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ABSTRACT 

Age-related reductions in executive functions and the brain networks that support them, 

such as the frontoparietal network (FPN) and default mode network (DMN), have been well-

documented. Less well known, however, are the cognitive and neural consequences of mild 

cerebrovascular disease. The present study sought to employ a revised stroke risk classification 

system (CHA2DS2‐VASc) to validate its utility as a predictor of working memory performance 

in a sample of 45 healthy older adults and determine if this relationship is related to coherence of 

the FPN and DMN. Results validated CHA2DS2‐VASc as a predictor of age-related working 

memory decline, and connectivity of FPN and DMN regions; while their mean coherence did not 

significantly influence this relationship, connectivity of the left dorsolateral prefrontal and right 

posterior parietal cortices mediated the relation between CHA2DS2‐VASc and working memory. 

Findings identified CHA2DS2‐VASc as an early marker of stroke risk in healthy older adults and 

a potential mechanistic basis for age-related working memory in two prominent FPN nodes. 
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CHAPTER 1 

INTRODUCTION 

Advancements in healthcare have contributed to a worldwide increase in lifespan.  The 

number of individuals aged 65 or older is projected to exceed 1.5 billion in 2050 (National 

Institute on Aging & World Health Organization, 2011) and will comprise approximately 30% of 

the population by 2060 (FUTURAGE project, 2011).  This demographic shift suggests that there 

will be higher prevalence of age associated disorders, such as heart disease, stroke, and dementia. 

It is estimated that 47 million individuals worldwide are currently affected by Alzheimer’s 

disease, which is recognized as a leading cause of death and the most prevalent dementia (World 

Health Organization, 2017).  While aging has been identified as the strongest risk factor for 

dementia, its two most common etiologies remain difficult to classify (Gorelick et al., 2011; 

Alzheimer’s association, 2016), as reflected by broad prevalence estimates of Alzheimer’s 

disease (AD) and cerebrovascular disease, and a limited understanding of their comorbidity and 

etiologies (O’Brien & Thomas, 2015; Iadecola, 2013).  In addition to the significant difficulties 

associated with dementia, the rapidly growing non-demented OA population will also present 

considerable challenges.  Healthy aging has been consistently linked with reduced cognitive 

function, and importantly, decline in functional status (IADL; Roy et al., 2016; Duda, Puente, & 

Miller, 2014).  These mechanisms are also not completely understood.  However, it is well-

documented that common physical disorders that increase in prevalence with aging, such as 

hypertension, arrhythmia, and other cardiovascular diseases, also lead to cognitive decline 

independent of age.  The mechanism for accelerated cognitive decline appears to be the 
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breakdown of the blood brain barrier that leads to recognized and unrecognized stroke and small 

vessel disease (Liebel and Sweet, in press).  Therefore, efforts to identify both risk and protective 

factors among the rapidly growing OA population are critical for improving our current 

classification of stroke risk and facilitating development of effective interventions that may 

ultimately forestall cognitive and functional decline.   

Consequences of Typical Aging 

It has been well-documented, at least since the beginning of formal intelligence testing, 

that non-demented older adults have exhibited patterns of neurocognitive decline over time 

(Wechsler, 1939; Cattell, 1943; Wechsler, 1945).  Decline in aspects of attention and memory 

are frequently reported; healthy OAs have demonstrated lower scores on tests of episodic 

memory (Buckner, 2004; Hedden & Gabrieli, 2004), explicit memory (Davis et al., 2003; Grady 

et al., 2006), and processing speed (Charness, 2008; Salthouse, 1996).  Moreover, complex 

cognitive tasks that rely on executive functions (EFs), such as working memory (Balota, Dolan, 

& Duchek, 2000; Zacks, Hasher, & Li, 2000), selective attention (Barr & Gambria, 2000; 

Madden, 1990), and task-switching (Kray & Lindenberger, 2002; 2000), appear to be particularly 

susceptible to the aging process (Glisky, 2007).  

  Neurobiological changes in aging.  Consistent with cognitive findings, neuroimaging 

studies have identified patterns of neural changes in non-demented OAs.  In structural 

neuroimaging studies, OAs have exhibited reduced white matter integrity (i.e., reduced 

functional anisotropy found using diffusion tensor imaging) in subcortical prefrontal (PFC) and 

parietal regions (Persson et al., 2006; Grady, 2012), and reduced gray matter volume within the 

hippocampus and PFC (Raz et al., 2004; Haug & Eggers, 1991).  Functional neuroimaging 

studies, using positron emission tomography (PET) and functional magnetic resonance (fMRI), 
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have revealed both age-related increases and decreases in brain activity. These findings were 

initially thought to reflect poorer brain function (i.e., reduced blood flow) underlying 

observations of worse performance associated with cognitive decline. Specifically, decreases in 

brain activity have been interpreted as reflecting a reduced allocation of neural resources; in 

contrast, observations of increases in brain activity, coupled with worse performance in aging, 

have been interpreted as reduced efficiency and selectivity of neural responses, referred to as 

dedifferentiation (see Grady, 2008 for review).   

Functional Connectivity and Aging   

Functional connectivity is a neuroimaging analysis method that has been increasingly 

used to assess the integration of neural activity across distant brain regions, irrespective of their 

structural connectivity (Schölvinck et al., 2010).  Various methods have been developed to 

measure this type of functional synchronization, or coherence, which is most frequently assessed 

using fMRI in a method commonly referred to as "functional connectivity MRI” (fcMRI; Van 

Dikj, Sabuncu, & Buckner, 2012).  A variety of fcMRI methods have been developed; however, 

a fundamental common feature is the assessment of correlations between the blood oxygenation 

level dependent (BOLD) time-series at the voxel level with a BOLD time course in a priori seed 

voxels or seed regions (Biswal et al., 1995), or by empirically driven approaches, such as 

independent component analyses (Dennis & Thompson, 2014).  While this BOLD signal is 

typically acquired during a “resting state,” fcMRI analyses can also be conducted using data 

acquired while an individual is engaged in a task.  Due to increased vulnerability to movement 

artifact, band-pass frequency filtering is used to exclude extraneous high frequency patterns 

associated with physiological processes (< 0.01 Hz; e.g., heart rate) and low-frequency 
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fluctuations (>0.1 Hz; e.g., head movement, linear drift) before conducting correlational 

analyses. 

More than 20 years ago, the initial development of this method linking cerebral and 

cerebellar motor regions (Biswal et al., 1995) has since fueled the discovery of a number of other 

temporally coherent networks that are robust and reliable across groups (Honey et al., 2009; 

Meindl et al., 2010; Shehzad et al., 2009; Van Dijk et al., 2010; Zuo et al., 2010; Damoiseaux et 

al., 2006; Fox et al., 2005; Beckmann et al., 2005).  The two most common methods of assessing 

functional connectivity in older adults have been resting state seed region based analysis and 

independent components analysis (ICA).  

In a seed-based approach, the researcher selects a “seed” of interest – such as a single 

brain voxel or cluster of voxels – and extracts the time course of activation in that seed.  When 

seed regions are used, the temporal course of the BOLD signal is typically averaged across the 

region at each time point (i.e., each brain volume acquired). This time course is then tested for 

temporal associations with the time courses of the rest of the voxels of the brain using 

correlational techniques that range from simple Pearson's r-values to more complicated GLM 

models with covariates (Fox and Raichle, 2007; Chen, Adleman, Saad, Leibenluft, & Cox, 

2014). Those regions that show a high degree of positive correlation with the seed are said to be 

functionally coupled. Brain regions that are negatively correlated with each other are thought to 

belong to opposing networks, whose functions switch.   

By contrast, ICA is a model free approach (i.e., a priori seed regions are not required) in 

which a four-dimensional fMRI (3D plus time) dataset can be decomposed into time courses and 

then spatial maps, describing the temporal and spatial characteristics of the components making 

up the data (Beckmann et al., 2005; Dennis & Thompson, 2014).  Both seed-based and ICA 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4109887/#R18
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4109887/#R18
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4109887/#R26
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4109887/#R7
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4109887/#R25
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approaches tend to reveal the same networks if the number of seeds or components are similar, 

although each method has advantages and disadvantages.  Seed-based analyses are preferred 

when a priori regions are examined.  Statistical analyses are less complicated and generally yield 

less variation than components identified by ICA. On the other hand, the ICA method is more 

data-driven and not "biased" by the investigator's choice of seed (Dennis & Thompson, 2014).  

This method relies on post-hoc determination of which components are important to the research 

question.  Pertinent to the present study, both methods have been used successfully to identify 

age-related alterations in both task-positive networks and the task-negative default mode 

network.   

 Task-positive network coherence.  With an increasing body of research employing fcMRI 

analyses, multiple functional neural networks have been identified (Power et al., 2011).  One 

well-studied brain network that appears to be affected by aging, the “frontoparietal network” 

(FPN), includes portions of the lateral prefrontal and posterior parietal cortex (Ptak et al., 2012).  

The FPN has been identified as a system involved in a wide variety of tasks, particularly by 

initiating and modulating “cognitive control” (Dosenbach et al., 2008).  Specific cognitive 

control functions mediated by the FPN include several attention-executive processes, such as  

attention selection, shifting, and vigilance (Mackie, Dam, & Fame, 2013; Naghavi & Nyberg, 

2005; Giuliano, Karns, Neville, & Hillyard, 2014; Moisala et al., 2015; Chun & Turk-Browne, 

2007), attention-shifting (Xu, Calhoun, Pearlson, & Potenza, 2014; ), sustained attention 

(Langner & Eikhoff, 2013; Moisala et al., 2015; Sarter, Givens, & Bruno, 2001), and working 

memory (Barnes, Nobre, Woolrich, Baker, & Astle, 2016; Giuliano et al., 2014; Darki & 

Klingberg, 2015; Chun & Turk-Browne, 2007; Naghavi & Nyberg, 2005).  In addition to flexible 

attentional processing and higher-order cognitive functioning, evidence suggests that the FPN 
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may also modulate several other multimodal perception systems (e.g., visual, limbic, motor; Cole 

et al., 2013; Zanto & Gazzaley, 2008).   

Altered patterns of FPN function have been demonstrated in older adults.  Specifically, 

evidence suggests that older adults show a well-established pattern of greater activity within 

regions of the FPN, relative to their younger counterparts, during successful performance of 

different cognitive tasks (e.g., working memory) that may reflect an over-recruitment 

neurocompensatory process (Grady et al., 1994; Cabeza et al. 1997).  However, a growing 

number of studies suggest that as attentional demands increase, older adults are less able to rally 

additional resources to meet the increasing load, and also show reduced efficiency or selectivity 

of responses (i.e., dedifferentiation) within FPN regions with reduced EF performance (Reuter-

Lorenz & Cappell, 2008; Nagel et al., 2009; Carp, Gmeindle, & Reuter-Lorenz, 2010; Madden et 

al., 2010; Hidden et al., 2011).   

