotra et al., 2002; Rosa, Dickinson, Apud, 
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Weinberger, & Elvevag, 2010) and episodic memory (de Frias et al., 2004; Persson, 

Lavebratt, Sundstrom, & Fischer, 2016; Raz, Rodrigue, Kennedy, & Land, 2009).  In 

studies involving executive functions, such as the Wisconsin Card Sorting Test (WCST), 

COMT Val carriers tend to produce more perseverative errors (Barnett et al., 2007; 

Malhotra et al., 2002) or perform worse in terms of failing to maintain set or producing 

more errors overall (Bruder et al., 2005).  However, not all studies have shown an effect.  

In a study by Aguilera et al. (2008), healthy young adult participants did not differ on any 

measure from the WCST based on COMT genotype.  However, they did differ on the 

Letter-Number Sequencing subtest of the Wechsler Adult Intelligence Scale-III (WAIS-

III), with Met carriers performing better than Val homozygotes (Aguilera et al., 2008).   

In other studies involving traditional measures of executive functions or memory 

functions, some showed the hypothesized Met advantage (de Frias et al., 2004; de Frias et 

al., 2005; Nagel et al., 2008; Papenberg et al., 2014; Raz, Rodrigue, Kennedy, & Land, 

2009), while others showed a Val advantage in males (O’Hara et al., 2006) or females 

(Solis-Ortiz, Perez-Luque, Morado-Crespo, & Gutierrez-Munoz, 2010), and still others 

showed no associations between COMT genotypes and cognitive functioning (Barnett, 

Scoriels, & Munafo, 2008; Erickson et al., 2008; Laukka et al., 2013).   

Such heterogeneity in results highlights the need for investigations into factors 

that may influence associations between COMT and cognitive functioning.  One such 

factor may be age.  Specifically, estimates of genetic influence on cognitive functions 

have been reported to increase in older adults relative to younger adults (Li et al., 2013; 

Nagel et al., 2008; Persson et al., 2016).  One common hypothesis for explaining this 

effect is the “resource modulation of genetic influence” hypothesis, or resource 
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modulation hypothesis for short, proposed by Lindenberger et al. (2008).  According to 

the resource modulation hypothesis, as individuals age their physiological resources 

decrease, resulting in greater influence of genetic polymorphisms on cognitive 

functioning.  The lost physiological resources Lindenberger et al. (2008) refer to are 

neurochemical (e.g., loss of dopamine receptors), neuroanatomical (e.g., volumetric 

decline in frontal and medial temporal lobe regions), and functional (e.g., brain changes 

associated with aging; Lindenberger et al., 2008).  It is important to note that 

Lindenberger et al. (2008) hypothesized that there is an upper limit to the increase in 

genetic influence on cognitive functioning.  Specifically, in advanced age or under 

conditions causing symptoms of dementia, the “resources” are depleted to a point where 

genetic influences are no longer detectable (Lindenberger et al., 2008).    

Present study 

 Our goals in the present study were to investigate the effects of COMT on 

executive and memory functions and investigate whether increasing age results in 

increasing influence of COMT on performance.  In order to test associations between 

COMT and measures of executive functions and memory functions on traditional 

neuropsychological measures, e.g., WCST, we used extant data from the Alzheimer’s 

Disease Risk Study conducted by the Cognition and Neuroimaging Laboratory and the 

Senior Learning Project in the Aging and Cognition Unit at the University of Arizona.  In 

addition, to test whether increasing age results in an increase in the influence of COMT 

on performance of executive functions and memory functions, we split our older adult 

sample into two groups:  younger-old (60 – 70 years) and older-old (71 – 89 years).   
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 Although the results reported in previous research studies of traditional 

neuropsychological measures of executive functions were mixed, as described above, 

there was generally more evidence for Met carriers performing better than Val 

homozygotes (de Frias et al., 2004; de Frias et al., 2005; Nagel et al., 2008; Papenberg et 

al., 2014; Persson et al., 2016; Raz, Rodrigue, Kennedy, & Land, 2009).  Additionally, 

based on the resource modulation hypothesis, we hypothesized that Met carriers would 

perform better than Val homozygotes on measures of executive functions and memory 

functions, and that this effect would be larger in the older-old group.   

Methods 

Participants  

Data were obtained from 253 older adults (60 – 89 years of age) who had 

previously participated in the Alzheimer’s Disease Risk Study conducted by the 

Cognition and Neuroimaging Laboratory and the Senior Learning Project in the Aging 

and Cognition Unit at the University of Arizona.  Table 2.1 lists demographic 

information on the participants.  Participants from both laboratories were screened for 

exclusionary factors such as psychiatric illnesses, neurological disorders, and head 

injuries resulting in cognitive sequelae.  All participants provided written informed 

consent at the time of participation according to the guidelines set by the institutional 

review board at the University of Arizona.  Participants were grouped into two age 

groups, i.e., younger-old (60 – 70 years) and older-old (71 – 89 years), in order to test for 

increased effects of COMT genotype with increased age.  In particular, we were 

interested in testing whether the influence of COMT on executive functions and free 

recall measures of memory were greater in the oldest age group as reported in the 
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previous literature (e.g., Nagel et al., 2008; Persson et al., 2016).  The younger-old group 

consisted of 31 Met homozygotes (mean age = 66.3, SD = 2.3), 50 Met/Val heterozygotes 

(mean age = 66.4, SD = 3.1), and 33 Val homozygotes (mean age = 66.2, SD = 3.0).  The 

older-old group consisted of 37 Met homozygotes (mean age = 76.9, SD = 4.8), 69 

Met/Val heterozygotes (mean age = 75.7, SD = 4.0), and 33 Val homozygotes (mean age 

= 77.2, SD = 5.2).  Participants did not differ in age and years of education across COMT 

genotypes in the younger-old group, F’s(2, 111) < 1, n.s., and the older-old group, F’s(2, 

136) < 1.62, p’s > .20.  A 2 x 3 ANOVA with age group (younger-old, older-old) and 

COMT genotype (Met/Met, Met/Val, Val/Val) as between-subjects factors and years of 

education as a continuous dependent variable indicated no significant difference in years 

of education by genotype between age groups, F(2, 247) < 1, n.s.          

Table 2.1   

Demographics  

 

Materials and Procedure  

 In the present study, we included data from six individual measures of executive 

functions, two individual measures of delayed free recall, and two composite scores 

based on Glisky et al. (1995) and Glisky and Kong (2008).  The measures are listed 

below.   

Measures of executive functions  

1) Number of categories achieved on the modified version of the WCST (Hart et al., 

1988).  
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2) Number of perseverative errors from the WCST.   

3) Total raw score on the Mental Arithmetic Subtest of the WAIS-R (Wechsler, 

1981).   

4) Total raw score on the Mental Control Subtest of the WMS-III (Wechsler, 1997).   

5) Backward Digit Span from the WMS-III.   

6) Number of words generated beginning with the letters F, A, and S from the 

Controlled Oral Word Association Test (COWAT; Spreen & Benton, 1977) as a 

measure of verbal fluency.   

7) Composite executive functions factor score – composite of #’s 1, 3, 4, 5, and 6 

above, as described in Glisky et al. (1995) and Glisky and Kong (2008).   

Measures of memory functions   

1) California Verbal Learning Test (CVLT) List A Long Delay Free Recall (Delis, 

Kramer, Kaplan, & Ober, 1987).  

2) Logical Memory 2 Story A Recall Subtest of the WMS-III.   

3) Composite memory functions factor score as described in Glisky et al. (1995) and 

Glisky and Kong (2008).   

Behavioral Analyses  

 All statistical analyses were performed with SPSS statistical software (IBM Corp., 

Version 23.0, 2015).  COMT genotype (Met/Met, Met/Val, Val/Val) and age group 

(younger-old, older-old) were entered as fixed factors in separate 3 x 2 univariate general 

linear models (GLM) with each of the measures of executive functions and memory 

functions listed above as dependent variables.   

Results 
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 The following measures of executive functions and memory functions did not 

reach significance and were not analyzed further:  WCST number of categories achieved 

and perseverative errors, WMS-III Digit Span Backward, COWAT – number of words 

generated beginning with the letters F, A, and S, and the CVLT List A Long Delay Free 

Recall.  However, significant effects were shown in the WAIS-R Mental Arithmetic 

subtest, WMS-III Mental Control subtest, the composite executive functions factor score, 

WMS-III Logical Memory 2 Story A Recall, and the composite memory functions factor 

score.  The significant results and their follow-up tests are described below.   

WAIS-R Mental Arithmetic 

 The results from the GLM showed that COMT genotypes and age groups both 

differed in performance on the Mental Arithmetic subtest of the WAIS-R, F(2, 247) = 

3.67, p < .05, and F(1, 247) = 7.78, p < .01, respectively (see Figure 2.1).  Follow-up t-

tests for the main effect of COMT indicated that Val homozygotes had lower scores than 

Met/Val heterozygotes and Met homozygotes, t(183) = 2.08, p < .05, and t(132) = 2.47, p 

< .05, respectively.  Regarding the main effect of age, the younger-old group scored 

higher overall than the older-old group, t(251) = 2.18, p < .05.  The interaction between 

COMT genotype and age group, however, trended toward significance, F(2, 247) = 2.75, 

p = .07.   
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Figure 2.1.  *p < .05.  Total number correct on the WAIS-R Mental Arithmetic subtest.  

 

WMS-III Mental Control 

 COMT genotypes and age groups each differed in performance on the WMS-III 

Mental Control subtest, F(2, 247) = 3.80, p < .05, and F(1, 247) = 3.74, p < .05, 

respectively (see Figure 2.2).  Similar to the WAIS-R Mental Arithmetic subtest, Val 

homozygotes tended to perform worse than Met/Val heterozygotes, although the 

difference trended toward significance, t(183) = 1.87, p = .06.  In addition, Val 

homozygotes performed significantly worse than Met homozygotes, t(132) = 2.52, p < 

.05.  The interaction between COMT and age, however, showed a trend toward an effect, 

F(2, 247) = 2.89, p = .06.   

* 

* 
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Figure 2.2.  *p < .05; †p = .06.  Total score on the WMS-III Mental Control subtest.    

 

Executive Functions Factor z-score 

 Regarding the composite measure of executive functioning, i.e., the executive 

functions factor z-score, COMT genotypes and age groups each differed in performance, 

F(2, 247) = 4.28, p < .05, and F(1, 247) = 6.86, p < .01, respectively (see Figure 2.3).  

Further analyses indicated that Val homozygotes scored lower than Met/Val 

heterozygotes, t(183) = 2.65, p < .01, and Met/Met homozygotes, t(132) = 2.26, p < .05.  

In terms of age group differences, the younger-old scored significantly higher than the 

older-old, t(251) = 1.99, p < .05.  However, the COMT genotype x age group interaction 

was not significant, F(2, 247) = 2.11, n.s.   

* 

† 
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Figure 2.3.   *p < .05; **p < .01.  Standardized factor scores for a composite measure of 

executive functioning.     

 

WMS-III Logical Memory 2 Story A Recall 

 The results from the GLM indicated that COMT genotypes did not differ in the 

number of details they recalled from the story, F < 1, n.s., but the younger-old and older-

old groups differed in the number of details recalled, F(1, 247) = 8.72, p < .01 (see 

Figure 2.4).  An independent samples t-test indicated that the younger-old group recalled 

a greater number of details than the older-old group, t(251) = 2.45, p < .05.  The COMT x 

age group interaction, however, did not reach significance, F(2, 247) = 2.43, n.s.   

* 

** 
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Figure 2.4.  Number of story details recalled from the WMS-III Logical Memory 2 Story 

A Recall subtest.     

 

Memory Functions Factor z-score 

 In addition to the two measures of delayed free recall, we tested whether COMT 

genotypes and age groups differed from each other with regard to their scores on a 

composite measure of memory functioning, i.e., the memory functions factor z-score (as 

described in Glisky et al., 1995; Glisky & Kong, 2008).  Results showed that both COMT 

genotypes and age groups differed in their scores, F(2, 247) = 3.56, p < .05, and F(1, 

247) = 13.64, p < .001, respectively (see Figure 2.5).  Follow-up t-tests indicated that the 

direction of the effect for COMT was in the opposite direction as expected, i.e., Val 

homozygotes had higher scores than Met homozygotes, t(132) = 2.70, p < .01.  Met/Val 
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heterozygotes did not differ significantly from Val homozygotes, t(183) = 1.20, n.s.  As 

expected, the younger-old group had higher composite z-scores than the older-old group, 

t(250.6) = 3.40, p < .01.  However, the interaction between COMT and age group was not 

significant, F(2, 247) = 1.94, n.s.   

 
 

Figure 2.5.   **p < .01.  Standardized factor scores for a composite measure of memory 

functioning.   

Discussion 

 In a large sample of older adults, we tested whether COMT was associated with 

performance on executive functioning and episodic memory functioning measures, some 

of which were similar to those used in previous association studies with COMT, i.e., the 

WCST (Aguilera et al., 2008; Barnett et al., 2007; Bruder et al., 2005; Malhotra et al., 

2002; Nagel et al., 2008), measures of verbal fluency similar to the COWAT (de Frias et 

** 
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al., 2005), and verbal word list recall (de Frias et al., 2004; Persson et al., 2016).  We 

were also interested in testing whether the effects of COMT were magnified with 

increasing age.  Similar to previously reported results in the literature, we found 

associations between COMT on some measures but not all of them (Aguilera et al., 2008; 

Bruder et al., 2005; de Frias et al., 2005; Raz, Rodrigue, Kennedy, & Land, 2009).  

Notably, when an effect of COMT was observed in our study, it was generally in the 

expected direction showing a Met advantage on measures of executive functioning.  With 

regard to the composite measure of memory functioning, however, the effect was in the 

opposite direction, i.e., Val homozygotes had higher scores than Met homozygotes.     

 Specifically, in terms of executive functioning measures, Val homozygotes had 

the lowest scores on the WAIS-R Mental Arithmetic subtest and the WMS-III Mental 

Control subtest.  Furthermore, the COMT x age interaction trended toward significance 

and was being driven by the greater drop in performance in the Val homozygotes in the 

oldest age group, thus lending support for the magnification effect characterized by the 

resource modulation hypothesis (Lindenberger et al., 2008).  Support for the resource 

modulation hypothesis was not always evident in our results, however, as the lower 

scores of the Val homozygotes on the composite measure of executive functioning did 

not interact with age.   

 Contrary to previous studies showing a greater number of perseverative errors on 

the WCST in Val homozygotes (Barnett, Jones, Robbins, & Muller, 2007; Bruder et al., 

2005; Malhotra et al., 2002; Nagel et al., 2008), we did not find such an effect.  Our 

results support the lack of association between COMT and the WCST reported by others 

(Aguilera et al., 2008; Ho, Wassink, O’Leary, Sheffield, & Andreasen, 2005).  It should 
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be noted that we also did not observe an effect of COMT on other measures of executive 

functioning such as the Controlled Oral Word Association Test for the letters F, A, and S.  

Upon examination of the distributions of scores for the WCST and the Controlled Oral 

Word Association Test, it was clear that the lack of association was not due simply to a 

truncated range.  Furthermore, although the results of previous studies have generally 

shown a Met advantage on similar measures of executive functioning and memory 

functioning, mixed findings have been reported with some indicating a lack of 

association (e.g., Barnett, Scoriels, & Munafo, 2008; Erickson et al., 2008; Laukka et al., 

2013).   

 Regarding measures of memory functioning, COMT was not associated with 

performance on either the CVLT List A Long Delay Free Recall nor the WMS-III 

Logical Memory 2 Story A Recall.  However, COMT genotype predicted scores on the 

composite measure of memory.  Surprisingly, the results were in the opposite direction to 

what we hypothesized, with Val homozygotes having the highest composite scores.   

 The results of the present experiment demonstrate a heterogeneity of associations 

between COMT and performance on executive functions and memory functions.  While 

the associations with executive functions were more robust than those of memory 

functions, they did not span all measures of executive functions in our study.  

Additionally, it is unclear as to why Val homozygotes had higher composite memory 

scores than Met homozygotes and surprising that the measures of delayed free recall were 

not associated with COMT.  Given the more effortful nature of free recall tests compared 

to recognition tests and the evidence for the involvement of the frontal lobes in addition 
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to the medial temporal lobes for free recall (Kragel & Polyn, 2016; Moscovitch, 1992), 

one would expect associations between COMT and measures of free recall.   

 The mixed results we observed also brings into question the purity of the tasks 

themselves, at least in terms of the associations and lack thereof between COMT and the 

measures of executive functions in the present experiment.  It may be the case that COMT 

is sensitive to some aspects of executive functions such as those involving updating of 

information held in working memory as in the case of the WMS-III Mental Control 

subtest which requires reordering word lists, letters, and numbers held in working 

memory.  Notably, COMT was associated with this measure in our study, with Met 

homozygotes outperforming Val homozygotes.  The possibility of COMT being 

associated with some types of executive functions and not others highlights the need for 

further studies involving more “task-pure” domains of executive functions as described 

by Miyake et al. (2000; see also Friedman et al., 2008; Friedman & Miyake, 2016; 

Miyake & Friedman, 2012) for use in tests of genetic associations such as COMT.  To 

this end, in experiment 2 in the following chapter, we investigate associations between 

COMT and executive function tasks from each of the 3 domains described in Miyake et 

al. (2000).   
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CHAPTER 3 

EXPERIMENT 2:  COMT GENOTYPES AND MEASURES OF EXECUTIVE 

FUNCTIONS USING AN EXECUTIVE FUNCTIONS BATTERY 

Introduction 

Age-related changes in cognitive functioning have been associated with multiple 

factors such as genetics, structural and functional brain changes, and changes in 

neurotransmitter systems such as dopamine.  Furthermore, the domains of cognitive 

functioning that are affected and the degree to which the changes occur vary widely 

across individuals, ranging from declines in performance to relative stability (Park et al., 

2002).  One such area that tends to show declines in performance is executive function.  

Executive functions have been broadly defined as cognitive processes involved in 

planning, attention switching, inhibition, and working memory (Head et al., 2008).  

Miyake et al. (2000), using factor analysis, identified three relatively independent, yet 

related executive function processes.  The processes included: 1) shifting between 

multiple tasks or mental sets, 2) updating and monitoring information in working 

memory, and 3) inhibition of prepotent or dominant responses elicited by a task.  While 

previous studies have investigated the age-related differences in performance within a 

single domain of executive functioning such as task-switching (DiGirolamo et al., 2001; 

Jimura & Braver, 2010; Madden et al., 2010; Ruge, Jamadar, Zimmermann, & 

Karayanidis, 2013), fewer studies have investigated age-related differences on multiple 

measures of executive functions in the same individuals (Fisk & Sharp, 2004; Hull, 

Martin, Beier, Lane, & Hamilton, 2008; Vaughan & Giovanello, 2010).   
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In addition to the effects of age on executive functioning, genetic factors have 

been associated with performance on measures of executive functions.  For example, a 

common single nucleotide polymorphism in the COMT gene on chromosome 22 results 

in three genotypes (Met/Met, Met/Val, Val/Val) producing varying levels of COMT 

enzymatic activity, which has been shown to catabolize dopamine at different rates (Chen 

et al., 2004).  Specifically, Met homozygotes break down dopamine at the slowest rates, 

while Val homozygotes break down dopamine at the fastest rates and Met/Val 

heterozygotes show rates intermediate to those of the two homozygous groups (Chen et 

al., 2004).  Thus, Met carriers are thought to have greater dopamine availability while Val 

homozygotes are thought to have less dopamine availability (Akil et al., 2003; Slifstein et 

al., 2008).  Importantly, COMT genotypes influence levels of dopamine in the brain, 

particularly in the prefrontal cortex where dopamine clearance relies more heavily on the 

COMT enzyme (Akil et al., 2003; Bilder, Volavka, Lachman, & Grace, 2004; Cools & 

D’Esposito, 2011; Grace, 1991; Grace, 1993).   

