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GENERAL ABSTRACT 

Previous research provides us with mixed findings regarding the relationships 

between orthographic knowledge (OK), speed of processing (SoP), rapid automatized naming 

(RAN: naming as fast as possible rows of letters, numbers, objects and colours; Denckla & 

Rudel, 1976), and literacy. In some cases, this is because studies have been inconsistent in 

their use of measures and/or conceptual definitions of OK (i.e., MGR: mental graphemic 

representations and GOK: generic orthographic knowledge) and SoP. In other cases, adequate 

research has simply not addressed issues such as the role of nonalphanumeric RAN 

(NANRAN: colours and objects), the importance of both efficiency and accuracy in 

accessing OK, spelling literacy, and the nature of the RAN-OK-literacy and RAN-SoP-

literacy relationships in older children. The aim of this thesis is to address these issues by 

“zooming in” on OK and SoP to elucidate the RAN-literacy and RAN-OK relationships.  

We achieve this by examining both types of RAN (i.e., alphanumeric: ANRAN and 

nonalphanumeric: NANRAN), reading accuracy and efficiency, spelling, both types of OK 

(i.e., purer experimental measures of MGR and GOK; with accuracy and efficiency for each), 

and measures of SoP covering all four key areas of Miller’s (2013) speed, fluency, and 

efficiency model, while controlling for nonverbal reasoning and phonological awareness (PA: 

the awareness of sounds in spoken words; Gillon, 2004). These associations are explored in 

an older group of children who might be expected to have developed advanced literacy skills. 

Results from Study 1 suggest that there is a relationship between ANRAN and MGR 

(accuracy and efficiency) and between NANRAN and GOK efficiency, but that only MGR 

mediates the RAN-reading relationship. These findings also suggest a shared contribution of 

the two RAN types in their relationships with reading and MGR. Results from Study 2 

suggest that ANRAN is the main contributor to spelling, and that, once again, only MGR 
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mediates this relationship. These findings also suggest a shared contribution of the two RAN 

types in their relationships with spelling. Results from Study 3 suggest that mainly MGR 

efficiency and to a lesser extent SoP measures of Performance Fluency (i.e., Symbol Search) 

and Acquired Knowledge Fluency (i.e., Handwriting speed) are partial mediators of the 

RAN-literacy relationship. Finally, results from Study 4 suggest that measures of  

Performance Fluency (i.e., Symbol Search/Reaction Time) and Acquired Knowledge Fluency 

(i.e., Handwriting Speed) fully mediate the RAN-OK relationship. 

Overall, these findings shed light on the importance of concurrently examining RAN, 

OK, and SoP and imply the urgency of developing purer and age-appropriate measures of 

OK.  Results suggest that NANRAN may require additional cognitive processes independent 

of ANRAN and that NANRAN is still important for predicting literacy in older children. 

Moreover, the predominant mediating role of MGR efficiency in the RAN-literacy 

relationships suggests that it is not about any type of speed but it is specifically about the 

speed with which word specific MGRs are accessed. Taken together, these results suggest 

that RAN may function as an important literacy screening tool from an early age and that 

fluency and orthographic training may be key for helping children with slow RAN develop 

well-defined MGRs in order to aid their path to literacy. 
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The importance of reading and spelling in today’s world  

The ability to successfully read and write is essential in this digital age. Children at a 

very young age start using the Internet to communicate online and therefore, need to be able 

to use words to read, describe things, and tell a story. Good literacy skills are crucial for 

young people to achieve their educational and employment aspirations, whereas poor literacy 

skills limit their job chances. Indeed, research has widely documented the links between good 

literacy, school performance, self-esteem, and success in life (Metcalfe, 1981; Purkey, 1970; 

Reynolds, 1980). On the other hand, poor literacy has been associated with lower education, 

employment, health and social outcomes, dependence on welfare, and teenage parenting 

(DeWalt, Berkman, Sheridan, Lohr, & Pignone, 2004; Smart, Prior, Sanson, & Oberklaid, 

2005). Unfortunately, the statistics regarding the levels of low literacy among children are 

alarming and connote a literacy “epidemic”. A recent Australian report from the Grattan 

Institute revealed that the literacy gap between high achieving students and those who are at 

the bottom widens as they move through their schooling, so that by Grade 9 the spread of 

literacy achievement extends to eight years. (Goss, Sonnemann, Chisholm, & Nelson, 2016). 

This means that a lot of students are not learning to read in their early primary school years 

which leads to a larger literacy gap between the highest and lowest performing children later 

on. 

The literacy problems that English-speaking children encounter are amplified because 

the English orthographic system has a complex relationship between phonemes (i.e., the 

smallest units of sound in speech) and graphemes (i.e., the smallest units of a writing system; 

e.g., see Hulme & Snowling, 2013; Rose, 2006; Waugh, Jolliffe, & Allott, 2017). One reason 

for this complex relationship between phonemes and graphemes is the fact that English has 

far more sounds than letters which makes it inevitable that spelling is going to be more 

difficult than reading (Crystal, 2012). Indeed, Share (2008b) argued that the English 
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orthography “is an amalgam of subsystems of spelling (principally Germanic, Norman-

French, and Latin-Greek)” with a “mismatch between the number of letters and the number 

of phonemes” (p. 586). Therefore, further research is urgently required to explore more 

thoroughly important processing skills that underpin reading and spelling. This will allow us 

to elucidate the factors that are crucial in literacy development and provide struggling 

children with more precise instruction and/or intervention to improve their literacy skills and 

as a consequence increase their chance of success in life. 

 

The purpose of this general introduction 

Since increasing research highlights the important role of rapid automatized naming 

(RAN: a task which requires children to name as quickly as possible rows of letters, digits, 

colours, and familiar objects; Denckla & Rudel, 1976) to reading and spelling, one of the 

aims of this general introduction is to review earlier models of literacy and describe the main 

theoretical accounts for the link between RAN and literacy (i.e., phonological, orthographic, 

speed of processing). Since RAN appears to be important for the formation of word specific 

orthographic representations (Bowers & Wolf, 1993) and therefore, to the increasing 

accuracy and speed with which children read and spell, another aim is to highlight the 

importance of orthographic and processing speed skills rather than phonological skills in 

older children. We also deem it important to discuss the problems with the current definition 

and measures of orthographic knowledge (OK: knowledge of the graphemic system in a 

given language; Stanovich & West, 1989) and review the literature on the relationship 

between OK and literacy. A further aim is to review studies suggesting links between RAN-

OK and RAN-literacy whilst highlighting the issues of examining only one type of RAN 

(either alphanumeric: naming as fast as possible letters and digits, or nonalphanumeric: 

naming as fast as possible objects and colours). Finally, we discuss the mediating role of OK 



4 
 

in the RAN-literacy relationships and the role of speed of processing (SoP: general speed of 

cognitive processing; Caplan, DeDe, Waters, Michaud, & Tripodis, 2011) in the RAN-

literacy and RAN-OK relationships giving possible explanations for inconsistent results in 

the literature. Finally, we outline the structure of the following chapters (i.e., studies).  

 

Models of literacy and theoretical accounts for the RAN-literacy relationship 

In the past, some models of literacy (e.g., Baron, 1977; Harm & Seidenberg, 2004; 

Plaut, McClelland, Seidenberg, & Patterson, 1996; Seidenberg & McClelland, 1989) 

suggested that in order for children to read and spell accurately and efficiently they need to 

draw from connections which integrate a word’s: a) sounds (i.e., phonological processing), b) 

print-based codes (i.e., orthographic processing), and c) meaning (i.e., semantics). Other 

models suggest that the development of reading and spelling is achieved in a progressive 

manner (e.g., Ehri, 1995; Frith, 1985) through stages or phases, whereas still other models 

suggest that literacy acquisition is accomplished in a simultaneous manner (e.g., Share, 1995; 

Share, 2008a; Varnhagen, McCallum, & Burstow, 1997).  

Additionally, other theories of literacy focus only on the role of phonological 

decoding (i.e., a process in which grapheme-to-phoneme conversion rules are applied to 

“sound out” a word’s spoken representation) and orthographic processing (i.e., the ability to 

use OK to form, store and access orthographic representations; Stanovich & West, 1989) as 

the two essential components of skilled word recognition and oral reading (Dual Route 

Theory; Coltheart, Rastle, Perry, Langdon, & Ziegler, 2001).  

Interestingly, none of these models fully addresses the role of RAN, a task related to 

both reading and spelling. However, Kirby, Desrochers, Roth, & Lai (2008) did include RAN 

in their overall theoretical framework which posited three causal pathways to word reading: 

a) phonological awareness (PA: the ability to perceive and manipulate the sounds of spoken 
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words; Gillon, 2004)  phonological decoding  word reading; b) RAN  orthographic 

processing  word reading; c) morphological awareness (i.e., conscious awareness of how 

words can be broken down into smaller units of meaning; Kirby et al., 2008)  vocabulary 

 word reading. However, they argued that these variables also co-vary with each other and 

contribute to each other in various ways. 

The merit of RAN has been recently highlighted in a review of RAN and reading 

(Georgiou & Parrila, 2013) which notes that: a) RAN measures are easy to administer and 

have improved the diagnostic value of screening for reading disabilities; b) RAN has helped 

us to explain aspects of reading disabilities that could not be explained by PA alone; and, c) 

RAN has been found to predict literacy over and above the contribution of other cognitive 

processing skills across orthographies. More specifically, there is common agreement that 

alphanumeric RAN (ANRAN: naming as fast as possible letters and numbers) in particular, is 

more strongly related to reading efficiency (i.e., accurate and fast reading) and fluency than 

non alphanumeric RAN (NANRAN: naming as fast as possible objects and colours), with 

correlation coefficients approximately ranging from .40 to .65 (Georgiou, Parrila, & Kirby, 

2009; Kirby, Georgiou, Martinussen, & Parrila, 2010; Norton & Wolf, 2012; Papadopoulos, 

Spanoudis, & Georgiou, 2016; Schatschneider, Carlson, Francis, Foorman & Fletcher, 2002).  

 

The phonological account 

Conventionally, RAN has been suggested to reflect “phonological recoding in lexical 

access” (i.e., the use of letter-sound correspondence to retrieve the pronunciation of an 

unknown printed string or to spell words; Wagner & Torgesen, 1987; p.192) and 

orthographic processing (Bowers & Wolf, 1993). Phonological recoding in lexical access 

along with PA and short-term verbal memory (i.e., brief verbatim retention of verbal items) 

were suggested to be subtypes of phonological processing and key skills for beginning 
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readers (Wagner & Torgesen, 1987). Torgesen, Wagner, Rashotte, Burgess, and Hecht (1997) 

and Wagner et al. (1997) further suggested that RAN tasks measure the efficiency (i.e., 

accuracy over latency) of access to, and retrieval of phonological information from long-term 

memory, implying that RAN tasks are related to reading via phonological processing.  

More recent research in this area suggests that RAN and PA are key independent 

predictors of reading development (Compton, 2003; Georgiou, Parrila, & Papadopoulos, 

2008; Kirby et al., 2010; Lervåg and Hulme, 2009; Norton & Wolf, 2012). With this in mind, 

Wolf and Bowers (1999) proposed the Double Deficit Hypothesis in which deficits in PA and 

RAN are separate sources of reading dysfunction. This prediction has been validated by 

cross-linguistic studies across multiple alphabetic and non-alphabetic languages with varying 

orthographic regularity and transparency (e.g., Caravolas et al., 2012; Liao et al., 2015; Moll 

et al., 2014) which found that RAN contributed additional significant variance to reading 

after controlling for PA.  

 

The orthographic account 

It has also been suggested that RAN relates to reading because it plays an important 

role in the development of orthographic processing (Bowers & Wolf, 1993; Bowers, Sunseth, 

& Golden, 1999; Sunseth & Bowers, 2002); a view that has become more prevalent and 

widely accepted than the phonological processing account. In particular, it has been 

suggested that RAN relates to the efficiency of access to, and the quality of orthographic 

representations; and that therefore children with slow RAN may also be poor readers (Bowers 

& Wolf, 1993). Recent research has supported this hypothesis by demonstrating that RAN is 

a unique predictor of orthographic processing (e.g., Compton, DeFries, & Olson, 2001; 

Lervåg, Bråten, & Hulme, 2009; Manis, Doi, & Bhadha, 2000) and that the RAN-reading 
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relationship is mediated by orthographic processing (e.g., Georgiou, Parrila, & Papadopoulos, 

2016; Roman, Kirby, Parrila, Wade-Wooley, & Deacon, 2009).  

It should be noted that other studies have found that RAN is not related to 

orthographic processing (e.g., Moll, Fussenegger, Willburger, & Landerl, 2009) and that it 

still accounts for unique variance after controlling for orthographic processing (e.g., Georgiou 

et al., 2008). However, as will be further discussed below, these mixed results could be 

attributed to the tasks used to measure RAN and OK, the age groups examined, and the 

controls applied. 

 

Other accounts including the SoP account 

 Overall, the exact placement of RAN among other predictors of reading and spelling 

is not yet clear. The Dual Route Theory (which suggests two routes in reading aloud: the 

lexical or orthographic route and the sublexical or phonological route; see Coltheart, 2005) 

and the Double Deficit Hypothesis (i.e., deficits in RAN and PA or in one of two; Wolf & 

Bowers, 1999) emphasise orthographic and phonological processes, or processes that 

contribute to them. Another group of theories focuses on other linguistic components (e.g., 

the role of morphology and vocabulary) in RAN and literacy (e.g., Kirby et al., 2012; Roman 

et al., 2009; Senechal & Kearnan, 2007; Spencer et al., 2015), although these seem to be 

more related to reading comprehension and written expression (Hook & Haynes, 2010) which 

are beyond the scope of this thesis.  

Yet other models have looked outside linguistic processing for the link between RAN 

and reading. Kail and colleagues (Kail & Hall, 1994; Kail, Hall, & Caskey, 1999) developed 

the SoP hypothesis as an alternative explanation for this relationship. These researchers 

suggested that access to name codes for digits or letters becomes more rapid with age because 

of age-related changes in global retrieval speed, and not because name codes become more 
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automatic. However, other researchers found that when SoP is controlled for, RAN still 

accounts for a significant amount of variance in reading ability (Bowey, McGuigan, & 

Ruschena, 2005; Georgiou et al., 2009). Additionally, Powell, Stainthorp, Stuart, Garwood, & 

Quinlan (2007) suggest that both PA and SoP play a part in RAN performance.  

 

Age, RAN, and models of literacy 

The nature of the  RAN-literacy relationship is made more complex still by the 

general consensus that with age, children’s reading shifts from a greater reliance on 

phonological skills to a greater reliance on orthographic skills (e.g., Hagiliassis, Pratt, & 

Johnston, 2006; Martin, Pratt, & Fraser, 2000). Indeed, successful literacy acquisition is 

argued to be dependent on the ability to store and retrieve sublexical (i.e., subword) and 

lexical (i.e., word) representations from memory whether it be by phase or stage theories 

(Ehri, 1995; Frith, 1985), simultaneous learning (Share, 1995, 2008a) or cognitive modeling 

(Connectionists; Coltheart et al., 2001; Harm & Seidenberg, 2004; Plaut, McClelland, 

Seidenberg, & Patterson, 1996; Seidenberg & McClelland, 1989). Hence, a transition from 

serial decoding (i.e., each grapheme is translated individually) to using longer letter strings 

and word-specific representations is seen as leading to more efficient reading. Moreover, 

accurate spelling may rely even more than reading on complete or higher quality lexical 

representations (Perfetti, 1997).  

According to traditional stage models of acquisition, one might expect to see age-

related differences, in which reliance on OK during reading and spelling is a later-developing 

achievement (Ehri, 1995; Gentry, 1982; Henderson, 1985; Martin et al., 2000). This would 

suggest that word-specific OK may be more relevant in older children, once this transition 

occurs. In contrast, contemporary continuous models of cognitive development applied to 

literacy acquisition, such as the Overlapping Waves Theory (Varnhagen et al., 1997), and 
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Share’s (1995; 2008a) self-teaching hypothesis suggest that children have multiple strategies 

available at any given time in development, including the use of orthographic information; 

and the strategy used depends on the familiarity of the word which would be expected to 

increase with age (Share, 2008a; Varnhagen et al., 1997).  

Both traditional stage and contemporary continuous models of literacy clearly imply 

age-related differences in the development of OK and ever increasing efficiency in reading 

and spelling. Therefore, research with older children, who would be expected to be competent 

in literacy, is essential. Also, since RAN is more strongly related to reading efficiency than to 

accuracy alone the inclusion of efficiency measures is also important.   

 

Definitions and measures of OK 

While there is inconsistency in the literature about the terms used to describe OK, 

there is increasing agreement that OK consists of two distinct subtypes (e.g., Hagiliassis et 

al., 2006): a) word-specific OK (i.e., knowing how to spell specific words and units within 

these words; e.g., Barker, Torgesen, & Wagner, 1992; Conrad, Harris, & Williams, 2013),  

and b) generic OK (i.e., being aware of the characteristics of a written language such as 

which letters are allowed to follow other letters, legal letter combinations, and the frequency 

of letter positions; e.g., Conrad et al., 2013; Vellutino, Scanlon, & Tanzman, 1994). 

However, in the literature different terms have been used to describe these two proposed 

subtypes of OK. Some studies refer to theses subtypes as lexical and sublexical OK (e.g., 

Deacon, Benere, & Castles, 2012), others as lexical and nonlexical OK (e.g., Loveall, 

Channell, Philips, & Conners, 2013), and finally others as mental graphemic representations 

and orthographic rules (e.g., Apel, 2011).  

In addition, Apel (2011) points out that although many researchers define OK as the 

stored mental representations of written words saved in long-term memory, this definition 
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includes word-specific OK only. Some of the terms that follow this definition of OK are: 

mental graphemic representations (e.g., Apel & Masterson, 2001; Wolter & Apel, 2010), 

mental orthographic images (e.g., Masterson & Apel, 2006), orthographic images (e.g., Ehri, 

1980), orthographic representations (e.g., Moll & Landerl, 2009), word-specific OK (e.g., 

Bowers & Wolf, 1993), and stored orthographic representations (e.g., Stanovich & West, 

1989). As a result, Apel (2011) argues that many of these studies end up examining only a 

portion of OK.  

For the purpose of this thesis we are following Apel’s (2011) distinction between the 

two types of OK. Apel suggests that words can be read or spelled by using OK in two ways: 

1) by accessing mental graphemic representations of previously stored word-specific 

knowledge (which we here refer to as “mental graphemic representations: MGRs”), and 2) by 

using orthographic rules that are not word-specific and guide how speech should be 

represented in writing (which we here refer to as “generic OK: GOK”) such as alphabetic 

knowledge, knowledge of legal and illegal combinations of letters, and knowledge of legal 

and illegal positioning of letters (i.e., orthotactic rules).  

 

OK and literacy 

A number of studies have suggested that OK contributes unique variance to reading 

ability over and above the contribution of phonological processing and IQ (e.g., Barker et al., 

1992; Cunningham et al., 2001; Stanovich & West, 1989). However, some of these studies 

examined only MGR (Barker et al., 1992; Georgiou, Papadopoulos, Fella, & Parrila, 2012; 

Roman et al., 2009) whereas other studies only measured GOK (Apel, Wilson-Fowler, 

Brimo, & Perrin, 2012; Georgiou, Aro, Liao, & Parrila, 2016; Rothe, Schulte-Körne, & Ise, 

2014). Furthermore, historically very few of these studies examined efficiency of both MGR 

and GOK together and they examined these variables either in younger children or in a mix 
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of age groups. Indeed, rarely any studies specifically examined them in older children who, 

being on the verge of high school (i.e., Grade 6), are expected to be highly literate. 

A more recent line of research has begun exploring both components of OK 

simultaneously. Indeed, Deacon et al. (2012) highlighted the importance of testing both types 

of OK (i.e., MGR and GOK) in the same study for a more direct comparison with reading 

ability. These researchers carried out a longitudinal study between Grades 1 and 3, and found 

that both types of OK accuracy made unique contributions to word reading accuracy after 

controlling for vocabulary, IQ and PA. However, the effect of OK types on word reading 

became non-significant when earlier word reading ability was added as one of the controls. 

Their results suggest that children acquire the ability to perform orthographic processing 

tasks through their reading experience rather than the other way around.  

Further research has examined the role of OK not only in reading but also in spelling. 

Recently, Georgiou, Aro, et al. (2016) found that in Grade 4 children, GOK accuracy, which 

was their only OK measure, was a unique predictor of reading fluency and spelling in 

English. Moreover, Conrad et al. (2013) in a group of 7 to 9 year olds found that after 

controlling for age and PA, MGR accuracy and GOK accuracy contributed unique variance to 

reading accuracy and spelling. These researchers suggested that each type of OK may play a 

different function: a) MGRs supporting sight word reading and spelling of familiar words 

(automatically from memory) and unfamiliar words (through analogy from words stored in 

the mental lexicon); b) GOK contributing to the connection-forming process necessary to 

establish MGRs through knowledge of recurring letter patterns. Conrad et al. argued 

differential roles for the two types of OK across developmental levels, and highlighted the 

need for further research to clarify their propositions. They also suggested that due to the 

confusion in the literature with the measurement of OK, future research should develop more 

sound measures of MGR and GOK.   
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Recently, a German study (Rothe, Cornell, Ise, & Schulte-Körne, 2015) comparing 

accuracy measures of MGR and GOK in children with and without reading and spelling 

difficulties found that in typically developing children (8-10 years old) after controlling for 

PA, RAN letters, and short-term memory, both MGR and GOK accuracy contributed similar 

unique amounts of variance to reading and spelling. They also found that children with 

dyslexia showed reduced MGR knowledge compared to typically developing children but 

they did not perform differentially on two out of three GOK tasks. Hence, children with 

dyslexia were able to recognise frequent/legal letter patterns but found it hard to access 

mental orthographic representations of words to identify incorrect spellings or 

infrequent/illegal letter patterns in German (a more transparent language than English). These 

researchers also suggested that there is still need to understand more precisely how MGR and 

GOK are causally related. Overall, although they found that word-specific representations 

(i.e., MGRs), as well as GOK, are crucial for reading and spelling development, they also 

suggested that we need better measures of OK.  

Additionally, Apel et al. (2012) pointed out the need to concurrently investigate the 

influence of multiple metalinguistic, linguistic, and processing skills that may impact reading 

and spelling development. This would lead to a better understanding of which abilities may 

uniquely contribute to literacy development, and which may be subsumed by other skills. 

Apel et al. found that in younger children (i.e., Grades 2 and 3) orthographic awareness (i.e., 

GOK) contributed unique variance to word recognition but not to spelling. These researchers 

argued that what remains to be determined is whether GOK tasks are related to MGR tasks 

and whether both uniquely predict reading and spelling ability when examined 

simultaneously.  

Overall, the above studies lead to the conclusion that systematic and simultaneous 

examination of MGR and GOK is important since models of literacy suggest that successful 
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literacy acquisition leads to accurate storage and efficient retrieval of sublexical and lexical 

representations from memory, which are also putatively related to rapid naming (e.g., Bowers 

& Wolf, 1993; Ehri, 2005; Share, 2008b). Moreover, much of this research has been done 

with younger children even though several models of reading acquisition suggest that the 

relative contributions of PA and OK to reading (especially efficiency) change with age  (i.e., 

children’s reliance on PA decreases in favour of OK; see Badian, 2001; Ehri, 2014; Share, 

2008b). Additionally, the recent work on OK discussed above strongly suggests that the 

relationship between the two types of OK (MGR and GOK) also changes with development. 

More specifically, although MGR seems to be more strongly related to RAN and reading, 

hardly any studies have examined efficiency of MGR. Finally, the confounded OK measures 

used in previous research (see below) call for the development of purer measures of MGR 

and GOK.  

 

Problems with OK tasks 

Measurement of OK efficiency and age of children examined. Most previous 

studies have examined MGR and/or GOK accuracy but often not latency or efficiency. The 

reason for neglecting the measurement of OK latency or efficiency could partly be attributed 

to studies examining very young children or mixed age groups. However, previous research 

suggests a stronger link between RAN and OK efficiency than between RAN and OK 

accuracy (e.g., O’Brien, Wolf, Miller, Lovett, & Morris, 2011). Moreover, since older 

children are expected to be efficient readers we would anticipate stronger relationships in 

these children between RAN, OK efficiency, and reading efficiency than between RAN, OK 

accuracy, and reading accuracy. This is because by measuring OK latency and efficiency it is 

also possible to avoid ceiling effects in performance especially in older children. 
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Common MGR tasks. The use of various MGR measures across studies (see Table 

1) not only makes it hard to compare results but also raises doubts about the validity of these 

measures. The goal of an MGR task is to identify or choose the correct word by going 

directly into the mental lexicon without involving GOK. The most frequently used MGR task 

is Olson, Forsberg, Wise, & Rack’s (1994) orthographic choice task in which participants 

view a real word and its pseudohomophone (i.e., a nonword that is pronounced like a real 

word; Martin, 1982), and make a speeded decision about which looks more like a real word. 

However, after taking a closer look at the stimuli we suggest that for some of the pairs of 

words in this task children may be able to make decisions based on GOK (see Appendix A) 

rather than MGR. For example, in the pair “laik-lake” the spelling in the correct word ‘lake’ 

has a much higher probability for representing long /a/ + /k/ in the final position of a single 

syllable word in English (i.e., “ake”) than the spelling in the foil (i.e., “aik’). Therefore, such 

stimuli may lead participants to rely, at least in part, on GOK. Castles & Nation (2006) 

suggest that this MGR task might also capture skilled word recognition (i.e., reading itself). 

Other common tasks also may be performed without solely relying on MGR. 

Orthographic verification tasks (Manis, Szeszulski, Holt, & Graves, 1990) which require 

children to indicate whether items presented on a screen are spelled correctly or not also 

could potentially be solved using GOK. Furthermore, homonym/homophone verification tasks 

(Hagiliassis et al., 2006; Manis et al., 1990) which require participants to listen to a homonym 

and then listen to a sentence with the homonym embedded in it, introduce a semantic 

confound and therefore are also not pure MGR measures. Similarly, homophone choice tasks 

in which children are asked a question and then shown two phonologically similar but 

orthographically different words, also involve a semantic confound (Cunningham, Perry, & 

Stanovich, 2001; Stanovich & West, 1989). Additionally, other MGR tasks such as word 

chain - which requires children to scan words in a continuous line and draw lines to indicate 
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spaces between words (Georgiou et al., 2009) - could involve both visual search and possible 

recourse to PA.  

Castles and Coltheart (1993) used irregular word reading as an MGR task. This task 

required children to read irregular words viewed on cards. Similarly, Manis, Custodio, and 

Szeszulski (1993) used an irregular word spelling task to measure MGR. This task required 

children to listen to an irregular word, then to a sentence with that word included and were 

asked to recall and spell the word. However, both these latter tasks could cause possible 

recourse to PA and the irregular word spelling task could also introduce a semantic confound 

(Hagiliassis et al., 2006).  

As previously mentioned, the other issue with the MGR tasks used in previous studies 

is whether latency or efficiency was measured. Hagiliassis et al. (2006) in a factor-analytic 

study examining RAN, orthographic processing (MGR and GOK), phonological processing, 

and literacy found that accuracy-based variables loaded onto different factors than did 

response-time variables. More specifically, factor analysis for accuracy-based variables 

revealed three factors: a) “Phonological Processing” factor, b) “Orthographic Processing” 

factor and c) a “Working Memory” factor. On the other hand, factor analysis for response-

time variables revealed three different factors: a) “General Processing Speed” factor, b) 

“Speeded Choice” factor, and c) a “Reading Speed” factor. These results highlight the 

importance of examining latency/efficiency as well as accuracy of OK when examining these 

relationships.  

To address the issues noted in the previous paragraphs, we carefully selected item 

pairs for our MGR task that cannot be evaluated on the basis of GOK (i.e., irregular words) 

and measured task latency/efficiency as well as accuracy. The use of irregular words in our 

MGR task forced participants to access only word-specific information (i.e., lexical access) 

from their mental dictionary without involvement of phonological or semantic confounds. 
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Twelve of the Olson et al. (1994) orthographic choice word pairs were retained and 29 new 

pairs of words developed from different sources were added (Castles & Coltheart, 1993; 

Clutterbuck, 2000; Hope, 2001; Westwood, 1999; Woodcock, 1998). Stimuli were 

considered “irregular” if the word contained: a) at least one instance where the orthography 

failed to represent the spoken sounds of the word according to accepted English orthographic 

patterns (e.g., “answer” and “salmon”); b) an orthographic pattern which has a particularly 

low probability of occurring in English (e.g., “hearth” and “gauge”); or c) multiple 

irregularities (e.g., “meringue” and “choir”). For more details about this task, please refer to 

Appendix B. In order to avoid ceiling effects as much as possible in the older students who 

were to be the target of this investigation, we also chose item pairs that were age-appropriate 

(i.e., more difficult). 

Common GOK tasks. The most common GOK tasks (see Table 2) are letter string 

tasks (e.g., Cunningham et al., 2001) wordlikeness tasks (e.g., O’Brien, 2014) and 

orthographic awareness tasks (e.g., Cassar & Treiman, 1997; Siegel, Geva, & Share, 1990; 

Siegel, Share, & Geva, 1995). These tasks require participants to choose which nonword in a 

pair looks more like a real word. However, other research suggests that these tasks seem to be 

confounded by phonological skill (Conrad et al., 2013; Hagiliassis et al., 2006). To avoid this, 

Conrad et al. (2013) developed a wordlikeness task using four-letter nonword homophones 

(e.g., hool – hewl, tays - tayz). 

Other GOK forced-choice tasks measure different orthographic conventions. For 

example, the orthographic awareness of legal characters task (i.e., knowing that written 

words must contain a vowel; e.g., ghw-gow) and the orthographic awareness of permissible 

sequences task (i.e., knowing that words do not contain numbers; e.g., glide-g8i3e; Levy, 

Gong, Hessels, Evans, & Jared, 2006; Ouelette & Senechal, 2008). However, these tasks may 

be too easy for Upper Primary school children who would be expected to be relatively 
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literate. Finally, Castles & Coltheart’s (1993) nonword reading task requires children to read 

nonwords of varied orthographic complexity has also been suggested by Hagiliassis et al. 

(2006) to permit possible recourse to PA. 