Age-related fcMRI reductions of the FPN have been identified using multiple functional 

connectivity methods (Goh, 2011), including both seed-region analyses (Campbell et al., 2012) 

and a comprehensive machine-learning ICA technique (i.e., graph theory analysis; Geerligs et 

al., 2014).  Several of these studies have also identified a significant relation between age-related 

FPN coherence and declines in higher order cognitive abilities, including EFs such as task-

switching (Gold et al., 2010; Madden et al. 2010) working memory (Nyberg, Dahlin, Neely, & 

Backman, 2009), and attentional inhibition (Campbell et al., 2012).  

 Task-negative network coherence.  The most frequently studied brain network at rest is 

the default mode network (DMN; Andrews-Hanna, Smallwood, & Spreng, 2014).  The DMN is a 

system of interacting brain regions that include posterior and anterior midline cortices (e.g., 

posterior cingulate cortex, medial prefrontal cortex).  Raichle and others (Raichle et al., 2001; 
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Fair et al., 2007) have proposed that these regions support active baseline processes during 

conscious rest with low external attentional demands, which is abandoned to successfully 

perform more effortful externally driven cognitive tasks.   

The DMN has been found to be a highly compromised system in aging (Sala-Llonch, 

Bartes-Fax, & Junque, 2015).  Older adults affected by neurodegenerative processes have 

demonstrated alterations of DMN functioning, commonly with reduced connectivity of DMN 

nodes, including OAs diagnosed with mild cognitive impairment (MCI; Agosta et al., 2012; Bai 

et al., 2008; Binnewijzend et al., 2011; Rombouts, Barkhof, Goekoop, Stam, & Scheltens, 2005; 

Zhou et al., 2008; Petrella et al., 2011), and AD (Buckner et al., 2005; Rombouts et al., 2005; 

Grecious, Srivastava, Reiss, & Menon, 2003; Binnewijzend et al., 2011; Koch et al., 2010; Zhou 

et al., 2008; Petrella et al., 2011).  In addition, maladaptive neural alterations in DMN coherence 

among individuals with MCI and AD have demonstrated associated cognitive dysfunction in 

multiple domains, including immediate and delayed memory (Celone et al., 2006; Binnewijzend 

et al., 2011). 

A growing body of empirical evidence suggests that functional connectivity of the DMN 

reduces with healthy aging as well (Klaassens et al., 2017; Spreng, Stevens, Viviano, Schacter, 

2016; Andrews-Hanna et al., 2007; Sheline et al., 2010; Rombouts et al., 2005) and is inversely 

associated with processing speed (Ng et al., 2016), working memory (Grady et al., 2010; 

Hampson, Driesen, Skudlarski, Gore, & Constable, 2006), associative learning (Miller et al., 

2008), and executive control performance (Turner & Spreng, 2015).  Relatedly, healthy aging 

has also been associated with reduced and altered patterns of suppression of baseline DMN 

function with reduced performance during task-based fMRI (i.e., observed as relative 

deactivations), which occur when individuals abandon unconstrained processes, such as 
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attending to external environmental stimuli, monitoring one’s internal state, and autobiographical 

memory processing (Persson et al., 2007). Moreover, a shift from task-independent suppression 

to neurocompensatory overactivation has been speculated to reflect declining task-related neural 

resources, reduced efficiency in the allocation of resources, or both (Grady, Springer, 

Hongwanishkul, McIntosh, & Winocur, 2006; Sweet, Rao, Primeau, Durgerian, & Cohen, 2006; 

Sweet, Jerskey, & Aloia, 2010; Sweet et al., 2008).  This notion has been supported by several 

studies that have linked inverse relationships between the coherence of task-dependent networks 

and the DMN to cognitive performance in aging (Spreng et al., 2016; Ng et al., 2016; Avelar-

Pereira, Backman, Wahlin, Nyberg, & Salami, 2017). 

Network coherence and age-related cognitive decline.  Accumulating evidence has 

identified the coherence of brain networks as a causal mechanism of the relation between age-

related neuropathological changes and deterioration of cognitive performance (Barulli & Stern, 

2013; Stern, 2017); See Figure 1, as presented in Stern, 2017.  These findings have included 

investigations of several task-positive networks as well as the task-negative DMN.  For example, 

using a multivariate linear modeling technique, Gazes et al., (2015; 2012) reported that the 

functional coherence of a large-scale, task-positive brain network mediated the inverse effects of 

age and the performance of a challenging task-switching paradigm.  Using a similar approach to 

quantify the coherence of large-scale, task-positive brain networks, Steffener et al. (2014) 

identified reductions in the strength of correlations between several regions (e.g., middle frontal, 

subcortical, and occipital gyri) that partially mediated the relation between age and working 

memory performance.  While not causal in nature, Andrew-Hannah et al. (2007) identified a 

significant, positive relation between reduced coherence of the DMN and performance measured 

by composite scores of EF, memory, and processing speed.  In addition, using an ICA approach, 
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Sambataro et al., (2010) reported a significant, inverse relationship between reduced DMN 

coherence and age-related decline in working memory (i.e., 2-Back) performance.  Moreover, 

reduced functional connectivity between the dorsolateral and medial prefrontal cortices, post-

central gyrus, and anterior cingulate cortex has been associated with worse performance during 

the challenging Paced Audition Serial Addition Task (PASAT) in multiple sclerosis (MS) 

patients (Duong et al., 2005).  Conversely, results of a computerized cognitive rehabilitation 

program for individuals affected by MS revealed an increase in the functional coherence of the 

DMN that was associated with EF performance (Bonavita et al., 2014).  Taken together, these 

findings provide evidence of brain network coherence as a mechanism of age-related cognitive 

decline.  However, this literature is in its nascent stages with significant variability across 

studies, and would therefore benefit from further investigation (Barulli & Stern, 2013; Stern, 

2017).  For example, age-related declines in health, such as cardiovascular risk factors, may 

support further growth and clarification within this literature. 

Cardiovascular Disease and Age-related Cognitive Decline 

Cardiovascular disease (CVD) is a diagnosis that has been used to describe all congenital 

and acquired diseases of the circulatory system (International Classification of Diseases-10 

Codes I00-I99).  Prevalence is highly related to age, with more than 80% of men and 90% of 

women over the age of 80 experiencing some form of CVD (Mozaffarian et al., 2016).  

Approximately one in three of all American adults have some type of CVD, affecting 

approximately 44 million people over the age of 60 (Mozaffarian et al., 2016), and resulting in 

approximately 610,000 deaths each year (Center for Disease Control, 2013).  This is particularly 

troubling given the rapidly expanding OA population.  With improved survival from acute 

cardiac events, older adults are often faced with the prospect of living with CVD, which has been 
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shown to cause significant psychological, social, and economic hardship (Haan et al., 1997; 

Mangano, 1995; Miller & Missov, 2001; Rich, 1997; Smith & Mensah, 2003).  Research 

literature has consistently demonstrated age-related impairments in cognitive functioning 

associated with CVD (Cannon et al., 2017; DeRight, Jorgensen, & Cabral, 2015; Eggermont et 

al., 2012; Newman et al., 2005; Rusanen et al., 2014; Stephan et al., 2017).  Given the link 

between various types of CVD and small vessel disease (e.g., heart failure, hypertension) and 

related cognitive decline, it is reasonable to conclude that small vessel disease may account for 

cognitive dysfunction in pathological aging (Leibel & Sweet, 2017).   

CHADS2-VASc and risk of stroke.  Recent efforts have been made to improve our 

understanding of the mechanisms of stroke and small vessel disease.  In this vein, a classification 

system referred to as “CHADS2” was developed to improve the predictive ability of stroke 

among CVD researchers (Gage et al., 2001).  Since its inception, the CHADS2 system has been 

validated by many studies and gained widespread use as clinical prediction rules for the 

estimation of stroke risk in CVD patients with atrial fibrillation (Lee et al., 2010; Winkle et al., 

2013; Uehara et al., 2014; Boriani et al., 2011; Chen et al., 2013; Olesen & Torp-Pedersen, 2015; 

Letsas et al., 2013; Odum et al., 2012; Pieri et al., 2011; Perini et al., 2013; Palm, 2012; Zhu et 

al., 2015; Zuo et al., 2013; Komatsu et al., 2014; Giralt-Steinhauer et al., 2012), and other heart 

conditions, such as acute ischemic stroke, other arrhythmia, interatrial block, flutter, and 

hypertension (Ntaios et al., 2013; Lip et al., 2013; Tu et al., 2013; Wasmer et al., 2013; Perini et 

al., 2013).  Given the large-scale consequences of CVD and the rapidly expanding OA 

population, research on the cognitive and neuropathological effects among OAs with pre-clinical 

subtypes of CVD is of great importance.  The CHADS2 classification system offers a well-

validated option for such research that would also benefit from validation among healthy OAs.   
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The original CHADS2 score (scored as 1 point each for congestive heart failure, 

hypertension, diabetes mellitus, or age ≥75 years, and 2 points each for past stroke or transient 

ischemic attack) has been used to tailored initiation of antithrombotic treatments for stroke risk 

reduction (Lip, Tse, & Lane, 2012; Puwanant et al., 2009).  Recently, the CHA2DS2‐VASc score 

(scored as 1 point each for congestive heart failure, hypertension, diabetes mellitus, vascular 

disease, age 65 to 75 years, or female sex, and 2 points each for age ≥75 years or past 

stroke/transient ischemic attack) was developed to improve the precision of risk stratification by 

including other important predictive factors. These newer scores have been reported to improve 

the accuracy of the CHADS2 score in estimating the risk of stroke in older adults with several 

cardiac conditions (Lip et al., 2010; Piccini et al., 2013).   

Due to its inclusion of additional common stroke risk factors, the CHA2DS2‐VASc has 

begun to supersede its original CHADS2 version in clinical use, and it offers a very practical tool 

for identifying stroke risk in older adults, as well as estimating negative consequences of stroke 

(e.g., cognitive outcomes) and other cardiac complications (Tabata et al., 2017).  This is an 

important advancement due to its target risk factors’ effect on deficits in cognitive function and 

brain health.  Older adults with cardiac conditions (e.g., atrial fibrillation, acute stroke patients) 

and CHADS2 elevations have demonstrated significantly lower global cognitive functioning 

(Washida et al., 2017; Cerit et al., 2016; Meyre et al., 2017; Graff-Radford et al., 2016) as well 

as increased risk of mild cognitive impairment (Graff-Radford, 2016; Yaneva-Sirakova et al., 

2013; Shaw et al., 2016) relative to their healthy counterparts.   

Originally validated to aid in the decision whether or not to treat heart arrhythmia patients 

with anticoagulant medication due to the elevated risk of thromboembolic stroke, the validity of 

CHADS2 and CHA2DS2‐VASc scales have been extended to other stroke vulnerable populations, 
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such as patients with other cardiovascular diseases. A novel purpose of this proposal is to test the 

hypothesis that CHA2DS2‐VASc validity will extend to older adult cognitive performance as 

assessed by the PASAT, a behavioral measure that has demonstrated sensitivity to white matter 

pathology.   

CHA2DS2‐VASc components. 