The reliance of the prefrontal cortex on the COMT enzyme for dopamine 

degradation and the critical role of dopamine in the performance of cognitive functions 

involving this region has prompted studies investigating COMT genotypes for their 

potential associations with various cognitive functions such as executive functions 

(Aguilera et al., 2008; Bruder et al., 2005; Colzato, Waszak, Nieuwenhuis, Posthuma, & 

Hommel, 2010; de Frias et al., 2005; Malhotra et al., 2002; Rosa, Dickinson, Apud, 

Weinberger, & Elvevag, 2010) and episodic memory (de Frias et al., 2004; Persson, 

Lavebratt, Sundstrom, & Fischer, 2016; Raz, Rodrigue, Kennedy, & Land, 2009).  In 

studies involving executive functions, such as the Wisconsin Card Sorting Test (WCST), 
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COMT Val carriers tend to produce more perseverative errors (Barnett et al., 2007; 

Malhotra et al., 2002) or perform worse in terms of failing to maintain set or producing 

more errors overall (Bruder et al., 2005).  However, not all studies have shown an effect.  

In a study by Aguilera et al. (2008), healthy young adult participants did not differ on any 

measure from the WCST based on COMT genotype.  However, they did differ on the 

Letter-Number Sequencing subtest of the Wechsler Adult Intelligence Scale-III (WAIS-

III), with Met carriers performing better than Val homozygotes (Aguilera et al., 2008).   

In other studies involving traditional measures of executive functions or memory 

functions, some showed the hypothesized Met advantage (de Frias et al., 2004; de Frias et 

al., 2005; Nagel et al., 2008; Papenberg et al., 2014; Raz, Rodrigue, Kennedy, & Land, 

2009), while others showed a Val advantage in males (O’Hara et al., 2006) or females 

(Solis-Ortiz, Perez-Luque, Morado-Crespo, & Gutierrez-Munoz, 2010), and still others 

showed no associations between COMT genotypes and cognitive functioning (Barnett, 

Scoriels, & Munafo, 2008; Erickson et al., 2008; Laukka et al., 2013).   

A potential limitation to the studies discussed above may be the types of cognitive 

tests used to investigate associations with COMT.  For example, according to the 3 factor 

model of executive functioning by Miyake et al. (2000), the WCST primarily captures 

shifting, thus neglecting the opportunity to measure the two other types of executive 

functions, i.e., updating and inhibition, which may show differential sensitivity to the 

effects of COMT.  Furthermore, it has been suggested by Cools and D’Esposito (2011) 

and Bilder et al. (2004) that dopamine may have differential effects depending on brain 

region.  Specifically, they suggest that dopamine in the prefrontal cortex promotes 

“stability” or “maintenance” of information held in working memory as well as resistance 
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to interference, while dopamine in the striatum promotes “flexibility” or “updating” of 

information held in working memory (Bilder et al., 2004; Cools & D’Esposito, 2011).   

According to Bilder et al. (2004), stability and flexibility are mediated by the differential 

effects of tonic and phasic dopamine activity within the striatum and its modulation by 

prefrontal corticostriatal inputs.  The tonic-phasic dopamine hypothesis was originally 

proposed by Grace (1991) to describe two types of dopamine neuron firing patterns.  The 

first type of firing, referred to as tonic firing, occurs as continuous but irregular low-level 

background firing contributing to the overall tone or baseline levels of dopamine in the 

striatum (Bilder et al., 2004).  The second type of firing, referred to as phasic firing, 

occurs in response to behavioral stimuli triggering spike or burst firing in the striatum 

(Bilder et al., 2004).  Importantly, tonic and phasic dopamine release functionally oppose 

each other.  Higher levels of tonic dopamine release increases the threshold for phasic 

dopamine release, making it less likely for behavioral stimuli to trigger phasic firing 

(Bilder et al., 2004).  Conversely, lower levels of tonic dopamine release decreases the 

threshold for phasic dopamine release, making it more likely for behavioral stimuli to 

trigger phasic firing (Bilder et al., 2004).  Additionally, tonic dopamine release is 

modulated by dopaminergic stimulation of prefrontal glutamatergic afferents to striatal 

presynaptic terminals such that higher glutamatergic stimulation increases tonic firing 

(Bilder et al., 2004).  As a result, the higher dopamine levels in the prefrontal cortex of 

Met carriers triggers greater glutamatergic stimulation of tonic dopamine release in the 

striatum, making it more difficult for behavioral stimuli to disrupt the stability of the 

greater tonic state (Bilder et al., 2004).  However, the lower dopamine levels in the 

prefrontal cortex of Val carriers triggers less glutamatergic stimulation of tonic dopamine 
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release in the striatum, making it more likely that behavioral stimuli disrupts the stability 

of the tonic state to produce a more flexible state sensitive to phasic dopamine release 

(Bilder et al., 2004).  Thus, there may not be an overall benefit of one allele over another; 

rather, higher dopamine levels associated with the Met allele may be beneficial for tasks 

requiring maintenance of information held in working memory and resistance to 

distraction from irrelevant information, while lower dopamine levels associated with the 

Val allele may be beneficial for tasks requiring flexible shifting between rules or 

updating information with new, more relevant information (Bilder et al., 2004; Cools & 

D’Esposito, 2011).  It is important to note that the conceptualization of “stability” by 

Bilder et al. (2004) and Cools and D’Esposito (2011) maps onto Miyake et al.’s (2000) 

inhibition domain of executive functioning, while the conceptualization of “flexibility” 

maps onto Miyake et al.’s (2000) shifting and updating domains.  As such, we may 

investigate whether aging shows any differential effects on the 3 domains of executive 

functions described by Miyake et al. (2000) and make inferences as to the underlying 

neural correlates involved in the behavioral changes observed.  Furthermore, by 

investigating the effects of COMT genotypes on performance of tasks related to the 3 

types of executive functions, we may gain a greater understanding of the task-specific 

processes affected by COMT.   

 In order to test the effects of age on the 3 types of executive functions described 

by Miyake et al. (2000), we tested younger and older adults on an executive functions 

battery developed at the University of Arizona, which was based on Miyake et al.’s 

(2000) three factor model of executive functions (Alexander et al., 2012).  Additionally, 

genetic information was collected on the older adult sample and a subset of younger 
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adults.  COMT genotypes were tested in our older adult sample for associations with 

measures from each of the 3 domains of executive functions described by Miyake et al. 

(2000):  1) shifting, 2) updating, and 3) inhibition.  The details of the tests to be used to 

measure these 3 domains of executive functioning are provided in the methods section 

below.    

Methods 

Participants  

 Ninety-four older adults (35 males, 59 females; 60 – 86 years of age), 10 of which 

were from Experiment 1, and 84 new participants were recruited from the Tucson 

community.  In addition, 50 younger adults (22 males, 28 females; 18 – 32 years of age) 

from the University of Arizona participated in the study.  Table 3.1 lists demographic 

information on the participants.  Participants were screened for exclusionary factors such 

as psychiatric illnesses, neurological disorders, and head injuries resulting in cognitive 

sequelae.  Written informed consent was obtained prior to participation according to the 

guidelines set by the institutional review board at the University of Arizona.  Genetic data 

was obtained from all older adults and 11 younger adults.  Given the small number of 

younger adults with genetic data, genetic association analyses were only performed on 

the older adult sample.   

COMT genotyping   

 Genetic profiles were obtained as part of the protocol of the Alzheimer’s Disease 

Risk Study and the Senior Learning Project.  Saliva samples were collected using the 

Oragene DNA Collection Kit (DNA Genotek, Ottawa, Ontario, Canada) and sent to the 

Translational Genomics Research Institute (TGen) in Phoenix, Arizona for genetic 
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analyses.  Genotyping was carried out using TaqMan allelic discrimination chemistry and 

ABI Prism 7000 sequence detection methods (Applied Biosystems, Foster City, CA) as 

described in Corneveaux et al. (2010).  Although the samples were genotyped for COMT, 

APOE, BDNF, HTR2A, and KIBRA, the focus of the present study is on COMT.   

The demographics of the older and younger adult samples are displayed in Table 

2 below.  Older and younger adults did not differ significantly according to gender, χ2(1) 

< 1, n.s.  However, older adult participants had significantly more years of education (M 

= 16.8, S.E.M. = 0.2) compared to younger adults (M = 14.3, S.E.M. = 0.2), t(140.2) = 

8.83, p < .001.  Within the older adult age group, one-way ANOVAs indicated that age 

and education did not differ significantly across COMT genotypes, F’s(2, 91) < 2.27, p’s 

> .10.   

Table 3.1  

Demographics  

 

 

Procedures  

  Participants were administered the University of Arizona Executive Functions 

Battery, consisting of six executive function tests, two from each of the three domains 

identified in the Miyake et al. (2000) model.  The computerized tests from the battery 

were administered on a Dell Latitude D830 Laptop connected to a ViewSonic 22” flat-
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screen desktop monitor using E-Prime 2.0 stimulus presentation software (Psychology 

Software Tools, Pittsburgh, PA).  In addition, the Mini Mental State Exam (MMSE; 

Folstein, Folstein, & McHugh, 1975), North American Adult Reading Test (NAART; 

Blair & Spreen, 1989), and two measures of processing speed (Deary-Liewald Reaction 

Time Task; Deary et al., 2011) were administered.  However, only the executive 

functions tasks and data are discussed here.  Additionally, 2 measures of executive 

functions, one from the shifting domain and one from the inhibition domain, are not 

reported due to differences in tests used in earlier versions of the battery.  The entire 

testing session lasted approximately 2 hours.   

Measures 

  Shifting.  The Number-Letter task (Rogers & Monsell, 1995) was used to 

measure shifting.  In the Number-Letter task (as shown in Figure 3.1), a number-letter 

pair (e.g., 8F) was presented in one of four quadrants on a computer screen.  If the 

number-letter pair appeared in the top 2 quadrants, participants judged whether the 

number was odd or even; if it appeared in the bottom 2 quadrants, they judged whether 

the letter was a consonant or vowel.  In the first block of trials, the number-letter pairs 

were presented only in the top 2 quadrants (number block).  In the second block of trials, 

the number-letter pairs were presented only in the bottom 2 quadrants (letter block).  

Finally, in the third and fourth blocks of trials, the number-letter pairs were presented in a 

clockwise fashion such that half of them appeared on top and half on the bottom (rotating 

blocks).  As a result, the third and fourth blocks included trials that repeated tasks (e.g., 

odd/even judgments for trials that appeared in the upper-left quadrant, followed by 

odd/even judgments for trials that appeared in the upper-right quadrant) and trials that 
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shifted tasks (e.g., odd/even judgments for trials that appeared in the upper-right 

quadrant, followed by consonant/vowel judgments for trials that appeared in the lower-

right quadrant; see Figure 3.1).  Note that the number and letter blocks were single-task 

blocks, while the rotating blocks were mixed-tasks blocks.  Numbers for the number-

letter stimuli were drawn from the numbers 2 through 9, omitting the number 1 to avoid 

confusion with the letter I.  Letters for the number-letter stimuli were drawn from the 

letters G, K, M, and R for consonants, and A, E, I, and U for vowels, omitting the letter O 

to avoid confusion with the number zero.   

 

Figure 3.1.  Number-letter task (Rogers & Monsell, 1995).    

 

  Updating. Two tests were used to measure updating, the Consonant Updating 

task (Morris and Jones, 1990) and the Keep Track task (Yntema, 1963, as cited in Miyake 

et al., 2000).  In the Consonant Updating task (shown in Figure 3.2), single letters were 

presented visually on a computer screen one at a time for 2 seconds each, and participants 

were asked to repeat the last 4 letters out loud, continually updating the working memory 

set.  At the end of a series of letters, indicated by four blank lines in the center of the 
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screen, participants recalled the last four consonants that were shown.  Letter series 

length varied pseudo-randomly between 5, 7, 9, and 11 consonants.  In the Keep Track 

task (shown in Figure 3.3), participants were first familiarized with 6 category labels and 

exemplars from each of the categories (see Miyake et al., 2000).  In each subsequent trial-

block, a subset of the category labels was shown at the bottom of the computer screen 

and remained visible throughout the trial block.  Two to three exemplars from each of the 

6 categories appeared one at a time on the screen for 1500 milliseconds and participants 

monitored the last exemplar of each of the target categories.  A version modified for older 

adults by Hull et al. (2008) was used here, with three trial blocks of 1, 2, 3 and 4 target 

categories with 15-item lists each.   

 

Figure 3.2.  Consonant updating task (adapted from Morris & Jones, 1990).     
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Figure 3.3.  Keep track task (adapted from Yntema, 1963).     

 

  Inhibition.  The Stroop Color-Word task was used to measure inhibition.  The 

version of the Stroop Color-Word task used here did not require task shifting because the 

participants were always required to name the color of the ink. The key comparison was 

between the incongruent color-word condition, e.g., BLUE printed in red ink, and a 

neutral condition in which participants named the color of printed Xs, e.g., Xs printed in 

green ink.   

Results 

General statistical analysis procedures  

  Given that we were particularly interested in investigating potential age and 

COMT effects on all executive functioning measures, we tested two separate mixed 

GLMs, one for age effects and one for COMT effects.  We were not able to test both age 

and COMT in the same model because we only had a large enough genetic sample for the 

older adults (n = 94) and not the younger adults (n = 11).  In the age effects model, age 

group (younger, older) was entered as a between-subjects factor and dependent variables 

were entered as repeated measures where appropriate, e.g., shift type, set size.  In the 

COMT effects model, COMT genotype (Met/Met, Met/Val, Val/Val) was entered as a 
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between-subjects factor and dependent variables were entered as repeated measures 

where appropriate, as in the age effects models.   

 In the following set of results, significant main effects and interactions are 

reported for models in which the omnibus test was significant at p < .05.  The results of 

the tests from the 3 types of executive functions are presented together in Tables 3.2a and 

3.2b below.   

Table 3.2a   

 

Executive Functions Battery Performance by Age Group   

 

  Younger adults Older adults 

Measure of shifting 

  Number-letter 

  Accuracy 

  Number (single-task) block 0.963 ±0.007 0.972 ±0.006 

Letter (single-task) block 0.973 ±0.005 0.978 ±0.004 

Rotating (mixed-tasks) blocks 0.950 ±0.005 0.973 ±0.003d 

Reaction time 

  
Number (single-task) block 756.8 ±16.3 1003.6 ±20.4d 

Letter (single-task) block 791.0 ±18.7 1056.7 ±24.5d 

Rotating (mixed-tasks) blocks 1065.9 ±27.6 1540.1 ±40.8d 

Reaction time shift cost 

  
Global RT shift cost 292.0 ±19.2 509.9 ±27.6d 

Local RT shift cost 456.0 ±20.0 573.0 ±25.7c 

   Measures of updating 

  Consonant updating accuracy 

  
Set size 5 0.952 ±0.011 0.896 ±0.015b 

Set size 7 0.848 ±0.019 0.783 ±0.017b 

Set size 9 0.721 ±0.022 0.677 ±0.016 

Set size 11 0.661 ±0.024 0.621 ±0.017 

Keep track accuracy 

  
2 categories 0.950 ±0.015 0.851 ±0.016d 

3 categories 0.762 ±0.026 0.627 ±0.021d 

4 categories 0.688 ±0.020 0.628 ±0.016b 

   Measure of inhibition 

  
Stroop effect proportiona 0.291 ±0.017 0.446 ±0.011e 
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Note. Means ± S.E.M.   
aStroop effect expressed as a proportion, i.e.,  

[
(number of items named in neutral condition)-(number of items named in interference condition)

(number of items named in neutral condition)
] 

bp < .05, cp < .01, dp < .001, ep < .0001.   

 

Table 3.2b   

 

Executive Functions Battery Performance by COMT Genotype within the Older Adult 

Sample   

 
COMT Genotype 

  Met/Met Met/Val Val/Val 

Measure of shifting 

   Number-letter 

   Accuracy 

   Number (single-task) block 0.979 ±0.008 0.973 ±0.008 0.959 ±0.020 

Letter (single-task) block 0.979 ±0.006 0.976 ±0.008 0.979 ±0.005 

Rotating (mixed-tasks) blocks 0.974 ±0.005 0.968 ±0.007 0.978 ±0.003 

Reaction time 

   Number (single-task) block 979.6 ±27.3 1027.2 ±36.9 1002.2 ±44.4 

Letter (single-task) block 1039.6 ±33.8 1108.4 ±46.8 997.1 ±41.0 

Rotating (mixed-tasks) blocks 1488.2 ±55.1 1640.9 ±79.1 1453.0 ±65.6 

Reaction time shift cost 

   Global RT shift cost 478.6 ±42.5 573.1 ±50.6 453.4 ±42.9 

Local RT shift cost 578.4 ±34.6 626.0 ±48.4 475.2 ±44.2 

    Measures of updating 

   Consonant updating accuracy 

   Set size 5 0.925 ±0.015 0.878 ±0.026 0.879 ±0.039 

Set size 7 0.805 ±0.023 0.745 ±0.029 0.811 ±0.041 

Set size 9 0.704 ±0.026 0.649 ±0.025 0.683 ±0.038 

Set size 11 0.652 ±0.026 0.589 ±0.027 0.625 ±0.039 

Keep track accuracy 

   2 categories 0.886 ±0.029 0.815 ±0.023 0.856 ±0.033 

3 categories 0.679 ±0.030 0.595 ±0.032 0.596 ±0.047 

4 categories 0.636 ±0.029 0.601 ±0.025 0.659 ±0.029 

    Measure of inhibition 

   
Stroop effect proportion 0.447 ±0.019 0.463 ±0.017 0.418 ±0.024 

 

Note. Means ± S.E.M.   

 

Measure of Shifting  
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  Based on previous studies of task switching and the effects of age on performance 

(Karayanidis, Whitson, Heathcote, & Michie, 2011; Kray & Lindenberger, 2000; Madden 

et al., 2009; Mayr, 2001), we were primarily interested in the reaction time measures of 

the Number-letter task, rather than the accuracy measures.  Although both accuracy and 

reaction time data are presented in Tables 3.2a and 3.2b above, our results and 

discussions focus on reaction times.  Reaction time data were trimmed at the individual 

participant level1 in the following manner:  1) only correct trials were included; 2) correct 

trial responses with a latency less than 200 ms were discarded as likely due to carry-

over/delayed responses from previous trials; 3) correct trials that were greater than 2.5 

standard deviations from each participant’s own mean reaction time for each block 

(number, letter, rotating) were omitted.  The trimming procedures resulted in 2.9% of 

data being omitted from analyses.   

  Following the trimming procedures, mean reaction times were calculated for the 

number block, letter block, and the two rotating blocks collapsed.  Furthermore, two 

types of reaction time costs were calculated, i.e., a global shift cost and a local shift cost.  