Since we intended to examine an older group of children, we added nonword 

homophones to our measure of GOK (see Appendix C) that not only minimise the risk of 

being confounded by phonological processing but also tap into more advanced knowledge of 

orthographic patterns suggested by Apel (2011). Once again, in order to avoid ceiling effects 

we measured not only accuracy but also latency/efficiency of GOK and also assured that the 

item pairs were age-appropriate (i.e., more difficult). 

 

RAN and OK 

Bowers and colleagues (Bowers & Wolf, 1993; Bowers, Golden, Kennedy, & Young, 1994) 

suggested that slow naming of letters or digits (i.e., ANRAN) may affect the automatic 

processes involved in orthographic pattern knowledge (i.e., GOK) and therefore reading 

speed. Furthermore, Wolf, Bowers, & Biddle (2000) in a comprehensive review argued that 

children with slow RAN will have deficient orthographic representations (i.e., MGRs) as well 

as orthographic pattern knowledge (i.e., GOK). 
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Table 1.  
Summary of common MGR tasks (use of accuracy/latency/efficiency highly variable in these studies) 
 
MGR tasks employed References Task requirement Shortcomings 

 
Orthographic choice Olson, Forsberg, Wise, & 

Rack, 1994 
Children indicated which letter string out of a pair of phonologically similar 
letter strings was a real word (e.g., taik – take) 
 

Possible recourse to GOK 

Orthographic verification 
 
 

Manis, Szeszulski, Holt, & 
Graves, 1990 

Children listened to a word and then had to press a button (“yes” or “no”) to 
indicate whether the word presented on the screen had the correct or 
incorrect representation of what they heard  (e.g., woman – “yes”; streat – 
“no”) 

Possible recourse to GOK 

 Hagiliassis, Pratt, & Johnston, 
2006 

Children indicated by pressing a button (“yes” or “no”) whether items 
presented on the screen were spelled correctly or not  
 

Possible recourse to GOK 

Homonym/Homophone 
verification 

Hagiliassis, Pratt, & Johnston, 
2006; Manis, Szeszulski, Holt, 
& Graves, 1990  

Children listened to the experimenter read out a homonym (e.g., week) and 
then use it in a sentence (e.g., “Monday is the first day of the week”). They 
were then required to decide whether a homonym on the computer screen 
was the correct one (e.g., week/weak) 
 

Semantic confound 

Homophone choice Cunningham, Perry, & 
Stanovich, 2001; Stanovich & 
West, 1989  

Children were asked a question (“Which is a part of the body?”) and then 
shown two phonologically similar but orthographically different words 
(e.g., feat-feet).  They then had to circle the word that was the correct one 
according to the question asked (e.g., feet) 
 

Semantic confound 

Word chain Georgiou, Parilla, & Kirby, 
2009 

Children were required to scan words in a continuous line without spaces 
between words and were then asked to identify the words and draw lines to 
indicate spaces between words 
 

Visual search confound 
Possible recourse to 
phonological strategy 

Irregular word reading  Castles & Coltheart, 1993 Children were asked to read irregular words viewed on cards (i.e., words 
that violate the grapheme-phoneme correspondence rules; e.g., meringue) 
 

Possible recourse to 
phonological strategy (see 
Hagiliassis et al., 2006) 
 

Irregular word spelling 
 
 
 
 

Manis, Custodio, & 
Szeszulski, 1993 

Children listened to a irregular word and then to a sentence with that word 
included and were asked to recall and spell the word  
 

Semantic confound  
Possible recourse to 
phonological strategy (see 
Hagiliassis et al., 2006) 
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Table 2. 

Summary of common GOK tasks (use of accuracy/latency/efficiency highly variable in these studies) 

 

GOK tasks employed References Task requirement Shortcomings 

 

Letter string choice Cunningham, Perry, & Stanovich, 2001 Children were asked to select which  nonword in 
a pair looks more like a real word 
 

Possible recourse to phonological 
strategy 

Wordlikeness  O’Brien, 2014 Children were asked to select which  nonword in 
a pair looks more like a real word 
 

Possible recourse to phonological 
strategy 

Orthographic awareness  Cassar & Treiman, 1997; Siegel, Share, 

& Geva, 1995 

Children were asked to select which  nonword in 
a pair looks more like a real word 
 

Possible recourse to phonological 
strategy 

Orthographic awareness of legal 

characters 

Ouelette & Senechal, 2008 Children were shown pairs of nonwords (either 
one of the pairs had a a number embedded in it 
e.g., KO6BT-KOUBT or one of the pairs had a 
repeated letter; e.g., FFFF - FOUG) and were 
asked which one looked best or which item their 
teacher would like to read the most.    
 

Not suitable for older children 
because of possible ceiling 
effects 

Orthographic awareness of permissible 

sequences 

Ouelette & Senechal, 2008 Children were shown pairs of nonwords (one 
nonword with a medial vowel and the other 
nonword without a vowel; e.g., gow-ghw) and 
were asked which one looked best or which item 
their teacher would like to read the most.    
 

Not suitable for older children 
because of possible ceiling 
effects 
 
 
  

Nonword reading Castles & Coltheart, 1993 Children were asked to read pronounceable 
nonwords of various levels of orthographic 
complexity viewed on cards 
 
 

Possible recourse to phonological 
strategy (see Hagiliassis et al., 
2006)                         
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A number of studies confirm these suggestions. In Grade 3, Sunseth and Bowers 

(2002) found that children with slow ANRAN (digits) were overall slower and less accurate 

than children with no ANRAN deficit on various MGR and GOK tasks (i.e., orthographic 

choice accuracy and efficiency; wordlikeness accuracy and efficiency; Quick Spell Test; 

embedded and nonembedded word accuracy). Consistent with this, Conrad and Levy (2007) 

examined Grade 2 children and found that slow ANRAN (digits) children performed less 

accurately on an MGR accuracy task (i.e., orthographic choice) compared to children with no 

ANRAN deficit. More recently, Powell, Stainthorp and Stuart (2014) reported that when 

children aged 10 and 11 with slow ANRAN were compared to a control group matched for 

PA, they were significantly poorer on reading, MGR accuracy and latency (i.e., orthographic 

choice), and GOK latency (i.e., wordlikeness), though the slow ANRAN children performed 

better in orthographic learning (i.e., a lexical decision task with a recall phase of 

pseudowords that were presented in the exposure phase). Indeed, converging evidence 

suggests that children with slow RAN appear to benefit from orthographic training (Conrad 

& Levy, 2011). However, NANRAN was not explored in any of these studies even though 

recent research has suggested that there may be different/additional cognitive processes 

involved in NANRAN compared to ANRAN, which may affect the relationship with literacy 

of both RAN types (Donker, Kroesbergen, Slot, Van Viersen, & De Bree, 2016). 

Also consistent with Bowers and colleagues' argument, is work suggesting that RAN 

is related to OK across a wide age-range. Compton, et al. (2001) examined children with a 

reading deficit (between 8 and 18 years old) and found that RAN (ANRAN/NANRAN 

composite) was significantly correlated with a composite MGR measure (.28 with MGR 

accuracy and .30 with MGR efficiency). Moreover, Georgiou et al. (2009) found that 

ANRAN was significantly correlated with MGR accuracy and MGR efficiency in all three 

age groups examined (Grades 3, 4, and 5). In regard to GOK, in Grade 3 ANRAN was 
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correlated with GOK accuracy but not efficiency whereas in Grades 4 and 5 ANRAN was 

related to GOK efficiency but not accuracy. Furthermore, Hagiliassis et al. (2006) in a 

combined group of children in Grades 3, 4, and 5 found that ANRAN (letters) had the 

strongest relationship with MGR and GOK accuracy and efficiency measures (.27 to .40). 

MGR accuracy had the strongest relationships with all three RAN subtypes (.28 to .40) 

followed by GOK efficiency (.27 to .32). Finally, Loveall et al. (2013) found that in a young 

group of children (7-9 year old children) ANRAN related more to MGR accuracy whereas 

NANRAN related more to GOK accuracy.  

Although the above studies show a stronger association of RAN (especially ANRAN) 

to MGR than to GOK it is still not clear whether there is a unique contribution of ANRAN 

and NANRAN to each of the two subtypes of OK. In most of the studies examining children 

with slow RAN only ANRAN was examined; and therefore, the role of NANRAN was not 

explored (e.g., Conrad & Levy, 2007; Powell, Stainthorp, & Stuart, 2014; Sunseth & Bowers, 

2002). The same issue can be seen in the literature examining children with typically 

developing literacy (e.g., Georgiou et al., 2009). Finally, the above results suggest that the 

RAN-OK relationship has gone largely unaddressed in older children because, once again, 

either the children examined were very young or mixed age groups were examined. Thus, 

very few studies have examined these relationships in children on the cusp of secondary 

education (e.g., Grades 6-7) where highly efficient reading is expected and the relationship 

between the variables of interest here might be expected to be different than those observed 

in previous studies (due to the older age and greater overall proficiency in reading).  

Furthermore, some authors have argued that RAN is not an index of orthographic 

processing at all. For example, Cutting and Denckla (2001) used path analysis to examine the 

relationship between ANRAN and other variables that contribute to beginning word reading 

in 7 to 9 year old children and found that although ANRAN and OK (GOK accuracy) were 
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significantly related, this relationship was due to the effects of SoP. However, Conrad and 

Levy (2007) concluded that even though slow ANRAN children (Grade 2) have problems 

forming orthographic representations, this problem cannot be attributed to deficits in OK 

(MGR accuracy) or insufficient processing time. Hence, the findings of studies arguing 

against the direct relationship of RAN to OK also provide us with mixed results.  

 

RAN types and literacy 

There is a plethora of evidence that RAN is more strongly related to reading 

efficiency than to reading accuracy (for reviews see: Araújo, Reis, Petersson, & Faísca, 2015; 

Kirby et al., 2010; Wolf et al., 2000). However, it is uncertain whether this applies to both 

ANRAN and NANRAN (Georgiou, Parrila, & Liao, 2008; Pham, Fine & Semrud-Clikeman, 

2011; Savage & Frederickson, 2005). A recent meta-analysis of the literature suggests that 

ANRAN is a stronger predictor of reading (especially fluency) than NANRAN (Araújo et al., 

2015) although this seems to vary with age (Norton & Wolf, 2012). As a result, ANRAN 

(digits and letters) has been widely used whereas NANRAN (objects and colours) has often 

been neglected. Thus, Araújo et al. (2015) concluded that ANRAN types seem to better 

capture underlying processing abilities that are important for word reading and therefore 

should be preferred over NANRAN tasks whenever a prediction of the reading ability is of 

primary interest. 

However, the few studies that have measured NANRAN have highlighted its 

importance across age groups. Scarborough (1998) found that NANRAN measured in Grade 

2 continued to predict significant variance in reading skills as late as Grade 8. This researcher 

also found that NANRAN was a consistently strong predictor for children with reading 

deficits. Scarborough chose to measure only NANRAN in this study out of concern that 

reading and ANRAN might be influencing each other especially in regard to Grade 2 children 
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with reading deficits and their inability to name successfully letters and numbers. Kirby, 

Parilla and Pfeiffer (2003) also measured only NANRAN (colour and picture naming) 

because Kindergarten children may not have learnt letters and digit names well; hence, the 

speed with which they could name these stimuli could not be validly measured. These 

researchers found that NANRAN predicted reading development across the subsequent four 

years. Most recently, in a longitudinal study (following children from Grade 1 to Grade 3) 

Kruk, Mayer, and Funk (2014) examined only NANRAN (colours and objects) and found 

that it can have predictive validity as a marker for identifying specific difficulties in learning 

to read irregular words in at-risk readers.  

More compellingly, other RAN studies comparing both types of RAN have 

highlighted NANRAN’s importance to literacy. Meyer, Wood, Hart, & Felton (1998) found 

that NANRAN was more strongly associated with reading and vocabulary than ANRAN 

across Grades 3, 5, and 8. These researchers argued that NANRAN represents a stable factor 

(naming speed) not attributable to experience with symbols. Slot, Van Viersen, De Bree, & 

Kroesbergen (2016) in a group of Dutch children from Grades 1 to 5, found that both 

ANRAN and NANRAN significantly predicted reading and spelling outcomes. Moreover, 

Papadopoulos et al. (2016) examined Greek speaking children followed from Grade 1 to 

Grade 2 and found that NANRAN significantly predicted oral reading fluency equally well as 

ANRAN. These results are consistent with high correlations (.70) found between NANRAN 

scores at Pre-Primary and Grade 2 (Heath, Claessen, Fletcher, Hogben, & Leitao, 2006). 

In regard to the stability of RAN, Araújo et al. (2015) found that RAN (especially 

ANRAN)–reading fluency coefficients were stable across grades. Landerl and Wimmer 

(2008) found similar results in their longitudinal study of Grades 1 to 8 but they also found 

that as reading experience increased, the relationships of RAN with reading accuracy 

declined (i.e., moderated by grade level). More specifically, the effect sizes for RAN 
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associated with reading accuracy increased from kindergarten to first/second grade (i.e., 

beginning readers) and decreased thereafter as the subjects become more proficient readers. 

Consequently, in older children we should observe weaker correlations between RAN and 

reading accuracy.  

Interestingly, despite the associations between RAN and reading, significantly less 

attention has been paid to the RAN-spelling relationship. Previous research has suggested 

that in both younger and older children, ANRAN accounted for significant amounts of 

variance in word spelling (Savage et al., 2005; Savage, Pillay, & Melidona, 2008; Stainthorp, 

Powell, & Stuart, 2013) though Moll et al. (2014) suggested that this effect does not seem to 

be consistent across alphabetic orthographies other than English. On the other hand, not much 

is known about the NANRAN-spelling relationship either because: a) it has been neglected 

altogether, b) only the colours or objects task was given, or c) a composite RAN measure was 

utilised. Some research links NANRAN to reading fluency and spelling across English and 

other alphabetic languages (e.g., Caravolas et al., 2012). Other studies suggest that NANRAN 

is not related to spelling (Donker et al., 2016; Moll et al., 2014; Savage et al., 2008). 

However, these studies have examined a broad age range and therefore, it is hard to establish 

the role of NANRAN to spelling at specific developmental stages and particularly in older 

children with relatively high levels of literacy.  

Recently, Donker et al. (2016) examined Dutch children and found that in Grades 1 

through 5 ANRAN correlated with reading efficiency and spelling but not mathematical 

ability, whereas NANRAN correlated with reading efficiency and mathematical ability but 

not spelling. These researchers argued that it is meaningful to include both types of RAN in 

studies and that NANRAN may require additional processes compared to ANRAN “as 

meaning has to be established first, followed by selection of the appropriate name code prior 

to phonological processing” (Donker et al., 2016; p. 85). This is of particular interest since in 
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order to spell a word accurately orthographic information may also be accessed through 

semantics. It could mean that NANRAN is related to spelling through the meaning of the 

word we are trying to write down. For example, the words ‘write’ and ‘right’ are both 

accurately spelled and also pronounced the same way (homophones). It is only when we 

know the context of the word that we can select the correct one to put on paper. 

In sum, ANRAN has been predominantly used in RAN studies whereas NANRAN 

has been comparatively neglected. Given research that supports the role of NANRAN in 

literacy, and the association of NANRAN with GOK (Loveall et al., 2013) more research 

involving both types of RAN in the same study is required to clarify the relationship of 

NANRAN to literacy and also to OK.  

 

OK mediating the RAN-literacy relationship 

It has also been suggested that the RAN–literacy relationship is mediated by the 

development of OK (Bowers, 1996; Bowers et al., 1999). More specifically, Bowers and 

Wolf (1993) suggested that slow ANRAN may affect the development of mental 

orthographic representations (i.e., MGRs) which are important in efficient word recognition. 

Furthermore, Roman et al. (2009) in a group of children in Grades 4, 6, and 8 found that the 

relationship between ANRAN and reading was fully mediated by MGR accuracy (i.e., 

orthographic choice). However, their results were difficult to interpret because: a) these 

relationships were examined in a mixed age group where year levels were not separately 

analysed, and b) NANRAN was not included at all.  

More recently, Georgiou, Aro, et al. (2016) examined Grade 4 children and after 

conducting path analysis indicated that in English, RAN (digits/colours composite) had a 

strong direct effect on reading fluency but not on spelling. Moreover, these researchers found 

that the RAN-reading fluency and the RAN-spelling relationships were mediated by 
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significant amounts of variance in GOK accuracy. However, they did not separate the 

contribution of each RAN type, and used only GOK accuracy as a measure of orthographic 

processing.  

 

SoP mediating the RAN-literacy relationship 

 The disparate results presented in previous accounts reviewed above led to another 

theoretical proposition regarding the RAN-literacy relationship: Rather than being causal in 

nature, the relationship between RAN and reading may be driven by a third “common cause” 

factor. As previously mentioned, Kail and his colleagues (e.g., Kail & Hall, 1994; Kail et al., 

1999) have argued that SoP may be an alternative explanation for the link between RAN and 

reading. They theorized that the RAN-reading link reflects a global developmental change in 

processing speed. This conflicts with Wagner & Torgesen's (1987) view that RAN is linked 

to phonological processing because they both tap into the speed of accessing phonological 

information from long-term memory and therefore, RAN may reflect automatic access to 

phonological representations. Kail and colleagues do acknowledge that lexical access is 

required for the task but argue that individual differences in performance are related to SoP 

rather than phonological processing. Hence, as information processing speed increases so 

reading develops. So, they have argued that the shared variance between rapid serial naming 

and reading ability could lie in this more global mechanism. Recent findings of significant 

relationships between measures of SoP and literacy (i.e., reading and spelling) are consistent 

with this suggestion (Leonard et al., 2011; Peter, Matsushita, & Raskind, 2011; Tiu, 

Thompson, & Lewis, 2003).  

Despite this line of research suggesting that RAN might be a product of a domain-

general SoP mechanism there is also evidence that SoP cannot be the only process underlying 

RAN. Indeed, Powell, et al. (2007) questioned the importance of SoP to RAN in Grades 3 
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and 4, when they reported that after SoP was controlled for, ANRAN still contributed 

significantly to reading accuracy. A more recent study with 8 to 10 year olds also revealed 

that slow ANRAN children showed a deficit in discriminating simple visual features that 

cannot be accounted for by a more general SoP deficit (Stainthorp, Stuart, Powell, Quinlan, & 

Garwood, 2010). Moreover, van den Bos, Zijlstra, and van den Broek (2003) examined three 

groups of children (8, 10, and 12 year olds) and demonstrated that the correlations of their 

SoP measures (Visual Matching of figures and numbers) with the RAN tasks were weak and 

on several occasions non-significant (especially for the group of 12 year olds). Additionally, 

these researchers found that the visual matching speed factor derived from a principal 

components analysis was shown to correlate significantly with one reading measure only, and 

only at the age of 12 (correlations were non-significant at the ages of 8 and 10). More 

recently, Poulsen, Juul, and Elbro (2015) in a mediational study with younger children 

(followed form preschool to Grade 1) were not able to include their SoP measure (Cross-out 

task) in the mediation analysis because although it did correlate with RAN, it did not 

correlate with reading.  

 

Commonly used SoP measures in RAN studies  

We summarised the SoP measures used in 27 RAN studies (see Appendix D) and 

found that Visual matching and Cross-out (Woodcock & Johnson, 1989; Woodcock, 

McGrew, & Mather, 2001) are the most commonly used processing speed measures in 

studies also examining RAN. In Visual Matching, participants match two numbers in a row 

whereas Cross-Out requires participants to rapidly scan a row of 19 drawings and mark the 

five that match a target drawing. Other popular measures are Choice Reaction Time tasks, 

Coding, and Symbol Search (SS: Wechsler Intelligence Scale for Children – 4th Edition; 

WISC-IV, Wechsler, 2003). Coding requires participants to copy symbols paired with 
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geometric shapes or numbers within a time limit. SS requires scanning a search group and 

marking the presence or absence of a target symbol(s) within a time limit. However, there are 

other SoP measures that have not been examined alongside RAN and literacy. The reason for 

the limited number of SoP measures used in RAN studies may be attributed to the lack of 

consensus regarding the definition and composition of SoP.  

 

SoP measures that have not been used in RAN studies 

Verbal speed, fluency, and efficiency: Semantic and phonemic verbal fluency. 

Previous research examined the relationship of verbal fluency (i.e., generating a list of items 

belonging to a specific category in one minute; see NEPSY: A Developmental 

NEuroPSYchological Assessment; Korkman, Kirk, & Kemp, 1998) to SoP (Carroll, 1993). 

Verbal fluency tasks require participants: a) to retrieve words from their mental lexicon; b) to 

focus on the task; c) to select words meeting certain constraints and d) to avoid repetition. 

Hence, these verbal fluency tasks can be used as an instrument of lexical access speed (Shao, 

Janse, Visser, & Meyer, 2014).  

There are two types of verbal fluency: a) phonemic (i.e., generating in one minute as 

many words that start with the letters S and F) and b) semantic (i.e., generating in one minute 

as many animals as possible and as many things one can eat or drink). However, although 

these tasks are similar their demands may vary. More specifically, the semantic verbal 

fluency (SVF) task resembles everyday production tasks, such as making a shopping list 

whereas for the phonemic verbal fluency (PVF) task words must be retrieved form a 

phonemic category which is not what we do in everyday speech production (i.e., participants 

suppress the activation of semantically or associatively related words and must resort to novel 

retrieval strategies). These tests not only differ in their semantic or phonemic contents, 
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respectively, but seem to engage distinct cognitive processes and brain circuits (Willcutt, 

Pennington, Olson, Chhabildas, & Hulslander, 2005).  

In regard to the RAN-verbal fluency association, recent research suggests that 

ANRAN may have phonological and orthographic lexical access components whereas 

NANRAN in addition to these may also have a semantic lexical access component (Donker et 

al., 2016). Hence, if the common ground between ANRAN and NANRAN is phonological 

and orthographic information, would semantic information differentiate ANRAN from 

NANRAN? If this is the case, we would expect ANRAN to be more strongly related to PVF 

whereas NANRAN to be more strongly related to SVF. This notion is consistent with the 

view that NANRAN may require additional conceptual processing compared to only 

phonological processing in ANRAN, as meaning has to be established first, followed by 

selection of the appropriate name code prior to phonological processing (Poulsen & Elbro, 

2013).  

Written speed, fluency, and efficiency: Handwriting copying speed (HWS). The 

Handwriting Speed Test (Wallen, Bonney, & Lennox, 2006) is considered a written fluency 

test and assesses children’s ability to see, remember, and reproduce a sentence containing all 

the letters of the alphabet. However, it does not assess neatness or ability to generate letters. 

Interestingly, Berninger, Nielsen, Abbott, Wijsman, and Raskind (2008) found that automatic 

letter naming and automatic letter writing loaded onto the same factor suggesting that these 

two constructs are related. Indeed, a recent study (Cheng-Lai, Li-Tsang, Chan, & Lo, 2013) 

reported that slow RAN children also had slow HWS as both these tasks require close 

maintenance of phonological and/or orthographic information of the target stimuli in the 

working memory system. Hence, we might also expect a link between RAN, HWS, and 

literacy.   
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Information processing speed with and without the demand of rapid responding. 

We still do not know whether RAN, which is after all a speeded measure, correlates with 

literacy simply because it taps into SoP that is also related to intelligence (i.e., Inspection 

Time: IT). Such a finding would be consistent with the well-established relationship between 

intelligence and literacy outcomes (Anderson, 2008). However, to our knowledge, the 

relationship has not yet been explored between RAN and IT.  

Inspection Time (Anderson, 1988) refers to the exposure duration required for a 

subject to reliably identify a simple stimulus and is suggested to be a more central measure of 

SoP linked to intelligence (e.g., Anderson, 1992). As Anderson (1992) suggests, this is 

because IT seems to be “the processing measure least affected by differences in strategic 

processes…” (p. 50). The stimulus in this task is a line-drawn alien with two antennae which 

will be either the same or different lengths (there are four variations: both antennae short, 

both antennae long, left antenna longer, right antenna longer). After presentation of the alien 

the child has to press one of the two buttons on a simple purpose-made box to indicate same 

or different length antennae.  

It seems important to ascertain whether RAN would be related to this more centrally 

located processing speed, especially because a) small to moderate relationships have been 

reported between RAN and simple and choice reaction time which could be argued to capture 

peripheral as well as central aspects of SoP, and which is reported to be less strongly related 

to general intelligence (Anderson, 1988; Davis & Anderson, 2001); and b) stronger 

relationships have been found quite often between RAN and measures of SoP which involve 

some sort of visual-motor speed (e.g., the Coding and SS Subtests from the Wechsler 

Intelligence Scale for Children – 4th Edition; WISC-IV, Wechsler, 2003) and therefore appear 

to involve more peripheral than central processing (e.g., Kail & Hall, 1994; Kail, et al., 1999; 

Peter et al., 2011).  
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Finally, Anderson’s (1988) choice Reaction Time (RT) task is similar to the IT task 

described above but includes the requirement for rapid responding. This computer-based task 

requires participants to press, as quickly as possible, one of the two buttons on a simple 

purpose-made box to indicate same or different length antennae.  

 

A possible explanation for inconsistent results 

We theorise that the inconsistent results regarding the role of SoP in the RAN-literacy 

relationship could be due to: a) the apparent confusion regarding the definition of SoP; b) the 

various tasks used to measure SoP; c) the likely construct validity issues related to these 

tasks; and d) the lack of a concurrent examination of various SoP tasks alongside RAN and 

literacy measures. Indeed, Cutting & Denckla (2001) had already flagged the value of teasing 

apart the constructs of SoP in a domain-specific fashion. To help make sense of the previous 

literature, we utilised a recent integrated model of speed, fluency, and efficiency (Miller, 

2013) that enabled us to “zoom in” on SoP in order to better explore the relationships 

between RAN, SoP, and literacy. 

The Cattell-Horn-Carroll (CHC) theory is a recent synthesis of the Cattell-Horn Gf-

Gc theory (Horn & Noll, 1997) and the Carroll three-stratum theory of cognitive abilities 

(Carroll, 1993, 1997). Miller (2013) integrated the CHC model of intelligence with his school 

neuropsychological model (SNP; Miller, 2007) by classifying speed, fluency, and efficiency 

of processing as a type of facilitator/inhibitor. Miller suggests that in order to evaluate the 

facilitating and inhibiting effects of SoP, the interplay between speed, efficiency, fluency, and 

accuracy must be considered. Miller also argues that SoP becomes more important when 

children have already learned how to do a task because then the speed with which they 

perform that task can be measured effectively.  
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Miller’s (2013) classification of SoP structure  

Miller (2013) reviews the definitions of SoP constructs and states that SoP may be 

best conceptualised as a broad construct containing specific abilities. He categorises the 

speed, fluency, and efficiency of processing facilitators/inhibitors into four second-order 

classifications (Table 3): a) Performance Fluency (i.e., the ability to perform simple 

repetitive tasks); b) Retrieval Fluency (i.e., how quickly information can be retrieved from 

long-term memory); c) Acquired Knowledge Fluency (i.e., the automaticity of academic skills 

including reading efficiency, word fluency, mathematical fluency); and d) Fluency and 

Accuracy (i.e., fluency as it relates to accuracy). Thus, Miller’s (2013) model (i.e., second-

order classification of speed, fluency and efficiency) reiterates Cutting & Denckla’s (2001) 

suggestion of teasing apart SoP bolstering the notion that it is important to concurrently 

assess a range of SoP measures in order to better understand the role of SoP in the RAN-

literacy relationship. Table 3 presents Miller’s second and third order classification of speed, 

fluency, and efficiency, and the categorisation of our SoP tasks according to his model. 

 

Incorporation of theoretical accounts  

If we take into account both Miller’s speed, fluency, and efficiency classification, and 

Perfetti’s (1992), Poulsen & Elbro’s (2013) and Wagner and Torgesen’s (1987) suggestions 

that RAN involves speed of lexical access to word-specific representations of phonological, 

semantic, and orthographic information, then a key question that stems from these claims is: 

Is RAN about speed per se or is it about speed of lexical access? Moreover, is there a 

difference in this regard between ANRAN and NANRAN? 
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Table 3 
 

  

Miller’s (2013) second and third order classification of SoP and categorisation of our tasks according to this model 
 
2nd and 3rd order classifications What does it measure? 

 
Speeded measures in this study 

Performance Fluency 
 

The ability to quickly perform, simple repetitive tasks  

Psychomotor Fluency A measure of psychomotor speed and movement time 
 

-Reaction Time (RT) 

Perceptual Fluency The ability to quickly distinguish similar but different visual patterns and maintain attention under timed conditions -Inspection Time (IT) 
-Symbol Search (SS) 

Figural Fluency 
 

The ability to connect dots with unique line patterns while following discrete rules  

Naming Fluency Naming common objects, colours, words, or letters as quickly as possible 
 

-RAN (ANRAN/NANRAN) 

Rate of Test Taking 
 

The perform of tests that are relatively easy or those that require very simple decisions -Symbol Search (SS) 
-Coding 

Oral Motor Fluency Require the repetition of words that are not really words but require the application of phonological rules 
 

 

Retrieval Fluency 
 

How quickly information can be retrieved from long-term memory   

Word Fluency 
 

Naming as many words within a time limit that starts with a specific letter -Phonemic Fluency (PVF) 

Semantic Fluency Naming as many words within a time limit that all fall in the same category 
 

-Semantic Fluency (SVF) 

Acquired Knowledge Fluency Relates to the automaticity of academic achievement  
 

 

Reading Fluency for Phonological 
Decoding 
 

Reading efficiently words/nonwords/sentences/passages -Reading efficiency 
 

Reading Fluency for Morphological 
Decoding 

Reading efficiently words to distinguish between common initial spelling patterns that do and do not serve as 
morphemes, or prefixes to a base word 
 

 

Writing Fluency 
 

Represents the automaticity of writing -Handwriting speed (HWS) 

Mathematics Fluency Represents the automaticity of completing math problems quickly and efficiently 
 

 

Fluency and accuracy Fluency as it relates to accuracy 
 

-MGR efficiency 
-GOK efficiency 
 



34 
 

In a recent review, Georgiou and Parilla (2013) highlighted the need to contrast the 

main RAN-reading theoretical accounts in the same study. They argued that “RAN is 

phonological but it is not only phonological; RAN is related to orthographic processing but it 

is not only orthographic processing; it is related to speed of processing, but it continues to 

predict reading after controlling for speed of processing” (p. 180). This point was reiterated 

by Georgiou, Aro et al. (2016) who noted that the few studies that actually have considered 

multiple pathways between RAN and reading have provided mixed findings. It also seems 

that very few studies have examined the RAN-spelling relationship while contrasting 

multiple theoretical accounts in the same study. Hence, concurrently examining all these 

constructs and measures in the same study and making sure we tease apart the different 

subtypes of each will give us a much clearer understanding of how RAN is related not only to 

reading but also to spelling.   