Congestive heart failure.  As a common disease complicating many other cardiac 

pathologies, heart failure (HF) is defined as the heart’s inability to produce an adequate flow of 

blood at a pressure low enough to prevent pulmonary edema (Yancy et al., 2013).  Despite 

advancements in treatment, an estimated 5.7 million Americans have HF, and its prevalence is 

projected to increase nearly 50% by 2030 (Heidenreich et al., 2013).  HF is also the costliest 

CVD in the United States, with estimates over $30 billion in 2012 (Mozaffaria et al., 2016). 

Importantly, individuals with HF are much more likely to experience personal challenges, as 

well, including heightened risk of disability, death, emotional distress and lower quality of life 

(Mozaffarian et al., 2016; Pena et al., 2011; Gowrishankar, 2011).   

Research efforts have identified several forms of cognitive dysfunction and 

neuropathology among individuals affected by HF.  Executive functioning appears to be the 

cognitive domain most frequently impaired in HF patients (Alosco et al., 2014; Hajduk et al., 

2013; Bauer et al., 2012), particularly WM (Arslanian-Engoren et al., 2014; Callegari et al., 

2002; Grubb et al., 2000; Morys et al., 2016; Vogels et al., 2007b).  Numerous studies have also 

reported lower functioning in the domains of global cognition (Gallagher et al., 2013; Garcia et 

al., 2011), attention (Miller et al., 2012; Morys et al., 2016), and delayed memory (Almeida et 

al., 2012; Athilingam et al., 2011).  The neuropathological mechanisms associated with these 

cognitive deficits in HF continue to be investigated.  It has been well documented that cerebral 
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blood flow is significantly compromised in HF (Gruhn et al., 2001; Rajagopalan, Raine, Cooper, 

& Ledingham, 1984), which presumably leads to both gray and white matter damage (Almeida et 

al., 2012; Kumar et al., 2011). Structural changes can be diffuse or localized and may relate to 

specific neurocognitive impairments (Pan et al., 2013; Vogels et al., 2007). Almeida et al. (2012) 

found that HF patients exhibit gray matter loss in several frontal regions, the right middle 

temporal gyrus, occipital-parietal regions, including the precuneus, and the left caudate nucleus 

that were associated with deficits in immediate and delayed memory and CPS.  

Hypertension.  Hypertension (HTN) is sustained elevation in blood pressure (BP), and 

over 90% of cases are classified as primary (i.e., essential), denoting uncertain cause.  In the 

United States, the overall prevalence of HTN reaches 65% among people over the age of 60 

(Nwankwo et al., 2013), and in 2014, over 30,000 deaths were attributed to HTN alone 

(Kochanek et al., 2016).  HTN has been identified as a significant risk factor for other CVDs and 

has also been estimated to account for half of all strokes (Rapsomaniki et al., 2014).  Given the 

relationship between stroke and dementia (Pendlebury & Rothwell, 2009), it is clear that the 

relationship between hypertension and stroke also makes it a risk factor for dementia.  Age is the 

greatest risk factor for hypertension and has been recognized as a moderator in several studies of 

neurocognitive impairment (Qui et al., 2009; Shang et al., 2016). 

HTN has been linked to reduced neurocognitive function across several domains.  The 

most frequently studied effects have used global cognitive assessment measures.  Most studies 

have reported inverse relationships between current or historical BP and MMSE scores (Haring 

et al., 2016; Obisesan et al., 2008).  Similarly, studies have found an association between HTN 

and basic auditory or visual attention (Nishtala et al., 2015; Waldstein et al., 2005).  A high rate 

of significant effects of HTN across several EFs suggests an elevated risk in this domain as well, 
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including verbal fluency (Gottesman et al., 2017; Nishtala et al., 2015) and cognitive flexibility 

(Alosco et al., 2012; Debette et al., 2011) skills.  Pathophysiological effects of HTN have also 

been identified.  Structural brain changes found to correlate with HTN have included reduced 

gray matter volume (Strassburger et al., 1997), including prefrontal cortex volume (Raz, 

Rodrigue, & Acker, 2003).  Regarding functional brain changes, HTN has also been primarily 

associated with reduced blood flow throughout the brain (Friedman et al., 2014), including 

hippocampal and prefrontal regions (Efimova et al., 2008; Jennings et al., 2005).          

Diabetes mellitus.  Diabetes is a complex and heterogenous metabolic disorder that 

typically begins with insulin resistance, which is linked with physical inactivity and obesity 

(Stumvoll, Goldstein, & van Haeften, 2005).  Type 2 diabetes (T2D) is highly prevalent among 

older adults, with an estimated 25%+ of older adults in the United States affected by T2D 

(Center for Disease Control and Prevention, 2011).  Consistent with the CVDs, as the population 

ages, the prevalence of T2D increases (Center for Disease Control and Prevention, 2014), and 

the life expectancy for people with T2D extends.  It is well-established that long-term 

complications of T2D include microvascular and macrovascular disease throughout the body, 

including ischemic stroke in the brain (American Diabetes Association, 2014).  Results from a 

recent meta-analysis of 19 longitudinal cohort studies suggested that older adults with T2D, 

compared to those without, have more than double the risk of developing vascular dementia, and 

the relative risk of developing AD, MCI and any dementia were 1.46, 1.21, and 1.51, 

respectively (Gheng, Huang, Deng, & Wang, 2012).  Therefore, understanding the epidemiology 

of geriatric outcomes, including cognitive decline and dementia among individuals with T2D, is 

very important.      
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 Cross-sectional studies generally report modestly lower cognitive function among people 

with T2D compared to people without (see Van den Berg et al, 2009 for review).  Many studies 

have reported an association between T2D and decline in one or more domains, but across 

studies, there has not been a consistent associated between T2D and decline in individual 

domains.  For example, many studies have reported an association between T2D and accelerated 

decline in processing speed (Yaffe et al., 2012; Gregg et al., 2000), aspects of memory (Spauwen 

et al., 2013; Comijs et al., 2009), and EF (Gregg et al., 2000; Debette et al., 2011), while other 

studies have not (Comijs et al., 2009; Knopman, Mosley, Catellier, & Coker, 2009; Van den 

Berg et al., 2006).  Neuroimaging studies have also identified pathophysiological effects of T2D 

(Mayeda, Whitmer, & Yaffe, 2015).  Structural MRI studies have consistently reported an 

association between T2D and cortical and subcortical cerebral atrophy among older adults 

(Espeland et al., 2013; Moran et al., 2013; Falvey et al., 2013).  Cerebral infarcts associated with 

T2D have been found relatively consistently, while white matter intensities, as a marker of 

microvascular cerebral damage, has been inconsistent (Manschot et al., 2006; van Harten et al., 

2006; Saczynski et al., 2009).    

Stroke or transient ischemic accident.  Along with AD, stroke has one of the largest  

morbidity burdens in older populations (Lopez, Mathers, Ezzati, Jamison, & Murray, 2006).  It is 

well-establish that stroke significantly increases the risk of dementia (Desmond, Moroney, Sano, 

& Stern, 2002; Ivan et al., 2004; Pendlebury & Rothwell, 2009; Gamaldo et al., 2006).  Vascular 

dementia has been estimated to account for approximately 15% of dementia cases (O’Brien & 

Thomas, 2015).  In community-based studies, the prevalence of post-stroke dementia in stroke 

survivors is about 30%, and the incidence of new onset dementia after stroke increases 

considerably over time (Leys, Henon, Mackowiak-Cordoliani, & Pasquier, 2005).  Stroke causes 
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cognitive impairment through several mechanisms, including lacunar infarcts, ischemic white 

matter disease, cerebral hypoperfusion, amyloid burden, and neuroinflammation (Thiel et al., 

2014; Rockwood, Bowler, Erkinjuntti, Hachinski, & Wallin, 1999; Yao et al., 1992; Henon et al., 

2001).     

 While cognitive deficits following stroke are highly variable, based in part upon the type 

of stroke, region(s) affected, and severity, and moderating risk factors (Kaffashian et al., 2014).  

Individuals often exhibit several risk factors of stroke, such as obesity, smoking, HTN, and 

hypercholesterolemia, that may act in an additive or synergistic manner (Kivipelto et al., 2005).  

Using this information, several early detection tools, such as the CHA2DS2‐VASc, have been 

developed and validated to clinically assess for risk in a practical and effective manner (Gage et 

al., 2001; Lip et al., 2010; Kaffashian et al., 2014).  In addition to these early detection 

endeavors, several behavioral intervention modalities have proven to be effective in reducing the 

risk of stroke in older adults, such as the Mediterranean diet (Psaltopoulou et al., 2013) and 

physical activity (Schmidt, Endres, Dimeo, & Jungehulsing, 2013).  Moreover, behavioral 

intervention strategies have also shown efficacy in preventing cognitive decline following stroke, 

including multimodal approaches (Ihle-hansen et al., 2012) and community exercise therapy 

(Moore et al., 2014).  Given the value of stroke risk assessment in clinical populations, increased 

efforts to assist researchers and clinicians in improving upon stroke risk among healthy OAs is 

paramount for effective health management of the rapidly growing older adult population.  

PASAT, aging, and cardiovascular health.  Given the pattern of EF declines associated 

with cardiovascular health and aging, identification of a neuropsychological task that 

significantly challenges EFs would be ideal for assessing stroke risk in community dwelling 

OAs, and the PASAT may offer such utility. In a follow-up to Gronwall and Sampson’s (1974) 
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original clinical study of the PASAT, Gronwall (1977) identified increased variability in PASAT 

performance related to age,  which was supported by later studies that identified an inverse 

relationship between PASAT performance and age in adults (Baird, 2004, Brittain et al., 1991, 

Crawford et al., 1998, Diehr et al., 2003; Diehr, Heaton, Miller, & Grant, 1998; Fluck, 

Fernandes, & File, 2001; Roman et al., 1991; Stuss, Stethem, & Poirier, 1987; Wiens et al., 

1997).  Due to the PASAT’s well-established sensitivity to white matter disease, the PASAT 

may also be sensitive to white matter changes related to cardiovascular burden (e.g., small vessel 

disease).  For example, a significantly greater decline in PASAT performance, relative to tests 

across several other cognitive domains, was revealed in 177 subacute ischemic infarct patients 

(Jaillard et al., 2009).  Patients with T2D have also been shown to perform worse on the PASAT 

than age-matched pre-diabetic patients (Nazaribadie et al., 2014).  Recently, generally healthy 

OAs diagnosed with MCI and DM have also shown reduced PASAT performance at baseline of 

a cognitive intervention study (Umegaki et al., 2017).  Thus, the PASAT appears to be an 

optimal candidate to help researchers increase our understanding of cognitive declines associated 

with stroke risk.    

Mechanistic role of network coherence.  Increasing efforts within neuroimaging 

literature have broadly focused on the identification of neural mechanisms that mediate cognitive 

functions as potential foci for intervention.  Accumulating evidence has identified the coherence 

of brain networks as a causal mechanism (i.e., mediator) of the relation between age-related 

neuropathological changes (such as cerebrovascular disease) and deterioration of cognitive 

performance (Barulli & Stern, 2013; Stern, 2017); See Figure 1, as presented in Stern, 2017.  