Global shift cost was calculated by taking the average of the reaction times in the number 

and letter (single-task) blocks and subtracting it from the overall average of the reaction 

times in the two rotating (mixed-tasks) blocks.  Local shift cost was calculated by taking 

the average of the reaction times of the repeat trials in the rotating blocks (i.e., trials that 

appeared in the upper-right and lower-left quadrants) and subtracting it from the average 

of the reaction times of the switch trials in the rotating blocks (i.e., trials that appeared in 

1The trimming procedures described here are similar to those of Miyake et al. (2000); however, 

we trimmed at the individual participant level rather than the group level because our data 

included older adults with greater variability in response times.  Thus, we did not want to discard 

reaction times that were not uncharacteristic for that individual, even though it may have been 

greater than 2.5 standard deviations away from the group mean.   
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the upper-left and lower-right quadrants).  Importantly, the first trials of the rotating 

blocks were not used in these calculations because they did not involve either a repeat or 

a shift in task.   

 In order to test whether younger and older adults differed in reaction time shift 

costs, we used the age effects model as described at the beginning of the results section.  

In this case, shift type (global, local) was entered as the repeated measure.  The results 

showed that younger and older adults differed in their overall reaction time shift costs, 

F(1, 142) = 24.07, p < .0001, with older adults showing larger shift costs than the 

younger adults, t(141.8) = 5.79, p < .0001 (see Figure 3.4a).  Additionally, global and 

local shift costs differed, F(1, 142) = 34.11, p < .0001, with local shift costs being larger 

than global shift costs, t(143) = 5.20, p < .0001.  Of particular interest was the finding 

that differences in shift costs between younger and older adults depended on the type of 

shift involved, as indicated by the shift type x age group interaction, F(1, 142) = 6.72, p < 

.05.  Specifically, older adults showed larger shift costs than younger adults for global 

shifts than for local shifts, t(141.8) = 6.48, p < .0001, and t(141.3) = 3.60, p < .01, 

respectively.   

 To determine whether COMT affected older adults’ reaction time shift costs, we 

used the COMT effects model as described above, with shift type as the repeated 

measure.  The results indicated a trend towards a difference among the three COMT 

genotypes, F(2, 91) = 2.71, p = .07 (see Figure 3.4b).  Interestingly, the trend was in the 

direction of the Met/Val heterozygotes showing larger overall shift costs than the Val 

homozygotes, t(56.9) = 2.47, p < .05.   Regardless of genotype, local shift costs were 

larger than global shift costs, t(93) = 2.37, p < .05.  Additionally, we tested whether the 
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differences in shift costs between COMT genotypes depended on the type of shift 

involved.  However, the interaction between shift type and COMT did not approach 

significance, F < 1, n.s.   

 

Figure 3.4a.  *p < .01; **p < .0001.  Number-letter reaction time shift costs by age 

group.   

** 

* 
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Figure 3.4b.  *p < .05.  Number-letter reaction time shift costs by COMT genotype.       

 

Measures of Updating  

 Similar to the Number-letter task, we tested two separate mixed GLMs for each 

updating task.  The repeated measures here, however, were proportions correct by letter-

string set size (5, 7, 9, 11) for Consonant Updating and proportions correct by number of 

categories (2, 3, 4) for Keep Track.  Note that the one category condition in the Keep 

Track task was not included in the analyses due to ceiling effects in performance.  

Regarding COMT effects, the same GLMs were used except that COMT genotype served 

as the between-subjects factor.   

Consonant Updating  

 In order to test the effects of age on the Consonant Updating task accuracies, we 

performed a 2 x 4 mixed factor GLM with age group (younger, older) as the between-

* 
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subjects factor and set size (5, 7, 9, 11) as a repeated measure.  Results indicated that 

overall accuracy differed between younger and older adults, F(1, 142) = 5.16, p < .05 

(see Figure 3.5a).  Specifically, younger adults were more accurate than older adults, 

t(142) = 2.09, p < .05.  In addition, regardless of age group, accuracies by set size 

differed, F(2.8, 397.7) = 237.55, p < .001.  Follow-up t-tests indicated that all 

comparisons between set size accuracies differed from each other, t’s(143) > 6.07, p’s < 

.0001.  However, accuracy was not differentially affected by set size, as indicated by the 

nonsignificant set size x age group interaction, F < 1, n.s.   

 Regarding the effects of COMT in the older adult sample, Consonant Updating 

accuracy did not differ among the 3 genotypes, F(2, 91) = 1.54, n.s. (see Figure 3.5b).  

However, accuracies differed by set sizes, F(3, 273) = 147.8, p < .001.  Follow-up t-tests 

showed that accuracies for each set size differed from each other for all comparisons, 

t’s(93) > 4.73, p’s < .001.  As with the age group results, the set size x COMT genotype 

interaction did not reach significance, F < 1, n.s.   
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Figure 3.5a.  ***p < .0001.  Consonant updating accuracy by set size and age group.   

   

 

**

* 

** 
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Figure 3.5b.  **p < .001.  Consonant updating accuracy by set size and COMT genotype.    

 

Keep Track  

 For our second measure of updating, we assessed the effects of age on the 

proportions of correct words recalled for each category with a 2 x 3 mixed factor GLM 

with age group (younger, older) as the between-subjects factor and number of categories 

(2, 3, 4) as a repeated measure.  The results showed that younger and older adults differed 

in overall accuracy, F(1, 142) = 27.09, p < .001 (see Figure 3.6a).  Specifically, younger 

adults were more accurate than older adults, t(142) = 4.75, p < .0001.  Accuracies 

according to number of categories also differed from each other, F(2, 284) = 96.48, p < 

.0001.  Follow-up t-tests showed that accuracy was higher for the 2 category condition 

compared to the 3 category and 4 category conditions, t’s(143) > 11.52, p’s < .0001.  

However, accuracies according to the number of categories did not affect one age group 

more than the other, F(2, 284) = 1.99, n.s.   

 Within the older adult sample, we tested the effects of COMT genotypes on the 

proportions of correct words recalled for each category with a 2 x 3 mixed factor GLM 

with COMT genotype (Met/Met, Met/Val, Val/Val) as the between-subjects factor and 

number of categories (2, 3, 4) as a repeated measure.  The results showed a trend toward 

significant differences between COMT genotypes on overall accuracy, F(2, 91) = 2.95, p 

= .06 (see Figure 3.6b).  Follow-up t-tests indicated that the trend was being driven by 

the higher overall accuracy in the Met homozygotes compared to the Met/Val 

heterozygotes, t(70) = 2.24, p < .05.  In addition, the accuracies according to number of 

categories differed from each other, F(2, 182) = 58.10, p < .001.  Follow-up t-tests 
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indicated that the accuracy was higher for the 2 category condition compared to the 3 

category and 4 category conditions, t’s(93) > 9.60, p’s < .0001.  As in the age group 

effects, accuracies according to the number of categories did not affect certain COMT 

genotypes more than others, F < 1, n.s.   

 
 

Figure 3.6a.  ***p < .0001.  Keep track task proportions correct by number of categories 

and age group.   

**

* 
**

* 
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Figure 3.6b.  ***p < .0001.  Keep track task proportions correct by number of categories 

and COMT genotype.   

 

Measure of Inhibition  

  In the Stroop task, the measure of inhibition we used was calculated as a 

proportion as follows:   

Stroop proportion= [
(# items named in neutral condition)-(# items named in interference condition)

(# items named in neutral condition)
] 

 

By calculating the Stroop effect as a proportion rather than a raw score of the difference 

between number of items named in the neutral condition and interference condition, the 

effect expressed as a proportion takes into account the individual’s own baseline speed in 

naming.  As a result, it is less susceptible to general slowing in speed of processing 

**

* 
**

* 
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(Alexander et al., 2012; Bayard, Erkes, & Moroni, 2011).  Note that a higher Stroop 

proportion indicates greater interference or less successful inhibition.   

  In order to test the effects of age on inhibition ability, we performed an 

independent samples t-test between younger and older adults on the Stroop proportion.  

The results showed that younger adults had less interference than the older adults, t(142) 

= 8.00, p < .0001 (see Figure 3.7a).   

  Within the older adult sample, we tested the effects of COMT genotype on the 

Stroop proportion using a one-way ANOVA.  The results showed that the Stroop 

proportion did not differ between the COMT genotypes, F(2, 91) = 1.22, n.s. (see Figure 

3.7b).     

    

 

 

Figure 3.7a.  Stroop proportion by age group.     

* 
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Figure 3.7b.  Stroop proportion by COMT genotype.   

Discussion 

 In the present experiment, we used the 3 factor model of executive functions 

proposed by Miyake et al. (2000) to test whether age affects performance in certain 

domains of executive functions more than others, or if it cuts across all domains equally.  

Moreover, we investigated the role of COMT genotypes on these age-related changes in 

executive functions in our sample of older adults.   

Age effects 

While older adults performed worse on all executive functioning measures, the 

patterns of performance for each task did not differ from that of younger adults, with the 

exception of the number-letter task.  In the number-letter task, we replicated the results of 

a more pronounced age difference in global shift costs than local shift costs.  Although 

the local shift costs were larger than global shift costs for both age groups, the older 
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adults were differentially affected by global shifts.  The differential age effects depending 

on shift type is consistent with previous research on global and local shift costs in aging 

(Karayanidis et al., 2011; Kray & Lindenberger, 2000; Mayr, 2001).  It has been 

suggested that the larger global shift costs in older adults result from the greater cognitive 

load of actively maintaining multiple task sets or rules within mixed-tasks blocks (Mayr 

& Liebscher, 2001), which has been shown to be particularly sensitive to aging 

(Karayanidis et al., 2011; Kray & Lindenberger, 2000; Mayr, 2001).  As a result, 

although repeat trials exist in both single-task (which are essentially all repeat trials) and 

mixed-tasks blocks, the repeat trials that occur in mixed-tasks blocks incur longer 

reaction times than those in single-task blocks due to the extra load of maintaining two 

tasks at hand and having to select the appropriate task for a given trial (Mayr & 

Liebscher, 2001).   

 In terms of updating types of executive functions, while older adults performed 

worse than younger adults overall, both age groups showed decreases in performance 

with increasing difficulty as measured by the increases in letter set sizes and number of 

categories to keep track of in the consonant updating task and keep track task, 

respectively.  It is also difficult to disentangle the difficulty effects from updating effects, 

as the more continuous updating occurs, the more difficult the task becomes, which may 

be due to buildup of proactive interference.   

 In the inhibition task, older adults showed greater susceptibility to interference 

than younger adults.  As we did not investigate more than one measure of inhibition for 

the present experiment and analyses, we were not able to assess whether age 

differentially affects some types of inhibitory tasks over others.  Interestingly, however, 
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this may not be an issue given recent evidence suggesting that inhibition cannot be 

differentiated as a unique factor; rather it is subsumed under the more general, common 

factor of executive functioning (Friedman et al., 2008; Miyake & Friedman, 2012; 

Friedman & Miyake, 2016).    

COMT effects in older adults 

 Regarding the effects of COMT on older adults’ performance of executive 

functioning tasks, the effects were less robust than those of aging, as indicated by the 

trends toward significance in some, but not all measures of executive functions.  The two 

domains that were affected by COMT were shifting and updating.  In support of the view 

that dopamine, and by extension the influence of COMT genotypes, has differential 

effects depending on the type of task involved (Bilder et al., 2004; Cools & D’Esposito, 

2011), we found no overall benefit of one genotype over another across tasks.  In the 

domain of shifting, the Met/Val heterozygotes tended to show an overall larger reaction 

time shift cost than either homozygous groups in the number-letter task, which is contrary 

to what we would expect given the Val allele’s proposed benefit for tasks requiring 

flexibility.   

However, in the domain of updating, Met homozygotes tended to show higher 

overall accuracy than Met/Val heterozygotes in the keep track task.  Additionally, the 

performance in the Met homozygotes did not differ from Val homozygotes.  Initially, the 

effect appeared to contradict what was expected given the proposed benefit of the Val 

allele for tasks requiring flexibility, which includes updating according to Bilder et al. 

(2004) and Cools and D’Esposito (2011).  Upon closer examination of the requirements 

of the task, however, the results may not necessarily be contradictory.  While it is clear 
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that participants must continually update words from different categories held in working 

memory during the study portions of the task, at the time of test where we obtain our 

measure of performance, they must also maintain the most recent words as they write 

down their responses.  It is important to note that due to the nature of the task, some 

words were presented more recently while others were presented with a longer delay 

before testing.  Although speculative, the overall net effect at test may be the process of 

actively maintaining the successfully updated information long enough to respond 

correctly at test.  In this sense, the maintenance of the information at test maps onto 

Bilder et al.’s (2004) and Cools and D’Esposito’s (2011) concept of stability.  If this is 

the case, then one would expect Met homozygotes to perform better than Val carriers.  

What is still unclear, however, is that according to this reasoning, Met homozygotes 

should have also performed better than Val homozygotes, which was not the case here.   

 With regard to inhibition, COMT genotypes did not affect performance in the 

older adult group in terms of their susceptibility to interference.  As indicated above, we 

did not investigate more than one measure of inhibition for the present experiment and 

analyses.  Thus, we were not able to assess whether COMT differentially affects some 

types of inhibitory tasks over others.   

 In conclusion, while the effects of age on executive functions is robust, spanning 

all three domains described by Miyake et al. (2000), differential effects between domains 

was not observed in the present experiment.  However, differential effects within-domain, 

i.e., within the shifting domain, were demonstrated and replicated previous results of a 

greater age effect on global shift costs than local shift costs (Karayanidis et al., 2011; 

Kray & Lindenberger, 2000; Mayr, 2001).  Additionally, although the effects of COMT 
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on older adults’ performance were not robust, effects were shown in the shifting and 

updating domains.  Specifically, Met/Val heterozygotes showed greater overall shift costs 

than either homozygous group, which was contrary to what we expected.  We expected 

that the benefit of the Val allele for flexibility would result in less shift costs for Val 

carriers than Met homozygotes.  Similarly, we expected Val carriers to show greater 

accuracy on the updating tasks; however, the opposite was observed.  Met homozygotes 

actually performed better than Met/Val heterozygotes but not Val homozygotes.  Upon 

closer examination of the processes involved at different stages of the task, however, the 

results may not be in complete opposition to our predictions.  The evidence for the 

influence of COMT on different types of executive functions in the present experiment 

and the somewhat surprising results highlight the need for specificity in determining 

associations between genotypes and executive functions, both between and within 

executive functioning domains.  Furthermore, the results suggest that even “pure” tasks 

involve varying degrees of multiple cognitive processes.   
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CHAPTER 4 

EXPERIMENT 3:  AN fMRI STUDY OF COMT GENOTYPES AND THE NEURAL 

CORRELATES OF UPDATING AND SHIFTING TASKS 

Introduction 

Dopamine in the aging frontal cortex and striatum  

An important factor to consider in the aging brain and its potential influence on 

cognitive functioning is the changes in neurotransmitter systems in general, and 

dopaminergic neurotransmission in particular.  In terms of dopaminergic 

neurotransmission, it has been shown that the number of dopamine D1 and D2 receptors, 

as well as the number of presynaptic dopamine transporters decline with increasing age 

(Rieckmann et al., 2011b; Suhara et al., 1991; Volkow et al., 1994; Volkow et al., 1996a; 

Volkow et al., 1996c; Volkow et al., 1998).  Using positron emission tomography (PET) 

imaging and cross-sectional designs, frontal and striatal D1 receptor losses have been 

estimated at approximately 5% per decade (Rieckmann et al., 2011b), while striatal D2 

receptor losses have been estimated at 7.9% per decade (Volkow et al., 1996c).  

Presynaptic striatal dopamine transporter losses have been estimated at 6.6% per decade 

(Volkow et al., 1996a); such losses and their regional distributions may have important 

functional implications (Hurd, Suzuki, & Sedvall, 2001).   

Cools and D’Esposito (2011) proposed that dopamine in the prefrontal cortex and 

striatum have differential effects on cognitive functioning, with the former supporting 

maintenance of information held in working memory and resistance to interference, and 

the latter supporting flexible updating of information in working memory.  In addition, 

they support previous investigators’ hypotheses of an optimal level of dopamine in 
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relation to cognitive functioning such that the relationship follows an inverted-U shaped 

function (Lindenberger, Nagel, Chicherio, Li, Heekeren, & Backman, 2008; Mattay et al., 

2003) and incorporate this into their own model.  By incorporating the inverted-U shaped 

function into their model, they propose that the optimal level of dopamine applies to each 

region, suggesting an optimal level in the prefrontal cortex for maintenance of 

information and an optimal level in the striatum for flexible updating of information.   

Two key studies lend support for their model.  In an fMRI study conducted by 

Cools, Sheridan, Jacobs, and D’Esposito (2007), the authors investigated the effects of 

the dopamine D2 receptor agonist, bromocriptine, on a delayed match-to-sample task that 

also incorporated rules for attention-shifting, i.e., attending to relevant vs. irrelevant 

stimuli that were presented during the encoding phase of the delayed match-to-sample 

task.  The participants were administered a self-report questionnaire that was used to 

screen for levels of impulsivity.  Participants were separated into two groups, a high 

impulsivity group and a low impulsivity group.  This grouping was used as an indirect 

measure of baseline levels of striatal dopamine D2/D3 receptor binding based on a 

previous study showing that rats with high impulsivity tend to have lower baseline D2/D3 

receptor binding (Dalley et al., 2007).  Rats were characterized as highly impulsive if 

they tended to consistently choose the immediate but smaller reward over the delayed but 

larger reward (Dalley et al., 2007).  Dalley et al. (2007) claimed that other studies have 

shown that rats that display this behavior also tend to self-administer cocaine to a greater 

degree than those that tend to choose the larger delayed reward.  Although this rationale 

was used for the baseline levels of D2/D3 receptor binding in the Cools et al. (2007) 

study, caution must be taken in making this assumption in a human population.  That 
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being said, Cools et al. (2007) found that bromocriptine enhanced performance on trials 

involving attention-shifting for those with high impulsivity but not with low impulsivity.  

Additionally, those with high impulsivity had greater levels of activation in the striatum 

during switch trials compared to nonswitch trials, which the authors interpreted as 

enhanced dopamine function in the striatum due to bromocriptine administration in these 

individuals.  This increase in activation was not observed in individuals with low 

impulsivity who were administered bromocriptine.  Interestingly, bromocriptine did not 

enhance performance for either high impulsivity or low impulsivity individuals on trials 

where a distractor was presented between encoding and probe of match-to-sample, thus 

lending support for D2-mediated effects in the striatum rather than D1-mediated effects in 

the PFC.  However, bromocriptine did increase activation in the lateral frontal cortex for 

high impulsivity individuals during trials with distractors.   