 

RAN – SoP (including OK efficiency) – literacy  

In the last fifteen years, only four studies have simultaneously examined RAN, SoP 

(including OK efficiency), and literacy (see Table 4 for summary) but none of them appear to 

have been grounded in any coherent conceptualisation of speed, fluency, and efficiency or 

even to have used a consistent definition of SoP. In addition, all the SoP measures used in 

these studies seem to capture only Performance Fluency and none of the other speed, fluency 

and efficiency measures suggested by Miller (2013). There is also variability in the age 

groups examined and the measures of RAN and OK included in these studies. Nevertheless, 

these studies suggest that: a) RAN is related to OK and SoP; b) there is need to develop purer 

and age appropriate measures of MGR and GOK; and c) some SoP measures are confounded 

with PA or GOK and point to the need to agree on the conceptualisation of SoP in order to 

get more comparable results between studies.  
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Table 4. 
Studies that examined RAN, SoP (including orthographic efficiency), and literacy 
 
Authors and Year Language Grades Children N RAN OK SoP IQ PA Reading Spelling 

 
            
Hagigliassis, Pratt, & 
Johnston (2006) 

English 3, 4, 5  
mixed 

Typically 
developing 

 
177 

Letters 
Digits 
Colours 
 

MGR accuracy 
MGR latency 
GOK accuracy 
GOK latency 

Cross-Out Yes Yes Accuracy 
Latency 

Accuracy  

Georgiou, Parrila, & 
Kirby (2009) 

English 3-5 
followed 

Typically 
developing 
 

 
75 to 60 

Letters 
Digits 

MGR accuracy 
MGR latency 
GOK accuracy 
GOK latency 
 

Kirby (2006)† 
Visual Matching 

Yes Yes Accuracy 
Efficiency 

No 

O’Brien, Wolf, Miller, 
Lovett, & Morris 
(2011) 
 

English 1,2,3  
mixed 

Reading 
disorder 

 
45 

Letters 
Digits 

MGR accuracy 
MGR efficiency 
GOK accuracy 
GOK efficiency 
 

Coding  
Symbol Search 

Yes Yes Accuracy 
Efficiency 

Accuracy 

Georgiou, Parrila, & 
Papadopoulos (2016) 

 
Greek 

 
4 

Typically 
developing 

 
208 

Digits 
Objects 

MGR accuracy 
MGR efficiency  
Combined 
MGR/GOK 
efficiency 

Visual Matching 
Symbol Search 

Yes Yes Efficiency No 

     
†This is an experimental SoP measure that required participants to quickly circle identical numbers or groups of numbers.  
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Hagiliassis et al. (2006) examined the factorial structure of various measures in 

Grades 2, 3, 4, and 5 to evaluate orthographic and phonological processing. They conducted 

separate factor analyses for accuracy and response-time variables and found that when they 

examined response-time variables, SoP (i.e., Cross-out) loaded onto the same factor as RAN 

(letters, digits, colours); whereas timed PA and OK measures loaded onto a separate factor. 

Moreover, nonword reading and irregular reading loaded onto a third factor. However, when 

they examined the accuracy variables, nonword reading, spelling, and word identification 

loaded onto the same factor as the PA measures; whereas irregular word reading and spelling 

loaded onto the same factor as the OK measures. Finally, nonverbal reasoning (NVR) loaded 

onto a separate factor. These researchers concluded that the OK measures used did not appear 

to be pure measures of MGR (i.e., orthographic verification and homophone verification) and 

GOK and that the GOK task (i.e., nonlexical choice) was confounded by PA.  

Later on, Georgiou et al. (2009) examined the same relationships in Grades 3 to 5 

including measures of MGR and GOK (accuracy and latency for each). They found that in 

Grade 5, ANRAN was not related to PA, but it was related to MGR accuracy and latency, 

GOK latency, and SoP. They also found that PA and orthographic processing could not fully 

account for the ANRAN-reading relationship. However, ANRAN (pause and articulation 

time) accounted for significant amounts of variance in reading fluency after controlling for 

IQ, SoP, PA, and MGR (accuracy and latency). They argued that future research needed to 

consider: a) a better measure of MGR for older children as in this study it had a ceiling effect 

and was not able to be used in subsequent analyses, and b) the inclusion of NANRAN.  

More recently, O’ Brien et al. (2011) found that in Grades 1 to 3 children with 

dyslexia there was a link between ANRAN (letters) and orthographic recognition efficiency 

(i.e., GOK efficiency). GOK efficiency was also related to reading efficiency for passages but 

not spelling performance. In regard to SoP, although ANRAN (letters) was correlated with 
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Coding it was not correlated with SS. They suggested that future research should look into 

developing a deeper understanding of the nature and development of OK and SoP.  

Lastly, Georgiou, Parrila, et al. (2016) contrasted the phonological, orthographic, and 

SoP accounts in Grade 4 Greek children using structural equation modelling (SEM) and 

multiple mediation. When they used accuracy measures for phonological processing and 

MGR neither of these measures mediated the RAN-reading fluency relationship. On the other 

hand, when they used speeded measures of phonological processing and MGR, MGR partly 

mediated the RAN-reading fluency relationship. They also found that the RAN-phonological 

processing and RAN- MGR relationships depended on whether SoP was included in the 

analyses and whether accuracy or speeded measures of phonological processing or MGR 

were used. However, these researchers did not have a measure of GOK and did not separate 

ANRAN and NANRAN in their analyses.   

Overall, the above studies did not investigate in depth the different categories of SoP 

tasks to decide which, if any, best predict reading and spelling ability. To our knowledge, no 

study has yet examined multiple constructs of SoP as classified by Miller’s (2013) model to 

clarify their mediating role in the RAN-reading and RAN-spelling relationships. 

 

SoP mediating the RAN-OK relationship  

In addition to this, the results of two studies have highlighted the possibility that there 

may be a stronger direct effect of RAN on OK than that of RAN on literacy and also a 

mediating effect of SoP in this relationship (Cutting & Denckla, 2001; Georgiou, Parrila, et 

al., 2016).  More specifically, Cutting & Denckla (2001) concluded that although their results 

did not find a direct effect of RAN on GOK accuracy, they did support the suggestion that 

SoP may be a “linking factor” between RAN and OK. In addition, Georgiou, Parrila, et al. 

(2016) concluded that SoP seems more important for the RAN-phonological processing and 
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RAN-orthographic processing relationships than for the RAN-reading relationship. Once 

again though, neither of these two studies investigated in depth the different categories of 

SoP to decide which type(s) best predict OK.  

 

Structure of thesis  

This thesis will address the problems outlined above by comprehensively examining 

the relationships between RAN, OK, SoP and literacy in an older group of children who 

would be expected to have well-developed literacy skills (i.e., accurate, fluent reading and 

proficient spelling). Of particular interest is the role of efficiency measures in the RAN-

literacy and RAN-OK relationships. Figure 1 presents a schematic representation of all the 

constructs and variables used for each construct as well as the control variables. In order to 

simplify the exploration of the above associations, each of the next 4 chapters (i.e., four 

studies) will feature a particular aspect of this investigation.   

The first study reported in Chapter 2 (see Figure 2) explores the relationships between 

RAN and OK as well as the mediating role of OK in the RAN-reading relationship in an 

older group of children while controlling for non-verbal reasoning (NVR) and PA. We are 

aware of only one study that has examined the role of both RAN types (ANRAN and 

NANRAN), reading (accuracy and efficiency) and OK (MGR and GOK; accuracy and 

efficiency/latency for each), all in the same study (Loveall et al., 2013). Additionally, these 

relationships have been primarily explored in either younger children or a mixed age group. 

This leaves us with unanswered questions since: a) it is well accepted that these skills do not 

completely develop until Upper Primary School, and b) examining mixed age groups does 

not allow for a comparison between younger and older children on those variables. Also, as 

discussed above, previous studies either have not included both types of RAN or they have 

included one only subtype of each RAN type (i.e., only RAN letters or RAN digits for 



39 
 

ANRAN and only RAN colours or RAN objects for NANRAN). This is also troubling, 

because these two types of RAN seem to differ in the amounts of conceptual processing they 

require. Moreover, most studies have examined reading accuracy but not reading efficiency, 

which is essential, especially when examining an older group of children. Furthermore, the 

measures of MGR and GOK commonly employed in the literature seem to be potentially 

confounded, and most studies have examined accuracy but not latency or efficiency for both. 

Finally, the lack of control for PA and NVR is also a disadvantage in previous studies 

exploring the links between RAN and reading. Correcting for all these potential pitfalls in the 

one investigation will help clarify the role of purer measures of OK in the RAN-reading 

relationship. 

The second study reported in Chapter 3 (see Figure 3) extends the above investigation  

by exploring the contribution of OK and RAN types to spelling as well as the mediating role 

of OK in the RAN-spelling relationship in the same group of Upper Primary school children 

while controlling for NVR and PA. Few studies have examined the role of OK in the RAN-

spelling relationship. This is surprising because: a) reading and spelling have been 

increasingly been recognised as interactive and symbiotic processes (Ehri, 2000; Coltheart & 

Prior, 2007; Moats, 2005/2006), and b) the little available evidence suggests the relationship 

between OK and spelling is stronger than the relationship between OK and reading. Hence, in 

this study we explore unanswered questions regarding the role of both RAN types (ANRAN 

and NANRAN), spelling, and OK (MGR and GOK; accuracy and efficiency for each) in the 

same study.   
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The third study reported in Chapter 4 (see Figure 4) goes one step further by 

exploring the relationships between RAN and a variety of speed, fluency, and efficiency 

measures suggested by Miller (2013). Hence, this study is a thorough investigation of the 

mediating role of SoP measures between RAN and reading and RAN and spelling. As 

discussed above, to our knowledge, only four studies have examined RAN, SoP (including 

OK efficiency) and reading and/or spelling in the same study, and they have left several 

important questions unanswered. In addition, these studies did not investigate in depth the 

different components of SoP to decide which types, if any, best predict reading and spelling 

ability. According to Miller’s model (2013), these studies explored only one out of four types 

of SoP, Performance Fluency. As far as we can discover, no study has yet examined multiple 

constructs of SoP (e.g., orthographic efficiency, verbal and written naming, and more 
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centrally located SoP measures) to clarify the RAN-reading and RAN-spelling relationships. 

Therefore, in this study we attempt to “zoom in” on SoP by mapping our SoP measures onto 

Miller’s (2013) speed, fluency, and efficiency model to clarify the role of these SoP measures 

in the RAN-reading and RAN-spelling relationship.  
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Figure 6. Overview of Chapter 5 – Study 4 
 

The fourth study reported in Chapter 5 (see Figure 6) follows up the suggestion from 

Cutting & Denckla (2001) and Georgiou, Aro, et al (2016) that SoP is more important for the 

RAN-orthographic processing and RAN-phonological processing relationships rather than for 

the RAN-literacy (i.e., reading/spelling) relationship. This last study is a thorough 

investigation of the mediating role of SoP measures (used in Study 3; see Chapter 4) in the 

RAN-OK relationship. To our knowledge, only the two studies outlined above have 

examined the role of SoP in the RAN-OK relationship. Once again, in this study we explored 

the role of various SoP measures by representing key constructs in Miller’s (2013) model to 
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attempt to clarify which aspects of speed, fluency, and efficiency may be mediating the RAN-

OK relationship.  

 It is important to note that a common statistical analysis, parallel multiple mediation 

using Hayes PROCESS approach (Hayes, 2013), was conducted for the above four studies 

(Chapters 2-5). This choice was informed by recent research in this area. As highlighted in 

Poulsen et al.’s (2015) study which examined the RAN-reading relationship, hierarchical 

multiple regression does not provide a test of whether the control variables explain significant 

parts of the covariance between RAN and reading, whereas multiple mediation analysis 

provides estimates of the amount of covariance between RAN and reading that is explained 

by control variables (along with the significance of each estimate). This type of analysis has 

been favoured as well by Georgiou, Aro, et al. (2016a) who also examined the RAN-literacy 

relationship. These researchers contended that through this analysis it is possible to break 

down the total effects of RAN on the outcome measure into direct and indirect effects. The 

direct effect of RAN is its influence on reading/spelling/OK after controlling for the effects of 

the mediators (OK/SoP). The indirect effect through a mediator is the product of the effect of 

RAN on the mediator and the direct effect of the mediator on the outcome measure 

(Georgiou, Aro, et al., 2016).  

With these points in mind, our four studies are innovative in that they differ from 

previous investigations by simultaneously including a broad set of potential mediators. The 

simultaneous inclusion of mediators is essential because of the possibility of interrelation 

between the proposed mediators (Poulsen et al., 2015). Finally, a recent paper comparing 

PROCESS versus structural equation modeling (Hayes, Montoya, & Rockwood, 2017) 

suggests that for observed variable models, the results from either these programs will be 

very similar if not identical, and that PROCESS is far easier to use than SEM. Moreover, 

SEM is more often used with very large samples.  
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In Chapter 6 the General Discussion summarises and integrates the results of the four 

studies in Chapters 2 to 5. This chapter also highlights the value of comprehensively 

“zooming in” on RAN, OK, SoP, and literacy to clarify the role of each. The general 

implications for theory and practice are discussed. A summary of the overall limitations of 

the thesis and suggestions for future research are also presented.  
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Abstract 

Previous studies provide mixed results when examining orthographic knowledge (OK), rapid 

automatised naming (RAN), and reading. This may be due to inconsistency found in the 

literature regarding the definition OK and the tasks used to measure this construct. To address 

these issues, this study investigates the contribution of RAN to OK and the mediating role of 

OK in the RAN-reading relationship in Upper Primary school children who would be 

expected to have well-developed literacy skills. In order to achieve this we examined two 

types of RAN (ANRAN: alphanumeric; NANRAN: nonalphanumeric), improved measures 

of OK (MGR: mental graphemic representations; GOK: generic orthographic knowledge; and 

accuracy, latency and efficiency measures for each) and reading efficiency and accuracy 

while controlling for nonverbal reasoning (NVR) and phonological awareness (PA). From 

our final sample of 169 Grade 6 children we found that: a) ANRAN contributed unique 

variance to MGR accuracy and MGR efficiency whereas NANRAN contributed unique 

variance to GOK efficiency; b) there was a shared contribution from ANRAN and NANRAN 

to MGR accuracy and MGR efficiency though this was occluded with ANRAN entered first 

into the models; and c) the relationship between both RAN types and reading efficiency was 

partially mediated through MGR efficiency, whereas the relationship between RAN types and 

reading accuracy was partially mediated by MGR accuracy. Our results highlight the 

importance of MGR (especially efficiency) in the RAN-reading relationship and also suggest 

that NANRAN is an important investigative tool when examining Upper Primary school 

students. Hence, when examining the above relationships in older children it is important to 

explore both types of RAN and OK (with accuracy and efficiency for each) as well as reading 

accuracy and efficiency as they may have implications for instruction and intervention.   
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Rapid automatized naming (RAN) is a well-known task that measures continuous 

naming speed for highly familiar visually-presented stimuli (Denckla & Rudel, 1976), and is 

commonly subdivided into alphanumeric RAN (ANRAN: naming digits and letters) and 

nonalphanumeric RAN (NANRAN: naming colours and objects). Slower RAN has been 

associated with poor reading (e.g., Denckla & Rudel, 1976; Wolf & Bowers, 1999) and 

performance on RAN has been found to account for unique variance over and above other 

predictors of reading such as phonological awareness (PA; Gillon, 2004), morphological 

awareness (e.g., Roman, Kirby, Parrila, Wade-Woolley, & Deacon, 2009), IQ (e.g., Lervåg, 

Bråten, & Hulme, 2009), speed of processing (e.g., Cutting & Denckla, 2001), letter 

knowledge (e.g., Kirby, Parrila, & Pfeiffer, 2003), short-term memory (e.g., Parrila, Kirby, & 

McQuarrie, 2004), and orthographic knowledge (OK; e.g., Georgiou, Parrila, Kirby, & 

Stephenson, 2008).  

Despite decades of research, however, there is still uncertainty about the mechanisms 

underlying the RAN-reading relationship. One of the problems is that ANRAN has been 

widely used in previous studies because it has been suggested “to better capture underlying 

processing abilities that are important for word reading and therefore should be preferred 

over non-alphanumeric ones whenever a prediction of reading ability is of interest” (Araújo, 

Reis, Petersson, & Faísca, 2015; p. 879). For this reason, the contribution of NANRAN is 

still poorly understood even though recent research strongly suggests that both types of RAN 

need to be examined simultaneously because NANRAN may require additional processes 

compared to ANRAN (Donker, Kroesbergen, Slot, Van Viersen, & De Bree, 2016).  

Moreover, RAN has been suggested to require a combination of processes such as 

attentional, perceptual, conceptual, memory, lexical (i.e., semantic and phonological access), 

and motoric functions (Wolf & Bowers, 1999). Hence, due to the multicomponent nature of 

RAN several theoretical accounts have been proposed in order to explain how and why RAN 
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is related to reading. Two major theoretical accounts suggest that RAN may be related to 

reading via: a) phonological processing or b) orthographic processing.   

This study will briefly review the phonological processing account but the focus of 

this investigation is on the orthographic processing account and its relationship to RAN and 

reading. In particular, we will explore the amount of variance that the two RAN types 

(ANRAN/NANRAN) contribute to OK (i.e., knowledge of the graphemic system of a given 

language to form, store and access orthographic representations; Stanovich & West, 1989). 

This study will also explore the mediating role of OK in the RAN-reading relationship in 

Grade 6 students who would be expected to have developed efficient reading skills.  

 

The phonological processing account and RAN 

One of the earliest bodies of research on phonological processing (i.e., the use of the 

sounds of a language to read and write; Wagner & Torgesen, 1987) defines phonological 

awareness (PA) as the awareness of the sounds of a language and RAN as phonological 

recoding (i.e., the use of letter-sound correspondence to retrieve the pronunciation of an 

unknown printed letter string) in lexical access (i.e., word access). Later studies by the same 

group of researchers (e.g., Torgesen, Wagner, Rashotte, Burgess, & Hecht, 1997; Wagner et 

al., 1997) suggest that RAN tasks measure the efficiency of access to, and retrieval of 

phonological information from long-term memory. Hence, they argue that RAN tasks are 

related to reading via phonological processing.  

But although the phonological processing account has been extensively researched, 

and although it is quite prominent it cannot fully explain the RAN-reading relationship. The 

reason for this is that, other research suggests that RAN and PA are key independent 

predictors of reading development (Compton, 2003; Georgiou et al., 2008; Kirby, Georgiou, 

Martinussen, & Parrila, 2010; Lervåg & Hulme, 2009; Norton & Wolf, 2012). Indeed, the 



67 
 

double-deficit hypothesis (Wolf & Bowers, 1999) suggests that children with dyslexia can 

perform poorly in both PA and RAN, or in only one of the two. This prediction has been 

validated by cross-linguistic studies reporting that PA and RAN account for significant 

amounts of unique variance in reading and spelling across multiple alphabetic and non-

alphabetic languages with varying orthographic regularity and transparency (e.g., Caravolas 

et al., 2012; Liao et al., 2015; Moll et al., 2014). Hence, other processes have been suggested 

to account for the RAN-reading relationship.  

 

“Zooming in” on the orthographic processing account and RAN 

 Over the last three decades, orthographic processing has also emerged as a central 

construct in literacy development. Orthographic processing refers to the ability to use OK.  

There is consensus that there are two types of OK: a) word-specific OK (mental graphemic 

representations: MGRs), and b) generic orthographic knowledge (GOK), which is not word-

specific (Apel, 2011). The orthographic processing account has been examined in several 

studies (e.g., Araújo, Faísca, Bramão, Petersson, & Reis, 2014; Bowers & Wolf, 1993; 

Georgiou et al., 2008; Georgiou, Aro, Liao, & Parrila, 2016; Georgiou, Parrila, & 

Papadopoulos, 2016; Hagiliassis, Pratt, & Johnston, 2006; Roman et al., 2009) but work on 

effectively measuring OK and quantifying its relationship to RAN and reading is less 

advanced.  

 Initially, Bowers and colleagues suggested that RAN relates to reading because it plays 

an important role in the development of orthographic processing (Bowers & Wolf, 1993; 

Bowers, Sunseth, & Golden, 1999; Sunseth & Bowers, 2002). More specifically, RAN has 

been suggested to be related to the efficiency of access to, and to the quality of orthographic 

representations. Bowers and Wolf (1993) hypothesised that slow ANRAN may impede the 

development of orthographic codes which are important in efficient word recognition. These 
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researchers also hypothesised that RAN tasks represent how easily and quickly one can 

access the names of digits and letters that have a significant effect on orthographic pattern 

knowledge (i.e., GOK), and subsequently on reading rate. Bowers, Sunseth, and Golden 

(1999) examined Grade 3 children and found that in comparison to their single phonological 

deficit group, a slow ANRAN group was proficient in word and nonword reading accuracy 

but their reading speed, as well as MGR and GOK (accuracy and efficiency), were impaired. 

These results suggest that if children are slow to name symbols (i.e., RAN) they are also 

slower to form orthographic representations of words (i.e., MGRs). Moreover, Sunseth and 

Bowers (2002) in the same age group found that children with slow ANRAN (digits) were 

overall slower and less accurate than children with no RAN deficit on different MGR and 

GOK tasks. It should be noted that in these initial studies: a) only younger children were 

examined; and b) NANRAN was either not included, or its contribution was not separated 

from ANRAN. Moreover, in order to fully understand the issues here, it seems essential to 

home in on the definition and measures of OK before moving on to review recent research 

examining the relationship of OK to RAN and literacy.  

Problems with the definition of OK. Although our understanding of the conceptual 

complexities surrounding OK has progressed over the last three decades there is still 

inconsistency in the literature about the terms used to describe it. In addition, even though 

there is increasing agreement that OK is a binary construct (e.g., Hagiliassis et al., 2006; 

Apel, 2011) consisting of a) word-specific OK (i.e., knowing how to spell specific words and 

units within these words; e.g., Barker, Torgesen, & Wagner, 1992; Conrad, Harris, & 

Williams, 2013), and b) generic OK (i.e., being aware of the characteristics of a written 

language such as which letters are allowed to follow other letters, legal letter combinations, 

and the frequency of letter positions; e.g., Conrad et al., 2013; Vellutino, Scanlon, & 

Tanzman, 1994), different terms have been used to describe these two proposed subtypes of 
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OK. Some researchers refer to them as lexical and sublexical OK (e.g., Deacon, Benere, & 

Castles, 2012), others as lexical and nonlexical OK (e.g., Loveall, Channell, Philips, & 

Conners, 2013), and finally others as mental graphemic representations and orthographic 

rules (e.g., Apel, 2011).  

In a recent tutorial, Apel (2011) noted that many researchers define OK as the stored 

mental representations of written words saved in long-term memory. However, this definition 

encompasses word-specific OK only. Hence, previous studies seem to have treated OK as a 

unitary construct when in fact, there are suggestions that it may not be unitary. Some of the 

terms that follow this definition of OK are: mental graphemic representations (e.g., Wolter, & 

Apel, 2010), mental orthographic images (e.g., Masterson, Apel, & Wasowicz, 2006), 

orthographic images (e.g., Ehri, 1980; Ehri & Wilce, 1982), orthographic representations 

(e.g., Moll & Landerl, 2009), word-specific OK (e.g., Bowers & Wolf, 1993), and stored 

orthographic representations (e.g., Stanovich & West, 1989). Consequently, Apel (2011) 

argues that many of these studies end up examining only a portion of OK (i.e., only word-

specific OK). 

For the purpose of this study we have used Apel’s (2011) formulation of the two types 

of OK. Apel suggests that words can be read or spelled by using OK in two ways: a) by 

accessing a mental representation in letters, that is a graphemic representation of previously 

stored word-specific knowledge of whole words or word parts (which we here refer to as 

mental graphemic representations: MGR), or b) by using orthographic rules that are not 

word-specific and guide how speech should be represented in writing (which we here refer to 

as generic OK: GOK) such as alphabetic knowledge, knowledge of legal and illegal 

combinations of letters, and knowledge of legal and illegal positioning of letters (i.e., 

orthotactic rules). At issue here is whether one or both of these types of OK mediate the 
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RAN-reading relationship in children who would be expected to have efficient literacy; if 

both, what are their relative contributions? 

Common MGR tasks and issues. A variety of MGR tasks have been used in the 

literature. Table 1 presents a summary of the most commonly employed MGR tasks, their 

requirements and disadvantages. The use of various MGR measures across studies not only 

makes it hard to compare results but also leads to questions regarding the purity of these 

measures.  

For example, Roman et al. (2009) and more recently Loveall et al. (2013) and Powell, 

Stainthorp, and Stuart (2014) assessed MGR using a task based on Olson, Forsberg, Wise and 

Rack’s (1994) seminal orthographic choice measure in which participants view a real word 

and its pesudohomophone, and make a speeded decision about which looks more like a real 

word. We would argue that there is an issue with the construct validity of this task. While 

decisions in this task are putatively made on the basis of MGR, examination of the specific 

pairs used in this task shows that GOK could also be used to perform it; and therefore that 

word-specific OK is not necessarily being accessed or not only word-specific OK at any rate. 

For example, in the pair “take-taik” the spelling in the correct word ‘take’ has a much higher 

probability of representing long /a/ + /k/ in the final position of a single syllable word in 

English (i.e., “ake”) than the spelling in the foil (i.e., “aik’). Hence, such stimuli may not 

fully differentiate between participants’ use of their MGRs compared to their recourse to 

GOK. Moreover, it has been suggested that this MGR task might also capture skilled word 

recognition (Castles & Nation, 2006).  

Similarly, Hagiliassis et al. (2006) used a homophone verification task which required 

participants to listen to a homonym and then listen to a sentence with the homonym 

embedded in it before deciding whether a homonym on the computer screen had the correct 

spelling. However, clearly this task may have introduced a semantic confound. Furthermore, 

as can be seen in Table 1, there are other MGR tasks that may be confounded by using 
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phonological strategy (e.g., see irregular word reading task in Castles & Coltheart, 1993) or a 

visual search strategy (e.g., see word chain task in Georgiou, Parrila, & Kirby, 2009).  

The goal of MGR tasks is to get participants to directly access their mental lexicon to 

identify or choose the correct word, and so retrieve the appropriate word-specific MGR 

without involving GOK. But we still do not have an MGR measure that ensures minimal 

overlap with GOK without also introducing other confounds. Here, we addressed these issues 

by carefully selecting item pairs for our MGR task that cannot be evaluated on the basis of 

GOK. We achieved this by using only irregular words as our target stimuli. This way, 

children had to go straight into their mental dictionary to retrieve the correct word without 

any recourse to GOK. (see Method section and Appendix B for more details). We measured 

latency/efficiency as well as accuracy (see Method section for details) as previous research 

suggests a stronger link between RAN and OK efficiency than between RAN and OK 

accuracy (e.g., O’Brien, Wolf, Miller, Lovett, & Morris, 2011) especially in older children 

who are expected to have advanced literacy skills. We also assure that the item pairs are age-

appropriate to avoid as much as possible the ceiling effects that have been problematic in 

some studies (e.g., Georgiou et al., 2009). 

Common GOK tasks and issues. Various tasks have also been used to measure 

GOK. Table 2 presents a summary of the most commonly employed tasks, their requirements 

and disadvantages. The wordlikeness or orthographic awareness or letter string tasks (e.g., 

Conrad et al., 2013; Siegel, Geva, & Share, 1992) require participants to choose which 

nonword or letter string from a pair looks more like a real word. However, Powell et al. 

(2014) reported that most of their Grade 5 and 6 participants were performing at ceiling in 

accuracy on a similar wordlikeness task adapted from Cassar and Treiman (1997). In 

addition, researchers suggest that these tasks also seem to be confounded by phonological 

skill (Conrad et al, 2013; Hagiliassis et al., 2006). To avoid this, Conrad et al. (2013) 

developed a wordlikeness task using four-letter nonword homophones (e.g., hool – hewl, tays 

- tayz). 
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Table 1.  
Summary of common MGR tasks 
 
MGR tasks employed References Task requirement Shortcomings 

 
Orthographic choice Olson, Forsberg, Wise, & 

Rack, 1994 
Children indicated which letter string out of a pair of phonologically similar 
letter strings was a real word (e.g., taik – take) 

Possible recourse to GOK 

Orthographic verification 
 
 

Manis, Szeszulski, Holt, & 
Graves, 1990 

Children listened to a word and then had to press a button (“yes” or “no”) to 
indicate whether the word presented on the screen had the correct or 
incorrect representation of what they heard  (e.g., woman – “yes”; streat – 
“no”) 

Possible recourse to GOK 

 Hagiliassis, Pratt, & Johnston, 
2006 

Children indicated by pressing a button (“yes” or “no”) whether items 
presented on the screen were spelled correctly or not  

Possible recourse to GOK 

Homonym/Homophone 
verification 

Hagiliassis, Pratt, & Johnston, 
2006; Manis, Szeszulski, Holt, 
& Graves, 1990 

Children listened to the experimenter read out a homonym (e.g., week) and 
then use it in a sentence (e.g., “Monday is the first day of the week”). They 
were then required to decide whether a homonym on the computer screen 
was the correct one (e.g., week/weak) 

Semantic confound 

Homophone choice Cunningham, Perry, & 
Stanovich, 200; Stanovich & 
West, 1989 

Children were asked a question (“Which is a part of the body?”) and then 
shown two phonologically similar but orthographically different words 
(e.g., feat-feet).  They then had to circle the word that was the correct one 
according to the question asked (e.g., feet) 
 

Semantic confound 

Word chain Georgiou, Parilla, & Kirby, 
2009 

Children were required to scan words in a continuous line without spaces 
between words and were then asked to identify the words and draw lines to 
indicate spaces between words 
 

Visual search confound 
Possible recourse to 
phonological strategy 

Irregular word reading  Castles & Coltheart, 1993 Children were asked to read irregular words viewed on cards (i.e., words 
that violate the grapheme-phoneme correspondence rules; e.g., meringue) 
 

Possible recourse to 
phonological strategy (see 
Hagiliassis et al., 2006) 
 

Irregular word spelling Manis, Custodio, & 
Szeszulski, 1993 

Children listened to a irregular word and then to a sentence with that word 
included and were asked to recall and spell the word  
 

Semantic confound  
Possible recourse to 
phonological strategy (see 
Hagiliassis et al., 2006) 
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Table 2. 
Summary of common GOK tasks 
 
GOK tasks employed References Task requirement Shortcomings 

 
Letter string choice Cunningham, Perry, & Stanovich, 2001 Children were asked to select which  nonword in 

a pair looks more like a real word 
 

Possible recourse to phonological 
strategy 

Wordlikeness  O’Brien, 2014 Children were asked to select which  nonword in 
a pair looks more like a real word 
 

Possible recourse to phonological 
strategy 

Orthographic awareness  Cassar & Treiman, 1997; Siegel, Share, 
& Geva, 1995 

Children were asked to select which  nonword in 
a pair looks more like a real word 
 

Possible recourse to phonological 
strategy 

Orthographic awareness of legal 
characters 

Ouelette & Senechal, 2008 Children were shown pairs of nonwords (either 
one of the pairs had a a number embedded in it 
e.g., KO6BT-KOUBT or one of the pairs had a 
repeated letter; e.g., FFFF - FOUG) and were 
asked which one looked best or which item their 
teacher would like to read the most.    
 

