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ABSTRACT 

 

The Role of the Frontoparietal Network in the Effects of 

Education on Reasoning Ability in Healthy Elders 

 

 HYUN SONG 

Interdisciplinary Program in Neuroscience 

The Graduate School 

Seoul National University 

 

In general, aging has a deleterious effect on cognitive functions such as executive 

functions and memory. Reasoning ability, one of the executive functions, being 

supported by problem solving by finding logical relations among given problems in 

novel situations, has been considered as a key element of adaptable behavior. In 

accordance with previous research, this ability, which has been known to be central to 

age-related differences in a wide range of cognitive abilities, is mainly susceptible to 

aging. There are, however, substantial inter-individual differences in cognitive decline in 

older adults. In particular, according to the concept of cognitive reserve (CR), years of 

education plays a protective role in age-related decline in cognitive functions and thus, 

more educated elders show less vulnerability to such disruptive changes.  

Based on recent numerous neuroimaging studies, the level of coherent activity 
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within the frontoaprietal network especially at rest preferentially underlies such 

individual differences in reasoning ability. Unfortunately, there is little evidence of 

education effect on such temporally coherent activity at rest. However, given that more 

years of schooling were associated with higher temporal coherence in intrinsic activity 

as suggested by a recent study, it is expected that variations in the intra-network 

connectivity strength, possibly induced by formal education, may contribute to 

individual variability in cognitive decline with advancing age. In this sense, it is strongly 

hypothesized that formal education may be protective against a decline in reasoning 

ability with age, depending on the level of coherent activity within the frontoparietal 

network specifically at rest. 

 In this study, the neural mechanism underlying the protective effect of 

education on age-related decline in reasoning ability was examined using independent 

component analysis (ICA) and power spectra analysis. As expected, the results showed 

that the effects of education on reasoning ability was mediated by the power spectra 

especially in the frontoparietal network. That is, the protective effect of education from 

the disruptive aging depends on higher level of coherent activity within the 

frontoparietal network at rest, showing relatively higher reasoning ability in more 

educated older adults. These results suggest that intra-network connectivity strength at 

rest could be one of the neural basis underlying education-related cognitive reserve (CR) 

in healthy elders, providing important clues to healthy brain aging. 

 

Keywords: cognitive reserve (CR), cognitive aging, resting state fMRI, mediation 

analysis, spectra power analysis, perceptual reasoning 

Student Number: 2011-23291 



iii 

TABLES OF CONTENTS 

 

 

Abstract  ........................................................................................................................ ⅰ 

Tables of Contents  .....................................................................................................  ⅲ 

List of Figures  ............................................................................................................  ⅴ 

List of Tables  ..............................................................................................................  ⅵ 

 

INTRODUCTION  .......................................................................................................  1 

1. Decline in Reasoning Ability with Advancing Age  ........................................  2 

1.1  Centrality of Reasoning to cognitive functions in aging  ........................................  2 

1.2  Age-related Decline in Reasoning Ability ..............................................................  3 

2. The Neural Basis of Age-related Decline in Reasoning ...................................  4 

2.1  Resting State Networks as a Promising Neural Mechanism ...................................  5 

2.2  The Degeneration of Resting State Functional Connectivity in Old Age  ...............  8 

3. Individual Differences in Aging Effect―Cognitive Reserve  .........................  9 

3.1  Education Effect On Age-related Decline in Reasoning  ......................................  10 

3.2  Education Effect On Resting State Functional Connectivity  ................................  11 

4. Objectives and Hypotheses  ............................................................................  13 

 

METHODS AND MATERIALS  ..............................................................................  15 

1. Subjects  ............................................................................................................  15 

2. Neuropsychological Tests  ...............................................................................  17 

3. Data Acquisition  ..............................................................................................  19 



iv 

4. Data Analysis  ...................................................................................................  20 

4.1  Preprocessing  .......................................................................................................  20 

4.2  Group Independent Component Analysis ...............................................................  20 

4.3  Feature Identification  ...........................................................................................  22 

4.4  Statistical Analysis  ...............................................................................................  29 

5.  Mediation Analysis  .........................................................................................  35 

 

RESULTS  ...................................................................................................................  39 

1. Resting State Networks  ..................................................................................  39 

2. Univariate Test Results  ..................................................................................  40 

3. Mediation Effects of Power Spectra  ..............................................................  42 

 

DISCUSSION  ............................................................................................................  45 

1. Possible Neural Mechanism of Cognitive Reserve  .......................................  46 

2. Education Effect on the Frontoparietal Network in Old Age  .....................  48 

3. The Frontoparietal Network Accounts for Individual Variability in 

Reasoning ..........................................................................................................  51 

4. Education Effect on Reasoning Ability in Older Adults  .............................  55 

5. Growing Potential of Resting State Networks  ..............................................  56 

6. Future Considerations  ....................................................................................  57 

 

REFERENCES  ..........................................................................................................  59 

SUPPLEMENTARY SECTION  ..............................................................................  81 

국문 초록  ...................................................................................................................  83 



v 

LIST OF FIGURES 

 

 

Figure 1. Spectral characteristics of component TCs  .................................................  23 

Figure 2. Spectral power distribution of RSNs and artifacts  ......................................  24 

Figure 3. Spatial maps (SMs) of the 6 components identified as RSNs  .....................  31 

Figure 4. Path diagrams of direct model and indirect model for mediator effects  .....  37 

Figure 5. Univariate test results  ..................................................................................  41 

Figure 6. Results of direct model and indirect model involving spectral power as the 

mediator ......................................................................................................  44 

 

Figure S1. The difference in perceptual reasoning ability between HE and LE  ........  81 

Figure S2. Univariate test results (color bar)  .............................................................  82 

 

 

 

 

 



vi 

LIST OF TABLES 

 

 

Table 1. Demographic data for each education group and Mean (M) and Standard 

Deviation (SD) of screening tests  .................................................................  17 

Table 2. Regions of resting state networks (RSNs) for each component  ...................  32 

Table 3. Path coefficients for the indirect model  ........................................................  43 



1 

INTRODUCTION 

 

 

Over the past few decades, the growth of the aging population has been pervasive and 

accelerated, becoming a global phenomenon (Nations, 2002). As a result of such 

demographic change, the increase in the prevalence of disorders mainly characterized by 

prominent cognitive deficits (e.g., Alzheimer’s disease) is at an unprecedented rate. 

Cognitive decline, however, can emerge during non-pathological aging as well.  

Naturally, all people grow older with time, and aging is normally accompanied 

by getting worse rather than better. As one continues aging, other than developing 

winkles and gray hair, it is expected that the risk of cardiovascular problems and 

metabolic disorders is dramatically increased. Along with these deleterious effects on 

the body, cognitive functions are also mainly vulnerable to aging. Older adults, for 

example, could write down a phone number or address while talking to their friends 

even though some of them may lose the note itself.. 

Age-related cognitive decline has a multifaceted effect on life. The influence of 

such decline, in particular, can compromise the degree of life satisfaction (St John & 

Montgomery, 2010) as well as the quality of life (Abrahamson, Clark, Perkins, & Arling, 

2012). Because cognitive health is regarded as, beyond merely the absence of disease, 

an important part of overall well-being (CDC, 2011), there has been a growing interest 

in promoting healthy brain aging (Williams & Kemper, 2010). In accordance with the 

concept of cognitive reserve (CR), deleterious effects of age on the brain are not always 

directly associated with alterations in cognitive functions. In fact, partial protection from 

the effects has been observed in some individuals with higher cognitive reserve (CR). 
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Hence, it may reasonably be expected that further understanding the underlying neural 

mechanism of cognitive reserve (CR) could provide essential evidence of healthy brain 

aging. Moreover, advancing our knowledge on age-related cognitive deficits that follow 

brain aging in a healthy population may provide important clues about the neural 

underpinnings of neurodegenerative disorders 

 

 

1.  DECLINE IN REASONING ABILITY WITH ADVANCING AGE   

1.1  Centrality of Reasoning to Cognitive Functions in Aging 

With advancing age, robust decline in abilities including encoding new memory of facts 

and episodes, working memory, processing speed, and executive functions has been 

found in both cross-sectional and longitudinal studies (Guttman, 1981; Hedden & 

Gabrieli, 2004; Salthouse, 2005, 2009). Among these, memory and executive functions 

are preferentially affected by aging (Buckner, 2004). 

 Recently, there has been considerable attention to executive functions in aging 

since its concept may be highly informative of age-related differences in cognitive 

functions for at least two reasons. First, executive functions comprehensively cover the 

concepts of inhibition, working memory, planning, flexibility or switching, and 

reasoning (Banich & Compton, 2011; Salthouse, Atkinson, & Berish, 2003). Second, 

those abilities have been interchangeable with the term of ‘frontal lobe functions’ 

(Salthouse et al., 2003). In this sense, it is noted that the frontal lobe is selectively 

susceptible to age-related deterioration with those executive functions at high risk for 

marked decline in aging (Andrés & Van der Linden, 2000; Buckner, 2004; Crawford, 

Bryan, Luszcz, Obonsawin, & Stewart, 2000; Hedden & Gabrieli, 2004; N Raz et al., 

1997; N. Raz et al., 2005; Salthouse et al., 2003; Schretlen et al., 2000).  
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Reasoning, one of the executive functions (Banich & Compton, 2011), is defined 

as the ability to solve problems in novel situations by examining rules or by finding 

logical relations among given problems (Preusse, Van Der Meer, Deshpande, Krueger, 

& Wartenburger, 2011; Wright, Matlen, Baym, Ferrer, & Bunge, 2007). Likewise, 

reasoning, which is preferentially supported by novel problem solving, has been 

considered as a key element of adaptable behavior (Hampshire, Thompson, Duncan, & 

Owen, 2011a). In accordance with previous literature, this ability, which is closely 

associated with problem solving in novel situations, has been known to be central to 

individual variability and further age-related differences in a wide range of cognitive 

abilities (Salthouse, 2004). The analyses reported by Salthouse and Ferrer-Caja (2003) 

provided clear evidence that the reasoning factor had the strongest relation to the 

common factor (i.e., estimates of shared age-related effects across reasoning, speed, 

memory and spatial visualization). In other words, the results indicate an almost 

complete overlap in the individual differences between reasoning and those of other 

cognitive functioning. Therefore, it is not surprising that age-related effects on reasoning 

could be central to age-related cognitive deficits, by suggesting a possible explanation 

for the corresponding differences in other cognitive functions (Salthouse, 2005).  

 

1.2  Age-related Decline in Reasoning Ability 

Overall, large age-related decline in reasoning has been commonly observed (Salthouse, 

2004, 2005). Interestingly, these decreases in reasoning ability, in some cases, are as 

comparably large as those of other cognitive abilities (e.g., memory) (Salthouse, 2005). 

In addition, although there have been many types of reasoning including analogical, 

visuospatial, and further mathematical (Krawczyk, Michelle McClelland, & Donovan, 

2011; Preusse et al., 2011; Wright et al., 2007), little evidence for distinctions among 
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different reasoning types has been found (Salthouse, 2005). In this sense, by using both 

verbal and nonverbal reasoning tests, many investigators have reported that there was an 

approximately linear decline in reasoning performance with increased age regardless of 

the type of measure (Salthouse, 2005; Schretlen et al., 2000). In particular, the average 

reasoning score at age seventy was roughly one standard deviation below that for young 

adults, used as a reference (Salthouse, 2005). Furthermore, in a relatively wide age 

range, mean reasoning scores reduced by about 1.6 standard deviations across ages 

twenty to ninety (Schretlen et al., 2000). Altogether, these results suggest that reasoning 

ability which could explain age-related decline in not only executive functions but also 

other abilities such as memory and processing speed is highly vulnerable to age-related 

destructive effects. 

 

 

2.   THE NEURAL BASIS OF AGE-RELATED DECLINE IN REASONING  

Much of our current knowledge of the underlying neural correlates of reasoning has 

come from research on frontal regions especially the prefrontal lobe. Based on such 

previous investigations, the age-related decline in the ability to reason about abstract 

relationships between items is closely associated with loss of white matter integrity as 

well as gray matter volume in the frontal areas (Elderkin-Thompson, Ballmaier, 

Hellemann, Pham, & Kumar, 2008; Hedden & Gabrieli, 2004; Schretlen et al., 2000).  

Recent studies on a principled explanation of how cognitive functions take place, 

however, have emphasized the conjoint function of brain areas that work together as 

large-scale networks. To date, consistent support for this has been provided. 

Accumulating evidence from functional neuroimaging studies has reported that not only 

the frontal but also the parietal regions activated during reasoning tasks. Moreover, such 
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frontoparietal activation is consistently revealed irrespective of the types of reasoning 

(Christoff et al., 2001; Cole, Yarkoni, Repovš, Anticevic, & Braver, 2012; Desco et al., 

2011; Geake & Hansen, 2005; Gray, Chabris, & Braver, 2003; Hampshire, Thompson, 

Duncan, & Owen, 2011b; Jung & Haier, 2007; Kalbfleisch, Van Meter, & Zeffiro, 2007; 

Krawczyk et al., 2011; Kroger et al., 2002; Prabhakaran, Rypma, & Gabrieli, 2001; 

Prabhakaran, Smith, Desmond, Glover, & Gabrieli, 1997; Preusse et al., 2011; Shokri-

Kojori, Motes, Rypma, & Krawczyk, 2012; Soulieres et al., 2009; Wright et al., 2007; 

Yamada et al., 2012). For instance, task-induced functional magnetic resonance imaging 

(fMRI) studies have successfully found the neural overlap between analogical reasoning 

and visuo-spatial reasoning, supporting this demonstration (Krawczyk et al., 2011; 

Preusse et al., 2011; Yamada et al., 2012). Based on this growing literature, Jung and 

Haier (2007) have yielded the parietofrontal integration theory (P-FIT). According to 

this theory, a distinct and extensive network of the frontal and parietal areas extending 

into the temporal cortex is critically involved in reasoning performance and thereby the 

interaction of these areas may be crucial for such cognitive function (Jung & Haier, 

2007). Therefore, it is not unrealistic to expect that the decline in reasoning ability may 

be attributable to detrimental aging effects on, not simply the frontal areas, but both the 

frontal and the parietal regions as a network working together, showing alterations in 

jointly combined activity. 

 

2.1  Resting State Networks as a Promising Neural Mechanism 

To clearly reveal how cognitive functions emerge from interactions between brain 

regions, the coherent contribution of these regions (i.e., functional brain connectivity) 

has been investigated rather than functional activity itself in which the focus is typically 

on the activated regions that are widely distributed during specific tasks.  
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It should be noted that the task-induced and resting state approaches provide 

possible means to discovering functional connectivity. However, unlike the task-induced 

approach which results in not only more complex interpretation but also hardly 

comparable results across studies, the resting state approach is unbiased by task-specific 

demands. As a result, resting state functional connectivity allows reliable and consistent 

detection of multiple brain networks that show interregional correlations, leading to 

comparable results across studies (Ferreira & Busatto, 2013). In addition, structural 

underpinnings may be more closely related to resting state functional connectivity 

compared to task-based functional connectivity. Madden et al. (2010), for example, 

found that there was no relation between white matter integrity and functional 

connectivity between task-relevant regions (i.e., the frontal and the parietal areas) while 

switching tasks although other studies have reported such relation (Andrews-Hanna et 

al., 2007; Chen, Chou, Song, & Madden, 2009). This discrepancy implicates the 

possibility that task-related connectivity can ignore the fundamental structural 

connection, while focusing on task-induced interactions between the specified brain 

regions (Bressler & Menon, 2010). This is of importance because a profound insight 

into where cognitive functions arise from depends on structure-function relations, by 

considering both core structural and functional networks (Bressler & Menon, 2010).  

Finally, based on recent research, intrinsic functional connectivity has a significant 

explanatory role for cognitive functions, which is comparably identical to task-based 

activity (Andrews-Hanna et al., 2007; Chen et al., 2009; M. W. Cole et al., 2012; Zou et 

al., 2012). Such evidence of resting state functional connectivity accounting for 

variability in behavior performance has been supported by a large volume of studies as 

described below.  
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Resting state BOLD signal fluctuations are characterized by spontaneous low-

frequency (< 0.1 Hz). In line with previous findings, brain regions during rest, which are 

functionally organized as many neuro-anatomical systems, have shown to be temporally 

coherent in their activity (B. Biswal, Yetkin, Haughton, & Hyde, 1995; Fox & Raichle, 

2007) and such activity can account for variability in behavior performance (Fox & 

Raichle, 2007). To date, several pioneering studies have been conducted primarily by 

focusing on functional connectivity between the frontal and the parietal brain regions 

and its relations to cognitive functions (Andrews-Hanna et al., 2007; M. Hampson, N. R. 

Driesen, P. Skudlarski, J. C. Gore, & R. T. Constable, 2006; Seeley et al., 2007). More 

recently, Zou et al. (2012) showed that the extent to which resting state power spectra 

explained intersubject performance variance was apparently similar to task-induced 

activity.  

Recent studies, not surprisingly, suggest more direct evidence of the extensive 

involvement of the frontoparietal network in reasoning during rest. Song et al. (2008) 

reported that the functional connectivity between the frontal and posterior regions at rest 

was a strong predictive factor for intelligence including reasoning. In addition, using 

global connectivity central to the lateral prefrontal region, M. W. Cole et al. (2012) 

quantified connections focusing on the frontoparietal network. The results showed that 

individual difference in reasoning ability was highly related to those connections. Taken 

together, temporal coherence in spontaneous activity within the frontoparietal network 

and its relation to reasoning performance raises the possibility that resting state 

functional connectivity may provide even deeper insight into the origins of individual 

differences in human cognitive functions, in this case, reasoning ability.   
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2.2  The Degeneration of Resting State Functional Connectivity in Old Age 

As expected, resting state functional connectivity (Rsfc) is in general decreased as one 

gets older (Allen et al., 2011; J. S. Damoiseaux et al., 2008; Ferreira & Busatto, 2013). 

In particular, the default mode network (DMN), mainly including the frontal and 

posterior regions, is preferentially susceptible to age-related disruptive effects analogous 

to white matter structure (J. S. Damoiseaux et al., 2008; Ferreira & Busatto, 2013; Teipel 

et al., 2010) which is followed by the salience (also referred to the attention network) 

and motor network (T. Wu, Zang, Wang, Long, Hallett, et al., 2007; T. Wu, Zang, Wang, 

Long, Li, et al., 2007). Furthermore, a recent study by B. B. Biswal et al. (2010) 

demonstrated a decrease in functional connectivity during rest in not only posterior 

regions of the DMN but also the left frontoparietal network with age in a sample of 1093 

subjects. Further support comes from more recent independent component analysis (ICA) 

studies revealing age-related degeneration in a broad range of resting state networks 

(RSNs) using a newly suggested intra-network connectivity measure (i.e., spectral 

power) (Allen et al., 2011; Balsters, Robertson, & Calhoun, 2013).  

Overall, cognitive deficits with advancing age can be due to such disruption in 

resting state functional connectivity (Chen et al., 2009; Ferreira & Busatto, 2013; Teipel 

et al., 2010; van den Heuvel, Mandl, Kahn, Pol, & Hilleke, 2009). In particular, 

reduction in functional connectivity between the frontal and parietal regions ultimately 

contributed to poor performance in executive functions in the study by Andrews-Hanna 

et al. (2007). Further evidence came from another study by Chen et al. (2009). In this 

study, poor perceptual-motor speed performance was mediated by reduced resting state 

functional connectivity in the frontal regions including the inferior frontal gyri, in older 

adults. Considering these findings, it may be assumed that functional connectivity 

within resting state networks (RSNs), mainly covering frontal and parietal areas, is 
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degenerated with aging, ultimately allows foregone conclusion of age-related decline in 

cognitive functions (Chen et al., 2009; O’Sullivan et al., 2001). Therefore, although 

there is little evidence as of now on the disruption in functionally coherent activity at 

rest which could explain age-related decline in reasoning ability, it is not unreasonable 

to hypothesize that alterations in resting state functional connectivity within the 

frontoparietal network in old age is capable of accounting for age-related cognitive 

decline in reasoning. 

 

 

3.  INDIVIDUAL DIFFERENCES IN AGING EFFECT―COGNITIVE RESERVE  

As noted before, aging has deleterious effects on neural measures that are usually related 

to disruptive changes in cognitive measures. However, some individuals have the ability 

to cope with advancing degenerative brain changes without significant cognitive or 

clinical expression, by mitigating deleterious aging effects, while others evidently show 

severe cognitive decline with such changes (Stern et al., 1994). The concept of these 

individual differences has been termed cognitive reserve (CR) (Stern, 2002, 2009). Of 

interest, cognitive reserve (CR) is defined as inter-individual variability in neural 

networks or the cognitive processes underlying task performance (Buckner, 2004; Stern, 

2009). As proxies for CR, explanatory variables of lifetime experience such as 

socioeconomic status, which includes occupational attainment and educational 

attainment, have been generally used, to date. Although other variables have been 

utilized, years of formal education have been used most often to estimate CR, making it 

one of the principal proxies of CR (Steffener & Stern, 2012; Stern, 2009).  
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3.1   Education Effect On Age-related Decline in Reasoning 

An emerging body of evidence has shown that more years of education can protect older 

adults from age-related degeneration of cognitive functions (Steffener & Stern, 2012). 

To be specific, higher level of education is associated with higher cognitive functions 

even in old age (Plassman et al., 1995; Wilson et al., 2009). A previous study has 

reported that education has a significant positive impact on most neuropsychological 

performances such as general cognitive function, memory, processing speed and 

executive functions in old age (Le Carret et al., 2003). These findings have been further 

supported by the effects of education on reasoning ability (Blair, Gamson, Thorne, & 

Baker, 2005; Ceci, 1991; Cliffordson & Gustafsson, 2008; Guttman, 1984; Kaufman, 

Kaufman, Liu, & Johnson, 2009; Primi, Couto, Almeida, Guisande, & Miguel, 2012).  

In accordance with Ardila, Ostrosky-Solis, Rosselli, and Gómez (2000), a 

significant advantage of schooling is an increase in logical reasoning ability. Among the 

types of reasoning, nonverbal reasoning has been known to be markedly influenced by 

schooling, partly due to the mathematics curricular and such items. Each of the items 

focuses directly on the exercise of reasoning ability by emphasizing fluid cognitive 

skills using geometric patterns or figures and mathematical rules (Blair et al., 2005). In 

this context, converging evidence has implicated that the ability to abstractly think about 

novel problems improves as a result of schooling to the extent of 1 to 4 points per year 

of education (Ceci, 1991; Cliffordson & Gustafsson, 2008). Accordingly, an increase in 

reasoning ability induced by formal education especially in the early years of life may 

cause a higher level of behavior performance in older adults, explaining the delayed 

decline in or relatively preserved cognitive abilities in individuals with higher cognitive 

reserve (Le Carret et al., 2003). 