These findings have included investigations of several task-positive networks as well as the task-

negative DMN (Gazes et al., 2015; 2012; Steffener et al., 2014).  Moreover, the DMN and FPN 
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have proven particularly useful for the study of mechanistic bases to cognition due to their 

robustness and reliability (Andrews-Hanna et al., 2014; Honey et al., 2009); moreover, they are 

particularly strong candidates relative to the current study, as they have both demonstrated age-

related reductions in coherence (Goh, 2011; Klaassens et al., 2017), and modulation of EF 

functions in OAs, including WM (Nyberg et al., 2009; Grady et al., 2010).  Furthermore, reduced 

coherence of FPN regions have been associated with reduced PASAT performance in MS 

patients (Duong et al., 2005).  Age-related declines in health, such as CVD risk factors that also 

cause white matter disease, may support further growth and clarification within this literature.  

Thus, the DMN and FPN are ideal candidates for examination of mechanistic basis that support 

the expected relation between stroke risk and WM performance in OAs.   

Aims and Hypotheses 

The present study examined the relationship between OAs’ risk of stroke and performance on 

a challenging WM task (i.e., PASAT) that has demonstrated sensitivity in patients with white 

matter disease (Gronwall, 1977; Rao, 1991).  Consistent with modern models of brain reserve 

(Stern, 2017), the potential indirect effect of network coherence on the relation between stroke 

risk and WM performance was assessed.  It is specifically hypothesized that (1) CHA2DS2‐VASc 

would exhibit a significant inverse correlation with PASAT performance, such that increasing 

risk of stroke would negatively correlate with EF performance.  Next, it was hypothesized that 

CHA2DS2‐VASc score would be inversely correlated with coherence strength of the FPN (2), as 

well as the DMN (3).  Contingent upon these findings, it was hypothesized that (4) the strength 

of FPN coherence would mediate the relation between CHA2DS2‐VASc and PASAT 

performance, and that, (5) similarly, strength of DMN coherence would mediate the relation 

between CHA2DS2‐VASc and PASAT performance.  Results in support of these findings may 
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have practical and theoretical implications: (a) validation of a stroke-risk index for community-

dwelling OAs would provide quantitative support for the utility of extending its use, (b) 

identification of a mechanistic basis for CVD-related cognitive decline would provide support 

for the modern models of clinical neuropsychology that predict network coherence mediates the 

cognitive consequences of brain pathology, and offers foci for the continued development of 

interventions, including cognitive training programs and pharmacotherapies.      
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CHAPTER 2 

METHODS 

Participants 

Participants included 45 community-dwelling, right handed, and English-speaking men 

and women over the age of 50 (29 female, age range 53-86, M age = 65.06 years, SD = 8.81) 

who participated in a study of cardiovascular disease.  Although they were recruited from both 

the community and cardiology clinics in the Providence, RI area, heart health status was not an 

exclusionary criterion. For each participant, a risk of stroke estimation was calculated according 

to the CHA2DS2‐VASc criteria. Participants were well-educated (M = 16.30, SD = 2.17).  See 

Table 1 for descriptive statistics of the sample.  Exclusion criteria included left-hand dominance, 

corrected visual acuity poorer than 20:40, low global cognitive function (> 1.5 SDs below the 

sample population on the MMSE), or any MRI contraindications (e.g., metal implants).  

Significant medical (e.g., endocrine disorders), neurological (i.e., multiple sclerosis, traumatic 

brain injury with loss of consciousness), and psychiatric problems (e.g., substance abuse with 

hospitalization, diagnosis of any current or chronic psychiatric illness) were exclusion criteria 

that were assessed by interview, physical examination, review of medical records and self-report 

questionnaires. 

Procedure 

The current study was conducted using data from a parent study intended to examine the 

behavioral and neural effects of CVD in aging.  Quantification of fcMRI and CHA2DS2‐VASc 
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and all statistical analyses used in the present study were conducted independent of the parent 

study.   

All participants underwent telephone screening and provided written informed consent. 

Assessments were conducted over three visits that spanned approximately six weeks. They 

included a comprehensive neuropsychological battery, a cardiology assessment (e.g., 

echocardiogram), and an MRI scanning session.  The three-hour neuropsychological assessment 

was supervised by a licensed clinical neuropsychologist. Echocardiogram assessments were 

conducted by a licensed cardiologist in order to measure the absence or presence and severity of 

CVD and related risk factors.  At a subsequent visit, a one-hour MRI assessment was conducted 

using a Siemen’s 3T TIM Trio scanner. The scanning session included the acquisition of T1-

weighted structural and echoplanar functional images during a working memory task and resting 

state (i.e., fixated on a “+”). Participants were compensated for their participation.  The study 

was approved and monitored by the university and hospital institutional review boards (IRB) 

where the research took place and conformed to the Helsinki Declaration on human subjects’ 

protection. 

Measures 

 Three primary assessments were used to address the aims of this study. These included a 

quantification of stroke risk, behavioral assessment of EFs, and fcMRI.  

Assessment of executive function.  The Paced Auditory Serial Addition Test (PASAT) 

was administered using 3 second interstimulus intervals.  The PASAT is a clinical assessment 

instrument that has been frequently used by neuropsychologists to assess attention and EFs 

(Tombaugh, 2006; Gronwall & Sampson, 1974).  It has demonstrated sensitivity to detect 

cognitive impairment and functional impairment in patient populations with white mater disease 
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and executive deficits, including traumatic brain injury (Gronwall, 1977) and multiple sclerosis 

(Rao, 1995; Fischer et al., 1999).  Administration of the PASAT involves presenting a series of 

single digit numbers where the two most recent digits must be summed.  For example, if the 

digits “3”, “6”, and “2” were presented, the participant would respond with correct sums, “9” and 

then “8.”  The participant must respond prior to the presentation of the next digit to be scored as 

correct.  The PASAT is conceptualized as a multifactorial test because it requires the successful 

completion of numerous executive and other cognitive functions. Cicerone (1997) observed that 

the PASAT has two components: 1) cognitive ability required to complete the task, and 2) speed 

of information processing.  Since then, several specific EFs have been identified as necessary for 

the successful completion of the PASAT, including selective and sustained attention, working 

memory, and divided attention (Madigan et al., 2000).  The PASAT has demonstrated good 

psychometric properties, such as high levels of internal consistency, test-retest reliability, and 

sensitivity to executive deficits in patients with known white matter disease (Tombaugh, 2006; 

Rao, 1995; Fischer et al., 1999; Gronwall & Sampson, 1974).  For the present study, the raw 

score of the PASAT (3 second interval) served as the dependent variable.    

CHADS2 classification. The CHA2DS2‐VASc is a system for quantifying an individual’s 

stroke risk. (Gage et al., 2001).  It is based on an earlier CHAD2 version, which determined 

scores by adding one point for each congestive heart failure, hypertension, age over 75, and 

diabetes mellitus.  CHA2DS2‐VASc was developed to improve the precision of risk stratification 

by including other important predictive factors (scored as 1 point each for congestive heart 

failure, hypertension, diabetes mellitus, vascular disease, age 65 to 75 years, or female sex, and 2 

points each for age ≥75 years or past stroke/transient ischemic attack). These newer scores have 

been reported to improve the accuracy of the CHADS2 score in estimating the risk of stroke in 

http://www.sciencedirect.com/science/article/pii/S0887617705001320#bib20
http://www.sciencedirect.com/science/article/pii/S0887617705001320#bib96
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heart arrhythmia patients (Lip et al., 2010; Piccini et al., 2013).  Due to its inclusion of additional 

common stroke risk factors, the CHA2DS2‐VASc has begun to supersede its original version in 

clinical use and offers a very practical tool for identifying stroke risk even in older adults with 

mild neuropathology (Tabata et al., 2017).   

Neuroimaging. 

Data acquisition. Whole-brain echoplanar fMRI was conducted using a Siemen’s TIM 

Trio 3 tesla scanner (TR = 2500 ms, TE = 28 ms, FOV = 1922, matrix size = 642, in 42 3-mm-

thick axial slices). The resting state acquisition yielded 116 whole-brain volumes for each of the 

one 4-min imaging runs, yielding a spatial resolution of 3mm3 per voxel. Whole-brain high-

resolution T1 images were also acquired in the sagittal plane for anatomical reference (TR = 

1900 ms, TE = 2.98 ms, FOV = 2562 mm, matrix size 2562). A fixation crosshair was presented 

using E-prime (Psychology Software Tools, Sharpsburg, USA) and back-projected onto a screen 

visible to the participant via a mirror mounted to the head coil. 

Data processing.  fcMRI dataset processing and statistical analyses were performed with 

the CONN v1.2 software: A functional connectivity toolbox for correlated and anticorrelated 

brain networks (Whitfield-Gabrieli & Castanon, 2012).  After defining our raw functional (i.e, 

resting state) and structural data, CONN’s default Montreal Neurological Institute (MNI) 

preprocessing pipeline was used to correct for artifact and prepare for connectivity analyses.  

Preprocessing steps included functional realignment and unwarping, slice-timing correction, 

structural segmentation and normalization, outlier detection, and smoothing (8-mm FWHM 

Gaussian filter) using SPM default parameter choices.  Anatomical volumes were segmented into 

gray matter, white matter, and CSF areas, and the resulting masks were eroded (one voxel 

erosion, isotopic 2-mm voxel size) to minimize partial volume effects.  The temporal time series 
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characterizing the estimated subject motion (three-rotation and three-translation parameters, plus 

another 6 parameters representing their first-order temporal derivatives), as well as the BOLD 

time series within the single-participant-specific white matter mask and CSF mask, were used as 

temporal covariates and removed from BOLD functional data using linear regression.  Due to the 

heightened sensitivity to head motion artifact to fcMRI analysis (Dijk, Sabuncu, & Buckner, 

2011), the resulting residual BOLD time series were band-pass filtered using CONN’s default 

threshold (0.008 – 0.09 Hz).   

Region of Interest definition.   

Four distinct regions of interest (ROI) were chosen to characterize each network.  Using 

the CONN fMRI functional connectivity toolbox (Whitfield-Gabrieli & Castanon, 2012), we 

selected the default bilateral regions offered by the software for each of these well-established 

networks, with coordinates listed in MNI space, and surrounded by a 5 mm radius sphere.  As 

depicted in Figure 3, the task-positive FPN was defined by relations among the following ROIs: 

left lateral prefrontal cortex (L PFC; -43, 33, 28); left posterior parietal cortex (L PPC; -46, -58, 

49); right lateral prefrontal cortex (R PFC; 41, 38, 30); right posterior parietal cortex (R PPC; 52, 

-52, 45).  As depicted in Figure 4, the task-negative DMN was defined by relations among the 

following ROIs: medial prefrontal cortex (mPFC; 1, 55, -3); left lateral parietal cortex (LPC; -39, 

-77, 33); right lateral parietal cortex (RPC; 47, -67, 29); posterior cingulate cortex (PCC; 1, -61, 

38).  CONN’s default ROIs for each network were found to be consistent with prior literature of 

regions that define the FPN (Ptak et al., 2012) and DMN (Raichle et al., 2001; Fair et al., 2007), 

and they were also validated using the publicly available Neurosynth software 

(http://neurosynth.org/analyses/terms/), a platform for large-scale, automated synthesis of fMRI 

data using pooled meta-analytic data published in peer-reviewed journals.   

http://neurosynth.org/analyses/terms/
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Functional connectivity analysis.  