Not suitable for older children 
because of possible ceiling 
effects 

Orthographic awareness of permissible 
sequences 

Ouelette & Senechal, 2008 Children were shown pairs of nonwords (one 
nonword with a medial vowel and the other 
nonword without a vowel; e.g., gow-ghw) and 
were asked which one looked best or which item 
their teacher would like to read the most.    
 

Not suitable for older children 
because of possible ceiling 
effects 
 
 
  

Nonword reading Castles & Coltheart, 1993 Children were asked to read pronounceable 
nonwords of various levels of orthographic 
complexity viewed on cards 
 
 

Possible recourse to phonological 
strategy (see Hagiliassis et al., 
2006)                         
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Furthermore, there are other forced choice tasks that measure different orthographic 

conventions such as knowing that written words must contain a vowel (e.g., ghw-gow) and 

that words do not contain numbers (e.g., glide-g8i3e; Levy, Gong, Hessels, Evans, & Jared, 

2006; Ouelette & Senechal, 2008). However, these tasks would almost certainly be too easy 

for older children.  

Since we were examining an older group of Upper Primary school children we added 

nonword homophones to our GOK measure that not only minimise the risk of being 

confounded by phonological processing but also reliably tap into more advanced knowledge 

of orthographic patterns (see Method section and Appendix C for more details). In addition, 

in some studies the method of presentation for MGR and GOK tasks has varied across 

measures. This could have added further noise to the data when these tasks were compared. 

We presented both tasks in the same standardised format.  

Measurement of OK efficiency and age of children examined. A further problem 

with both MGR and GOK measures is that most studies have examined accuracy but not 

latency or efficiency of these OK types. The reason behind this trend could partly be 

attributed to the examination of very young children or mixed age groups. Research also 

suggests a stronger link between RAN and OK efficiency than between RAN and OK 

accuracy (e.g., Lovett, & Morris, 2011; O’Brien, Wolf, Miller). These strong relationships 

between RAN, OK efficiency, and reading efficiency should be most detectable in older 

children who are expected to be efficient readers because they have a greater existing 

vocabulary. In light of the above issues we now turn our attention to the literature examining 

the RAN-OK relationship.  

RAN and OK .Wolf, Bowers, and Biddle (2000) in a review of the literature suggest 

that children with slow RAN may have impaired orthographic representations (i.e., MGRs) 

and knowledge of orthographic patterns (i.e., GOK). Consistent with this, children with 
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slower ANRAN seem to benefit from orthographic pattern training (Conrad & Levy, 2011). 

Although there seems to be an association between RAN and both types of OK, the findings 

of previous studies seem to be mixed.  

Manis et al. (2000) in Grade 2 children found that ANRAN (letters) accounted for 

twice as much variance in OK (MGR and GOK accuracy) as the two measures of PA, 

suggesting that ANRAN is linked with the ability to recognize and store orthographic 

patterns. More recently, Powell et al. (2014) in an older group (10 and 11 year olds) found 

that children with slower ANRAN performance had poorer MGR accuracy (i.e., orthographic 

choice) and GOK efficiency tasks (i.e., wordlikeness) than controls matched for PA. 

Unfortunately, NANRAN was not explored in any of these studies.  

In further correlational studies, Compton et al. (2001) examined children with a 

reading deficit (8-18 year olds) and found that RAN (ANRAN/NANRAN composite) was 

significantly correlated with a composite MGR measure (.28 with MGR accuracy and .30 

with MGR efficiency). In addition, Georgiou et al. (2009) found that ANRAN was 

significantly correlated with MGR accuracy and efficiency in all three age groups examined 

(Grades 3, 4, and 5). In regard to GOK, these researchers found that in Grade 3 ANRAN was 

correlated with GOK accuracy but not efficiency, whereas in Grades 4 and 5 ANRAN was 

related to GOK efficiency but not accuracy. Furthermore, Hagiliassis et al. (2006) in a 

combined group of children in Grades 3, 4, and 5 found that ANRAN (letters) had the 

strongest relationship with MGR and GOK accuracy and efficiency measures (.27 to .40) 

while RAN types (letters, digits, and colours) had the strongest correlation with MGR 

accuracy (i.e., homophone verification). The above studies show an association between both 

RAN and OK types in younger and older children.  

Although much has been learned from these studies, it is not yet clear what might be 

the unique contribution of ANRAN and NANRAN to either or both subtypes of OK. In 
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addition, research suggests that older children progress from a greater reliance on 

phonological skills to a greater reliance on orthographic skills (Martin, Pratt, & Fraser, 2000; 

Share, 2008). For this reason, it would be of interest to explore these relationships in a group 

of Upper Primary school students who are expected to have progressed from using more 

phonological skills to more orthographic skills and are more efficient and skilled readers and 

spellers.   

OK mediating the RAN-reading relationship. Further support for older children’s 

greater reliance on orthographic rather than on phonological skills, is that the RAN-reading 

relationship is mediated by orthographic processing (e.g., Georgiou, Aro, et al., 2016; Roman 

et al., 2009). Indeed, Roman et al. (2009) in a group of children from Grades 4, 6, and 8 

found that the relationship between ANRAN and reading accuracy was exclusively mediated 

by MGR accuracy (i.e., orthographic choice). However, these relationships were examined in 

a mixed age group, NANRAN was not included, and reading efficiency was also not 

measured. Recently, Georgiou, Aro, et al. (2016) in a cross-linguistic study with Grade 4 

children found that in English only, GOK accuracy mediated the RAN (colour/digit 

composite)-reading fluency relationship. However, these researchers did not separate the 

contribution of each RAN type and used only GOK accuracy as a measure of orthographic 

processing. 

 RAN is not simply an index of orthographic processing. Notably, other research has 

shown that RAN is not simply an index of orthographic processing (e.g., Moll, Fusseneger, 

Willburger, & Landerl, 2009) and that it still accounts for unique variance in reading after 

controlling for orthographic processing (e.g., Georgiou et al., 2008). Cutting and Denckla 

(2001) used path analysis to examine the relationship between ANRAN and other variables 

that contribute to beginning word reading in Grades 1 to 3 and found that although ANRAN 

and OK (GOK accuracy) were significantly related, this relationship was due to the effects of 
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speed of processing. Furthermore, Conrad and Levy (2007) concluded that even though 

Grade 2 children with slow ANRAN have problems forming orthographic representations, 

this problem cannot be attributed to deficits in OK or insufficient processing time but could 

be more related to timing disruptions of different component skills linked to reading. Finally, 

in a German study, Moll et al. (2009) found that in a group of second, third, and fourth 

graders RAN (digits/objects composite) was still related to reading fluency after controlling 

for OK. However, their OK measure was a spelling dictation task based on a standardised 

spelling test (SLRT; Landerl, Wimmer, & Moser, 1997). Hence, we still do not have a clear 

picture of the distinctive role of each OK type in the RAN-reading relationship especially in 

children with advanced literacy skills. 

 Overall, though intriguing, these results leave several questions unanswered. First, the 

children examined were either young (early primary school years), or there was a mix of age 

groups, meaning that the nature of the relationship between RAN and OK in more developed 

readers is unknown. Second, the role of NANRAN has been neglected. Third, a variety of 

OK tasks with different confounds were employed or only one type of OK was examined 

making it difficult to compare results across studies.  

Recent studies simultaneously examining both types of RAN and both types of 

OK. Previously, Bowers (2001) suggested the necessity to distinguish between lexical (i.e., 

MGR) and sub-lexical (i.e., GOK) OK as they have been proposed to have a differential 

relationship with RAN types. Only one recent study has used Apel’s (2011) distinction of OK 

to investigate how MGR and GOK might differentially modulate the relationship between 

both RAN types and reading. Loveall et al. (2013) explored reading amongst Grade 2 and 3 

students and found that ANRAN was more strongly related to MGR accuracy and NANRAN 

(colours), than to GOK accuracy. However, although they did measure efficiency for MGR 

and GOK they only used raw scores (accuracy) in their analyses. Although the findings of 
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this study are intriguing, as this is the only study that has examined both RAN types and OK 

types simultaneously (in English), we still do not have a clear picture of the relationships 

between RAN, OK, and reading.  

 

Summing up the ambiguities in the literature 

Taken together, these findings suggest that differentiating between MGR-GOK and 

ANRAN-NANRAN may improve our understanding of the RAN-OK and RAN-OK-reading 

relationships. However, although the extant research has answered some important questions 

there are still gaps in our knowledge regarding the relationships between these variables. 

Some of this ambiguity stems from the variety of tasks used to measure OK types and also 

variations in whether task accuracy, efficiency, or both were assessed.   

In addition, lack of control for PA and IQ may also have contributed to mixed 

findings between studies. Controlling for PA is important to ensure that the effects of RAN 

on reading are not confounded by PA. Moreover, the failure to simultaneously examine both 

accuracy and efficiency measures of reading may have made it more difficult to compare 

results since RAN has commonly been found to be more strongly related to reading 

efficiency than accuracy (e.g., see Norton & Wolf, 2012). Also, the different age groups 

examined may provide mixed findings as there are suggestions that the relationship with 

RAN types and OK types changes as children grow older (see Loveall et al., 2013). Indeed, 

there is common agreement that during their primary schooling children shift from an initial 

reliance on phonological skills to a greater reliance on orthographic skills as they become 

older (Martin, Pratt, & Fraser, 2000; Share, 2008). Hence, studies with younger children may 

underestimate the role of OK in the RAN-reading relationship. A final source of ambiguity 

arises from use of varying RAN tasks, as there are suggestions the RAN-reading relationship 

varies with type of task and age (e.g., see Lervåg & Hulme, 2009).  
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Aims of the current study 

One of the aims of this study is to explore the amount of variance that the two RAN 

types contribute to OK (i.e., MGR and GOK). A further aim is to explore the mediating role 

of OK in the RAN-reading relationship. We examined all this in an Upper Primary school 

group of children (i.e., Grade 6 students aged 11 to 12 years) on the verge of entry to High 

School, where they would be expected to have developed efficient reading skills. 

To address these aims, we concurrently examined the relationships between both 

types of RAN, both types of OK (in terms of accuracy, latency, and efficiency), and reading 

accuracy and efficiency, while controlling for PA and NVR. Hence, this study explores 

predictions suggesting that any differential effect of ANRAN/NANRAN on reading accuracy 

or efficiency, or varying relationships between both of these factors and MGR or GOK, 

should be most obvious in older children who are likely to be skilled readers.  

 

Hypotheses 

a) RAN and OK: It has been suggested that RAN is capturing efficiency of access to or 

actual quality of MGRs (either of which could underpin increased reading efficiency; 

Bowers & Wolf, 1993). Hence, RAN should contribute significantly more variance to 

MGR than to GOK especially in older children and these effects should be more 

pronounced for MGR efficiency. 

b) RAN-OK-reading: The relationship between RAN and reading should be at least 

partly mediated by MGR efficiency, and this effect should be most strongly observed 

in the ANRAN- reading efficiency relationship. 
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Method 

Participants 

English speaking participants were recruited from two non-government and seven 

government primary schools in metropolitan Perth, Western Australia. The University of 

Western Australia Human Ethics Research Committee (RA/4/1/5246) approved this project. 

Initial contact was made with school principals inviting their school to participate. Written 

consent was obtained at each level with the parents/guardians of participating children also 

providing written consent for participation of their child. Participants (principals, 

parents/guardians and children) were free to withdraw at any time from the project without 

prejudice or the need to justify their decision. Convenience sampling was carried out. One 

hundred and seventy-eight Grade 6 students were initially tested. Nine students were 

excluded from the study because teachers reported that English was their second language. 

The final sample consisted of 169 students (77 females, 92 males) aged 10.75 – 12.42 years 

(M = 11.65 years; SD = .36 years). Participants were given an inexpensive reward for their 

participation (e.g., pencil sharpener). Further information about the final sample may be 

found in Table 3.  

 

Measures 

NVR. The Matrix Reasoning Subtest from the Wechsler Abbreviated Scale of 

Intelligence (WASI; Wechsler, 1999) measures NVR ability using pattern completion, 

classification, analogy and serial reasoning using 32 items. For each item, participants were 

required to examine a matrix with a section missing and asked to complete the matrix by 

choosing one of five response options. Reliability coefficients for children aged 6 to 16 years 

range from .86 to .96 with a mean of .92 (Wechsler, 1999).  
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PA. This was assessed using the Segmenting Nonwords and Phoneme Reversal 

Subtests from the Comprehensive Test of Phonological Processing (CTOPP; Wagner, 

Torgesen & Rashotte, 1999). The Segmenting Nonwords Subtest required participants to 

divide 20 nonwords into their constituent phonemes. The Phoneme Reversal Subtest required 

students to reverse the order of the phonemes in 18 nonsense words to derive real words. As 

these measures both require the use of meta-analytic PA (Gillon, 2004), and also involve 

nonsense words, we believed that they would be more discriminating among older children 

than the real word deletion and blending activities in the CTOPP core PA composite. An 

alternative composite PA score was created from these subtests. The split-half reliability for 

both Phoneme Reversal and Segmenting Nonwords in the age range of 8 to 17 is .79 (Wagner 

et al., 1999). 

 RAN. ANRAN was measured with the CTOPP Digits and Letters Subtests. NANRAN 

was assessed with the CTOPP Objects and Colours Subtests (Wagner et al., 1999). For each 

subtest, participants are asked to name as quickly as possible 36 items in a 4x9 array based on 

a set of six stimuli repeated six times at random (e.g., the digits 234578). The split-half 

reliability for the age range of 8 to 17 is .89 for RAN Colours, .93 for RAN Objects, .80 for 

RAN Digits and .72 for RAN Letters (Wagner et al., 1999). Raw naming times were 

converted to standard scores for each subtest, and then used to create ANRAN and NANRAN 

composite scores. The correlation between composite scores was r = .61 (p < .01).  

 Reading accuracy. Word recognition was assessed by the Word Identification (WID) 

Subtest of the Woodcock reading mastery tests–Revised/Normative Update (Woodcock, 

1998). Participants read aloud from a graded list of 106 words until they reached their ceiling 

level. Testing was discontinued if six consecutive items were missed. This subtest has 

reliability greater than .94 (Woodcock, 1998). 
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 Reading efficiency. Speed and accuracy of word recognition was measured by the 

Sight Word Efficiency (SWE) Subtest of the Test of Word Reading Efficiency (TOWRE; 

Torgesen, Wagner, & Rashotte, 1999). Participants read aloud as many real words as they 

could from a graded list of 104 words in 45 seconds. The split-half reliability for the age 

range of 10 to 18 is .84 (Torgesen et al., 1999).  

 

Experimental tasks 

 MGR task. To resolve the problems described above with the Olson et al. (1994) 

orthographic choice task and similar other MGR tasks, stimuli that could potentially be 

solved using GOK were replaced with items where this would be impossible. Twelve of the 

Olson word pairs were retained and 29 new pairs of words added from different sources 

(Castles & Coltheart, 1993; Clutterbuck, 2000; Hope, 2001; Westwood, 1999; Woodcock, 

1998). Word-pseudohomophone pairs were presented. Stimuli were deemed “irregular” if the 

word contained: a) at least one instance where the orthography failed to represent the spoken 

sounds of the word as per accepted English orthographic patterns (e.g., “answer” and 

“salmon”); b) an orthographic pattern which has a particularly low probability of occurring in 

English (e.g., “hearth” and “gauge”); or c) multiple irregularities (e.g., “meringue” and 

“choir”). Split-half reliabilities were .81 for accuracy, .91 for latency and .93 for efficiency 

scores (percent correct/latency). Mean response times were calculated using reaction times 

that were associated with a correct response.  

 GOK task. The task consisted of 39 pairs of nonwords similar to those of Loveall et al. 

(2013) and Powell et al. (2014). In each pair, one of the nonsense words contained a plausible 

English orthographic pattern (e.g., “phim”) and a pseudohomophone foil that included an 

improbable English spelling (e.g., an orthographic pattern that violated positional constraints 

such as “ffim”). We also included nonwords that would be expected to tap into more complex 



83 

OK (e.g., morphemic information such as “impliction” paired with the foil “implikshen”). 

Split-half reliabilities were .69 for accuracy, .91 for latency and .86 for efficiency scores 

(defined as accuracy/latency). Once again, mean response times were calculated using 

reaction times that were associated with a correct response. 

 

Procedure for MGR and GOK tasks  

 Both tasks were delivered in a standardised format: Participants were presented with a 

randomly-chosen (without replacement) pair of black-coloured stimuli (Arial, 22 pt font), 

with one item on either side of a central fixation. Items were presented against a white 

background. In both tasks, participants were asked to indicate the side of the display that 

contained the item that “looked more like a real word” as quickly and accurately as possible 

by pressing a button on a response box. No feedback was given and there was no time limit to 

complete the tasks. A laptop computer running custom-programmed software in MATLAB 

presented stimuli and recorded response accuracy and latency. Participants completed 

practice trials prior to beginning the main tasks.  

 

General procedure 

 Data reported here were collected as part of a larger battery administered to each 

participant in one session lasting approximately 75 minutes with appropriate breaks. The 

tasks were administered in the same order to all participants (reading accuracy, reading 

efficiency, RAN, PA, MGR, GOK, NVR) interspersed amongst other tasks in the larger 

battery. All tasks were administered individually by the first author in a quiet room at the 

children’s school. Age-based norms were used for standardised tests. All students completed 

all tasks.  
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Results 

Sample description and correlations 

  Means, standard deviations and intercorrelations for each measure are shown in Table 

3. Since GOK latency did not correlate with reading and the variables of main interest were 

the efficiency variables we excluded both GOK and MGR latency from further analyses. 

Instead, we used GOK efficiency alongside MGR efficiency as speeded measures of OK. 

Neither type of RAN was correlated with PA which could be attributed to the use of meta-

analytic measures of PA (i.e., PA measures that are more discriminating among older 

children).  

 In order to test for potential differences between dependent correlations with one 

common variable we used an online calculator (Lee & Preacher, September 2013). ANRAN 

and PA were significantly correlated with reading efficiency but the difference between these 

correlations was significant (z = 3.96, p = .01). Similarly, NANRAN and PA were 

significantly correlated with reading efficiency and the difference between these correlations 

was also significant (z = 2.04, p = .02). Hence, RAN was more strongly related to reading 

efficiency than was PA. Furthermore, both types of RAN were correlated with reading 

accuracy but the difference between the correlations was significant (i.e., ANRAN was more 

strongly related to reading accuracy than NANRAN; z = 2.14, p = .02). Both ANRAN and 

PA were correlated with reading accuracy but the difference between the correlations was 

also significant (i.e., PA was more strongly related to reading accuracy that ANRAN; z = -

.264, p = .004). Finally, ANRAN and NANRAN were significantly correlated with MGR 

accuracy and MGR efficiency but the difference between these correlations was not 

significant. On the other hand, RAN types were not correlated with GOK accuracy and there 

was only a weak correlation between NANRAN and GOK efficiency.
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Table 3 

Intercorrelations of variables and descriptive statistics 

 
Measure Age WID SWE ANRAN NANRAN PA NVR MGRa MGRl MGRef GOKa GOKl GOKef 
              
Age  1             

WID .00 1            

SWE .05 .56‡ 1           

ANRAN -.01 .33‡ .66‡ 1          

NANRAN .01 .19† .52‡ .61‡ 1         

PA .03 .56‡ .34‡ .09 .10 1        

NVR -.08 .33‡ .20‡ .04 .14 .34‡ 1       

MGRa .08 .65‡ .47‡ .29‡ .22‡ .36‡ .30‡ 1      

MGRl .04 -.27‡ -.38‡ -.26‡ -.26‡ -.14 -.08 -.27‡ 1     

MGRef .02 .49‡ .52‡ .35‡ .30‡ .23‡ .18† .60‡ -.89‡ 1    

GOKa .02 .28‡ .19† .08 .08 .29‡ .28‡ .39‡ .08 .07 1   

GOKl -.01 .04 -.14 -.08 -.16† .07 .16† .07 .52‡ -.37‡ .16† 1  

GOKef .01 .09 .23‡ .12 .21‡ .05 -.08 .08 -.50‡ .43‡ .18† -.88‡ 1 

              
MEAN 11.65 104.59 106.98 96.95 92.40 102.93 11.10 .90 1.18 .80 .83 1.42 .63 

SD .36 10.39 11.55 13.93 13.60 22.96 2.33 .08 .26 .20 .09 .43 .17 

Note: Age in years; WID: Word identification; SWE: sight word efficiency; ANRAN: alphanumeric RAN; NANRAN: nonalphanumeric RAN; PA: phonological awareness; NVR: nonverbal 

reasoning; GOKa, GOKl, GOKef: GOK accuracy, latency, efficiency; MGRa, MGRl, MGRef: MGR accuracy, latency, efficiency; Accuracy: proportion correct; Latency: median correct 

latency; Efficiency: accuracy/latency; WID, SWE, ANRAN, NANRAN, PA: standard scores, mean = 100, SD = 15; NVR: standard test, Mean = 10; SD = 3; ‡p < .01, † p < .05                               
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Hierarchical multiple regression analyses 

 Before interpreting the results of the regressions, a number of assumptions were tested 

and checks performed. Our sample size produces a reasonable ratio of cases to predictors 

(Tabachnick & Fidell, 2013). We detected eight univariate outliers across our variables which 

were more than 3.29 standard deviations from the mean. These outliers were winsorised by 

substituting them with the next highest score which was not an outlier (Field, 2013). As 

expected, MGR accuracy and GOK accuracy were slightly negatively skewed but the 

standardised residuals had a mean of 0 and a standard deviation of 1. In addition, inspection 

of the histograms suggested there was a reasonable range of scores in MGR accuracy (.320) 

and less skew but a broader range of scores in GOK accuracy (.436). Overall, inspection of 

the normal probability plot and scatterplot of standardised residuals against standardised 

predicted values indicated that the assumptions of normality, linearity and homoscedasticity 

were met. No multivariate outliers were found. Relatively high tolerances for all the 

predictors in the final regression models indicated that multicollinearity did not interfere with 

our data interpretation. In all analyses we controlled for NVR and PA, by entering these 

variables into the model first.  Finally, we adjusted for age on our four variables that were not 

age normed (i.e., MGR accuracy, MGR efficiency, GOK accuracy, GOK efficiency) by 

running regression analyses with Age as the DV and the raw score variable as the IV. We 

then ran more regression analyses with the residuals as the IV. The overall models were not 

significant; hence, we were able to use the raw scores for further analyses.  

 Predicting reading efficiency and accuracy from RAN and OK (see Appendix E).  

Although examining the contribution of reading to RAN and OK was not an aim of this study, 

we do think it important to mention the main findings: As suggested by previous studies, 

ANRAN contributed the most amount of variance to reading efficiency after controlling for 

NVR and PA (40%) but this contribution was split with NANRAN when it was entered first 
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into the model (NANRAN: 24% and ANRAN: 18%) suggesting a shared contribution from 

both which is occluded when ANRAN is entered first. When predicting reading accuracy, 

MGR accuracy contributed the most variance (21%) after controlling for NVR and PA.   

Predicting MGR and GOK from RAN (see Table 4). Our first prediction was that 

RAN should contribute more variance to MGR than GOK in an older group of children and 

that these effects would be more pronounced for MGR efficiency. Indeed, ANRAN 

contributed significantly to MGR accuracy (4% - 7%; p < .01; whether it was entered before 

or after NANRAN) and efficiency (4% - 11%; p < .01; whether it was entered before or after 

NANRAN). But NANRAN contributed significantly to MGR accuracy and MGR efficiency 

only if it was entered into the model before ANRAN (3% and 7% respectively). Furthermore, 

only NANRAN contributed significantly to GOK efficiency (3% - 5%; p < .01; whether it 

was entered before or after ANRAN). However, neither type of RAN accounted for 

significant variance in GOK accuracy.  

 

Table 4 

Predicting MGR and GOK from ANRAN and NANRAN 

 

Predicting MGR Accuracy Efficiency Predicting GOK Accuracy Efficiency 

 ΔR² β ΔR² Β  ΔR² β ΔR² β 

 

Model A 

 

     

Model A 

    

Step 1: NVR 

 

    .09‡ .20   .03† .09 Step 1: NVR     .08‡ .21       .01 -.13 

Step 2: PA 

 

    .07‡ .26    .03† .16 Step 2: PA     .04‡ .21 .01 .08 

Step 3: ANRAN 

 

    .07‡ .24     .11‡ .26 Step 3: ANRAN .00 .05 .01 -.03 

Step 4: NANRAN 

 

  .00 .02   .01 .11 Step 4: NANRAN .00 .00   .03† .24 

Model B 

 

    Model B     

Step 3: NANRAN 

 

.03† .02     .07‡ .11 Step 3: NANRAN .00 .00   .05‡ .24 

Step 4: ANRAN  .04‡ .24     .04‡ .26 Step 4: ANRAN .00 .05 .00 -.03 

 

Note: β, full model betas; ‡p < .01;  †p < .05 
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Parallel multiple mediation analyses (see Figures 1-4 and Table 5) 

In order to explore our second prediction regarding the mediating role of OK in the 

RAN-reading relationship, four parallel, multiple mediation analyses were conducted 

according to the specifications set out by Hayes’ (2013) PROCESS approach. Prior to 

conducting the parallel multiple mediations, we transformed the variables to z-scores to 

facilitate comparisons of the contribution of the independent variables to reading. For each 

model we included NVR and PA as covariates (see Table 6 for covariate coefficients for all 

models). Since we evaluated four parallel multiple mediation models we used the multi-stage 

Bonferroni t proposed by Holm (1979) to account for multiple comparisons (i.e., p < .05 for 

the first mediation model, p < .025 for the second,  p < .0177 for the third, and p < .0125 for 

the fourth). 

Figures 1 to 4 present the coefficients for paths a and b for each potential mediator as 

well as paths c and c' (significant pathways are bolded). Table 5 presents the total and direct 

effects of RAN on reading as well as the total indirect effect and individual indirect effects of 

the mediators. The confidence intervals (CIs) were computed with a bootstrapping technique 

with 5,000 resamples using Preacher and Hayes’ (2008) SPSS macro. The CIs are used as a 

test of whether an indirect effect differs from zero (i.e., whether inclusion of a proposed 

mediator significantly reduces the effect of RAN on reading).  

Model A: ANRAN-OK-Reading efficiency. After controlling for NVR and PA, the 

total effect of ANRAN on reading efficiency (i.e., without taking into account the mediators) 

was significant (path c = .634, p = .000; F(3, 165) = 59.89, p < .01; R² = .52). After adjusting 

for the indirect effects of the mediators, the direct effect of ANRAN on reading efficiency 

(i.e., when taking into account the mediators) decreased but was still significant implying a 

partial mediation (path c' = .538, p = .000; F(7, 161) = 33.43, p < .01; R² = .59). MGR 

efficiency was the only significant mediator of the effect of ANRAN on reading efficiency.  
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Table 6 

    

Covariate coefficients for total and direct effect models 
     
Models Model A Model B Model C Model D 
     
Total Effect     

NVR .089 .038 .150† .138† 
PA .250‡ .276‡ .485‡ .502‡ 

     
Direct effect     

NVR .051 -.018 .056 .046 
PA .181‡ .180‡ .366‡ .365‡ 

     
Note. ‡ p < .01; † p < .05 

Table 5 
Total, direct, and indirect effects of RAN on reading 
 

 Reading Efficiency Reading Accuracy 
   

Effects of ANRAN Point 
estimate 

95% BCa CI Point 
estimate 

95% BCa CI 

     
Total effect of ANRAN on reading .634  .276  

Direct effect of ANRAN on reading .538  .140  

Total indirect effect .097 .050 to .163 .136 .069 to .210 

Indirect effect of MGR accuracy .032 -.001 to .086 .101 .047 to .172 

Indirect effect of MGR efficiency .056 .006 to .129 .039 -.016 to .099 

Indirect effect of GOK accuracy .001 -.008 to .015 -.000 -.016 to .008 

Indirect effect of GOK efficiency .001 -.004 to .041 -.003 -.033 to .010 

     

Effects of NANRAN Point 
estimate 

95% BCa CI Point 
estimate 

95% BCa CI 

     
Total effect of NANRAN on reading .490  .124  

Direct effect of NANRAN on reading .390  .019  

Total indirect effect .100 .044 to .183 .105 .027 to .200 

Indirect effect of MGR accuracy .026 -.000 to .081 .070 .017 to .151 

Indirect effect of MGR efficiency .071 .022 to .159 .043 .001 to .111 

Indirect effect of GOK accuracy .001 -.006 to .024 .000 -.013 to .012 

Indirect effect of GOK efficiency .001 -.033 to .034 -.001 -.047 to .019 

     

Note: Indirect effects with confidence intervals that do not include zero are significant at the .05 level (see bold) 
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Figure 1. Model A: Parallel multiple mediation analysis exploring the mediating role of OK types 
in the ANRAN-reading efficiency relationship; ‡ p < .01, † p < .05; Significant mediators in bold. 
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Figure 2. Model B: Parallel multiple mediation analysis exploring the mediating role of OK types 
in the NANRAN-reading efficiency relationship; ‡ p < .01, † p < .05; Significant mediators in bold. 
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Model B: NANRAN-OK-Reading efficiency.  After controlling for NVR and PA, 

the total effect of NANRAN on reading efficiency was significant (path c = .490, p = .000; 

F(3, 165) = 30.53, p < .01; R² = .36). After adjusting for the indirect effects of the mediators, 

the direct effect of NANRAN on reading efficiency decreased but was still significant 

implying a partial mediation (path c' = .390, p = .000; F(7, 161) = 20.96, p < .01; R² = .48).  

