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Abstract 

Emerging evidence suggests that reading to learn on the Internet is cognitively more demanding 

than reading to learn from print on paper. This exploratory study used a correlational design to 

test this hypothesis. It examined the relationships between (a) a measure of online reading 

comprehension, (b) two measures of print-based reading skills, and (c) six measures of executive 

function in a diverse sample of 13 and 14-year-olds. Results indicated that the ability to suppress 

a pre-potent response, as measured by the Stroop color-word test for children, was predictive of 

online reading comprehension but not predictive of scores on a print-based informational reading 

comprehension test or a standardized test of reading comprehension. This difference is 

significant because it lends support to the emerging theoretical view that online and offline 

reading comprehension processes are not isomorphic. It also aligns with research that has found 

no difference on Stroop performance between good and poor comprehenders of print, suggesting 

that online reading may engage additional inhibitory control processes that are not as essential 

for understanding print-based informational texts. 

 Keywords: online reading comprehension, executive function, inhibition, set shifting, 

spatial working memory, correlational design, new literacies 
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The Contributions of Inhibition, Spatial Working Memory and Set Shifting to Measures of 

Online and Print-based Reading 

Introduction 

 At home and in the workplace, adult life in the US demands reading proficiency across an 

unprecedented range of complex texts in both print and digital forms (Duke & Carlisle, 2011, p. 

215).  Given the rapid pace of technological change, however – a fluid reality Leu (2000) calls 

deixis – educators must acknowledge that we are preparing students for a literate future that we 

cannot know. In thirty or fifty years, the range of texts that adults will be expected to understand 

is difficult to anticipate. How will readers interact with this range of texts to extract meaning? 

Will these new and varied texts place new and different demands on readers?   

 Already, emerging evidence suggests that the New Literacies (Leu, Kinzer, Coiro & 

Cammack, 2004; Coiro, Lankshear, Knobel & Leu, 2008) of today’s Internet require additional 

cognitive skills beyond those required to read and understand printed texts (e.g., Coiro & Dobler, 

2007; Duke, Schmar-Dobler & Zhang, 2006; Hartman, Morsink & Zheng, 2010; Spiro, Collins, 

& Ramchandran, 2006). Hartman, Morsink and Zheng (2010), for instance, have argued that, in 

contrast to the familiar RAND Reading Study Group (2002) heuristic that frames reading 

comprehension as tetradic (n=4 elements): reader, text, activity, and socio-cultural context, the 

processes of online reading comprehension involve at least six elements, making them, at a 

minimum, hexadic: reader, text, activity, author, context, and technology (p. 140). They further 

assert that each of these six elements are, themselves, plural and always shifting online. They 

conceive of the cognitive processes engaged by online reading as dynamic and n-dimensional 

since, as they noted, “a reader online interacts with elements that actually mutate as she reads.” 

(p. 150).  The shifting nature of the medium, it seems, may be driving changes in the processes 

required to construct meaning.  
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 At face value, it would seem that managing additional elements that are, themselves in 

flux, would place additional demands on the brain’s systems of executive control, the suite of  

functions understood to moderate complex, goal-oriented and problem-solving behaviors 

(Diamond, 2006; Diamond & Lee, 2011; McCabe, Roediger, McDaniel, Balota & Hambrick, 

2010; Miyake, Friedman, Emerson, Witzki, Howerter & Wager, 2000). Although the 

fundamental contributions of several executive functions, including working memory (Daneman 

& Merikle, 1996; Carretti, Borella, Cornoldi & DeBeni, 2009), set-shifting (Altemeier, Abbott & 

Berninger, 2008; Best, Miller & Jones, 2009; van der Sluis & de Jong, 2004) and inhibition 

(Borella, Carretti & Pelegrina, 2010), to print-based reading comprehension processes have been 

well established in the literature, the contributions of these executive functions to online reading 

comprehension processes have been understudied.  

 Understanding the contributions of foundational executive functions to online reading 

could inform not only our understanding of how the cognitive demands of online and offline 

reading comprehension processes differ, but could also guide the development of New Literacies 

curricula that take into account the unique interactions of multimodal Internet texts and emergent 

Internet readers who are learning to juggle n-dimensions to build a model of coherence (Kintsch, 

1998) from what they read. These curricula would be particularly important in middle- and high-

schools since teens undergo significant cognitive and neurological changes (Crone, 2009; Geidd, 

2004; Kuhn, 2006, Paus, 2005; Steinberg, 2005) in precisely the regions that coordinate complex 

thought, and as hypothesized here, online reading, in part, as well. Steinberg (2005) notes that 

the “core of adolescent cognitive development is the attainment of a more fully conscious, self-

directed and self-regulating mind,” which is, “achieved principally through the assembly of an 

advanced ‘executive suite’ of capabilities” (p. 70).   For researchers and educators, it is therefore 

important to understand which executive skills, if any, predict online reading comprehension 
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abilities in adolescents so that we might design instructional methods that are purposefully 

responsive to this critically sensitive period for cognitive growth.  

 The current study was therefore designed to explore the relationships between a measure 

of online reading comprehension, measures of print-based reading skills1 and measures of 

executive function. In the literature review that follows, executive function is defined. Its role in 

print-based reading processes is examined using a range of studies with children and adolescents 

since the literature specific to executive function in adolescent reading processes is relatively 

sparse. An argument for executive function’s role in online reading processes is developed. 

Finally, research questions and the theoretical framework for the study are outlined.  

Review of Literature 
 

Executive Function  

 Diamond (2006) defines executive function as the set of mental functions required when 

“going on automatic would be insufficient and especially when it would lead one astray.” (p. 70). 

According to Diamond, we engage executive functions when faced with novel situations and 

when we must concentrate, plan, solve problems, coordinate our activities, change our thinking 

or approach, make conscious choices among alternatives and override a strong internal or 

external pull (2006, p. 70). Generally speaking, executive functions facilitate “higher-order” 

thought processes – processes that allow us to stop, start, monitor, analyze and revise. 

Coordinated by the pre-frontal cortex, executive functions develop across the lifespan (Best, 

Miller, & Jones, 2009; Davidson, Amso, Anderson, & Diamond, 2006; Diamond, 2006; 

                                                 
1  In this paper, I use “print-based reading” and “offline reading” interchangeably to mean the 
reading of texts on paper. Contextually, I ground these definitions in the informational texts of 
schooling – the texts used in content areas as sources of information to be learned.  I use the term 
“online reading” to refer to the reading of multimedia texts on the Internet, but also ground this 
term in the context of schooling.  
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Diamond & Taylor, 1996; Hasher, Stoltzfus, Rumpa, & Zacks, 1991; Zelzao, Craik, & Booth, 

2004) and are critical correlates of academic performance (Best, et al., 2009; Blair & Razza, 

2007; Lee, Ng, & Ng, 2009; van der Sluis, de Jong, & van der Leij, 2007; Welsh, Nix, Blair, 

Bierman, & Nelson, 2010), self-regulation (Blair & Razza, 2007; Steinberg, 2007) and 

specifically, reading comprehension (Borella, Carretti, & Pelegrina, 2010; Daneman & Merikle, 

1996).  

 Though executive functions work in concert, they are also separable, contributing in 

unique ways to higher-order mental tasks (Friedman & Miyake, 2004; Miyake, et al., 2000).  

Using latent-variable analysis, Miyake and colleagues (2000) determined that three particular 

executive functions: (a) mental set shifting (the ability to switch back and forth between mental 

tasks), (b) information updating and monitoring (the ability to manipulate and update 

information that is being held in working memory) and (c) inhibition of prepotent responses (the 

ability to override a dominant tendency and instead do something else) were correlated with one 

another but also measurable as independent cognitive functions. Since this landmark study, the 

field has come to recognize “shifting”, “updating working memory” and “inhibition” as 

foundational executive functions. They are cognitive building blocks for more complex frontal 

lobe processes such as planning and organizing. 

 The role of foundational executive functions in reading comprehension. Work on the 

relationships between these foundational executive functions and reading comprehension has 

revealed several important findings.  First, it is generally accepted that updating working 

memory plays a significant role in reading comprehension (Carretti, Borella, Cornoldi, & De 

Beni, 2009; Daneman & Merikle, 1996). Although readers characterized in the literature as 

“good” and “poor” comprehenders do not seem to differ significantly in their ability to complete 

spatial working memory tasks, they do differ significantly in their performance on complex 
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verbal working memory tasks that require storage and updating of information as the task 

proceeds (Carretti, et al., 2009; Carretti, Cornoldi, De Beni, & Romano, 2005). In their meta-

analysis of studies that examined the specific role of working memory in reading comprehension, 

Carretti, et al. (2009) concluded that working memory in reading comprehension is a “non-

unitary process” (p. 250) that involves both working memory control and verbal processing, but 

not necessarily visual-spatial processing.  