In another study by Fischer et al. (2010) using both PET and fMRI, the authors 

investigated the effects of the dopamine D1 receptor antagonist, SCH23390, on a spatial 

delayed-matching task in which either 4 or 6 filled red circles appeared sequentially in 

one of 16 possible spatial locations on a computer screen during the study phase.  At test, 

an unfilled red circle probe appeared in any one of the 16 possible spatial locations and 

the participant had to indicate whether it was in one of the previously presented study 

locations.  In their study design, young adults underwent two fMRI scan sessions on two 

separate days.  During one of these sessions, they received an injection of SCH23390 and 

in the other session they received an injection of saline (placebo).  The order of drug 

administration was counterbalanced.  Older adults were tested as well, however they only 

underwent one scan session and did not receive an injection.  Behavioral performance 
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and blood oxygenation level-dependent (BOLD) activation was compared between the 

two age groups.  There was no effect of load (4 vs. 6 circles presented during study) on 

performance for either age group so accuracy was collapsed across loads.  The authors 

found that young adults performed significantly better than older adults whether they 

received SCH23390 or placebo.  However, when comparing performance during 

SCH23390 administration to performance during placebo administration, young adults 

performed significantly better while on placebo, as expected.  In addition, fMRI results 

showed that when young adults were on SCH23390, their frontal activations were 

reduced to levels similar to those of older adults.  When young adults were on placebo, 

their frontal activations were significantly greater than when they were on SCH23390 and 

significantly greater than that observed in older adults.  PET scans with [11C]SCH23390 

revealed 47% blockade and 50% blockade of D1 receptors in the striatum and DLPFC, 

respectively.  The frontal activation changes in the young adults and their similarity to 

older adults when taking SCH23390 thus appears to support the proposition of D1-

mediated effects primarily in frontal regions.  As suggested by Fischer et al. (2010), the 

cognitive effects of pharmacologically induced dopamine depletion in the PFC in 

younger adults may mimic those occurring from age-related declines in D1 receptors.  It 

should be noted, however, that the declines in performance observed in the younger 

adults did not reach those of the older adults.  Additionally, what is missing from this 

study is a PET examination measuring the intrinsic levels of D1 receptor densities in older 

adults compared to younger adults to demonstrate that the older adults did in fact have 

fewer D1 receptors as typically shown in this population in other studies of dopamine 

receptor densities.   
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Taking a different approach, Landau, Lal, O’Neil, Baker, and Jagust (2009) 

measured dopamine synthesis ability in caudate and putamen regions of interest in older 

adults using the radiotracer, 6-[18F]fluoro-L-m-tyrosine (FMT).  In addition, the older 

adults performed a delayed recognition fMRI task in which they were instructed to 

remember sets of letters for subsequent testing after a 12 second delay period.  Landau et 

al. also manipulated difficulty of memory load by including sets of 2 letters (low load), 4 

letters (medium load), and 6 letters (high load).  The resulting fMRI activations by load 

level were then correlated with the FMT signals in the caudate and putamen ROIs.  

Landau et al. showed that higher FMT signal in the caudate correlated significantly with 

higher fMRI activation in a region extending from the left middle frontal gyrus to the 

precentral gyrus.  Furthermore, higher activation in this region was associated with higher 

accuracy in the task, suggesting that older adults with higher dopamine synthesis abilities 

in the caudate were able to engage the left middle frontal gyrus and precentral gyrus to a 

greater extent and that this in turn, was associated with better performance on the delayed 

recognition task.  The results also highlight the importance of dopamine in striatal 

regions, particularly the caudate, in modulating frontal cortex engagement during a task 

involving maintenance of information held in working memory.   

Influence of COMT on dopamine levels  

 In addition to the changes in dopamine levels with age, COMT genotypes 

influence levels of dopamine in the brain, particularly in the prefrontal cortex where 

dopamine clearance relies more heavily on the COMT enzyme (Akil et al., 2003; Bilder, 

Volavka, Lachman, & Grace, 2004; Cools & D’Esposito, 2011; Grace, 1991; Grace, 

1993).  Each of the three possible genotypes (Met/Met, Met/Val, Val/Val) produces 
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different levels of COMT enzymatic activity.  In a study investigating the enzymatic 

activity of COMT genotypes in human postmortem dorsolateral prefrontal cortex tissue, 

Chen et al. (2004) found that the tissues exhibited a linear increase in catabolic activity 

across the three genotypes.  Specifically, tissues of Val homozygotes showed ~38% 

greater activity than those of Met homozygotes.  In another study investigating the 

associations between COMT genotypes and markers of dopamine synthesis in the 

substantia nigra and ventral tegmental area of human postmortem tissue sections, Akil et 

al. (2003) found higher concentrations of markers in Met/Val heterozygotes than Val 

homozygotes.  Thus, Met carriers are thought to have greater dopamine availability while 

Val homozygotes are thought to have less dopamine availability in both cortical and 

subcortical regions (Akil et al., 2003; Slifstein et al., 2008).   

 Given the reliance of the prefrontal cortex on the COMT enzyme for dopamine 

degradation and the critical role of dopamine in the performance of cognitive functions 

involving this region, COMT genotypes have been widely investigated for their potential 

associations with various cognitive functions such as executive functions (Aguilera et al., 

2008; Bruder et al., 2005; Colzato, Waszak, Nieuwenhuis, Posthuma, & Hommel, 2010; 

de Frias et al., 2005; Malhotra et al., 2002; Rosa, Dickinson, Apud, Weinberger, & 

Elvevag, 2010) and episodic memory (de Frias et al., 2004; Persson, Lavebratt, 

Sundstrom, & Fischer, 2016; Raz, Rodrigue, Kennedy, & Land, 2009).  It should be 

noted that the results of the studies have to be interpreted within the model of dopamine 

functioning proposed by the authors of the studies themselves.  For example, according to 

the models proposed by Bilder et al. (2004) and Cools and D’Esposito (2011) in which 

dopamine promotes “stability” or “maintenance” of information in the PFC and 
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“flexibility” in the striatum, the higher levels of dopamine associated with the Met allele 

may not always be the desirable allele.  In other words, the higher dopamine Met allele 

may be beneficial for tasks requiring maintenance of information held in working 

memory and resistance to interference from irrelevant information, while the Val allele 

may be beneficial for tasks requiring shifting between rules or updating information with 

new, more relevant information (Bilder et al., 2004; Cools & D’Esposito, 2011).   

Using this model of flexibility and stability, Colzato, Waszak, Nieuwenhuis, 

Posthuma, and Hommel (2010) investigated the effects of COMT on younger adults’ 

performance on a task switching paradigm based on the Number-letter task (Nieuwenhuis 

& Monsell, 2002; Rogers & Monsell, 1995) described in chapter 2.  Rather than 

including a mixture of single-task and mixed-tasks blocks, however, Colzato et al. (2010) 

only used mixed-tasks blocks and compared reaction times between switch trials and 

repeat trials to calculate shift costs.  Colzato et al. (2010) also varied the response 

stimulus interval (RSI), i.e., the interval between a participant’s response for the current 

trial and the onset of the next trial.  Colzato et al. (2010) hypothesized that Val 

homozygotes would show less shift costs than Met carriers overall across both RSI 

conditions, however the effect would be stronger for short RSIs requiring rapid switching 

between tasks.  They found that Val homozygotes did show less shift costs in the short 

RSI condition.  However, in the long RSI condition, Val homozygotes and Met carriers 

did not differ.  Colzato et al. (2010) suggested that both groups were able to reconfigure 

the rules of the task with longer RSIs, however only the Val homozygotes were able to do 

so under time constraints requiring rapid reconfiguration.    
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 On the other hand, much of the literature on the effects of COMT on older adults’ 

cognitive functioning are based either on the viewpoint of an overall benefit of the Met 

allele regardless of the type of executive functioning or memory functioning task, or the 

hypothesis of an inverted-U shaped function of dopamine and cognitive performance.  In 

the latter, it has been suggested that older adults’ dopamine levels are shifted to the left, 

suboptimal side of the inverted-U, thus causing a decline in cognitive functions thought 

to rely on dopamine such as executive functions (Lindenberger, Nagel, Chicherio, Li, 

Heekeren, & Backman, 2008; Nagel et al., 2008).  As a result of the leftward shift, 

although older adult Met carriers are hypothesized to show higher performance than Val 

carriers, the difference between them is thought to increase with increasing age in older 

adulthood as they shift more and more to the left (Lindenberger et al., 2008; Nagel et al., 

2008).   

 Previous research taking the perspective of an overall Met advantage or inverted-

U hypothesis has demonstrated mixed results in older adults.  While some showed the 

hypothesized Met advantage (de Frias et al., 2004; de Frias et al., 2005; Nagel et al., 

2008; Papenberg et al., 2014; Raz, Rodrigue, Kennedy, & Land, 2009), others showed a 

Val advantage in males (O’Hara et al., 2006) or females (Solis-Ortiz, Perez-Luque, 

Morado-Crespo, & Gutierrez-Munoz, 2010), and still others showed no associations 

between COMT genotypes and cognitive functioning (Barnett, Scoriels, & Munafo, 2008; 

Erickson et al., 2008; Laukka et al., 2013).  Despite the mixed results, the possibility for 

differential effects of Met and Val alleles depending on task type cannot be ruled out.   

Influence of age and COMT on dopamine-related cognitive functions:  An fMRI 

study of shifting and updating executive functions 
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 Based on Miyake et al.’s (2000) model on the “unity and diversity” of executive 

functions, we developed two fMRI tasks that targeted the shifting and updating domains 

of executive functions.  In doing so, our goal was to determine the regions associated 

with each task and test for regions in common as well as regions unique to each task.  

Furthermore, we were able to investigate regions of activation depending on the 

flexibility or stability required by our tasks as described by Cools and D’Esposito (2011).  

Note that the terms, shifting and updating, map onto Cools and D’Esposito’s (2011) 

conceptualization of flexibility of cognitive functioning.  However, our updating task 

involves components of both updating and maintenance of information as will be 

discussed briefly in our descriptions of the tasks below and in more detail in the methods 

section.  Importantly, the maintenance component of our task maps onto Cools and 

D’Esposito’s (2011) conceptualization of stability of cognitive functioning.  Finally, by 

testing associations between COMT genotypes in our older adult sample with their 

performance as well as their levels of activations in regions engaged during the tasks, we 

were able to make inferences about the differential effects of dopamine depending on 

brain regions.   

 The task we used to measure shifting was a task switching paradigm based on 

Rogers and Monsell (1995) and Stelzel, Basten, Montag, Reuter, and Fiebach (2010).  In 

our task, participants viewed letters displayed, one at a time, in the center of a screen and 

were instructed to make judgments about them depending on the shape they were 

presented in (see Figure 13).  If a letter was in a diamond shape, they responded whether 

it was a consonant or a vowel.  If a letter was in a square shape, they responded whether 

it was in uppercase or lowercase.  Importantly, the trials were grouped into two types of 
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blocks, single-task and mixed-tasks blocks.  Single-task blocks consisted of only 

consonant/vowel or uppercase/lowercase trials, while mixed-tasks blocks consisted of 

both types of trials alternating on every other trial such that half of the trials repeated task 

and half switched task (see Figure 13).  As discussed in chapter 2, including both single-

task blocks and mixed-tasks blocks enabled us to calculate two types of reaction time 

shift costs, i.e., global and local shift costs.  Global shift costs refer to the reaction time 

difference between mixed-tasks blocks and single-task blocks, while local shift costs 

refer to the reaction time difference between switch trials and repeat trials within mixed-

tasks blocks.  In addition, including both block types allowed us to make comparisons in 

the imaging data between activations during mixed-tasks blocks and single-task blocks, 

as well as comparisons between activations during switch trials and repeat trials within 

mixed-tasks blocks.  Thus, we were able to determine regions of activation involved in 

global and local shifts.   

The task we used to measure updating was a running span task based on the letter 

memory task described in Miyake et al. (2000) and modified for use in the MRI.  

Participants were shown a series of numbers of varying length and were instructed to 

remember the last three numbers displayed (see Figure 14).  Importantly, participants 

were not told the length of each series, thus requiring continuous updating of the last 

three numbers.  At the end of each series, a recognition test trial followed in which 

participants indicated whether or not the number displayed was one of the last three 

numbers in the correct order as it appeared in the series.   

Numbers leading up to a test trial were coded for later imaging analyses as either 

rehearsal or updating items.  Rehearsal items referred to the first 3 numbers of the series, 
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while updating items referred to those following the third number.  Following the third 

number, the task required participants to begin dropping the first of the last 3 numbers 

and picking up the most recent number displayed in the series.  Thus, in set size 3 there 

were only rehearsal items, while in set sizes 5 and 7 there were two and four updating 

items, respectively, in addition to rehearsal items.  It is important to note that by 

increasing the set sizes, we were also able to test the effects of difficulty.  Additionally, 

the recognition test portions of the task allowed us to examine regions involved in the 

maintenance of information held in working memory.   

fMRI patterns associated with shifting and updating in younger and older adults   

fMRI studies of shifting typically use a wide variety of task switching paradigms, 

some of which are similar to the paradigm used in our study (e.g., Dreher, Koechlin, Ali, 

& Grafman, 2002; Gazes, Rakitin, Habeck, Steffener, & Stern, 2012; Stelzel, Basten, 

Montag, Reuter, & Fiebach, 2010).  However, rather than investigating the neural 

correlates of local and global shifts in the same study, they often investigate one or the 

other in isolation.  In some studies, this was likely due to the constraints of the study 

design, e.g., paradigms with switch and repeat trials interspersed throughout the blocks, 

but without including separate single-task blocks to make global shift comparisons (e.g., 

Dove, Pollmann, Schubert, Wiggins, & von Cramon, 2000; Kimberg, Aguirre, & 

D’Esposito, 2000).  Studies investigating local shifts, i.e., activations associated with 

switch trials compared to repeat trials, have generally shown activations in the left 

anterior insula, left supplementary motor area, left precentral gyrus, precuneus, left 

inferior and middle frontal gyri, and left supramarginal gyrus (Dove et al., 2000; Kimberg 

et al., 2000; Stelzel et al., 2010).  Studies investigating global shifts, i.e., activations 
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associated with mixed-tasks blocks compared to single-task blocks, showed many of the 

same regions reported for local shifts; however, global shifts also showed more extensive 

regions of activation in the parietal cortex, temporal cortex, and cerebellum (DiGirolamo 

et al., 2001; Dreher et al., 2002; Gold, Powell, Xuan, Jicha, & Smith, 2010).   

 Fewer studies have included both types of shifts in their imaging analyses 

(Braver, Reynolds, & Donaldson, 2003; Jimura & Braver, 2010; Madden et al., 2010).  

All three studies cited here used a task switching paradigm based on that of Braver et al. 

(2003).  In the studies by Jimura and Braver (2010) and Madden et al. (2010), they also 

investigated age effects on regional activations associated with global and local shifts.  In 

the paradigm by Braver et al. (2003), which was also used in Jimura and Braver (2010), 

participants categorized concrete nouns as either manmade/natural or large/small 

depending on the cue preceding the trials.  They used a mixed block and event-related 

fMRI design to determine regions of activation associated with each type of shifting.  

Regions showing “sustained” activation during the entire block of switch and repeat trials 

relative to fixation periods were identified as being associated with global shifts (Braver 

et al., 2003).  On the other hand, regions showing “transient” activation in response to 

switch trials relative to repeat trials within mixed-tasks blocks were identified as being 

associated with local shifts (Braver et al., 2003).  In their comparisons between younger 

and older adults’ sustained and transient activations within a priori regions of interest in 

prefrontal and posterior parietal cortex, Jimura and Braver (2010) found that younger 

adults showed sustained activation in the right anterior prefrontal cortex (including the 

anterior portion of the middle frontal gyrus and the posterior portion of the frontopolar 

cortex), whereas older adults showed transient activation in these regions.  In the left 
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lateral prefrontal cortex (including the posterior portion of the inferior frontal gyrus) and 

the left posterior parietal cortex (including the supramarginal gyrus), both younger and 

older adults showed significant transient activations.  Taken together, their results 

indicate a differential pattern of activations for global and local shifts depending on brain 

regions involved.   

 Using a similar approach as Jimura and Braver (2010), Madden et al. (2010) also 

investigated age group differences between sustained and transient activations.  However, 

they took a whole-brain analysis approach and identified regions of significant activation 

for use in a functional connectivity analysis.  Madden et al.’s (2010) whole-brain analysis 

comparing younger and older adults on regions associated with sustained and transient 

activity showed multiple parietal, temporal, and occipital regions common to both groups 

for transient activations, including the left precuneus, left inferior parietal lobule, right 

postcentral gyrus, left posterior cingulate, left middle temporal gyrus, and right inferior 

occipital gyrus.  In terms of age group comparisons for transient activations, younger and 

older adults did not show any regions that differed significantly (Madden et al., 2010).  

Similarly, for sustained activations, younger and older adults showed more regions in 

common than not.  Specifically, younger and older adults showed regions of sustained 

activation in the left inferior frontal gyrus, bilateral middle frontal gyrus, left middle 

temporal gyrus, left inferior parietal lobule, and multiple cerebellar regions in the right 

hemisphere.  However, the one region showing an age group difference was in the left 

inferior frontal gyrus, where younger adults showed greater sustained activation than 

older adults.   
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 Regarding fMRI patterns of activation associated with updating in younger and 

older adults, the n-back task has been one of the most widely used tests to investigate the 

regions involved in this process (Burzynska et al., 2013; Mattay et al., 2006; Nagel et al., 

2011; Nyberg, Dahlin, Neely, & Backman, 2009; Prakash, Heo, Voss, Patterson, & 

Kramer, 2012).  During a typical n-back task, participants view a series of letters (or 

numbers) presented, one at a time, and are instructed to press a button every time they see 

a letter that matches one presented 1 letter back (1-back), 2 letters back (2-back), 3 letters 

back (3-back),… n letters back (n-back).  Thus, difficulty can be manipulated by 

increasing n.  Using the n-back paradigm, previous research has shown regions of 

activation in both younger and older adults in the inferior frontal gyrus, middle frontal 

gyrus, supplementary motor area, primary motor cortex, and posterior parietal cortex 

across all conditions (Mattay et al., 2006; Nagel et al., 2011).  However, when comparing 

more difficult conditions to easier conditions, e.g., 3-back compared to 1-back, younger 

adults generally show increases in activation in these task-related regions while older 

adults generally show decreases (Mattay et al., 2006; Nyberg et al., 2009) or a lack of 

increase in activation in the most difficult condition (Nagel et al., 2011; Prakash et al., 

2012).  Interestingly, it has also been demonstrated that younger adults can be pushed 

beyond their working memory capacity limits and show decreases or leveling off in 

activation similar to older adults during performance of n-back tasks (Mattay et al., 2006; 

Nyberg et al., 2009).   

Furthermore, using a Sternberg-type delayed recognition paradigm (1966) in 

which sets of letters of varying sizes, e.g., 2, 4, 5, and 7 letters, were displayed on a 

screen for a specified duration, followed by a delay period and a recognition test probe, 
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Cappell, Gmeindl, and Reuter-Lorenz (2010) and Schneider-Garces et al. (2010) showed 

that younger adults engaged bilateral regions of activations for the highest memory loads 

similar to those observed in older adults for lower memory loads.  Additionally, in the 

highest memory load conditions, older adults showed reductions in activations in right 

frontal and parietal regions.  Cappell, Gmeindl, and Reuter-Lorenz (2010) indicate that 

this pattern of activations supports their Compensation-Related Utilization of Neural 

Circuits Hypothesis (CRUNCH; Reuter-Lorenz & Cappell, 2008).  According to their 

hypothesis, age-related changes in the brain results in older adults’ “utilization” of more 

neural resources, particularly in the right dorsolateral prefrontal cortex, for moderate 

levels of task difficulty to maintain similar levels of performance as younger adults.  For 

higher levels of task difficulty, however, younger adults “utilize” more neural resources 

as reflected by increases in bilateral dorsolateral prefrontal cortex activations.  In 

contrast, older adults are no longer able to increase activations in the right dorsolateral 

prefrontal cortex and their performance shows a steeper drop compared to younger 

adults.   