MGR efficiency was the only significant mediator of the effect of NANRAN on reading 

efficiency. 

Model C: ANRAN-OK-Reading accuracy. After controlling for NVR and PA, the 

total effect of ANRAN on reading accuracy was significant (path c = .276, p = .000; F(3, 165) 

= 38.43, p < .01; R² = .41). After adjusting for the indirect effects of the mediators, the direct 

effect of ANRAN on reading accuracy decreased but was still significant implying a partial 

mediation (path c' = .140, p = .012; F(7, 161) = 33.43, p < .01; R² = .58). MGR accuracy was 

the only significant mediator of the effect of ANRAN on reading accuracy.  

Model D: NANRAN-OK-Reading accuracy. After controlling for nonverbal 

fluency and PA, the total effect of NANRAN on reading accuracy was nonsignificant (path c 

= .124, p = .052; F(3, 165) = 29.73, p < .01; R² = .35). After adjusting for the indirect effects 

of the mediators, the direct effect of NANRAN on reading accuracy decreased and was also 

nonsignificant (path c' = .019, p = .734; F(7, 161) = 20.96, p < .01; R² = .56). Although there 

was no mediation there was an indirect effect of MGR accuracy (indirect effect = .070, 95% 

CI: .065 to .151) and there was almost an indirect effect of MGR efficiency (i.e., indirect 

effect = .043, 95% CI: .001 to .111 but path b₂ = .157, p = .053, marginally significant).  

In summary, with reading efficiency as the outcome variable, only MGR efficiency 

was a significant partial mediator of the effect of both types of RAN on reading efficiency. 

With reading accuracy as the outcome variable, MGR accuracy was a partial mediator of the 

ANRAN–reading accuracy relationship and had an indirect effect on the NANRAN–reading 

accuracy relationship. 
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Figure 3. Model C: Parallel multiple mediation analysis exploring the mediating role of OK types 
in the ANRAN-reading accuracy relationship; ‡ p < .01, † p < .05; Significant mediators in bold.  
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Figure 4. Model D: Parallel multiple mediation analysis exploring the mediating role of OK types 
in the NANRAN-reading accuracy relationship; ‡ p < .01, † p < .05; No mediation, only indirect 
effect of MGR accuracy (see bold).  
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Discussion 

The present study explored: a) the amount of variance RAN accounts for in our 

improved OK measures, and b) the mediating role of OK in the RAN-reading relationship in 

an older group of children who might be expected to be accurate and fluent readers, while 

controlling for NVR and PA. Our results confirmed our hypotheses and extended previous 

findings.  

 

Validation of measurement of OK types and multidimensionality of OK 

Our data support very strongly the suggestion by Apel (2011) and other researchers 

(Deacon et al., 2012; Loveall et al., 2013) that there are two subtypes of OK. Indeed, we 

believe we found a much clearer differentiation between the two types of OK in older, more 

experienced readers because we refined the MGR and GOK tasks, by ensuring that there is 

minimal overlap (i.e., shared contribution) between them. We achieved this by choosing only 

irregular words for the MGR task and avoiding any semantic or phonological confounds 

found in previous tasks of OK, assuring the task could only be completed by accessing word-

specific representations.  

 

RAN and OK 

Firstly, we examined the relationship of RAN types to OK types and, in line with our 

hypotheses, found that ANRAN contributed unique variance to both MGR accuracy and 

efficiency. However, this contribution was split between ANRAN and NANRAN when 

NANRAN was entered in the model before ANRAN (similar results were found when 

predicting reading efficiency from RAN). Finally, NANRAN but not ANRAN contributed 

unique variance to GOK efficiency whereas neither type of RAN contributed unique variance 

to GOK accuracy.  
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Our results are mostly in line with previous suggestions that ANRAN is related to 

MGR accuracy and efficiency but seem to differ in relation to the contribution of ANRAN to 

GOK.  For example, Bowers et al. (1999) found that Grade 3 children with slow ANRAN had 

impaired MGR and GOK accuracy and efficiency. Moreover, Georgiou et al. (2009) found 

that regarding MGR, for all Grades examined (3, 4, and 5) ANRAN was related to both MGR 

accuracy and efficiency. Regarding GOK, only in Grade 3 was ANRAN related to GOK 

accuracy and only in Grades 4 and 5 was it related to GOK efficiency. In addition to this, 

Powell et al. (2014) found that 10 to 11 year olds with slower ANRAN performance had 

poorer MGR accuracy and GOK efficiency than controls matched for PA. However, in our 

results ANRAN was not associated with either GOK accuracy or GOK efficiency.  

All these findings considered together suggest that in earlier stages of reading 

development ANRAN is related to both MGR accuracy and efficiency and GOK accuracy 

and efficiency (e.g., Bowers et al., 1999). We speculate that our results may imply that as 

children progress in reading development ANRAN is mainly related to MGR (especially 

efficiency) but not as much to GOK especially in children that are over 11 years old. This is 

consistent with Wolf and Bowers’ (1999) hypothesis that ANRAN relates more strongly to 

MGR than GOK and Loveall et al.’s (2013) suggestion that ANRAN and MGR become 

automatic as children age. Finally, we speculate that the shared contribution of the two types 

of RAN when predicting MGR suggests that ANRAN may have to do with the access to the 

orthographic representation (i.e., lexical access for well-learned information, e.g., MGRs) as 

well as some kind of raw speed component, whereas NANRAN may be capturing the raw 

speed only. More research of course is required to confirm this suggestion. 

Our finding that NANRAN only contributed a small amount of variance to GOK 

efficiency but not GOK accuracy partly conflicts with results from the only study that has 

explored the unique and separate contributions of ANRAN and NANRAN to MGR and GOK. 



95 

Loveall et al. (2013) examined children in Grade 2 and 3 and found that ANRAN contributed 

more unique variance to MGR accuracy whereas NANRAN contributed more unique 

variance to GOK accuracy. Consistent with Loveall et al. (2013), in our group of older 

children we found that ANRAN also contributed unique variance to MGR than to GOK 

accuracy; however, we also found that neither RAN type was associated with GOK accuracy. 

Instead, there was only a small contribution of NANRAN to GOK efficiency.  

Loveall et al. (2013) suggest that NANRAN and GOK are related because they are 

not as automatised as ANRAN and MGR. Hence, a likely explanation for the small unique 

contribution of NANRAN to GOK efficiency in our older group of children may be that 

GOK efficiency is associated with efficient retrieval of the more advanced orthographic 

patterns necessary to build up the MGRs of unfamiliar words. Donker et al. (2016) have 

suggested that NANRAN involves recognising the representation of a colour or object (i.e., 

use of semantics) and then rapid access to the mental lexicon to retrieve the appropriate name 

for it, suggesting that additional processes are required for NANRAN. These researchers also 

suggest that ANRAN involves overlearned (or learned by rote) and automatised stimuli 

whereas NANRAN poses higher demands. Our data seem to point to a link between 

NANRAN and efficiency of processing rather than additional processing which can then 

become more automatised. Nonetheless, our data also suggest that as reading skills develop 

with age, having strong ANRAN or better still being strong in both RAN types, may facilitate 

efficient development and/or use of MGRs promoting the move from reliance on GOK to 

predominant use of MGRs. Indeed, in our data we also noticed a shared contribution of the 

two RAN types when predicting reading efficiency (see Appendix E). Our results highlight 

the importance of concurrently examining ANRAN and NANRAN when exploring their 

relationship to OK types. These results also call for further research that: a) explores these 

relationships by comparing children at different developmental stages, and b) reviews the 
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definition and tasks used to measure MGR and GOK in order to be able to effectively 

compare studies.   

 

The mediating role of OK in the RAN-reading relationship 

Secondly, we explored which type(s) of OK may mediate the relationship between 

RAN and reading and, consistent with our prediction, found that MGR efficiency was the 

only partial mediator of both the ANRAN-reading efficiency and NANRAN-reading 

efficiency relationships. Also, MGR accuracy partly mediated the relationship between 

ANRAN and reading accuracy and although MGR accuracy did not mediate the NANRAN-

reading accuracy relationship (paths c and c' were not significant) there was an indirect effect 

(ab path significant).   

Comparing our results with previous findings is challenging because studies 

examining the mediating role of OK to the RAN-reading relationship are scarce and in these 

studies there is inconsistent use of RAN, OK, and reading types. For example, we found that 

MGR accuracy only partly mediated the ANRAN-reading accuracy association. However, 

Roman et al. (2009) examined the influence of PA, ANRAN, morphological awareness, and 

MGR accuracy on reading in children in Grades 4, 6, and 8 and reported that although PA, 

morphological awareness and MGR accuracy were significantly related to reading accuracy, 

ANRAN was linked only through MGR accuracy to reading accuracy. However, these 

researchers did not examine MGR efficiency (although they did measure it) or any measure 

of GOK; they also did not measure NANRAN or reading efficiency. Moreover, the inclusion 

of three different age groups is problematic because a substantial amount of developmental 

change in the cognitive processes that underpin literacy would be expected during the years 

spanned by these age groups. For example, children in Grade 4 would not have fully 
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developed their reading efficiency whereas in Grade 8 students these skills would be 

expected to be well automatised and fluent.  

Further, although Georgiou, Aro, et al. (2016) in a cross-linguistic study found that 

only orthographic processing mediated the RAN – reading fluency relationship in English, 

this was not the case in Chinese and Finnish. These researchers used a combined measure of 

RAN (colours/digits composite) and only measured GOK accuracy. Therefore, the findings 

of the two studies are not directly comparable. By contrast, in our thorough investigation, we 

examined both types of RAN, both types of OK (with accuracy and efficiency for each) and 

reading efficiency as well as accuracy. In this more comprehensive setting, by using our four 

mediation models we were able to highlight the fact that MGR accuracy and efficiency stand 

out as highly significant in the RAN-reading relationship in older children. Hence, future 

research needs to differentiate between: a) ANRAN and NANRAN; b) accuracy and 

efficiency for both OK types; and c) reading accuracy and efficiency as the patterns of 

interaction between these variables appear to change with age.  

Moll et al. (2009) reported divergent results to ours but there appear to be reasons for 

this. They found that in German speaking Grade 3 and 4 children OK (measured by an 

“orthographic spelling” task) does not seem to mediate the RAN – reading efficiency 

relationship. These researchers suggested that RAN accounted for unique variance in word 

reading efficiency even when differences in OK were entered in the regression model before 

RAN. However, OK was measured using a spelling task with a semantic confound (i.e., 

participants were presented with a sentence with a blank for the dictated word). In addition, 

this study was conducted in German, a transparent orthography with high consistency of 

grapheme-phoneme relations. It could be that the opacity of the English language may 

provide us with different relationships between RAN, OK, and reading than it would in other 

more transparent or non-alphabetic orthographies.  
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Overall, variability in the results of studies suggesting that OK does not mediate the 

RAN-reading relationship appears to stem from the tasks used to measure OK, the type(s) of 

RAN used, the age group and language examined. Previous studies did not see the 

relationships that were there because they did not have the same pure measures of MGR as 

we did. Also, although in more transparent orthographies accessing efficiently MGRs does 

not appear to be critical because of regularity; it is well known that in these orthographies 

people with dyslexia do not develop fluency. Indeed, our results highlight the role of OK 

efficiency (especially MGR) in the RAN- reading relationship. Hence, now that more 

discriminating measures of MGR and GOK are available, further cross-linguistic studies are 

required to clarify the contribution of these dual aspects of OK to RAN and reading in 

languages differing in orthographic transparency.  

 

Theoretical and practical implications 

Our results support Ehri’s (2014) suggestion that there is a developmental change in 

the predominant connections used to memorise words. Ehri argues that children start off from 

non-alphabetic visual features (pre-alphabetic phase), to partial alphabetic connections 

between some letters and sounds (partial alphabetic phase), to full grapho-phonemic 

connections (full-alphabetic phase), to consolidated grapho-syllabic connections 

(consolidated alphabetic phase). Since continuity is not disputed by phase/stage theories we 

would argue that the high contribution of MGR in reading in our older group of children 

reflects the consolidation of these lexical representations in memory.  

Our data also point emphatically to the involvement of RAN in reading (especially 

reading efficiency) through word-specific rather than generic OK. At first glance, such strong 

relationships between RAN and reading here may seem to contradict Wagner et al.’s (1997) 

claim that RAN contributes little to reading past Grade 3. These observations are relevant to 
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the still unresolved question of precisely how RAN affects efficient handling of word-specific 

mental orthographic representations (i.e., MGRs). While Norton and Wolf (2012) argue that 

the key factor is not processing speed per se, as previously suggested (Kail, Hall & Caskey, 

1999), our data nonetheless suggest that variations in RAN may be capturing differential 

efficiency of lexical access (i.e., to MGRs).  

One possible explanation for this relationship is via the process of lexical updating 

(i.e., improving the accuracy of lexically stored information). Stackhouse and Wells (1997) 

proposed that children progressively refine their mental representations of word-specific 

information: In pre-literate children these representations hold information about spoken 

words including phonology, grammar, morphology and meaning, as well as motor programs 

for pronouncing words. With literacy development, MGRs will be added as well as motor 

programs for writing words down. It seems possible that the process of progressively 

updating these representations is disrupted in children with slow RAN. Such disruption could 

also be understood in terms of one of Share’s (2008) key features of self-teaching in literacy 

acquisition, lexicalisation, whereby children’s early MGRs based initially on simple 

phoneme-grapheme correspondences, are modified by contextual, grammatical and 

morphemic constraints that come from reading experience. This proposal is consistent with 

our results, which were obtained when PA was controlled for, though it is clear that 

additional studies will be needed to test this proposition more directly.   

Our data are also relevant to the question of how RAN should best be conceptualised. 

Wolf and colleagues have argued for some time (e.g., Norton and Wolf, 2012; Wolf & 

Bowers, 1999) that RAN should no longer be viewed under the phonological processing 

umbrella. Two aspects of our results support this claim. First, neither ANRAN nor NANRAN 

was significantly related to PA. Second, the relationship between RAN and reading efficiency 

was significantly stronger than the relationship between PA and reading efficiency. Although 
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previous studies show a link between RAN and PA, this could be due to the type of PA 

measure previously employed, the age group and language examined (e.g., Georgiou, Aro, et 

al., 2016;  Snowling & Hulme, 1994; Torgesen, et al., 1997). As mentioned above, in our 

study we chose more sensitive measures of PA that required the use of meta-analytic PA and 

used nonsense words that would be more discriminating among older children than other 

easier PA tasks.   

Our results in relation to RAN and reading are also in accordance with literacy 

patterns that may be predicted by combining the self-teaching hypothesis and Wolf and 

Bowers' (1999) double-deficit hypothesis (i.e., that children may have a single deficit in RAN 

or PA, or deficits in both). Together, these results lead us to speculate that Upper Primary 

school readers with normal PA and RAN would have developed efficient access to well-

refined MGRs, whereas readers with normal PA but slow RAN would be more dependent on 

GOK because efficient access to and/or development of well-refined MGRs would have been 

impeded by their RAN deficit. On the other hand, children with low PA but normal RAN 

should have deficient GOK, so they would be forced to rely too heavily on underdeveloped 

MGRs. Finally, students with a deficit in both PA and RAN would have difficulties with both 

GOK and MGRs which could explain why these very children have been found to be the 

most resistant to intervention (Norton & Wolf, 2012). 

For practitioners in literacy education, the above theoretical implications suggest that 

in older children with slow RAN, phonics training is not enough. What is more important at 

this stage is fluency training. Our data provide further support for the likely efficacy of 

special fluency programs for children that have problems in rapid naming. For example the 

RAVE-O program (Wolf, Miller, & Donnelly, 2000), a multicomponent reading intervention 

program which is designed to teach children strategies to increase the speed and accuracy of 

their word retrieval skills and to increase their vocabulary and spelling knowledge. 
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Additionally, the PHAST programme (Lovett, Lacerenza, & Borden, 2000) was also 

designed to improve fluency as well as word identification and word attack skills, 

independent decoding and reading for meaning. Finally, Harvey’s intensive reading 

programme (Harvey, 1998) focuses on the importance of fluent use of both word attack skills 

and sight vocabulary in order to extract meaning from print. A further practical implication of 

our results is that, RAN measures could identify children who need such specialist 

intervention, but who have been potentially over-looked because their PA is unimpaired. 

 

Future directions 

While relatively complex, our study did not explore relationships between RAN types, 

OK types, and reading accuracy and efficiency of regular words versus nonwords. This could 

offer still more powerful insights into the importance of MGR and GOK efficiency in older 

children. Additionally, while we have evaluated reading speed and accuracy, we did not 

measure comprehension. This is a critical future step, but not within the scope of this thesis. 

However, since it does appear from our data that children with slow RAN may have disrupted 

lexical updating, and lexical updating of semantic representations will clearly be required for 

good reading comprehension, then children with slow RAN may have a further difficulty to 

overcome on top of the problems caused by their defective MGRs.   

Our work could be significantly expanded by considering samples of younger readers. 

A cross-lagged design would permit exploration of how the RAN-reading relationship may 

be altered by maturation and by exposure to literacy instruction and/or experience with 

written language. Similarly, it would be of interest to compare children with good and slow 

RAN. If RAN is impacting differentially on the MGR system then children with poor naming 

speed should struggle to develop efficient MGRs for both regular and irregular words. 

Moreover, a cross-linguistic approach would be beneficial to understand how MGR and GOK 
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mediate the relationship between RAN, reading, and spelling in languages with more 

transparent orthographies and/or non-alphabetic scripts (e.g., Caravolas et al., 2012; Liao et 

al., 2015; Moll et al., 2014).   

Furthermore, there are suggestions that in older children the relationship between 

RAN and reading is increased due to the development of processing speed. For example, Kail 

and Hall (1994) argued that children become faster in rapid naming tasks as they age due to a 

general increase in processing speed with development, and this speed increase fosters 

reading. Recent findings of significant relationships between processing speed and literacy 

(i.e., reading and spelling) are consistent with this suggestion (Katz, Brown, Roth, & Beers, 

2011; Peter, Matsushita, & Raskind, 2011). However, Powell, Stainthorp, Stuart, Garwood, 

and Quinlan (2007) reported that after speed of processing was controlled for, RAN still 

contributed significantly to reading, and Stainthorp, Stuart, Powell, Quinlan, and Garwood 

(2010) found that children with slow RAN have visual feature discrimination difficulties that 

cannot be explained by a general reduction in speed of processing. Future studies could go 

some way to resolving this discrepancy by examining whether the suggested relationships 

between RAN, processing speed, and literacy may be driven by the contribution of SoP to 

MGR efficiency. That is, they could explore whether it may be speed of access to MGRs (i.e., 

OK speed and efficiency, not just any form of speed) that really counts for literacy rather than 

speed of processing speed per se.  

 Finally, it would also be useful to examine the relationship between RAN, OK, and 

another measure of literacy: spelling. Given the recently emerging understanding among 

literacy researchers that reading and spelling are reciprocal if not symbiotic processes (e.g., 

Coltheart & Prior, 2007; Jones & Rawson, 2016), we might expect to see similar relationship 

patterns between spelling and the variables of interest here to those we found with reading. 

On the other hand, potentially differential influence of RAN types and MGR accuracy and 
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efficiency in the development of reading and spelling might be uncovered by examining 

children with strong spelling but poor reading skills, such as those identified by Lovett (1987) 

or Wimmer and Mayringer (2002).  

 

Conclusion 

This study explored the predictive role of OK from RAN and the mediating role of 

OK types in the RAN-reading relationship. Overall, both types of RAN contributed 

significant variance to MGR efficiency and accuracy, but neither type of RAN contributed 

unique variance to GOK accuracy. In addition, only NANRAN contributed a small amount of 

variance to GOK efficiency. Furthermore, MGR efficiency was the only mediator of the 

ANRAN-reading efficiency and the NANRAN-reading efficiency relationship and only 

MGR accuracy mediated the ANRAN–reading accuracy relationship. Finally, although there 

was no mediation between NANRAN and reading accuracy there was an indirect effect of 

MGR accuracy. Hence, in this older group of children only MGR mediates the RAN-reading 

relationship and these effects were more pronounced for MGR efficiency. Overall, these 

findings indicate that despite the more frequent use of ANRAN, NANRAN is also an 

important tool when investigating literacy in older children. These results also imply the 

importance of testing both MGR and GOK with appropriate measures to differentiate the role 

of each at different developmental stages. Considered together, we believe that our results 

dealt with a number of outstanding issues, as well as posing provocative new questions to be 

addressed in future studies. 
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Abstract 

The purpose of this study was to clarify the role of orthographic knowledge measures (i.e., 

mental graphemic representations and generic orthographic knowledge) in the relationship 

between rapid automatized naming (RAN) and spelling in 169 Grade 6 children by 

concurrently examining both types of RAN (alphanumeric and nonalphanumeric), accuracy 

and efficiency of improved orthographic knowledge measures, and spelling. After controlling 

for phonological awareness and nonverbal reasoning, our results suggest that the relationship 

between RAN and spelling is partially mediated through efficiency and accuracy of mental 

graphemic representations. In contrast, generic orthographic knowledge has only a minor 

effect on spelling. Furthermore, there is a shared contribution of the two RAN types in their 

relationships with spelling. These novel findings in older children confirm other suggestions 

in the literature that mental graphemic representations are even more important for spelling 

than for reading. They also suggest the importance of using both types of RAN and 

orthographic knowledge measures as investigative tools for early intervention and 

remediation in literacy problems and especially in spelling.  
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In the last forty years a significant body of research has established the unique 

contribution of rapid automatized naming (RAN; i.e., the ability to name as quickly as 

possible arrays of numbers, letters, colours and digits; Denckla & Rudel, 1976) to reading 

and particularly to reading fluency (Araújo, Reis, Petersson, & Faísca, 2015; Kirby, 

Georgiou, Martinussen, & Parrila, 2010; Norton & Wolf, 2012; Powell, Stainthorp, Stuart, 

Garwood, & Quinlan, 2007; Wagner, Torgesen, & Rashotte, 1994; Wolf & Bowers, 1999). 

Specifically, alphanumeric RAN (ANRAN; that is, RAN letters and digits) is suggested to 

correlate more strongly with reading than nonalphanumeric RAN (NANRAN; that is, RAN 

colours and objects) but this suggestion has been challenged by recent research reporting that 

NANRAN is also an important contributor to reading that appears to tap additional processes 

unrelated to ANRAN (Donker, Kroesbergen, Slot, Van Viersen, & De Bree, 2016).   

Although the RAN-reading relationship and the factors that may contribute to this 

association have been examined in numerous studies very little has been published about the 

RAN-spelling relationship and other variables that may be influencing this association. This 

lack of close investigation is surprising given that RAN appears to have a strong and 

persistent effect on the quality of orthographic representations underlying spelling (Wimmer, 

Mayringer, & Landerl, 2000) and on spelling directly (Savage, Pillay, & Melidona, 2008). 

Models of spelling development (e.g., Caramazza, 1988; Ellis, 2016) suggest that 

there are two main routes to accurate word spelling: a) through use of phoneme to grapheme 

correspondence (sublexical or assembled route), and b) through access to stored orthographic 

representations (lexical or addressed route). It has been suggested that there is an 

interaction/integration between these two main routes but also that orthographic information 

about a word may be accessed through use of semantics (i.e., meaning; Tainturier & Rapp, 

2001). 
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Both RAN and phonological awareness (PA; i.e., the ability to perceive and 

manipulate the sounds of spoken words; Gillon, 2004) have been proposed to be central and 

independent predictors of reading and spelling development in both consistent and 

inconsistent orthographies (Caravolas et al., 2012; Furnes & Samuelsson, 2010; Heath et al., 

2014; Kirby et al., 2010). Indeed, Wolf and Bowers (1999) proposed the Double Deficit 

Hypothesis in which children may have a deficit in either PA, RAN, or both.   

The main aim of this study was to address issues concerning the relationship between 

RAN, orthographic knowledge (OK: how we combine letters to write down the sounds in 

words; Stanovich & West, 1989), and spelling while controlling for PA and nonverbal 

reasoning. In particular, we examined the contribution of OK and RAN to spelling and also 

the mediating role of OK in the RAN-spelling relationship. These associations were explored 

in an older group of children who would be expected to have advanced literacy skills. 

 

RAN and spelling 

Previous research has suggested that in both younger and older children ANRAN 

accounted for significant amounts of variance in word spelling (Savage et al., 2005; Savage, 

et al., 2008; Stainthorp, Powell, & Stuart, 2013) though this effect does not seem to be 

consistent across alphabetic orthographies other than English (Moll et al., 2014). However, 

there is little clarity about the NANRAN-spelling relationship, either because: a) this type of 

RAN has been neglected altogether; b) only one NANRAN task (either colours or objects) 

was given; c) a composite ANRAN/NANRAN measure was utilised; d) or where both types 

of RAN were examined, ANRAN was entered first in the statistical model. Some research 

has linked NANRAN to reading fluency and spelling across English and other alphabetic 

languages (e.g., Caravolas et al., 2012), but other studies suggest that NANRAN is not related 

to spelling (Donker et al., 2016; Moll et al., 2014; Savage et al., 2008). Moreover, the latter 
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studies have examined a broad age range and therefore it is hard to establish the contribution 

of NANRAN to spelling at specific developmental stages.  

Recently, Donker et al. (2016) found that in their total sample of Grades 1 through 5, 

ANRAN correlated with reading efficiency and spelling in Dutch but not mathematical 

ability, whereas NANRAN correlated with reading efficiency and mathematical ability but 

not spelling. Although they did not find a significant relationship between NANRAN and 

spelling this could be due to the age range examined with the majority being from Grades 2 

to 4, and that this research was conducted in a more transparent orthography (i.e., Dutch). 

These researchers argued that it is meaningful to include both types of RAN in studies and 

that NANRAN may require additional processes compared to ANRAN “as meaning has to be 

established first, followed by selection of the appropriate name code prior to phonological 

processing” (Donker et al., 2016; p. 85). This is of particular interest since in order to spell a 

homophone accurately orthographic information must also be accessed through semantics. It 

could mean that NANRAN is related to spelling through the meaning of the word we are 

trying to write down. It is only when we know the context in which the word is in that we can 

select the correct word to write on paper. 

 

RAN and OK 

It has also been acknowledged that there is a link between RAN and OK (Bowers & 

Wolf, 1993). In addition, the two subtypes of OK suggested by Apel (2011), mental 

graphemic representations (MGRs; i.e., graphemic representation of previously stored, word-

specific knowledge) and generic orthographic knowledge (GOK; i.e., orthographic rules and 

patterns that are not word-specific) may interact differentially with ANRAN and NANRAN 

depending on students’ age and whether PA and nonverbal reasoning (NVR) were controlled 

for or not. For example, Loveall, Channell, Phillips, and Conners (2013) examined Grade 2 
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and 3 children and found that ANRAN was more strongly related to accuracy on a task 

tapping MGRs, whereas NANRAN (colours) was related to accuracy on a task drawing on 

GOK. On the other hand, Powell, Stainthorp and Stuart (2014) examined Grade 5 and 6 

students with slower ANRAN performance and found that they were significantly poorer at 

reading words and nonwords, MGR accuracy, MGR latency (i.e., response speed), and GOK 

latency compared to a control group matched for levels of PA.  

Houlis, Hogben, Visser, Ohan et al. (see Chapter 2; in preparation) using the same 

data as the current study, examined the contribution of both RAN types and OK measures 

(MGR and GOK; accuracy and efficiency) to reading (accuracy and efficiency) during later 

primary school (Grade 6) while controlling for PA and NVR. Consistent with Powell et al. 

(2014), they found that in older children there appeared to be a significantly greater use of 

MGRs compared to the Grade 2 and 3 children in the Loveall et al. (2013) study, whereas the 

role of GOK had become almost negligible. Houlis et al. also found that any significant 

relationship between GOK and NANRAN was with efficiency but not accuracy.  

 

OK and spelling 

The paucity of studies looking at links between RAN, OK, and spelling is surprising 

given that reading and spelling are increasingly acknowledged to be interactive and symbiotic 

processes (Coltheart & Prior, 2007; Conrad, 2008; Treiman, 1998). Indeed, spelling practice 

has been found to be superior to repeated reading in promoting orthographic learning 

(Ouellette, 2010; Shahar-Yames & Share, 2008). More specifically, spelling practice seems 

to better assist with the establishment of more detailed and accurate word-specific 

orthographic representations (i.e., MGRs) than reading practice (Conrad, 2008). Moreover, as 

underlined by Apel and Masterson (2015), although a child can read a word by matching a 

printed word to an MGR that is not perfectly formed, to produce the spelling of a word the 
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child needs to rely on a well-specified MGR. Hence, although a poorly defined MGR may 

allow the child to read a word efficiently, it may not allow the child to spell it. Therefore, we 

might expect that MGR, and its mediating role between RAN and words on paper would be 

even more important for spelling than for reading.  

Also recently, Conrad, Harris, & Williams (2013) found that in 7 to 9 year olds both 

MGR accuracy and GOK accuracy contributed similar amounts of unique variance to reading 

accuracy and spelling after controlling for PA. Furthermore, Ouellette and Senechal (2008) in 

5 year old children examined the contributions of GOK accuracy (i.e., the awareness of legal 

characters and permissible sequences) to invented spelling (i.e., children were required to 

spell by dictation nonwords) and found that GOK predicted invented spelling beyond the 

variance explained by PA. Overall, although there is support for the contribution of MGR to 

spelling, the contribution of GOK to spelling has not yet been well explored.   

 

RAN, OK, and spelling 

To our knowledge, only three studies have examined some or all the above variables 

(i.e., RAN, OK, and spelling), with inconclusive results. Sunseth and Bowers (2002) in 

Grades 2 and 3 found that ANRAN (digits) was: a) associated with both regular and irregular 

word spelling; b) strongly related to a task that appeared to be tapping MGR (i.e., recognition 

of word-specific spelling patterns); and c) linked more closely to latency than accuracy of 

orthographic skill on MGR and GOK tasks. Apel, Wilson-Fowler, Brimo, and Perrin (2012) 

in the same age group reported that ANRAN (letters), GOK, PA and morphological 

awareness all contributed to spelling after controlling for age, but morphological awareness 

was the sole unique contributor to spelling. Finally, Georgiou, Aro, Liao, & Parrila (2016) 

examined somewhat older children (Grade 4) and after conducting path analysis reported that 

in English, RAN (digits/colours composite) had a strong direct effect on reading fluency but 
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not on spelling. Moreover, these researchers found that the RAN-reading fluency relationship 

was mediated by a significant amount of variance in GOK accuracy. In addition, for the 

RAN-spelling relationship, there was a significant indirect effect of GOK accuracy. While 

these studies provide us with valuable information, we still do not have a clear and 

comprehensive picture of the relationships between RAN, OK, and spelling. 