 Second, inhibitory processes contribute to comprehension. Specifically, “resistance to 

proactive interference” (Borella, et al., 2010; Carretti, et al., 2009; Friedman & Miyake, 2004) 

or, the ability to actively suppress information coming from working memory that is no longer 

relevant, seems to differentiate poor comprehenders and good comprehenders.  According to 

Borella et al. (2010) poor comprehenders are less able to suppress information that was 

previously relevant but that is no longer important. Interestingly, however, “good” and “poor” 

comprehenders perform similarly on inhibitory tasks that do not require information to be held or 

manipulated in working memory. In Borella et al.’s (2010) study, 10 and 11 year-old children 

identified as “good” and “poor” comprehenders performed equally on the Children’s Color-

Word Stroop test, (Golden, Freshwater & Golden, 2003) which requires them to inhibit the pre-

potent tendency to read words (e.g., red, blue) and instead name the color of ink in which the 

word is printed. Groups also performed equally on a “text with distracter” activity that required 

them to read a paragraph in which semantically related, but irrelevant words were interspersed 

(p. X).  Similarly, Swanson, Howard and Saez’s study of children’s performance on the Random 

Generation Task (2006), an inhibition task that trained participants to write letters or numbers in 

order (i.e., a,b,c or 1,2,3) as quickly as possible and then required them to generate letters or 

numbers in random order, found that groups of weak and strong readers were just as likely to 

struggle with “randomness” after training. This is considered another measure of prepotent 
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response inhibition, similar to the Stroop test. Van der Sluis, de Jong and van de Leij’s (2004) 

study revealed similar findings regarding prepotent response inhibition as well. Children’s 

performance on Quantity Tasks that required them to say “3” when the stimulus was “222”, 

rather than say the number, “two hundred twenty-two” did not differ between typically 

developing controls and children with reading-specific disabilities. The literature generally 

seems to suggests that a certain type of inhibitory control – resistance to proactive interference – 

is important for reading comprehension in print but that the ability to suppress a prepotent, or 

trained, response is not predictive of comprehension ability. 

     Third, the ability to shift between linguistically relevant categories or sets has been found to 

predict both reading comprehension and fluency in word reading. Cartwright’s work on the role 

of “reading-specific cognitive flexibility” (also called set shifting or task switching) (2002) 

showed a significant effect. In her study, seven to ten-year old readers who were more adept at 

categorizing groups of words in more than one way (i.e., by initial phoneme and then by 

meaning) were also better comprehenders. Remarkably, teaching children to shift categories 

resulted in higher post-test comprehension scores. In a study by Altmeier, Abbott and Berninger 

(2008) a measure of rapid automatic switching (RAS)2 entered in a regression model after a 

measure of inhibition, was a unique predictor of word reading, pseudoword decoding, word 

reading efficiency, phonemic decoding efficiency, and spelling. RAS was also a unique predictor 

of reading comprehension for children in grades 2, 3 and 5.  

 Foundational executive functions and online reading comprehension. Although the 

literature on print-based reading and reading comprehension has shown a very important role for 
                                                 
2 Rapid automatic switching, a process developed by Wolf (1986) to examine processes of typical and dyslexic 
reading, requires readers to shift between sets of linguistic information. The process is thought to access the 
executive functions that regulate scanning across lines, sequencing within lines and integrating verbal and visual 
codes (Altemeier, Abbott & Berninger, 2008, Wolf & Bowers, 1999). In the study by Altemeier, Abbott and 
Berninger, participants had to rapidly read rows of high-frequency structural words (i.e., articles, pronouns, 
conjunctions or prepositions) that were not phonologically predictable (e.g., the, one, of) interspersed with rows of 
double-digit numbers. The dependent measure was the time students took to complete the test. 
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foundational executive functions, it is less clear how foundational executive functions contribute 

to reading on the Internet. Emerging theoretical and empirical evidence does suggest that print-

based and hypermedia reading environments could make different demands on executive 

functions, however. 

 In their review of comprehension processes in hyperlinked and web-based environments, 

Duke, Schmar-Dobler and Zhang (2006) theorized that print-based and online reading 

comprehension processes share significant elements but also differ in significant ways. Citing 

van Oostendorp & de Mul (1996), Duke et al. proposed that online reading comprehension 

processes may require more “cognitive energy” (p. 320) than traditional, text-based reading 

processes. Though the authors do not qualify the nature of the “energy” they reference, their 

assertion does speak to the emerging understanding that online reading requires something extra 

of the mental apparatus.  

 Coiro’s (2009) definition of online reading comprehension as a “complex online problem 

solving process” seems to align with Duke et al.’s  “cognitive energy” hypothesis. Grounded in 

her pioneering observations of more and less proficient online readers, Coiro’s  (2007) 

descriptions of the most successful online readers’ skills and the contexts in which they operate 

seem to imply (harkening back to Diamond, 2006) that “going on automatic would be 

insufficient.” According to Coiro (2009) online readers must: 

(a) actively and flexibly regulate, integrate and adapt their use of digital reading, writing 

and communication strategies within a multitude of digital contexts, (b) approach online 

reading tasks with an anticipation that literacy contexts and their associated context cues 

will rapidly change in ways they can not imagine, and (c) demonstrate resilience, 

cognitive flexibility, and a self-directed confidence in transforming strategies used in 

more familiar contexts into new strategies that are more useful in less familiar literacy 
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contexts. (p. 4) 

Though she doesn’t use the term executive function explicitly, Coiro’s analysis seems to imply a 

significant role for inhibition, updating working memory and shifting in online reading 

comprehension processes.  

 Johnson (2008) used a correlational design to explore the relationship between Internet 

use and individual differences in executive functions for a sample of college-age students. 

Specifically, she found that frequent Internet users performed better on measures of planning, 

attention, simultaneous and successive processing than users who reported using the Internet less 

often and for fewer activities. Although Johnson measured complex executive functions, and not 

the foundational executive functions of interest to the current study, it is understood that 

updating working memory, inhibitory control and set shifting would be engaged  by the variables 

that she did measure. Further, Johnson’s findings suggested that Internet use for various purposes 

including schoolwork, visiting websites, using search engines and communicating, required 

specific cognitive processing skills that differed from those developed through other experiences.   

  Recently, Brand-Gruwel, Wopereis & Walraven (2009) proposed a model for 

Information Problem Solving while using the Internet (IPS-I). Their heuristic is mediated, at 

every level by “regulation activities” (p. 1209) including orientation, monitoring, steering and 

evaluating. Further, the heuristic recognizes the role that reading skills play in any Internet 

problem-solving process. This team’s work is also strongly suggestive of a role for executive 

function in online reading comprehension. 

 Finally, evidence from neuroimaging research has revealed significant differences in 

brain activation among older people with high and low levels of Internet reading and search 

experience (Small, Moody, Siddarth, & Bookheimer, 2009), suggesting that Internet reading 

does, in fact, engage different neural substrates than offline reading processes. In their study, 
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Small and colleagues (2009) asked participants to do two tasks: (a) search the Internet and (b) 

read from a book while their brains were being scanned with functional MRI technology. The 

researchers found that for book reading, neural activation between “Net Naïve” and “Net Savvy” 

seniors was very similar. However, when they read and searched the Internet, the Net Savvy 

group demonstrated more than twice the “spatial extent of activation” (p. 121). Whereas the Net 

Naïve Internet searchers appeared to use the same brain regions in both the book reading and 

Internet tasks, the Net Savvy group’s brains lit up in cortical areas known to be involved in 

complex reasoning and decision making while they were using the Internet. The researchers 

concluded that “Internet searching does involve additional cognitive tasks compared with 

reading a book page, particularly those related to making choices among several different 

selections describing further search information.” (p. 124).   

 Though only one study, Small, et al.’s work offers compelling evidence in support of 

Duke, et al.’s “cognitive energy” hypothesis – or at least for a “cognitive activity” hypothesis. 

Additional cortical areas, particularly those commonly associated with executive function appear 

to be involved with proficient Internet reading and search. Moreover, these findings may buttress 

Coiro’s assertions about the skills required of proficient online readers (Coiro, 2007, 2009, 2011; 

Coiro & Dobler, 2007) If “net naïve” readers (whether young or old) rely on their neural 

pathways for “book reading” only, and the online reading context demands new kinds of active 

and flexible regulation, integration, and adaptability, it is easy to hypothesize that they would 

struggle to read online.   

 So, while the existing evidence is strongly suggestive of a differential role for executive 

function in online reading comprehension, the empirical evidence is, as of yet, quite thin, 

particularly when compared to the literature on the role of executive function in offline reading 

processes. As outlined above, we know that good offline readers rely heavily on their ability to 
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update working memory but we do not know, for instance, if updating spatial working memory 

plays a more significant role in the online context. We know that shifting sets is a critical 

predictor of offline reading comprehension but we do not know if the online environment makes 

additional demands of these skills. Further, we understand that offline reading comprehension 

demands certain kinds of inhibitory control. Are these same processes engaged in the same ways 

online? 

Theoretical Framework 

 The design and rationale for this study are grounded in four major theoretical frames: (a) 

Reading as a complex metacognitive process (RAND Reading Study Group, 2002; Hartman et 

al., 2010) (b) New Literacies (Leu, Kinzer, Coiro, & Cammack, 2004), (c) The unity and 

diversity of foundational executive functions (Friedman & Miyake, 2004; Miyake, et al., 2000) 

and, (d) Adolescence as a time of significant neural and cognitive change (e.g., Kuhn, 2006). 

Summaries of each theoretical frame are presented in sequence. 

Reading Comprehension as a Complex Metacognitive Process embedded in Socio-Cultural 

Context 

 Consistent with other studies of online reading comprehension (Coiro, & Dobler, 2007; 

Coiro, 2008) the proposed study also positions itself within the theoretical view of reading as a 

complex, multi-faceted process of making meaning (Pressley & Afflerbach, 1995; RAND 

Reading Study Group, 2002). This theoretical view contends that readers--both online and 

offline--actively and purposefully engage with text, drawing from a complex array of strategies, 

metacognitive strategies and prior knowledge to construct meaning. All of these cognitive 

processes are embedded in, and therefore influenced by, socio-cultural contexts from which the 

reader also derives meaning. Consistent with Hartman et al.’s (2010) conception of online 

reading comprehension as n-dimensional, this study is also grounded in the theoretical view that 
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the metacognitive demands of the online reading context are greater than those presented by 

print. 