 Using the CONN toolbox (Whitefield-Gabrieli & Castanon, 2012), we used the ROI-to-

ROI connectivity (bivariate correlation measures) analyses to test our hypotheses.  Each of the 4 

ROIs selected for the FPN and DMN, respectively, served as a seed and a target region. For each 

participant, residual BOLD activity in each region was averaged at each time point to create a 

mean waveform for that ROI over time, and the four mean waveforms each became an 

independent measure that predicted the residual BOLD signal over time (i.e., the DV) in separate 

whole-brain voxel-wise GLM analyses.  CONN converted each of the resulting beta values to z-

scores using Fischer’s transformation.  To adjust for multiple corrections, results were 

thresholded using an FDR-corrected p-value (q = .05).  To provide one metric of DMN and FPN 

connectivity for each individual, the z-values in each voxel of each ROI were averaged to 

produce one mean z-score representing the connectivity among all four DMN nodes (i.e., a 

“coherence” value”). This procedure was repeated using the four nodes of the FPN to generate 

one mean z-score per person relative to the entire network.  At the group level, each subject had 

a total “coherence” value for each of the two networks, and these values were used as a 

continuous variable (the mediator) in the 2 multiple regression models.  Lastly, we used the same 

four seeds from each network to conduct two separate seed-to-voxel connectivity analyses (in 

order to ensure that primary nodes of each network were appreciated, thus validating the results 

of our ROI-to-ROI fcMRI analyses).  To accomplish this, the average BOLD time-series of each 

seed region (ROI) were tested for significant relations with each voxel of the brain, and results 

were thresholded using FDR corrected p-values by a combination of height (voxel-level) and 

extent (cluster-level) thresholds of q = 1.0 x 10-8.   



26 

 

Multiple Regression and Mediation Analyses.  Before conducting behavioral analyses, 

assumptions of multiple linear regression were examined, including homoscedasticity, 

independence of residuals, and normality of residuals (Cohen, Cohen, West, & Aiken, 2003).  In 

addition, multicollinearity between the independent variable and the mediator were reduced 

through the use of variable centering (Aiken & West, 1991). For mediation analyses, the 

publicly-available PROCESS SPSS macro plug-in (http://afhayes.com/introduction-to-

mediation-moderation-and-conditional-process-analysis.html; Hayes, 2012) was applied to 

examine the data within a multiple regression framework.  Following a test of multiple linear 

regression assumptions, the model (4) designated for mediation analyses was run to examine the 

mediation effect of functional network coherence (FPN and DMN, respectively) on the relation 

between CHA2DS2‐VASc and PASAT.  

  PROCESS provides a structured framework for assessing both complete and partial 

mediation effects.  The formal heuristic analysis that is often used to detect mediation effects 

follows from the definition of a mediator provided by the multi-step process described by Baron 

and Kenny (1986). Variable M is considered a mediator if (1) X significantly predicts Y (i.e., c ≠ 

0), (2) X significantly predicts M (i.e., a ≠ 0), and (3) M significantly predicts Y controlling for X 

(b ≠ 0).  While useful, Baron and Kenny’s rule-driven analysis is limited, and Hayes (2012) 

developed the PROCESS macro to provide a more data-driven and flexible approach.  In the 

simple mediation model, the relationship between X and Y is often referred to as the total effect, 

and this is denoted as c, which is distinguished (by subtraction) from c’, which denotes the direct 

effect of X on Y after controlling for M (Preacher & Hayes, 2004).  The resulting value is 

compared (and should be equivalent to) the indirect effect of M on the relation between X and Y, 

which is the interaction term of path A (M regressed on X) * path B (Y regressed on M in the 
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presence of X).  A bootstrapping method is then used to test the indirect effect for statistical 

significance, as revealed by 95% CIs that do not contain zero.   

With appreciation for the current sample size, we adopted the requirement of Baron and 

Kenny (1986) stating that a significant bivariate correlation between X and Y and/or Y and C 

must be observed to conduct a mediation analysis.  Using the PROCESS macro, we sought to 

test the indirect effect of the mediator (FPN/DMN coherence) on the significant and inverse 

relation between X (CHA2DS2‐VASc) and Y (PASAT performance).  

It was hypothesized that: (1) the total effect would reveal a significant and inverse 

relation between CHA2DS2‐VASc and PASAT performance; (2) the direct effect would reveal a 

non-significant relation between CHA2DS2‐VASc and PASAT performance, controlling for 

FPN/DMN coherence, that significantly differed from the total effect (i.e., c – c’ ≠ 0); and (3) an 

significant indirect effect of the mediator (FPN/DMN coherence) would be identified; this 

finding would be characterized by (3a) a significant and negative relation between CHA2DS2‐

VASc and FPN/DMN coherence, and (3b) a significant and positive relation between FPN/DMN 

coherence and PASAT performance. 

Power Analyses.  Power analyses were conducted with the G*Power software package 

(Erdfelder, Faul, & Buchner, 1996) to ensure that the current sample size was adequate to detect 

the hypothesized effects.  Power analyses indicated that a total sample of 41 participants would 

be needed to detect medium effects (i.e., r = .20) of the linear multiple regression and mediation 

analyses with .70 power using a two-tailed alpha of .05.  
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CHAPTER 3 

RESULTS 

Preliminary Statistics 

Preliminary data analyses were conducted using the Statistical Package for Social 

Sciences (SPSS 21.0 for Windows, SPSS, Chicago, IL).  Sample characteristics and cognitive 

performance are displayed in Table 1. The study sample was comprised of older adults with 

above average intellectual functioning and educational attainment.  Stroke risk status among the 

study sample, as measured by CHA2DS2‐VASc, was generally consistent with known 

distributions among OAs affected by atrial fibrillation and coronary artery disease with and 

without atrial fibrillation (Zuo et al., 2013; Tabata et al., 2017; see Table 1).  Performance on a 

task challenging the working memory, attention, and calculation systems was consistent with 

prior PASAT literature (Buitenweg, van de Ven, Prinssen, Murre, & Ridderinkhof, 2017; 

Brittain, La Marche, Reeder, Roth, & Boll, 1991).   

CHA2DS2‐VASc and Executive Function.  CHA2DS2‐VASc and PASAT performance 

were inversely correlated, indicating that increased risk of stroke was significantly and 

negatively associated with reduced working memory functioning (r = -.32, p = .03).  However, 

CHA2DS2‐VASc was not found to significantly correlate with mean coherence values of the FPN 

(r = -.06, p = .72) or the DMN (r = .04, p = .81) ROIs.  Correlation analyses also pertinent to 

hierarchical regression and mediation analyses are presented in Table 2.   

Functional Connectivity Analyses.  Results of the ROI-to-ROI and seed-to-voxel 

functional analyses that were conducted for each network are discussed below.    
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 Frontoparietal network:  Group level ROI-to-ROI analyses revealed significant 

connectivity among all four nodes of the FPN.  As expected, and illustrated in Table 3, each FPN 

node exhibited statistically significant associations with the rest of the network, as identified by 

CONN with global-network intensity values: L PFC (t = 20.11; p-FDR < .01), L PPC (t = 26.35; 

p-FDR < .01), R PFC (t = 20.58; p-FDR < .01), R PPC (t = 25.10; p-FDR < .01).   

 CONN also computes a correlation value for all ROI relationships in the network (6 in 

this case).  The strongest relation between two nodes of the FPN was identified between the L 

PPC and R PPC (t = 11.25; p < .01), followed by the relation between the L PFC and L PPC (t = 

10.30; p < .01), the R PFC and R PPC (t = 9.91; p < .01), the L PFC and R PFC (t = 5.86; p < 

.01), the L PPC and R PFC (t = 4.81; p < .01), and L PFC and R PPC (t = 3.95; p < .01).  Using 

the effect size (r) from each ROI-to-ROI relation at the individual level, we computed a mean 

“coherence” value for the FPN network (z = .05; SD = .04; range = .27) at the group level to be 

used for hierarchical multiple regression and mediation analyses.  Figure 5 uses a color bar to 

provide a visual representation of the strength of each FPN connection. 

The seeds chosen for the whole-brain, seed-to-voxel connectivity analyses were the four 

hubs of the FPN: the left PFC, the right PFC, the left PPC, and the right PPC.  Results of the 

seed-to-voxel connectivity analysis revealed statistically significant clusters in the bilateral 

dorsolateral PFC, bilateral posterior/inferior parietal cortex, bilateral precuneus/PPC, and 

bilateral middle temporal gyrus (Table 5; Figure 7).   

 Default mode network:  Group level ROI-to-ROI analyses revealed significant 

connectivity among all four nodes of the DMN.  As illustrated in Table 3, each DMN node 

exhibited statistically significant associations with the overall network, as identified by CONN 
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with global-network intensity values: L LPC (t = 30.89; p-FDR < .01), R LPC (t = 29.77; p-FDR 

< .01), B PCC (t = 22.89; p-FDR < .01), B mPFC (t = 20.20; p-FDR < .01).   

  CONN also computes a correlation value for all ROI relationships in the DMN network.  

The strongest relation between two nodes of the DMN was identified between the L LPC and R 

LPC (t = 13.55; p <. 01), followed by the relation between the R LPC and PCC (t = 9.42; p < 

.01), the L LPC and PCC (t = 8.71; p < .01), the mPFC and L LPC (t = 8.63; p < .01), the mPFC 

and R LPC (t = 6.81; p < .01), and mPFC and R LPC (t = 6.81; p < .01).  Using the effect size (r) 

from each ROI-to-ROI relation at the individual level, we computed a mean “coherence” value 

for the DMN network (z = .05; SD = .04; range = .27) at the group level to be used for 

hierarchical multiple regression and mediation analyses.  Figure 6 uses a color bar to provide a 

visual representation of the strength of each DMN connection.  

The seeds chosen for the whole-brain, seed-to-voxel connectivity analyses were the four 

hubs of the DMN: the left LPC, the right LPC, the bilateral PCC, and the bilateral mPFC. A 

seed-to-voxel connectivity analysis revealed statistically significant clusters in the bilateral 

PPC/posterior parietal cortex, bilateral mPFC/ACC, bilateral middle temporal gyrus, bilateral 

inferior frontal gyrus, and R superior frontal cortex (Table 6; Figure 8).   