Further evidence is provided by the investigation of a direct education effect on 
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cognitive decline. In accordance with these findings, education affects age-related 

cognitive deficits by reducing the rate of decline. More studies have supported this 

protective effect of education on other cognitive functioning, reporting slower cognitive 

decline (Ardila et al., 2000; Butler, Ashford, & Snowdon, 1996; Colsher & Wallace, 

1991; Farmer, Kittner, Rae, Bartko, & Regier, 1995; Lyketsos, Chen, & Anthony, 1999; 

Snowdon, Ostwald, & Kane, 1989). In particular, with a higher level of education, aging 

effect on reasoning ability was attenuated, showing gradual decrease across the years 

(Guttman, 1981). Taken together, these results converge on a conclusion that cognitive 

reserve as measured by level of education can mitigate age-related deleterious effects on 

reasoning ability through the delayed degeneration or/and decreased rate of decline in 

cognitive functions (Arenaza-Urquijo et al., 2013). 

 

3.2   Education Effect on Resting State Functional Connectivity  

As described above, a decrease in resting state functional connectivity has been 

considered as a promising neural mechanism of age-related cognitive decline to date. In 

this sense, it is not surprising that education-associated positive alterations in reduced 

resting state functional connectivity could be indicative of protection against age-related 

deterioration of cognitive ability, providing the neural underpinnings of cognitive 

reserve (CR). In fact, the strength of functional connectivity at rest is closely interrelated 

with education effect. 

In a neurobiological aspect, frontal lobe based exercise or experience can 

repeatedly influence the development of neural circuitry, enhancing the connections in 

the involved brain areas (Blair et al., 2005). Considering the developmental course of 

brain development, it is reasonable that experience-dependent synapse formation would 

lead to such effect (Banich & Compton, 2011). In particular, functional imaging studies 
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have demonstrated that education influences the pathways used for problem-solving 

which is essential for reasoning ability. This is supported by Arenaza-Urquijo et al. 

(2013) in which the study found that the higher functional connectivity between the 

frontal and the parietal regions was associated with higher level of education in healthy 

elders. Further, it is not surprising that higher reasoning performance was significantly 

related with the increased functional connectivity (M. W. Cole et al., 2012). 

Likewise, the changes in coherent activity between brain regions within neural 

networks, as a probable result of education, support the hypothesis that education 

influences functional organization in brain networks (Ardila et al., 2000; Castro-Caldas, 

Petersson, Reis, Stone-Elander, & Ingvar, 1998). Unfortunately, education effect on 

resting state functional connectivity and its relation to cognitive ability are still unclear. 

Nevertheless, the most recent study has examined resting state functional connectivity in 

healthy elders using years of education as a proxy of cognitive reserve. As a result, more 

educated elders had higher functional connectivity between the inferior frontal lobe and 

the parietal lobe such as the posterior cingulate cortex (PCC) and the angular gyrus. 

Further, these increases in connectivity were in turn associated with greater cognitive 

performance on memory and executive function (Arenaza-Urquijo et al., 2013). In the 

case of this study, the authors suggest that greater resting state functional connectivity 

might indicate the neural basis of relatively preserved cognitive performance observed 

in more educated older adults, having a significant role in healthy brain aging. 

 

 

 

 

 



13 

4.   OBJECTIVES AND HYPOTHESES  

The aim of this study is to investigate the level of coherent activity within resting state 

networks (RSNs) as a putative neural basis of cognitive reserve (CR), ultimately helping 

healthy elders to cope better with age-related cognitive decline especially in reasoning. 

To determine spatial patterns of RSNs and further functional connectivity strength 

within a network, recently proposed independent component analysis (ICA) and power 

spectra analysis were applied to the data of older adults. ICA benefits from no prior 

assumption about locations of networks. As a result, it is entirely data driven and allows 

the identification of the spatial pattern of maximally distinct RSNs across the whole 

brain (D. M. Cole, Smith, & Beckmann, 2010; Ferreira & Busatto, 2013; Margulies et 

al., 2010). Further, spectral power helps provide reliable measures of intra-network 

connectivity across all regions within a specific network, unlike resting state functional 

connectivity focusing on the connection between two regions itself (Allen et al., 2011; 

Balsters, O'Connell, et al., 2013; Balsters, Robertson, et al., 2013; Damaraju et al., 2010). 

Finally, mediation analysis was used in order to establish the power spectra as a 

potential mechanism of CR as suggested by Steffener and Stern (2012), by determining 

whether differences in the spectra power are directly related to years of education. 

The main purpose of this study is followed by several sub-goals. One of them is 

to identify education effects on alterations in functional connectivity especially at rest. 

As expected, degeneration in temporally coherent activity has been commonly observed 

in resting state networks in advanced age. However, regarding the positive effect that 

education has on resting state functional connectivity and thus age-related decline, 

education could allow older adults to withstand deterioration in the temporal coherence 

in activity.  

      Another sub-goal is to investigate the neural basis of individual differences in 



14 

age-related decline in reasoning ability. Previous studies have supported the notion that 

resting state networks (RSNs) organized in functional topography are enough to predict 

behavior performance. Thus, resting state functional connectivity could provide the 

neural basis of cognitive functions. In particular, functional connectivity within the 

frontoparietal network which is known to be the neural mechanism of reasoning would 

account for the variance in reasoning ability in older adults. 

The final sub-goal is to examine education effect, as a protective factor, on age-

related cognitive decline. When the central role of reasoning, as noted before, is taken 

into account, it is expected that reasoning is strongly affected by aging. Considering the 

effect education has on reasoning, however, decline in reasoning ability can likely be 

attenuated by years of education.  

      The hypotheses are as follows: (1) formal education may be protective against a 

decline in reasoning ability with age, depending on the level of coherent activity within 

the frontoparietal network specifically at rest, (2) years of education could positively 

influence age-related decline in the level of coherence in resting state activity, resulting 

in relatively greater spectra power in older adults with more years of schooling, (3) 

inter-individual difference in functional connectivity strength could account for 

individual differences in decline in reasoning ability in old age, (4) due to the positive 

effect of education, reasoning ability may be relatively preserved in older adults with 

higher educational attainment, showing greater reasoning ability than those with 

relatively low educational attainment. 
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METHODS AND MATERIALS 

 

 

1.  SUBJECTS 

Thirty healthy older adults (mean age 62.7 years, range 57-70 years; mean education 

level 7.1 years, range 0-16 years) participated in this study. The subjects' years of 

education was determined by the years of actual school attendance itself and all 

participants were female in order to avoid gender effect on reasoning ability (Abdel-

Khalek & Lynn, 2006; Flores-Mendoza et al., 2013; Guttman, 1981; Lohman & Lakin, 

2009; Strand, Deary, & Smith, 2006).  

      Subjects were recruited from volunteers in community-based settings and then 

carefully pre-screened for multiple exclusion criteria. The exclusion criteria were as 

follows: psychiatric disorders, neurological histories, medical conditions such as 

hypertension or diabetes uncontrolled by medication, depressed mood indicated by a 12 

or higher score based on a standardized Korean version of Geriatric Depression Scale 

(GDS) (Jung, Kwak, Joe, & Lee, 1997; Yesavage et al., 1983), and alcohol-drug misuses. 

Participants with cognitive impairment were also excluded by K-DRS-2 (Korean 

Dementia Rating Scale-2), a neuropsychological measure that assesses cognitive status 

of older adults (Chey, 2010; K. S. Schmidt, Mattis, Adams, & Nestor, 2005). 

Functionally illiterate elders with difficulty in reading and writing which are necessary 

in fundamental social life situations, especially in the case of limited formal education, 

were excluded by administering the Literacy Questionnaire and Literacy Evaluation 

Form (Moon & Chey, 2004). None of the participants had disruption of functional 

ability and independent daily life. The Edinburgh Handedness Inventory (Oldfield, 1971) 
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indicated that all of them were right-handed and contraindications to fMRI (i.e., 

ferromagnetic implants, pacemakers, and claustrophobia) were also taken into account.  

To identify education effect on reasoning ability, the remaining participants were 

classified into two groups according to their level of education: highly educated group 

(HE) and less educated group (LE). The classification criterion was whether the subject 

received at least six years of formal schooling experience (i.e., elementary school). The 

rationale for this criterion is that none of the curriculum in formal schooling except for 

the early elementary grades is focused substantially on mathematics, which strongly 

emphasizes the exercise of fluid cognitive functions (Blair et al., 2005). Moreover, 

several studies have demonstrated that, in the case of Korean older adults, graduation 

from elementary school has validity in finding differences in years of formal schooling 

(Suk, 2008; Suk, Chey, & Kim, 2010). As a result, the mean education level of the 

highly educated group (n=15) was 13.3±2.0 years and that of the relatively less educated 

group (n=15) was 1.0±1.3 years. These two groups were age-matched (p > .5). Table 1 

shows further details of each group's demographic data and results from the screening 

tests. After the nature and possible risks of this study were explained, all participants 

gave informed and written consent and then received financial remuneration for their 

participation at the end of the session. This study was reviewed and approved by the 

Institutional Review Board (IRB) at the Seoul National University (SNU). 
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Table 1. Demographic data for each education group and Mean (M) and Standard 

Deviation (SD) of screening tests 

  
HE (n=15) LE (n=15) 

t p 
M SD M SD 

Education in years 13.27 2.02 1.00 1.31 19.759 <.001 

Age in years 62.27 4.23 63.13 3.83 -0.588 0.561 

K-DRS-2
a
 68.04 24.67 76.86 14.92 -1.158 0.248 

K-DRS-2
b
 137.40 4.21 132.27 3.43 3.663 0.001 

GDS 5.93 2.96 5.07 3.13 0.779 0.442 

K-DRS-2
a
 indicates the age- and education-corrected score of the K-DRS-2 total score as a 

cumulative percentile. K-DRS-2
b
 refers to the raw total score of the K-DRS-2 with 144 being the 

perfect score for this test. Total GDS score is 30. 

Abbreviations: HE=Highly educated group; LE=less educated group; K-DRS-2=the Korean 

Dementia Rating Scale-2; GDS= Geriatric Depression Scale 

 

 

2.  NEUROPSYCHOLOGICAL TESTS 

Korean Wechsler Adult Intelligence Scale-IV (K-WAIS-IV) 

To assess reasoning ability, the Perceptual Reasoning Index (PRI) score from the Korean 

Wechsler Adult Intelligence Scale-Fourth edition (K-WAIS-IV) was administered in this 

study. WAIS is a psychological test which has been frequently used to measure cognitive 

abilities (i.e., general intelligence) (Benson, Hulac, & Kranzler, 2010; T. P. Robinson, 

2011; Weiss, Keith, Zhu, & Chen, 2013). The K-WAIS-IV is an adapted and 

standardized Korean version of the Wechsler Adult Intelligence Scale-Fourth edition 

(WAIS-IV) (Wechsler, 2008a), the most current edition of the Wechsler intelligence 

scales (Hwang, Kim, Park, Chey, & Hong, 2012).  
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     PRI, one of the index scores provided by WAIS-IV, is known as a measure of non-

verbal and visual-spatial skills, visual-motor integration, spatial processing, and fluid 

reasoning. The PRI score is composed of scaled scores of three core subtests: Block 

Designs, Matrix Reasoning, and Visual Puzzles. The Block Design subtest uses non-

verbal figures and a geometric visuo-spatial design as a stimulus and a template, 

respectively. In this subtest, individuals are required to arrange bi-colored blocks, 

duplicating a template or modeled design. The Matrix Reasoning subtest gives a 

partially filled matrix to examinees who are required to properly complete the matrix by 

determining the appropriate rules of the particular matrix and then selecting the missing 

piece from several options. In the Visual Puzzles subtest, a newly added subtest in 

WAIS-IV that assesses the ability to synthesize abstract visual stimuli and analyze 

nonverbal reasoning, examinees are instructed to combine three elements selected from 

six possible options in their mind and complete or form the gestalt puzzle (Lichtenberger 

& Kaufman, 2012; T. P. Robinson, 2011). Taken together, the PRI score can serve as an 

indicator of non-verbal fluid reasoning primarily by requiring the ability to find logical 

relationships between non-verbal figures (Lichtenberger & Kaufman, 2012; Wechsler, 

2008b).  

     Another reason these tests were applied is that recent studies have implicated the 

involvement of frontoparietal regions in three subtests of the PRI. In the case of the 

Block Design test, performance was strongly associated with lesions in the parietal 

regions especially in the right hemisphere (Lichtenberger & Kaufman, 2012). Further, 

greater prefrontal gray matter volume and DLPFC activation related to higher scores in 

Matrix Reasoning were observed (Elderkin-Thompson et al., 2008; Kwee & Nakada, 

2003). For the Visual Puzzle subtest, a type of mental rotation, the activation of the 
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bilateral posterior frontal cortex and parietal cortex extending down into the posterior 

visual cortices was found during this test (T. P. Robinson, 2011; Zacks, 2008). Therefore, 

the results from previous studies preferentially support that these regions are the 

underlying neural correlates of reasoning ability measured by the PRI. 

 

 

3.  DATA  ACQUISITION 

Images were collected from a 3.0 Tesla MRI scanner (Magnetom TrioTim, Siemens, 

Erlangen, Germany), with a 12 channel head coil. A foam pad within the head coil and 

noise-protection ear plugs were used to minimize subjects' head motion and attenuate 

MRI scanner noise, respectively.  

     For the resting state data, participants were instructed to lie down, relax with their 

eyes closed, and try not to fall asleep, which was confirmed by each subject after 

completion of the resting session. Such resting state scans lasted for 6 min 40 s (200 

volumes) with the following parameters: TR=2000 ms, TE=30 ms, flip angle=79°, voxel 

size 3 x 3 x 3mm, FOV=240×240 mm, slice thickness=3 mm, slice gap=1 mm, 30 slices, 

interleaved.  

     Prior to the functional data acquisition, high resolution anatomical images of each 

participant were acquired in a sagittal orientation (TR=1900 ms, TE=2.36 ms, flip 

angle=9°, FOV=256×256 mm, 224 contiguous slices of 1 mm thickness), which were 

reviewed by an expert neuro-radiologist and none of subjects had clinically significant 

anomalies. The first four volumes were discarded to avoid T1 saturation effect. 
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4.  DATA  ANALYSIS 

4.1  Preprocessing 

The functional data preprocessing was performed by SPM8 

(http://www.fil.ion.ucl.ac.uk/spm) in Matlab R2013a. All volumes were initially 

reoriented and slice time corrected. Then, for head motion correction, images were 

realigned to the first slice and the results were visually checked, with no exclusion for 

subjects' excessive head movement. The remained images were spatially normalized to 

the MNI template (re-sampled in 3x3x3 mm isotropic voxels) and then smoothed with 

an 8 mm FWHM Gaussian kernel. Finally, the data were intensity-normalized in order 

to minimize confounds from global cerebral blood flow (DBF) fluctuations (Zeidan et 

al., 2011) and to improve test-retest reliability as well as the accuracy of independent 

component analysis (ICA) output. By using this intensity normalization process, the 

time series from each voxel were divided by its averaged intensity and thereby scaled to 

percent signal change unit (Allen, Erhardt, Eichele, Mayer, & Calhoun, 2010). 

 

4.2  Group Independent Component Analysis 

Group independent component analysis (ICA) was carried out on the preprocessed and 

intensity-normalized data using the GIFT toolbox (http://icatb.sourceforge.net/). Prior to 

the ICA, two data reduction steps were taken by using principal component analysis 

(PCA), especially with the expectation-maximization (EM) algorithm to minimize 

memory and time requirements (Allen et al., 2011; Roweis, 1998). The data were first 

reduced and whitened at the subject level, resulting in 57 components, and then 

concatenated. This was followed by a second reduction step at group level so that all 

subjects datasets were analyzed as a whole group. This aggregate dataset was finally 

reduced to 38 components estimated by minimum description length (MDL) criteria (Li, 
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Adalı, & Calhoun, 2007). Then, an independent component (IC) estimation was 

performed using the Infomax algorithm, yielding 38 independent components, the final 

number of independent components (ICs) (Bell & Sejnowski, 1995). Infomax is the 

information-maximization algorithm, which maximizes the amount of information 

transfer between the input and output (Hyvärinen, 2002; Rachakonda, Egolf, Correa, & 

Calhoun, 2011). Following this, data were decomposed into temporally coherent 

functional networks (TCNs), estimating maximally independent spatial sources or maps 

(SMs) from the corresponding linearly mixed time courses (TCs). 

      The infomax algorithm was repeated 20 times using ICASSO (http://www.cis. 

hut.fi/projects/ica/icasso), to validate the number of ICs determined by MDL criteria and 

to ensure the robustness or the stability of components. In order to estimate the 

reliability of the decomposition, the ICA algorithm was run with several different initial 

values and the resulting components were clustered (Himberg, Hyvärinen, & Esposito, 

2004). Then, compact clusters validating the robustness and reliability of the 

components were shown as the results of ICASSO. Further, to quantify the quality of the 

component clusters, ICASSO provided the stability index, Iq (the difference between 

extra- and intra-cluster similarity) ranging from 0 to 1 (Himberg et al., 2004) and based 

on this index, only components with an Iq above 0.9 were included in further analysis.  

      Finally, subject-specific SMs and TCs were estimated by back-reconstruction 

with the recently developed GICA3 method depending on PCA compression and 

projection (Calhoun, Adali, Pearlson, & Pekar, 2001; Calhoun et al., 2002; Erhardt et al., 

2011). According to previous studies, GICA3 provides more accurate and robust 

estimates of the subject-specific components (Allen et al., 2011; Erhardt et al., 2011; 

Rachakonda et al., 2011).  
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4.3  Feature Identification 

4.3.1  Resting State Networks (RSNs) Selection 

Components regarded as RSNs were selected by a robust approach inspecting both 

temporal (i.e., average power spectra calculated from TCs) and spatial properties (i.e., 

aggregate SMs). The process was as follows. For TCs, given that the frequency 

composition of physiological components and RSNs are substantially different, 

components dominated by low frequency fluctuations were selected based on spectral 

power (C. F. Beckmann, M. DeLuca, J. T. Devlin, & S. M. Smith, 2005; Birn, Murphy, 

& Bandettini, 2008; B. Biswal, Zerrin Yetkin, Haughton, & Hyde, 1995; De Luca, 

Beckmann, De Stefano, Matthews, & Smith, 2006; S. Robinson et al., 2009; C. W. Wu 

et al., 2008). The spectral power was characterized by two metrics which were 

previously used for component classification with 93% accuracy (S. Robinson et al., 

2009): the ratio of low frequency to high frequency power (i.e., the integral of power 

spectrum below 0.1 Hz to between 0.15 and 0.25 Hz ratio) and dynamic range (i.e., the 

difference between the maximum power and the minimum power of the distribution) 

(Allen et al., 2011; S. Robinson et al., 2009). Both the ratio and dynamic range were 

averaged over subjects and then the mean values were used. Discrimination thresholds 

were chosen by following the cut-off point of dynamic range and the low to high power 

ratio described in Allen et al. (2011). For examples of these two matrices, see Figures 

1A and Figure 1B.  
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Figure 1. Spectral characteristics of component TCs.  

(A) Mean power spectrum of IC 6 illustrating the features used for dynamic range and the ratio 

of low frequency (LF) to high frequency (HF) power. (B) Scatter plot of two matrices (LF to HF 

power ratio and dynamic range) for all components. X axis is LF to HF power ratio and Y axis is 

dynamic range. Along with these characteristics, SMs were also used to categorize components 

as RSNs, artifacts, and mixtures of the two. 
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Figure 2. Spectral power distribution of RSNs and artifacts 

(A) Profiles of spectral power distribution of RSNs. These components resulted in the selected 

RSNs. (B) Profiles of spectral power distribution of artifacts. These components showed 

ventricular, vascular, and head movement susceptibility. 
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For the SMs, the components suggesting clearly interpretable distinct artifacts 

such as head motion, cardiac-induced, respiration effect localized to blood vessels, and 

ventricular (CSF) artifacts were visually inspected and discarded (C. F. Beckmann et al., 

2005; J. Damoiseaux et al., 2006). Head movement components, for example, were 

characterized as ringing surrounding the edge of the brain (Damaraju et al., 2010). Then, 

considering that RSNs exhibit high spatial overlap with gray matter and low spatial 

overlap with non-gray matter (C. F. Beckmann et al., 2005; De Luca et al., 2006; Jafri, 

Pearlson, Stevens, & Calhoun, 2007), the associations of SMs of each component with a 

priori probabilistic maps from white matter, gray matter, and cerebral spinal fluid were 

identified within standardized brain space (MNI template). As a result, those 

components showing low correlation with gray matter and high correlation with a priori 

localized to white matter or CSF were excluded (Jafri et al., 2007). It is noteworthy that 

none of the components’ spatial distribution corresponded to that of white matter.  

      Finally, the selected RSNs were evaluated based on previous literature regarding 

the SMs of each component (Allen et al., 2011; Boubela et al., 2013; Damaraju et al., 

2010; J. Damoiseaux et al., 2006; Jafri et al., 2007). Taken together, six components out 

of the 38 estimated components were qualitatively selected as the components of interest 

for further analysis. Figures 2A and 2B illustrate the profiles of spectral power 

distribution for the six RSNs and artifacts (including ventricular, vascular, and head 

motion). 

 

4.3.2  Outcome Measures 

On the set of selected RSNs, components’ power spectra were considered as the 

outcome measure. Unlike resting state functional connectivity usually focusing on the 

connection between two regions of particular interest, the spectral power of RSN time 
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course is associated with the level of coherent activity within a component or network, 

providing a measure of intra-network connectivity strength. In accordance with 

Damaraju et al. (2010), a higher level of power density at a frequency appears to be 

generated by an increased intra-network connectivity at that frequency.  

      For instance, assume that only two frequencies and two voxels are present for 

simplicity. The expression of the IC time course could then be as follows:   

                    

 

   
                  

 

   
 

where k indicates spatial location (here, the location of each voxel) and the signal has 

energy at two frequencies. The two peaks of this power spectrum are at    and at    , 

with a height of                         
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    , respectively. If it is further assumed that all 

amplitudes are equally set to one, then   
     

    and       . This is also possible 

for   
     

  and     . Therefore,                  and                 .  

      Here,            and            is equivalent to a Pearson's correlation 

coefficient since the correlation coefficient of paired random variables can be interpreted 

as the cosine of the angle between two data as vectors. In this case, a positive correlation 

coefficient caused by the two random variables generally makes an acute angle, whereas 

a negative correlation makes an obtuse angle. Thus, the more that two vectors are 

pointing in the same direction, the higher the correlation between them. A correlation 

coefficient of 1, for example, indicates they point in accurately the same direction and 

thus the angle between them is zero (i.e.,       ). When the vectors point in the exact 

opposite direction which makes the cosine of a straight angle, the correlation coefficient 

is    (i.e.,         ). As a result,      if       ) is equal to zero meaning that 

the time courses of the two voxels point in exactly the same direction and      if 
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          , indicating that they point in exact opposite directions. Therefore, the total 

energy will be higher if different voxels equally contribute to such energy at a frequency 

where their contributions are coherent. In other words, a higher peak of power spectrum 

for a frequency can be caused by a stronger intra-network connectivity at that frequency 

(Damaraju et al., 2010). 