It is also noteworthy to mention that in the same data Houlis et al. (see Chapter 2; in 

preparation) reported that the ANRAN-reading efficiency relationship was partially mediated 

by MGR efficiency – that is, as a result of successful orthographic learning, access to MGRs 

for reading should become more automatized and therefore more efficient in older children 

(Share, 2008a). Since spelling practice may: a) produce superior orthographic learning 

compared to reading (Shahar-Yames & Share, 2008), and b) better assist with the 

establishment of more detailed and accurate word-specific orthographic representations 

(Conrad, 2008), we would expect that in English (an opaque language) access to MGRs for 

spelling would need to be even more automatised and efficient in older children than reading.  

 

Ambiguities in the literature 

At least some of the ambiguity in the existing literature stems from the use of 

heterogeneous RAN and OK tasks. Both Sunseth and Bowers (2002) and Apel et al. (2012) 

measured only one type of ANRAN and not NANRAN, while Georgiou, Aro, et al. (2016) 

used a composite RAN measure (digits and colours). Based on their results, Houlis et al. (see 

Chapter 2; in preparation) recommended the routine measurement of both RAN types 

separately in all literacy-related research. Furthermore, although Sunseth and Bowers (2002) 

examined both MGR and GOK and had separate measures of accuracy and latency for each, 

they did not explore the unique contribution of any of these measures to spelling. Also, while 

Apel et al. (2012) did look at whether their variables contributed uniquely to spelling, they 
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measured GOK but not MGR. Georgiou, Aro, et al. (2016) also examined only GOK 

accuracy. Additionally, of these three studies only Georgiou, Aro, et al. (2016) controlled for 

cognitive abilities; and as pointed out by Houlis et al., the OK tasks used in these studies may 

not have been optimal measures (e.g., in terms of age appropriateness and capacity to 

precisely distinguish between children’s use of MGRs or GOK). Finally, these studies have 

examined younger children only (i.e., Grades 2-4) even though the associations between 

RAN, OK, and literacy should be stronger in older children on the cusp of secondary school. 

In sum, to our knowledge no previous study has comprehensively explored the unique 

contribution of each RAN and OK type to spelling while controlling for PA and cognitive 

abilities. Such a thorough approach is essential since: a) NANRAN appears to be tapping into 

additional processes than ANRAN (Donker et al., 2016), and b) previous measures of both 

MGR and GOK seem to have additional confounds undermining the validity of the 

conclusions of previous studies. Houlis et al.’s (see Chapter 2: in preparation; see also 

Appendix E) data suggest that in older children the relationships between MGR and reading 

on the one hand, and GOK and reading on the other were quite different, reflecting children’s 

increasing reliance with age on word-specific representations for reading. Since spelling 

produces superior orthographic learning compared to reading this should offer a powerful 

mechanism for progressive refinement of children’s MGRs. Hence, we would expect to see 

similar or even stronger patterns for the RAN, OK, and spelling relationships in older children 

than those already reported by Houlis et al. for reading.  

Indeed, as mentioned above RAN appears to have a strong and persistent effect on the 

quality of orthographic representations underlying spelling (Wimmer, et al., 2000) and on 

spelling directly (Savage et al., 2008). In addition, since RAN is suggested to be related not 

only to the quality of, but also to the speed of access to orthographic representations (Bowers 

& Wolf, 1993) it was essential to separately examine accuracy and efficiency for each type of 



124 
 

OK in older children. Previous factor-analytic research suggests that response time OK 

measures load onto a different factor than accuracy measures of OK (Hagiliassis, Pratt, & 

Johnston, 2006) suggesting that they might be measuring different things even though they 

are related. 

 

Purpose and aims of this study 

Overall, there are a number of unexplored questions regarding the RAN-OK-spelling 

relationship. We attempted to answer these questions by concurrently examining the 

relationships between both types of RAN, MGR and GOK (in terms of accuracy and 

efficiency), and spelling in a single sample while controlling for PA and NVR. More 

specifically, we examined the separate role of ANRAN and NANRAN to spelling following 

suggestions of recent research that even though these two types of RAN are related, 

NANRAN may be measuring extra processes (Donker et al., 2016). We also sought to 

explore more thoroughly, under the same controls, the mediating role of MGR and GOK in 

the RAN-spelling relationship. We achieved this by using purer measures of OK as described 

by Houlis et al. (see Chapter 2; in preparation).  

Finally, we aimed to build on previous findings in younger children (discussed above) 

by examining these patterns in older children (i.e., Grade 6 students aged 11 to 12 years). We 

particularly chose to focus on this age group since any differential effect of either type of 

RAN on spelling, or varying relationships between both of these factors and MGR or GOK 

should be most obvious in children of whom the majority might be expected to be skilled 

spellers. It has been suggested that older children move from a higher reliance on 

phonological skills to a higher reliance on orthographic skills (e.g., Hagiliassis et al., 2006; 

Martin, Pratt, & Fraser, 2000) suggesting that with literacy experience children develop more 

accurate orthographic representations which in turn they can access more efficiently.  
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Hypotheses 

a) OK and spelling. In older children, MGRs should account for significantly more 

variation in spelling than GOK. More specifically, since well-refined word-specific 

mental representations are acknowledged to be more important for spelling than 

reading, the contribution of MGRs to spelling in older children should be pronounced 

not only in terms of efficiency but also accuracy.  

b) RAN and spelling. Since both NANRAN and spelling appear to require the use of 

and to draw more heavily on semantics, we expect that they will be significantly 

related and that NANRAN will account for unique variance in spelling. 

c) RAN-OK-spelling. The relationship between ANRAN and spelling should be at least 

partly mediated by MGR efficiency. However, we would also expect a co-mediation 

from MGR accuracy because of its importance to spelling. In addition, since the 

relationship between NANRAN and reading efficiency has been found to be partly 

mediated by MGR efficiency we expect a similar pattern for the NANRAN-spelling 

relationship.  

 

Method 

Participants 

This project was approved by The University of Western Australia Human Ethics 

Research Committee (RA/4/1/5246). Participants with English as their first language were 

recruited from two non-government primary schools and seven government primary schools 

in metropolitan Perth, Western Australia. Written consent was obtained from school 

principals, parents/guardians, and children. Participants were able to withdraw at any time 

from the project without prejudice and did not need to justify their decision. Convenience 

sampling was carried out. Initial contact was made with school principals inviting their 
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school to participate. One hundred and seventy eight Grade 6 students were initially tested 

however the final sample consisted of 169 students (77 females, 92 males) aged 10.75 - 12.42 

years (M = 11.65 years; SD = .36 years). Nine students had to be excluded from the study 

because English was their second language. Participants were rewarded with a toy pencil 

sharpener for their participation. Table 1 presents additional information about the final 

sample.  

 

Measures 

NVR. The Matrix Reasoning Subtest from the Wechsler Abbreviated Scale of 

Intelligence (WASI; Wechsler, 1999) measures NVR ability by examining pattern 

completion, classification, analogy and serial reasoning. For each stimulus, participants 

examine a matrix with a section missing and complete the matrix by choosing one of five 

response options. Children aged from 6 to 16 years have reliability coefficients ranging from 

.86 to .96 with a mean of .92 (Wechsler, 1999).  

PA. In order to assess PA in our older sample of children, the Segmenting Nonwords 

and Phoneme Reversal Subtests from the Comprehensive Test of Phonological Processing 

(CTOPP; Wagner, Torgesen & Rashotte, 1999) were used. For the Segmenting Nonwords 

Subtest participants are asked to divide 20 nonwords into their constituent phonemes. For the 

Phoneme Reversal Subtest students are asked to reverse the order of the phonemes in 18 

nonsense words to derive real words. These two subtests: a) require the use of meta-analytic 

PA (Gillon, 2004), and b) involve nonsense words. Hence, they should be more 

discriminating among older children than the real word deletion and blending activities in the 

CTOPP core PA composite. From these subtests we created a composite PA score. In 

children between 8 and 17 years the split-half reliability for both Phoneme Reversal and 

Segmenting Nonwords is .79 (Wagner et al., 1999). 
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  RAN. In order to assess RAN we used both ANRAN (measured with CTOPP Digits 

and Letters Subtests) and NANRAN (CTOPP Objects and Colours Subtests; Wagner et al., 

1999). For each subtest, participants are required to name as quickly as possible 36 items in a 

4x9 array based on a set of six stimuli repeated six times at random (e.g., the digits 234578). 

The split-half reliability in children between 8 and 17 years is .89 for RAN Colours, .93 for 

RAN Objects, .80 for RAN Digits and .72 for RAN Letters (Wagner et al., 1999). ANRAN 

and NANRAN composite scores were created by converting raw naming times for each 

subtest to standard scores. The correlation between composite scores was r = .61 (p < .01).  

Word spelling. The Word Spelling Subtest of the Wechsler Individual Achievement 

Test – 2nd Edition (WIAT-II; Wechsler, 2002) was used as a measure of word spelling and 

administered according to the standardised instructions. A graded list of 35 words (for Grades 

5 to 7 the starting point was from item 19) is dictated to participants who give a written 

response after hearing the word read twice in isolation and once in a sentence. The WIAT-II 

has demonstrated strong psychometric properties, with test retest reliability scores ranging 

from .85 to .98, and internal consistency ranging from .80 to .98 (Wechsler, 2002).  

  Reading accuracy. Accuracy of word recognition was assessed by the Word 

Identification (WID) Subtest of the Woodcock reading mastery tests–Revised/Normative 

Update (Woodcock, 1998). This subtest requires participants to read aloud from a graded list 

of 106 words until they reach their ceiling level and it has reliability greater than .94 

(Woodcock, 1998). 

  Reading efficiency. Efficiency of word recognition was assessed by the Sight Word 

Efficiency (SWE) Subtest of the Test of Word Reading Efficiency (TOWRE; Torgesen, 

Wagner, & Rashotte, 1999). This subtest requires participants to read aloud as many real 

words as they can from a graded list of 104 words in 45 seconds. In children between 10 and 

18 years the split-half reliability is .84 (Torgesen et al., 1999).  
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Experimental tasks (Houlis et al., in preparation; Chapter 2) 

 The experimental OK tasks were developed by Houlis et al. (in preparation; see 

Chapter 2 and Appendices B and C).  

 MGR task. In order to make sure that the stimuli could not potentially be solved using 

GOK, Houlis et al. replaced items from the Olson, Forsberg, Wise & Rack’s (1994) 

orthographic choice task with items where this would be impossible. Houlis et al. (see 

Chapter 2; in preparation) kept twelve of the Olson et al. (1994) word pairs and added 29 new 

pairs of words developed from various sources (Castles & Coltheart, 1993; Clutterbuck, 

2000; Hope, 2001; Westwood, 1999; Woodcock, 1998;). Stimuli for this task were chosen if 

the word contained: a) at the minimum one instance where the orthography did not map onto 

the spoken sounds of the word according to English patterns (e.g., answer; salmon); b) a low 

probability English orthographic pattern (e.g., hearth; gauge); or c) several irregularities (e.g., 

meringue; choir). The split-half reliabilities for their sample of Grade 6 children were .81 for 

accuracy, .91 for latency and .93 for efficiency scores (percent correct/latency). 

 GOK task. This task comprises 39 pairs of nonwords and for each pair one of the 

nonsense words contains a plausible English orthographic pattern (e.g., “phim”) whereas the 

pseudohomphone foil includes an improbable English spelling (e.g., an orthographic pattern 

that does not follow positional constraints such as “ffim”). Houlis et al. (see Chapter 2; in 

preparation) also included nonwords that may tap into more complex OK (e.g., morphemic 

information such as “impliction” paired with the foil “implikshen”). The split-half reliabilities 

for their sample of Grade 6 children were .69 for accuracy, .91 for latency and .86 for 

efficiency scores (defined as accuracy/latency). 
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Procedure for MGR and GOK tasks  

 Subjects were shown pairs of words (one to the left, and one to the right of central 

fixation) in black letters (Arial font size 22), against a white background on a laptop 

computer running MATLAB software. For both tasks, participants were required to indicate 

the side of the display (left or right) that contained the item that “looked more like a real 

word” as quickly and accurately as possible by pressing a button on a response box. There 

was no time limit to complete the tasks and no feedback was provided. Both accuracy and 

latency were recorded. Before starting the main tasks participants were required to complete 

practice trials.  

 

General procedure 

The current data are part of a larger battery that was administered to each participant 

in one session lasting approximately 75 minutes with appropriate breaks. The tasks were 

administered in the same order to all participants (spelling, reading accuracy, reading 

efficiency, RAN, PA, MGR, GOK, NVR) and were between other tasks in the larger battery. 

The first author individually administered the tasks to each child in a quiet room at the 

school. Standardised tests followed age-based norms. All students completed all tasks.  

 

Results 

Sample description and correlations 

 Table 1 displays means, standard deviations, and intercorrelations for each measure. As 

expected, there were high to moderate correlations between reading accuracy and spelling (r 

= .78, p < .01), reading efficiency and spelling (r = .61, p < .01), and PA and spelling (r 

= .44, p < .01). In addition, there was no correlation between RAN and PA which could be 

attributed to the use of PA measures that are more discriminating among older children (i.e., 
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meta-analytic PA). An online calculator was used to test for potential differences between 

dependent correlations with one common variable (Lee & Preacher, September 2013). 

Although the correlation between ANRAN and spelling was stronger (r = .38, p < .01) than 

the correlation between NANRAN and spelling (r = .32, p < .01), the difference between 

these correlations was not significant (z = .95, p = .34). However, the correlation between 

MGR accuracy and spelling (r = .68, p < .01) was stronger than the correlation between GOK 

accuracy and spelling (r = .34, p < .01) and the difference between these correlations was 

significant (z = 5.10, p < .01). Moreover, the correlation between MGR efficiency and 

spelling (r = .57, p < .01) was significant but that was not the case for the relationship 

between GOK efficiency and spelling. In sum, as predicted, MGR measures were more 

strongly related to spelling than GOK measures. 

 

Hierarchical multiple regression analyses 

In order to explore our first two predictions, we conducted hierarchical multiple 

regression analyses. Prior to performing these analyses we evaluated several assumptions. 

Reasonable ratios of cases to predictors were produced from our sample (Tabachnick & 

Fidell, 2013). Four univariate outliers that were more than 3.29 standard deviations from the 

mean were found across our variables. These outliers were winsorised by replacing them with 

the next highest score that was not an outlier (Field, 2013). A slight negative skew was 

detected for MGR accuracy and GOK accuracy. However, the standardised residuals had a 

mean of 0 and a standard deviation of 1. Close inspection of the normal probability plot of 

standardised residuals as well as the scatterplot of standardised residuals against standardised 

predicted values revealed that the assumptions of normality, linearity and homoscedasticity of 

residuals were met. Furthermore, there were no multivariate outliers and relatively high 

tolerance scores for the predictors in the final regression models confirmed that 

mutlicollinearity did not interfere with data interpretation.  
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Table 1.  
 
Intercorrelations between variables and descriptive statistics 
             
 Age SPELL WID SWE ANRAN NANRAN PA NVR MGRa MGRef GOKa GOKef 
             
Age 1            

SPELL -.02 1           

WID .00 .78‡ 1          

SWE .05 .61‡ .56‡ 1         

ANRAN -.01 .38‡ .33‡ .66‡ 1        

NANRAN .01 .32‡ .19† .52‡ .61‡ 
 

1       

PA .03 .44‡ .56‡ .34‡ .09 .10 1      

NVR -.08 .31‡ .33‡ .20‡ .04 .14 .34‡ 1     

MGRa .08 .68‡ .65‡ .47‡ .29‡ .22‡ .36‡ .30‡ 1    

MGRef .02 .57‡ .49‡ .52‡ .35‡ .30‡ .23‡ .18† .60‡ 1   

GOKa .02 .34‡ .28‡ .19† .08 .08 .29‡ .28‡ .39‡ .07 1  

GOKef .01 .14 .09 .23‡ .12 .21‡ .05 -.08 .08 .43‡ .18† 1 

             

Mean 11.65 108.47 104.59 106.98 96.95 92.40 102.93 11.10 .90 .80 .83 .63 

SD .36 13.68 10.39 11.55 13.93 13.60 22.96 2.33 .08 .20 .09 .17 

Note.  Age in years; SPELL: Spelling; WID: Word identification – reading accuracy; SWE: sight word efficiency – reading efficiency; ANRAN, alphanumeric RAN; NANRAN, nonalphanumeric 

RAN; PA: phonological awareness; NVR: nonverbal reasoning; GOKa, GOKef: GOK accuracy, GOK efficiency; MGRa, MGRef: MGR accuracy, MGR efficiency (Accuracy: proportion correct; 

Efficiency: accuracy/latency); SPELL, WID, SWE, ANRAN, NANRAN, PA: standard scores, mean=100, SD=10; NVR: standard test, Mean = 10; SD= 3; ‡p <  .01; †p < .05 
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In order to eliminate the effect of possible confounds, in all our multiple regression 

models we controlled for NVR and PA by entering these variables into the models first. 

Finally, we adjusted for age on our four variables that were not age normed (i.e., MGR 

accuracy, MGR efficiency, GOK accuracy, GOK efficiency) by running regression analyses 

with Age as the DV and the raw score variable as the IV. We then ran more regression 

analyses with the residuals as the IV. The overall models were not significant, so that we 

were able to use the raw scores for further analyses. 

Predicting spelling from MGR and GOK. Both MGR accuracy and efficiency 

predicted spelling even after controlling for the effects of RAN and GOK. As presented in 

Table 2, PA accounted for a significant amount of variance in spelling (i.e., 12%; p < .01) 

which was to be expected. Nonetheless, MGR accuracy and efficiency accounted for further 

significant and substantial amounts of variance in spelling regardless of the controls included 

(MGR accuracy: 18% – 28%; MGR efficiency: 14% - 22%). Regarding GOK, only GOK 

accuracy contributed a small but significant amount of variance to spelling (3% - 4%) but that 

occurred only when GOK accuracy was entered into the model before MGR accuracy 

implying an “overlap”, that is shared variance between these two types of OK, but also that 

the contribution of GOK accuracy was occluded by MGR accuracy when it was entered first.   

Predicting spelling from RAN. Both ANRAN and NANRAN contributed to spelling 

but there was a considerable “overlap”: As can be seen in Table 2, regardless of whether 

RAN was included before or after OK measures, ANRAN contributed significant amounts of 

variance to spelling (2% to 11%).  On the other hand, NANRAN contributed unique variance 

to spelling only when entered in the model before ANRAN, suggesting a similar sharing of 

variance between these two types of RAN that only becomes evident when NANRAN is 

entered first.  
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Table 2. 
 
Predicting spelling from: ANRAN and NANRAN; MGR accuracy and GOK accuracy; MGR efficiency and GOK efficiency 
 

 ΔR² β  ΔR² β  ΔR² β  ΔR² β 

 

Model A   Model A   Model A   Model A   

Step 1: NVR .10‡ .06 Step 1: NVR .10‡ .06 Step 1: NVR .10‡ .12 Step 1: NVR .10‡ .12 

Step 2: PA .12‡ .20 Step 2: PA .12‡ .20 Step 2: PA .12‡ .28 Step 2: PA .12‡ .28 

Step 3: ANRAN .11‡ .16 Step 3: MGRa .28‡ .50 Step 3: ANRAN .11‡ .17 Step 3: MGRef .22‡ .45 

Step 4: NANRAN .01 .08 Step 4: GOKa .00 .05 Step 4: NANRAN .01 .06 Step 4: GOKef .01 -.10 

Step 5: MGRa .21‡ .50 Step 5: ANRAN .04‡ .16 Step 5: MGRef .14‡ .45 Step 5: ANRAN .04‡ .17 

Step 6: GOKa .00 .05 Step 6: NANRAN .00 .08 Step 6: GOKef .01 -.10 Step 6: NANRAN .00 .06 

            

Model B   Model B   Model B   Model B   

Step 3: NANRAN .07‡ .08 Step 3: GOKa .04‡ .05 Step 3: NANRAN .07‡ .06 Step 3: GOKef .02 -.10 

Step 4: ANRAN .05‡ .16 Step 4: MGRa .25‡ .50 Step 4: ANRAN .05‡ .17 Step 4: MGRef .21‡ .45 

Step 5: GOKa .03‡ .05 Step 5: NANRAN .03‡ .08 Step 5: GOKef .01 -.10 Step 5: NANRAN .02† .06 

Step 6: MGRa .18‡ .50 Step 6: ANRAN .02† .16  Step 6: MGRef .14‡ .45 Step 6: ANRAN .02† .17 

 

Note.  β, full model betas; ‡p < .01;  †p < .05 

 



134 
 

Parallel multiple mediation analyses 

Next, we conducted two parallel mediation analyses according to the specifications 

set out by Hayes’ (2013) PROCESS approach to explore the mediating role of OK in the 

RAN-spelling relationship. In order to facilitate comparison of the contribution of the 

independent variables to spelling, we transformed the variables to z-scores before conducting 

the analyses. In order to control for the effects of NVR and PA, for each model we also 

included these variables as covariates (see Table 5 for covariate coefficients for each model). 

Since we conducted two parallel multiple mediator models we used the multi-stage 

Bonferroni t proposed by Holm (1979) to account for multiple comparisons (i.e.,  p < .05 for 

the first mediation model and p < .025 for the second).  

Figures 1 and 2 present the regression coefficients for paths a and b for each potential 

mediator as well as paths c and c'. Tables 3 and 4 present the total and direct effects of RAN 

on spelling as well as the total indirect effect and the individual indirect effects of the 

mediators. The confidence intervals (CIs) were computed with a bootstrapping technique 

with 5,000 resamples using Preacher and Hayes’ SPSS macro (2008). The CIs test whether an 

indirect effect differs from zero (i.e., whether the effect of RAN on spelling is significantly 

reduced after including a proposed mediator).  

Model A: ANRAN-OK-Spelling. After controlling for NVR and PA, the total effect 

of ANRAN on spelling (i.e., without taking into account the mediators) was significant (path 

c = .340, p = .000; F(3, 165) = 27.53, p < .01; R² = .33). After adjusting for the indirect 

effects of the mediators, the direct effect of ANRAN on spelling (i.e., when taking into 

account the mediators) decreased but was still significant implying a partial mediation (path 

c' = .166, p = .003; F(7, 161) = 31.12, p < .01; R² = .57). MGR accuracy and MGR efficiency 

and were the only significant mediators of the effect of ANRAN on spelling.  
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Model B: NANRAN-OK-Spelling. After controlling for NVR and PA, the total 

effect of NANRAN on spelling was significant (path c = .264, p = .000; F(3, 165) = 22.18, p 

< .01; R² = .29). After adjusting for the indirect effects of the mediators, the direct effect of 

NANRAN on spelling decreased but was still significant implying a partial mediation (path c' 

= .138, p = .013; F(7, 161) = 30.25, p < .01; R² = .57). MGR accuracy and MGR efficiency 

were the only significant mediators of the effect of NANRAN on spelling.  
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Figure 1. Parallel multiple mediation analysis exploring the mediating role of OK types in the 
ANRAN-spelling relationship; ‡ p < .01, † p < .05; significant mediators are in bold 
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Table 3 
Total, direct, and indirect effects of ANRAN on spelling 

  
Effects Point estimate 95% BCa CI 
   
Total effect of ANRAN on spelling 
 

.340  

Direct effect of ANRAN on spelling 
 

.166   

Total  indirect effect 
 

.174 .099 to .266 

Indirect effect of  MGR accuracy 
 

.089 .038 to .166 

Indirect effect of MGR efficiency 
 

.086 .024 to .165 

Indirect effect of GOK accuracy 
 

.005 -.006 to .036 

Indirect effect of GOK efficiency 
 

-.006              -.044 to .008 

Note: Indirect effects with confidence intervals that do not include zero are significant at the .05 level (see bold). 
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Figure 2. Parallel multiple mediation analysis exploring the mediating role of OK types in the 
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Table 4 
Total, direct, and indirect effects of NANRAN on spelling 

  
Effects Point estimate 95% BCa CI 
   
Total effect of NANRAN on spelling 
 

.264  

Direct effect of NANRAN on spelling 
 

.138  

Total  indirect effect 
 

.126 .035 to .237 

Indirect effect of  MGR accuracy 
 

.061 .015 to .142 

Indirect effect of MGR efficiency 
 

.078 .024 to .165 

Indirect effect of GOK accuracy 
 

.004 -.012 to .034 

Indirect effect of GOK efficiency 
 

-.016 -.072 to .012 

Note: Indirect effects with confidence intervals that do not include zero are significant at the .05 level (see bold). 
 

 

 

 

 

Table 5   
Covariate coefficients for total and direct effect models 
   
Models Model A Model B 
   
Total Effect   

NVR .182‡ .155† 
PA .342‡ .356‡ 

   
Direct effect   

NVR .055 .032 
PA .188‡ .188‡ 

   
Note. ‡ p < .01; † p < .05 
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Summary of results 

Prediction 1 - OK and spelling (Tables 1 and 2). MGR measures were more 

strongly related to spelling than GOK measures. Both MGR accuracy and efficiency 

predicted spelling even after controlling for the effects of RAN and GOK. GOK accuracy 

only contributed a small but significant amount of variance to spelling when GOK accuracy 

was entered into the model before MGR accuracy implying a shared contribution from both 

types of OK.  

Prediction 2 - RAN and spelling (Tables 1 and 2). ANRAN was more strongly 

related to spelling than NANRAN. However, NANRAN contributed unique variance to 

spelling (similar amounts for each ANRAN and NANRAN) when entered in the model 

before ANRAN suggesting that some shared variance is contributed by both types of RAN.  

Prediction 3 (Tables 3-4 and Figures 1-2). Both MGR accuracy and efficiency were 

partial mediators of the RAN-spelling association whereas neither GOK accuracy nor 

efficiency made a significant contribution. Hence, in this older group of children only word 

specific knowledge (i.e., MGR) mediated the RAN-spelling relationship. 

 

Discussion 

Our study investigated the unique contribution of each OK and RAN type to spelling 

while controlling for PA and NVR. We also examined whether the RAN-spelling relationship 

is mediated by MGR or GOK (or both) and whether we would find similar or divergent 

results to those for RAN and reading. Finally, we explored these patterns in older children 

where the associations between our key variables should be well-established in comparison to 

those detected in younger children who are still in the early stages of literacy development. 
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OK and spelling 

We found that both types of MGR (accuracy and efficiency) were significantly 

correlated with spelling and that after controlling for NVR, PA, RAN, and GOK accuracy, 

MGR accuracy still accounted for 18% of variance in spelling. In addition, after controlling 

for NVR, PA, RAN, and GOK efficiency, MGR efficiency accounted for a further 14% of the 

variance in spelling. Similar associations have also been found for MGR measures with 

reading accuracy and efficiency. Indeed, Houlis et al. (see Chapter 2: in preparation; see also 

Appendix E) using the same data and controls found that both MGR types accounted for 

unique amounts of variance in reading accuracy and efficiency. These results support Apel’s 

(2009) claim that accurate and efficient word reading and spelling are facilitated when 

children have acquired well-refined MGRs.   

We also found that only GOK accuracy accounted for a small but significant amount 

of variance in spelling when entered into the model before MGR accuracy suggesting shared 

variance between the two types of OK accuracy. Somewhat different results were suggested 

for GOK and reading by Houlis et al. (see Chapter 2; in preparation) who found that there 

was a small but significant contribution of GOK efficiency (when entered in the model before 

MGR efficiency) to reading efficiency, but no contribution of GOK (accuracy or efficiency) 

to reading accuracy.  

These results augment our understanding from previous studies that focused only on 

younger children. For example, Conrad, et al. (2013) in 7 to 9 year olds found that both MGR 

and GOK accuracy contributed similar amounts of unique variance to reading accuracy and 

spelling after controlling for PA. In a similar age group (6-9 year olds), McGewon, Johnston, 

and Moxon (2014) also found that MGR accuracy contributed unique variance to reading 

accuracy and spelling after controlling for age, vocabulary, and reading frequency. However, 

these researchers did not examine GOK and when Georgiou, Aro, et al. (2016) did so they 
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found that in Grade 4 children, GOK accuracy also predicted reading and spelling. However, 

these researchers did not examine MGR. Hence, studies with younger children may imply 

that both MGR and GOK are associated with reading and spelling whereas our results and 

those of Houlis et al. (see Chapter 2; in preparation; see also Appendix E) suggest that in 

older children: a) MGR accuracy and efficiency both play an essential role in reading and 

spelling; b) GOK efficiency only plays a small but significant role in reading efficiency and 

c) GOK accuracy plays a small but significant role in spelling.  

We speculate that the diminished but still significant contribution of GOK to reading 

and spelling in older children could indicate that GOK may still assist children with words 

that are unfamiliar or inadequately specified in their mental lexicon. However, more research 

is required to clarify (i.e., compare and contrast) the contribution of each OK type to literacy 

at different developmental stages, using common assessment metrics for OK.  

 

RAN and spelling 

Our results suggest that spelling was related to both types of RAN and after 

controlling for NVR and PA, ANRAN accounted for 11% of the variance in spelling. 

However, when NANRAN was entered first in the model both ANRAN and NANRAN 

contributed unique variance to spelling (ANRAN 5% and NANRAN 7%) implying a 

significant proportion of shared variance between these two types of RAN. This dual 

contribution which was also noted by Houlis et al. (see Chapter 2; in preparation) in respect 

to ANRAN, NANRAN, and reading, appears to have been overlooked in previous studies 

that typically measured only ANRAN. In addition, when we also controlled for MGR and 

GOK we found similar, but weaker patterns. These results are consistent with previous 

research linking RAN to reading fluency and spelling across English and other alphabetic 

languages (Caravolas et al., 2012; Wimmer, et al., 2000).  
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However, our finding that both ANRAN and NANRAN were correlated with spelling 

and that the difference between these correlations was not significant diverges from previous 

findings in Danish suggesting that NANRAN is not related to spelling (Donker et al., 2016). 