New Literacies 

 The New Literacies Framework (Leu, et al., 2004) asserts that new technologies require 

new literacy skills. Leu and colleagues (Leu, et al., 2008; Leu, et al., 2007) propose five unique 

new literacies skills that readers must simultaneously access to construct meaning from Internet 

texts: (a) generating questions, (b) locating information, (c) evaluating information, (d) 

synthesizing information and (e) communicating information. Importantly, the ability to carry 

out these skills must be grounded in the reader’s understanding of the deictic nature of 

technology. Coiro, Knobel, Lankshear and Leu (2008) suggest that the very definition of literacy 

acquisition is necessarily shifting because the texts and the technologies within which they’re 

embedded are constantly shifting too. They note that literacy acquisition can no longer be 

defined as “acquiring the ability to take advantage of the literacy potential inherent in any single, 

static, technology of literacy (e.g., traditional print technology) but rather by a larger mindset and 

the ability to continuously adapt to the new literacies required by the new technologies that 

rapidly and continuously spread on the Internet.” (p. 5). As such, the current study focuses on 

underlying cognitive mechanisms that may support the development of the new literacies skill 

set and mindset.  

The Unity and Diversity of Executive Functions 

 As noted above, empirical findings have lead to the generally accepted theoretical 

position that executive functions work in concert but also independently, depending on the task 

at hand (Friedman & Miyake, 2004; Miyake, et al., 2000; Carretti et al., 2009). Since inhibition, 

shifting and working memory have been found to contribute to offline reading comprehension, it 
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is assumed they also contribute to online reading comprehension but that the “unity” and 

“diversity” of their contributions in the online context may differ.  

Adolescence as a Time of Significant Neural and Cognitive Change 

 Neuroimaging research (Geidd, 2004) has provided strong evidence of significant 

neurological change during adolescence.  During this stage, the processes of developmental 

pruning and myelinization make the brain and its circuits more specialized and efficient (Hill & 

Schneider, 2006; Parris, 2008) so that often-used brain circuits get stronger and less-used circuits 

wither. Importantly, executive functions, with circuitry located in the pre-frontal cortex (Paus, 

2005) where much of this developmental pruning occurs, mature through the second decade of 

life (Geidd, 2004).  In fact, Kuhn (2006) notes that enhanced cognitive control appears to be the 

major dimension of cognitive development during adolescence (p. 60). She considers improved 

inhibitory control of one’s own responses and improved resistance to interfering stimuli to be 

critical developmental milestones for this stage.  

 The choice to examine the relationships between executive functions and online reading 

comprehension in a sample of adolescents was taken because of their developmental potential. 

As noted in the introduction, at precisely the time when their brains are preparing to become 

more strategic and regulated, teens are engaging with a wide range of print and digital texts (Ito, 

et al., 2008; Rideout, Roberts & Foehr, 2005; Rideout, Foehr & Roberts, 2010)  that may be 

making heightened demands of these developing systems. Given the hypothesis that online 

reading requires something “more” of the cognitive apparatus, the study was designed to test 

whether individual differences in executive skills predicted better online reading ability in teens.  

Research Questions 

The study explored the following two research questions: 
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(a) What is the relationship between online reading comprehension and three indicators of 

executive function: inhibition, spatial working memory and shifting? 

(b) Is the relationship between online reading comprehension and these three components of 

executive function different from the relationship between offline reading comprehension and 

executive function, as measured in this study? 

Method 

Participants 

 Twenty-one 8th grade students (eight boys and 13 girls, Mage = 14.1 years, SD = .42) from 

two middle schools in two different school districts in south-central Michigan participated in the 

study. Eighteen students were recruited from their English classes and three students were 

recruited through summer programs in one of the school districts. All students participated with 

parental consent and gave their own assent as well. The percentages of children qualifying for 

free and reduced lunch in these school districts were 78% and 68% respectively (Center for 

Educational Performance and Information, 2010).  

 The sample included diverse racial and cultural identities. About one quarter  (23.8%) of 

participants self-identified as African American, and about half (47.6%) considered themselves 

white/Caucasian. One student (4.8%) identified himself as Latin American/Hispanic and five 

students (23.8%) listed more than one racial identity. These identities included Asian/Caucasian, 

South Asian/Caucasian, African American/Caucasian and African American/Native American. 

 On a Likert-type scale of computer preference/attitude from 1 to 5 (1 = I hate computers, 

5 = I can’t live without computers) rankings ranged from a minimum of 3 to a maximum of 5. 

The modal score was 4 (Mranking= 4.2, SD = .72). The mean age at which participants reported 

first using a computer was 6.6 years . The range, however, was considerable (Min = 3, Max = 11, 

SD = 2.76).  
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 Table 1 outlines how participants reported using the Internet most often. On a survey, 

students were given a list of eight online activities from which to choose plus three open-ended 

spaces for other options. Social networking was the most commonly selected online activity, 

followed by Researching for Class Projects. Interestingly, only about a quarter of the participants 

reported using the Internet for reading favorite websites and less than half the sample reported 

using the Internet for homework.   

Table 1 

Frequency of Participants’ Online Activities 

Note. Blogging was added independently by one student but not included on the list of survey 
options. 

Instruments and Procedure 

 Students recruited from their English classes met with me for a total of four hours over a 

period of approximately five weeks. Students who participated in the study during the summer 

completed the study over two or three meetings, only a few days apart. Table 2 summarizes the 

variables, instruments and dependent measures used in this study.  

Online Activity Frequency  
(N = 21) 

Percent 

Social Networking  20 95.2 

Instant Messaging  9 42.9 

Email  12 57.1 

Reading Favorite Websites  5 23.8 

Playing Online Games  14 66.7 

Downloading Videos and/or Music   13 61.9 

Doing Homework  8 38.1 

Researching for Class Projects 15 71.4 

Blogging and/or Reading Favorite Blogs 1 4.8 
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Table 2 

Summary of Variables, Instruments and Dependent Measures 

Variable Instrument Dependent Measure Score Range 
Print-based Reading 
Comprehension 

Test of Reading 
Comprehension,  
Version Four  
(TORC-IV)  
(Brown, Hammil & 
Wiederholt, 2008) 
 

Reading Comprehension 
Index based on five 
subtests of component 
reading skills 

0-167 points 

Print-based 
Informational 
Reading Skills 

Finding Information in 
Prose Text – Intermediate 
(Croft, Dunn & Brown, 
2001) 
 

Cumulative score on two 
test sections, with 16 
questions each.  

0-32 points 

Online reading 
comprehension skills 

The Ptarmigan Tasks 
 

Cumulative score across 
two online reading tasks.  
Part 1: Location and 
Evaluation 
Part 2: Synthesis and 
Communication 
 

0-20 points + 
number of 
ideas recalled 

Inhibition Stroop Color-Word Test 
for Children  
(Golden, Freshwater & 
Golden, 2003) 
 

Stroop Interference: 
(Color-Word Score) – 
(Color Score) 
 

-50 to + 37  
 

Inhibition CANTAB Stop-Signal 
Test (Cambridge 
Cognition, 2006b) 
 

Proportion of successful 
stops during the last half 
of the test 

0 – 1 
(proportion) 

Spatial Working 
Memory 

CANTAB Spatial Span 
Test (Cambridge 
Cognition, 2006b) 

Highest number of blocks 
successfully recalled in 
sequence 
 

0 – 9 blocks 

Spatial Working 
Memory 

CANTAB Spatial 
Working Memory Test 
(Cambridge Cognition, 
2006b) 

Raw number of “between 
errors” on trials with more 
than four squares 
 

>0 errors 

Set Shifting CANTAB Intra-Extra 
Dimensional Shift Test 
(Cambridge Cognition, 
2006b) 
 

Total Errors before 
learning criteria reached 
on all blocks, adjusted for 
chance 

>0 errors 

Set Shifting Number-Letter Category 
Switch Test 

Average response time for 
“switch” trials 

>0 
milliseconds 
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 Reading instruments. Reading tests were group administered. Two reading instruments 

were used in the study. The first instrument, The Test of Reading Comprehension, Fourth Edition 

(Brown, Hammil, & Wiederholt, 2008) is a standardized test of print-based reading 

comprehension designed to assess five component reading comprehension skills in children aged 

seven to 17. The test includes five subtests: (a) relational vocabulary, which requires students to 

read three words in a box and select two words, from a list of five, that are most like the words in 

the box (b) sentence completion, which asks students to read incomplete sentences and select one 

word pair from a list of five options that would best complete the sentence (c) paragraph 

construction, which requires students to construct a logical paragraph using five sentences that 

are listed in illogical order (d) text comprehension, which asks students to read a passage and 

answer five multiple-choice comprehension questions and, (e) contextual fluency, which asks 

students to correctly identify as many words as possible in three minutes while silently reading 

passages that are printed in uppercase letters with no punctuation or spaces between words. 

  Scores on each of the five subtests are tallied to produce a reading comprehension index. 

The reading comprehension index (RCI) (Max score = 167 points) was used in the current 

analyses as the measure of students’ overall offline reading comprehension ability. This test was 

selected as a good measure of offline reading comprehension for several theoretical, 

methodological and logistical reasons.  