      The low frequency range (0.01-0.08 Hz) was used to analyze the spectral power 

in the present study although it was usually performed with the frequency band between 

0 and 0.25 Hz as a default setting in GIFT software (Allen et al., 2011; Balsters, 

O'Connell, et al., 2013; Balsters, Robertson, et al., 2013). This was done mainly for two 

reasons. First, numerous studies have previously suggested that RSNs are typically 

characterized as the low frequency fluctuation or slow spontaneous fluctuations (below 

0.1 Hz) in BOLD signal (Boubela et al., 2013; Dietmar Cordes et al., 2001; Raichle & 

Mintun, 2006). In accordance with a study by Cordes and his colleagues, only 

frequencies less than 0.1 Hz were responsible for more than 90% of RSNs, in contrast 

with faster frequencies pertained to cardiac or respiratory factors. They also suggested 

that those low frequencies had the specified high level of temporal coherence (Dietmar 

Cordes et al., 2001). These findings further support physiological importance of low 

frequency (0.01-0.08 Hz) fluctuations in the resting state BOLD signal reported by B. 

Biswal, Yetkin, et al. (1995). More recently, a study conducted by Zuo et al. (2010) 

reported that low frequency fluctuations (0.01-0.073 Hz) were primarily restricted to 

gray matter. Based on these studies, the majority of studies have used temporally band-

pass filtered fMRI data at a cut-off of 0.08 Hz (Fox & Raichle, 2007; Fox et al., 2005; 

Song et al., 2008; Yan & Zang, 2010; Zhang & Li, 2010; Q.-H. Zou et al., 2008). In line 

with these studies, a more recent study has suggested the use of 0.01-0.08 Hz band-pass 
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filter to remove very low- and high frequencies susceptible to physiological noise or 

artifacts (Satterthwaite et al., 2013).  

      Second, the data used in this study were characterized by the peak of the power 

spectrum in the range of 0.01-0.04 Hz for all subjects in the spectral distribution. 

Furthermore, the maximum spectra of RSNs followed by being flat up to 0.1 Hz (Smith, 

Niazy, Beckmann, & Miller, 2008) and even to 0.25 Hz were identified. These features 

were closely similar to data from the previous literature on power spectra analysis 

(Allen et al., 2011; Damaraju et al., 2010; S. Robinson et al., 2009), providing data-

driven or empirical evidence for choosing specified frequency band (i.e., 0.01-0.08 Hz).  

      Along with the specified frequency band, time courses were first detrended for 

each component spectral power and based on these detrended subject-specific TCs, 

spectra were estimated using the multi-taper approach as previously implemented in 

Chronux (http://chronux.org) with the time bandwidth product and the number of tapers 

set to 3 and 5, respectively (Mitra & Bokil, 2007). As a result, the slope, mean, and sines 

and cosines of period   and     were removed over each time course (Allen et al., 

2011; Balsters, Robertson, et al., 2013; Rachakonda et al., 2011). The resulting spectra 

were normalized in the spectra dimension for each subject in order to improve the 

specificity and sensitivity in detecting spontaneous brain activity within a network (Q. H. 

Zou et al., 2008). Finally, these power spectra were element-wise log-transformed to 

minimize the highly skewed power distribution (Allen et al., 2011). 
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4.4  Statistical Analysis 

4.4.1  Behavioral Data 

The effect of formal education on reasoning ability was analyzed with an independent 

sample t-test to examine difference between age-matched HE and LE groups in the 

ability to reason. SPSS version 21.0 (SPSS, Chicago, IL) was used for data analyses. 

The results showed that there was a significant difference between age-matched 

education groups. Specifically, the score of highly educated participants on perceptual 

reasoning tests was significantly greater with the mean score difference of about 15, 

compared to less educated ones (independent sample t-test: t = 3.98, p < .001, two-

tailed). Figure S1 shows the difference in reasoning ability between HE and LE group 

classified with the criterion of 6 years of schooling.  

 

4.4.2  Neuroimaging Data 

After examining the education effect on reasoning ability in health elders, the role of 

power spectra within a resting state network in such relationship was analyzed. To 

identify SMs of the finally selected RSNs, a voxelwise one-sample t test was carried out 

on each component, which was thresholded with 120 contiguous voxels at t > 5. Spatial 

maps of the six selected RSNs are depicted in Figure 3 and the detailed regions and their 

coordinates are given in Table 2. These networks are Medial visual (IC 6), Temporal 

lobe (IC 10), Default Mode Network (DMN; IC 15), Right frontoparietal (IC 27), 

Lateral visual (IC 34), Left frontoparietal (IC 38). 

      A multivariate analysis of covariance (MANCOVA) was utilized in order to 

decide whether there are significant effects on the response variables or not, based on a 

recently proposed multivariate model (Allen et al., 2011). Multivariate analyses are 

performed first to examine the extent to which variance in the data is explained by each 
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of the independent variables (Calhoun et al., 2011). In this stage, those variables that do 

not account for significant variance within the data are not included in the following 

MANCOVAN model through the backward selection process. Univariate tests are then 

conducted in order to identify the specific relationship between the independent 

variables and response variables.  

The present study followed this same procedure focusing more on univariate 

results and for IC power spectra, mediation analysis was subsequently used to conclude 

the relation among three variables of interest (i.e., years of schooling, the PRI score, and 

the spectral power) and thus the specific role of IC power spectra in their relationship. 

Because spectral power was log-transformed to minimize the skewed distribution, log-

transformed variables were also used.  
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Figure 3. Spatial maps (SMs) of the 6 components identified as RSNs.  

SMs thresholded at t > 5 with at least 120 voxels as the extent threshold are reported. All regions 

are supra-thresholded at p < 0.01 FDR correction. 
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Table 2. Regions of resting state networks (RSNs) for each component 

 

 

Brodmann 

area 

Number of 

voxels 
tmax X Y  Z  

       
IC 6 (0.97) 

      

L Posterior Cingulate BA 30 4644 24.9 -3 -61 6 

L Lingual Gyrus 
   

-3 -70 3 

R Lingual Gyrus 
   

21 -58 0 

       
IC 10 (0.98) 

L Transverse Temporal Gyrus BA 41 3436 18.8 -50 -20 9 

R Superior Temporal Gyrus BA 22 2888 17.8 50 -9 -2 

L Cingulate Gyrus BA 32 1103 11.3 0 11 38 

R Superior Parietal Lobule BA 7 247 7.4 33 -67 53 

       
IC 15 (0.98) 

L Posterior Cingulate BA 31 5723 40.8  -9  -54  25  

L Medial Frontal Gyrus BA 10 567 14.2  -3  52  -5  

       
IC 27 (0.98)   

R Middle Frontal Gyrus BA 10 2107 23.0  39  55  -5  

R Inferior Parietal Lobule BA 40 1157 21.8  50  -48  35  

L Superior Parietal Lobule BA 7 668 15.8  -39  -59  47  

R Middle Temporal Gyrus BA 21 410 14.9  62  -36  -14  

L Middle Frontal Gyrus BA 11 462 14.9  -42  40  -14  

L Middle Temporal Gyrus BA 21 193 11.9  -59  -41  -8  

R Cingulate Gyrus BA 31 174 11.1  3  -33  40  

       
IC 34 (0.97) 

R Fusiform Gyrus BA 37 4072 20.5  42  -62  -7  

L Fusiform Gyrus BA 19 967 12.8  -45  -68  -10  

L Middle Frontal Gyrus BA 6 317 11.2  -53  8  44  
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Table 2. (continued) 

 

Brodmann 

area 

Number of 

voxels 
tmax X Y  Z 

 
IC 38 (0.95) 

L Superior Frontal Gyrus BA 6 4294 20.0  -33  14  49  

L Inferior Parietal Lobule BA 40 1480 16.5  -45  -44  44  

L Inferior Temporal Gyrus BA 20 226 12.4  -59  -33  -14  

R Middle Temporal Gyrus BA 21 146 9.9  65  -41  -8  

Note. Each region is clusters above at least 120 contiguous voxels at t > 5. The region with the maximum t 

value and its Talairach coordinates converted from MNI coordinates using the "mni2tal" algorithm 

developed by Brett (Brett, Johnsrude, & Owen, 2002) are reported in each cluster except for IC 6. Only IC 6 

represents all regions within significant cluster to clarify the included regions. The quality index (Iq) related 

to each of RSNs is listed in parentheses right next to the component number. Labels indicate the results of a 

nearest gray-matter search.  

 

 

4.4.2.1  The MANCOVA Model  

The mancova model was run using the Mancovan toolbox (Allen et al., 2011) provided 

in GIFT software. In this model, the relationships between independent variables and 

RSN feature (i.e., IC time course spectra) were investigated as a whole. A design matrix 

which contains years of schooling, the PRI score, scores of PRI subtests (i.e., Block 

Design, Visual Puzzle, and Matrix Reasoning) in order to identify overall overlap 

pattern with PRI, a score of the new Figure Weight subtest of K-WAIS-IV for reasoning, 

and an interaction between the level of education and the PRI score as covariates of 

interest was constructed. In addition, a total score of K-DRS2 adjusted for age and 

education as well as other index scores of K-WAIS-IV (e.g., Verbal Comprehension 

Index, Working Memory Index, Processing Speed Index, and Full Scale IQ) was added 
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as regressors of no interest.   

 

4.4.2.2  Response Variables 

If there are N subjects, those subjects are represented as             . Each subject 

has power spectra (   ) of              for each of spectral bins. These response 

variables are first log-transformed as described above. The concatenated subject 

response vectors then form the response matrices as follows: 

            
          

            
     (Allen et al., 2011; Calhoun et al., 2011).  

 

4.4.2.3  Univariate Analysis 

Following multivariate analysis, particular spectral bins closely related to years of 

education and/or reasoning ability were determined by univariate tests on the original 

response variables,     (             ). These associations were visualized by 

                , the log of the p value accompanying the sign of the related t-statistics. 

This plotting form is beneficial by providing information on not only the directionality 

but also statistical strength of the result (Allen et al., 2011; Calhoun et al., 2011). At last, 

the effects of covariate were regarded as significant if test statistics exceeded the 

significance threshold corrected for multiple comparisons using FDR at p < 0.1. Figure 

S2 illustrates the results of univariate test. The results indicated that the PRI score was 

statistically significant only for the spectra power of the right frontoparietal network.   
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5.  Mediation Analysis 

Univariate tests were followed by the mediation analysis. As an important consequence 

of univariate tests, specific spectral bins closely associated with PRI were found only for 

the right frontoparietal network and thereby such bins were extracted and used for the 

mediation analysis. The primary focus of mediation analysis is to determine whether the 

relation between the independent variable (X; years of education) and the dependent 

variable (Y; reasoning ability) is actually mediated by spectral power (M) within the 

right frontoparietal network. That is, if education attainment influences reasoning ability 

through the intervention of spectral power, such spectra power can be considered as a 

mediator. The mediation hypothesis in this study was that the level of coherent activity 

within the frontoparietal network might be responsible for the effects of education on 

reasoning ability.  

Mediation analysis is a widely used approach to determine whether the relation 

between two variables is significantly mediated through an intervening variable 

(Hendrick, Ide, Luo, & Li, 2010). Overall, the mediation hypothesis posits that 

mediation is present when a predictor (X) indirectly influences a dependent variable (Y) 

by at least one mediator or intervening variable (M) (MacKinnon, Fairchild, & Fritz, 

2007; Preacher & Hayes, 2008). This hypothesis is tested through multiple regression in 

a three variables path model that assumes two causal paths which were fed into the 

outcome variable following the procedure suggested by Baron and Kenny (1986). 

      In order to establish a variable as a potential mediator, the following conditions 

are met: (1) variations in the outcome variable Y is significantly explained by variations 

in the independent variable X as a simple regression model, when considered alone 

(Figure 4A; direct model also known as total effect). (2) The variance in the 
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hypothesized mediator M is significantly accounted for by variations in the variable X, 

as considered alone (path a). (3) The mediator M should explain the variance in the 

dependent variable Y in a multiple regression model where the effects of both the 

independent variable X and the mediator M on the outcome variable Y are considered, 

by partialling out the independent variable X (path b). (4) The impact of the independent 

variable X on the dependent variable Y controlling for the mediator M has to be 

significantly reduced as compared to the direct model (i.e., total effect). The basic causal 

chain implemented in this mediation model is depicted in Figure 4B. 

To begin the analysis, the association between years of schooling and perceptual 

reasoning ability was analyzed by linear regression model with the PRI score as the 

outcome variable for the first condition (Figure 4A). Due to the relatively small sample 

size, bootstrapping was applied and 5,000 bootstrap samples were created to assess the 

robustness of this regression model. As a result, additional years of schooling were 

significantly related to higher reasoning skills, accounting for about 30% of the variance 

of the PRI score (  = .526, adjusted R
2 
= .277, t = 3.276, p = .002 based on 5,000 bias-

corrected accelerated (BCa) bootstrap samples 95% CI .021 to .084). 
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Figure 4. Path diagrams of direct model and indirect model for mediator effects.  

(A) Direct model. In this model, the predictor variable affects the outcome variable regardless of 

a mediator variable. (B) Indirect model. Conceptual models (Left) and statistical models (Right) 

are provided. In this model, direct effect (path c) was calculated by controlling M and this effect 

should be significantly reduced compared to the direct model, when the effect is mediated by M. 

Note that a, b, c, and c' are path coefficients. 

 

 

Afterwards, the models with direct and indirect effects for years of schooling on 

reasoning including the power spectra within the frontoparietal network as the 

hypothesized mediator were proposed. Through the path model, three effects of interest 

were examined to meet those required conditions as will be described below. One effect 

of interest was the association between years of schooling (X) and the intra-network 

connectivity strength (i.e., power spectra) (M), which is referred to as path a. A second 

effect of interest is the effect of the strength of coherent activity (M) on reasoning ability 
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(Y) considered as path b. This path b was assessed by controlling for X (i.e., years of 

education). Finally, the indirect effect (path c') determining whether the inclusion of 

spectral power (M) in the model significantly accounts for the amount of effects of 

schooling years (X) on the measured outcome, reasoning ability (Y), was examined as a 

third effect of interest.  

      This procedure was followed by statistical testing. The indirect effect of variable 

X on Y mediated by M is quantified as the product of path b as well as path a (i.e., 

    ), where   and   are the path coefficients (Atlas, Bolger, Lindquist, & Wager, 

2010; Baron & Kenny, 1986; Exner et al., 2009). In most situations, the total effect, not 

controlling for M, in the direct model, is equal to        where   is the direct effect 

controlling for M (Preacher & Hayes, 2004). Thus, if both the path a and the path b are 

all significant and    is significantly different from zero, then the direct effect becomes 

less pronounced. As a result, it is concluded that the effect of X on Y is mediated by M 

(Hendrick et al., 2010).  

     A bootstrap approach was utilized for a test of significance of the indirect effect 

(Preacher & Hayes, 2004). Bootstrapping is a nonparametric resampling procedure 

advocated for testing mediation. Estimating the indirect effect rests on each resampled 

data set. By repeatedly sampling the data a large number of times (typically in the range 

of 1,000 to 10,000 times), the empirical distribution from the observed data is built for 

an approximating distribution of    and used to construct confidence intervals of the 

indirect effect (Exner et al., 2009; Hayes, 2012; Preacher & Hayes, 2008). The indirect 

effect was tested with the SPSS macro provided by Preacher and Hayes (2004). In the 

case of generating bootstrap confidence intervals for the indirect effect, a faster and 

bias-corrected (BCa) percentile confidence intervals were used with 10,000 bootstrap 
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resamples. All of these statistical analyses were performed using SPSS 21.0. 

 

 

 

RESULTS 

 

 

1.   RESTING STATE NETWORKS 

A cluster quality index (Iq) indicated that each of the 38 components was represented as 

a highly stable ICA component with an Iq of more than 0.9. Through a robust procedure 

dependent on both SMs and IC spectral power, 6 components were selected as 

nonartifactual, relevant networks from these 38 ICA components. The excluded 

components were 23 components with vascular, ventricular, and respiratory 

susceptibility or motion-related artifacts and 9 mixed components indicating a mixture 

of artifactual sources and RSNs (see Figure 1B). The mixed components included 

networks with activity in regions that extend into neighboring ventricles.  

      The observed RSNs were similar to those reported in previous works regardless 

of the level of model order (e.g., low model order ICA including roughly 20 components 

or high model order ICA including roughly 70 components) (Allen et al., 2011; 

Arbabshirani, Havlicek, Kiehl, Pearlson, & Calhoun, 2012; Calhoun, Kiehl, & Pearlson, 

2008; Damaraju et al., 2010; J. Damoiseaux et al., 2006; Jafri et al., 2007). The initial 

labels of these RSNs were assigned based on the regions involved, according to previous 

literature (Arbabshirani et al., 2012; Calhoun et al., 2008; Jafri et al., 2007). (see Figure 

3 and Table 2 for details).  
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2.  UNIVARIATE TEST RESULTS 

The exact nature and extent of the effects of schooling years and reasoning ability on 

spectra power were identified by univariate tests. Those effects are provided in Figure 

S2. Increases and decreases in spectral power are indicated by warm color and blue, 

respectively. Significant effects are colored and thus black indicates no significant 

effects.  

      Significant effects of reasoning ability on spectral power were not observed in the 

finally selected six RSNs except for the right frontoparietal network (IC 27). As 

hypothesized, spectral power was significantly increased as reasoning scores were 

increased, only for the right frontoparietal network, especially in the very low frequency 

range (0.01-0.03 Hz) (Figure S2). The impact of subtests of PRI as well as of years of 

education on power spectra was not significant in any kind of networks. Figure 5A 

illustrates power spectra distribution of IC 27. 

Given that reasoning ability was only associated with spectral power in specific 

frequency bins (0.01-0.03 Hz) within the right frontoparietal network, this network 

alone, out of six RSNs, was used for subsequent mediation analysis to test the 

hypothesized mediating effect of the power spectra. First, exact power spectra showing 

significant relation to reasoning ability in the frontoparietal network were identified. 

Then, power spectra especially at 0.023 Hz were extracted (Figure S2) and used to 

analyze the relationship among variables of interest. Simple correlation analyses 

revealed that both years of schooling and reasoning ability were significantly correlated 

with the spectral power (Figure 5B).  
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Figure 5. Univariate test results 

(A) Power spectra distribution of IC 27. Line plots show the mean log(power) for all subjects and 

the shaded area under the line represents the frequency range used in this study. (B) Scatter plot 

of years of education, the PRI score, and power spectra at 0.023 Hz. To represent the strength of 

the relationship between variables, correlation coefficients are reported. 

* p < .05, ** p < .01, *** p < .001 

r =.580*** 

r =.564** 
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3.  MEDIATION EFFECTS OF POWER SPECTRA 

To not surprise, the power spectra in the frontoparietal network were significantly 

associated with reasoning ability. Interestingly, reasoning ability was increased as the 

specific power spectra in very low frequency (0.023 Hz) was increased. To test whether 

such spectral power may mediate the effect of education on reasoning ability, the 

heuristic procedures suggested by Baron and Kenny (1986) were followed, which are 

introduced above and all conditions for the procedure were met.  

       First, spectral power (M) was significantly predicted by years of education (X) 

(path a; B = .022, t(28) = 3.766, p < .001, 95% CI .010 to .035). Further, in the case of 

effects of spectral power on reasoning ability controlling for education effect, reasoning 

ability (Y) was significantly predicted by power spectra (M) (path b; B = .994, t(28) = 

2.089, p = .046, 95% CI .018 to 1.971). Regarding a key question concerning the 

underlying neural mechanisms that lead to higher reasoning ability through educational 

effect, a significant evidence of indirect effect was found (path c'; B = .022, 95% CI .004 

to .058). Of importance, there was significant mediation effect of power spectra. Thus, 

the impact of years of schooling on reasoning ability was, in fact, mediated by the level 

of temporal coherence within the frontoparietal network. This indirect effect was further 

supported by no evidence of significant education effect on reasoning ability in the 

direct effect (path c; B = .030, t(28) = 1.614, p > .05, 95% CI  .008 to .067), although 

years of education had a significant effect on reasoning without the intervention of 

power spectra (Direct model; B = .052, t(28) = 3.276, p < .005, 95% CI .021 to .084). 

The detailed results are given in Table 3 and Figure 6. 
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Table 3. Path coefficients for the indirect model  

Note. a, b, c, and c' are path coefficients for path a (X → M), path b (M → Y controlling for M), 

path c (direct effect; X → Y controlling for M), and path c' (indirect effect; X → M → Y), 

respectively. Unstandardized regression coefficients with standard error (SE) in parentheses are 

reported as path coefficients. 

The indirect model with spectral power as the mediator shows significance of indirect effect (not 

included zero within the confidence interval) and no significance of direct effect. These results 

suggest mediation effect of the spectral power.  

* p < .05, ** p < .01, *** p < .001 

Mediation effect 

 
X: Years of Education, Y: PRI score, M: Spectral power 

 
0.023 Hz                   

 

a .022*** (.006) 
 

b .994* (.476) 
 

c .030 (.018) 
 

c' .022 (.013) 95% CI .004 to .058 
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Figure 6. Results of direct model and indirect model involving spectral power as the 

mediator.  

(A) Direct model not considering mediation effect. Years of education significantly predicts 

reasoning ability in this model. (B) Indirect model concerning mediation effect. The effect of 

schooling on reasoning ability is mediated by the spectra power from the right frontoparietal 

network. The effect of education on reasoning is not significant anymore as indicated by the 

direct effect in the indirect model compared to total effect in the direct model. Note that as a 

result of bootstrapping, if the confidence interval does not contain zero then it is significant. 

Unstandardized regression coefficients with standard error (SE) in parentheses are reported as 

path coefficients.  

* p < .05, ** p < .01, *** p < .001 
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DISCUSSION 

 

 

The main goal of this study was to examine whether formal education may be protective 

against a decline in reasoning ability with age, depending on the level of coherent 

activity within the frontoparietal network specifically at rest. Such mediation impact of 

the spectra power within the frontoparietal network was assessed through multiple steps: 

(1) the association between educational attainment and age-associated decline in 

reasoning, (2) the effect of education on the power spectra, reflective of education-

associated protective effect on intra-network connectivity, (3) the effect of the level of 

coherent activity at rest on reasoning ability, and (4) the mediating role of the level of 

temporal coherence in spontaneous activity in the effects of education on reasoning 

ability. It was hypothesized that greater reasoning ability in healthy elders, induced by 

more years of schooling, may be attributable to a higher level of temporal coherence in 

the frontoparietal network at rest. 

Using independent component analysis (ICA) and spectra power analysis, the 

strength of coherent activity of the selected resting state networks (RSNs) was 

determined and whether such strength mediates individual difference in reasoning 

ability was investigated. The main finding was that the protective effect of education 

attainment on reasoning ability was, as hypothesized, mediated by level of coherent 

activity within a network at rest. Moreover, this result was only significant in the right 

frontoparietal network (IC 27), which includes regions of the middle frontal gyrus, the 

inferior and superior parietal lobules, the posterior cingulate, and the middle temporal 

gyrus. The present study, therefore, successfully demonstrates that years of formal 
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education could reduce age-related deleterious effects on cognitive functioning by 

allowing temporally coherent spontaneous activity in a low frequency level of around 

0.02 Hz.  

 

 

1.   POSSIBLE NERUAL MECHANISM OF COGNITIVE RESERVE  

There is accumulating evidence on the neural mechanisms of cognitive reserve, 

regarding education effect on functional expressions. According to Stern (2009), the 

form of neural activity related to cognitive reserve could be expressed in two ways: 

neural compensation and neural reserve. Neural compensation refers to inter-individual 

variability in the ability to withstand disruption of standard processing networks by 

recruiting alternate brain networks not normally employed by individuals with intact 

brains. This may help maintain or improve cognitive performance. On the other hand, 

neural reserve is defined as inter-individual variability making difference in efficiency 

or capacity of functional brain networks that underlie cognitive functioning in the 

healthy brain. This allows individuals with high cognitive reserve, that is, more 

efficiency and greater capacity, to be more able to cope with age-related disruptive 

effect (Steffener & Stern, 2012; Stern, 2009).  