Overview of current fMRI experiment and hypotheses 

 In the current fMRI experiment, we had 5 key goals:  1) to investigate regions of 

activation common to younger and older adults during shifting and updating executive 

functions; 2) to compare regions of activation between the two age groups during shifting 

and updating; 3) within the older adult age group, investigate the influence of COMT 

genotypes on levels of activation within the regions identified as being common as well 

as the regions identified as showing greater activations in older adults compared to 

younger adults; 4) explore the “unity and diversity” of executive functions by 
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investigating regions of activation common to shifting and updating, as well as regions of 

activation unique to shifting and updating; 5) investigate whether the patterns of 

activation reflecting common and unique regions are similar to younger and older adults 

or whether they differ.   

Task switching hypotheses:  

1) Based on previous imaging research, we hypothesize that younger and older adults will 

show common regions of activation in frontal and parietal cortex for global shifts, but 

that younger adults would show higher levels of activation in these regions.   

2) Younger adults will show more regions of activation for global shifts than older adults.   

3) Younger and older adults will show common regions of activation in frontal and 

parietal cortex for local shifts.   

4) Younger and older adults will not differ in regions of activation for local shifts.   

5) Within the older adults, COMT Val carriers will show higher levels of activation for 

both global and local shifts compared to Met homozygotes.   

Running span hypotheses:   

1) Younger and older adults will show common regions of activation in frontal, parietal, 

and insular cortices during updating and testing, but younger adults will show higher 

levels of activation in these regions.   

2) Younger adults will show higher levels of activation during set size 7 tests than set size 

5 tests.   

3) Within the older adults, COMT Val carriers will show higher levels of activation 

during updating, but Met carriers will show higher levels of activation during testing due 
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to the Val allele being better for flexibility and the Met allele being better for stability of 

information.   

Methods 

Participants  

  A subset of 20 older adults from Experiment 2 (60 – 79 years of age; 8 males, 12 

females; 8 Met homozygotes, 12 Val carriers) participated in this functional imaging 

study.  In addition, 11 younger adults (18 – 31 years of age; 5 males, 6 females) from the 

University of Arizona were recruited for participation in the study.  See Table 4.1a for 

demographic information on the entire sample.  Table 4.1b lists demographic information 

on the older adults grouped by COMT genotype.  Within the older adult age group, Met 

homozygotes were significantly older than the Val carriers, t(18) = 2.35, p < .05.  Met 

homozygotes also had significantly less years of education than the Val carriers, t(18) = 

3.11, p < .01.  With regard to gender, Met homozygotes and Val carriers did not differ 

significantly, χ2(1) = 1.25, p = .26.  The older and younger age groups were matched on 

education, t(29) = 1.09, p = .29.  All participants were screened for contraindications to 

MRI as well as exclusionary factors such as psychiatric illnesses, neurological disorders, 

and head injuries resulting in cognitive sequelae.  Prior to participation, all participants 

provided written informed consent according to the guidelines set by the institutional 

review board at the University of Arizona.     
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Table 4.1a   

 

Demographic Information on the Older and Younger Adult Samples  

  

Age Yrs. Ed. 

 Age Group n (M/F) M (± S.E.M.) M (± S.E.M.) 

18–31 yrs. 11 (5/6) 23.6 (1.2) 15.9 (0.5) 

60–79 yrs. 20 (8/12) 67.6 (1.3) 16.8 (0.5) 

 

Table 4.1b   

 

Demographic Information on the Older Adult Sample Grouped by COMT Genotype  

  

Age Yrs. Ed. 

 COMT Genotype n (M/F) M (± S.E.M.) M (± S.E.M.) 

Met homozygotes 8 (2/6) 71.0 (1.8) 15.1 (0.8) 

Val carriers 12 (6/6) 65.3 (1.5) 17.9 (0.5) 

 

Materials  

 Stimuli were presented through MRI compatible high resolution goggles 

(Resonance Technologies, Los Angeles, CA) using E-Prime 2.0 presentation software 

(Psychology Software Tools, Inc., Pittsburgh, PA).  Participants were provided with 

corrective lenses if needed to ensure corrected-to-normal vision for the task.  Responses 

were collected through an E-Prime button response box placed in the participant’s 

dominant hand.  Task-specific stimuli and procedures are described below.   

Procedures  

 fMRI task switching paradigm.  The task switching paradigm was based on the 

paradigms described in Rogers and Monsell (1995) and Stelzel, Basten, Montag, Reuter, 

and Fiebach (2010).  See Figure 4.1 below for details regarding the paradigm.  

Participants were instructed to make judgments about letters depending on the shape they 

were presented in.  Letters in a diamond shape indicated consonant/vowel judgments, 

while letters in a square shape indicated uppercase/lowercase judgments.  In addition, 
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participants made left/right responses for arrows pointing in either of these two 

directions.  Letters and arrows were displayed, one at a time, in the center of a screen for 

2 seconds each with an interstimulus interval (ISI) of 150 ms.  Participants were 

instructed to respond as quickly and accurately as possible within the 2 second display 

period, using the left button to indicate “consonant,” “uppercase,” or “left arrow,” and the 

right button to indicate “vowel,” “lowercase,” or “right arrow.”  The trials were grouped 

into mini-blocks with 12 trials each.  The experimental conditions included two types of 

mini-blocks:  single-task and mixed-tasks.  Single-task mini-blocks consisted of trials of 

consonant/vowel judgments or trials of uppercase/lowercase judgments.  Mixed-tasks 

mini-blocks consisted of trials that alternated between consonant/vowel and 

uppercase/lowercase judgments on every other trial such that half of the trials repeated 

task and half switched task.  The control condition included single-task mini-blocks with 

trials of left/right responses.  Each mini-block started with a cue displayed for 5 seconds, 

indicating the type of trials to follow.  The cues were as follows:  1) < > cue – indicated 

“left/right” trials; 2) ◊ cue – indicated “consonant/vowel” trials; 3) □ cue – indicated 

“uppercase/lowercase” trials; and 4) ◊□ cue – indicated mixed “consonant/vowel” and 

“uppercase/lowercase” trials.   

As discussed earlier in chapter 2, the measures of interest for task switching 

paradigms in the aging literature are the reaction times.  By including single-task and 

mixed-tasks blocks, we were able to calculate not only median reaction times per block 

type, but also global (between-block) and local (within-block) reaction time shift costs.  

Global shift costs refer to the reaction time difference between mixed-tasks blocks and 

single-task blocks, while local shift costs refer to the reaction time difference between 
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switch trials and repeat trials within mixed-tasks blocks.  In addition, including both 

block types allowed us to create contrasts for global and local shifts for the imaging 

analyses.  Data were collected from two separate scans, each with 16 mini-blocks (4 

left/right control, 4 consonant/vowel, 4 uppercase/lowercase, and 4 mixed).  Each scan 

lasted ~8 minutes.   
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Figure 4.1.  Task-switching paradigm.  Example of four mini-blocks, 12 trials each.  

Participants were presented with four types of cues, each associated with a different task.  

The four cues were as follows:  1) < > cue – indicated trials to follow would show left-

pointing or right-pointing arrows to which participants responded “left” or “right”; 2) ◊ 
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cue – indicated trials to follow would show letters inside a diamond shape to which 

participants responded “consonant” or “vowel”; 3) □ cue – indicated trials to follow 

would show letters inside a square shape to which participants responded “uppercase” or 

“lowercase”; 4) ◊□ cue – indicated trials to follow would alternate between 

consonant/vowel judgments and uppercase/lowercase judgments.   

 

fMRI running span task paradigm.  The fMRI running span task paradigm was 

based on the letter memory task described in Miyake et al. (2000) and modified for use in 

the scanner.  Participants were shown a series of numbers of varying length and were 

instructed to remember the last three numbers displayed (see Figure 4.2 below).  

Importantly, participants were not told the length of each series, thus requiring 

continuous updating of the last three numbers.  At the end of each series, a recognition 

test trial followed in which participants indicated whether or not the number displayed 

was one of the last three numbers in the correct order as it appeared in the series.   

A fixation crosshair displayed for 2 seconds indicated the start of a new series to 

follow.  The numbers were displayed, one at a time, in the center of the screen for 2 

seconds each with an ISI of 750 ms.  Numbers leading up to a test trial were coded for 

later imaging analyses as either rehearsal or updating items.  Rehearsal items referred to 

the first 3 numbers of the series, while updating items referred to those following the 

third number.  Following the third number, the task required participants to begin 

dropping the first of the last 3 numbers and picking up the most recent number displayed 

in the series.  Thus, in set size 3 there were only rehearsal items, while in set sizes 5 and 7 

there were two and four updating items, respectively, in addition to rehearsal items.  It is 

important to note that by increasing the set sizes, we were also able to test the effects of 

difficulty.   
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In the experimental conditions (see Figure 4.2a), test trials occurred pseudo-

randomly after a series of 3, 5, or 7 numbers.  Numbers sampled for each series were 

pseudo-randomly selected from the numbers 1 through 9, with the constraint that a 

number could not appear twice within the same series.  The active control condition (see 

Figure 4.2b) was similar to the experimental conditions, except that the last three 

numbers presented prior to testing were always the numbers, 1, 2, and 3 in that order.  

Participants were instructed to respond as quickly and accurately as possible within the 2 

second test trial display period.  During a test trial, a number with a question mark was 

displayed in one of three positions from left to right, along with two “X”s (see Figure 

4.2).  The position on the left corresponded to the number presented third-to-last in the 

series.  The middle position corresponded to the number presented second-to-last.  

Finally, the position on the right corresponded to the number presented last, i.e., the 

number presented immediately before test.  Participants were instructed to indicate 

whether the number with the question mark was displayed in the correct position.  They 

pressed the left button on the response box to indicate “yes” the number was in the 

correct position and the right button to indicate “no” the number was not in the correct 

position.  Test trials with numbers in the wrong position were referred to as lures and 

they constituted 1/3 of the trials in the experimental conditions.  Overall percent correct 

and median reaction time across all set sizes, as well as for each set size, were calculated 

and used for analyses.   

Data were collected from two separate scans.  Each scan included 6 test trials at 

each set size (3, 5, and 7) and 2 control trials at each set size (3, 5, and 7).  Thus, there 

was a total of 36 test trials (12 at each set size) and 12 control trials (4 at each set size) 
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across the two scans.  Each scan lasted ~ 8 minutes and participants were given a brief 

rest break between scans.   

 

 

 
Experimental Conditions 

a) 
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Figure 4.2.  Running span task paradigm.  Participants were shown a series of numbers of 

varying length and were instructed to remember the last three numbers displayed.  a) 

Experimental conditions:  test trials occurred pseudo-randomly after a series of 3, 5, or 7 

numbers.  During a test trial, a number with a question mark was displayed in one of 

three positions from left to right, along with two “X”s.  The position on the left 

corresponded to the number presented third-to-last in the series.  The middle position 

corresponded to the number presented second-to-last.  The position on the right 

corresponded to the number presented last, i.e., the number presented immediately before 

test.  Participants were instructed to indicate whether the number with the question mark 

was displayed in the correct position.  They pressed the left button on the response box to 

indicate “yes” the number was in the correct position and the right button to indicate “no” 

the number was not in the correct position.  b) Active control condition:  similar to the 

experimental conditions, except that the last three numbers presented prior to testing were 

always the numbers, 1, 2, and 3 in that order.   

 

Image Acquisition  

   All images were acquired on a 3.0 T Signa VH/I whole body echo-speed scanner 

equipped with an 8-channel phased array head coil (HD Signa Excite, General Electric, 

Milwaukee, WI).  A T2-weighted localizer scan was performed in which 39 sections 

were collected, 13 sections each for sagittal, axial, and coronal planes.  The midsagittal 

section was used to align functional image acquisition along the anterior–posterior 

commissure plane.  Functional T2*-weighted images were collected inferior to superior 

using a spiral in/spiral out sequence (Glover & Law, 2001; TR = 2400 ms, TE = 30 ms, 

Active Control Condition 
b) 
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FOV = 240 mm2, matrix = 64 x 64).  For the task-switching paradigm, there were two 

scans, each with a total of 212 volumes, 32 sections (3.4 mm, no skip) per volume 

covering the whole brain.  For the running span task, there were two scans, each with a 

total of 198 volumes, 32 sections (3.4 mm, no skip) per volume.  All scans started with an 

instruction screen during which 4 volumes were collected but discarded from further 

analyses to allow for stabilization of the hemodynamic response, leaving 208 volumes for 

each task-switching scan and 194 volumes for each running span scan.  Total scan time 

was approximately 40 minutes.   

Imaging analyses   

Images were preprocessed using SPM8 (Statistical Parametric Mapping; 

Wellcome Department of Cognitive Neurology, London, UK; 

http://www.fil.ion.ucl.ac.uk/spm) software implemented through Matlab (version 

7.10.0.499; The MathWorks, Inc., Natick, MA; http://www.mathworks.com).  To correct 

for head movement, volumes for each individual were realigned to the third volume in 

the series using a 6 parameter (3 translation, 3 rotation) rigid body spatial transformation.  

Images were corrected for section acquisition timing using slice timing correction with 

the middle section (16th section) serving as the reference.  The functional volumes were 

then normalized to a standard EPI template (Montreal Neurological Institute) and 

spatially smoothed using an isotropic 8 mm full-width-half-maximum (FWHM) Gaussian 

kernel.   

General analysis procedures.  In the first-level analyses, each participants’ 

event-related activity for each condition was estimated by specifying a vector of onsets 

that corresponded to each trial type modeled by a canonical hemodynamic response 

http://www.fil.ion.ucl.ac.uk/spm
http://www.mathworks.com/
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function (HRF) convolved with the length of the trial and high-pass filtered at 1/128 Hz.  

The functions were entered into a general linear model (GLM) to create voxel-wise 

parameter estimates for each trial type across the whole brain.  Although correct trials, 

incorrect trials, and trials in which the participant did not respond within the allotted time 

limit, i.e., timeouts, were all specified in the model, only correct trials were included as 

regressors of interest.  Incorrect trials and timeouts were included as regressors of no 

interest.   

Following the first-level model specifications, the resulting contrast images for 

each individual were loaded into the second-level models to investigate group level 

effects.  Two types of tests were performed at the second level:  1) conjunction analyses 

to identify regions of significant overlap between age groups; and 2) independent samples 

t-tests to test for group differences in regions of activation.  Regions of significant 

activation were thresholded at p < .01, corrected for false discovery rate (FDR; Benjamini 

& Hochberg, 1995) with a minimum cluster size of k = 5 contiguous voxels.   

Due to the small sample sizes per COMT group in the older adult sample (8 Met 

homozygotes, 12 Val carriers), genotype association analyses were carried out with the 

parameter estimates extracted from regions of interest (ROI) rather than through SPM.  

ROIs were created around peak coordinates from significant clusters identified by 

second-level analyses.  Details for these analyses are provided in the results section 

following the whole-brain activation results.   

Results 

Behavioral results  
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Task switching.  While task switching accuracy and reaction time data per block 

are listed in Table 4.2, we focus here on the reaction time data.  We were interested in 

whether the two age groups (younger and older) or the two COMT groups (Met 

homozygotes and Val carriers) differed in their reaction times according to block type, or 

whether they differed in their global and local reaction time shift costs.  Global shift costs 

were calculated as the difference between mean of median reaction times for mixed-tasks 

blocks and the mean of median reaction times for single-task blocks.  Local shift costs 

were calculated as the difference between mean of median reaction times for switch trials 

and mean of median reaction times for repeat trials within mixed-tasks blocks.   

Age group comparisons  

 In order to test for age group differences in reaction times, we used a 2 x 3 mixed 

factor GLM with age group (younger, older) as the between-subjects factor and block 

(consonant/vowel, uppercase/lowercase, mixed-tasks) as a repeated measure.  The results 

showed that younger and older adults had similar reaction times overall, F(1, 29) = 1.33, 

n.s., and the age group x block interaction was not significant, F < 1, n.s. (see Figure 

4.3).  However, reaction times among blocks differed significantly, F(1.2, 35.1) = 42.85, 

p < .001.  Specifically, follow-up t-tests indicated that reaction times for mixed-tasks 

blocks were significantly slower than consonant/vowel and uppercase/lowercase blocks, 

t’s(30) > 5.79, p’s < .00001.  In addition, consonant/vowel reaction times were slower 

than uppercase/lowercase reaction times, t(30) = 7.05, p < .00001.   
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Figure 4.3.  Task switching reaction times by age group.    

 

 In terms of global and local reaction time shift costs, we used a 2 x 2 mixed factor 

GLM with age group (younger, older) as the between-subjects factor and shift type 

(global, local) as a repeated measure.  The results indicated that younger and older adults 

did not differ in shift costs, F < 1, n.s., and the age group x shift type interaction also did 

not reach significance, F(1, 29) = 1.82, n.s. (see Figure 4.4).  Furthermore, global and 

local shift costs did not differ from each other, F < 1, n.s.   
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Figure 4.4. Reaction time shift costs by age group.  

 

COMT group comparisons  

Regarding the effects of COMT on older adults’ reaction times, the same GLM 

analyses were performed except that COMT group (Met homozygotes, Val carriers) 

served as the between-subjects factor and age was entered as a mean-centered covariate 

because Met homozygotes were significantly older than Val carriers, t(18) = 2.35, p < 

.05.  The results from the analyses comparing reaction times by block type and COMT 

group indicated that Met homozygotes and Val carriers did not differ in overall reaction 

time across the blocks when accounting for age, F < 1, n.s. (see Figure 4.5).  

Additionally, reaction times did not differ between blocks and the COMT group x block 

type interaction did not reach significance, F’s < 1, n.s.   
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Figure 4.5. Task switching reaction times by COMT genotype.  

 

When comparing Met homozygotes and Val carriers on global and local shift 

costs, the results showed that they did not differ from each other and neither did shift type 

or the COMT group x shift type interaction, F’s(1, 17) < 1.73, p’s > .20 (see Figure 4.6).   
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Figure 4.6.  Reaction time shift costs by COMT genotype.  

 

Running span.  For the running span task, overall percent correct and median 

reaction time across all set sizes, as well as for each set size, were calculated and used for 

analyses (see Table 4.2).  Two separate 2 x 3 mixed factor GLMs were performed, one 

predicting accuracies and one predicting reaction times.   

Age group comparisons  

To determine whether younger and older adults differed in accuracy on the 

running span task, we used a 2 x 3 mixed factor GLM with age group (younger, older) as 

a between-subjects factor and set size (3, 5, 7) as a repeated measure.  Younger and older 

adults performed similarly, F < 1, n.s., and the age group by set size interaction trended 
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toward significance, F(2, 58) = 3.00, p = .06, with the older adults actually outperforming 

the younger adults at the largest set size (see Figure 4.7).  Furthermore, accuracies did 

not differ between set sizes, F < 1, n.s.   

 

Figure 4.7.  Running span accuracy by set size and age group.  

 

We also tested whether younger and older adults differed in reaction times using a 

2 x 3 mixed factor GLM with age group as a between-subjects factor and set size as a 

repeated measure.  Older adults showed an overall longer reaction time across the three 

set sizes, F(1, 29) = 14.39, p < .001 (see Figure 4.8).  Follow-up t-tests showed that older 

adults had consistently longer reaction times than younger adults for each set size, t’s(29) 

> 2.36, p’s < .05.  However, neither set size or the age group x set size interaction were 

significant, F’s(2, 58) < 1.63, p’s > .20.   



104 

 

Figure 4.8.  Running span reaction times by set size and age group.  