This inconsistency may be due to Danish having a more transparent orthography than English 

and to the younger age group examined (7-10 year olds). Our results are also inconsistent 

with Moll et al.’s (2014) finding in Grade 2 children that NANRAN (pictures) did not 

correlate with spelling in English. However, their composite RAN measure not only 

correlated with spelling but also contributed more variance to English spelling than it did to 

other languages. This finding could reflect the task used to measure NANRAN (only picture 

naming) but also the relatively high correlation between NANRAN and the RAN composite 

(r = .88) in this younger group of children. Since Donker et al. (2016) and Moll et al. (2014) 

examined younger children we speculate that our results may suggest developmental 

differences in the contribution of RAN to spelling. However, further research is required to 

establish this claim. 

Overall, we believe our findings add to the body of research examining RAN and 

spelling since we are not aware of any other study that has controlled for the effects of each 

type of RAN when predicting spelling. Indeed, the "overlap" between ANRAN and 

NANRAN supports Donker et al.'s (2016) interpretation that there is a lot of common ground 

between RAN types. But more research is required to clarify the processes ANRAN shares 

with NANRAN and those that ANRAN appears to be tapping into, over and above what are 

shared with NANRAN. For example, Houlis et al. (Chapter 2; in preparation) have tentatively 

suggested that what is shared between the two RAN types is some kind of raw speed 

component; whereas ANRAN may also be capturing speed in relation to children's lexical 

access to well-learned information (e.g., their MGRs). Notwithstanding, our findings indicate 

a significant relationship in Grade 6 children between both types of RAN and spelling (i.e., 
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the capacity to attend successfully to orthographic detail such as letter identity and order and 

also to semantic rules; Donker et al., 2016; Share & Stanovich, 1995) in children who would 

be expected to have developed well-refined orthographic representations.  

 

Mediating role of MGRs in RAN-spelling relationship 

After conducting two parallel multiple mediation analyses we found support for our 

last hypothesis in that the relationships between both types of RAN and spelling were partly 

mediated by MGR efficiency and accuracy. The only recent study that has examined the 

mediating effect of OK in the RAN-spelling relationship (Georgiou, Aro, et al., 2016) found 

that RAN (digit/colour composite) did not have a direct effect on spelling in English but that 

there was only an indirect effect of orthographic processing (i.e., a GOK accuracy task). 

However, this result is difficult to interpret since these researchers did not separate the two 

types of RAN and only assessed one type of OK (i.e., GOK accuracy). We believe that our 

study has provided new evidence by “zooming in” on the role of OK types in the ANRAN-

spelling and NANRAN-spelling associations.  

Shahar-Yames and Share (2008) argued that accuracy of MGRs is not as important 

for reading as it is for spelling because words can be read without having developed well-

established MGRs. But our results and those of previous studies (e.g., Houlis et al., in 

preparation; see Chapter 2) are consistent with the view that the quality of MGRs is important 

for both reading and spelling development and that the facilitating influence of MGR quality 

is interactive across both skills sets (e.g., Apel, 2011; Ehri, 2014; Perfetti, 2007). For 

example, Conrad (2008) reported that, although transfer from spelling to reading was greater 

than transfer from reading to spelling, MGRs established through practice can be used for 

both these skills. More recently, Martin-Chang, Ouellette and Madden (2014) suggested that 

inaccurate or unstable MGRs may also affect reading efficiency (i.e., poorer spellers may 
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have slower word activation in reading). This same inference could be made from our results 

and those by Houlis et al. (see Chapter 2; in preparation), since both studies examined the 

same children; however, further research is required to explore this possibility. 

 

Theoretical implications  

 It has been argued that the development of OK seems to be “delayed” in English, 

which has been suggested to have an “outlier” orthography (Share, 2008b; p. 584) due to its 

very high level of sound-to-spelling irregularity. Indeed, in English the correlation between 

PA and literacy remains robust across age whereas in transparent orthographies there is a 

developmental decline of the influence of PA suggesting that English remains functionally 

opaque at all levels not only of reading but also of spelling ability (Share, 2008b). This may 

be the reason why in our older children GOK still accounted for small but significant 

amounts of variance in these literacy measures. Although in transparent orthographies, MGRs 

for monosyllabic words are formed by the end of Grade 1, in English, this process is 

considerably delayed (Share 2008b). Therefore, the developmental “shift” to relying more 

upon MGRs than on GOK should also be slowed down in English in comparison to more 

transparent orthographies. In fact, the end product of this unique developmental pathway of 

the English orthography is apparent in the relationships observed here between RAN, MGR, 

and spelling.  

Our findings agree with Ehri’s (2014) suggestion that children at the consolidated 

alphabetic stage (i.e., older children) of literacy development, through “orthographic 

mapping”, have acquired more knowledge about orthographic patterns and are able to 

remember and recall automatically and efficiently words from memory. Our results are also 

consistent with Share’s self-teaching hypothesis (Share, 1995, 1999, 2008a) for word 

recognition and Treiman’s (1998) spelling development theory which suggest that children, 
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through successful decoding experiences and frequent exposure in print, establish well-

defined orthographic representations of words which are stored in memory and are accessed 

automatically and efficiently. According to Nunes and Bryant (2009), when word-specific 

knowledge is acquired, children store both familiar regular and irregular words in their 

mental lexicon as objects because words are identified as wholes. 

Finally, our findings also support Kirby, Desrochers, Roth and Lai’s (2008) 

theoretical framework and Bowers & Wolf’s (1993) account that RAN contributes to 

orthographic processing which in turn contributes to reading and spelling.  

 

Implications for practice   

Since RAN appears to impact on reading efficiency, reading fluency, and spelling, our 

results underline the need for early literacy screening in English-speaking children that 

targets not only low PA (as it does at present) but also slow RAN. This point has already 

become apparent in studies examining transparent languages (e.g., Di Filippo et al., 2005; 

Georgiou, Parrila, & Papadopoulos, 2008; Landerl & Wimmer, 2000) which indicate the 

importance of RAN in the literacy problems of older dysfluent readers. In addition, Wigley, 

Heath, Boyle, Hogben, and Fletcher (in preparation) have reported that Grade 2 children with 

both slow ANRAN and NANRAN but normal oral language development are already lagging 

behind their peers in both reading and spelling. This finding is consistent with the 

“overlapping” and apparently additive effects of the two types of RAN observed here. It is 

also noteworthy that Wigley et al. (in preparation) found that the impact of conjoint RAN 

deficits was far broader than literacy, impacting on social and behavioural functioning by the 

end of Grade 2 as well. Moreover, these researchers have shown that children who will have 

conjoint RAN deficits in Grade 2 can be identified with 80% accuracy from their 5 year old 
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NANRAN, which means that prophylactic intervention could be offered as early as Grade 1 

before children began to falter. 

Considered together with Conrad and Levy’s (2011) findings, our results suggest that 

orthographic training (i.e., MGR training of word parts) is very important for slow RAN 

children. Conrad and Levy found that speeded letter recognition can improve only if it is 

preceded by training in orthographic pattern recognition (i.e., teaching children common parts 

of words). In turn, these researchers found that orthographic pattern recognition improved the 

accuracy and speed with which they read the training words. In support of these results, a 

recent report on methods for teaching poor readers to read suggests that phonics instruction, 

although valuable, is not enough for successful reading (Henbest & Apel, 2017) or, 

presumably, for spelling. Slow RAN children also need explicit instruction in written 

morphemes (i.e., the smallest units of meaning; e.g., Carlisle, 2010; Goodwin, & Ahn, 

(2013). These important word parts (e.g., base words, prefixes, and suffixes, and their 

meanings) are a key element in successful literacy and with practice can be transferred into 

the child’s mental lexicon where they can be accessed automatically and efficiently (Bowers, 

Kirby, & Deacon, 2010;  Carlisle, 2010; Goodwin & Ahn, 2013). This would occur in the 

same way as graphemic patterns or combinations are learned (e.g., “eight” as in “freight” and 

“weight”; “dumb” as in “thumb” and “crumb”).  

Because of the high likelihood that children with slow RAN will struggle to develop 

efficient access to refined MGRs, they also require a literacy education approach that: a) 

promotes fluent phonological recoding (i.e., the use of letter-sound correspondence to 

pronounce or spell a word) and the development of well-refined MGRs through linking 

phoneme-grapheme relationships to semantic, morphological and grammatical information in 

the lexical entry for each word; b) teaches reading and spelling interactively; and c) includes 

fluency training. Such approaches are described by recent researchers such as Berninger et al. 
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(2010), Ehri (2014), and Wolf et al. (2009). For example, the RAVE-O program (Wolf et al., 

2009), a multicomponent reading intervention program, is designed to teach children 

strategies to increase the speed and accuracy of their word retrieval skills and to increase their 

vocabulary and spelling knowledge.  

In addition, Wilson (2005) has suggested a multisensory structured language teaching 

approach for older students struggling with literacy. Wilson argues that English is logical if 

we concurrently study sound-letter correspondence with syllable patterns, orthographic rules, 

and morphemes (i.e., prefixes, roots, suffixes). More specifically, when dealing with the 

spelling of irregular words Carreker (2005) recommends five steps: a) circle the irregular part 

and “define it” (i.e, etymology); b) trace a model (i.e., say the irregular word before writing, 

then name each letter while writing down the word; multisensory experience: visual auditory 

and kinesthetic); c) make copies (i.e., repeat the previous step three times: multisensory 

impressing); d) orally spell the word with eyes closed – repeat three times; e) write from 

memory (i.e., write down the word three times and each time say the word before writing it; 

name the letters of the word as you write). This approach aims to help students memorise the 

letter sequence of these words (i.e., to develop well-defined MGRs) established through a 

multisensory input that our research has shown are associated with proficient spelling. In 

sum, our data suggest that children with slow RAN require early literacy instruction based 

around intervention programs such as these.  

 

Limitations and future directions 

While we have explored some of the unanswered questions regarding the inter-

relationships between RAN, OK and spelling, there are still matters that need to be expanded 

upon. For example, we did not have a spelling efficiency measure, and neither did we 

separately examine regular and irregular word spelling, nor nonword spelling. As Powell et 
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al. (2014) recently pointed out, for regular words, successful conversion from phonemes to 

graphemes will lead to accurate spelling. But for irregular words, spelling via the assembled 

route is likely to generate phonologically plausible errors (e.g., women-wimmin). Hence, 

although for regular words the establishment of MGRs is optional (even if the spelling of 

these words may remain quite inefficient), for irregular words one needs to establish accurate 

MGRs in order to spell correctly. It seems plausible that the children (who many teachers will 

know) who appear to read well but have remained highly phonetic spellers, may very likely 

be children with slow RAN. However, this possibility has not to our knowledge been 

explored. If this were to prove correct, then the implications for early identification and 

proactive intervention would be much clearer.  

 Additionally, Savage et al. (2008) suggested that when evaluating whether the RAN-

spelling association reflects word-specific orthographic learning, it is better to control for 

nonword decoding rather than PA because this is considered the best way to apply 

phonological processing using rules to assemble pronunciations of words. Indeed, their 

results revealed that appropriate control for nonword reading and spelling yielded strong 

independent effects of RAN on spelling. Furthermore, Powell et al. (2014) found that Grade 5 

and 6 students with slower ANRAN performance were significantly poorer at reading both 

words and nonwords, MGR accuracy, MGR latency and GOK latency compared to a control 

group matched for levels of PA. This suggests that nonword decoding and PA are likely to be 

highly related, and further argues that similar results to those obtained here would have been 

found had we controlled for nonword decoding.  

In light of these points, future studies comparing children with slow RAN to typically 

developing children and including separate measures of regular, irregular and nonsense word 

spelling (with accuracy and latency for each) as well as controlling for nonword reading and 

spelling, could expand our knowledge on the importance of both MGR and GOK efficiency 
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in older children. Longitudinal comparisons could also clarify whether young children with 

conjoint RAN deficits (i.e., both ANRAN and NANRAN) continue to have problems with 

reading and spelling and whether a major contributing factor is in their inefficient access to 

and/or use of MGRs. In the same vein, improved measures of MGR could permit important 

inferences about RAN and progressive lexical updating (i.e., improving the accuracy of 

lexically stored information) from within-participant similarities and differences on tasks 

discretely tapping aspects of the lexical entry for a given set of target words, and/or 

systematic manipulation of degree of MGR refinement. It would be of further interest to 

conduct a cross-lagged design comparing older and younger English speaking children to 

explore the point of developmental shift from more GOK use to more MGR use.  

Additionally, a cross-linguistic approach would confirm the suggestion that the 

developmental shift from GOK to MGR occurs a lot later in English speaking children than 

in other more transparent orthographies.  

Finally, RAN has been linked to speed of processing (Kail & Hall, 1994) and is also 

classified as a measure of Performance Fluency (i.e., Naming Fluency) under Miller’s (2013) 

integrated model of speed, fluency and efficiency. Historically, there have been issues with 

the definition of speed of processing and the tasks used to measure this construct. As a 

consequence, previous research has focused on what Miller (2013) would also classify as 

Performance Fluency tasks (e.g., Visual Matching and Cross-Out, Wooodcock & Johnson, 

1989; Woodcock, McGrew, & Mather, 2001; Coding and Symbol Search, Wechsler, 1991) 

while ignoring other types of speed of processing such as verbal fluency, handwriting speed, 

orthographic speed, and more central speed of processing measures (e.g., Inspection Time). 

Therefore, the findings to date in respect to relationships between RAN, literacy, and 

processing speed could be seen as incomplete. There are suggestions that children become 

faster in RAN tasks as they age because of a more global speed of processing mechanism 
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(i.e., as information-processing increases, reading and spelling increase; Katz, Brown, Roth, 

& Beers, 2011; Peter, Matsushita, & Raskind, 2011; Tiu, Thompson, & Lewis, 2003). In 

contrast, other studies have found that after controlling for speed of processing RAN still 

contributes unique variance to reading (e.g., Georgiou, Papadopoulos, Fella, & Parrila, 2012; 

Powell, et al., 2007). Furthermore, Stainthorp, Stuart, Powell, Quinlan, and Garwood (2010) 

also reported that slow RAN children have difficulty discriminating simple visual features 

that cannot be explained by a more general speed of processing deficit. In the light of our 

results, future research should explore all these variables together to further clarify the 

contribution of each RAN type in these relationship matrices. 

 

Conclusion 

This study explored unanswered questions regarding the unique contribution of RAN 

(ANRAN and NANRAN) and OK measures (MGR and GOK) to spelling in Upper Primary 

school students. Our results suggest significant relationships between RAN and spelling and 

MGR and spelling. They also highlight the mediating effect of MGR efficiency and MGR 

accuracy in the ANRAN-spelling and NANRAN-spelling associations. The latter finding 

suggests that NANRAN is still an important investigative tool when assessing spelling in 

older children. Finally, these findings strongly support the diminished reliance on GOK in 

older children as GOK accuracy only contributed a small but significant amount of variance 

in spelling. Overall, these results give grounds for further investigation in this area and have 

important implications for both early literacy instruction and intervention targeting the older 

children poor in literacy.  
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The role of speed of processing (SoP) in the relationship between rapid 

automatized naming (RAN) and literacy 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



161 

Abstract 

There is confusion in the literature regarding the role of speed of processing (SoP) in 

mediating the relationship between RAN and literacy because of the imprecise definition of 

this construct and limitations in the breadth of tasks used to measure SoP. This study adopted 

a promising speed, fluency, and efficiency model (Miller, 2013) to classify a range of SoP 

measures (including efficiency of orthographic knowledge; OK efficiency) to investigate 

whether these measures mediate the relationship between RAN (alphanumeric and 

nonalphanumeric) and literacy in an unselected sample of Grade 6 children (N = 169). In a 

series of parallel multiple mediation analyses we found that efficiency of mental graphemic 

representations (MGR efficiency) principally mediated the RAN-literacy relationship, and 

was the only mediator of the RAN-spelling and the alphanumeric RAN-reading efficiency 

relationships. Additionally, Handwriting Speed (HWS) mediated the nonalphanumeric RAN-

reading efficiency relationship and Symbol Search (SS) mediated the RAN-reading accuracy 

relationship. These findings have considerable implications for future research and practice.  
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RAN 

Rapid automatized naming (i.e., RAN: the ability to name rows of letters, digits, 

objects and colours automatically, with speed and accuracy; Denckla & Rudel, 1976) has 

emerged as a significant unique predictor of reading and spelling (Georgiou, Papadopoulos, 

Fella, & Parrila, 2012; Moll et al., 2014; Savage, Pillay & Melidona, 2008). RAN has two 

subtypes: alphanumeric RAN (ANRAN: letters and digits) and nonalphanumeric RAN 

(NANRAN: colours and objects) and has been associated with other predictors of literacy 

outcomes such as phonological awareness (PA; e.g., Torgesen, Wagner, Rashotte, Burgess, & 

Hecht, 1997), orthographic knowledge (i.e., knowledge of the graphemic system in a given 

language: OK; e.g., Bowers & Wolf, 1993) and speed of processing (SoP; e.g., Kail & Hall, 

1994).  

Regarding the SoP account, some studies suggest that children become faster in RAN 

tasks as they age because of a more global speed of processing mechanism (i.e., as 

information-processing increases, reading and spelling increase; Katz, Brown, Roth, & Beers, 

2011; Peter, Matsushita, & Raskind, 2011; Tiu, Thompson, & Lewis, 2003) whereas other 

studies have found that after controlling for speed of processing RAN still contributes unique 

variance to reading (e.g., Georgiou, et al., 2012; Powell, Stainthorp, Stuart, Garwood, & 

Quinlan, 2007).  

Research in this area has been hampered by the fact that although RAN has been 

linked to SoP (Kail & Hall, 1994) and has been categorised as a measure of Performance 

Fluency (i.e., Naming Fluency) under Miller’s (2013) integrated speed, fluency, and 

efficiency model, there is still no consensus regarding the definition of SoP or on what tasks 

should be employed to measure this construct. Previous RAN studies have examined SoP 

tasks that are also measures of Performance Fluency (e.g., Visual Matching and Cross-Out, 

Wooodcock & Johnson, 1989; Woodcock, McGrew, & Mather, 2001; Coding and Symbol 
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Search: SS, Wechsler, 1991) and have ignored other possible subtypes of this construct (e.g., 

Retrieval Fluency, Acquired Knowledge Fluency, and Fluency and Accuracy; see Table 1 for 

details) leaving us with an incomplete picture of the relationships between RAN, literacy, and 

processing speed measures. Hence, the purpose of our study was to explore the role of 

various SoP measures in the RAN-literacy relationship by using a current conceptualisation 

of SoP (Miller, 2013).   

 

Speed of processing (SoP)  

SoP has been neglected because of lack of consensus regarding its definition and 

composition. However, recent neuropsychological models such as Miller’s integrated speed, 

fluency, and efficiency model (2013) conceptualise SoP as a multidimensional construct that 

can be adopted not only for clinical purposes but also for research. This latter model is used 

as the background theory in this study.   

Although the notion of speed of processing has been around since the late 1800s there 

is still no consensus among researchers on the definition of this construct. This is mainly due 

to research on SoP being abandoned in the 1920s. It was not until the early 1970s that 

research on SoP using psychophysical measures (in particular, Reaction Time; RT) re-

emerged (see O’Brien & Tulsky, 2008). Since then, other research has examined Inspection 

time (IT), which is also suggested to be linked to intelligence (e.g., Anderson, 1992). More 

and more recent research has attempted to clarify the biological bases of SoP and intelligence 

but there are still many unanswered questions (DeLuca, 2008; Jensen, 2006). Much more 

work has been done in this area since behavioural measures of SoP began to be collected. The 

Wechsler Intelligence Scale for Children (WISC-III, Wechsler, 1991) introduced a 

Processing Speed Index comprising their Coding and SS subtests, and the updated version of 

the Woodcock-Johnson Tests of Cognitive Ability (WJ-III; Woodcock, et al., 2001) followed 
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by also including two processing speed measures (i.e., Visual Matching and Cross-Out). 

These SoP indexes became popular not only for clinical practice but also research. In this 

context, it has become apparent that not all SoP tasks measure the same construct. Carroll 

(1993) argued that SoP is not a unitary construct and that it is composed of a number of 

narrow abilities such as: movement time, reaction time, correct and incorrect decision time, 

perceptual speed, short-time retrieval speed, and retrieval fluency. Consistent with this idea, 

DeLuca (2008) proposed a broader definition of SoP that could encompass a variety of SoP 

measures. He defined SoP as “the time required to execute a cognitive task or the amount of 

work that can be completed within a finite period of time” (DeLuca, 2008; p. 266).  

However, one of the most prominent and influential theories of cognitive processing 

that views SoP as a multidimensional construct is the Cattell-Horn-Carroll (CHC) theory. 

Indeed, the Woodcock-Johnson Tests of Cognitive Ability, Third Edition, Normative Update, 

is based on this theory of intelligence (Schneider & McGrew, 2012). The CHC theory 

categorises intellectual ability into: global intelligence, broad abilities, and narrow abilities 

(Schneider & McGrew, 2012). In this model, processing speed is classified as a broad ability 

that contains a variety of more specific narrow abilities such as: Perceptual Speed, Rate of 

Test Taking, Semantic Processing, Speed of Reasoning, Number Facility, and Reading 

Fluency and Writing Fluency (Newton & McGrew, 2010; Schneider & McGrew, 2012).  

Miller (2013) then included SoP in his integrated school neuropsychological model 

which he refers to as SNP (School NeuroPsychological Conceptual model)/CHC (Cattell-

Horn-Carroll theory). This integrated model is based on current psychometric research (e.g., 

Flanagan, Alfonso, & Otriz, 2012; Horn & Blankson, 2012; Keith & Reynolds, 2012; 

Schneider & McGrew, 2012; Schrank & Wendling, 2012) alongside attention and working 

memory. Miller classified SoP as a facilitator/inhibitor that influences cognitive performance 

and acquired knowledge. According to this model, SoP has four second-order classifications 
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and each second-order classification has further third-order classifications (Miller, 2013). The 

second-order classifications are: Performance Fluency (i.e., the ability to quickly perform, 

simple repetitive tasks), Retrieval Fluency (i.e., how quickly information can be retrieved 

from long-term memory), Acquired Knowledge Fluency (i.e., relates to the automaticity of 

academic achievement), and Fluency and Accuracy (i.e., fluency as it relates to accuracy). 

The third-order classifications for each second-order classification and their definitions can 

be seen in Table 1 (see also Figure 1, Chapter 1 of this thesis).   

 Previous studies that have explored the role of SoP in the RAN-literacy relationship 

have generally only used measures of Performance Fluency (e.g., the Coding and SS subtests 

from the Wechsler Intelligence Scale for Children – 4th Edition; WISC-IV, Wechsler, 2003; 

the Visual matching and Cross-out subtests from Woodcock Johnson III, Woodcock & 

Johnson, 1989; Woodcock et al., 2001) to examine this association. According to Miller 

(2013), Visual Matching and SS measure two aspects of the third-order classification of 

Performance Fluency: Perceptual Fluency and Rate of Test-taking. Similarly, Coding 

measures only assess Rate of Test-Taking whereas Cross-Out measures only assess 

Perceptual Fluency. Miller also includes RAN in Performance Fluency under the third-order 

category of Naming Speed. Surprisingly, no one yet has used the other hypothesised 

dimensions of Miller’s model to more fully examine the RAN–SoP–literacy relationship. 

This is important since according to Miller, SoP has different facilitators/inhibitors and 

therefore, by examining different types of SoP simultaneously we can explore which of these 

measures may mediate the RAN-literacy relationship.  
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Table 1 
 

  

Miller’s (2013) second and third order qualifications of SoP and categorisation of our tasks according to this model 
 
2nd and 3rd order classifications What does it measure? 

 
Speeded measures in this study 

Performance Fluency 
 

The ability to quickly perform, simple repetitive tasks  

Psychomotor Fluency A measure of psychomotor speed and movement time 
 

-Reaction Time (RT) 

Perceptual Fluency The ability to quickly distinguish similar but different visual patterns and maintain attention under timed 
conditions 

-Inspection Time (IT) 
-Symbol Search (SS) 

Figural Fluency 
 

The ability to connect dots with unique line patterns while following discrete rules  

Naming Fluency Naming common objects, colours, words, or letters as quickly as possible 
 

-RAN (ANRAN/NANRAN) 

Rate of Test Taking 
 

The perform of tests that are relatively easy or those that require very simple decisions -Symbol Search (SS) 
-Coding 

Oral Motor Fluency Require the repetition of words that are not really words but require the application of phonological rules 
 

 

Retrieval Fluency 
 

How quickly information can be retrieved from long-term memory   

Word Fluency 
 

Naming as many words within a time limit that starts with a specific letter -Phonemic Verbal Fluency (PVF) 

Semantic Fluency Naming as many words within a time limit that all fall in the same category 
 

-Semantic Verbal Fluency (SVF) 

Acquired Knowledge Fluency Relates to the automaticity of academic achievement  
 

 

Reading Fluency for Phonological 
Decoding 
 

Reading efficiently words/nonwords/sentences/passages -Reading efficiency 
 

Reading Fluency for Morphological 
Decoding 

Reading efficiently words to distinguish between common initial spelling patterns that do and do not serve as 
morphemes, or prefixes to a base word 
 

 

Writing Fluency 
 

Represents the automaticity of writing -Handwriting speed (HWS) 

Mathematics Fluency Represents the automaticity of completing math problems quickly and efficiently 
 

 

Fluency and accuracy Fluency as it relates to accuracy 
 

-MGR efficiency 
-GOK efficiency 
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We deemed it important to include OK efficiency measures (efficiency of mental 

graphemic representations: MGR efficiency and efficiency of generic orthographic 

knowledge: GOK efficiency) with the other SoP measures because Hagiliassis, Pratt, and 

Johnston (2006) have suggested that response time OK measures appear to measure 

something different (i.e., “Speeded Choice) than accuracy OK measures (i.e., “Orthographic 

Processing”). Consistent with this, Houlis, Hogben, Visser, Ohan, et al. (Chapters 2; in 

preparation) and Houlis, Hogben, Visser, and Heath (Chapter 3; in preparation) have more 

recently reported that efficiency of access to orthographic information (i.e., accuracy/rate) 

was a significant mediator between RAN and literacy. According to Miller, such measures 

would be categorised under his second order Fluency and Accuracy category. 

In regards to the other SoP subcategories of Miller’s Model we also included 

measures of Retrieval Fluency (i.e., Phonemic and Semantic Verbal Fluency: PVF and SVF), 

Acquired Knowledge Fluency (Handwriting Speed: HWS), and measures of Performance 

Fluency (Reaction Time and Inspection Time: RT and IT). Once again, as far as we know this 

is the first study to include a wide range of SoP measures in the same investigation to further 

elucidate the RAN-literacy relationship.   

 

RAN, SoP, and literacy 

To our knowledge, there are only four studies that have simultaneously examined the 

relationships between RAN, literacy and SoP while including measures of orthographic 

efficiency (i.e., MGR efficiency and/or GOK efficiency; see Table 2 for summary). These 

studies lead us to conclude that orthographic efficiency should be categorised under SoP.   

  Hagiliassis et al. (2006) examined the factorial structure of various measures in 

Grades 3, 4, and 5 to evaluate orthographic and phonological processing in conjunction with 

other related constructs. They achieved this by conducting separate factor analyses for 
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accuracy measures and response-time variables. The factor structure of response-time 

variables revealed that SoP (i.e., Cross-Out) loaded onto the same factor as RAN  letters, 

digits, and colours which Hagiliassis et al. (2006) defined as “General Processing Speed”, 

and which according to Miller (2013), are both measures of Performance Fluency. On the 

other hand, timed PA and OK measures loaded onto a separate factor that Hagiliassis et al. 

called “Speeded Choice”. Finally, speeded nonword reading and irregular word reading both 

loaded onto a third factor considered to be “Reading Speed”. Different results were found for 

the accuracy based variables. Nonword reading and spelling and word identification loaded 

onto the same factor as PA (i.e., phonological factor). Irregular word reading and spelling 

loaded onto the same factor as the MGR and GOK tasks (i.e., “Orthographic Processing” 

factor) and the nonverbal reasoning (NVR) tasks loaded on another factor (i.e., “Working 

Memory” factor).  

Georgiou et al. (2009) examined the same relationships in older children (Grades 3 to 

5) and included measures of MGR and GOK (accuracy and efficiency for each). They found 

that in Grade 5 children RAN total time was not related to PA, but was related to MGR 

accuracy and efficiency, GOK efficiency, and SoP (i.e., task adopted from Kirby, 2006 that 

required participants to quickly circle identical numbers or groups of numbers). Also, 

regression analyses revealed that PA and orthographic processing were not able to fully 

account for the RAN-reading relationship. However, both RAN articulation and pause time 

accounted for significant amounts of variance in reading fluency after controlling for IQ, SoP, 

PA, and orthographic processing (MGR accuracy and efficiency). These researchers argued 

that future research needed to consider: a) a better measure of MGR for older children as in 

this study it had a ceiling effect and was not able to be used in subsequent analyses, and b) 

the inclusion of NANRAN which was not used in this study.  

 



169 

Table 4. 
Studies that examined RAN, OK, SoP, and literacy 
 
Authors and Year Language Grades Children N RAN OK SoP IQ PA Reading Spelling 

 
Hagigliassis, Pratt, & 
Johnston (2006) 

English 3, 4, 5  
mixed 

Typically 
developing  

 
177 

Letters 
Digits 
Colours 
 

MGR accuracy 
MGR latency 
GOK accuracy 
GOK latency 
 

Cross-Out Yes Yes Accuracy 
Latency 

Accuracy  

Georgiou, Parrila, & 
Kirby (2009) 

English 3-5 
followed 

Typically 
developing 
 

 
75 to 60 

Letters 
Digits 

MGR accuracy 
MGR latency 
GOK accuracy 
GOK latency 
 

Kirby (2006)† 
Visual Matching 

Yes Yes Accuracy 
Efficiency 

No 

O’Brien, Wolf, Miller, 
Lovett, & Morris 
(2011) 
 

English 1,2,3  
mixed 

Reading 
disorder 

 
45 

Letters 
Digits 

MGR accuracy 
MGR efficiency 
GOK accuracy 
GOK efficiency 
 

Coding  
Symbol Search 

Yes Yes Accuracy 
Efficiency 

Accuracy 

Georgiou, Parrila, & 
Papadopoulos (2016) 

 
Greek 

 
4 

Typically 
developing 

 
208 

Digits 
Objects 

MGR accuracy 
MGR efficiency  
Combined 
MGR/GOK 
efficiency 

Visual Matching 
Symbol Search 

Yes Yes Efficiency No 

            
†This is an experimental SoP measure that required participants to quickly circle identical numbers or groups of numbers.  
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More recently, O’ Brien, Wolf, Miller, Lovett, & Morris (2011) examined children 

with dyslexia (Grades 1 to 3) and found a link between RAN letters and OK recognition 

efficiency (i.e., Orthographic visual search task: search accuracy and speed for trained 

sublexical patters; GOK efficiency). Orthographic recognition efficiency was also related to 

reading efficiency for passages but not spelling performance. Moreover, RAN letters was 

correlated with one SoP task (i.e., Coding) but not with SS. These researchers suggested that 

future research should look into developing a deeper understanding of the nature and 

development of OK and SoP.  