Task-induced functional studies have reported accumulating evidence of a neural 

compensation that involves the recruiting of alternate resources or networks in healthy 

elders with higher education in order to maintain task performance (Scarmeas et al., 

2003; Springer, McIntosh, Winocur, & Grady, 2005). In addition, more effective 

patterns of brain activation, which were related to better performance, were observed in 

individuals with higher cognitive reserve proxies compared to those with lower 

cognitive reserve (Bartrés-Faz et al., 2009; Bosch et al., 2010; Solé-Padullés et al., 
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2009). The concept of capacity, however, remains poorly understood. 

 

Resting state networks as a putative neural basis of cognitive reserve 

Although these results, as described above, support the mechanistic roles of cognitive 

reserve, the proposed neural mechanisms do not provide comprehensive views of the 

featured functional activity in old age. That is, previous studies on the neural mechanism 

of cognitive reserve have highly emphasized functional activity during specific tasks, by 

relatively underestimating functional connectivity. However, expressions within a 

network involved in performing cognitive functions are more accurately reflected by 

functional connectivity. This is because the typically activated regions in task-based 

neuroimaging studies are widely distributed and the activated patterns are quite different 

depending on specific regions. Alternatively, functional connectivity focuses on 

coherent contribution patterns of regions, providing more relevant network expressions.  

      Furthermore, functional connectivity strength at rest is closely interrelated with 

both aging and education effect (Allen et al., 2011; Andrews-Hanna et al., 2007; 

Arenaza-Urquijo et al., 2013; Balsters, O'Connell, et al., 2013; J. S. Damoiseaux et al., 

2008; Hedden et al., 2009). In this sense, functional connectivity at rest may be an index 

of network capacity if its higher expression takes advantage of successfully completing 

cognitive performance and its individual differences have direct linkage to measures of 

cognitive reserve (Steffener & Stern, 2012). Therefore, individuals with higher cognitive 

reserve may reveal more neural capacity as is shown through their higher coherent 

activity within RSNs than those with lower cognitive reserve when under the same rest 

condition. In addition, the important consequence of such coherent activity could allow 

older adults to withstand age-related decline in cognitive functions. 

In the present study, temporally conjoint activity within RSNs was proposed as a 
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potential neural basis of cognitive reserve, which is beneficially associated with the 

ability to bear age-related cognitive decline. As expected, the results showed that higher 

spectra power at rest helps older adults with higher level of education to attenuate age-

associated decline in reasoning ability, ultimately resulting in higher performance. In 

fact, years of schooling seem to take an effect through the level of coherent activity 

within the frontoparietal network, which is typically activated when performing a 

reasoning task. This suggests that relatively higher reasoning ability in more educated 

healthy elders may be explained by a greater level of intra-network connectivity in the 

frontopareital network. Interestingly, these findings provide an acceptable interpretation 

that the level of coherent activity within a network at rest could function as the neural 

mechanism which underlies cognitive reserve (as indexed by education attainment). 

 

 

2.   EDUCATION EFFECT ON THE FRONTOPARIETAL NETWORK IN OLD AGE 

Overall, resting state networks (RSNs), which engage the frontal and parietal regions are 

preferentially exposed to the risk of age-related degradation, showing reduced functional 

connectivity and ultimately leading to deficits in cognition (Andrews-Hanna et al., 2007; 

Chen et al., 2009; Sambataro et al., 2010).  

Unfortunately, education effect on such age-associated degeneration in 

functional connectivity at rest remains not fully understood. Some recent studies, 

however, have suggested that such connectivity between the frontal and parietal regions 

is increased as a result of additional years of education (Arenaza-Urquijo et al., 2013). 

As indicated by Blair et al. (2005), prefrontal based cognitive skills, repeatedly practiced 

from early life, might further contribute to stronger connection, showing more coherent 

patterns in activity. Consistent with these findings, the present study found that higher 
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education attainment is mainly responsible for greater intra-network connectivity 

involving the frontal and parietal regions (e.g., the middle frontal gyrus, the inferior 

parietal and superior parietal areas). 

Several hypotheses have tried to provide a possible explanation for age-related 

reduction in resting state functional connectivity and these possible explanations might 

allow a deeper understanding of education effect. One of the potential causal factors 

frequently reported is loss of white matter integrity. An increasing amount of evidence 

supports compromised white matter integrity with increased age (Andrews-Hanna et al., 

2007; Bartzokis et al., 2004; Chen et al., 2009; Edith V Sullivan et al., 2001; Edith V. 

Sullivan & Pfefferbaum, 2006; Teipel et al., 2010). In particular, anterior and posterior 

white matter integrity are selectively susceptible to aging, with anterior white matter 

being more vulnerable. Given that such age-related loss of white matter integrity 

possibly gives rise to structural disconnection, education effect may modulate aging-

related structural disconnection as reported by Haut et al. (2007), ultimately facilitating 

functional integration and communication within a network.  

      Another potential causal factor behind a decrease in resting state functional 

connectivity is amyloid beta deposition. The accumulation of amyloid beta is one of the 

hallmarks of Alzhemer's disease (AD). To date, many studies exploring amyloid beta 

deposition have reported that the accretion of Aß oligomers in pre and postsynaptic sites 

might cause synaptic dysfunctions, synaptic damage, and abnormal neural network 

activity, resulting in Alzheimer's disease (Crews & Masliah, 2010; Haass & Selkoe, 

2007; Querfurth & LaFerla, 2010; Selkoe, 2008; Shankar et al., 2007; Walsh & Selkoe, 

2007). Still, studies have also shown the prevalence of asymptomatic amyloid 

accumulation to be similar to that of symptomatic deposition (Aizenstein et al., 2008). In 
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particular, a 20-50% clinically unimpaired elderly population presents substantial 

amyloid burden during life (Hedden et al., 2009). Further, increased amyloid beta 

burden leads to abnormal synaptic activity and thereby cause large-scale network 

instabilities (Palop & Mucke, 2010). Finally, such amyloid deposition in non-demented 

individuals was associated with cognitive deficits (Rentz et al., 2011; Rodrigue et al., 

2012). 

      Hedden et al. (2009) provide direct evidence on the relationship between 

amyloid beta deposition and resting state connectivity. In accordance with the study, 

increased amyloid deposition was correlated with reduced functional connectivity in 

regions of interest including the lateral parietal, the posterior cingulate, and the medial 

prefrontal cortices in normal older adults. More recently, Sheline et al. (2010) reported a 

similar finding especially within the default mode network (DMN). In addition, 

Rodrigue et al. (2012) investigated an increase in amyloid beta burden in the posterior 

cingulate and parietal cortex and its association with reasoning performance. Together, 

these findings indicate that amyloid beta burden can disrupt resting state functional 

connectivity, particularly the connection between the frontal and parietal areas, which 

may influence decline in reasoning ability. 

The current study showed that the level of coherent activity within the 

frontoparietal network was relatively low as an important result of less years of 

schooling. Therefore, in line with previous converging literature, it is probably expected 

that higher accumulation of amyloid beta in the posterior cingulate and the lateral 

parietal cortices may underlie such results in less educated elders, leading to relatively 

poor reasoning ability. Concerning the protective effect of education, it is presumable 

that differences in the capacity to withstand amyloid burden possibly contribute to such 
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consequence, with less educated older adults more exposed to the risk of 

neurodegenerative diseases such as Alzheimer's disease (AD). Taken together, these 

results provide the clinical implication that more educational attainment could allow 

older adults to endure age-related significant loss of temporal coherence in spontaneous 

activity, probably by minimizing the impact of structural disconnection and AD-related 

degeneration on the frontoparietal network. 

 

 

3.  THE FRONTOPARIETAL NETWORK ACCOUNTS FOR INDIVIDUAL 

VARIABILITY IN REASONING  

A number of studies have demonstrated that reasoning is related to the activation of a 

network involving the frontal and parietal regions often extending into the temporal lobe, 

irrespective of the types of reasoning (Jung & Haier, 2007; Krawczyk et al., 2011; 

Preusse et al., 2011; Yamada et al., 2012). These consistent findings note that the 

interaction of these areas, as a network working together, is crucial for reasoning ability. 

Moreover, the involvement of frontoparietal regions in three subtests of PRI has been 

evidently observed (Elderkin-Thompson et al., 2008; Kwee & Nakada, 2003; 

Lichtenberger & Kaufman, 2012; T. P. Robinson, 2011; Zacks, 2008). In this sense, the 

present study provides clear support for the frontoparietal network at rest providing a 

plausible explanation for differential performance on reasoning. Further, such findings 

also support the frontoparietal regions as the underlying neural correlates of the PRI.  

According to the literature, the frontal lobes, including the prefrontal cortex, are 

involved in executive functions. Executive functions are defined as complex cognitive 

processes for achieving a particular future goal, which usually requires the organization 

of some sub-processes such as executive control processes and information integration 
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(Banich & Compton, 2011; Elliott, 2003). To be specific, executive functions are 

presumably responsible for planning, working memory, coordinating, assembling, and 

monitoring other cognitive operations (Salthouse et al., 2003).  

The information integration is, in particular, closely associated with rule 

integration. Rule integration is essential for reasoning since the rules must be integrated 

in order to find the best solution for problem solving (Christoff et al., 2001; Hampshire 

et al., 2011a; Kroger et al., 2002; Wendelken, Nakhabenko, Donohue, Carter, & Bunge, 

2008). Therefore, the ability to represent a problem, to plan for the best solution by 

choosing the optimal strategies, and to keep them in mind while executing them by 

using certain rules (Zelazo, Carter, Reznick, & Frye, 1997) necessary in reasoning is 

supported by the frontal lobe including several sub-regions (Lichtenberger & Kaufman, 

2012).  

It has been known that the parietal lobe plays a significant role in the integration 

of sensory information, understanding of numbers and their relations (Blakemore & 

Frith, 2005), and the manipulation of objects. Interestingly, portions of the parietal lobe 

are traditionally thought to support visuospatial processing. The inferior parietal lobule, 

for example, is involved with mathematical operations while the superior parietal lobule 

is concerned with spatial orientation (Harris et al., 2000; Menon, Rivera, White, Glover, 

& Reiss, 2000; Santens, Roggeman, Fias, & Verguts, 2010). These functions are 

considered necessary in processing spatial information, which is strongly required for 

nonverbal reasoning (Preusse et al., 2011). 

These are in line with a growing number of authors who have argued that 

reasoning, a key component of executive functions, is known to depend on co-

recruitment of the frontal and parietal brain regions and the interplay of those areas 
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within a network can determine reasoning ability (Hampshire et al., 2011a; Jung & Haier, 

2007; Preusse et al., 2011). Of note, these regions are involved in a central-executive 

network that is anchored in the dorsolateral prefrontal cortex (e.g., middle frontal gyrus) 

and the posterior parietal cortex (PPC) (e.g., inferior and superior parietal lobule) 

(Bressler & Menon, 2010). Consistent with previous research, the current study found 

that the frontoparietal network includes the middle frontal, superior and inferior parietal, 

posterior cingulate gyrus and middle temporal cortices. Moreover, the interaction of 

these areas represented by the strength of conjoint activity within the network was 

primarily responsible for reasoning ability.  

 

The frontoparietal network as a resting state network 

The present study has taken spontaneous brain activity as its focus. Other recent 

evidence has suggested that the brain at rest displays vigorous and persistent functional 

activity (Buckner, Andrews‐Hanna, & Schacter, 2008) and correlation patterns of such 

activity reflects functional topography (Fox & Raichle, 2007). In line with such 

evidence, reasoning ability, in particular, was predicted by the power spectra within the 

frontoparietal network at rest in this study. Therefore, these findings support the notion 

that the coherent intrinsic brain activity may be indicative of the neural underpinnings of 

behavior performance, along with task-induced activity and its correlation patterns 

(Andrews-Hanna et al., 2007; Chen et al., 2009; M. W. Cole et al., 2012; Michelle 

Hampson, Naomi R. Driesen, Pawel Skudlarski, John C. Gore, & R. Todd Constable, 

2006; Seeley et al., 2007; Song et al., 2008; Zou et al., 2012). 

It has been generally accepted that bandwidths below 0.1 Hz, a dominant 

bandwidth of around 0.08 Hz, characterize the low frequency fluctuations in resting 
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state (C. Beckmann, M. DeLuca, J. Devlin, & S. Smith, 2005; S. H. Schmidt, 2009). The 

evidence of such fluctuations shown to be coherent across functionally related brain 

regions has been supported since an early study by B. Biswal, Yetkin, et al. (1995), 

indicating RSN as hemodynamic changes with direct relation to neuronal activity in the 

motor cortices (D Cordes et al., 2001; De Luca et al., 2006). Recently, many studies 

have emphasized the inherent frequency-specific properties of RSNs, suggesting distinct 

features in resting state fMRI signal within functional networks (Wee et al., 2012; C. W. 

Wu et al., 2008). In particular, power for different frequency bands was dominated by a 

maximum at about 0.02 Hz and slowly changing signal in 0.01-0.06 Hz (C. F. 

Beckmann et al., 2005; B. Biswal, Zerrin Yetkin, et al., 1995; Damaraju et al., 2010; De 

Luca, Smith, De Stefano, Federico, & Matthews, 2005; C. W. Wu et al., 2008). 

Consistent with these findings, peak magnitude of power in 0.01-0.04 Hz was observed 

in the present study.  

It is noteworthy that spectra power was extracted from the specified frequency 

bin, 0.023 Hz,  and used for the subsequent analysis since such frequency bin was 

significantly related to the PRI as indicated by the results of univariate tests in this study. 

More recent studies provide strong support for the relevance of the specific frequency 

within the frontoparietal network, one of RSNs. C. W. Wu et al. (2008) found strong 

cortical correlations in functional networks within the low frequency band, 0.01-0.06 Hz. 

Subsequent evidence has been provided by Baria, Baliki, Parrish, and Apkarian (2011). 

They indicated that the highest-magnitude power for the frequency band of 0.01-0.06 Hz 

is centrally placed in the prefrontal, parietal, and occipital cortices. More specifically, as 

suggested by Han et al. (2011), several regions such as the posterior cingulate cortex 

(PCC), the inferior parietal lobule, and the prefrontal cortex showed greater magnitude 
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of power in the 0.01-0.027 Hz frequency band. Considering that these brain regions are 

all included in the frontoparietal network found in the present study, it is not surprising 

that the specific frequency bin, 0.023 Hz, within such network was significantly related 

to reasoning ability, suggesting the frontoparietal network as the neural basis. 

 

 

4.  EDUCATION EFFECT ON REASONING ABILITY IN OLDER ADULTS  

Overall, reasoning ability shows pronounced age-related decline, regardless of the types 

of reasoning (Salthouse, 2005, 2009; Salthouse et al., 2003). In this sense, education 

attainment, a proxy for cognitive reserve, may play a protective role in sustaining 

reasoning ability in old age. Such role of education can be taken in two ways: delaying 

age-associated cognitive decline and/or reducing the rate of decline. The reduction in 

rate most often can be tracked through longitudinal study; the present study rather 

focused on relatively preserved cognitive function. Specifically, more educated group 

showed higher reasoning ability, compared to the age-matched less education group. 

Further, the study finds that the longer the duration of education in elders, the higher 

level of reasoning ability.  

As supported by Ardila et al. (2000), the very important cognitive consequences 

of schooling are suggested as alterations in visual perception, remembering strategies, 

and logical reasoning (i.e., executive functions) as well as formal operational thinking. 

Such changes also include working memory which is necessary to reasoning. In line 

with this study, higher level of reasoning ability tends to be caused by repetitive 

exposure to curricula and materials emphasizing those cognitive skills and thereby 

exercising them as a result of schooling. Particularly, solving novel problems in 

mathematics progressively focuses on understanding of visual-spatial relations and the 
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ability to mentally hold and manipulate symbols or structures (Preusse et al., 2011). 

Accordingly, repeated exposure to novel geometric stimuli as well as exercising related 

processes from relatively early in life would have a positive impact on the reasoning 

ability. Taken together, it is noteworthy that schooling could cause higher reasoning 

ability for individuals in old age by possibly protecting such ability against age-related 

cognitive decline. 

 

 

5.  GROWING POTENTIAL OF RESTING STATE NETWORKS  

To date, resting state functional connectivity (Rsfc) has been of marked interest. The 

reliability of previous findings, the simplicity and the feasibility based on no task 

requirement, and relatively short data acquisition time at least in part contribute to this 

particular interest. Further, resting state functional connectivity (Rsfc) has potential for 

clinical application to a wide range of neurological disorders such as Alzheimer's disease 

(J. S. Damoiseaux, Prater, Miller, & Greicius, 2012). With these advantages, intrinsic 

functional connectivity is a commonly used approach in studies on old age (J. S. 

Damoiseaux et al., 2008).  

To determine spatial patterns of specified functional connectivity networks, 

independent component analysis (ICA) has been increasingly used. Since there is no 

need for prior information on the temporal or spatial patterns of source signals, it has 

been known that ICA is well suited for fMRI study during rest (Calhoun, Liu, & Adalı, 

2009). In this analysis, meaningful sources mixed with noise are separated into distinct 

independent sources. Unlike seed based analysis, in which the correlation between 

activity in the predefined regions and all other voxels in the brain is utilized, ICA 

benefits from no prior assumption about locations of networks. As a result, it is entirely 
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data driven and allows the identification of the spatial pattern of functional networks 

across the whole brain. On the other hand, seed based analysis considers one network in 

the given data, ignoring all but one possible network and depends on the seed choice and 

is thus biased towards smaller or overlapped networks (D. M. Cole et al., 2010; Ferreira 

& Busatto, 2013; Margulies et al., 2010).  

More recently, multivariate methods based on ICA have been applicable to 

measuring functional connectivity with spectral analysis being one of them. This is a 

common approach in the analyses of EEG, however, a number of recent studies have 

reported that resting state networks (RSNs) have different BOLD spectral properties. 

Given that power spectra in a specific network is related to behavior performance, 

spectral power helps provide reliable measures of functional connectivity across all 

regions within a specific network, rather than relying on the connection between two 

brain regions of particular interest (Allen et al., 2011; Balsters, O'Connell, et al., 2013; 

Balsters, Robertson, et al., 2013; Damaraju et al., 2010). Based upon these studies, both 

ICA and recently proposed power spectra analysis were used in the present study and 

thereby this study could provide clear evidence of applicability of such approaches to a 

wide range of related studies. 

 

 

6.  FUTURE CONSIDERATIONS  

In the present study, education effects on reasoning ability mediated by resting state 

networks (RSNs) were investigated within older adults. However, in order to address the 

aging effect more thoroughly, both younger adults and older adults need to be included. 

By doing so, a clearer picture can be drawn about the age-associated pattern of 

reasoning performance and resting state functional connectivity modulated by cognitive 
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reserve. Furthermore, with a various range of age groups, the protective effect of 

education on cognitive functions by reducing the rate of cognitive decline will be clearly 

determined. 

Second, other possible variables influencing cognitive functions and functional 

networks, instead of education attainment, should also be considered for future research. 

This is because variables that are part of one’s lifetime experience such as income or/and 

occupational attainment other than years of education could have separate or synergistic 

effects on age-related disruptive effect. Along with lifetime experiences, more 

continuous neuropsychological variables may indicate cognitive reserve as well. For 

instance, vocabulary test scores and an estimate of IQ, providing information on innate 

intelligence, are accountable for cognitive reserve. This is at least in part supported by 

some studies which indicate an estimate of IQ as a more powerful measure of cognitive 

reserve (Alexander et al., 1997). 

Finally, studying resting state functional connectivity becomes of great 

importance since understanding the neural basis of cognitive reserve and the individual 

differences in behavior performance is reflected by such connectivity in healthy elders 

as discussed above. Based on previous evidence, reduced functional connectivity with 

advancing age may be attributable to loss of white matter integrity or/and amyloid beta 

burden. However, little is known about the moderating role of education in white matter 

integrity, amyloid beta burden or their interactions in older adults, ultimately providing 

protection against deterioration in temporal coherence. Therefore, future investigations 

into education effects on both putative causal factors and their role in cognitive decline 

will be needed. 
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SUPPLEMENTARY SECTION 

 

Figure S1. The difference in perceptual reasoning ability between HE and LE. 

The highly educated group (HE) had a higher score on the Perceptual Reasoning Index (PRI) 

than the less educated group (LE). The mean score difference between the two groups was about 

15, which was statistically significant at p <.001 (independent sample t-test, two-tailed). 

 

* p < .05, ** p < .01, *** p < .001 
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Figure S2. Univariate test results (color bar) 

(A) Spatial map for IC 27 showing significant univariate test results (B) Component where power 

spectra significantly covaried with the PRI score. (C) Component where spectral power 

significantly related to both education and reasoning. Red indicates an increase in spectral power 

with the variable while blue indicates a decrease in spectral power. All results are thresholded at 

p < 0.1 (FDR corrected). Note that the spectral power of the independent component 27 (IC 27) 

only showed a significant positive association with reasoning. 
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국문 초록 

 

정규 교육이 노인의 추론 능력에 미치는 영향: 

전두두정 네트워크를 중심으로 

 

송 현 

협동과정 뇌과학 전공 

서울대학교 대학원 

 

노화는 일반적으로 인지기능의 저하와 같은 부정적인 변화를 

수반한다고 보고되어 왔으며, 집행 기능과 기억은 이러한 변화에 취약한 

대표적인 인지기능이라 할 수 있다. 특히, 집행 기능 중 하나이며 새로운 

상황에서 논리적인 관계를 파악하여 문제를 해결하는 능력을 의미하는 추론 

능력은 적응적인 행동에 필수적으로, 노화에 취약한 다른 인지기능들과 

밀접한 관련성을 가진다고 보고되어왔다. 이와 같은 결과들은 나이가 

들어감에 따라 발생하는 추론 능력의 저하가 노화에 따른 인지기능 저하를 

나타내는 핵심적인 역할을 할 가능성을 제기한다.  

그러나, 인지 보유고 개념에 따르면 노화에 따른 변화는 단순히 
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하나의 양상으로만 나타나지 않으며, 인지기능에서의 개인차는 연령이 

증가함에 따라 더욱 뚜렷해진다. 특히, 정규 교육은 노화와 관련된 

인지기능의 저하에서 보호 요인으로 작용한다고 보고되어왔다. 

최근 뇌영상 연구들에 따르면 휴지상태에서 시간적으로 응집된 

뇌활동은 기능적으로 연결되어있으며 이를 통해 인지기능에서의 개인차를 

설명할 수 있다. 특히, 전두두정 네트워크는 추론 과제 시 지속적으로 

보고되는 네트워크로 휴지상태에서도 이러한 네트워크와 추론 능력간의 

밀접한 관련성이 나타날 것으로 예상할 수 있다. 그러나 노인에게서 정규 

교육에 따른 휴지상태 기능적 연결성의 차이를 보고한 연구는 부족한 

실정이다. 그럼에도 불구하고 정규 교육 연한의 증가가 기능적 연결성의 

증가를 가져온다는 점을 고려할 때, 이러한 네트워크에서 정규 교육으로부터 

비롯된 시간적으로 응집된 뇌활동에서의 차이가 노인들의 추론 능력 저하 

양상에서의 차이를 설명할 수 있을 것으로 보인다.  