Multiple Regression and Mediation Analyses  

Despite the significant correlation found between CHA2DS2‐VASc and PASAT 

performance (r = -.31, p = .04), CHA2DS2‐VASc did not significantly correlate with functional 

coherence values of the FPN (r = -.01, p = .96) or DMN (r = .10, p = .54).  In addition, PASAT 

performance did not significantly correlate with coherence of the FPN (r = .14, p = .36) or DMN 

(r = -.09, p = .57).  Due to the absence of the two most common effects of a correlation between 

the IV and DV, and/or the mediator and DV, no further explorations of mediation effects relative 
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to the FPN and DMN coherence values were made.  Upon review of the correlation matrix of all 

study variables (Table 2), however, the coherence of FPN node 1 (i.e., L PFC) and FPN node 4 

(i.e., R PPC), hereafter referred to as “FPN1-4 coherence,” was significantly and inversely 

correlated with CHA2DS2‐VASc (r = -.40, p = .01) and significantly and positively correlated 

with PASAT performance (r = .35, p = .02).  Therefore, a post-hoc mediation analysis was 

conducted to examine the proposed mechanism of FPN1-4 coherence as a mediator between 

CHA2DS2‐VASc and PASAT performance.   

As proposed, the mediation model was tested using bootstrapped resampling methods 

with the PROCESS macros (Hayes, 2012).  The overall model fit and total effect were 

significant (R2 = .10, F(3,44) = 4.80, B = -2.04, SE = .93, t = -2.19, p = .03).  Unstandardized 

direct and indirect effects were computed for 1000 bootstrapped samples at the 95% confidence 

interval.  The direct effect of CHA2DS2‐VASc on PASAT performance, controlling for FPN14 

coherence, revealed a and non-significant relation (B = -1.40, SE = .98, t = 1-1.42, p = .16, 95% 

CI [-3.38, .59]).  The indirect effect of CHA2DS2‐VASc on PASAT performance through the 

mediator, FPN1-4 coherence, revealed an inverse and significant relation (B = -.64, Boot SE =.41, 

95% CI [-1.69, -.10]).  This indirect effect was further characterized by an inverse and significant 

relation between CHA2DS2‐VASc and FPN1-4 coherence (B = -.01, SE = .00, t = -2.66, p = .01), 

and a positive but non-significant relation between FPN1-4 coherence and PASAT performance, 

controlling for CHA2DS2‐VASc (B = 50.25, SE = 25.19, t = 1.72, p = .09).  Results of the 

mediation analysis are displayed in Figure 2.   
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CHAPTER 4 

DISCUSSION 

The present study examined the influence of network coherence of the FPN and DMN on the 

hypothesized relation between a stroke risk classification system (CHA2DS2‐VASc) and an age-

sensitive, challenging EF task (PASAT).  It was first determined whether stroke risk 

classification inversely correlated with EF performance (Hypothesis 1), and then if mean FPN 

and DMN coherence values were mediating this relation (Hypothesis 2).  This was the first 

examination of the utility of CHA2DS2‐VASc classification system for healthy OAs, and an 

assessment of neural network coherence as a mediator of age-related pathology and potentially 

cognitive decline, consistent with modern brain reserve models (Stern, 2017; see Figure 1).  

Findings revealed support for Hypothesis 1; stroke risk classification significantly and inversely 

correlated with performance on a challenging WM task.  Hypothesis 2 was not directly 

supported; since CHA2DS2‐VASc and PASAT scores did not significantly correlate with mean 

coherence values of the FPN or DMN, mediation analyses were not conducted.  However, 

because a significant inverse correlation between two FPN nodes (L PFC1 and R PPC4) and 

PASAT performance provided limited support for Hypothesis 1, a hierarchical regression 

analysis was conducted, which revealed that coherence of FPN1-4 significantly mediated the 

relation between stroke risk and EF.  Results suggest that CHA2DS2‐VASc may also be used as a 

valid estimation of stroke risk in healthy OAs, as it was linked to two markers of white matter 

integrity, PASAT performance and functional connectivity within the FPN. FPN connectivity of 
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the L PFC and R PPC may be particularly sensitive to white matter changes associated with 

CVD burden (e.g., SVD) and WM function in OAs.     

Behavioral Validation of CHA2DS2‐VASc in Healthy Older Adults 

The significant and inverse correlation between stroke risk classification and performance on 

a challenging WM task supports extension of the validity of CHA2DS2-VASc to healthy 

community-dwelling OAs.  Therefore, the characteristics of the sample used in the current study 

provide support for a wider and more generalized use of CHA2DS2-VASc with OAs.  For 

example, the statistical distribution of stroke risk classification shown by our sample was 

consistent with that of other samples used to validate CHA2DS2-VASc, including OAs affected 

by atrial fibrillation (Zuo et al., 2013), as well as CAD with and without atrial fibrillation (Tabata 

et al., 2017; see Table 1).  Similarly, the distribution of scores on the PASAT were also 

consistent with several other studies that measured performance in OAs (Buitenweg et al., 2017; 

Brittain et al., 1991).  According to sample and statistic considerations, therefore, the current 

study was well-equipped to assess the utility of using CHA2DS2-VASc with healthy OAs.  

Validation of the CHA2DS2-VASc classification system in a sample of healthy, community-

dwelling OAs has many both practical and theoretical implications.  From a practical standpoint, 

a validated classification system like CHA2DS2-VASc is easy to use and can be computed before 

or during a routine office visit by a healthcare provider, with several ensuing benefits to the 

patient and other providers, including (a) improved consistency and organization of medical 

history for a team of providers, (b) an opportunity to direct feedback provided to the patient, and 

(c) a more preventative approach to patient healthcare.  These applications and their related 

potential to improve healthcare, however, should be balanced with misuse of the CHA2DS2-

VASc or unrealistic expectations. While promising, research findings are not adequate to provide 
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specific prognostic indicators (e.g., percent chance of a stroke) based on a patient’s score relative 

to cut-offs.  Further research is recommended to advance the tool’s utility, including replication 

studies to further validate its utility for generally healthy OAs, and extension to validation 

studies for all candidate populations.    

Results suggest that the CHA2DS2-VASc classification system is sensitive to stroke risk 

factors that compromise white matter integrity and coincide with EF decline in healthy OAs 

(Buitenweg et al., 2017; Barnes et al., 2016; Darki & Klingberg, 2015).  This is an important 

finding due to the prevalence and significant consequences of CVD, as CVD has been found to 

account for nearly 50% of all dementia incidence (Shibuya, Costa Leite, & Lucato, 2017).  While 

some of these neurophysiological effects can be identified and treated (e.g., hypertension), many 

are not well understood or detected (Rosenberg et al., 2016); for example, it remains difficult to 

differentiate vascular cognitive impairment from AD, as they often coexist, and MRI studies that 

might differentiate them remain limited (Gorelick et al., 2011; Iadecola et al., 2013).  Moreover, 

it is difficult to determine how even common radiological findings (e.g., lacunes, perivascular 

spaces, white matter hyperintensities) pertain to cognitive impairments (Shibuya et al., 2017; 

Rosenberg et al., 2016).  In this context, our identification of a significant inverse relation 

between CHA2DS2-VASc and PASAT performance in healthy OAs may inform future studies of 

cerebrovascular risks and patterns of cognitive decline.   

Neural Network Coherence and Validation of CHA2DS2‐VASc in Healthy Older Adults   

 Consistent with studies of neural network coherence in aging, our ROI-to-ROI fcMRI 

analyses revealed highly significant correlations among the four assessed nodes of the DMN, 

including the medial PFC, PCC, R LPC, and L LPC (Raichle et al., 2001; Fair et al., 2007) and 

the four assessed nodes of the FPN, including the L PFC, R PFC, L PPC, and R PPC (Ptak et al., 
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2012; Dosenbach et al., 2008).  Seed-to-voxel fcMRI analyses were conducted to validate 

findings from the ROI-to-ROI analyses, and as expected, they confirmed these four nodes were 

the prominent “hubs” of each network.     

Counter to hypothesis 2, the mean FPN and DMN coherence values did not significantly 

correlate with stroke risk classification nor working memory performance (therefore mediation 

analyses were not conducted as originally proposed).   Several reasons may account for this.  For 

example, descriptive statistics indicate that the range of the DMN coherence value was 

considerably smaller than the range the node-to-node coherence values (Table 4); however, this 

was not the case for the FPN, discounting limited variability to detect findings as a standalone 

explanation for both networks.  In addition, CHA2DS2‐VASc may better predict node to node 

connectivity, which may be more susceptible to stroke, than the entire networks. Our findings 

revealed differences in intensity of coherence between individual nodes (Table 4; Figures 5 and 

6).  Averaging these intensity values by participant to create mean coherence values may have 

“washed out” some effects, as supported by the observation that FPN intensity values were 

significantly different for the L PPC and R PPC (t = 11.25) and the L PFC and R PPC (t = 3.95), 

with only the latter significantly correlated with CHA2DS2-VASc and PASAT scores.  The 

observation that CHA2DS2-VASc score was inversely related to FPN1-4 coherence is consistent 

with evidence of robust age-related alterations in the DMN (Bai et al., 2008; Andrews-Hanna et 

al., 2007) that may also apply to the FPN.  For example, Campbell et al. (2012) reported an age-

related reduction in coherence of the FPN network as a whole, with the exception of stronger 

coherence among the left rostral PFC connections.   

Thus, several factors likely contributed to the lack of a significant finding between stroke 

risk classification and mean network coherence values.  Future studies of the FPN with larger 
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samples might examine total and partial network correlations to determine whether the FPN1-4 

coherence finding can be replicated and if the null total network finding is a small effect 

obscured by insufficient statistical power. 

Hierarchical regression and mediation analysis.  Although FPN and DMN coherence 

values did not satisfy our a priori requirements to for the use of mediation analyses, the 

coherence between two nodes of the FPN; FPN1-4 coherence (i.e., L PFC and R PPC) did meet 

criteria.  Strength of coherence between the L PFC and R PPC demonstrated a significant inverse 

correlation with CHA2DS2‐VASc and a significant and positive correlation with PASAT 

performance.  Results of the mediational analysis revealed a significant overall model fit, a 

significant and inverse direct effect between CHA2DS2‐VASc and PASAT performance, and a 

significant and negative mediation (indirect effect) of FPN14 coherence. These findings suggest 

that the coherence of FPN nodes L PFC and R PPC are a mechanistic basis for the significant 

and inverse relation between stroke risk classification and performance on the PASAT measure 

that is particularly susceptible to white matter changes.   

Reduced FPN coherence and executive functions.  In a recent experiment by Schaeffer 

et al. (2014), OAs with early SVD evidenced fcMRI decreases in FPN hubs, as well as reduction 

in eigenvector centrality of the vPFC and superior parietal lobule (i.e., nodes that were connected 

to fewer of the nodes that contributed most to the network) that was consistent with prior work 

(Yi et al., 2012).  Relative increases in FC also extended from the cerebellum to FPN regions, 

suggestive of FC changes.  In addition, the PFC coherence effects inversely correlated with 

performance on Trail-Making-Test A (Tombaugh, 2004) and the Stroop Test (Howieson, Lezak, 

& Loring, 2004), suggestive of mild psychomotor slowing commonly associated with SVD 

(Selnes & Vinters, 2006; Schroeter et al., 2007).   Greater white matter lesions were also 
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identified in FPN pathways, providing further evidence of FPN disruption in SVD (Schroeter et 

al., 2007; Cummings, 1995).  Overall, findings from Schaeffer et al. (2014) suggest that aging 

and mild SVD are associated with decreased FPN coherence and related declines in EFs. 