 First, this test measures essential component reading skills, the scores for which are 

combined into a representative index measure. Given the care taken over several iterations of this 

test to establish content-description validity, criterion-prediction validity and construct-

identification validity (Brown, et al., 2008, pp. 39-60) I hypothesized, that the TORC-4 would 

provide a valid baseline indicator of general offline reading comprehension ability.  Further, the 

subtests (except for contextual fluency which is timed and for which Cronbach’s alpha is an 
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inappropriate measure) all have reliability coefficients at or above .90 with a standard error of 1, 

meaning that they are internally consistent and have each been found to measure the discreet 

skill they purport to measure with a low margin of error (Brown, et al., 2008, p. 34). The 

composite reading comprehension index has an alpha coefficient of .98 for 13 and 14 year-olds 

with a standard error of measure of 2.  Further, the test-retest reliability on all subtests is above 

.80, suggesting that a student’s score on the test at one time is rather predictive of his or her score 

on the test a second time (Brown, et al., 2008, p. 36). Finally, I selected this test because it can be 

reliably administered to a group of students. 

 The second test, Finding Information in Prose Text - Intermediate is a standardized test 

of essential print-based informational reading skills designed and developed for middle-school 

students by the New Zealand Council for Educational Research (Croft, Dunn, & Brown, 2001). 

This test includes two  timed subtests. The first test allows 10 minutes for 16 questions; the 

second test allows 20 minutes for 16 questions (Max score = 32 points). There are three general 

types of questions on the test. The first is a standard fill-in-the-blank format where students read 

a passage and answer related questions. The second type of question requires students to fill in 

graphic organizers using correct  information found in a reading passage. The third is a standard 

multiple choice format that asks students to pick the best answer from a list of options.  

 Internal reliability, as measured by Cronbach’s Alpha, for this test was .89 (SE = 2.19) 

for eighth graders (Croft, et al., 2001, p. 13). Content validity was based on an analysis of 

curriculum documents and professional scrutiny of the materials by teachers and researchers 

(Croft, et al., 2001, pp. 13-14). Further, the intercorrelations between this test and other tests of 

essential informational reading skills (e.g., Reading Graphs and Tables, Finding Information in 

Books) for intermediate students were relatively high, between .69 and .80, indicating rather 

strong relationships among performances on a battery of informational reading tests for students. 
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That said, this test was selected for the current research study because I felt it would minimize 

the influence of background knowledge, and would thus require students to rely more heavily on 

other informational reading skills (e.g., drawing inferences from context, using text structure to 

support comprehension). Reading passages were contextually grounded in New Zealand’s 

history, geography and ecology. In this way, this test was used as a comparable offline control 

for the tasks of online reading comprehension which asked students to learn about an unfamiliar 

topic. Scoring of this test was based on the number of correct responses.  

 Online reading comprehension instruments. To measure online reading 

comprehension, I developed two tasks using the New Literacies framework (Coiro, 2003; Leu et 

al., 2007) as my theoretical compass.  Named The Ptarmigan Tasks, these tests were designed to 

emulate two kinds of online activities that students are asked to do in school: searching for high 

quality resources on a new topic and reading to learn about a new topic on the Internet.  

 The first Ptarmigan Task (see Appendix A for instructions and scoring rubric) was 

designed to evaluate students’ ability to find and evaluate relevant websites on a new topic.  

Participants were told to imagine that they had offered to help out a good friend who was too 

busy to get started researching for a science project on ptarmigans. The participants were told 

that they should use the Internet to search for three websites that would help their friend get 

started on the project. All participants used a MacBook laptop computer to complete the task.  

 Before participants began their Internet search, I asked them a) if they knew what a 

ptarmigan was (all participants said no), b) if they were familiar with the web browser, Firefox, 

and c) if they preferred to use the touch pad or the mouse to navigate. If participants expressed 

any hesitation about Firefox, the mouse or touchpad, they were offered time to play and explore. 

To support their ability to complete the activity in the allotted time (10 minutes), I pointed out 

important navigational elements such as the back button, search history, and how to create new 
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tabs using Firefox. Participants were encouraged to use any method to keep track of their chosen 

websites including a word document, spreadsheet, sticky note, tabs, or paper and pencil. They 

were also encouraged to think aloud during their search process. Participants’ Internet search 

sessions and voices were recorded using iShowU (shinywhitebox ltd., 2010). I also took hand-

written, anecdotal notes during the search session. Performance was measured on a 12-point 

scoring rubric (see Appendix A) that included items designed to measure the location and 

evaluation of online resources.  

 To establish the validity of the scoring rubric, it was developed in consultation with an 

expert in adolescent reading and new literacies who provided helpful feedback and suggestions 

for revision of each question. After I evaluated each student’s performance, twenty-four percent 

(5/21) of the online learning sessions were randomly selected and reviewed a second time by an 

advanced graduate student with expertise in online learning. Inter-rater reliability for this task 

was high, 0.99 with discrepancies determined on only 4 of 60 criteria reviewed. Differences were 

resolved through discussion and re-examination of the data for each case. 

 The second task (see Appendix B for instructions and rubric) asked students to do some 

of their own learning about the ptarmigan. Using three websites that I had pre-selected, students 

were asked to learn as much as they could about the ptarmigan in 15 minutes. Though a 

relatively short amount of time, I emphasized to each student that 15 minutes should be enough 

time to synthesize their learning. To be certain each student understood the instructions, I asked 

them if they knew what synthesize meant. Only two students provided an accurate description of 

the word in this context. For the rest, I explained that synthesize meant to bring together 

information, and in this case, I expected them to bring together what they learned from the three 

websites. Students were asked to keep track of their learning using any method.  

 The websites that I selected for this task presented information about the ptarmigan in 
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distinctly different ways. The first site, developed by the Canadian Wildlife Service and 

Canadian Wildlife Federation (2010) as part of their well-known Hinterland Who’s Who public 

education programming, provides an in-depth and largely text-based account of the three 

ptarmigan species, their habits and habitat. The website is a fact sheet on the ptarmigan and 

includes a photograph of a ptarmigan, a graph of the ptarmigan’s range, and line drawings of the 

three ptarmigan species that emphasize the physical differences among them. It also includes 

links to multimedia resources including soundclips of the ptarmigans’ calls, and a vintage public 

service video that first aired on Canadian television in the late 1960s. Of the three websites 

included in this activity, the Hinterland Who’s Who site is the most like a typical textbook in 

both architecture and content. See Appendix B for a screenshot of the website. 

 The second website, developed and maintained by the Cornell Lab of Ornithology  

(2009) is not, at first glance, specifically focused on the ptarmigan. Rather, the website profiles 

birds in the partridge, grouse, quail and turkey family (order: galliformes, family: phaisianidae). 

The three species of ptarmigan belong to this family and to find the relevant information, 

participants needed to scroll down to the ptarmigan profiles. Photographs of the birds are 

accompanied by links to identification information, life history and audio files of each bird’s 

sounds. This website provides less “text-based” information for readers than the Hinterland 

Who’s Who website. Rather, it provides short bulleted lists of information about the birds’ 

identifying characteristics, and life history. Its navigational architecture is also more “webby” 

and less “textbooky” meaning that to find information, readers must use tabs, drop-down menus, 

and multi-media resources to access information rather than just read paragraphs of text by 

scrolling down a page. See Appendix C for a screenshot of the website. 

 The third website, maintained by Lynx Edicions (2010) is part of their Internet Bird 

Collection, a web-based initiative to archive information about all the world’s bird species. The 
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site invites bird enthusiasts from around the world to contribute information about the bird 

species they observe. The Rock ptarmigan page begins with a taxonomic description of the 

species, followed by dozens of videos of the bird in its natural habitat taken in locations around 

the world. It also includes several photographs and recordings of the bird’s call. The navigational 

architecture of this page is straightforward,  but to extract information from the page, participants 

needed to understand that they could indeed learn important information from these visual and 

audio resources and that they needed to click on the accompanying hyperlinked text to open the 

videos. This webpage demanded the most independent thinking of participants since they had to 

extract information from the videos, photos and audio recordings themselves in order to compare 

it with information learned at the other two sites. See Appendix D for a screenshot of the 

website. 

 This second ptarmigan task was evaluated on an 8-point rubric. It also included the 

number of distinct ideas recalled after the task. Inter-rater reliability, calculated using percent 

agreement on this task was also high, 0.99, with discrepancies found on only three of 40 criteria 

reviewed. Again, discrepancies were resolved through discussion and a careful review of data.  

 Total scores on both Ptarmigan Tasks were tallied to provide an overall measure of 

participants’ online reading comprehension (Min score = 14, Max score = 43).  

 Measures of executive function. Six measures of executive function (EF) were used in 

this study -- two measures of inhibition, two measures of spatial working memory and two 

measures of set shifting. The choice to use two measures for each executive function was taken 

as recognition that any given measure of executive function may access only part of the 

underlying cognitive mechanism of interest. The tests, then, were chosen purposely so that they 

would tap different elements of each executive function of interest. Moreover, given that this 

study was exploratory in nature, I did not know which aspects of the latent variables of interest 
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might be most predictive of online reading to learn. I hypothesized that contrasting data would 

provide additional, and potentially revealing, data about the ways these executive functions 

contributed, if at all, to the measures of online reading comprehension. 