      본 연구에서는 정규 교육이 노인들의 추론 능력에 미치는 영향을 

휴지상태 전두두정 네트워크 내에서의 연결성 차이를 중심으로 살펴보았다. 

휴지상태에서의 네트워크를 확인하고, 기능적 연결성을 측정하기 위하여 

독립 성분 분석(independent component analysis, ICA)과 최근에 제안된 

파워 스펙트럼 분석(power spectra analysis)을 사용하였다. 그 결과, 

예상한 바와 같이 교육 연한이 증가할수록 추론 능력이 높은 것으로 

나타났으며, 이러한 결과는 전두두정 네트워크에서의 증가된 연결성을 통해 

매개되었다. 따라서 정규 교육이 보호 요인으로서 추론 능력에 미치는 

영향은 휴지상태 전두두정 네트워크의 기능적 연결성을 통해 이루어지는 

것으로 보인다. 이러한 결과는 휴지상태 네트워크에서의 연결성 정도가 
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건강한 노인에게서 관찰될 수 있는 정규 교육과 관련된 인지 보유고의 

신경과학적 기전으로 기능할 가능성을 시사한다. 

 

주요어: 인지 보유고, 인지 노화, 휴지상태 기능적 자기공명 영상, 매개 

분석, 기능적 연결성, 지각 추론 

학번: 2011-23291 
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ABSTRACT 

 

The Role of the Frontoparietal Network in the Effects of 

Education on Reasoning Ability in Healthy Elders 

 

 HYUN SONG 

Interdisciplinary Program in Neuroscience 

The Graduate School 

Seoul National University 

 

In general, aging has a deleterious effect on cognitive functions such as executive 

functions and memory. Reasoning ability, one of the executive functions, being 

supported by problem solving by finding logical relations among given problems in 

novel situations, has been considered as a key element of adaptable behavior. In 

accordance with previous research, this ability, which has been known to be central to 

age-related differences in a wide range of cognitive abilities, is mainly susceptible to 

aging. There are, however, substantial inter-individual differences in cognitive decline in 

older adults. In particular, according to the concept of cognitive reserve (CR), years of 

education plays a protective role in age-related decline in cognitive functions and thus, 

more educated elders show less vulnerability to such disruptive changes.  

Based on recent numerous neuroimaging studies, the level of coherent activity 



ii 

within the frontoaprietal network especially at rest preferentially underlies such 

individual differences in reasoning ability. Unfortunately, there is little evidence of 

education effect on such temporally coherent activity at rest. However, given that more 

years of schooling were associated with higher temporal coherence in intrinsic activity 

as suggested by a recent study, it is expected that variations in the intra-network 

connectivity strength, possibly induced by formal education, may contribute to 

individual variability in cognitive decline with advancing age. In this sense, it is strongly 

hypothesized that formal education may be protective against a decline in reasoning 

ability with age, depending on the level of coherent activity within the frontoparietal 

network specifically at rest. 

 In this study, the neural mechanism underlying the protective effect of 

education on age-related decline in reasoning ability was examined using independent 

component analysis (ICA) and power spectra analysis. As expected, the results showed 

that the effects of education on reasoning ability was mediated by the power spectra 

especially in the frontoparietal network. That is, the protective effect of education from 

the disruptive aging depends on higher level of coherent activity within the 

frontoparietal network at rest, showing relatively higher reasoning ability in more 

educated older adults. These results suggest that intra-network connectivity strength at 

rest could be one of the neural basis underlying education-related cognitive reserve (CR) 

in healthy elders, providing important clues to healthy brain aging. 

 

Keywords: cognitive reserve (CR), cognitive aging, resting state fMRI, mediation 

analysis, spectra power analysis, perceptual reasoning 

Student Number: 2011-23291 
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INTRODUCTION 

 

 

Over the past few decades, the growth of the aging population has been pervasive and 

accelerated, becoming a global phenomenon (Nations, 2002). As a result of such 

demographic change, the increase in the prevalence of disorders mainly characterized by 

prominent cognitive deficits (e.g., Alzheimer’s disease) is at an unprecedented rate. 

Cognitive decline, however, can emerge during non-pathological aging as well.  

Naturally, all people grow older with time, and aging is normally accompanied 

by getting worse rather than better. As one continues aging, other than developing 

winkles and gray hair, it is expected that the risk of cardiovascular problems and 

metabolic disorders is dramatically increased. Along with these deleterious effects on 

the body, cognitive functions are also mainly vulnerable to aging. Older adults, for 

example, could write down a phone number or address while talking to their friends 

even though some of them may lose the note itself.. 

Age-related cognitive decline has a multifaceted effect on life. The influence of 

such decline, in particular, can compromise the degree of life satisfaction (St John & 

Montgomery, 2010) as well as the quality of life (Abrahamson, Clark, Perkins, & Arling, 

2012). Because cognitive health is regarded as, beyond merely the absence of disease, 

an important part of overall well-being (CDC, 2011), there has been a growing interest 

in promoting healthy brain aging (Williams & Kemper, 2010). In accordance with the 

concept of cognitive reserve (CR), deleterious effects of age on the brain are not always 

directly associated with alterations in cognitive functions. In fact, partial protection from 

the effects has been observed in some individuals with higher cognitive reserve (CR). 
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Hence, it may reasonably be expected that further understanding the underlying neural 

mechanism of cognitive reserve (CR) could provide essential evidence of healthy brain 

aging. Moreover, advancing our knowledge on age-related cognitive deficits that follow 

brain aging in a healthy population may provide important clues about the neural 

underpinnings of neurodegenerative disorders 

 

 

1.  DECLINE IN REASONING ABILITY WITH ADVANCING AGE   

1.1  Centrality of Reasoning to Cognitive Functions in Aging 

With advancing age, robust decline in abilities including encoding new memory of facts 

and episodes, working memory, processing speed, and executive functions has been 

found in both cross-sectional and longitudinal studies (Guttman, 1981; Hedden & 

Gabrieli, 2004; Salthouse, 2005, 2009). Among these, memory and executive functions 

are preferentially affected by aging (Buckner, 2004). 

 Recently, there has been considerable attention to executive functions in aging 

since its concept may be highly informative of age-related differences in cognitive 

functions for at least two reasons. First, executive functions comprehensively cover the 

concepts of inhibition, working memory, planning, flexibility or switching, and 

reasoning (Banich & Compton, 2011; Salthouse, Atkinson, & Berish, 2003). Second, 

those abilities have been interchangeable with the term of ‘frontal lobe functions’ 

(Salthouse et al., 2003). In this sense, it is noted that the frontal lobe is selectively 

susceptible to age-related deterioration with those executive functions at high risk for 

marked decline in aging (Andrés & Van der Linden, 2000; Buckner, 2004; Crawford, 

Bryan, Luszcz, Obonsawin, & Stewart, 2000; Hedden & Gabrieli, 2004; N Raz et al., 

1997; N. Raz et al., 2005; Salthouse et al., 2003; Schretlen et al., 2000).  
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Reasoning, one of the executive functions (Banich & Compton, 2011), is defined 

as the ability to solve problems in novel situations by examining rules or by finding 

logical relations among given problems (Preusse, Van Der Meer, Deshpande, Krueger, 

& Wartenburger, 2011; Wright, Matlen, Baym, Ferrer, & Bunge, 2007). Likewise, 

reasoning, which is preferentially supported by novel problem solving, has been 

considered as a key element of adaptable behavior (Hampshire, Thompson, Duncan, & 

Owen, 2011a). In accordance with previous literature, this ability, which is closely 

associated with problem solving in novel situations, has been known to be central to 

individual variability and further age-related differences in a wide range of cognitive 

abilities (Salthouse, 2004). The analyses reported by Salthouse and Ferrer-Caja (2003) 

provided clear evidence that the reasoning factor had the strongest relation to the 

common factor (i.e., estimates of shared age-related effects across reasoning, speed, 

memory and spatial visualization). In other words, the results indicate an almost 

complete overlap in the individual differences between reasoning and those of other 

cognitive functioning. Therefore, it is not surprising that age-related effects on reasoning 

could be central to age-related cognitive deficits, by suggesting a possible explanation 

for the corresponding differences in other cognitive functions (Salthouse, 2005).  

 

1.2  Age-related Decline in Reasoning Ability 

Overall, large age-related decline in reasoning has been commonly observed (Salthouse, 

2004, 2005). Interestingly, these decreases in reasoning ability, in some cases, are as 

comparably large as those of other cognitive abilities (e.g., memory) (Salthouse, 2005). 

In addition, although there have been many types of reasoning including analogical, 

visuospatial, and further mathematical (Krawczyk, Michelle McClelland, & Donovan, 

2011; Preusse et al., 2011; Wright et al., 2007), little evidence for distinctions among 
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different reasoning types has been found (Salthouse, 2005). In this sense, by using both 

verbal and nonverbal reasoning tests, many investigators have reported that there was an 

approximately linear decline in reasoning performance with increased age regardless of 

the type of measure (Salthouse, 2005; Schretlen et al., 2000). In particular, the average 

reasoning score at age seventy was roughly one standard deviation below that for young 

adults, used as a reference (Salthouse, 2005). Furthermore, in a relatively wide age 

range, mean reasoning scores reduced by about 1.6 standard deviations across ages 

twenty to ninety (Schretlen et al., 2000). Altogether, these results suggest that reasoning 

ability which could explain age-related decline in not only executive functions but also 

other abilities such as memory and processing speed is highly vulnerable to age-related 

destructive effects. 

 

 

2.   THE NEURAL BASIS OF AGE-RELATED DECLINE IN REASONING  

Much of our current knowledge of the underlying neural correlates of reasoning has 

come from research on frontal regions especially the prefrontal lobe. Based on such 

previous investigations, the age-related decline in the ability to reason about abstract 

relationships between items is closely associated with loss of white matter integrity as 

well as gray matter volume in the frontal areas (Elderkin-Thompson, Ballmaier, 

Hellemann, Pham, & Kumar, 2008; Hedden & Gabrieli, 2004; Schretlen et al., 2000).  

Recent studies on a principled explanation of how cognitive functions take place, 

however, have emphasized the conjoint function of brain areas that work together as 

large-scale networks. To date, consistent support for this has been provided. 

Accumulating evidence from functional neuroimaging studies has reported that not only 

the frontal but also the parietal regions activated during reasoning tasks. Moreover, such 
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frontoparietal activation is consistently revealed irrespective of the types of reasoning 

(Christoff et al., 2001; Cole, Yarkoni, Repovš, Anticevic, & Braver, 2012; Desco et al., 

2011; Geake & Hansen, 2005; Gray, Chabris, & Braver, 2003; Hampshire, Thompson, 

Duncan, & Owen, 2011b; Jung & Haier, 2007; Kalbfleisch, Van Meter, & Zeffiro, 2007; 

Krawczyk et al., 2011; Kroger et al., 2002; Prabhakaran, Rypma, & Gabrieli, 2001; 

Prabhakaran, Smith, Desmond, Glover, & Gabrieli, 1997; Preusse et al., 2011; Shokri-

Kojori, Motes, Rypma, & Krawczyk, 2012; Soulieres et al., 2009; Wright et al., 2007; 

Yamada et al., 2012). For instance, task-induced functional magnetic resonance imaging 

(fMRI) studies have successfully found the neural overlap between analogical reasoning 

and visuo-spatial reasoning, supporting this demonstration (Krawczyk et al., 2011; 

Preusse et al., 2011; Yamada et al., 2012). Based on this growing literature, Jung and 

Haier (2007) have yielded the parietofrontal integration theory (P-FIT). According to 

this theory, a distinct and extensive network of the frontal and parietal areas extending 

into the temporal cortex is critically involved in reasoning performance and thereby the 

interaction of these areas may be crucial for such cognitive function (Jung & Haier, 

2007). Therefore, it is not unrealistic to expect that the decline in reasoning ability may 

be attributable to detrimental aging effects on, not simply the frontal areas, but both the 

frontal and the parietal regions as a network working together, showing alterations in 

jointly combined activity. 

 

2.1  Resting State Networks as a Promising Neural Mechanism 

To clearly reveal how cognitive functions emerge from interactions between brain 

regions, the coherent contribution of these regions (i.e., functional brain connectivity) 

has been investigated rather than functional activity itself in which the focus is typically 

on the activated regions that are widely distributed during specific tasks.  
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It should be noted that the task-induced and resting state approaches provide 

possible means to discovering functional connectivity. However, unlike the task-induced 

approach which results in not only more complex interpretation but also hardly 

comparable results across studies, the resting state approach is unbiased by task-specific 

demands. As a result, resting state functional connectivity allows reliable and consistent 

detection of multiple brain networks that show interregional correlations, leading to 

comparable results across studies (Ferreira & Busatto, 2013). In addition, structural 

underpinnings may be more closely related to resting state functional connectivity 

compared to task-based functional connectivity. Madden et al. (2010), for example, 

found that there was no relation between white matter integrity and functional 

connectivity between task-relevant regions (i.e., the frontal and the parietal areas) while 

switching tasks although other studies have reported such relation (Andrews-Hanna et 

al., 2007; Chen, Chou, Song, & Madden, 2009). This discrepancy implicates the 

possibility that task-related connectivity can ignore the fundamental structural 

connection, while focusing on task-induced interactions between the specified brain 

regions (Bressler & Menon, 2010). This is of importance because a profound insight 

into where cognitive functions arise from depends on structure-function relations, by 

considering both core structural and functional networks (Bressler & Menon, 2010).  

Finally, based on recent research, intrinsic functional connectivity has a significant 

explanatory role for cognitive functions, which is comparably identical to task-based 

activity (Andrews-Hanna et al., 2007; Chen et al., 2009; M. W. Cole et al., 2012; Zou et 

al., 2012). Such evidence of resting state functional connectivity accounting for 

variability in behavior performance has been supported by a large volume of studies as 

described below.  
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Resting state BOLD signal fluctuations are characterized by spontaneous low-

frequency (< 0.1 Hz). In line with previous findings, brain regions during rest, which are 

functionally organized as many neuro-anatomical systems, have shown to be temporally 

coherent in their activity (B. Biswal, Yetkin, Haughton, & Hyde, 1995; Fox & Raichle, 

2007) and such activity can account for variability in behavior performance (Fox & 

Raichle, 2007). To date, several pioneering studies have been conducted primarily by 

focusing on functional connectivity between the frontal and the parietal brain regions 

and its relations to cognitive functions (Andrews-Hanna et al., 2007; M. Hampson, N. R. 

Driesen, P. Skudlarski, J. C. Gore, & R. T. Constable, 2006; Seeley et al., 2007). More 

recently, Zou et al. (2012) showed that the extent to which resting state power spectra 

explained intersubject performance variance was apparently similar to task-induced 

activity.  

Recent studies, not surprisingly, suggest more direct evidence of the extensive 

involvement of the frontoparietal network in reasoning during rest. Song et al. (2008) 

reported that the functional connectivity between the frontal and posterior regions at rest 

was a strong predictive factor for intelligence including reasoning. In addition, using 

global connectivity central to the lateral prefrontal region, M. W. Cole et al. (2012) 

quantified connections focusing on the frontoparietal network. The results showed that 

individual difference in reasoning ability was highly related to those connections. Taken 

together, temporal coherence in spontaneous activity within the frontoparietal network 

and its relation to reasoning performance raises the possibility that resting state 

functional connectivity may provide even deeper insight into the origins of individual 

differences in human cognitive functions, in this case, reasoning ability.   
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2.2  The Degeneration of Resting State Functional Connectivity in Old Age 

As expected, resting state functional connectivity (Rsfc) is in general decreased as one 

gets older (Allen et al., 2011; J. S. Damoiseaux et al., 2008; Ferreira & Busatto, 2013). 

In particular, the default mode network (DMN), mainly including the frontal and 

posterior regions, is preferentially susceptible to age-related disruptive effects analogous 

to white matter structure (J. S. Damoiseaux et al., 2008; Ferreira & Busatto, 2013; Teipel 

et al., 2010) which is followed by the salience (also referred to the attention network) 

and motor network (T. Wu, Zang, Wang, Long, Hallett, et al., 2007; T. Wu, Zang, Wang, 

Long, Li, et al., 2007). Furthermore, a recent study by B. B. Biswal et al. (2010) 

demonstrated a decrease in functional connectivity during rest in not only posterior 

regions of the DMN but also the left frontoparietal network with age in a sample of 1093 

subjects. Further support comes from more recent independent component analysis (ICA) 

studies revealing age-related degeneration in a broad range of resting state networks 

(RSNs) using a newly suggested intra-network connectivity measure (i.e., spectral 

power) (Allen et al., 2011; Balsters, Robertson, & Calhoun, 2013).  

Overall, cognitive deficits with advancing age can be due to such disruption in 

resting state functional connectivity (Chen et al., 2009; Ferreira & Busatto, 2013; Teipel 

et al., 2010; van den Heuvel, Mandl, Kahn, Pol, & Hilleke, 2009). In particular, 

reduction in functional connectivity between the frontal and parietal regions ultimately 

contributed to poor performance in executive functions in the study by Andrews-Hanna 

et al. (2007). Further evidence came from another study by Chen et al. (2009). In this 

study, poor perceptual-motor speed performance was mediated by reduced resting state 

functional connectivity in the frontal regions including the inferior frontal gyri, in older 

adults. Considering these findings, it may be assumed that functional connectivity 

within resting state networks (RSNs), mainly covering frontal and parietal areas, is 
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degenerated with aging, ultimately allows foregone conclusion of age-related decline in 

cognitive functions (Chen et al., 2009; O’Sullivan et al., 2001). Therefore, although 

there is little evidence as of now on the disruption in functionally coherent activity at 

rest which could explain age-related decline in reasoning ability, it is not unreasonable 

to hypothesize that alterations in resting state functional connectivity within the 

frontoparietal network in old age is capable of accounting for age-related cognitive 

decline in reasoning. 

 

 

3.  INDIVIDUAL DIFFERENCES IN AGING EFFECT―COGNITIVE RESERVE  

As noted before, aging has deleterious effects on neural measures that are usually related 

to disruptive changes in cognitive measures. However, some individuals have the ability 

to cope with advancing degenerative brain changes without significant cognitive or 

clinical expression, by mitigating deleterious aging effects, while others evidently show 

severe cognitive decline with such changes (Stern et al., 1994). The concept of these 

individual differences has been termed cognitive reserve (CR) (Stern, 2002, 2009). Of 

interest, cognitive reserve (CR) is defined as inter-individual variability in neural 

networks or the cognitive processes underlying task performance (Buckner, 2004; Stern, 

2009). As proxies for CR, explanatory variables of lifetime experience such as 

socioeconomic status, which includes occupational attainment and educational 

attainment, have been generally used, to date. Although other variables have been 

utilized, years of formal education have been used most often to estimate CR, making it 

one of the principal proxies of CR (Steffener & Stern, 2012; Stern, 2009).  
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3.1   Education Effect On Age-related Decline in Reasoning 

An emerging body of evidence has shown that more years of education can protect older 

adults from age-related degeneration of cognitive functions (Steffener & Stern, 2012). 

To be specific, higher level of education is associated with higher cognitive functions 

even in old age (Plassman et al., 1995; Wilson et al., 2009). A previous study has 

reported that education has a significant positive impact on most neuropsychological 

performances such as general cognitive function, memory, processing speed and 

executive functions in old age (Le Carret et al., 2003). These findings have been further 

supported by the effects of education on reasoning ability (Blair, Gamson, Thorne, & 

Baker, 2005; Ceci, 1991; Cliffordson & Gustafsson, 2008; Guttman, 1984; Kaufman, 

Kaufman, Liu, & Johnson, 2009; Primi, Couto, Almeida, Guisande, & Miguel, 2012).  

In accordance with Ardila, Ostrosky-Solis, Rosselli, and Gómez (2000), a 

significant advantage of schooling is an increase in logical reasoning ability. Among the 

types of reasoning, nonverbal reasoning has been known to be markedly influenced by 

schooling, partly due to the mathematics curricular and such items. Each of the items 

focuses directly on the exercise of reasoning ability by emphasizing fluid cognitive 

skills using geometric patterns or figures and mathematical rules (Blair et al., 2005). In 

this context, converging evidence has implicated that the ability to abstractly think about 

novel problems improves as a result of schooling to the extent of 1 to 4 points per year 

of education (Ceci, 1991; Cliffordson & Gustafsson, 2008). Accordingly, an increase in 

reasoning ability induced by formal education especially in the early years of life may 

cause a higher level of behavior performance in older adults, explaining the delayed 

decline in or relatively preserved cognitive abilities in individuals with higher cognitive 

reserve (Le Carret et al., 2003). 

Further evidence is provided by the investigation of a direct education effect on 
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cognitive decline. In accordance with these findings, education affects age-related 

cognitive deficits by reducing the rate of decline. More studies have supported this 

protective effect of education on other cognitive functioning, reporting slower cognitive 

decline (Ardila et al., 2000; Butler, Ashford, & Snowdon, 1996; Colsher & Wallace, 

1991; Farmer, Kittner, Rae, Bartko, & Regier, 1995; Lyketsos, Chen, & Anthony, 1999; 

Snowdon, Ostwald, & Kane, 1989). In particular, with a higher level of education, aging 

effect on reasoning ability was attenuated, showing gradual decrease across the years 

(Guttman, 1981). Taken together, these results converge on a conclusion that cognitive 

reserve as measured by level of education can mitigate age-related deleterious effects on 

reasoning ability through the delayed degeneration or/and decreased rate of decline in 

cognitive functions (Arenaza-Urquijo et al., 2013). 

 

3.2   Education Effect on Resting State Functional Connectivity  

As described above, a decrease in resting state functional connectivity has been 

considered as a promising neural mechanism of age-related cognitive decline to date. In 

this sense, it is not surprising that education-associated positive alterations in reduced 

resting state functional connectivity could be indicative of protection against age-related 

deterioration of cognitive ability, providing the neural underpinnings of cognitive 

reserve (CR). In fact, the strength of functional connectivity at rest is closely interrelated 

with education effect. 

In a neurobiological aspect, frontal lobe based exercise or experience can 

repeatedly influence the development of neural circuitry, enhancing the connections in 

the involved brain areas (Blair et al., 2005). Considering the developmental course of 

brain development, it is reasonable that experience-dependent synapse formation would 

lead to such effect (Banich & Compton, 2011). In particular, functional imaging studies 
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have demonstrated that education influences the pathways used for problem-solving 

which is essential for reasoning ability. This is supported by Arenaza-Urquijo et al. 

(2013) in which the study found that the higher functional connectivity between the 

frontal and the parietal regions was associated with higher level of education in healthy 

elders. Further, it is not surprising that higher reasoning performance was significantly 

related with the increased functional connectivity (M. W. Cole et al., 2012). 