Moreover, these findings were validated by the identification of reduced white matter integrity in 

FPN pathways.   

Literature focused on age-related changes in structural connectivity (e.g., white matter 

integrity) and EF appear complement findings from fcMRI studies, as the latter are bound by the 

anatomical structures of the brain, including working memory pathways (Honey et al., 2009).  

Consistent with the results reported by Schaeffer et al. (2014), healthy OAs have shown 

structural connectivity changes on multiple neuroimaging measures.  For example, using 

diffusion tensor imaging (DTI) to examine SVD-related changes in white matter connectivity, 

Lawrence et al. (2010) observed reduced white matter density among bilateral PFC and parietal 

cortices, and an indicator of network efficiency (e.g., white matter integrity) was found to 

mediate the significant and inverse relation between DTI measures (i.e., functional anisotropy, 

mean diffusivity) and numerous EFs.  Gold et al. (2010) used a combination of fMRI and DTI to 

examine age-related slowing on EF tasks.  Results of this study revealed age-related decreased 

spatial extent of activation; consistent with this finding, DTI analyses showed an inverse relation 

between task switching cost (reaction time) and reduced fractional anisotropy in white matter 

integrity of the FPN (Gold et al., 2010).  White matter pathways supporting the FPN thus appear 

to be particularly susceptible to increased lesion load and reduced efficiency associated with 

poorer EF performance, and these findings are generally consistent with functional FPN changes 

observed in OAs. 
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Several studies have used a combination of fcMRI measures to assess the presence of 

age-related changes in FPN function coherence, and these changes have often been linked to 

reductions in performance on tasks that engage EF systems.  For example, a recent study 

employed resting state fcMRI and DTI measures to characterize FPN changes and associated 

cognitive decline in patients diagnosed with hypertension.  As measured by fcMRI and analyzed 

using independent components analysis, the hypertension patients showed altered patterns of 

FPN coherence (i.e., inferior parietal lobe, left inferior frontal lobe, and precuneus), reduced EF 

and attention skills, and significantly reduced white matter integrity the bilateral superior 

longitudinal fasciculus.  Most important to the current study, fcMRI of the FPN significantly 

mediated the impact of white matter integrity on EF performance in the hypertensive group (Li et 

al., 2016).  In another study that used fcMRI and DTI to measure age-related changes in FPN 

coherence, OAs that were diagnosed with white matter lesions evidenced a significant reduction 

in functional FPN coherence between the right MFG and dorsolateral PFC, as well as the 

bilateral superior parietal cortex and right MFG.  Consistent with the above findings, these 

reduced connections were significantly correlated with decreases in EF (Liang et al., 2016).  

Thus, studies that have combined measures of fcMRI and DTI to examine age-related changes in 

the FPN have revealed support for a common decline in both FPN structure and function.     

Overall, there appears to be a growing body of research that examines functional 

connectivity changes in the FPN among the aging population, with an interest in both healthy 

OAs (Liang et al., 2016; Campbell et al., 2012; Gold et al. 2010; Andrews-Hanna et al., 2007) 

and those that have been diagnosed with a range of cerebrovascular risk factors, including SVD, 

hypertension, chronic obstructive pulmonary disease, etc. (Li et al., 2016; Schaeffer et al., 2014; 

Lawrence et al., 2010; Dodd & van den Broek, 2012).  While there is variability across studies 
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with respect to methodology and outcome measures used, fcMRI measures used to study FPN 

connectivity and cognitive outcome are consistently indicative of reduced functional FPN 

coherence that has been associated with poorer performance on tasks of EF, such as cognitive 

flexibility and working memory.  These findings have been further validated by reductions in the 

white matter integrity, as an indicator of the underlying structural connectivity supporting 

functional FPN coherence (Honey et al., 2009).  Furthermore, consistent with the present result 

and recent theoretical considerations about the neural mechanisms that influence the relation 

between age-related brain pathology (e.g., SVD) and cognitive decline (Stern et al., 2017; see 

Figure 1) suggest that functional FPN coherence may serve as a causal mechanism of 

cerebrovascular risk factors and associated EF decline in community-dwelling OAs.       

Limitations 

The sample of the present study was relatively limited (n = 45) and young with respect to 

the aging literature (range = 50-83; mean = 66; SD = 10), as researchers often sample OA 

populations from 65 years and beyond due to general trends in age-related cognitive decline.  

Interpretation of study findings are also limited by a relatively small sample size (i.e., not 

adequately powered to detect smaller mediation effects). The majority of the sample were also 

intelligent (WTAR range = 88 – 134, mean = 111, SD = 7), well-educated (range = 7 – 25 years; 

mean = 16; SD = 2) and of Caucasian ethnicity (96%), which poses potential problems with 

generalizability. 

 Second, the significant and inverse relation between stroke risk classification and 

performance on a challenging task of EF represents, to our knowledge, the first evidence of 

CHA2DS2-VASc’s validity for use in healthy OAs and has several practical implications. 

However, its application should be balanced with the potential for misuse of CHA2DS2-VASc.  
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The current literature does not appear adequate for its use as a specific prognostic indicator (e.g., 

percent chance of a stroke), which is a relatively common issue related to the development of 

risk classification systems. For example, the risk calculator for research in prodromal psychosis 

has shown some efficacy, though many researchers have cautioned for its current use beyond 

continued study of prodromal psychosis (Cannon et al., 2013).   

The indirect effect of functional FPN coherence is an interesting finding that is consistent 

with recent fcMRI literature of the FPN and proposed theoretical models offered for the study of 

neural network measures as mechanistic bases for age-related brain pathology and EF function.  

However, approaches to interpretation of mediation analysis results are occasionally inconsistent 

in the literature and have elicited some debate among researchers.  For example, researchers 

ascribed to the Baron & Kenny method (1986) for many years which has prompted the 

development of more data-driven and flexible approaches (Hayes, 2012).  However, these new 

methods present unique challenges as well.  MacKinnon, Krull, & Lockwood (2000) have 

described statistical similarities among mediation, confounding, and suppression effects, with 

identical statistical output of mediation and confounding effects that can be distinguished only on 

conceptual grounds.  Therefore, results of the current study should be carefully considered in the 

context of modern theories about neural mechanisms bases of age-related cognitive changes 

(Stern et al., 2017; Figure 1).          

Future Directions 

As the first investigation of a stroke risk classification system in healthy OAs, and neural 

network coherence as a mediator of stroke risk classification and EF, findings of the current 

investigation are promising but also warrant replication.  Future studies and providers would 

benefit from validation studies of CHA2DS2‐VASc with a more generalized sample of OAs.  
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Given the use of a single outcome measure of EF (i.e., PASAT performance), it would also be 

beneficial to test the risk classification system’s utility as a predictor of decline on other 

measures.  Given the pattern of EF decline associated with cerebrovascular effects (e.g., SVD) 

on the elderly brain (Pantoni, 2010; Wardlaw et al., 2013; Prins et al., 2005), measures of that are 

particularly challenging to EFs that engage frontal-subcortical systems are recommended (e.g., 

Trail Making Test, Verbal Fluency, Stroop Task); these tests may also extend to other functions 

as well, such as tests of memory with considerable EF demands (e.g., time-limited encoding, 

non-contextualized word learning). 

 Several considerations should be made in the development of future studies of neural 

network coherence as a proposed mediator of age-related pathological processes of the brain 

(e.g., SVD) and cognitive function.  As recommended for future validation studies of stroke risk 

classification, incorporation of other measures used to quantify cognitive function associated 

with age-related brain pathology may further clarify the disease processes of the brain and 

identify targets for interventions (e.g., cognitive training programs).  This is an important step to 

future studies of age-related neuropathology.  For example, despite the prevalence of SVD in 

OAs, differences in terminology and neuroimaging methods used for its diagnosis have limited 

our understanding of the disease, which has prompted researchers to develop well-defined 

neuroimaging standards for diagnostic considerations (Wardlaw et al., 2013).  Informed selection 

of cognitive measures used to study the correlates of neuropathology may consider several 

factors, such as the neural systems engaged by neuropsychological tests and common difficulties 

demonstrated by the population of interest.      

The development of statistical models (e.g., path analysis) offer promising means for 

future examination of the neural mechanisms associated with age-related neuropathology and 
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cognitive outcomes.  Several challenges are inherent in this work as well, though, such as limited 

power to detect generally smaller effects seen in hierarchical multiple regression models (e.g., 

moderation, mediation), the complexity of both statistical models used to test hypotheses as well 

as the theoretical models that inform the experiments.  Inconsistency in the way results of 

complex statistical models are interpreted presents ongoing challenges in statistical modeling as 

well; for example, statistical similarities among mediation, confounding, and suppression effects 

may frequently challenge experimental results (MacKinnon et al., 2000).   Mediation results 

reported in the current study, for example, may represent an incomplete picture of the relation 

between stroke risk and EF through the indirect effect of FPN coherence.  Future studies would 

benefit from consideration of other variables that may clarify this relationship, as deemed 

statistically appropriate (e.g., statistical power).  For example, it may be that a fourth variable 

moderates our observed mediation effect, such that stroke risk leads to reduced FPN coherence, 

which then leads to decreases in EF performance among healthy OAs that have lower levels of a 

protective factor such as cognitive reserve (e.g., educational attainment).  Given that mediation 

effects cannot be statistically parsed from confounding effects, therefore, future studies would 

benefit from developing hypotheses and statistical models with a strong appreciation for the 

current theoretical framework (Hayes, 2012; MacKinnon et al., 2000). 
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FIGURE 1 

Model of Brain Pathology, Functional Connectivity, and Cognitive Outcome 

 

 

 

Note: Model presented in Stern, 2017.  Most relevant to the current study is the mediational 

effect of “network expression” on the relation between brain integrity (CHA2DS2‐VASc) and 

task performance (Paced Auditory Serial Addition Test), following paths a → b → c).    
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FIGURE 2 

Frontoparietal Network Coherence as a Mediator of Stroke Risk and Working Memory 

 

 

 

 

 

 

 

Note: *p < .05.  Bootstrapped CI’s based on 1000 samples.  CHA2DS2‐VASc = stroke risk 

classification system that is derived from an individual’s status relative to age, congestive heart 

failure, hypertension, diabetes mellitus, vascular disease, age, sex, and past stroke.  FPN1-4 

coherence = frontoparietal network coherence value of the left prefrontal cortex and right posterior 

parietal cortex.  PASAT score = Paced Auditory Serial Addition Test.   