 As the first measure of inhibition,  I used the children’s version (Golden, Freshwater, & 

Golden, 2003) of the classic letter-color test first created by Stroop (1935). This choice was not 

without precedent. The letter-color test was used by Miyake et al. (2000) as an indicator of 

inhibition. Friedman and Miyake (2004) also included the Stroop test as an indicator in their 

latent variable analysis of inhibitory control mechanisms. Plus, at face value, the prepotent 

response inhibition measured by the Stroop seemed plausibly similar to the inhibitory control 

required to not follow every interesting link or watch every eye-catching video while reading on 

the Internet.  

   Following the administration manual, participants were first given 45 seconds to read as 

many color words as they could on a page. Only three color words appeared on the page: red, 

green and blue. Next, they were given 45 seconds to name the color of as many Xs as they could. 

Again, participants only saw the colors red, green and blue. Finally, they were given 45 seconds 

to name as many colors as possible but in this case, they were to ignore the word (e.g. RED) and 

simply name the color of the ink in which the word was printed (e.g. green). In this third phase, 

the color of the ink never matched with the word. The dependent measure, called Stroop 

Interference, was the calculated difference between the number of colors named in the second 

phase of the test (color score) and the number of colors named in the third phase (color-word 

score).  All scores were negative, indicating that all participants named more colors than colors 

of words. The closer this number to zero, the better the participant was at inhibiting the prepotent 

tendency to read the word in the third phase of the test.  

 I used the CANTAB Stop Signal Test (Cambridge Cognition Limited, 2006b) as a second 
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measure of inhibition. Miyake et al. (2000) used a stop signal test as a measure of inhibition in 

their study of the relationships among foundational executive functions; a study by Lee, Ng & 

Ng (2009) also included this measure. There were two stages in the CANTAB stop signal test. 

The first stage presented one block of 16 practice trials. Participants were introduced to a press 

pad and were told to press the left button when they saw a left-pointing arrow and the right 

button when they saw a right-pointing arrow.  In the second stage, participants continued 

pressing left and right buttons when they saw arrows, but, if they heard a beep, they were 

instructed to withhold their response and press no buttons. There were five assessed blocks, each 

with 64 trials in the second phase. For the purpose of analysis, each block was divided into four 

sub-blocks of 16 trials. For the participants, there were gaps between the sub-blocks. Each sub-

block included 12 “go” trials with no beep and four “stop” trials with a beep presented after the 

“stop signal delay” (SSD) period, measured from the onset of the arrow stimulus. The 12 go 

trials and four stop trials were presented in random order within each sub-block. In each sub-

block the length of the SSD followed a staircase function (i.e., it got longer each time) but 

changed throughout the 5 assessed blocks based on the participant’s performance so that he or 

she was able to stop on approximately 50% of the “stop” trials. Initially, the SSDs were 100 ms, 

200 ms, 300 ms and 400 ms. The shorter the SSD, the more likely it was for participants to be 

able to stop themselves from responding to the arrow stimulus. The dependent measure used for 

this test was the proportion of successful stops during the last half of the test. The proportion was 

calculated by dividing the number of times the participant stopped by 40, the number of stop 

trials presented in the last half of the test. The last half of the test is used because the test is 

designed to have adjusted to an appropriate SSD for each participant by the half-way point.   

 The first test of spatial working memory was the CANTABeclipse spatial span test, a 

computerized version of the Corsi Blocks Test (Corsi, 1972). It is a test of working memory 
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capacity. On the computer screen, participants saw a pattern of nine white blocks (see Figure 1 

for an example).  During each trial, a series of blocks changed color, then returned to white. At 

first, only two blocks changed color. After the sound of a tone, participants were instructed to 

touch the blocks that had changed color by using the same sequence they had just observed. 

Through the series of trials, the number of blocks that changed color increased by one to a 

maximum of nine. The color and pattern of the sequences varied to minimize interference. If a 

student made a mistake during his or her response sequence, he or she was given another two 

chances to successfully complete a sequence in the correct order for the given spatial span. If, on 

the third chance the student failed to complete the sequence in the correct order, the test ended. 

The dependent measure for the spatial span test was the highest number of blocks successfully 

recalled in sequence (Max = 9 blocks). 

 

 

Figure 1. Example of CANTAB Spatial Span test screen. In this trial, three boxes, as indicated 
at lower left, would light up in sequence. In response, participants touched the boxes that had lit 
up in correct order. (Cambridge Cognition, 2006a, p. 175). 
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 The second test of spatial working memory was the CANTABeclipse spatial working 

memory test. It tests the ability to manipulate and update information held in working memory. 

On the computer screen, participants saw a number of colored squares. They were instructed to 

find, by process of elimination, one blue “token” hidden behind one of the squares. Once found, 

participants were to move the blue token to the empty column at the right side of the screen. 

Again, by process of elimination, participants were to reveal the blue “tokens” hiding behind the 

remaining colored squares on the screen until the column at the right side of the screen was full. 

At first, only three boxes appeared on the screen. Over subsequent trials, this number increased 

to eight. The color and placement of the boxes changed for each trial to minimize both 

interference and the use of stereotyped search strategies. At each trial, participants decided on the 

order of their search for tokens. It was emphasized to participants that a blue token would appear 

under a colored square only once so that, to be most efficient, they should avoid returning to 

squares where tokens had already been found. The dependent measure used in this study was the 

raw number of “between errors” (i.e., the number of times a participant returned to a square that 

had already been opened) made on trials with more than four blocks.  

 

Figure 2. Example of the CANTAB Spatial Working Memory test screen. Blue tokens appeared 
under each square only once. Participants moved them to the column at right. (Cambridge 
Cognition, 2006a, p. 193). 
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 I used the CANTAB intra-extra dimensional set shift test as the first measure of set 

shifting ability. As noted in the instruction manual (Cambridge Cognition Limited, 2006a, p. 75), 

this test requires visual discrimination and attentional set formation, plus maintenance, shifting 

and flexibility of attention. It is a computerized analogue of the Wisconsin Card Sort Test (Berg, 

1948) which is generally understood to measure executive functions mediated by the frontal 

lobes, such as problem-solving, strategic planning, set shifting and inhibition (e.g., Demakis, 

2003). Figure 3 shows examples of the test screens from Block 1 and Block 4. 

 The intra-extra dimensional set shift test uses two dimensions to measure set shifting: 

colored shapes and white lines. Participants were told that for each trial, they would see two 

patterns on the screen. In each case, one of the patterns would be correct and one of them would 

be incorrect. To do well on the test, participants were told they had to touch the pattern they 

thought was correct and, using feedback, learn the rule. They were to apply the rule until the 

computer changed the rule.  Block 1 presented two simple, colored shapes. Once the participant 

had learned the rule and reached the learning criterion (six consecutive correct answers) the 

computer reversed the contingencies so that in Block 2, the previously incorrect shape became 

Figure 3. Examples of CANTAB Intra-extra dimensional set shift screens from Block 1 
(left) and Block 4 (right). (Cambridge Cognition, 2006, p. 75) 
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the correct choice.  

 In Blocks 3 and 4 and 5, the second dimension – the white line – was introduced, though 

the contingencies did not change and the students had to continue to use the “shape” 

contingency. Whether the line appeared beside or on top of the shape, the shape itself was the 

essential element for this phase.  

 In Block 6, however, the second dimension became important and participants had to sort 

along both dimensions – shape and line.  In Blocks 7 through 9 the compound dimensions 

changed so that participants had to attend to both shape and line position to determine the rule. 

Intradimensional shifts were shifts that required participants to decide which of the two new 

stimuli was correct by using the same dimension they had just been using. Extradimensional 

shifts were shifts that required participants to use the previously incorrect dimension to 

determine the correct pattern.  

 Participants progressed through this test by satisfying a set learning criterion for each set 

shift (6 consecutive correct answers). If, after seeing 50 trials in a given block, the participant 

failed to reach the learning criterion of six consecutive correct answers, the test ended.  The 

dependent measure for this test was the Total Errors Adjusted, a measure of the participant’s 

efficiency in completing the test. Given that participants who failed at any stage of the test would 

have had fewer opportunities to make errors, the total errors adjusted score is calculated by 

adding 25 to the total number of errors for each stage not attempted due to failure. Since 

participants have to complete 50 trials without getting six consecutive correct answers to fail a 

stage, this adjustment accounts for the possibility that by chance, participants could get half of 

the trials correct. This adjusted score puts on par those who finished the test with those who did 

not by using an adjustment based on chance. The lower the error score, the more efficient and 

therefore, the more able the student was at shifting between sets. 
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 The second measure of set shifting, the number-letter category switch test, was modelled 

on tests used by Friedman & Miyake (2004) and Lee et al. (2009). I developed the test to run on 

a MacBook (OSX 10.5.8) using Superlab 4.0 (Cedrus Corporation, 2008). In this test, 

participants see number-letter pairs on a screen (e.g, R4 or A3). In the first block, number-letter 

pairs are presented, one at a time, in the top right or top left corner of the screen and participants 

are told to decide if the number is even or odd. Even numbers included 2, 4, 6, 8 and odd 

numbers included 3, 5, 7, 9. Participants pressed the “e” key for even numbers and the “o” key 

for odd numbers. In the second block, participants saw the same number-letter pairs but this 

time, they were presented, one at a time, in the bottom right or bottom left corners of the screen. 