Likewise, the changes in coherent activity between brain regions within neural 

networks, as a probable result of education, support the hypothesis that education 

influences functional organization in brain networks (Ardila et al., 2000; Castro-Caldas, 

Petersson, Reis, Stone-Elander, & Ingvar, 1998). Unfortunately, education effect on 

resting state functional connectivity and its relation to cognitive ability are still unclear. 

Nevertheless, the most recent study has examined resting state functional connectivity in 

healthy elders using years of education as a proxy of cognitive reserve. As a result, more 

educated elders had higher functional connectivity between the inferior frontal lobe and 

the parietal lobe such as the posterior cingulate cortex (PCC) and the angular gyrus. 

Further, these increases in connectivity were in turn associated with greater cognitive 

performance on memory and executive function (Arenaza-Urquijo et al., 2013). In the 

case of this study, the authors suggest that greater resting state functional connectivity 

might indicate the neural basis of relatively preserved cognitive performance observed 

in more educated older adults, having a significant role in healthy brain aging. 
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4.   OBJECTIVES AND HYPOTHESES  

The aim of this study is to investigate the level of coherent activity within resting state 

networks (RSNs) as a putative neural basis of cognitive reserve (CR), ultimately helping 

healthy elders to cope better with age-related cognitive decline especially in reasoning. 

To determine spatial patterns of RSNs and further functional connectivity strength 

within a network, recently proposed independent component analysis (ICA) and power 

spectra analysis were applied to the data of older adults. ICA benefits from no prior 

assumption about locations of networks. As a result, it is entirely data driven and allows 

the identification of the spatial pattern of maximally distinct RSNs across the whole 

brain (D. M. Cole, Smith, & Beckmann, 2010; Ferreira & Busatto, 2013; Margulies et 

al., 2010). Further, spectral power helps provide reliable measures of intra-network 

connectivity across all regions within a specific network, unlike resting state functional 

connectivity focusing on the connection between two regions itself (Allen et al., 2011; 

Balsters, O'Connell, et al., 2013; Balsters, Robertson, et al., 2013; Damaraju et al., 2010). 

Finally, mediation analysis was used in order to establish the power spectra as a 

potential mechanism of CR as suggested by Steffener and Stern (2012), by determining 

whether differences in the spectra power are directly related to years of education. 

The main purpose of this study is followed by several sub-goals. One of them is 

to identify education effects on alterations in functional connectivity especially at rest. 

As expected, degeneration in temporally coherent activity has been commonly observed 

in resting state networks in advanced age. However, regarding the positive effect that 

education has on resting state functional connectivity and thus age-related decline, 

education could allow older adults to withstand deterioration in the temporal coherence 

in activity.  

      Another sub-goal is to investigate the neural basis of individual differences in 
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age-related decline in reasoning ability. Previous studies have supported the notion that 

resting state networks (RSNs) organized in functional topography are enough to predict 

behavior performance. Thus, resting state functional connectivity could provide the 

neural basis of cognitive functions. In particular, functional connectivity within the 

frontoparietal network which is known to be the neural mechanism of reasoning would 

account for the variance in reasoning ability in older adults. 

The final sub-goal is to examine education effect, as a protective factor, on age-

related cognitive decline. When the central role of reasoning, as noted before, is taken 

into account, it is expected that reasoning is strongly affected by aging. Considering the 

effect education has on reasoning, however, decline in reasoning ability can likely be 

attenuated by years of education.  

      The hypotheses are as follows: (1) formal education may be protective against a 

decline in reasoning ability with age, depending on the level of coherent activity within 

the frontoparietal network specifically at rest, (2) years of education could positively 

influence age-related decline in the level of coherence in resting state activity, resulting 

in relatively greater spectra power in older adults with more years of schooling, (3) 

inter-individual difference in functional connectivity strength could account for 

individual differences in decline in reasoning ability in old age, (4) due to the positive 

effect of education, reasoning ability may be relatively preserved in older adults with 

higher educational attainment, showing greater reasoning ability than those with 

relatively low educational attainment. 
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METHODS AND MATERIALS 

 

 

1.  SUBJECTS 

Thirty healthy older adults (mean age 62.7 years, range 57-70 years; mean education 

level 7.1 years, range 0-16 years) participated in this study. The subjects' years of 

education was determined by the years of actual school attendance itself and all 

participants were female in order to avoid gender effect on reasoning ability (Abdel-

Khalek & Lynn, 2006; Flores-Mendoza et al., 2013; Guttman, 1981; Lohman & Lakin, 

2009; Strand, Deary, & Smith, 2006).  

      Subjects were recruited from volunteers in community-based settings and then 

carefully pre-screened for multiple exclusion criteria. The exclusion criteria were as 

follows: psychiatric disorders, neurological histories, medical conditions such as 

hypertension or diabetes uncontrolled by medication, depressed mood indicated by a 12 

or higher score based on a standardized Korean version of Geriatric Depression Scale 

(GDS) (Jung, Kwak, Joe, & Lee, 1997; Yesavage et al., 1983), and alcohol-drug misuses. 

Participants with cognitive impairment were also excluded by K-DRS-2 (Korean 

Dementia Rating Scale-2), a neuropsychological measure that assesses cognitive status 

of older adults (Chey, 2010; K. S. Schmidt, Mattis, Adams, & Nestor, 2005). 

Functionally illiterate elders with difficulty in reading and writing which are necessary 

in fundamental social life situations, especially in the case of limited formal education, 

were excluded by administering the Literacy Questionnaire and Literacy Evaluation 

Form (Moon & Chey, 2004). None of the participants had disruption of functional 

ability and independent daily life. The Edinburgh Handedness Inventory (Oldfield, 1971) 
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indicated that all of them were right-handed and contraindications to fMRI (i.e., 

ferromagnetic implants, pacemakers, and claustrophobia) were also taken into account.  

To identify education effect on reasoning ability, the remaining participants were 

classified into two groups according to their level of education: highly educated group 

(HE) and less educated group (LE). The classification criterion was whether the subject 

received at least six years of formal schooling experience (i.e., elementary school). The 

rationale for this criterion is that none of the curriculum in formal schooling except for 

the early elementary grades is focused substantially on mathematics, which strongly 

emphasizes the exercise of fluid cognitive functions (Blair et al., 2005). Moreover, 

several studies have demonstrated that, in the case of Korean older adults, graduation 

from elementary school has validity in finding differences in years of formal schooling 

(Suk, 2008; Suk, Chey, & Kim, 2010). As a result, the mean education level of the 

highly educated group (n=15) was 13.3±2.0 years and that of the relatively less educated 

group (n=15) was 1.0±1.3 years. These two groups were age-matched (p > .5). Table 1 

shows further details of each group's demographic data and results from the screening 

tests. After the nature and possible risks of this study were explained, all participants 

gave informed and written consent and then received financial remuneration for their 

participation at the end of the session. This study was reviewed and approved by the 

Institutional Review Board (IRB) at the Seoul National University (SNU). 
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Table 1. Demographic data for each education group and Mean (M) and Standard 

Deviation (SD) of screening tests 

  
HE (n=15) LE (n=15) 

t p 
M SD M SD 

Education in years 13.27 2.02 1.00 1.31 19.759 <.001 

Age in years 62.27 4.23 63.13 3.83 -0.588 0.561 

K-DRS-2
a
 68.04 24.67 76.86 14.92 -1.158 0.248 

K-DRS-2
b
 137.40 4.21 132.27 3.43 3.663 0.001 

GDS 5.93 2.96 5.07 3.13 0.779 0.442 

K-DRS-2
a
 indicates the age- and education-corrected score of the K-DRS-2 total score as a 

cumulative percentile. K-DRS-2
b
 refers to the raw total score of the K-DRS-2 with 144 being the 

perfect score for this test. Total GDS score is 30. 

Abbreviations: HE=Highly educated group; LE=less educated group; K-DRS-2=the Korean 

Dementia Rating Scale-2; GDS= Geriatric Depression Scale 

 

 

2.  NEUROPSYCHOLOGICAL TESTS 

Korean Wechsler Adult Intelligence Scale-IV (K-WAIS-IV) 

To assess reasoning ability, the Perceptual Reasoning Index (PRI) score from the Korean 

Wechsler Adult Intelligence Scale-Fourth edition (K-WAIS-IV) was administered in this 

study. WAIS is a psychological test which has been frequently used to measure cognitive 

abilities (i.e., general intelligence) (Benson, Hulac, & Kranzler, 2010; T. P. Robinson, 

2011; Weiss, Keith, Zhu, & Chen, 2013). The K-WAIS-IV is an adapted and 

standardized Korean version of the Wechsler Adult Intelligence Scale-Fourth edition 

(WAIS-IV) (Wechsler, 2008a), the most current edition of the Wechsler intelligence 

scales (Hwang, Kim, Park, Chey, & Hong, 2012).  
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     PRI, one of the index scores provided by WAIS-IV, is known as a measure of non-

verbal and visual-spatial skills, visual-motor integration, spatial processing, and fluid 

reasoning. The PRI score is composed of scaled scores of three core subtests: Block 

Designs, Matrix Reasoning, and Visual Puzzles. The Block Design subtest uses non-

verbal figures and a geometric visuo-spatial design as a stimulus and a template, 

respectively. In this subtest, individuals are required to arrange bi-colored blocks, 

duplicating a template or modeled design. The Matrix Reasoning subtest gives a 

partially filled matrix to examinees who are required to properly complete the matrix by 

determining the appropriate rules of the particular matrix and then selecting the missing 

piece from several options. In the Visual Puzzles subtest, a newly added subtest in 

WAIS-IV that assesses the ability to synthesize abstract visual stimuli and analyze 

nonverbal reasoning, examinees are instructed to combine three elements selected from 

six possible options in their mind and complete or form the gestalt puzzle (Lichtenberger 

& Kaufman, 2012; T. P. Robinson, 2011). Taken together, the PRI score can serve as an 

indicator of non-verbal fluid reasoning primarily by requiring the ability to find logical 

relationships between non-verbal figures (Lichtenberger & Kaufman, 2012; Wechsler, 

2008b).  

     Another reason these tests were applied is that recent studies have implicated the 

involvement of frontoparietal regions in three subtests of the PRI. In the case of the 

Block Design test, performance was strongly associated with lesions in the parietal 

regions especially in the right hemisphere (Lichtenberger & Kaufman, 2012). Further, 

greater prefrontal gray matter volume and DLPFC activation related to higher scores in 

Matrix Reasoning were observed (Elderkin-Thompson et al., 2008; Kwee & Nakada, 

2003). For the Visual Puzzle subtest, a type of mental rotation, the activation of the 
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bilateral posterior frontal cortex and parietal cortex extending down into the posterior 

visual cortices was found during this test (T. P. Robinson, 2011; Zacks, 2008). Therefore, 

the results from previous studies preferentially support that these regions are the 

underlying neural correlates of reasoning ability measured by the PRI. 

 

 

3.  DATA  ACQUISITION 

Images were collected from a 3.0 Tesla MRI scanner (Magnetom TrioTim, Siemens, 

Erlangen, Germany), with a 12 channel head coil. A foam pad within the head coil and 

noise-protection ear plugs were used to minimize subjects' head motion and attenuate 

MRI scanner noise, respectively.  

     For the resting state data, participants were instructed to lie down, relax with their 

eyes closed, and try not to fall asleep, which was confirmed by each subject after 

completion of the resting session. Such resting state scans lasted for 6 min 40 s (200 

volumes) with the following parameters: TR=2000 ms, TE=30 ms, flip angle=79°, voxel 

size 3 x 3 x 3mm, FOV=240×240 mm, slice thickness=3 mm, slice gap=1 mm, 30 slices, 

interleaved.  

     Prior to the functional data acquisition, high resolution anatomical images of each 

participant were acquired in a sagittal orientation (TR=1900 ms, TE=2.36 ms, flip 

angle=9°, FOV=256×256 mm, 224 contiguous slices of 1 mm thickness), which were 

reviewed by an expert neuro-radiologist and none of subjects had clinically significant 

anomalies. The first four volumes were discarded to avoid T1 saturation effect. 
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4.  DATA  ANALYSIS 

4.1  Preprocessing 

The functional data preprocessing was performed by SPM8 

(http://www.fil.ion.ucl.ac.uk/spm) in Matlab R2013a. All volumes were initially 

reoriented and slice time corrected. Then, for head motion correction, images were 

realigned to the first slice and the results were visually checked, with no exclusion for 

subjects' excessive head movement. The remained images were spatially normalized to 

the MNI template (re-sampled in 3x3x3 mm isotropic voxels) and then smoothed with 

an 8 mm FWHM Gaussian kernel. Finally, the data were intensity-normalized in order 

to minimize confounds from global cerebral blood flow (DBF) fluctuations (Zeidan et 

al., 2011) and to improve test-retest reliability as well as the accuracy of independent 

component analysis (ICA) output. By using this intensity normalization process, the 

time series from each voxel were divided by its averaged intensity and thereby scaled to 

percent signal change unit (Allen, Erhardt, Eichele, Mayer, & Calhoun, 2010). 

 

4.2  Group Independent Component Analysis 

Group independent component analysis (ICA) was carried out on the preprocessed and 

intensity-normalized data using the GIFT toolbox (http://icatb.sourceforge.net/). Prior to 

the ICA, two data reduction steps were taken by using principal component analysis 

(PCA), especially with the expectation-maximization (EM) algorithm to minimize 

memory and time requirements (Allen et al., 2011; Roweis, 1998). The data were first 

reduced and whitened at the subject level, resulting in 57 components, and then 

concatenated. This was followed by a second reduction step at group level so that all 

subjects datasets were analyzed as a whole group. This aggregate dataset was finally 

reduced to 38 components estimated by minimum description length (MDL) criteria (Li, 
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Adalı, & Calhoun, 2007). Then, an independent component (IC) estimation was 

performed using the Infomax algorithm, yielding 38 independent components, the final 

number of independent components (ICs) (Bell & Sejnowski, 1995). Infomax is the 

information-maximization algorithm, which maximizes the amount of information 

transfer between the input and output (Hyvärinen, 2002; Rachakonda, Egolf, Correa, & 

Calhoun, 2011). Following this, data were decomposed into temporally coherent 

functional networks (TCNs), estimating maximally independent spatial sources or maps 

(SMs) from the corresponding linearly mixed time courses (TCs). 

      The infomax algorithm was repeated 20 times using ICASSO (http://www.cis. 

hut.fi/projects/ica/icasso), to validate the number of ICs determined by MDL criteria and 

to ensure the robustness or the stability of components. In order to estimate the 

reliability of the decomposition, the ICA algorithm was run with several different initial 

values and the resulting components were clustered (Himberg, Hyvärinen, & Esposito, 

2004). Then, compact clusters validating the robustness and reliability of the 

components were shown as the results of ICASSO. Further, to quantify the quality of the 

component clusters, ICASSO provided the stability index, Iq (the difference between 

extra- and intra-cluster similarity) ranging from 0 to 1 (Himberg et al., 2004) and based 

on this index, only components with an Iq above 0.9 were included in further analysis.  

      Finally, subject-specific SMs and TCs were estimated by back-reconstruction 

with the recently developed GICA3 method depending on PCA compression and 

projection (Calhoun, Adali, Pearlson, & Pekar, 2001; Calhoun et al., 2002; Erhardt et al., 

2011). According to previous studies, GICA3 provides more accurate and robust 

estimates of the subject-specific components (Allen et al., 2011; Erhardt et al., 2011; 

Rachakonda et al., 2011).  
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4.3  Feature Identification 

4.3.1  Resting State Networks (RSNs) Selection 

Components regarded as RSNs were selected by a robust approach inspecting both 

temporal (i.e., average power spectra calculated from TCs) and spatial properties (i.e., 

aggregate SMs). The process was as follows. For TCs, given that the frequency 

composition of physiological components and RSNs are substantially different, 

components dominated by low frequency fluctuations were selected based on spectral 

power (C. F. Beckmann, M. DeLuca, J. T. Devlin, & S. M. Smith, 2005; Birn, Murphy, 

& Bandettini, 2008; B. Biswal, Zerrin Yetkin, Haughton, & Hyde, 1995; De Luca, 

Beckmann, De Stefano, Matthews, & Smith, 2006; S. Robinson et al., 2009; C. W. Wu 

et al., 2008). The spectral power was characterized by two metrics which were 

previously used for component classification with 93% accuracy (S. Robinson et al., 

2009): the ratio of low frequency to high frequency power (i.e., the integral of power 

spectrum below 0.1 Hz to between 0.15 and 0.25 Hz ratio) and dynamic range (i.e., the 

difference between the maximum power and the minimum power of the distribution) 

(Allen et al., 2011; S. Robinson et al., 2009). Both the ratio and dynamic range were 

averaged over subjects and then the mean values were used. Discrimination thresholds 

were chosen by following the cut-off point of dynamic range and the low to high power 

ratio described in Allen et al. (2011). For examples of these two matrices, see Figures 

1A and Figure 1B.  
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Figure 1. Spectral characteristics of component TCs.  

(A) Mean power spectrum of IC 6 illustrating the features used for dynamic range and the ratio 

of low frequency (LF) to high frequency (HF) power. (B) Scatter plot of two matrices (LF to HF 

power ratio and dynamic range) for all components. X axis is LF to HF power ratio and Y axis is 

dynamic range. Along with these characteristics, SMs were also used to categorize components 

as RSNs, artifacts, and mixtures of the two. 
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Figure 2. Spectral power distribution of RSNs and artifacts 

(A) Profiles of spectral power distribution of RSNs. These components resulted in the selected 

RSNs. (B) Profiles of spectral power distribution of artifacts. These components showed 

ventricular, vascular, and head movement susceptibility. 
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For the SMs, the components suggesting clearly interpretable distinct artifacts 

such as head motion, cardiac-induced, respiration effect localized to blood vessels, and 

ventricular (CSF) artifacts were visually inspected and discarded (C. F. Beckmann et al., 

2005; J. Damoiseaux et al., 2006). Head movement components, for example, were 

characterized as ringing surrounding the edge of the brain (Damaraju et al., 2010). Then, 

considering that RSNs exhibit high spatial overlap with gray matter and low spatial 

overlap with non-gray matter (C. F. Beckmann et al., 2005; De Luca et al., 2006; Jafri, 

Pearlson, Stevens, & Calhoun, 2007), the associations of SMs of each component with a 

priori probabilistic maps from white matter, gray matter, and cerebral spinal fluid were 

identified within standardized brain space (MNI template). As a result, those 

components showing low correlation with gray matter and high correlation with a priori 

localized to white matter or CSF were excluded (Jafri et al., 2007). It is noteworthy that 

none of the components’ spatial distribution corresponded to that of white matter.  

      Finally, the selected RSNs were evaluated based on previous literature regarding 

the SMs of each component (Allen et al., 2011; Boubela et al., 2013; Damaraju et al., 

2010; J. Damoiseaux et al., 2006; Jafri et al., 2007). Taken together, six components out 

of the 38 estimated components were qualitatively selected as the components of interest 

for further analysis. Figures 2A and 2B illustrate the profiles of spectral power 

distribution for the six RSNs and artifacts (including ventricular, vascular, and head 

motion). 

 

4.3.2  Outcome Measures 

On the set of selected RSNs, components’ power spectra were considered as the 

outcome measure. Unlike resting state functional connectivity usually focusing on the 

connection between two regions of particular interest, the spectral power of RSN time 
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course is associated with the level of coherent activity within a component or network, 

providing a measure of intra-network connectivity strength. In accordance with 

Damaraju et al. (2010), a higher level of power density at a frequency appears to be 

generated by an increased intra-network connectivity at that frequency.  

      For instance, assume that only two frequencies and two voxels are present for 

simplicity. The expression of the IC time course could then be as follows:   

                    

 

   
                  

 

   
 

where k indicates spatial location (here, the location of each voxel) and the signal has 

energy at two frequencies. The two peaks of this power spectrum are at    and at    , 

with a height of                         
 
   

 
     and 

                        
 
   

 
    , respectively. If it is further assumed that all 

amplitudes are equally set to one, then   
     

    and       . This is also possible 

for   
     

  and     . Therefore,                  and                 .  

      Here,            and            is equivalent to a Pearson's correlation 

coefficient since the correlation coefficient of paired random variables can be interpreted 

as the cosine of the angle between two data as vectors. In this case, a positive correlation 

coefficient caused by the two random variables generally makes an acute angle, whereas 

a negative correlation makes an obtuse angle. Thus, the more that two vectors are 

pointing in the same direction, the higher the correlation between them. A correlation 

coefficient of 1, for example, indicates they point in accurately the same direction and 

thus the angle between them is zero (i.e.,       ). When the vectors point in the exact 

opposite direction which makes the cosine of a straight angle, the correlation coefficient 

is    (i.e.,         ). As a result,      if       ) is equal to zero meaning that 

the time courses of the two voxels point in exactly the same direction and      if 
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          , indicating that they point in exact opposite directions. Therefore, the total 

energy will be higher if different voxels equally contribute to such energy at a frequency 

where their contributions are coherent. In other words, a higher peak of power spectrum 

for a frequency can be caused by a stronger intra-network connectivity at that frequency 

(Damaraju et al., 2010). 

      The low frequency range (0.01-0.08 Hz) was used to analyze the spectral power 

in the present study although it was usually performed with the frequency band between 

0 and 0.25 Hz as a default setting in GIFT software (Allen et al., 2011; Balsters, 

O'Connell, et al., 2013; Balsters, Robertson, et al., 2013). This was done mainly for two 

reasons. First, numerous studies have previously suggested that RSNs are typically 

characterized as the low frequency fluctuation or slow spontaneous fluctuations (below 

0.1 Hz) in BOLD signal (Boubela et al., 2013; Dietmar Cordes et al., 2001; Raichle & 

Mintun, 2006). In accordance with a study by Cordes and his colleagues, only 

frequencies less than 0.1 Hz were responsible for more than 90% of RSNs, in contrast 

with faster frequencies pertained to cardiac or respiratory factors. They also suggested 

that those low frequencies had the specified high level of temporal coherence (Dietmar 

Cordes et al., 2001). These findings further support physiological importance of low 

frequency (0.01-0.08 Hz) fluctuations in the resting state BOLD signal reported by B. 

Biswal, Yetkin, et al. (1995). More recently, a study conducted by Zuo et al. (2010) 

reported that low frequency fluctuations (0.01-0.073 Hz) were primarily restricted to 

gray matter. Based on these studies, the majority of studies have used temporally band-

pass filtered fMRI data at a cut-off of 0.08 Hz (Fox & Raichle, 2007; Fox et al., 2005; 

Song et al., 2008; Yan & Zang, 2010; Zhang & Li, 2010; Q.-H. Zou et al., 2008). In line 

with these studies, a more recent study has suggested the use of 0.01-0.08 Hz band-pass 
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filter to remove very low- and high frequencies susceptible to physiological noise or 

artifacts (Satterthwaite et al., 2013).  

      Second, the data used in this study were characterized by the peak of the power 

spectrum in the range of 0.01-0.04 Hz for all subjects in the spectral distribution. 

Furthermore, the maximum spectra of RSNs followed by being flat up to 0.1 Hz (Smith, 

Niazy, Beckmann, & Miller, 2008) and even to 0.25 Hz were identified. These features 

were closely similar to data from the previous literature on power spectra analysis 

(Allen et al., 2011; Damaraju et al., 2010; S. Robinson et al., 2009), providing data-

driven or empirical evidence for choosing specified frequency band (i.e., 0.01-0.08 Hz).  