  

B = -1.40, 95% CI [-3.38, 0.59] 

    CHA2DS2‐VASc PASAT score 

FPN1-4 coherence  

B = -.50 (-.64)*, 95% CI [-1.69, -.10] 

Total effect: B = -2.04, t = -2.19* 
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FIGURE 3 

Regions of Interest Used to Quantify the Frontoparietal Network  

 

 

Notes: (1) L LPFC = left lateral prefrontal cortex; (2) R LPFC = right lateral prefrontal cortex; 

(3) L PCC = left posterior parietal cortex; (4) R PPC = right posterior parietal cortex.    
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FIGURE 4 

Regions of Interest Used to Quantify the Default Mode Network  

 

 

Notes: (1) MPFC = medial prefrontal cortex; (2) PCC = posterior cingulate cortex; (3) L LP = 

left lateral parietal cortex; (4) R LP = right lateral parietal cortex.   
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FIGURE 5 

ROI-to-ROI Functional Connectivity of the Frontoparietal Network 

 

Notes: The color bar range extends from t-values of -11.25 to 11.25.  In reference to the color 

bar, the colors of the connectivity lines depict the strength of the seed-level correlations.  L 

LPFC = left lateral prefrontal cortex; R LPFC = right lateral prefrontal cortex; L PPC = left 

posterior parietal cortex; R PPC = right posterior parietal cortex.    
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FIGURE 6 

ROI-to-ROI Functional Connectivity of the Default Mode Network 

 

Notes: The color bar range extends from t-values of -13.55 to 13.55.  In reference to the color 

bar, the colors of the connectivity lines depict the strength of the seed-level correlations.  L 

LPFC = left lateral prefrontal cortex; R LPFC = right lateral prefrontal cortex; L PCC = left 

posterior parietal cortex; R PPC = right posterior parietal cortex.    
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FIGURE 7 

Seed-to-Voxel Functional Connectivity of the Frontoparietal Network 

 

 

 

Note: Four seed regions were selected from pre-defined Frontoparietal Network regions of 

interest provided by the CONN toolbox (L lateral PFC, R lateral PFC, L posterior parietal cortex, 

R posterior parietal cortex).  The average BOLD time-series of each seed region (ROI) were 

tested for significant relations with each voxel of the brain.  Results were thresholded using FDR 

corrected p-values by a combination of height (voxel-level) and extent (cluster-level) thresholds 

of q = 1.0 x 10-8. The color bar (right) displays the strength of correlations using a t-value range 

of 0 to 150.  Peak coordinates of each cluster are listed in Table 5.   
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FIGURE 8 

Seed-to-Voxel Functional Connectivity of the Default Mode Network 

 

 

 

Note: Four seed regions were selected from pre-defined Default Mode Network regions of 

interest provided by the CONN toolbox (mPFC, PCC, L lateral parietal cortex, R lateral parietal 

cortex).  The average BOLD time-series of each seed region (ROI) were tested for significant 

relations with each voxel of the brain.  Results were thresholded using FDR corrected p-values 

by a combination of height (voxel-level) and extent (cluster-level) thresholds of q = 1.0 x 10-8. 

The color bar (right) displays the strength of correlations using a t-value range of 0 to 150.  Peak 

coordinates of each cluster are listed in Table 6.   
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TABLE 1 

Demographic and Mean Summary Data 

Variable Mean SD Min-Max 

Demographic   

     Age 66.0 9.5 50-86 

     Sex (F) 0.55 0.5 0-1 

     Education 16.4 2.2 11-21 

Cognitive   

     MMSE 29.1 1.5 19-30 

     WTAR SS 111.3 6.6 80-125 

     PASAT 48.3 8.7 18-60 

Stroke Risk   

     Congestive HF 0.1 0.3 0-1 

     Hypertension 0.4 0.5 0-1 

     Diabetes 0.1 0.3 0-1 

     Vascular Disease 0.2 0.4 0-1 

     CHA2DS2‐VASc 2.0 1.4 0-6 

    

 

Note: Education = years of formal education attained.  MMSE = Mini Mental Status 

Examination raw score.  WTAR SS = Wechsler Test of Adult Reading standard score.  PASAT 

= Paced Auditory Serial Addition Test (3 sec condition) raw score.   HF = Heart failure.   
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TABLE 2 

Correlation Matrix of Study Variables 

(presented on next page) 
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Note: *p < .05; **p < .01.   

 

                 

  
CHADS 

 
PASAT DMNC FPNC DMN1-2 DMN1-3 DMN1-4 DMN2-3 DMN2-4 DMN3-4 FPN1-2 FPN1-3 FPN1-4 FPN2-3 FPN2-4 FPN3-4 

CHADS 
1 

 
-0.32* 0.04 -0.06 -0.18 -0.04 0.01 -0.06 0.17 0.18 -0.13 -0.04 -0.38* 0.19 0.04 0.01 

PASAT 
  

1 -0.09 0.14 0.1 0.04 -0.11 0 -0.11 -0.2 0.08 0.1 0.35* 0.12 0.1 0.02 

DMNC 
   1 .76** .38* .76** .60** .54** .55** 0.08 .58** .71** -0.01 .52** .58** .66** 

FPNC 
    1 .68** .82** 0.2 .70** 0.13 -.39** .75** .91** .44** .47** .54** .91** 

DMN1-2 
     1 .71** -0.3 .86** -.50** -.83** .64** .69** .66* -0.13 -0.02 .73** 

DMN1-3 
      1 0.21 .73** 0.01 -.45** .64** .80** .33* 0.23 0.25 .87** 

DMN1-4 
       1 -0.22 .77** .54** 0.9 0.16 -.45** .45** .49** 0.11 

DMN2-3 
        1 -.32* -.65** -.58** -.74** .55** 0.01 0.06 .72** 

DMN2-4 
         1 .75** -0.01 0.08 -.57** .59** .59** -0.03 

DMN3-4 
          1 -.35* -.47** -.69** .38* .34* -.53** 

FPN1-2 
           1 .59** 0.29 0.25 .30* .67** 

FPN1-3 
            1 .38* 0.27 .33* .87** 

FPN1-4 
             1 -0.15 -0.07 .40** 

FPN2-3 
              1 .67** 0.23 

FPN2-4 
               1 0.27 

FPN3-4  

                1 
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TABLE 3 

Descriptive Data and Strength of Individual Seed Intensity 

  Frontoparietal Network x y z Intensity (t) p-FDR  

1 L lateral prefrontal cortex  -43 33 28 20.11 <.01 

2 L posterior parietal cortex  -46 -58 49 26.35 <.01 

3 R lateral prefrontal cortex 41 38 30 20.58 <.01 

4 R posterior parietal cortex 52 -52 45 25.10 <.01 

 

  Default Mode Network x y z Intensity (t) p-FDR  

1 B medial prefrontal cortex 1 55 -3 20.20 <.01 

2 L posterior parietal cortex -39 -77 33 30.89 <.01 

3 R posterior parietal cortex 47 -67 29 29.77 <.01 

4 B posterior cingulate cortex 1 -61 38 22.89 <.01 

 

Note: L = left, R = right, and B = bilateral.  Intensity value for each seed represents the strength 

of its overall contribution to the network at large, measured via relations with other seeds (as t-

scores).  To adjust for multiple comparisons, results were thresholded using FDR-corrected p-

values (q = .05).  
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TABLE 4 

Group-Level Seed Correlations and Related Network Coherence Scores 

Default Mode Network Mean (z) SD Range Intensity (t) p-FDR 

1-2 Medial PFC: L LPC 0.05 0.10 0.71 8.63 <.01 

1-3 Medial PFC: R LPC 0.04 0.07 0.36 6.81 <.01 

1-4 Medial PFC: PCC 0.02 0.05 0.33 4.76 <.01 

2-3 L LPC: R LPC 0.09 0.10 0.61 13.55 <.01 

2-4 L LPC: PCC 0.05 0.11 0.45 8.71 <.01 

3-4 R LPC: PCC 0.04 0.09 0.63 9.42 <.01 

X ̄ Mean coherence 0.05 0.04 0.27     
 

Frontoparietal Network Mean (z) SD Range Intensity (t) p-FDR 

1-2 L PFC: L PPC 0.06 0.05 0.24 10.30 <.01 

1-3 L PFC: R PFC 0.03 0.10 0.59 5.86 <.01 

1-4 L PFC: R PPC 0.00 0.05 0.28 3.95 <.01 

2-3 L PPC: R PFC 0.00 0.05 0.26 4.81 <.01 

2-4 L PPC: R PPC 0.07 0.05 0.34 11.25 <.01 

3-4 R PFC: R PPC 0.08 0.11 0.57 9.91 <.01 

X ̄ Mean coherence 0.04 0.05 0.28     

 

Note:  Mean, SD, and Range represent group-level statistics (Fisher’s z values) of the 

correlations among seed regions.   Intensity represents the strength of each seed-to-seed 

correlation as a t-value, and p-FDR indicates the statistical significance of each relation 

following FDR correction (q = .05) for multiple comparisons.  Default Mode network acronyms: 

L = left; R = right; PFC = prefrontal cortex; LPC = lateral parietal cortex; PCC = posterior 

cingulate cortex.  Frontoparietal network acronyms: PFC = prefrontal cortex; PPC = posterior 

parietal cortex.  Network coherence scores were computed by averaging the mean (z-values) 

correlations among within-network seeds.   
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TABLE 5 

Frontoparietal Network Clusters Derived from Seed-to-Voxel Connectivity Analysis 

 

Regions Voxels x y z 

L dorsolateral PFC / frontal pole 7094 -42 54 4 

R dorsolateral PFC / frontal pole 6983 36 58 14 

L posterior/inferior parietal cortex  3438 -44 -64 46 

R posterior/inferior parietal cortex  3122 52 -50 48 

B precuneus/posterior cingulate cortex 1225 0 -34 38 

L middle temporal gyrus 158 -58 -46 -8 

R middle temporal gyrus 104 68 -32 -10 

 

 

Note: L = Left; R = Right; B = Bilateral.  Peak-voxel locations (mm) are reported in MNI space 

(LPI orientation).  PFC = prefrontal cortex.  These clusters are shown in Figure 7.  
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TABLE 6 

Default Mode Network Clusters Derived from Seed-to-Voxel Connectivity Analysis 

 

Regions Voxels x y z 

B PCC / precuneus / lateral parietal cortex  18975 -38 -78 38 

B medial PFC / ACC / frontal pole 8214 0 54 -4 

R middle temporal gyrus 196 60 -6 -20 

L middle temporal gyrus 173 -64 -12 -18 

L inferior/middle temporal gyrus 105 -54 -58 -12 

L inferior frontal gyrus 97 -34 24 -20 

R inferior frontal gyrus 53 34 30 -14 

R superior frontal cortex 49 22 32 38 

 

 

Note: L = Left; R = Right; B = Bilateral.  Peak-voxel locations (mm) are reported in MNI space 

(LPI orientation). PCC = posterior cingulate cortex; PFC = prefrontal cortex; ACC = anterior 

cingulate cortex.  These clusters are shown in Figure 8. 

 

 

 