 

COMT group comparisons  

As in the task switching analyses, age was entered as a mean-centered covariate in 

the analyses performed here because the Met homozygotes were older than the Val 

carriers.  We tested whether COMT groups differed in accuracy on the running span task 

by using a 2 x 3 mixed factor GLM with COMT group (Met homozygotes, Val carriers) 

as the between-subjects factor, set size (3, 5, 7) as a repeated measure, and age entered as 

a mean-centered covariate.  Met homozygotes and Val carriers did not differ in overall 

accuracy when accounting for age as a covariate, F < 1, n.s. (see Figure 4.9).  

Additionally, accuracy did not differ between set sizes and the COMT group x set size 

interaction was not significant, F’s < 1, n.s.   
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Figure 4.9.  Running span accuracy by set size and COMT genotype.   

 

With regard to reaction times, we performed the same GLM analysis as in the 

accuracy data except that reaction time at each set size served as the dependent measure.  

Results indicated that COMT groups differed in overall reaction time, F(1, 17) = 8.57, p < 

.01 (see Figure 4.10).  Follow-up t-tests demonstrated that Val carriers had consistently 

longer reaction times than Met homozygotes at each set size, t’s(17) > 2.30, p’s < .035.  

Reaction times between set sizes, however, did not differ, F(2, 34) = 1.18, n.s., and the 

COMT group x set size interaction was not significant, F < 1, n.s.   
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Figure 4.10.  Running span reaction times by set size and COMT genotype.   

 

Table 4.2   

Behavioral Performance on the Task Switching and Running Span Tasks    

   

Older adult sample by COMT 

  Younger Older Met/Met Val carriers 

Task switching performance 

    Accuracy 

    Consonant/vowel (single- 

task) blocks 99.2 ±0.3 98.1 ±0.4 97.1 ±0.7 98.8 ±0.3 

Uppercase/lowercase (single- 

task) blocks 99.8 ±0.1 99.5 ±0.2 99.6 ±0.3 99.5 ±0.2 

Mixed-tasks blocks 98.4 ±0.4 98.5 ±0.4 98.1 ±0.9 98.8 ±0.4 

Reaction time 

    Consonant/vowel (single- 

task) blocks 609.0 ±26.2 639.4 ±16.2 625.7 ±22.0 648.5 ±23.1 

Uppercase/lowercase (single- 

task) blocks 564.5 ±19.5 592.6 ±14.2 588.4 ±20.9 595.4 ±19.8 

Mixed-tasks blocks 696.0 ±42.2 746.0 ±29.0 747.9 ±58.1 744.8 ±31.4 

Reaction time shift cost 
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Global RT shift cost 109.3 ±26.6 130.1 ±22.8 140.9 ±49.9 122.8 ±20.7 

Local RT shift cost 128.1 ±33.0 112.4 ±17.0 95.4 ±24.4 123.8 ±23.4 

     Running span performance 

    Accuracy 

    Set size 3 91.1 ±3.4 93.0 ±1.7 92.3 ±3.7 93.6 ±1.6 

Set size 5 93.8 ±2.4 90.6 ±2.2 90.0 ±3.3 91.0 ±2.9 

Set size 7 87.5 ±1.9 93.8 ±1.5 94.1 ±2.2 93.7 ±2.0 

Reaction time 

    Set size 3 1128.2 ±60.1 1294.7 ±40.4 1234.3 ±69.7 1334.9 ±47.7 

Set size 5 1049.6 ±46.7 1299.7 ±29.6 1273.2 ±62.3 1317.4 ±28.3 

Set size 7 1086.4 ±53.9 1303.7 ±34.5 1235.1 ±41.7 1349.4 ±47.1 

 

Note. Older adult sample grouped by COMT genotype.   

 

Task switching imaging results  

Task switching analyses.  In order to determine the regions involved in global 

shifts, we compared activations between mixed-tasks blocks and single-task blocks 

(mixed-tasks blocks > single-task blocks).  To determine regions involved in local shifts, 

we compared activations between switch trials and repeat trials within mixed-tasks 

blocks (switch trials > repeat trials).  The resulting contrast images from these 

comparisons for each individual were then entered into second-level analyses to test for 

regions common to younger and older adults, as well as regions where younger adults 

showed greater activations than older adults and vice versa during global and local shifts.   

 Global shifts   

Regions common to younger and older adults  

 To identify regions common to younger and older adults while engaged in global 

shifts (mixed-tasks blocks > single-task blocks), conjunction analyses were performed.  

Each individual participant’s contrast image for global shifts was entered into a one-way 

ANOVA grouped by age (younger, older) as a between-subjects factor in SPM.  Regions 
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of significant activation relative to baseline for each age group separately were identified 

using a threshold of p < .01, FDR corrected, and a cluster extent of k = 5 voxels.  Regions 

of overlap between these two thresholded images (one for younger and one for older 

adults) therefore resulted in a joint probability of p < .0001, FDR corrected (Nichols, 

Brett, Andersson, Wager, & Poline, 2005).  Table 4.3 and Figure 4.11 show the regions 

common to younger and older adults during global shifts.  Multiple frontal and parietal 

regions such as the middle frontal gyrus bilaterally, right supplementary motor area, right 

angular gyrus, and left inferior and superior parietal lobules showed significant 

activation.  Additionally, clusters of activation were observed in the insula and cerebellar 

subregions.   

Table 4.3   

 

Regions Common to Younger and Older Adults During Global Shifts   

   
MNI Coordinates 

  Region L/R Cluster size (k) x y z T-statistic 

Mid Frontal Gyrus L 576 -38 28 32 6.88 

Precentral Gyrus L   -42 6 34 5.39 

Supp Motor Area R 1998 8 18 50 6.31 

Mid Frontal Gyrus R 

 

28 8 54 6.08 

Precentral Gyrus R 

 

44 8 34 5.80 

Mid Frontal Gyrus R 

 

48 26 34 5.49 

Precentral Gyrus R 

 

42 8 46 4.81 

Mid Frontal Gyrus R   42 14 58 4.67 

Angular Gyrus R 3520 32 -58 48 6.23 

Precuneus R 

 

10 -68 50 6.09 

Inf Parietal Lobule L 

 

-36 -48 46 5.91 

Angular Gyrus R 

 

30 -66 44 5.64 

Sup Parietal Lobule L 

 

-24 -60 46 5.51 

Sup Parietal Lobule L 

 

-16 -70 52 4.83 

Sup Parietal Lobule L 

 

-18 -70 48 4.78 

Precuneus L 

 

-12 -76 58 4.52 

Precuneus L   0 -68 62 4.40 

Sup Frontal Gyrus L 149 -24 0 60 4.67 

Cerebellum Crus2 L 99 -8 -76 -32 4.48 

Cerebellum Crus1 L 50 -30 -70 -30 4.36 
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Cerebellum Crus1 L   -38 -66 -28 4.10 

Inf Temporal Gyrus R 50 52 -50 -12 4.25 

Inf Temporal Gyrus L 17 -48 -56 -8 4.07 

Cerebellum VI R 38 30 -62 -32 4.05 

Cerebellum VI R   32 -54 -34 3.94 

Insula R 25 34 24 -2 3.95 

Insula R   40 20 0 3.91 

 

Note. Regions of significant overlap were identified by performing a conjunction analysis 

on younger and older adult activation maps, each set at p < .01, FDR corrected, k = 5, 

resulting in a joint probability of p < .0001, FDR corrected.   

Bold font indicates regions used for ROI creation and analyses.   

Shaded lines indicate peaks with the highest t-statistic of a given cluster and non-shaded 

lines indicate local peaks within a cluster.   

Inf = inferior; Mid = middle; Sup = superior; Supp = supplementary.   

 

 

 
Figure 4.11.  Regions common to younger and older adults for global shifts identified by 

a conjunction analysis, p < .0001, FDR corrected, k = 5.   

 

Age group differences  

Regarding age group differences, independent samples t-tests were performed in 

order to determine regions where younger adults showed greater activation than older 

adults (younger > older), as well as regions where older adults showed greater activation 

than younger adults (older > younger) during global shifts.  Neither comparison yielded 

regions that survived the threshold of p < .01, FDR corrected.  However, when a less 
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conservative threshold was applied (p < .001, uncorrected, k = 5), several regions 

appeared for the older > younger but not the younger > older comparison.  The two 

largest clusters were in the left insula (277 voxels) and the left angular gyrus (191 

voxels).   

Local shifts  

Regions common to younger and older adults  

The same conjunction analysis methods described above for global shifts were 

applied to identify regions common to younger and older adults during local shifts 

(switch trials > repeat trials).  No regions showed significant overlap between younger 

and older adults at a threshold of p < .01, FDR corrected.  However, when a threshold of 

p < .001, uncorrected, k = 5 was applied, extensive activations were observed in the left 

inferior frontal gyrus pars triangularis (118 voxels) and the left lingual gyrus (132 

voxels).   

Age group differences  

 As in the age group comparisons for global shifts, the younger > older and older 

> younger comparisons for local shifts did not reach significance at p < .01, FDR 

corrected.  However, contrary to the results observed for global shifts at a threshold of p 

< .001, uncorrected, k = 5, we found the opposite pattern for local shifts at this threshold.  

Specifically, we found that in this case younger adults actually showed regions of greater 

activation than older adults.  Interestingly, the regions were concentrated in frontal and 

subcortical areas such as the right middle frontal gyrus pars orbitalis, left superior frontal 

gyrus, and caudate nuclei bilaterally.  Additional regions included the right middle 

occipital gyrus and right middle temporal gyrus.   
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Running span imaging results  

Running span analyses.  For the running span task, we were interested in 

identifying regions engaged in the updating process and the successful recognition of 

updated numbers during testing.  To test for regions of significant activation during 

updating, we used the contrast comparing updating > rehearsal.  To test for regions of 

significant activation during the recognition tests, we used the contrast comparing all 

experimental test hits > all control test hits.   

Updating > Rehearsal 

Regions common to younger and older adults  

Conjunction analyses were performed, as described earlier, on the contrast images 

for updating > rehearsal to determine regions of significant overlap between younger 

and older adults.  As shown in Table 4.4 and Figure 4.12, regions of activation were 

widespread, clustering around frontal, parietal, subcortical, and occipital regions.  We 

also observed large clusters of activation in the cerebellum bilaterally.  Although regions 

in the temporal lobes were identified, namely inferior and middle temporal gyri, the 

majority of the peaks were in the aforementioned regions.   

Age group differences  

 Age group differences were tested using independent samples t-tests in SPM.  

Although regions of significant activation were not observed at p < .01, FDR corrected, 

we did observe three large clusters of activation when comparing older > younger at a 

threshold of p < .001, uncorrected, k = 5.  The clusters were in the left inferior parietal 

lobule extending into the angular gyrus (633 voxels), right angular gyrus (310 voxels), 

and left middle frontal gryus extending into the orbitalis subregion of the inferior frontal 
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gyrus (236 voxels).  Other regions included the left inferior frontal gyrus pars 

triangularis, right postcentral gyrus, left middle temporal gyrus, right fusiform gyrus, and 

right calcarine sulcus.  The opposite contrast comparing younger > older did not show 

regions of significant activation at this threshold.   

All Experimental Test Hits > All Control Test Hits     

Regions common to younger and older adults  

To test for regions of significant overlap between younger and older adults while 

they performed the test portions of the running span task, we performed a conjunction 

analysis on the contrast images comparing all experimental test hits > all control test 

hits.  We only included correct test trials to ensure that regions of activation were 

associated with accurate updating and active maintenance of the numbers held in working 

memory.  Including incorrect trials may have otherwise captured processes confounded 

with updating such as error detection if the participant was aware of his/her mistake.  Due 

to low numbers of trials during the test portions of the task (maximum of 36 total correct, 

12 for each set size) and consequently low power, we used a threshold of p < .001, 

uncorrected, k = 5.   

The conjunction analysis showed regions of significant overlap in the left 

supplementary motor area, bilateral insula, bilateral inferior frontal opercula, left middle 

frontal gyrus, left inferior parietal lobule, and regions I and II of the vermis in the 

cerebellum while younger and older adults performed the recognition tests (see Table 4.5 

and Figure 4.13).   

Age group differences 
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Regarding age group differences in functional activity during testing, we used 

independent samples t-tests to test for regions showing younger > older activation and 

older > younger activation.  While younger adults did not show regions of greater 

activation than older adults at p < .001, uncorrected, k = 5, older adults showed multiple 

regions of greater activation than younger adults, particularly in the right hemisphere (see 

Table 4.6 and Figure 4.14).  These regions included the insula, middle and superior 

frontal gyri, superior parietal lobule, angular gyrus, putamen and superior temporal gyrus.  

Several regions were also observed in the left hemisphere, including the superior parietal 

lobule and angular gyrus.   

Table 4.4   

 

Regions Common to Younger and Older Adults for Updating > Rehearsal   

  

 

  
MNI Coordinates 

   Region  L/R Cluster size (k) x y z T-statistic 

Frontal              

  Mid Frontal Gyrus  L 30701 -26 2 62 8.04 

 

Precentral Gyrus  L 

 

-44 10 30 7.09 

 

Sup Frontal Gyrus  R 

 

14 14 48 6.58 

 

Supp Motor Area  L 

 

0 2 60 5.91 

 

Insula  R 

 

36 22 4 5.81 

 

Insula  L 

 

-38 14 -4 5.57 

 

Inf Frontal Gyrus pars 

Triangularis 

 

R 

 

46 32 26 5.35 

 

Inf Frontal Gyrus pars 

Triangularis 

 

L 

 

-43 27 29 5.12 

 

Precentral Gyrus  R 

 

38 0 40 4.99 

  Inf Frontal Operculum  R   46 12 30 4.38 

Parietal  

      

 
Inf Parietal Lobule  L 

 

-38 -48 48 7.49 

 

Postcentral Gyrus  L 

 

-48 -34 52 5.87 

 

Inf Parietal Lobule  R 

 

37 -43 43 5.32 

 

Sup Parietal Lobule  R 

 

14 -62 54 5.29 

 

Sup Parietal Lobule  L 

 

-26 -60 66 4.88 

 

Precuneus  L 

 

-10 -70 48 4.82 

 

Precuneus  R 

 

11 -75 59 4.71 

  Angular Gyrus  R   31 -59 51 4.66 

Subcortical/Basal ganglia  
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Putamen  L 

 

-22 22 4 6.76 

 

Substantia Nigra  

  

0 -16 -14 6.11 

 

Caudate  L 

 

-6 -2 8 5.22 

 

Thalamus  L 

 

-13 -11 13 5.15 

 

Globus Pallidus  L 

 

-14 -2 4 4.95 

 

Thalamus  R 

 

8 -18 14 4.89 

 

Caudate  R 

 

16 20 -4 4.46 

 

Globus Pallidus  R 

 

16 8 4 4.19 

  Putamen  R   28 4 -2 3.61 

Temporal  

      

 

Inf Temporal Gyrus  L 

 

-52 -68 -8 4.85 

  Mid Temporal Gyrus  L   -38 -58 -2 4.53 

Occipital  

      

 

Fusiform Gyrus  L 

 

-20 -86 -4 6.12 

 

Mid Occipital Gyrus  R 

 

32 -70 24 5.14 

 

Mid Occipital Gyrus  L 

 

-24 -88 6 5.06 

 

Inf Occipital Gyrus  L 

 

-42 -66 -12 4.52 

 

Calcarine Sulcus  L 

 

-22 -78 8 4.05 

  Lingual Gyrus  L   -14 -84 -14 3.92 

  Calcarine Sulcus  R 1216 16 -86 6 4.59 

 

Fusiform Gyrus  R 

 

34 -64 -14 4.17 

 

Inf Occipital Gyrus  R 

 

32 -80 -10 4.12 

 

Lingual Gyrus  R 

 

12 -78 -14 3.81 

  Cerebellum Crus1  R 259 38 -60 -34 4.57 

  Cerebellum VI  L 268 -20 -60 -30 4.44 

  Vermis IV_V    99 2 -54 -10 3.70 

  Vermis IV_V      2 -46 -8 3.67 

  Lingual Gyrus  L 7 -30 -60 2 3.49 

  Cerebellum VI  R 20 12 -60 -28 3.35 

 

Note. Regions of significant overlap were identified by performing a conjunction analysis 

on younger and older adult activation maps, each set at p < .01, FDR corrected, k = 5, 

resulting in a joint probability of p < .0001, FDR corrected.   

Bold font indicates regions used for ROI creation and analyses.   

Shaded lines indicate peaks with the highest t-statistic of a given cluster and non-shaded 

lines indicate local peaks within a cluster.   

Inf = inferior; Mid = middle; Sup = superior; Supp = supplementary.   

 



115 

 
Figure 4.12.  Regions common to younger and older adults for updating > rehearsal, p < 

.0001, FDR corrected, k = 5.   

 

Table 4.5   

 

Regions Common to Younger and Older Adults for All Experimental Test Hits > All 

Control Test Hits   

    
MNI Coordinates 

    Region L/R Cluster size (k) x y z T-statistic 

  Supp Motor Area L 500 0 14 50 3.36 

  Supp Motor Area L   -4 10 52 3.31 

  Insula L 336 -34 20 -6 3.24 

 

Insula L 

 

-36 18 -2 3.21 

 

Insula L 

 

-30 24 2 2.99 

  Insula L   -36 18 4 2.98 

  Insula R 165 34 22 -6 3.04 

  Inf Frontal Operculum R   44 16 4 2.50 

  Mid Frontal Gyrus L 47 -28 -4 52 2.64 

  Vermis I_II   6 6 -32 -22 2.16 

  Inf Parietal Lobule L 6 -26 -54 44 2.07 

  Inf Frontal Operculum L 9 -42 12 28 2.05 

 

Note. Regions of significant overlap were identified by performing a conjunction analysis 

on younger and older adult activation maps, each set at p < .033, uncorrected, k = 5, 

resulting in a joint probability of p < .001, uncorrected.   

Bold font indicates regions used for ROI creation and analyses.   

Shaded lines indicate peaks with the highest t-statistic of a given cluster and non-shaded 

lines indicate local peaks within a cluster.   

Inf = inferior; Mid = middle; Supp = supplementary.     
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Figure 4.13.  Regions common to younger and older adults for all experimental test hits > 

all control test hits, p < .001, uncorrected, k = 5.   

 

Table 4.6   

 

Younger and Older Adults Compared to Each Other on All Experimental Test Hits > All 

Control Test Hits   

    
MNI Coordinates 

    Region L/R Cluster size (k) x y z T-statistic 

Younger > Older       

     No significant clusters.         

Older > Younger 

        Insula R 75 32 -36 18 4.82 

  Insula R   26 -28 24 3.48 

  Mid Frontal Gyrus R 93 42 26 52 4.64 

  Sup Parietal Lobule L 70 -32 -68 58 4.32 

  Sup Temporal Gyrus R 108 40 -38 2 4.29 

 

Mid Temporal Gyrus R 

 

40 -38 -2 4.25 

  Sup Temporal Gyrus R   40 -46 2 4.17 

  Sup Occipital Gyrus R 40 28 -86 44 4.21 

  Sup Parietal Lobule R   18 -84 50 3.58 

  

Sup Frontal Gyrus - Medial 

Part/BA 8* R 33 4 42 56 4.05 

  Angular Gyrus* R 41 52 -66 42 4.00 

  Sup Temporal Gyrus R 12 66 -44 12 3.87 

  Putamen R 46 25 -9 19 3.70 

  Sup Frontal Gyrus R 11 18 50 46 3.69 

  Angular Gyrus L 10 -36 -66 42 3.62 
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Sup Frontal Gyrus - Medial 

Part/BA 10 R 6 12 64 24 3.60 

 

Note. Regions where younger > older and older > younger for all experimental test hits > 

all control test hits, p < .001, uncorrected, k = 5.   