      Along with the specified frequency band, time courses were first detrended for 

each component spectral power and based on these detrended subject-specific TCs, 

spectra were estimated using the multi-taper approach as previously implemented in 

Chronux (http://chronux.org) with the time bandwidth product and the number of tapers 

set to 3 and 5, respectively (Mitra & Bokil, 2007). As a result, the slope, mean, and sines 

and cosines of period   and     were removed over each time course (Allen et al., 

2011; Balsters, Robertson, et al., 2013; Rachakonda et al., 2011). The resulting spectra 

were normalized in the spectra dimension for each subject in order to improve the 

specificity and sensitivity in detecting spontaneous brain activity within a network (Q. H. 

Zou et al., 2008). Finally, these power spectra were element-wise log-transformed to 

minimize the highly skewed power distribution (Allen et al., 2011). 
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4.4  Statistical Analysis 

4.4.1  Behavioral Data 

The effect of formal education on reasoning ability was analyzed with an independent 

sample t-test to examine difference between age-matched HE and LE groups in the 

ability to reason. SPSS version 21.0 (SPSS, Chicago, IL) was used for data analyses. 

The results showed that there was a significant difference between age-matched 

education groups. Specifically, the score of highly educated participants on perceptual 

reasoning tests was significantly greater with the mean score difference of about 15, 

compared to less educated ones (independent sample t-test: t = 3.98, p < .001, two-

tailed). Figure S1 shows the difference in reasoning ability between HE and LE group 

classified with the criterion of 6 years of schooling.  

 

4.4.2  Neuroimaging Data 

After examining the education effect on reasoning ability in health elders, the role of 

power spectra within a resting state network in such relationship was analyzed. To 

identify SMs of the finally selected RSNs, a voxelwise one-sample t test was carried out 

on each component, which was thresholded with 120 contiguous voxels at t > 5. Spatial 

maps of the six selected RSNs are depicted in Figure 3 and the detailed regions and their 

coordinates are given in Table 2. These networks are Medial visual (IC 6), Temporal 

lobe (IC 10), Default Mode Network (DMN; IC 15), Right frontoparietal (IC 27), 

Lateral visual (IC 34), Left frontoparietal (IC 38). 

      A multivariate analysis of covariance (MANCOVA) was utilized in order to 

decide whether there are significant effects on the response variables or not, based on a 

recently proposed multivariate model (Allen et al., 2011). Multivariate analyses are 

performed first to examine the extent to which variance in the data is explained by each 



30 

of the independent variables (Calhoun et al., 2011). In this stage, those variables that do 

not account for significant variance within the data are not included in the following 

MANCOVAN model through the backward selection process. Univariate tests are then 

conducted in order to identify the specific relationship between the independent 

variables and response variables.  

The present study followed this same procedure focusing more on univariate 

results and for IC power spectra, mediation analysis was subsequently used to conclude 

the relation among three variables of interest (i.e., years of schooling, the PRI score, and 

the spectral power) and thus the specific role of IC power spectra in their relationship. 

Because spectral power was log-transformed to minimize the skewed distribution, log-

transformed variables were also used.  
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Figure 3. Spatial maps (SMs) of the 6 components identified as RSNs.  

SMs thresholded at t > 5 with at least 120 voxels as the extent threshold are reported. All regions 

are supra-thresholded at p < 0.01 FDR correction. 
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Table 2. Regions of resting state networks (RSNs) for each component 

 

 

Brodmann 

area 

Number of 

voxels 
tmax X Y  Z  

       
IC 6 (0.97) 

      

L Posterior Cingulate BA 30 4644 24.9 -3 -61 6 

L Lingual Gyrus 
   

-3 -70 3 

R Lingual Gyrus 
   

21 -58 0 

       
IC 10 (0.98) 

L Transverse Temporal Gyrus BA 41 3436 18.8 -50 -20 9 

R Superior Temporal Gyrus BA 22 2888 17.8 50 -9 -2 

L Cingulate Gyrus BA 32 1103 11.3 0 11 38 

R Superior Parietal Lobule BA 7 247 7.4 33 -67 53 

       
IC 15 (0.98) 

L Posterior Cingulate BA 31 5723 40.8  -9  -54  25  

L Medial Frontal Gyrus BA 10 567 14.2  -3  52  -5  

       
IC 27 (0.98)   

R Middle Frontal Gyrus BA 10 2107 23.0  39  55  -5  

R Inferior Parietal Lobule BA 40 1157 21.8  50  -48  35  

L Superior Parietal Lobule BA 7 668 15.8  -39  -59  47  

R Middle Temporal Gyrus BA 21 410 14.9  62  -36  -14  

L Middle Frontal Gyrus BA 11 462 14.9  -42  40  -14  

L Middle Temporal Gyrus BA 21 193 11.9  -59  -41  -8  

R Cingulate Gyrus BA 31 174 11.1  3  -33  40  

       
IC 34 (0.97) 

R Fusiform Gyrus BA 37 4072 20.5  42  -62  -7  

L Fusiform Gyrus BA 19 967 12.8  -45  -68  -10  

L Middle Frontal Gyrus BA 6 317 11.2  -53  8  44  
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Table 2. (continued) 

 

Brodmann 

area 

Number of 

voxels 
tmax X Y  Z 

 
IC 38 (0.95) 

L Superior Frontal Gyrus BA 6 4294 20.0  -33  14  49  

L Inferior Parietal Lobule BA 40 1480 16.5  -45  -44  44  

L Inferior Temporal Gyrus BA 20 226 12.4  -59  -33  -14  

R Middle Temporal Gyrus BA 21 146 9.9  65  -41  -8  

Note. Each region is clusters above at least 120 contiguous voxels at t > 5. The region with the maximum t 

value and its Talairach coordinates converted from MNI coordinates using the "mni2tal" algorithm 

developed by Brett (Brett, Johnsrude, & Owen, 2002) are reported in each cluster except for IC 6. Only IC 6 

represents all regions within significant cluster to clarify the included regions. The quality index (Iq) related 

to each of RSNs is listed in parentheses right next to the component number. Labels indicate the results of a 

nearest gray-matter search.  

 

 

4.4.2.1  The MANCOVA Model  

The mancova model was run using the Mancovan toolbox (Allen et al., 2011) provided 

in GIFT software. In this model, the relationships between independent variables and 

RSN feature (i.e., IC time course spectra) were investigated as a whole. A design matrix 

which contains years of schooling, the PRI score, scores of PRI subtests (i.e., Block 

Design, Visual Puzzle, and Matrix Reasoning) in order to identify overall overlap 

pattern with PRI, a score of the new Figure Weight subtest of K-WAIS-IV for reasoning, 

and an interaction between the level of education and the PRI score as covariates of 

interest was constructed. In addition, a total score of K-DRS2 adjusted for age and 

education as well as other index scores of K-WAIS-IV (e.g., Verbal Comprehension 

Index, Working Memory Index, Processing Speed Index, and Full Scale IQ) was added 
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as regressors of no interest.   

 

4.4.2.2  Response Variables 

If there are N subjects, those subjects are represented as             . Each subject 

has power spectra (   ) of              for each of spectral bins. These response 

variables are first log-transformed as described above. The concatenated subject 

response vectors then form the response matrices as follows: 

            
          

            
     (Allen et al., 2011; Calhoun et al., 2011).  

 

4.4.2.3  Univariate Analysis 

Following multivariate analysis, particular spectral bins closely related to years of 

education and/or reasoning ability were determined by univariate tests on the original 

response variables,     (             ). These associations were visualized by 

                , the log of the p value accompanying the sign of the related t-statistics. 

This plotting form is beneficial by providing information on not only the directionality 

but also statistical strength of the result (Allen et al., 2011; Calhoun et al., 2011). At last, 

the effects of covariate were regarded as significant if test statistics exceeded the 

significance threshold corrected for multiple comparisons using FDR at p < 0.1. Figure 

S2 illustrates the results of univariate test. The results indicated that the PRI score was 

statistically significant only for the spectra power of the right frontoparietal network.   
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5.  Mediation Analysis 

Univariate tests were followed by the mediation analysis. As an important consequence 

of univariate tests, specific spectral bins closely associated with PRI were found only for 

the right frontoparietal network and thereby such bins were extracted and used for the 

mediation analysis. The primary focus of mediation analysis is to determine whether the 

relation between the independent variable (X; years of education) and the dependent 

variable (Y; reasoning ability) is actually mediated by spectral power (M) within the 

right frontoparietal network. That is, if education attainment influences reasoning ability 

through the intervention of spectral power, such spectra power can be considered as a 

mediator. The mediation hypothesis in this study was that the level of coherent activity 

within the frontoparietal network might be responsible for the effects of education on 

reasoning ability.  

Mediation analysis is a widely used approach to determine whether the relation 

between two variables is significantly mediated through an intervening variable 

(Hendrick, Ide, Luo, & Li, 2010). Overall, the mediation hypothesis posits that 

mediation is present when a predictor (X) indirectly influences a dependent variable (Y) 

by at least one mediator or intervening variable (M) (MacKinnon, Fairchild, & Fritz, 

2007; Preacher & Hayes, 2008). This hypothesis is tested through multiple regression in 

a three variables path model that assumes two causal paths which were fed into the 

outcome variable following the procedure suggested by Baron and Kenny (1986). 

      In order to establish a variable as a potential mediator, the following conditions 

are met: (1) variations in the outcome variable Y is significantly explained by variations 

in the independent variable X as a simple regression model, when considered alone 

(Figure 4A; direct model also known as total effect). (2) The variance in the 
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hypothesized mediator M is significantly accounted for by variations in the variable X, 

as considered alone (path a). (3) The mediator M should explain the variance in the 

dependent variable Y in a multiple regression model where the effects of both the 

independent variable X and the mediator M on the outcome variable Y are considered, 

by partialling out the independent variable X (path b). (4) The impact of the independent 

variable X on the dependent variable Y controlling for the mediator M has to be 

significantly reduced as compared to the direct model (i.e., total effect). The basic causal 

chain implemented in this mediation model is depicted in Figure 4B. 

To begin the analysis, the association between years of schooling and perceptual 

reasoning ability was analyzed by linear regression model with the PRI score as the 

outcome variable for the first condition (Figure 4A). Due to the relatively small sample 

size, bootstrapping was applied and 5,000 bootstrap samples were created to assess the 

robustness of this regression model. As a result, additional years of schooling were 

significantly related to higher reasoning skills, accounting for about 30% of the variance 

of the PRI score (  = .526, adjusted R
2 
= .277, t = 3.276, p = .002 based on 5,000 bias-

corrected accelerated (BCa) bootstrap samples 95% CI .021 to .084). 
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Figure 4. Path diagrams of direct model and indirect model for mediator effects.  

(A) Direct model. In this model, the predictor variable affects the outcome variable regardless of 

a mediator variable. (B) Indirect model. Conceptual models (Left) and statistical models (Right) 

are provided. In this model, direct effect (path c) was calculated by controlling M and this effect 

should be significantly reduced compared to the direct model, when the effect is mediated by M. 

Note that a, b, c, and c' are path coefficients. 

 

 

Afterwards, the models with direct and indirect effects for years of schooling on 

reasoning including the power spectra within the frontoparietal network as the 

hypothesized mediator were proposed. Through the path model, three effects of interest 

were examined to meet those required conditions as will be described below. One effect 

of interest was the association between years of schooling (X) and the intra-network 

connectivity strength (i.e., power spectra) (M), which is referred to as path a. A second 

effect of interest is the effect of the strength of coherent activity (M) on reasoning ability 
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(Y) considered as path b. This path b was assessed by controlling for X (i.e., years of 

education). Finally, the indirect effect (path c') determining whether the inclusion of 

spectral power (M) in the model significantly accounts for the amount of effects of 

schooling years (X) on the measured outcome, reasoning ability (Y), was examined as a 

third effect of interest.  

      This procedure was followed by statistical testing. The indirect effect of variable 

X on Y mediated by M is quantified as the product of path b as well as path a (i.e., 

    ), where   and   are the path coefficients (Atlas, Bolger, Lindquist, & Wager, 

2010; Baron & Kenny, 1986; Exner et al., 2009). In most situations, the total effect, not 

controlling for M, in the direct model, is equal to        where   is the direct effect 

controlling for M (Preacher & Hayes, 2004). Thus, if both the path a and the path b are 

all significant and    is significantly different from zero, then the direct effect becomes 

less pronounced. As a result, it is concluded that the effect of X on Y is mediated by M 

(Hendrick et al., 2010).  

     A bootstrap approach was utilized for a test of significance of the indirect effect 

(Preacher & Hayes, 2004). Bootstrapping is a nonparametric resampling procedure 

advocated for testing mediation. Estimating the indirect effect rests on each resampled 

data set. By repeatedly sampling the data a large number of times (typically in the range 

of 1,000 to 10,000 times), the empirical distribution from the observed data is built for 

an approximating distribution of    and used to construct confidence intervals of the 

indirect effect (Exner et al., 2009; Hayes, 2012; Preacher & Hayes, 2008). The indirect 

effect was tested with the SPSS macro provided by Preacher and Hayes (2004). In the 

case of generating bootstrap confidence intervals for the indirect effect, a faster and 

bias-corrected (BCa) percentile confidence intervals were used with 10,000 bootstrap 
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resamples. All of these statistical analyses were performed using SPSS 21.0. 

 

 

 

RESULTS 

 

 

1.   RESTING STATE NETWORKS 

A cluster quality index (Iq) indicated that each of the 38 components was represented as 

a highly stable ICA component with an Iq of more than 0.9. Through a robust procedure 

dependent on both SMs and IC spectral power, 6 components were selected as 

nonartifactual, relevant networks from these 38 ICA components. The excluded 

components were 23 components with vascular, ventricular, and respiratory 

susceptibility or motion-related artifacts and 9 mixed components indicating a mixture 

of artifactual sources and RSNs (see Figure 1B). The mixed components included 

networks with activity in regions that extend into neighboring ventricles.  

      The observed RSNs were similar to those reported in previous works regardless 

of the level of model order (e.g., low model order ICA including roughly 20 components 

or high model order ICA including roughly 70 components) (Allen et al., 2011; 

Arbabshirani, Havlicek, Kiehl, Pearlson, & Calhoun, 2012; Calhoun, Kiehl, & Pearlson, 

2008; Damaraju et al., 2010; J. Damoiseaux et al., 2006; Jafri et al., 2007). The initial 

labels of these RSNs were assigned based on the regions involved, according to previous 

literature (Arbabshirani et al., 2012; Calhoun et al., 2008; Jafri et al., 2007). (see Figure 

3 and Table 2 for details).  
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2.  UNIVARIATE TEST RESULTS 

The exact nature and extent of the effects of schooling years and reasoning ability on 

spectra power were identified by univariate tests. Those effects are provided in Figure 

S2. Increases and decreases in spectral power are indicated by warm color and blue, 

respectively. Significant effects are colored and thus black indicates no significant 

effects.  

      Significant effects of reasoning ability on spectral power were not observed in the 

finally selected six RSNs except for the right frontoparietal network (IC 27). As 

hypothesized, spectral power was significantly increased as reasoning scores were 

increased, only for the right frontoparietal network, especially in the very low frequency 

range (0.01-0.03 Hz) (Figure S2). The impact of subtests of PRI as well as of years of 

education on power spectra was not significant in any kind of networks. Figure 5A 

illustrates power spectra distribution of IC 27. 

Given that reasoning ability was only associated with spectral power in specific 

frequency bins (0.01-0.03 Hz) within the right frontoparietal network, this network 

alone, out of six RSNs, was used for subsequent mediation analysis to test the 

hypothesized mediating effect of the power spectra. First, exact power spectra showing 

significant relation to reasoning ability in the frontoparietal network were identified. 

Then, power spectra especially at 0.023 Hz were extracted (Figure S2) and used to 

analyze the relationship among variables of interest. Simple correlation analyses 

revealed that both years of schooling and reasoning ability were significantly correlated 

with the spectral power (Figure 5B).  
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Figure 5. Univariate test results 

(A) Power spectra distribution of IC 27. Line plots show the mean log(power) for all subjects and 

the shaded area under the line represents the frequency range used in this study. (B) Scatter plot 

of years of education, the PRI score, and power spectra at 0.023 Hz. To represent the strength of 

the relationship between variables, correlation coefficients are reported. 

* p < .05, ** p < .01, *** p < .001 

r =.580*** 

r =.564** 
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3.  MEDIATION EFFECTS OF POWER SPECTRA 

To not surprise, the power spectra in the frontoparietal network were significantly 

associated with reasoning ability. Interestingly, reasoning ability was increased as the 

specific power spectra in very low frequency (0.023 Hz) was increased. To test whether 

such spectral power may mediate the effect of education on reasoning ability, the 

heuristic procedures suggested by Baron and Kenny (1986) were followed, which are 

introduced above and all conditions for the procedure were met.  

       First, spectral power (M) was significantly predicted by years of education (X) 

(path a; B = .022, t(28) = 3.766, p < .001, 95% CI .010 to .035). Further, in the case of 

effects of spectral power on reasoning ability controlling for education effect, reasoning 

ability (Y) was significantly predicted by power spectra (M) (path b; B = .994, t(28) = 

2.089, p = .046, 95% CI .018 to 1.971). Regarding a key question concerning the 

underlying neural mechanisms that lead to higher reasoning ability through educational 

effect, a significant evidence of indirect effect was found (path c'; B = .022, 95% CI .004 

to .058). Of importance, there was significant mediation effect of power spectra. Thus, 

the impact of years of schooling on reasoning ability was, in fact, mediated by the level 

of temporal coherence within the frontoparietal network. This indirect effect was further 

supported by no evidence of significant education effect on reasoning ability in the 

direct effect (path c; B = .030, t(28) = 1.614, p > .05, 95% CI  .008 to .067), although 

years of education had a significant effect on reasoning without the intervention of 

power spectra (Direct model; B = .052, t(28) = 3.276, p < .005, 95% CI .021 to .084). 

The detailed results are given in Table 3 and Figure 6. 
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Table 3. Path coefficients for the indirect model  

Note. a, b, c, and c' are path coefficients for path a (X → M), path b (M → Y controlling for M), 

path c (direct effect; X → Y controlling for M), and path c' (indirect effect; X → M → Y), 

respectively. Unstandardized regression coefficients with standard error (SE) in parentheses are 

reported as path coefficients. 

The indirect model with spectral power as the mediator shows significance of indirect effect (not 

included zero within the confidence interval) and no significance of direct effect. These results 

suggest mediation effect of the spectral power.  

* p < .05, ** p < .01, *** p < .001 

Mediation effect 

 
X: Years of Education, Y: PRI score, M: Spectral power 

 
0.023 Hz                   

 

a .022*** (.006) 
 

b .994* (.476) 
 

c .030 (.018) 
 

c' .022 (.013) 95% CI .004 to .058 
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Figure 6. Results of direct model and indirect model involving spectral power as the 

mediator.  

(A) Direct model not considering mediation effect. Years of education significantly predicts 

reasoning ability in this model. (B) Indirect model concerning mediation effect. The effect of 

schooling on reasoning ability is mediated by the spectra power from the right frontoparietal 

network. The effect of education on reasoning is not significant anymore as indicated by the 

direct effect in the indirect model compared to total effect in the direct model. Note that as a 

result of bootstrapping, if the confidence interval does not contain zero then it is significant. 

Unstandardized regression coefficients with standard error (SE) in parentheses are reported as 

path coefficients.  

* p < .05, ** p < .01, *** p < .001 
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DISCUSSION 

 

 

The main goal of this study was to examine whether formal education may be protective 

against a decline in reasoning ability with age, depending on the level of coherent 

activity within the frontoparietal network specifically at rest. Such mediation impact of 

the spectra power within the frontoparietal network was assessed through multiple steps: 

(1) the association between educational attainment and age-associated decline in 

reasoning, (2) the effect of education on the power spectra, reflective of education-

associated protective effect on intra-network connectivity, (3) the effect of the level of 

coherent activity at rest on reasoning ability, and (4) the mediating role of the level of 

temporal coherence in spontaneous activity in the effects of education on reasoning 

ability. It was hypothesized that greater reasoning ability in healthy elders, induced by 

more years of schooling, may be attributable to a higher level of temporal coherence in 

the frontoparietal network at rest. 

Using independent component analysis (ICA) and spectra power analysis, the 

strength of coherent activity of the selected resting state networks (RSNs) was 

determined and whether such strength mediates individual difference in reasoning 

ability was investigated. The main finding was that the protective effect of education 

attainment on reasoning ability was, as hypothesized, mediated by level of coherent 

activity within a network at rest. Moreover, this result was only significant in the right 

frontoparietal network (IC 27), which includes regions of the middle frontal gyrus, the 

inferior and superior parietal lobules, the posterior cingulate, and the middle temporal 

gyrus. The present study, therefore, successfully demonstrates that years of formal 
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education could reduce age-related deleterious effects on cognitive functioning by 

allowing temporally coherent spontaneous activity in a low frequency level of around 

0.02 Hz.  

 

 

1.   POSSIBLE NERUAL MECHANISM OF COGNITIVE RESERVE  

There is accumulating evidence on the neural mechanisms of cognitive reserve, 

regarding education effect on functional expressions. According to Stern (2009), the 

form of neural activity related to cognitive reserve could be expressed in two ways: 

neural compensation and neural reserve. Neural compensation refers to inter-individual 

variability in the ability to withstand disruption of standard processing networks by 

recruiting alternate brain networks not normally employed by individuals with intact 

brains. This may help maintain or improve cognitive performance. On the other hand, 

neural reserve is defined as inter-individual variability making difference in efficiency 

or capacity of functional brain networks that underlie cognitive functioning in the 

healthy brain. This allows individuals with high cognitive reserve, that is, more 

efficiency and greater capacity, to be more able to cope with age-related disruptive 

effect (Steffener & Stern, 2012; Stern, 2009).  

Task-induced functional studies have reported accumulating evidence of a neural 

compensation that involves the recruiting of alternate resources or networks in healthy 

elders with higher education in order to maintain task performance (Scarmeas et al., 

2003; Springer, McIntosh, Winocur, & Grady, 2005). In addition, more effective 

patterns of brain activation, which were related to better performance, were observed in 

individuals with higher cognitive reserve proxies compared to those with lower 

cognitive reserve (Bartrés-Faz et al., 2009; Bosch et al., 2010; Solé-Padullés et al., 
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2009). The concept of capacity, however, remains poorly understood. 

 

Resting state networks as a putative neural basis of cognitive reserve 

Although these results, as described above, support the mechanistic roles of cognitive 

reserve, the proposed neural mechanisms do not provide comprehensive views of the 

featured functional activity in old age. That is, previous studies on the neural mechanism 

of cognitive reserve have highly emphasized functional activity during specific tasks, by 

relatively underestimating functional connectivity. However, expressions within a 

network involved in performing cognitive functions are more accurately reflected by 

functional connectivity. This is because the typically activated regions in task-based 

neuroimaging studies are widely distributed and the activated patterns are quite different 

depending on specific regions. Alternatively, functional connectivity focuses on 

coherent contribution patterns of regions, providing more relevant network expressions.  