They were also instructed to decide if the letter was a vowel or a consonant. Vowels included 

A,E,I, U and consonants included G,K,M,R. For vowels, participants pressed the “v” key. For 

consonants, they pressed the “c”. In the third (test) block, number-letter pairs were presented in a 

clockwise fashion around the computer screen. Participants had to sort by number when the 

number-letter pairs appeared at the top of the screen and by letter when they appeared at the 

bottom. This meant that every other pair presented in the test block required a “category switch” 

from even/odd to consonant/vowel or vice versa. The dependent measure was the average 

response time for “switch trials” – trials when the participant had to shift from categorizing by 

consonant/vowel to odd/even and vice versa.  

Results 

 Multiple regression analyses were used to explore the relationships among the variables 

of interest to the research questions. To get an initial sense of the relationships in the data, 

however, Pearson product moment correlations were run for all of the variables included in the 

study. This allowed  for a quick review of the direction and magnitude of bivariate relationships.  
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Table 3  

Means, Standard Deviations and Correlation Ratios Among All Measures of Reading and 
Executive Function 

Variable Max M SD 1 2 3 4 5 6 7 8 9 

1. TORC  96.29 17.91 --         

2. ESAIS  20.38 7.37 .749* --        

3. ORNDX  25.67 7.91 .563* .675* --       

4. STRP  -23.14 8.27 .156 .095 .405 --      

5. SST  .49 .06 -.195 -.278 .068 -.061 --     

6. IEDTEA  35.86 19.86 -.749* -.599* -.653* -.411 -.103 --    

7. NLS  794.02 317.26 .-.362 -.237 .009 .053 .194 -.090 --   

8. SSP  6.05 1.77 .056 .171 .165 .004 -.199 .119 -.042 --  

9. SWMBE  28.81 16.18 -.293 -.262 -.346 -.341 .008 .339 -.039 -.257 -- 

Note. TORC = Test of Reading Comprehension; ESAIS = Essential Skills Assessment Information Skills; ORNDX 
= Online Reading Comprehension Index; STRP = Stroop Interference; SST = Stop Signal Test; IEDTEA = Intra-
Extra Dimensional Sort Test – Total Errors Adjusted; NLS = Number-Letter Category Switch Test; SSP = Spatial 
Span Test; SWMBE = Spatial Working Memory Between Errors 
*p < .01 

 As outlined in Table 3, all three measures of reading were statistically significantly 

correlated. The Test of Reading Comprehension (TORC) was positively correlated with the 

measure of informational reading comprehension (ESAIS) (r = .749, p <.01) and with the index 

of online reading comprehension (ORNDX) (r = .563, p <.01). ESAIS and ORNDX were also 

statistically significantly and positively correlated (r=.675, p <.01). The strength of the 

relationships among reading comprehension measures varied but, following Cohen’s 

recommendations for assessing the practical significance of effects (1991) they all surpassed the 

.5 threshold for large effects. This finding is consistent with what would be expected. Reading 

measures should correlate with one another. It also provides a preliminary check on the validity 

of the online reading comprehension measure which was developed for this study and had not 

otherwise been tested.    

  These three measures of reading comprehension were also statistically significantly, but 
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negatively correlated with the measure of Total Adjusted Errors on the Intra-Extra Dimensional 

Shift Test (IEDTEA) (r TORC = -.749, p <.01) (r ESAIS = -.599, p <.01) (r ORNDX = -.653, p 

<.01) suggesting that lower scores (i.e., fewer errors) on the pattern switch test were correlated 

with higher scores on all three measures of reading comprehension. This finding is consistent 

with other studies that have used the Wisconsin Card Sort Test (WCS) (cite) as a predictor of 

reading comprehension. Wilcutt et al. (2001) for instance, found that children with reading 

disability performed less well on the WICS than a comparison group of typical readers. 

Cartwright’s work on reading-specific cognitive flexibility could also align with this finding. In 

her studies, readers who were better at sorting by one rule (i.e., phonology) and then by another 

(i.e., semantics) were also better comprehenders.   

 Interestingly, the Stroop Interference measure (STRP) was moderately, positively 

correlated with the measure of online reading comprehension (ORNDX)(r = .405) but less 

strongly correlated with the other two measures of reading (r TORC = .156, r ESAIS = .095).  

 Question 1: What is the relationship between online reading comprehension and three 

indicators of executive function: inhibition, spatial working memory and shifting? 

 To develop the most parsimonious model for the dependent variable, the measure of 

online reading comprehension (ONRX), I used an iterative process driven by theory. To 

determine how much of the variance in online reading comprehension could be explained by 

measures of executive function alone, I ran a multiple regression analysis. To maximize 

statistical power, I used only three variables in this first model, rather than all six measures. To 

choose, I used the measures with the strongest apparent Pearson correlations to the dependent 

variable. For inhibition, I therefore chose the Stroop measure (STRP) (r = .405), for set shifting, I 

chose the Intra-Extra Dimensional Sort – Total Errors Adjusted measure (IEDTEA) (r = -.653) 

and for spatial working memory, I chose the Between Errors Measure (SWMBE) (r = -.346). 
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Results are summarized in Table 4. The  reported unstandardized Beta coefficients are for the 

final model, F (3, 17) = 4.816 (p = .013). Together, these three variables accounted for 45.9% of 

the variance in online reading comprehension. Individually, however, only IEDTEA (adjusted 

errors on the intra-extra dimensional card sort test) accounted for unique and significant variance 

in the dependent variable. The measures of spatial working memory and inhibitory control did 

not account for unique and significant variance in the dependent measure.  Given the very high 

correlation of IEDTEA to the TORC (r = -.749, p<.01), the ESAIS (r = -.599, p <.01) and to the 

measure of online reading itself (r=-.653, P<.01), I wondered if this shifting measure was 

essentially accounting for variance due to differences in offline reading rather than differences in 

set-shifting ability. The next two models therefore tested (a) the relationships among online 

reading comprehension scores (ORNDX) and the two measures of offline reading (TORC and 

ESAIS) and, (b) the relationship between ORNDX and IEDTEA, after offline reading was 

controlled. 

Table 4  

Multiple Regression Analysis of ONRDX with STRP, IEDTEA and SWMBE as Independent 
Variables 

Order Variable 

€ 

R2 

€ 

R2Δ  

€ 

FΔ  

€ 

β  

1 STRP .164 .164 3.730 .138 

2 IEDTEA .449 .285 9.324** -.560* 

3 SWMBE .459 .010 .316 -.110 

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

 

As outlined in Table 5, the measure of informational reading skills (ESAIS) accounted for 45.6% 

of the variance in the dependent variable (ORNDX) but the other measure of offline reading 

(TORC) did not contribute unique and significant variance beyond the first measure. Together, 



ONLINE READING AND EXECUTIVE FUNCTION 34 

these two measures of offline reading explained 46.3% of the variance in online reading 

comprehension – comparatively more than the three measures of executive function combined.  

Table 5 

Multiple Regression Analysis of ORNDX with ESAIS and TORC as Independent Variables  

Order Variable 

€ 

R2 

€ 

R2Δ  

€ 

FΔ  

€ 

β  

1 ESAIS .456 .456 15.905** .574* 
2 TORC .463 .008 .254 -.087 
*p<.05, **p<.01 

The next model was designed to determine if IEDTEA and/or the Number-Letter Category 

Switch function (NLS) would explain additional variance in online reading comprehension 

beyond the measure of informational reading skills. Since it did not strengthen the model, I 

removed the TORC measure from subsequent analyses. Table 6 summarizes this model. The 

unstandardized Beta coefficients reported are for the final model F (3, 17) = 7.200, (p = .003).  

Though the model itself is statistically significant, neither measure of task switching explained 

unique and significant variance in online reading comprehension beyond the measure of 

informational reading skills. This suggests that very similar underlying cognitive processes may 

have been tapped by the informational reading and set shifting instruments.  

Table 6  

Multiple Regression Analysis of ORNDX with ESAIS, IEDTEA and NLS as Independent 
Variables 

Order Variable 

€ 

R2 

€ 

R2Δ  

€ 

FΔ  

€ 

β  

1 ESAIS .456 .456 15.905** .520* 

2 IEDTEA .552 .097 3.890 -.142 

3 NLS .560 .007 .278 .002 

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

 The next model tested the relationships between online reading scores and measures of 

inhibition – Stroop Interference (STRP) and the average stop-signal time (SST). Results are 
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summarized in Table 7. As above, the unstandardized Beta coefficients reported here are for the 

final model F (3, 17) = 10.561 (p<.001). The measure of Stroop interference did explain unique 

and statistically significant variance in the dependent variable after ESAIS was controlled. The 

stop-signal measure, approached significance (p = .068) but it did not contribute unique variance 

to the model beyond the Stroop interference measure.  Given that both the Stroop and the Stop-

Signal paradigms require participants to inhibit a pre-potent response, it is not surprising that the 

second measure of inhibitory control made no additional contribution to the model. 

Table 7 

Multiple Regression Analysis of ORNDX with ESAIS, STRP and SST as Independent Variables  

Order Variable 

€ 

R2 

€ 

R2Δ  

€ 

FΔ  

€ 

β  

1 ESAIS .456 .456 15.905** .775** 

2 STRP .573 .117 4.938* .339* 

3 SST .651 .078 3.796 39.400 

*p < .05, p < .01 

 The next model tested the relationship between the dependent variable and measures of 

spatial working memory. Neither of these measures accounted for unique and significant 

variance in the dependent variable beyond the measure of informational reading. Findings are 

summarized in Table 8, below.  