Bold font indicates regions used for ROI creation and analyses.   

Shaded lines indicate peaks with the highest t-statistic of a given cluster and non-shaded 

lines indicate local peaks within a cluster.   

Mid = middle; Sup = superior; Supp = supplementary. 

*These ROIs had outliers across multiple participants so they were not included in the 

analyses.   

 

 
Figure 4.14.  Regions where older > younger adults for all experimental test hits > all 

control test hits, p < .001, uncorrected, k = 5.  Younger adults did not show any regions of 

activation greater than older adults at this threshold.   

 

ROI analyses    

 General ROI analysis procedures.  Regions of significant activation identified 

at the group level following second-level analyses were used to create ROIs.  ROIs were 

created using the Montreal Neurological Institute (MNI) coordinates of peak voxels from 

significant clusters of activation as the centers of spheres with 5 mm radii.  ROIs were 

limited to the peak with the highest t-statistic value per cluster size greater than 20 

contiguous voxels, as well as regions previously described in the literature as being 

involved in updating or shifting types of executive functions.  The ROIs were created in 

MarsBaR (release 0.44; http://marsbar.sourceforge.net/) and were applied to each 

individual’s contrast images from the corresponding first-level analyses and parameter 

http://marsbar.sourceforge.net/
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estimates were extracted for statistical analyses.  Details for task-specific ROI analyses 

are provided below.   

 Task switching ROI analyses   

 Global shifts:  Age group comparisons 

Nine ROIs were created within regions showing significant overlap between 

younger and older adults during global shifts (mixed-tasks blocks > single-task blocks).  

The ROIs were in the left middle frontal gyrus (lMidFrontal: -38, 28, 32), left superior 

frontal gyrus (lSupFrontal: -24, 0, 60), right supplementary motor area (rSuppMotor: 8, 

18, 50), right insula (rInsula: 34, 24, -2), right angular gyrus (rAngular: 32, -58, 48), right 

inferior temporal gyrus (rInfTemp: 52, -50, -12), left cerebellum crus I (lCrusI: -30, -70, -

30) and II (lCrusII: -8, -76, -32), and right cerebellum VI (rCerebellumVI: 30, -62, -32).   

Although these regions of activation were shared by younger and older adults, we 

were also interested in testing whether the levels of activation within them differed 

between the age groups.  The ROIs were applied to each individual participant’s contrast 

image for global shifts and mean parameter estimates were extracted for statistical 

analyses.  Differences in activation between younger and older adults in the ROIs related 

to global shifts were assessed by a 2 x 9 mixed factor GLM with age group (younger, 

older) as the between-subjects factor and ROI (lMidFrontal, lSupFrontal, rSuppMotor, 

rInsula, rAngular, rInfTemp, lCrusI, lCrusII, rCerebellumVI) parameter estimates as a 

repeated measure.  The results demonstrated that younger and older adults did not differ 

in levels of activation, F(1, 29) = 2.16, n.s. (see Figure 4.15).  However, the ROIs 

showed significant differences in activation, F(8, 232) = 14.60, p < .001.  Follow-up t-

tests indicated that the rAngular ROI had significantly higher parameter estimates than 
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every other ROI, t’s (30) > 4.83, p’s < .001.  In addition, the lMidFrontal ROI had higher 

parameter estimates than the rInsula, rInfTemp, and rCerebellumVI ROIs, t’s(30) > 2.44, 

p’s < .05.   

Global shifts:  COMT group comparisons within the older adult sample 

Within the older adults, we tested whether COMT Met homozygotes and Val 

carriers showed different levels of activation in the global shift related ROIs by 

performing the same mixed factor GLM as above, except that COMT group (Met 

homozygotes, Val carriers) served as the between-subjects factor and age was entered as 

a mean-centered covariate.  The results indicated that Met homozygotes and Val carriers 

engaged similar levels of activation during global shifts, F < 1, n.s., when accounting for 

age (see Figure 4.15).  Additionally, the COMT group x ROI interaction and the 

activations between ROIs did not approach significance, F’s(8, 136) < 1.35, p’s > .22.   

Since younger and older adults did not differ in levels of activation for global 

shifts in the ROIs, and COMT groups within the older adults did not differ either, further 

analyses investigating associations with behavioral performance were not carried out.   
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Figure 4.15.  ROIs identified from conjunction analyses between younger and older 

adults for global shifts.  Mean parameter estimates corresponding to global shifts were 

extracted from these regions.  Note that the older adults’ data were split by COMT 

genotype.  YA = younger adult.  L = left; R = right.   

 

 Running span ROI analyses   

 Updating > Rehearsal:  Age group comparisons  

Five ROIs were created from the regions showing significant overlap between 

younger and older adults during the updating process (updating > rehearsal), including 

the left middle frontal gyrus (lMidFrontal: -26, 2, 62), left inferior parietal lobule 

(lInfParietal: -38, -48, 48), left putamen (lPutamen: -22, 22, 4), right cerebellum crus I 
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(rCrusI: 38, -60, -34), and left cerebellum VI (lCerebellumVI: -20, -60, -30).  Within 

these overlapping regions, we tested whether younger and older adults differed in their 

levels of activation as measured by the mean parameter estimates extracted from each 

individual’s contrast image corresponding to the updating > rehearsal contrast.  The five 

ROIs were entered as a repeated measure in a 2 x 5 mixed factor GLM with age group 

(younger, older) as the between-subjects factor.  We found that levels of activation 

differed between ROIs, F(3.0, 84.5) = 20.8, p < .001 (see Figure 4.16).  Follow-up t-tests 

indicated that the lMidFrontal ROI had significantly higher activations than the lPutamen, 

rCrusI, and lCerebellumVI ROIs, t’s(29) > 3.17, p’s < .01, but lower activation than the 

lInfParietal ROI, t(29) = 3.25, p < .01.  The activations between younger and older adults, 

however, did not differ, F < 1, n.s., and the age group x ROI interaction did not reach 

significance, F < 1, n.s.   

Updating > Rehearsal:  COMT group comparisons within the older adult sample 

 We also investigated whether COMT groups in the older adult sample showed 

different levels of activation in the five ROIs described above.  A 2 x 5 mixed factor 

GLM with COMT group (Met homozygotes, Val carriers) as the between-subjects factor 

and the 5 ROIs as a repeated measure was used to assess the effects of COMT on levels 

of activation.  In addition, age was entered as a mean-centered covariate in the model 

because of the older age, on average, of the Met homozygotes.  The results indicated that 

Met homozygotes and Val carriers showed similar levels of activation overall across the 

ROIs, F(1, 16) = 1.64, n.s. (see Figure 4.16).  We also found that the activations did not 

differ between the ROIs and the COMT group x ROI interaction did not approach 

significance, F’s < 1, n.s.   
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 As in the global shift ROI analyses, we did not further investigate associations 

between activations in updating > rehearsal ROIs and behavioral performance on the test 

portions of the running span task because of the similar levels of activation in younger 

and older adults.   

 
Figure 4.16.  ROIs identified from conjunction analyses between younger and older 

adults for updating > rehearsal.  Mean parameter estimates corresponding to updating > 

rehearsal were extracted from these regions.  Note that the older adults’ data were split by 

COMT genotype.  YA = younger adult.  L = left; R = right.   

 

Experimental Test Hits > Control Test Hits:  Age group comparisons  

In order to investigate the effects of task difficulty on levels of activations in 

regions related to successful recognition of the updated numbers, we used the coordinates 

of peak activations from significant clusters identified by the contrast comparing all 
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experimental test hits > all control test hits to create ROIs.  Within the ROIs, we then 

extracted the mean parameter estimates specific to each set size and used these values for 

statistical analyses.   

From the conjunction analysis between younger and older adults on test-related 

regions (all experimental test hits > all control test hits), four ROIs were created.  The 

ROIs included the left middle frontal gyrus (lMidFrontal: -28, -4, 52), left supplementary 

motor area (lSuppMotor: 0, 14, 50), left insula (lInsula: -34, 20, -6), and right insula 

(rInsula: 34, 22, -6).  We assessed the effects of age and difficulty on activations in the 

ROIs with a 2 x 4 x 3 mixed factor GLM.  Age group was entered as the between-

subjects factor, the four ROIs as a repeated measure, and set size (3, 5, 7) as a repeated 

measure.  Younger and older adults did not differ in their overall activations, F(1, 28) = 

1.84, n.s. (see Figure 4.17).  However, levels of activations differed significantly by 

region, F(2.1, 59.5) = 3.07, p < .05, and by set size, F(2, 56) = 3.77, p < .05.  Follow-up 

analyses indicated that activations in the left middle frontal gyrus were significantly 

lower than those of the left supplementary motor area and the left insula, t’s(29) > 2.18, 

p’s < .05.  In addition, activations differed by set size, F(2, 56) = 3.77, p < .05.  Follow-

up t-tests indicated that activations for set size 3 were significantly lower than those of set 

sizes 5 and 7, t’s(29) > 1.96, p’s < .05.  All interactions did not approach significance, F’s 

< 2.28, p’s > .11.   

Experimental Test Hits > Control Test Hits:  COMT group comparisons within 

the older adult sample 

Within the older adult sample, we investigated the effects of COMT on activations 

in the same four ROIs described above, as well as on activations by difficulty.  We 
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performed a 2 x 4 x 3 mixed factor GLM with COMT group as the between-subjects 

factor (Met homozygotes, Val carriers), ROI as a repeated measure (lMidFrontal, 

lSuppMotor, lInsula, rInsula), and set size as a repeated measure (3, 5, 7).  Although Met 

homozygotes and Val carriers showed similar levels of activations overall, F < 1, n.s., 

they differentially engaged levels of activation according to set size, F(2, 32) = 4.64, p < 

.05 (see Figure 4.17).  Follow-up t-tests indicated that the effect was being driven by the 

significantly lower activations for set size 5 than 7 in Val carriers, t(11) = 2.31, p < .05.  

All other effects were not significant, F’s < 1.18, n.s.   
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Figure 4.17.  ROIs identified from conjunction analyses between younger and older 

adults for all experimental test hits > all control test hits.  Mean parameter estimates 

corresponding to each set size were extracted from these regions.  Note that the older 

adults’ data were split by COMT genotype.  YA = younger adult.  L = left; R = right.   

 

Exploring the “unity and diversity” of executive functions  

To address one of the goals of the present study, i.e., to investigate the “unity and 

diversity” of executive functions at the neural level, we tested for regions of overlap in 

activations as well as regions where one type of executive function showed greater 

activation than the other.   

Regions common to shifting and updating within each age group  

Given the potentially dissociable regions of activation involved in global (mixed-

tasks blocks > single-task blocks) and local shifts (switch trials > repeat trials within 

mixed-tasks blocks), we performed two separate conjunction analyses to identify regions 

of overlap between global shifts and updating and local shifts and updating.  

Additionally, we tested for regions of overlap between each shift type and updating in 

each age group separately because we expected the patterns of overlap to be different 

between younger and older adults.   

The methods we used for the conjunction analyses were similar to those described 

in Rajah, Crane, Maillet, and Floden (2011).  Briefly, for each contrast (e.g., mixed-tasks 

blocks > single-task blocks and updating > rehearsal), a thresholded image was saved at 

p < .001, uncorrected, k = 5.  The two thresholded images were then loaded into 

MarsBaR (release 0.44; http://marsbar.sourceforge.net/) and combined using the logical 

‘&’ operator to create a new image showing regions of overlap.  Thus, regions of overlap 

http://marsbar.sourceforge.net/
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demonstrated a joint probability of p < .000001, uncorrected, and met the requirements 

for a valid conjunction (Nichols, Brett, Andersson, Wager, & Poline, 2005).   

Regions of overlap between each shift type and updating in younger adults  

The conjunction analysis on global shifts and updating in younger adults showed 

extensive regions of overlapping activations in the inferior parietal lobule bilaterally, the 

middle frontal gyrus bilaterally, right supplementary motor area, and the right culmen of 

the cerebellum (see Figure 4.18).  Regarding regions of overlap between local shifts and 

updating, no regions reached significance.    

 

 

 

Figure 4.18.  Regions common to shifting and updating in younger adults following a 

conjunction analysis with each contrast image set to p < .001, uncorrected, k = 5, 

resulting in a joint probability of p < .000001.  Note, the conjunction analysis of local 

shifts and updating did not reach significance.   

 

Regions of overlap between each shift type and updating in older adults  

In the older adults, the conjunction analysis on global shifts and updating showed 

extensive regions of overlap in the right middle and inferior frontal gyri, right fusiform 

gyrus, right middle occipital gyrus, left inferior parietal lobule, and multiple cerebellar 

Regions common to global shifts and updating, p < .000001.   
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subregions (see Figure 4.19).  There were also small clusters in the right caudate and 

right thalamus.  Similar to the results in younger adults, the older adults did not show 

regions of significant overlap between local shifts and updating.   

 

 

Figure 4.19.  Regions common to shifting and updating in older adults following a 

conjunction analysis with each contrast image set to p < .001, uncorrected, k = 5, 

resulting in a joint probability of p < .000001.  Note, the conjunction analysis of local 

shifts and updating did not reach significance.   

 

 Regions unique to shifting and updating within each age group 

In terms of the diversity of executive functions, we directly compared regions of 

activation involved in shifting to those in updating within each age group.  We performed 

a paired-samples t-test in SPM, comparing global shifts (mixed-tasks blocks > single task 

blocks) to updating (updating > rehearsal).  Both directions were compared, i.e., global 

shifts > updating and updating > global shifts to determine which regions were more 

active for each task when compared to the other.  The results were thresholded at p < 

.001, uncorrected, unless otherwise noted.   

 

Regions common to global shifts and updating, p < .000001.   
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Table 4.7  

 

Regions Showing Global Shifts > Updating and Updating > Global Shifts in Younger 

Adults   

    

MNI Coordinates 

   Region L/R Cluster size (k) x y z T-statistic 

Younger adults 

           Global shifts > Updating 

        Angular Gyrus R 408 40 -78 46 7.31 

 

Angular Gyrus R 

 

44 -64 40 6.80 

  Angular Gyrus R   42 -68 54 4.92 

  Mid Temporal Gyrus L 22 -64 -36 -12 5.97 

  Inf Parietal Lobule L 50 -36 -78 50 5.96 

  Sup Medial Frontal Cortex L 37 -2 36 62 5.74 

  Angular Gyrus L 5 -42 -62 40 4.19 

     Updating > Global shifts 

        Putamen L 19951 -20 20 -2 12.12 

 

Supp Motor Area L 

 

-18 -14 46 10.82 

  Supp Motor Area R   2 0 62 10.61 

  Fusiform Gyrus R 40 42 -42 -14 8.38 

  Inf Temporal Gyrus L 130 -42 -44 -14 8.20 

  Thalamus R 48 22 -28 4 6.08 

  Thalamus R   20 -22 -8 4.87 

  Cerebellum VI L 40 -20 -58 -28 5.15 

  Sup Parietal Lobule R 56 22 -56 68 4.86 

  Mid Frontal Gyrus R 8 32 -2 36 4.79 

  Precentral Gyrus R 31 62 8 26 4.73 

  Precentral Gyrus R   60 8 36 4.29 

  Sup Temporal Gyrus R 10 42 -36 10 4.61 

  Inf Parietal Lobule L 48 -28 -50 56 4.58 

  Sup Temporal Gyrus R 8 66 -30 16 4.55 

  Lingual Gyrus L 6 -14 -66 -8 4.49 

  Cerebellum III R 10 8 -28 -18 4.48 

  Inf Occipital Gyrus R 5 34 -94 -6 4.26 

  Postcentral Gyrus L 9 -46 -30 46 4.25 

 

Table 4.8  

 

Regions Showing Global Shifts > Updating and Updating > Global Shifts in Older Adults 

    

MNI Coordinates 

   Region L/R Cluster size (k) x y z T-statistic 

Older adults 

           Global shifts > Updating 

        Post Cingulate L 117 -6 -52 28 4.76 
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  Angular Gyrus L 133 -50 -58 32 4.75 

  Sup Medial Frontal Cortex L 32 -12 26 60 4.47 

  Sup Medial Frontal Cortex R 39 12 58 28 4.26 

  Sup Medial Frontal Cortex R 7 4 60 14 4.03 

  Angular Gyrus L 7 -48 -70 46 4.03 

  Sup Medial Frontal Cortex R 40 4 48 40 4.02 

  Sup Frontal Gyrus R 10 18 36 52 3.94 

  Sup Medial Frontal Cortex L 5 -4 38 52 3.68 

     Updating > Global shifts 

        Putamen L 3454 -26 16 -2 8.03 

 

Insula L 

 

-30 26 -6 6.89 

  Caudate R   16 20 -4 5.64 

  Postcentral Gyrus L 9600 -52 -10 42 7.34 

 

Sup Frontal Gyrus L 

 

-24 -2 64 5.95 

  Mid Frontal Gyrus R   42 0 62 5.63 

  Fusiform Gyrus L 1791 -20 -86 -6 5.90 

 

Sup Occipital Gyrus L 

 

-18 -88 8 5.80 

  Mid Occipital Gyrus L   -30 -74 2 4.26 

  Lingual Gyrus R 1578 26 -72 4 5.62 

 

Calcarine Cortex R 

 

36 -54 4 5.17 

  Calcarine Cortex R   18 -78 14 4.75 

  Precuneus R 328 6 -78 58 5.13 

  Sup Parietal Lobule R   16 -56 54 4.69 

  Sup Frontal Gyrus R 37 24 52 -2 5.12 

  Inf Parietal Lobule L 1239 -42 -44 48 4.83 

 

Sup Parietal Lobule L 

 

-24 -56 50 4.78 

  Sup Parietal Lobule L   -26 -60 70 4.63 

  Mid Frontal Gyrus R 188 48 40 30 4.80 

  Inf Frontal Gyrus pars Triangularis R   52 40 18 4.10 

  Inf Temporal Gyrus L 71 -42 -6 -28 4.55 

  Sup Parietal Lobule R 39 36 -58 66 4.47 

  Caudate R 33 24 8 20 4.17 

  Postcentral Gyrus L 18 -64 -18 32 4.15 

  Fusiform Gyrus R 23 40 -30 -14 3.94 

  Thalamus R 85 8 -22 12 3.87 

 

Thalamus R 

 

20 -22 14 3.84 

  Thalamus     0 -24 10 3.83 

  Cerebellum Crus1 L 43 -20 -62 -32 3.86 

  Sup Temporal Pole L 9 -60 8 0 3.83 

  Mid Temporal Gyrus L 10 -58 -38 8 3.79 

  Fusiform Gyrus L 27 -44 -38 -18 3.77 

  Inf Temporal Gyrus L   -38 -36 -8 3.73 

  Sup Parietal Lobule R 10 24 -76 52 3.74 

  Mid Temporal Gyrus R 6 64 -24 -4 3.73 
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Discussion 

In the present fMRI experiment of shifting and updating types of executive 

functions in aging and the role of COMT in influencing the effects observed in our older 

adult sample, we found several interesting results both behaviorally and in terms of the 

neural correlates involved. Unexpectedly, older adults performed as well as younger 

adults on the task switching (shifting) and the running span (updating) tasks, except for 

the slower reaction times in the older adults compared to the younger adults in the 

running span task.  This may have been due, in part, to the fact that our older adult 

sample was relatively young, with 55% of them between 60 – 65 years of age, and 

cognitively high performing.  However, this turned out to be an advantage because as a 

result, we had an equal number of trials to compare between younger and older adults.  