      Furthermore, functional connectivity strength at rest is closely interrelated with 

both aging and education effect (Allen et al., 2011; Andrews-Hanna et al., 2007; 

Arenaza-Urquijo et al., 2013; Balsters, O'Connell, et al., 2013; J. S. Damoiseaux et al., 

2008; Hedden et al., 2009). In this sense, functional connectivity at rest may be an index 

of network capacity if its higher expression takes advantage of successfully completing 

cognitive performance and its individual differences have direct linkage to measures of 

cognitive reserve (Steffener & Stern, 2012). Therefore, individuals with higher cognitive 

reserve may reveal more neural capacity as is shown through their higher coherent 

activity within RSNs than those with lower cognitive reserve when under the same rest 

condition. In addition, the important consequence of such coherent activity could allow 

older adults to withstand age-related decline in cognitive functions. 

In the present study, temporally conjoint activity within RSNs was proposed as a 
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potential neural basis of cognitive reserve, which is beneficially associated with the 

ability to bear age-related cognitive decline. As expected, the results showed that higher 

spectra power at rest helps older adults with higher level of education to attenuate age-

associated decline in reasoning ability, ultimately resulting in higher performance. In 

fact, years of schooling seem to take an effect through the level of coherent activity 

within the frontoparietal network, which is typically activated when performing a 

reasoning task. This suggests that relatively higher reasoning ability in more educated 

healthy elders may be explained by a greater level of intra-network connectivity in the 

frontopareital network. Interestingly, these findings provide an acceptable interpretation 

that the level of coherent activity within a network at rest could function as the neural 

mechanism which underlies cognitive reserve (as indexed by education attainment). 

 

 

2.   EDUCATION EFFECT ON THE FRONTOPARIETAL NETWORK IN OLD AGE 

Overall, resting state networks (RSNs), which engage the frontal and parietal regions are 

preferentially exposed to the risk of age-related degradation, showing reduced functional 

connectivity and ultimately leading to deficits in cognition (Andrews-Hanna et al., 2007; 

Chen et al., 2009; Sambataro et al., 2010).  

Unfortunately, education effect on such age-associated degeneration in 

functional connectivity at rest remains not fully understood. Some recent studies, 

however, have suggested that such connectivity between the frontal and parietal regions 

is increased as a result of additional years of education (Arenaza-Urquijo et al., 2013). 

As indicated by Blair et al. (2005), prefrontal based cognitive skills, repeatedly practiced 

from early life, might further contribute to stronger connection, showing more coherent 

patterns in activity. Consistent with these findings, the present study found that higher 
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education attainment is mainly responsible for greater intra-network connectivity 

involving the frontal and parietal regions (e.g., the middle frontal gyrus, the inferior 

parietal and superior parietal areas). 

Several hypotheses have tried to provide a possible explanation for age-related 

reduction in resting state functional connectivity and these possible explanations might 

allow a deeper understanding of education effect. One of the potential causal factors 

frequently reported is loss of white matter integrity. An increasing amount of evidence 

supports compromised white matter integrity with increased age (Andrews-Hanna et al., 

2007; Bartzokis et al., 2004; Chen et al., 2009; Edith V Sullivan et al., 2001; Edith V. 

Sullivan & Pfefferbaum, 2006; Teipel et al., 2010). In particular, anterior and posterior 

white matter integrity are selectively susceptible to aging, with anterior white matter 

being more vulnerable. Given that such age-related loss of white matter integrity 

possibly gives rise to structural disconnection, education effect may modulate aging-

related structural disconnection as reported by Haut et al. (2007), ultimately facilitating 

functional integration and communication within a network.  

      Another potential causal factor behind a decrease in resting state functional 

connectivity is amyloid beta deposition. The accumulation of amyloid beta is one of the 

hallmarks of Alzhemer's disease (AD). To date, many studies exploring amyloid beta 

deposition have reported that the accretion of Aß oligomers in pre and postsynaptic sites 

might cause synaptic dysfunctions, synaptic damage, and abnormal neural network 

activity, resulting in Alzheimer's disease (Crews & Masliah, 2010; Haass & Selkoe, 

2007; Querfurth & LaFerla, 2010; Selkoe, 2008; Shankar et al., 2007; Walsh & Selkoe, 

2007). Still, studies have also shown the prevalence of asymptomatic amyloid 

accumulation to be similar to that of symptomatic deposition (Aizenstein et al., 2008). In 
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particular, a 20-50% clinically unimpaired elderly population presents substantial 

amyloid burden during life (Hedden et al., 2009). Further, increased amyloid beta 

burden leads to abnormal synaptic activity and thereby cause large-scale network 

instabilities (Palop & Mucke, 2010). Finally, such amyloid deposition in non-demented 

individuals was associated with cognitive deficits (Rentz et al., 2011; Rodrigue et al., 

2012). 

      Hedden et al. (2009) provide direct evidence on the relationship between 

amyloid beta deposition and resting state connectivity. In accordance with the study, 

increased amyloid deposition was correlated with reduced functional connectivity in 

regions of interest including the lateral parietal, the posterior cingulate, and the medial 

prefrontal cortices in normal older adults. More recently, Sheline et al. (2010) reported a 

similar finding especially within the default mode network (DMN). In addition, 

Rodrigue et al. (2012) investigated an increase in amyloid beta burden in the posterior 

cingulate and parietal cortex and its association with reasoning performance. Together, 

these findings indicate that amyloid beta burden can disrupt resting state functional 

connectivity, particularly the connection between the frontal and parietal areas, which 

may influence decline in reasoning ability. 

The current study showed that the level of coherent activity within the 

frontoparietal network was relatively low as an important result of less years of 

schooling. Therefore, in line with previous converging literature, it is probably expected 

that higher accumulation of amyloid beta in the posterior cingulate and the lateral 

parietal cortices may underlie such results in less educated elders, leading to relatively 

poor reasoning ability. Concerning the protective effect of education, it is presumable 

that differences in the capacity to withstand amyloid burden possibly contribute to such 
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consequence, with less educated older adults more exposed to the risk of 

neurodegenerative diseases such as Alzheimer's disease (AD). Taken together, these 

results provide the clinical implication that more educational attainment could allow 

older adults to endure age-related significant loss of temporal coherence in spontaneous 

activity, probably by minimizing the impact of structural disconnection and AD-related 

degeneration on the frontoparietal network. 

 

 

3.  THE FRONTOPARIETAL NETWORK ACCOUNTS FOR INDIVIDUAL 

VARIABILITY IN REASONING  

A number of studies have demonstrated that reasoning is related to the activation of a 

network involving the frontal and parietal regions often extending into the temporal lobe, 

irrespective of the types of reasoning (Jung & Haier, 2007; Krawczyk et al., 2011; 

Preusse et al., 2011; Yamada et al., 2012). These consistent findings note that the 

interaction of these areas, as a network working together, is crucial for reasoning ability. 

Moreover, the involvement of frontoparietal regions in three subtests of PRI has been 

evidently observed (Elderkin-Thompson et al., 2008; Kwee & Nakada, 2003; 

Lichtenberger & Kaufman, 2012; T. P. Robinson, 2011; Zacks, 2008). In this sense, the 

present study provides clear support for the frontoparietal network at rest providing a 

plausible explanation for differential performance on reasoning. Further, such findings 

also support the frontoparietal regions as the underlying neural correlates of the PRI.  

According to the literature, the frontal lobes, including the prefrontal cortex, are 

involved in executive functions. Executive functions are defined as complex cognitive 

processes for achieving a particular future goal, which usually requires the organization 

of some sub-processes such as executive control processes and information integration 
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(Banich & Compton, 2011; Elliott, 2003). To be specific, executive functions are 

presumably responsible for planning, working memory, coordinating, assembling, and 

monitoring other cognitive operations (Salthouse et al., 2003).  

The information integration is, in particular, closely associated with rule 

integration. Rule integration is essential for reasoning since the rules must be integrated 

in order to find the best solution for problem solving (Christoff et al., 2001; Hampshire 

et al., 2011a; Kroger et al., 2002; Wendelken, Nakhabenko, Donohue, Carter, & Bunge, 

2008). Therefore, the ability to represent a problem, to plan for the best solution by 

choosing the optimal strategies, and to keep them in mind while executing them by 

using certain rules (Zelazo, Carter, Reznick, & Frye, 1997) necessary in reasoning is 

supported by the frontal lobe including several sub-regions (Lichtenberger & Kaufman, 

2012).  

It has been known that the parietal lobe plays a significant role in the integration 

of sensory information, understanding of numbers and their relations (Blakemore & 

Frith, 2005), and the manipulation of objects. Interestingly, portions of the parietal lobe 

are traditionally thought to support visuospatial processing. The inferior parietal lobule, 

for example, is involved with mathematical operations while the superior parietal lobule 

is concerned with spatial orientation (Harris et al., 2000; Menon, Rivera, White, Glover, 

& Reiss, 2000; Santens, Roggeman, Fias, & Verguts, 2010). These functions are 

considered necessary in processing spatial information, which is strongly required for 

nonverbal reasoning (Preusse et al., 2011). 

These are in line with a growing number of authors who have argued that 

reasoning, a key component of executive functions, is known to depend on co-

recruitment of the frontal and parietal brain regions and the interplay of those areas 
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within a network can determine reasoning ability (Hampshire et al., 2011a; Jung & Haier, 

2007; Preusse et al., 2011). Of note, these regions are involved in a central-executive 

network that is anchored in the dorsolateral prefrontal cortex (e.g., middle frontal gyrus) 

and the posterior parietal cortex (PPC) (e.g., inferior and superior parietal lobule) 

(Bressler & Menon, 2010). Consistent with previous research, the current study found 

that the frontoparietal network includes the middle frontal, superior and inferior parietal, 

posterior cingulate gyrus and middle temporal cortices. Moreover, the interaction of 

these areas represented by the strength of conjoint activity within the network was 

primarily responsible for reasoning ability.  

 

The frontoparietal network as a resting state network 

The present study has taken spontaneous brain activity as its focus. Other recent 

evidence has suggested that the brain at rest displays vigorous and persistent functional 

activity (Buckner, Andrews‐Hanna, & Schacter, 2008) and correlation patterns of such 

activity reflects functional topography (Fox & Raichle, 2007). In line with such 

evidence, reasoning ability, in particular, was predicted by the power spectra within the 

frontoparietal network at rest in this study. Therefore, these findings support the notion 

that the coherent intrinsic brain activity may be indicative of the neural underpinnings of 

behavior performance, along with task-induced activity and its correlation patterns 

(Andrews-Hanna et al., 2007; Chen et al., 2009; M. W. Cole et al., 2012; Michelle 

Hampson, Naomi R. Driesen, Pawel Skudlarski, John C. Gore, & R. Todd Constable, 

2006; Seeley et al., 2007; Song et al., 2008; Zou et al., 2012). 

It has been generally accepted that bandwidths below 0.1 Hz, a dominant 

bandwidth of around 0.08 Hz, characterize the low frequency fluctuations in resting 



54 

state (C. Beckmann, M. DeLuca, J. Devlin, & S. Smith, 2005; S. H. Schmidt, 2009). The 

evidence of such fluctuations shown to be coherent across functionally related brain 

regions has been supported since an early study by B. Biswal, Yetkin, et al. (1995), 

indicating RSN as hemodynamic changes with direct relation to neuronal activity in the 

motor cortices (D Cordes et al., 2001; De Luca et al., 2006). Recently, many studies 

have emphasized the inherent frequency-specific properties of RSNs, suggesting distinct 

features in resting state fMRI signal within functional networks (Wee et al., 2012; C. W. 

Wu et al., 2008). In particular, power for different frequency bands was dominated by a 

maximum at about 0.02 Hz and slowly changing signal in 0.01-0.06 Hz (C. F. 

Beckmann et al., 2005; B. Biswal, Zerrin Yetkin, et al., 1995; Damaraju et al., 2010; De 

Luca, Smith, De Stefano, Federico, & Matthews, 2005; C. W. Wu et al., 2008). 

Consistent with these findings, peak magnitude of power in 0.01-0.04 Hz was observed 

in the present study.  

It is noteworthy that spectra power was extracted from the specified frequency 

bin, 0.023 Hz,  and used for the subsequent analysis since such frequency bin was 

significantly related to the PRI as indicated by the results of univariate tests in this study. 

More recent studies provide strong support for the relevance of the specific frequency 

within the frontoparietal network, one of RSNs. C. W. Wu et al. (2008) found strong 

cortical correlations in functional networks within the low frequency band, 0.01-0.06 Hz. 

Subsequent evidence has been provided by Baria, Baliki, Parrish, and Apkarian (2011). 

They indicated that the highest-magnitude power for the frequency band of 0.01-0.06 Hz 

is centrally placed in the prefrontal, parietal, and occipital cortices. More specifically, as 

suggested by Han et al. (2011), several regions such as the posterior cingulate cortex 

(PCC), the inferior parietal lobule, and the prefrontal cortex showed greater magnitude 
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of power in the 0.01-0.027 Hz frequency band. Considering that these brain regions are 

all included in the frontoparietal network found in the present study, it is not surprising 

that the specific frequency bin, 0.023 Hz, within such network was significantly related 

to reasoning ability, suggesting the frontoparietal network as the neural basis. 

 

 

4.  EDUCATION EFFECT ON REASONING ABILITY IN OLDER ADULTS  

Overall, reasoning ability shows pronounced age-related decline, regardless of the types 

of reasoning (Salthouse, 2005, 2009; Salthouse et al., 2003). In this sense, education 

attainment, a proxy for cognitive reserve, may play a protective role in sustaining 

reasoning ability in old age. Such role of education can be taken in two ways: delaying 

age-associated cognitive decline and/or reducing the rate of decline. The reduction in 

rate most often can be tracked through longitudinal study; the present study rather 

focused on relatively preserved cognitive function. Specifically, more educated group 

showed higher reasoning ability, compared to the age-matched less education group. 

Further, the study finds that the longer the duration of education in elders, the higher 

level of reasoning ability.  

As supported by Ardila et al. (2000), the very important cognitive consequences 

of schooling are suggested as alterations in visual perception, remembering strategies, 

and logical reasoning (i.e., executive functions) as well as formal operational thinking. 

Such changes also include working memory which is necessary to reasoning. In line 

with this study, higher level of reasoning ability tends to be caused by repetitive 

exposure to curricula and materials emphasizing those cognitive skills and thereby 

exercising them as a result of schooling. Particularly, solving novel problems in 

mathematics progressively focuses on understanding of visual-spatial relations and the 
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ability to mentally hold and manipulate symbols or structures (Preusse et al., 2011). 

Accordingly, repeated exposure to novel geometric stimuli as well as exercising related 

processes from relatively early in life would have a positive impact on the reasoning 

ability. Taken together, it is noteworthy that schooling could cause higher reasoning 

ability for individuals in old age by possibly protecting such ability against age-related 

cognitive decline. 

 

 

5.  GROWING POTENTIAL OF RESTING STATE NETWORKS  

To date, resting state functional connectivity (Rsfc) has been of marked interest. The 

reliability of previous findings, the simplicity and the feasibility based on no task 

requirement, and relatively short data acquisition time at least in part contribute to this 

particular interest. Further, resting state functional connectivity (Rsfc) has potential for 

clinical application to a wide range of neurological disorders such as Alzheimer's disease 

(J. S. Damoiseaux, Prater, Miller, & Greicius, 2012). With these advantages, intrinsic 

functional connectivity is a commonly used approach in studies on old age (J. S. 

Damoiseaux et al., 2008).  

To determine spatial patterns of specified functional connectivity networks, 

independent component analysis (ICA) has been increasingly used. Since there is no 

need for prior information on the temporal or spatial patterns of source signals, it has 

been known that ICA is well suited for fMRI study during rest (Calhoun, Liu, & Adalı, 

2009). In this analysis, meaningful sources mixed with noise are separated into distinct 

independent sources. Unlike seed based analysis, in which the correlation between 

activity in the predefined regions and all other voxels in the brain is utilized, ICA 

benefits from no prior assumption about locations of networks. As a result, it is entirely 
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data driven and allows the identification of the spatial pattern of functional networks 

across the whole brain. On the other hand, seed based analysis considers one network in 

the given data, ignoring all but one possible network and depends on the seed choice and 

is thus biased towards smaller or overlapped networks (D. M. Cole et al., 2010; Ferreira 

& Busatto, 2013; Margulies et al., 2010).  

More recently, multivariate methods based on ICA have been applicable to 

measuring functional connectivity with spectral analysis being one of them. This is a 

common approach in the analyses of EEG, however, a number of recent studies have 

reported that resting state networks (RSNs) have different BOLD spectral properties. 

Given that power spectra in a specific network is related to behavior performance, 

spectral power helps provide reliable measures of functional connectivity across all 

regions within a specific network, rather than relying on the connection between two 

brain regions of particular interest (Allen et al., 2011; Balsters, O'Connell, et al., 2013; 

Balsters, Robertson, et al., 2013; Damaraju et al., 2010). Based upon these studies, both 

ICA and recently proposed power spectra analysis were used in the present study and 

thereby this study could provide clear evidence of applicability of such approaches to a 

wide range of related studies. 

 

 

6.  FUTURE CONSIDERATIONS  

In the present study, education effects on reasoning ability mediated by resting state 

networks (RSNs) were investigated within older adults. However, in order to address the 

aging effect more thoroughly, both younger adults and older adults need to be included. 

By doing so, a clearer picture can be drawn about the age-associated pattern of 

reasoning performance and resting state functional connectivity modulated by cognitive 
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reserve. Furthermore, with a various range of age groups, the protective effect of 

education on cognitive functions by reducing the rate of cognitive decline will be clearly 

determined. 

Second, other possible variables influencing cognitive functions and functional 

networks, instead of education attainment, should also be considered for future research. 

This is because variables that are part of one’s lifetime experience such as income or/and 

occupational attainment other than years of education could have separate or synergistic 

effects on age-related disruptive effect. Along with lifetime experiences, more 

continuous neuropsychological variables may indicate cognitive reserve as well. For 

instance, vocabulary test scores and an estimate of IQ, providing information on innate 

intelligence, are accountable for cognitive reserve. This is at least in part supported by 

some studies which indicate an estimate of IQ as a more powerful measure of cognitive 

reserve (Alexander et al., 1997). 

Finally, studying resting state functional connectivity becomes of great 

importance since understanding the neural basis of cognitive reserve and the individual 

differences in behavior performance is reflected by such connectivity in healthy elders 

as discussed above. Based on previous evidence, reduced functional connectivity with 

advancing age may be attributable to loss of white matter integrity or/and amyloid beta 

burden. However, little is known about the moderating role of education in white matter 

integrity, amyloid beta burden or their interactions in older adults, ultimately providing 

protection against deterioration in temporal coherence. Therefore, future investigations 

into education effects on both putative causal factors and their role in cognitive decline 

will be needed. 
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SUPPLEMENTARY SECTION 

 

Figure S1. The difference in perceptual reasoning ability between HE and LE. 

The highly educated group (HE) had a higher score on the Perceptual Reasoning Index (PRI) 

than the less educated group (LE). The mean score difference between the two groups was about 

15, which was statistically significant at p <.001 (independent sample t-test, two-tailed). 

 

* p < .05, ** p < .01, *** p < .001 
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Figure S2. Univariate test results (color bar) 

(A) Spatial map for IC 27 showing significant univariate test results (B) Component where power 

spectra significantly covaried with the PRI score. (C) Component where spectral power 

significantly related to both education and reasoning. Red indicates an increase in spectral power 

with the variable while blue indicates a decrease in spectral power. All results are thresholded at 

p < 0.1 (FDR corrected). Note that the spectral power of the independent component 27 (IC 27) 

only showed a significant positive association with reasoning. 
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국문 초록 

 

정규 교육이 노인의 추론 능력에 미치는 영향: 

전두두정 네트워크를 중심으로 

 

송 현 

협동과정 뇌과학 전공 

서울대학교 대학원 

 

노화는 일반적으로 인지기능의 저하와 같은 부정적인 변화를 

수반한다고 보고되어 왔으며, 집행 기능과 기억은 이러한 변화에 취약한 

대표적인 인지기능이라 할 수 있다. 특히, 집행 기능 중 하나이며 새로운 

상황에서 논리적인 관계를 파악하여 문제를 해결하는 능력을 의미하는 추론 

능력은 적응적인 행동에 필수적으로, 노화에 취약한 다른 인지기능들과 

밀접한 관련성을 가진다고 보고되어왔다. 이와 같은 결과들은 나이가 

들어감에 따라 발생하는 추론 능력의 저하가 노화에 따른 인지기능 저하를 

나타내는 핵심적인 역할을 할 가능성을 제기한다.  

그러나, 인지 보유고 개념에 따르면 노화에 따른 변화는 단순히 



84 

하나의 양상으로만 나타나지 않으며, 인지기능에서의 개인차는 연령이 

증가함에 따라 더욱 뚜렷해진다. 특히, 정규 교육은 노화와 관련된 

인지기능의 저하에서 보호 요인으로 작용한다고 보고되어왔다. 

최근 뇌영상 연구들에 따르면 휴지상태에서 시간적으로 응집된 

뇌활동은 기능적으로 연결되어있으며 이를 통해 인지기능에서의 개인차를 

설명할 수 있다. 특히, 전두두정 네트워크는 추론 과제 시 지속적으로 

보고되는 네트워크로 휴지상태에서도 이러한 네트워크와 추론 능력간의 

밀접한 관련성이 나타날 것으로 예상할 수 있다. 그러나 노인에게서 정규 

교육에 따른 휴지상태 기능적 연결성의 차이를 보고한 연구는 부족한 

실정이다. 그럼에도 불구하고 정규 교육 연한의 증가가 기능적 연결성의 

증가를 가져온다는 점을 고려할 때, 이러한 네트워크에서 정규 교육으로부터 

비롯된 시간적으로 응집된 뇌활동에서의 차이가 노인들의 추론 능력 저하 

양상에서의 차이를 설명할 수 있을 것으로 보인다.  

      본 연구에서는 정규 교육이 노인들의 추론 능력에 미치는 영향을 

휴지상태 전두두정 네트워크 내에서의 연결성 차이를 중심으로 살펴보았다. 

휴지상태에서의 네트워크를 확인하고, 기능적 연결성을 측정하기 위하여 

독립 성분 분석(independent component analysis, ICA)과 최근에 제안된 

파워 스펙트럼 분석(power spectra analysis)을 사용하였다. 그 결과, 

예상한 바와 같이 교육 연한이 증가할수록 추론 능력이 높은 것으로 

나타났으며, 이러한 결과는 전두두정 네트워크에서의 증가된 연결성을 통해 

매개되었다. 따라서 정규 교육이 보호 요인으로서 추론 능력에 미치는 

영향은 휴지상태 전두두정 네트워크의 기능적 연결성을 통해 이루어지는 

것으로 보인다. 이러한 결과는 휴지상태 네트워크에서의 연결성 정도가 
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건강한 노인에게서 관찰될 수 있는 정규 교육과 관련된 인지 보유고의 

신경과학적 기전으로 기능할 가능성을 시사한다. 

 

주요어: 인지 보유고, 인지 노화, 휴지상태 기능적 자기공명 영상, 매개 

분석, 기능적 연결성, 지각 추론 

학번: 2011-23291 
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