Table 8 

Multiple Regression Analysis of ORNDX with SSP and SWMBE as Independent Variables 

Order Variable 

€ 

R2 

€ 

R2Δ  

€ 

FΔ  

€ 

β  

1 ESAIS .456 .456 15.905** .672** 

2 SSP .458 .003 .085 .054 

3 SWBE .457 .028 .937 -.087 
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Final Model  

 Based on these analyses the most parsimonious model of online reading includes two 

variables: informational reading skills, as measured by the ESAIS test and inhibition, as 

measured by the Stroop test. Inhibition, as measured by the Stroop test was the only variable 

found to explain unique and significant variance in the measure of online reading after 

informational reading skills were controlled. Table 9 outlines the final model.  

Table 9 

Most Parsimonious Regression Model of Online Reading Comprehension 

Order Variable 

€ 

R2 

€ 

R2Δ  

€ 

FΔ  

€ 

β  

1 ESAIS .456 .456 15.905*** .689** 

2 STRP .573 .117 4.938* .329* 

* p <.05, ***p = .001 

 

The next series of models were designed to explore the second research question.  
 

 Question 2: Is the relationship between online reading comprehension and these three 

components of executive function different from the relationship between offline reading 

comprehension and executive function, as measured in this study? 

 To address the question of whether inhibition contributes differently to online vs. offline 

reading, I ran a regression analysis with ESAIS (informational skills) as the dependent variable.  

I entered the measure of online reading (ORNDX) first and entered the Stroop interference 

variable second. Results showed that inhibition, as measured by the Stroop test did not contribute 

unique and significant variance to offline informational reading skills after the variance 

attributable to online reading was controlled (

€ 

R2Δ  Stroop = .038, FΔ Stroop (1, 18) = 1.350).  
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Table 10 summarizes the results of this model. 

Table 10 

Multiple Regression Model of ESAIS, with ORNDX and STRP as independent variables 

Order Variable 

€ 

R2 

€ 

R2Δ  

€ 

FΔ  

€ 

β  

1 ORNDX .456 .456 15.905*** .709*** 

2 STRP .494 .038 1.350 -.190 

*** p = .001 

I also tested the contributions of set shifting and spatial working memory to the measure of print-

based informational reading (ESAIS). None of these variables made statistically significant 

contributions to offline reading comprehension either. Table 11 is the parallel to Table 8. SSP 

accounted for a statistically insignificant .4% to the model of informational reading skills after 

online reading was controlled; SWMBE added less than .1%.  Table 12 is the parallel to Table 6. 

IEDTEA added 4.3% percent to the model of informational reading skills after online reading 

was controlled; NLS accounted for 7.2% of the variance. 

Table 11 

Multiple Regression Analysis of ESAIS with ORNDX, SSP and SWMBE as Independent 

Variables 

Order Variable 

€ 

R2 

€ 

R2Δ  

€ 

FΔ  

€ 

β  

1 ORNDX .456 .456 15.905*** .614** 

2 SSP .459 .004 .120 .236 

3 SWMBE .460 .000 .010 -.009 
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Table 12  

Multiple regression Analysis of ESAIS with ORNDX, IEDTEA and NLS as Independent variables  

Order Variable 

€ 

R2 

€ 

R2Δ  

€ 

FΔ  

€ 

β  

1 ORNDX .456 .456 15.905*** .439* 

2 IEDTEA .499 .043 1.563 -.117 

3 NLS .571 .072 2.842 -.006 

 

Discussion 

 The results indicated that inhibitory control, as measured by the Stroop color-word test, 

was a unique and significant predictor of scores on an online reading comprehension index after 

offline informational reading skills were controlled.  Measures of spatial working memory and 

set shifting, however, were not statistically significant predictors of online reading 

comprehension after measures of offline reading were controlled. Findings are discussed in light 

of the current literature and theoretical foundations of this study. 

Inhibitory Control 

 The finding that Stroop interference scores were predictive of online reading 

comprehension in this study, suggests that the ability to suppress a pre-potent response may be 

predictive of online reading comprehension. Importantly, Stroop interference was neither a 

significant predictor of offline informational reading skills, as measured by the Essential Skills 

Assessment: Information Skills test (Croft, Dunn & Brown, 2001), nor of performance on the 

Test of Reading Comprehension-IV (Brown, Hammil & Wiederholt, 2008). 

 This result can be informed by Borella, Carretti and Pelegrina’s (2010) findings from a 

study that compared good and poor (offline) comprehenders’ performance on a range of 
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inhibitory tasks. In their study, Stroop scores did not differ between reading groups, which lead 

them to conclude that pre-potent response inhibition was not predictive of (offline) reading 

comprehension ability. The current data indicate that pre-potent response inhibition is, however, 

predictive of online reading comprehension. Returning to the theoretical frames for the current 

study, there are at least three ways to interpret this incongruence. 

 First, the varied contributions of Stroop interference scores to measures of online and 

offline reading comprehension measures seems to support the view proposed by Duke et al. 

(2006) and Hartman et al., (2010) that the reader must engage different cognitive mechanisms to 

read for understanding in online and offline contexts. Online reading may require more – or at 

least different – cognitive energies.  

 Second, and following from the first interpretation, it would also seem that inhibitory 

control for reading comprehension across different contexts and for different kinds of texts, is 

not a unitary construct. Friedman and Miyake (2004) determined that prepotent response 

inhibition (as measured by the Stroop task and tasks like it) shared significant variance with 

another type of inhibitory control called “resistance to distractor interference” defined as “the 

ability to resist or resolve interference from information in the external environment that is 

irrelevant to the task at hand”(p. 104). Based on the very high correlation between these two 

types of inhibitory control in their initial factor analyses, Friedman and Miyake collapsed them 

into one factor, called Response-Distractor Inhibition. Using a second factor analysis, they 

determined that resistance to proactive interference – the same type of inhibitory control that 

Borella et al. (2010) found to be predictive of reading comprehension – was a separable construct 

from response-distractor inhibition. Interestingly, in Friedman and Miyake’s study, resistance to 

proactive interference was predictive of scores on a reading span test and a measure of unwanted 

thought intrusions, whereas response-distractor inhibition was not. Given the current findings, it 
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may be that online reading engages both of these inhibitory control structures whereas offline 

reading tends to rely more heavily on resistance to proactive interference. Recently, Coiro (2011) 

has described the best online readers as those who can skip ideas and stay focused: 

Reading purposefully on the Internet means knowing how to avoid distractions presented 

in the form of enticing advertisements and irrelevant hyperlinks to tangential information. 

In traditional texts, fluent reading is often defined as the number of words one can read in 

a minute.  Ironically, in online reading contexts, I believe fluent reading might be better 

defined as the number of words or ideas one can skip in a minute to avoid commercial, 

ideological, or otherwise tangential distractions and stay focused on one’s reading 

purpose. (p. 3)  

 Coiro’s descriptions may, in fact, be reflective of different kinds of inhibitory control at play – 

resisting both distractions that come from the online environment and those that come from 

within and can derail focus on reading purpose.  

 Third, these data show that within this group of adolescents, individual differences in 

inhibitory control, and specifically Stroop interference, played a role in online reading 

comprehension scores. Given that executive functions are known to develop during adolescence 

(Crone, 2009; Kuhn, 2006; Steinberg, 2005) this finding raises important questions about 

whether interventions to support the development of inhibitory control could also support online 

reading comprehension development.  

Set Shifting and Spatial Working Memory 

 Although regression models were run with measures of spatial working memory and set 

shifting, no measures of executive function beyond the Stroop interference measure were found 

to be significant predictors of online reading comprehension after offline informational reading 
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skills were controlled. Set shifting was a significant predictor of online reading when offline 

reading was not included in the model and this will be discussed below. However, with offline 

reading entered in the model, it was surprising to find that spatial working memory and set 

shifting were not significant predictors of online reading because Coiro & Dobler (2007) found 

that cognitive flexibility and spatial/kinesthetic knowledge were very important for their sample 

of proficient online readers. One interpretation of this contradictory finding could be that the 

tasks used to measure the latent constructs in this study did not, in fact, tap the same 

constellation of underlying functions that gave rise to the behaviors Coiro & Dobler (2007) 

observered. The tests of set shifting may have been too general. There may be a significant 

difference in the mechanisms required for switching among number/letter categories or 

shape/color rules and those required to flexibly combine information across three different 

websites on a topic. This may have been a case of domain-general tasks being used, 

inappropriately, to measure skills that are very domain specific.  

 All of this said, these surprising results could also be considered important because they 

highlight the similar processes that also appear to be engaged across reading contexts and types 

of text. In fact, we might conclude from these data that for the tasks used to measure online and 

offline reading comprehension, the underlying mechanisms of executive function were much 

more the same than different.  

 The fact that the measure of offline informational reading comprehension was the most 

significant predictor of online reading is important to point out because it also aligns with at least 

one other finding in the literature. In a regression model of a measure of online reading 

comprehension, Coiro (2007) reported that offline reading comprehension accounted for the 

greatest proportion of variance in the dependent variable -- 35.1% -- with background knowledge 

accounting for a non-significant additional 7.4% and another measure of online reading 
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comprehension, entered last in the model, accounting for a statistically significant 15.4%.  In 

Coiro’s work, as in the current study, offline reading was the single greatest predictor of online 

reading comprehension.  Although it is fundamentally important to understand the nature and 

degree of the differences between online and offline reading comprehension processes, the 

evidence suggests that for spatial working memory and set shifting we cannot conclude any 

difference in engagement between online and offline contexts from these data.  