Thus, any differences observed in terms of regional brain activations were not simply a 

result of differences in numbers of trials.  Furthermore, the differences may reflect 

changes in neural recruitment within these regions in order to perform at similar levels as 

younger adults.   

 Regarding the role of COMT in the older adults’ performance, Val carriers had 

longer reaction times than Met homozygotes for the test portions of the running span task 

for all set sizes, which is consistent with models of dopamine functioning suggesting 

worse performance for Val carriers on tasks requiring maintenance or stabilization of 

information held in working memory (Bilder et al., 2004; Cools & D’Esposito, 2011).  

Contrary to our hypotheses that Val carriers would show less global and local reaction 

time shift costs than Met homozygotes based on the proposed benefits of this allele for 
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tasks requiring flexibility (Colzato et al., 2010; Fallon, Williams-Gray, Barker, Owen, & 

Hampshire, 2013), we did not find such differences in our sample.   

 While many similarities existed in terms of performance, with the exception of 

the slower reaction times on the running span task for the older adults compared to the 

younger adults and the Val carriers compared to the Met homozygotes within the older 

adult sample, our imaging data indicate some interesting differences in levels of 

activation even within regions shared between age groups and COMT groups.   

Regions involved in shifting  

 Similar to previous research studies of task switching in which both global and 

local shifts were investigated in younger and older adults (Jimura & Braver, 2010; 

Madden et al., 2010), we found multiple frontal and parietal regions of activation during 

global shifts, particularly in the middle frontal gyrus bilaterally, right supplementary 

motor area, right angular gyrus, and left inferior and superior parietal lobules.  However, 

when testing for regions common to younger and older adults during global shifts, our 

results were more consistent with those of Madden et al. (2010) in that we showed more 

regions in common than not.  This finding may reflect the greater difficulty in keeping 

the two tasks online or active such that cues (i.e., diamond or square shape) can be 

monitored for the appropriate task to be performed for a given trial during an entire 

block.  The regions engaged by both age groups included the middle frontal gyrus 

bilaterally, left inferior parietal lobule, left inferior temporal gyrus, and cerebellar 

subregions.  When we compared activations between younger and older adults to each 

other, no differences were observed.  The lack of differences in our results are similar to 
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the results of Madden et al. (2010), except that they did show one region in the left 

inferior frontal gyrus where younger adults showed greater activations than older adults.   

 With respect to local shifts, although we did not find regions of significant 

overlap between younger and older adults as demonstrated by Madden et al. (2010), our 

results were in agreement with their results in terms of the age group comparisons.  As in 

Madden et al. (2010), we did not find significant regions when comparing the two age 

groups to each other.  However, it should be noted that when the threshold for 

significance is lowered to p < .001, uncorrected, for the comparison of younger > older, 

regions of activation are shown in the right middle frontal gyrus, left superior frontal 

gyrus, and caudate nuclei bilaterally.  Notably, these regions have been identified in a 

previous functional connectivity study of task switching (Stelzel et al., 2010).   

 Given the evidence from previous research showing behavioral age differences 

primarily in global shift costs (Karayanidis, Whitson, Heathcote, & Michie, 2011; Kray 

& Lindenberger, 2000; Mayr, 2001) and neuroimaging research suggesting that younger 

adults show greater levels of activation during global shifts (Jimura & Braver, 2010), we 

further investigated whether younger and older adults in our study differed in their levels 

of activation.  Levels of activation were measured by extracting the mean parameter 

estimates from ROIs created within the regions common to both age groups.  Contrary to 

Jimura and Braver (2010), we did not find differences in levels of activation between 

younger and older adults.  However, we did find significantly greater activation in the 

right angular gyrus compared to all other regions regardless of age group.  Interestingly, 

this region has consistently been shown to be engaged during shifting, albeit from studies 

that did not necessarily differentiate between global and local shifts (DiGirolamo et al., 
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2001; Dove et al., 2000; Jimura & Braver, 2010; Wager, Jonides, & Reading, 2004), 

suggesting its importance for tasks requiring shifting, but not global shifting per se.  

 To investigate whether COMT influenced levels of activation in the older adults, 

we tested the levels of activation as described above but compared them between Met 

homozygotes and Val carriers.  Contrary to our hypothesis, however, Val carriers did not 

show higher levels of activation than Met homozygotes in regions identified for global 

shifts.  However, the significantly higher activation in the right angular gyrus as noted 

above remained significant across COMT groups in the older adults.   

Regions involved in updating   

 As in the task switching paradigm, when we investigated regions common to 

younger and older adults as well as regions comparing the two age groups on the 

updating portions of the running span task, we found more regions in common than not.  

Younger and older adults showed extensive regions of overlap clustering around frontal, 

parietal, subcortical, occipital, and cerebellar regions.  Additionally, smaller clusters of 

activation were observed in the inferior and middle temporal gyri.  Importantly, many of 

these regions have been reported in previous research studies investigating updating, 

albeit through an n-back task (Honey et al., 2002; Manelis & Reder, 2014; Nyberg, 

Dahlin, Neely, & Backman, 2009; Owen, McMillan, Laird, & Bullmore, 2005).  

Regarding age group differences, no regions reached significance for either younger > 

older or older > younger comparisons.   

 Within the regions of significant overlap, we investigated whether younger and 

older adults, as well as Met homozygotes and Val carriers within the older adult group, 

differed in levels of activation.  Contrary to our hypotheses, younger adults did not show 
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greater levels of activation than older adults in these regions during the updating process.  

Likewise, Val carriers within the older adult group did not show greater levels of 

activation than the Met homozygotes, as expected given the proposed benefit for the Val 

allele in flexible updating of information held in working memory (Bilder et al., 2004; 

Cools & D’Esposito, 2011).  In terms of differences in levels of activation between the 

regions, regardless of age group, the left middle frontal gyrus ROI demonstrated 

significantly higher levels of activation than those in the left putamen, the right 

cerebellum crus I, and the left cerebellum region VI.  Interestingly, however, the 

activation in the left inferior parietal lobule was significantly higher than the left middle 

frontal gyrus.  Further, neither the region x age nor the region x COMT interactions 

reached significance, indicating that the degree to which a region was activated was not 

differentially influenced by age or COMT.   

 During the test portions of the running span task, younger and older adults 

showed regions of significant overlap in the left middle frontal gyrus, left supplementary 

motor area, and insula bilaterally.  In order to assess the effects of difficulty on levels of 

activation in each of these 4 ROIs, we extracted the mean parameter estimates specific to 

each set size (3, 5, 7) and used them for statistical analyses.  Contrary to our hypothesis, 

younger adults did not show higher levels of activation than older adults during testing.  

However, the activations in the left insula and left supplementary motor area were higher 

than the left middle frontal gyrus.  Interestingly, the anterior insula – the location of the 

ROI – has been shown to be involved in n-back working memory tasks (Dima, Jogia, 

Frangou, 2014; Manelis & Reder, 2014).  Furthermore, the levels of activation in set sizes 
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5 and 7 were each significantly higher than in set size 3, indicating increases in activation 

with more difficult conditions.   

 Perhaps most striking is the significant effect of COMT on levels of activation 

within these ROIs, depending on set size.  Although Met homozygotes did not show 

higher levels of activation than Val carriers during testing as hypothesized, Val carriers 

did show significantly lower activations in set size 7 compared to set size 5, indicating a 

drop in activation that is not shown in Met homozygotes.  The pattern of activations is 

somewhat suggestive of the CRUNCH hypothesis applied to COMT genotypes rather 

than age.  Specifically, the Val carriers show higher levels of activation for moderate 

levels of difficulty (set size 5) but cannot maintain this activity for the more difficult 

condition (set size 7).  However, contrary to the prediction according to CRUNCH for a 

drop in performance that would accompany the drop in activation, the Val carriers did not 

show such a drop in performance.  In spite of the differences between our findings and 

the CRUNCH hypothesis, it is striking that the Val carriers had lower levels of activation 

for set size 7 than set size 5 even though their reaction times remained longer than Met 

homozygotes.  Thus, the lower activations cannot be attributed simply to the durations of 

the response times, as such an effect would be associated with higher levels of activation 

for each set size in the Val carriers.  Additionally, the differential effects of COMT 

depending on set size were shown in spite of the Met homozygotes being significantly 

older and less educated than the Val carriers.   

Exploring the neural correlates of the unity and diversity of executive functions  

 As one of the goals of the present study, we sought to explore the neural 

correlates of the unity and diversity of executive functions suggested by Miyake et al. 
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(2000) to exist at the cognitive level.  To this end, we investigated regions of significant 

overlap between each shift type (global and local) and updating, as well as regions where 

each shift type showed greater activations than updating and vice versa.  Additionally, 

given the potential age differences in regions showing overlap and regions showing 

differences between types of executive functions, we investigated these for younger and 

older adults separately.   

 Within each age group, global shifts showed more overlapping regions with 

updating than local shifts.  The regions included the middle frontal gyrus, inferior parietal 

lobule, and multiple cerebellar subregions.  However, the region of overlap were more 

extensive for older adults than younger adults.  Notably, these regions were in the right 

inferior frontal gyrus, anterior insula bilaterally, right fusiform gyrus, right middle 

occipital gyrus, and cerebellar regions such as region VI and the crus I.  Local shifts, on 

the other hand did not show regions of overlap with updating.  Taken together, this 

suggests commonalities between the cognitive and neural processes involved in global 

shifts and updating.  These processes may include maintenance of multiple rules based on 

cues to flexibly switch tasks and monitor the appropriate task for a given trial.   

 In support of the diversity of executive functions, both younger and older adults 

showed more regions where updating showed greater activations than global shifts, 

whereas the opposite was not true.  Although many of the regions showing updating 

greater than global shifts included those shown as common regions, i.e., regions of 

overlap, they did not indicate the direction of the difference as is the case here.  Regions 

that were unique to the updating greater than global shifts comparison were primarily 



137 

subcortical, with the thalamus and putamen being engaged in both age groups but the 

older adults showing additional regions in the caudate.   

 In summary, despite the similar performance between age groups and COMT 

groups in general, we observed several interesting results behaviorally and neurally.  

First, although COMT Met homozygotes were older and had less years of education, they 

showed faster reaction times with equal accuracy compared to Val carriers in the running 

span task.  Second, Val carriers showed significant drops in activations for the most 

difficult condition of the running span task that the Met homozygotes did not display and 

this was not related to the slower reaction times of the Val carriers.  Third, while the two 

executive functioning tasks showed much overlap, there were regions that differed as 

well, particularly in the thalamus and basal ganglia for updating.  Fourth, the patterns of 

overlap and differences were similar to younger and older adults; however, the older 

adults showed more extensive activation in these regions.  Thus, it is important for future 

studies to continue characterizing the unity and diversity of executive functions and 

investigate factors that may influence these patterns behaviorally and neurally, such as 

age and genetics.   
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CHAPTER 5 

GENERAL DISCUSSION 

 In the present set of experiments, we investigated the effects of age and COMT 

genotypes on traditional measures of executive functions, e.g., Wisconsin Card Sorting 

Test (WCST; Hart et al., 1988), a battery of executive functions based on the 3 factor 

model described by Miyake et al. (2000) and developed at the University of Arizona 

(Alexander et al., 2012), and two fMRI tasks of executive functions.  Age effects were 

quite robust across the traditional and executive functions battery measures, with older 

adults generally performing worse than younger adults, and older-old adults (71 – 89 

years) generally performing worse than younger-old adults (60 – 70 years).  However, the 

effects of COMT were more consistent for the traditional measures of executive functions 

rather than the executive functions battery.  For the traditional measures, results were in 

the expected direction, showing that COMT Val homozygotes performed worse than the 

Met homozygotes and Met/Val heterozygotes on multiple measures of executive 

functioning.  Surprisingly, however, Val homozygotes performed better than Met 

homozygotes on a composite score of memory functioning.  The latter finding was 

particularly surprising considering that association studies between COMT and episodic 

memory have demonstrated higher performance in Met homozygotes compared to Val 

carriers (de Frias et al., 2004; Persson et al., 2016; Raz et al., 2009).   

 Regarding the effects of COMT on older adults’ performance on the executive 

functions battery, the results were in the opposite direction as expected.  Based on models 

of dopamine function and the influence of COMT genotypes (Bilder et al., 2004; Cools & 

D’Esposito, 2011), we expected certain genotypes to show higher levels of performance 
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depending on the specific types of executive functions targeted by the 3 domains in the 

battery.  According to the models by Bilder et al. (2004) and Cools and D’Esposito 

(2011), the Val allele promotes cognitive flexibility, while the Met allele promotes 

cognitive stability.  Importantly, their conceptualizations of flexibility and stability can be 

mapped onto Miyake et al.’s (2000) three domains of executive functions.  Specifically, 

flexibility encompasses shifting and updating, whereas stability encompasses inhibition.  

Thus, we expected Val homozygotes to show higher performance on the number-letter 

task (shifting), the consonant updating task (updating), and the keep track task (updating).  

Conversely, we expected the Met homozygotes to show less interference in the Stroop 

task (inhibition).  However, our results showed that Met/Val heterozygotes actually 

trended toward larger shift costs overall than Val homozygotes.  Additionally, Met 

homozygotes actually performed better than the Met/Val heterozygotes but no better than 

the Val homozygotes on the keep track task.  Upon closer examination of the processes 

involved in the keep track task, however, the results may not necessarily be contradictory.  

While it is clear that participants must continually update words from different categories 

held in working memory during the study portions of the task, at the time of test where 

we obtain our measure of performance, they must also maintain the most recent words as 

they write down their responses.  It is important to note that some words were presented 

more recently while others were presented with a longer delay before testing.  Thus, the 

processes involved during testing may entail maintenance of the successfully updated 

information long enough to respond at test.  In this sense, the maintenance of the 

information at test maps onto Bilder et al.’s (2004) and Cools and D’Esposito’s (2011) 

concept of stability.  If this is the case, then one would expect Met homozygotes to 
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perform better than Val carriers.  However, in the same vein, it is still unclear as to why 

Met homozygotes only performed better than Met/Val heterozygotes but not Val 

homozygotes.   

 In the fMRI experiment, we used a task switching paradigm and running span 

paradigm to test the neural correlates of shifting and updating, respectively.  As in the 

first two experiments, we tested the effects of age, as well as the effects of COMT on 

older adults’ performance on the two types of executive functions.  Additionally, we 

tested whether younger and older adults showed similar regional patterns of activation 

during the shifting and updating processes.  Interestingly, although younger and older 

adults performed similarly on the two tasks, with the exception of the older adults’ slower 

reaction times in the running span task, we observed some interesting results regarding 

the regions recruited and the levels of activations within them.   

 For both the shifting and updating tasks, younger and older adults showed more 

regions in common than not.  However, this depended on the specific processes involved 

during each task.  For example, in the task switching paradigm, the two age groups 

showed many regions of overlap during global shifts but not local shifts.  The greater 

overlap between the two age groups during global shifts compared to local shifts may 

reflect the greater difficulty in keeping the two tasks online or active such that cues (i.e., 

diamond or square shape) can be monitored for the appropriate task to be performed for a 

given trial during an entire block.  Interestingly, the regions engaged by both age groups 

included regions previously reported to be involved in global shifts (Madden et al., 2010), 

i.e., the middle frontal gyrus bilaterally, left inferior parietal lobule, left inferior temporal 

gyrus, and cerebellar subregions.  However, when comparing younger and older adults to 
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each other, no regions showed greater activations in one group relative to the other, 

which is consistent with Madden et al. (2010) except that they did show one region that 

differed.  The region that differed in their study showed younger adults engaging the left 

inferior frontal gyrus to a greater extent than older adults.   

 Similarly, in the running span task, younger and older adults showed extensive 

regions of overlap in frontal, parietal, basal ganglia, occipital, and cerebellar regions 

during the updating process.  As in the global shifts, when we compared activations 

during the updating process between the two age groups, no regions showed greater 

activation for one group relative to the other.  However, during the test portions of the 

task, we observed significant overlap between younger and older adults, as well as 

regions where older adults showed greater activations than younger adults.  These regions 

included the insula bilaterally, left middle frontal gyrus, and left supplementary motor 

area.  Within these regions of overlap between younger and older adults during testing, it 

is particularly striking is that COMT Met homozygotes and Val carriers differentially 

engaged levels of activation depending on set size.  Although Met homozygotes did not 

show higher levels of activation than Val carriers during testing as hypothesized, Val 

carriers did show significantly lower activations in set size 7 compared to set size 5, 

indicating a drop in activation that is not shown in Met homozygotes.  The pattern of 

activations is somewhat suggestive of the CRUNCH hypothesis applied to COMT 

genotypes rather than age.  Specifically, the Val carriers show higher levels of activation 

for moderate levels of difficulty (set size 5) but cannot maintain this activity for the more 

difficult condition (set size 7).  However, contrary to the prediction according to 

CRUNCH for a drop in performance that would accompany the drop in activation, the 
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Val carriers did not show such a drop in performance.  In spite of the differences between 

our findings and the CRUNCH hypothesis, it is striking that the Val carriers had lower 

levels of activation for set size 7 than set size 5 even though their reaction times remained 

longer than Met homozygotes.  Thus, the lower activations cannot be attributed simply to 

the durations of the response times, as such an effect would be associated with higher 

levels of activation for each set size in the Val carriers.  Additionally, the differential 

effects of COMT depending on set size were shown in spite of the Met homozygotes 

being significantly older and less educated than the Val carriers.   

 In terms of the neural correlates of the unity and diversity of executive functions, 

global shifts showed more regions in common with updating than did local shifts.  In fact, 

local shifts did not show regions of overlap with updating.  Interestingly, these effects 

were shown for both age groups.  However, the regions of overlap between global shifts 

and updating were more extensive for older adults than younger adults.  Taken together, 

this suggests commonalities between the cognitive and neural processes involved in 

global shifts and updating.  These processes may include maintenance of multiple rules 

based on cues to flexibly switch tasks and monitor the appropriate task for a given trial.   

 In support of the diversity of executive functions, both younger and older adults 

showed more regions where updating showed greater activations than global shifts, 

whereas the opposite was not true. Although many of the regions showing updating 

greater than global shifts included those shown as common regions, i.e., regions of 

overlap, they did not indicate the direction of the difference as is the case here. Regions 

that were unique to the updating greater than global shifts comparison were primarily 
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subcortical, with the thalamus and putamen being engaged in both age groups but the 

older adults showing additional regions in the caudate.   

 To summarize across the 3 experiments, age effects were more robust than COMT 

effects.  However, the effects of COMT indicate that an overall Met advantage cannot be 

assumed.  Rather, the benefits of one allele compared to the other should be investigated 

in terms of the specific cognitive processes involved in the task at hand.  It should also be 

noted that even tasks that are considered “pure” may not necessarily be pure to the extent 

that multiple processes may be involved to produce the observed behavior.  Additionally, 

although behavioral performance might be similar between groups of participants (e.g., 

younger and older, or Met homozygotes and Val carriers), fMRI activation differences 

may suggest differences in order to maintain similar levels of performance.  Thus, it is 

important for future studies to continue characterizing the unity and diversity of executive 

functions and investigate factors that may influence these patterns behaviorally and 

neurally, such as age and genetics.   
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