Unity and Diversity of Executive Function in Online Reading – A Hypothesis 

 The planned models in this study were grounded in the assumption that online and offline 

reading comprehension processes share similar elements (Coiro, 2008; Duke et al., 2006; RAND 

Reading Study Group, 2002). Consequently, the measure of offline informational reading 

comprehension was always included in the first step of the model. I did, however, test the model 

of online reading comprehension without the measure of offline reading comprehension to see 

how measures of executive function might predict the dependent variable without the reading 

measure included.   

 In this model [see Table 4], set shifting, as measured by total errors adjusted on the 

CANTAB Intra-extra dimensional shift test (IEDTEA) was a significant predictor of online 

reading but the Stroop interference variable was not.  

 What could this finding mean? Consistent with the unity and diversity hypothesis of 

executive function (Miyake et al., 2000) the underlying cognitive mechanisms engaged by online 

reading may include both set shifting and inhibition. It may be that the set shifting (IEDTEA) 

and informational reading (ESAIS) tasks tapped very similar cognitive functions so that the 

difference in variance explained by each of them did not differ when they were entered together 

in the model of online reading. Inhibition, as measured by the Stroop test, may also be required 

by the set-shifting instrument, so that when IEDTEA and Stroop were entered in the model, 
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inhibition did not explain extra variance. However, the set-shifting measure and the 

informational reading skills measure may be just different enough that when Stroop and 

informational reading skills were entered into the model, they each explained unique and 

significant variance in the online reading measure.  Figure 4 offers a visual representation of the 

proposed relationships among offline informational reading skills, set shifting and Stroop 

interference as suggested by the results in this study.  

 There appears to be overlap in the contributions of both set shifting and inhibition to 

online reading to learn, but these data also show that when informational reading skills are 

included in the model, only inhibition accounted for a unique and significant contribution to the 

variance in online reading comprehension to learn.  

 

 

 

 

 

Offline Informational Reading Skills / ESAIS 

Set shifting/IEDTEA 

Inhibition/Stroop Interference  

Total variance in Online Reading Comprehension 

Figure 4. Theoretical model of the relationships between measures of offline informational reading 
skills, set switching and inhibition.  Circles represent the variance in Online Reading 
Comprehension accounted for by each variable. Notice that there is significant overlap among 
them. When entered together into a multiple regression model, only the measure of print-based 
informational reading skills and the Stroop interference measure accounted for unique and 
significant variance in the dependent measure. The arrow indicates this difference. When 
combinations of the other variables were entered into the regression model, they did not both 
account for unique and significant variance. 
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Limitations 

 Though promising, these data should be considered exploratory in light of the study’s 

principle limitations. With only twenty-one participants, the sample size was too small to permit 

conclusive or generalizable statements. Although the students represented several ethnicities and 

reported a range of Internet reading experiences, they all lived in one State and in communities 

very near one another. Further, the participants were not randomly selected. Rather, their 

participation depended first on the classes in which they were enrolled (English) and quite 

pragmatically, on whether they received parental permission.  

 As with any study of cognitive function, instrumentation is a significant concern. 

Although the offline reading measures used in this study were standardized, the online reading 

comprehension measure was not. This instrument was developed to emulate the kind of online 

reading activity commonly used in middle- and high-school classrooms and the criteria of 

evaluation were grounded in new literacies theory. It was piloted with two adult novice Internet 

users and refined in consultation with an expert in the field of online reading, but the fact 

remains: the instrument was not standardized. Its validity, therefore should be interpreted with 

caution.  

Future Research 

 These data present more questions than answers. The most immediate questions concern 

the potential generalizability of these findings. Would these same results be found with different 

sample groups? Or if a different measure of online reading were used as the measure of online 

reading comprehension? Recall that the first research question asked about the relationship 

between online reading comprehension and three indicators of executive function: inhibition, 

spatial working memory and shifting. Would different measures of spatial working memory and 

shifting produce different findings? 
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 Other questions pertain to the interactions of cognitive development, online reading 

comprehension skills and instructional interventions. As teens grow and their systems of 

executive function become more mature, do they naturally become more skilled online readers? 

Or are instructional interventions required to help teens hone their developing executive skills so 

that they might reach their full potential as online readers? And if so, what should those 

interventions look like?  

Conclusion 

  In conclusion, this study found that a specific type of inhibitory control – the ability to 

suppress a pre-potent response, as measured by the Stroop color-word test for children – was 

predictive of online reading to learn but not predictive of offline informational reading ability. 

This difference is significant because it lends empirical support to the emerging theoretical view 

that online and offline reading comprehension processes are not isomorphic. Further, the study 

found that the ability to shift among sets may also be predictive of online reading 

comprehension, though the role of this variable in online reading seems to be largely duplicated 

by offline informational reading skills and Stroop interference entered in a regression model.  
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APPENDIX A 

Online Search Activity 

Instructions 

For the first activity, imagine that you’re helping out a friend.  

She has a science project due in two days on ptarmigans – but she doesn’t have time to do any 
research tonight because she’s playing in a basketball tournament.  

You tell her that you’ll find some good websites and send the links to her – so that at least, she 
won’t be starting her research from scratch the night before it’s due.  

What you’ll do: 

• You’ll have 10 minutes to find 3 sites that you think your friend should use for this 
project.  
 

• As you go through the process of choosing the websites, talk aloud about the decisions 
you’re making.  
 

• Tell the researcher how you decide on the  
 

• Keep track of your websites. You can use any method to track them. 
 

• After the 10 minutes are up, put your 3 websites in order so your friend starts with the 
best one first.  
 

• Tell the researcher why you think the first site is the best. 
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APPENDIX A continued 

Online Learning Activity 

Instructions 

 
For the second activity, you’re going to do a little learning about ptarmigans yourself.  

 

You’ll visit 3 websites that I’ve chosen on ptarmigans.  

 

Use these sites to learn as much as you can about these creatures in 15 minutes.  

It’s not a lot of time, but it should be enough for you to learn some important things about the 
ptarmigan and to synthesize the information you learn at these three websites. 

 

The following questions are meant to help you get started, but don’t feel this is all you have 
to learn.  

You’re welcome to focus on learning what you feel is the most interesting or important.  

At the end of the task, I’ll ask you to tell me what you’ve learned.  

1) What is a ptarmigan? 
2) What are its physical characteristics?  
3) Where does it live? 
4) What does it eat? 
5) What’s interesting or important about it? 
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APPENDIX A continued 

Participant:  

Learning Task #1 

Evaluation of this Task 

This task is designed to evaluate students’ ability to find and evaluate websites for their usability 
in a general 8th-grade science project. Checklist Items that measure LOCATION skills are noted 
with an “L”. Items that measure “EVALUATION” skills are indicated with an “E”. The 
strategies outlined below are considered critical for the successful completion of the task. The 
criteria may be revised based on piloting data. 

Data 

Observations, think aloud transcripts and click stream data will be used as data sources. 

Strategy Checklist: 

□ Without researcher prompting or support, enters keyword –ptarmigan-into Google search 
window. Presses search. (L) 

□ If the student uses a Google-generated keyword suggestion, he/she selects an appropriate 
and logical option that supports search goals AND/OR Student generates his/her own 
logical search terms that reflect thinking about search goals. (L) 

□ Reads Google search results and uses relevant information provided for each Google 
return (e.g., title, description, URL) to make choice of website. (L) 

□ Uses URL to extract information about the site and make predictions about the site’s 
relevance, reliability and/or validity. (E) 

□ Clicks on/opens websites that seem promising initially. (L) 
□ Skims websites to determine their appropriateness. (E) 
□ Identifies the source/authorship of at least one website. (E) 
□ Judges the authenticity of the site authorship. (E) 
□ Makes verbal evaluative judgments about the site’s reliability. (E) 
□ During discussion and/or during search process, makes logical, verbal comparisons 

among sites to determine the most reliable and useful sites for the friend. (E) 
□ Provides logical and critically evaluative reason for choice of “best” website. (E) 
□ Completes the task in the allotted time. (E)(L) 

 
Balance of skills (L = 4, E = 8)  
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Learning Task #2 

Evaluation 

This learning task is designed to measure two skills: (1) students’ ability to synthesize (S) 
information for learning on the Internet across multiple representations and (2) their ability to 
retell what they’ve learned. The New Literacies Framework (Leu et al, 2004) emphasizes web-
based communication strategies (e.g., composing an email or posting to a blog). The current task, 
however, asks students to verbally recall what they’ve learned since the writing skills involved 
with a web-based communication strategy may confound the measure of online reading 
comprehension.  

Data  

Observations, think aloud transcripts and click stream data will be used as data sources to 
evaluate this task. 

Strategies 

□ Conducts an initial “triage” to determine what kind of information can be found at each 
site (S) 

□ Scans down at least one webpage before deciding what to read. (S) 

□ Uses structural elements of text (e.g. headings, bulleted lists) to guide reading choices. 
(S) 

□ Extracts information from all three sites. This means the student must have viewed all 
three sites and either recorded info from each and/or reported information indicative of 
having used all three sites to learn. (S) 

□ Makes verbal note of the similarities and differences among the websites. (S) 

□ Opens and uses multi-media sources of information in addition to textual information. (S) 

□ Makes explicit, verbal content connections among the three sites. (S) 

□ Keeps track of learning. (S) 

S = 8 

From the verbal recall task, the number of idea units recalled will also be tallied as an indicator 
of the amount of information the student learned in 15 minutes from this task. This number will 
be added to the other three scores to form an overall composite score of online reading 
comprehension for learning.  
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APPENDIX B 
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APPENDIX C 
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APPENDIX D 

 

 