Finally, Georgiou, Parrila, and Papadopoulos (2016) contrasted the three main 

theoretical accounts mentioned above in Grade 4 Greek children using SEM and multiple 

mediation. When they used accuracy measures for phonological processing and MGR neither 

of these measures mediated the RAN-reading fluency relationship. On the other hand, when 

they used speeded measures of phonological processing and MGR, MGR partly mediated the 

RAN-reading fluency relationship. Moreover, they found that the relationship between RAN 

and phonological processing or MGR depends on whether SoP (Visual Matching and SS) 

was included in the analyses and whether accuracy or speeded measures of phonological 

processing or MGR were used. These researchers concluded that SoP seems more important 

for the RAN-phonological processing/RAN-orthographic processing relationships than for 

the RAN-reading relationship. However, these authors did not have a measure of GOK and 

did not separate ANRAN and NANRAN in their analyses.    

Overall, this previous research suggests that SoP (including OK efficiency) is related 

to RAN and that SoP contributes unique variance to the RAN-literacy relationships at 

different developmental stages. However, due to the limited conceptualisation of processing 

speed in previous studies other types of speed also important to the RAN-literacy 

relationships were not explored. More specifically, none of these studies examined multiple 
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constructs of SoP such as those conceptualised by Miller (2013) to clarify their role in the 

RAN-reading and RAN-spelling relationships.  

 

The current study 

This study takes a different approach to examining the role of SoP in the RAN-

literacy relationship. Since there seems to be confusion in the literature about the definition of 

SoP and the measures used to explore this construct, instead of contrasting the different 

theoretical accounts for the RAN-literacy relationships, we adopted Miller’s model (2013) to 

explore the role of a range of SoP measures in the RAN-literacy relationship. Since SoP is 

suggested by the CHC theory to be a broad ability that contains a variety of more specific 

narrow abilities (Carroll, 1993) we examined simultaneously various SoP measures that can 

be categorised under all four second-order classifications of Miller’s (2013) model. Under 

Miller’s classification of speed, fluency, and efficiency measures we also included measures 

of efficiency of OK (see Table 1). The OK efficiency tasks used in this study are suggested to 

be purer speeded measures of MGR and GOK (see Methods section and Houlis, Heath, 

Hogben, Visser, Ohan, et al., in preparation: Chapter 2; Houlis et al., in preparation: Chapter 

3). This is the first study to take this approach.   

Specifically, the main question for this study is to what extent the relationship 

between RAN and literacy may be accounted for by nine different measures of speed, 

fluency, and efficiency representing the four second-order classifications of SoP in Miller’s 

(2013) model. The aim of this study was a) to highlight the multicomponent nature of SoP 

and OK, and b) to identify the components that may clarify the relationship between RAN 

(i.e., ANRAN and NANRAN) and literacy (i.e., reading accuracy, reading efficiency, and 

spelling) while controlling for NVR and PA in older children (i.e., the same sample used in 
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Chapters 2 and 3). We were particularly interested in the strength of efficiency measures 

compared to other measures of speed and efficiency.  

In order to explore the mediating role of these speeded measures in the RAN-literacy 

relationship we conducted a series of parallel multiple mediation models according to Hayes’ 

specifications using PROCESS (Hayes, 2013). We used this method because it provides 

estimates of the amount of the covariance between RAN and literacy that is explained by 

control variables and the significance of each estimate. We achieved this by simultaneously 

including nine mediators and by investigating the influence of the predictor variables (i.e., 

ANRAN and NANRAN) on the outcome variables (i.e., reading accuracy, reading efficiency, 

and spelling).    

 

Method 

Participants 

The University of Western Australia Human Ethics Research Committee 

(RA/4/1/5246) approved this project. Participants were recruited from two non-government 

primary schools and seven government primary schools in metropolitan Perth, Western 

Australia. Individualised information packs were prepared for the school principals, parents 

and children approached to participate in this study. Written consent was obtained at each 

level with the parents/guardians of participating children also providing written consent for 

participation of their child. Participants were free to withdraw at any time from the project 

without prejudice or the need to justify their decision. Convenience sampling was carried out. 

One hundred and seventy eight Grade 6 students were recruited and tested initially. Teachers 

reported that nine students had English as a second language and therefore were excluded 

from the study. The final sample consisted of 169 students (77 females, 92 males) with ages 

ranging from 10.75 to 12.42 years (M = 11.65 years; SD = .36 years). A toy pencil sharpener 
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was given to each child for their participation in the study. Additional information regarding 

our sample can be seen in Table 3.  

 

Measures 

Nonverbal reasoning (NVR). NVR was measured by the Matrix Reasoning Subtest 

from the Wechsler Abbreviated Scale of Intelligence (WASI; Wechsler, 1999). This subtest 

uses pattern completion, classification, analogy and serial reasoning. It consists of 32 items 

and requires participants to examine a matrix from which a section was missing and choose 

one of five response options. Reliability coefficients for children aged 6 to 16 years range 

from .86 to .96 with a mean of .92 (Wechsler, 1999).  

Phonological Awareness (PA). The Segmenting Nonwords and Phoneme Reversal 

Subtests from the Comprehensive Test of Phonological Processing (CTOPP; Wagner, 

Torgesen & Rashotte, 1999) were used to assess PA. For the Segmenting Nonwords Subtest 

participants were required to segment 20 nonwords into their constituent phonemes. In 

contrast, the Phoneme Reversal Subtest required students to reverse the order of the 

phonemes in 18 nonsense words to derive real words. These two measures are considered to 

be more discriminating among older children than the real word deletion and blending 

activities in the CTOPP core PA composite, since they require the use of meta-analytic PA 

(Gillon, 2004), and also involve nonsense words. A composite score was also created from 

the above subtests to measure PA. The split-half reliability for both Phoneme Reversal and 

Segmenting Nonwords in the age range of 8 to 17 is .79 (Wagner et al., 1999). 

 Rapid Automatised naming (RAN). The CTOPP Digits and Letters Subtests were 

used to measure ANRAN and the CTOPP Objects and Colours Subtests were used to assess 

NANRAN (Wagner et al., 1999). For each subtest, children were required to name as quickly 

as possible 36 items in a 4x9 array based on a set of six stimuli repeated six times at random 
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(e.g., the digits 234578). The split-half reliability for the age range of 8 to 17 is .89 for RAN 

Colours, .93 for RAN Objects, .80 for RAN Digits and .72 for RAN Letters (Wagner et al., 

1999). Raw scores (i.e., time taken in seconds) were converted to standard scores for each 

subtest, and then used to create Digits/Letters (i.e., ANRAN) and Colours/Objects (i.e., 

NANRAN) composite scores. The correlation between composite scores was r = .61 (p < .01).  

 Word reading. Untimed single word recognition was assessed by the Word 

Identification (WID) Subtest of the Woodcock reading mastery tests–Revised/Normative 

Update (Woodcock, 1998). Participants were required to read aloud from a graded list of 106 

words until they reached their ceiling level. This subtest has reliability greater than .94 

(Woodcock, 1998). 

 Word reading efficiency. The ability to recognize high frequency words accurately 

and quickly was measured by the Sight Word Efficiency (SWE) Subtest of the Test of Word 

Reading Efficiency (TOWRE; Torgesen, Wagner, & Rashotte, 1999). Participants were 

required to read aloud as many real words as they could from a graded list of 104 words 

within 45 seconds. The split-half reliability for the age range of 10 to 18 is .84 (Torgesen et 

al., 1999).  

Word spelling. This was assessed with the Word Spelling Subtest of the Wechsler 

Individual Achievement Test (WIAT-II; Wechsler, 2002), which is a spelling dictation task 

and requires participants to listen to words from a graded list (for Grades 5 to 7 the starting 

point was from item 19 for a total of 35 words). They are asked to give a written response 

after hearing the word read twice in isolation and once in a sentence. The WIAT-II has test 

retest reliability scores ranging from .85-.98, and internal consistency ranging from .80-.98 

(Wechsler, 2002).  
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Experimental tasks 

 Mental Graphemic Representations task (MGR task). This task aims to ensure that 

stimuli cannot be solved using GOK. Indeed, Houlis, Heath, Hogben, Visser, Ohan, et al. (in 

preparation: see Chapter 2 and Appendix B) attempted to resolve the problems described in 

Chapter 2 with the Olson, Forsberg, Wise, & Rack (1994) orthographic choice task by 

replacing stimuli that could potentially be solved using GOK by words with a degree of 

irregularity that would be expected to prevent this possible confound. Houlis, Heath, Hogben, 

Visser, Ohan, et al. kept twelve pairs of words from the Olson task and added 29 new pairs of 

words from different sources (Castles & Coltheart, 1993; Clutterbuck, 2000; Hope, 2001; 

Westwood, 1999; Woodcock, 1998). What made this task a purer measure of MGR is that the 

“irregular” stimuli chosen had to have: a) a minimum of one instance where the orthography 

clearly failed to correspond to the spoken sounds of the word according to accepted English 

orthographic patterns (e.g., “answer” and “salmon”); b) an orthographic pattern which has an 

extremely low probability of occurring in English (e.g., hearth; gauge); or c) numerous 

irregularities (e.g., meringue; tomb). Split half reliabilities were .81 for accuracy, .91 for 

latency and .93 for efficiency (i.e., accuracy/latency). 

 Generic Orthographic Knowledge task (GOK task). The task consisted of 39 pairs 

of nonwords. In each pair, Houlis, Heath, Hogben, Visser, Ohan, et al. (in preparation; see 

Chapter 2 and Appendix C) ensured that one of the nonsense words contained a plausible 

English orthographic pattern (e.g., “phim”) and a pseudohomphone foil that included an 

improbable English spelling (e.g., an orthographic pattern that violated positional constraints 

such as “ffim”, because the letter “f is not doubled at the beginning English words). These 

researchers also included nonwords that would be expected to tap into more advanced OK 

(e.g., morphemic information such as provided in “impliction” paired with the foil 

“implikshen” or “brocked” paired with the foil “broct”) to suit an older group of children. 

Split-half reliabilities were .69 for accuracy, .91 for latency and .86 for efficiency scores (i.e., 

accuracy/latency). 
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Procedure for experimental tasks (MGR and GOK) 

 Participants were presented with the pairs of words (one to the left, and one to the right 

of central fixation) in black letters (Arial font size 22), against a white background on a 

laptop computer running MATLAB software. For both tasks, participants were asked to 

respond as quickly and as accurately as possible by pressing a button on a response box 

corresponding to the side of the display containing the item that looked “more like a real 

word”. Accuracy and response latency were recorded by the software. Participants were 

given practice trials. No feedback about correctness was given and there was no time limit to 

complete the tasks. 

 

Performance Fluency measures 

Inspection time task (IT). The IT task is a computer-based task designed for children 

(Anderson, 1988). It is an information processing speed task which excludes the demands of 

rapid responding from its performance. IT was estimated by using a PEST procedure 

described by Anderson, Reid and Nelson (2001). The IT program was run on an ACER 

laptop computer, with stimuli displayed on a 14 inch VGA monochrome monitor (brightness 

held constant across test sessions). The stimulus was a line-drawn alien with two antennae 

which will be either the same or different lengths (long antennae were 2 cm and short 

antennae were 1cm; the difference subtending a visual angle of approximately 1.15°, at a 

viewing distance of 50 cm) and is randomly presented (there are four variations: both 

antennae short, both antennae long, left antenna longer, right antenna longer). The stimulus 

duration was controlled by a mask. Each child was given 16 practice trials. Children were 

warned that the alien would appear for a short period of time before hiding behind a bush 

(backward mask). After presentation of a stimulus the child had to press one of the two 

buttons on a simple purpose-made response box to indicate same or different length antennae. 

Participants were required to press the left button if the antennae on the alien were of the 
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same length and the right button if they differed in length, and were instructed to emphasise 

response accuracy rather than speed.  IT is estimated as the shortest stimulus duration at 

which participants can achieve 70% accuracy–lower IT indicates faster processing. There 

were four blocks and the results were obtained from the median of the last block (last 25 

trials) for each child. These 25 trials are a mixture of three independent PEST procedures that 

ran simultaneously. 

Choice reaction time (RT). This choice reaction time task uses the same stimuli and 

apparatus as the IT task.  However, this task does not include the backward mask to control 

exposure duration and has the requirement for rapid responding (Anderson, 1988). The RT 

program was also run on a ACER laptop computer, with stimuli displayed on a 14 inch VGA 

monochrome monitor (brightness held constant across test sessions). This computer-based 

task requires participants to press, as quickly as possible, one of two buttons on a purpose-

made response box to indicate same or different length antennae as for the IT task. Median 

correct reaction times were based on the median of the last block, as for IT.  

WISC-IV Processing Speed. The Coding and SS Subtests of the Wechsler 

Intelligence Scale for Children - 4th Edition (WISC–IV; Wechsler, 2003) are argued to 

provide a psychometric indicator of SoP. Coding requires the child to transcribe symbols 

paired with digits to empty boxes as quickly and accurately as possible. SS requires the child 

to decide whether or not one of two target symbols is present in an array of five symbols and 

to respond by checking the appropriate box, again as quickly and accurately as possible. Raw 

scores were converted to standard scores for each subtest. Test-retest reliability for Coding 

is .85 and for SS .79 (Wechsler, 2003).  

 

Acquired Knowledge Fluency measure 

Handwriting speed (HWS). Students’ writing speed was measured using the 

Handwriting Speed Test (Wallen, Bonney, & Lennox, 1996). In this test students were asked 
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to write the sentence “The quick brown fox jumps over the lazy dog” as many times as they 

could in three minutes. This sentence contains all the letters of the alphabet. Students were 

asked to write as quickly but as neatly as they could. The inter-rater (ICC = .999), intra-rater 

(ICC = .999), and test–retest reliability (ICC = .898) for this task are excellent (Wallen and 

Mackay, 1999).  

 

Retrieval Fluency measures 

Oral verbal fluency. Student’s verbal fluency was measured by the verbal fluency 

subtest of the NEPSY (A Developmental NEuroPSYchological Assessment; Korkman, Kirk, 

& Kemp, 1998).  This test is assumed to measure retrieval from long-term memory and 

includes two independent types of verbal fluency: a) semantic category fluency (i.e., 

recitation of examples of a given category; Semantic Verbal Fluency: SVF), and b) initial 

letter fluency (i.e., generation of words beginning with a given initial letter; Phonemic Verbal 

Fluency: PVF). Students were administered two trials of the semantic category fluency task 

(which required children to name as many animals or things you can eat or drink as they 

could in one minute for each trial) and two trials of the initial letter fluency task (which 

required children to name as many words in one minute that start with the letters S and F as 

they could). The reliability coefficient for the verbal fluency component of the NEPSY in 

children between 5 and 12 years is .74.  

Accuracy and Fluency measures  

MGR efficiency and GOK efficiency tasks. These two types of OK efficiency 

(experimental tasks described above) required children to respond as quickly and as 

accurately as possible by pressing a button on a response box corresponding to the side of the 

display containing the item that looked “more like a real word”. Split half reliabilities was .93 

for MGR efficiency (i.e., accuracy/latency) and .86 for GOK efficiency scores (i.e., 

accuracy/latency). 
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General procedure  

 This study administered to each participant the whole battery of tests in one session of 

approximately 75 minutes with appropriate breaks. Part of this battery of tests was also used 

for Chapters 2 and 3 (i.e., Studies 1 and 2). The tasks were administered in the same order to 

all participants interspersed among other tasks but in the following sequence: Spelling, 

Reading, RAN, HWS, Verbal Fluency, IT, RT, PA, Coding, SS, NVR, MGR, and GOK. All 

tasks were administered individually in a quiet room at the children’s school. All students 

completed all tasks. 

 

Results 

Sample description 

  Means, standard deviations and intercorrelations for each measure are shown in Table 

3. Both types of RAN were correlated with reading (especially efficiency) and spelling 

measures, with the highest correlations between RAN and reading efficiency. Moreover, all 

SoP measures were significantly correlated with at least one RAN type and reading and 

spelling; apart from IT which correlated significantly only with NANRAN but not with 

reading or spelling. Additionally, PA was not correlated with either ANRAN or NANRAN 

because as discussed by Houlis, Hogben, Visser, Ohan et al. (Chapters 2) and Houlis et al. 

(Chapter 3) we used more meta-analytic in nature measures of PA which were much more 

effective in discriminating among older children’s PA.    

 

Preliminary analyses  

 Ten univariate outliers were detected across our variables that were more than 3.29 

standard deviations from the mean. These were winsorised by replacing them with the next 

highest score which was not an outlier (Field, 2013). We also conducted a square root 

transformation of three of the SoP variables (PVF, IT and Reaction Time) because of positive 
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skewness and platykurtic kurtosis. Final inspection of the normal probability plot and 

scatterplot of standardised residuals against standardised predicted values indicated that the 

assumptions of normality, linearity and homoscedasticity were met. No multivariate outliers 

were found. Relatively low correlations between the mediators indicated that collinearity did 

not interfere with our data interpretation. Finally, we adjusted for age on our eight variables 

that were not age normed (i.e., MGR accuracy, MGR efficiency, GOK accuracy, GOK 

efficiency, PVF, SVF, RT, IT) by running regression analyses with Age as the dependent 

variable and the raw score variable as the independent variable. We then ran more regression 

analyses with the residuals as the independent variable. The overall models were not 

significant; hence, we were able to use the raw scores for further analyses.  

 

Parallel multiple mediation analyses 

 In order to explore the mediating role of OK and SoP in the RAN–literacy 

relationship six parallel multiple mediation models were conducted according to the 

specifications set out by Hayes’ (2013) PROCESS approach. Figure 1 shows a summary of 

the significant mediators in the RAN-literacy relationships. All variables were transformed to 

z-scores before conducting the mediations to facilitate comparisons of the contributions of the 

independent variables on reading and spelling. NVR and PA were included as covariates in 

all models (see Table 7 for covariate coefficients for all models). The bootstrapping 

confidence intervals (CI) were changed to the .01 level for all models to account for multiple 

comparisons. The CI was computed with a bootstrapping bias corrected technique with 5,000 

resamples using Preacher and Hayes’ SPSS macro (Preachers & Hayes, 2008). The CI test 

whether an indirect effect differs from zero (i.e., whether inclusion of a proposed mediator 

significantly reduces the effect of RAN on literacy).  
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Table 3 

Intercorrelations among variables of interest and participant performance on key tasks 

 
Measure Age SPELL WID SWE ANRAN NANRAN PA NVR MGRef GOKef HWS Coding SS SVF PVF ITm RTm 
                  

Age 1                 

SPELL -.02 1                

WID .00 .78 ‡ 1               

SWE .04 .61 ‡ .56 ‡ 1              

ANRAN -.01 .38 ‡ .33 ‡ .66 ‡ 1             

NANRAN .01 .32 ‡ .19† .52 ‡ .61 ‡ 1            

PA .03 .44 ‡ .56 ‡ .34 ‡ .09 .10 1           

NVR -.08 .31 ‡ .33 ‡ .20 ‡ .04 .14 .34 ‡ 1          

MGReff .02 .57 ‡ .49 ‡ .52 ‡ .35 ‡ .30 ‡ .23 ‡ .18† 1         

GOKeff .01 .14 .09 .23 ‡ .12 .21 ‡ .05 -.08 .43 ‡ 1        

HWS .05 .30 ‡ .24 ‡ .42 ‡ .38 ‡ .26 ‡ .08 .04 .40 ‡ .32 ‡ 1       

Coding -.15 .29 ‡ .12 .35 ‡ .41 ‡ .53 ‡ .12 .21 ‡ .32 ‡ .35 ‡ .43† 1      

SS -.18† .31 ‡ .10 .35 ‡ .33 ‡ .49 ‡ .09 .30 ‡ .43 ‡ .34 ‡ .40 ‡ .68 ‡ 1     

SVF -.01 .13 .11 .21 ‡ .12 .34 ‡ .09 .32 ‡ .11 .08 -.05 .21 ‡ .33 ‡ 1    

PVF -.01 .25 ‡ .25 ‡ .28 ‡ .33 ‡ .36 ‡ .23 ‡ .23 ‡ .26 ‡ .14 .07 .28 ‡ .28 ‡ .35 ‡ 1   

ITm -.07 -.07 -.04 -.05 -.11 -.20 ‡ -.07 -.21 ‡ -.16† -.11 -.11 -.25 ‡ -.24 -.03 -.11 1  

RTm -.05 -.29 ‡ -.23 ‡ -.34 ‡ -.36 ‡ -.43 ‡ -.21 ‡ -.32 ‡ -.43 ‡ .35 ‡ -.30 ‡ -.44 ‡ -.46 ‡ -.27 ‡ -.29 ‡ .41 ‡ 1 

                  
Mean 11.65 108.47 104.59 106.98 96.95 92.40 102.93 11.10 .80 .63 11.27 102.10 108.52 44.56 22.49 52.41 660.63 

SD .36 13.68 10.39 11.55 13.93 13.60 22.96 2.33 .20 .17 3.20 13.24 11.55 9.21 6.92 17.95 109.75 

 
Note. Age in years; SPELL: Spelling; WID: Word identification – untimed reading; SWE: sight word efficiency – speeded reading; ANRAN, alphanumeric RAN (letters/numbers); NANRAN, nonalphanumeric RAN 
(objects/colours); PA: phonological awareness; NVR: nonverbal reasoning; HWS: handwriting speed; Coding: Coding; SS: Symbol Search; SVF: Semantic Verbal Fluency & PVF: Phonemic Verbal Fluency (A developmental 
neuropsychological assessment; z scores for each measure, mean=0, SD=1); ITm: Inspection Time median; RTm: Reaction Time median; SPELL,WID, SWE, ANRAN, NANRAN, PA: mean=100, SD=10; Coding, SS, NVR: standard 
tests, Mean = 10; SD= 3; ‡p < .01; †p < .05  
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RAN-reading 

Table 4 presents the total and direct effects of RAN on reading as well as the total 

indirect effect, and the individual indirect effects of the mediators. Table 5 presents the 

coefficients for paths a and b. When examining reading efficiency as the outcome variable 

only MGR efficiency was a significant partial mediator of the effect of ANRAN on reading 

efficiency whereas MGR efficiency and HWS partly mediated the NANRAN-reading 

efficiency relationship. When examining reading accuracy as the outcome variable both 

MGR efficiency and SS partly mediated the ANRAN-reading accuracy relationship and there 

was no mediation but only an indirect effect of these variables in the NANRAN-reading 

accuracy relationship.  

Model A: ANRAN-SoP-Reading efficiency. After controlling for NVR and PA, the 

total effect of ANRAN on reading efficiency (i.e., without taking into account the mediators) 

was significant (c = .634, p = .000; F(3, 165) = 59.89, p < .01; R² = .52). After adjusting for 

the indirect effects of the mediators the direct effect of ANRAN on reading efficiency (i.e., 

when taking into account the mediators) decreased but was still significant suggesting a 

partial mediation (c'= .548, p = .000; F(12, 156) = 20.40, p < .01; R² = .61).  Overall MGR 

efficiency was the only significant partial mediator and there was also an indirect effect of 

HWS.   

Model B: NANRAN-SoP-Reading efficiency. After controlling for NVR and PA, 

the total effect of NANRAN on reading efficiency was significant (c = .490, p = .000; F(3, 

165) = 30.53, p < .01; R² = .36). After adjusting for the indirect effects of the mediators, the 

direct effect of NANRAN on reading efficiency decreased but was still significant suggesting 

a partial mediation (c'= .403, p = .000; F(12, 156) = 13.50, p < .01; R² = .51). Overall, both 

MGR efficiency and HWS were significant partial mediators.  

Model C: ANRAN-SoP-Reading accuracy. After controlling for NVR and PA, the 

total effect of ANRAN on reading accuracy was significant (c = .276, p = .000; F(3, 165) = 

38.43, p < .01; R² = .41). After adjusting for the indirect effects of the mediators, the direct 

effect of ANRAN on reading accuracy decreased but was still significant implying a partial 

mediation (c'= .215, p = .002; F(12, 156) = 15.41, p < .01; R² = .54). Overall, both MGR 

efficiency and SS were significant partial mediators. Interestingly, ANRAN had a significant 
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positive contribution to SS and the latter had a significant but negative contribution to reading 

accuracy (i.e., the less time children take to complete SS, the better their reading accuracy will 

be). 

Model D: NANRAN-SoP-Reading accuracy. After controlling for NVR and PA, the 

total effect of NANRAN on reading accuracy was nonsignificant (c = .124, p = .052; F(3, 

165) = 29.73, p < .01; R² = .35). After adjusting for the indirect effects of the mediators, the 

direct effect of NANRAN on reading accuracy decreased and was also nonsignificant 

(c'= .109, p = .133; F(12, 156) = 14.05, p < .01; R² = .52) implying that we did not have 

mediation but only an indirect effect of MGR efficiency and SS. Similar to Model C, the 

contribution of SS to reading accuracy was significant but negative (i.e., the less time 

children take to complete SS, the better their reading accuracy will be). 

 

RAN-spelling 

Table 4 presents the total and direct effects of RAN on spelling as well as the total 

indirect effect, and the individual indirect effects of the mediators. Table 6 presents the 

coefficients for paths a and b. When examining spelling as the outcome variable only MGR 

efficiency was a significant partial mediator of the effect of ANRAN on spelling and of 

NANRAN on spelling (see Figure 1 for summary; models E and F). 

Model E: ANRAN-SoP-Spelling. After controlling for NVR and PA, the total effect 

of ANRAN on spelling was significant (c = .340, p = .000; F(3, 165) = 27.53, p < .01; R² 

= .33). After adjusting for the indirect effects of the mediators, the direct effect of ANRAN 

on spelling decreased but was still significant implying a partial mediation (c'= .189, p = .008; 

F(12, 156)  = 12.51, p < .01; R² = .49). Overall, MGR efficiency was the only significant 

partial mediator. 

Model F: NANRAN-SoP-Spelling. After controlling for NVR and PA, the total 

effect of NANRAN on spelling was significant (c = .264, p = .000; F(3, 165) = 22.18, p < .01; 

R² = .29). After adjusting for the indirect effects of the mediators, the direct effect of 

NANRAN on spelling decreased but was still significant implying a partial mediation 

(c'= .158, p = .036; F(12, 156) = 12.08, p < .05; R² = .48). Overall, MGR efficiency was the 

only significant partial mediator.  
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Model A Partial Mediation MGRef¹   
99% CI .379‡      .124†  
5,000 BS    ANRAN        Reading efficiency  
  c' = .548‡   
     
     
Model B Partial Mediation  MGRef¹   
99% CI .271‡  .307‡  
5,000 BS                     .253‡           HWS² .237‡  
     
 NANRAN           Reading efficiency  
  c' = .403‡   
     
     
Model C Partial Mediation  MGRef¹     
99% CI .327‡  .386‡  
5,000 BS .324‡ SS³ -.219‡  
     
 ANRAN             Reading accuracy  
  c' = .215‡   
     
     
Model D No Mediation MGRef¹ Only indirect effect  
99% CI .271‡  .417‡  
5,000 BS .462‡ SS³ -.235‡  
     
 NANRAN c' = .109               Reading accuracy  
     
     
         
Model E Partial Mediation  MGRef¹   
99% CI                   .327‡           .451‡  
5,000 BS ANRAN                            Spelling  
  c’ = .189‡   
     
     
Model F Partial Mediation MGRef¹   
99% CI .271‡  .475‡  
5,000 BS NANRAN                              Spelling  
  c' = .158†   
     
Figure 1.  Summary of results: MGR efficiency, HWS and SS were the significant mediators of the 
RAN-reading and RAN-spelling relationships; ¹Accuracy and Fluency measure; ²Acquired 
Knowledge Fluency measure; ³Performance Fluency measure; CI: confidence intervals; BS: 
bootstrap samples; ‡ p < .01, †p < .05. 
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Table 4       
Total and direct effects of RAN on reading and spelling; total indirect and individual indirect effects of proposed mediators 
       
 Reading efficiency Reading accuracy Spelling 
       
Effects of ANRAN Effect 99% Bca CI Effect 99% Bca CI Effect 99% Bca CI 
       
Total effect of ANRAN on reading/spelling .634  .276  .340  
Direct effect of ANRAN on reading/spelling .548  .215  .189  
Total indirect effect .087 -.025 to .219 .061 -.056 to .203 .150 -.007 to .309 
Indirect effect of HWS .047 -.012 to .134 .037 -.033 to .114 .018 -.053 to .113 
Indirect effect of Coding -.015 -.105 to .060 -.017 -.104 to .063 .020 -.071 to .121 
Indirect effect of SS -.000 -.083 to .072 -.071 -.179 to -.009 .001 -.074 to .081 
Indirect effect of GOK efficiency .006 -.013 to .059 -.005 -.052 to .017 -.011 -.066 to .007 
Indirect effect of MGR efficiency .077 .022 to .167 .126 .056 to .233 .147 .062 to .273 
Indirect effect of PVF -.016 -.069 to .030 .007 -.049 to .066 -.001 -.072 to .060 
Indirect effect of SVF .013 -.009 to .062 .004 -.012 to .054 .000 -.027 to .034 
Indirect effect of RT¹ -.018 -.092 to .043 -.017 -.084 to .050 -.018 -.102 to .063 
Indirect effect of IT -.007 -.046 to .007  -.004 .045 to .011 -.006  -.047 to .012 
       
Effects of NANRAN Effect 99% Bca CI² Effect 99% Bca CI Effect 99% Bca CI 
       
Total effect of NANRAN on reading/spelling .490  .124  .264  
Direct effect of NANRAN on reading/spelling .403  .109  .158  
Total indirect effect .087 -.061 to .258 .015 -127 to .169 .106 -.079 to .289 
Indirect effect of HWS .060 .011 to .148 .036 -.006 to .102 .022 -.020 to .098 
Indirect effect of Coding -.017 -.133to .093 -.013 -.115 to .092 .023 -.092 to .147 
Indirect effect of SS -.028 -.142to .072 -.108   -.225 to -.020 -.010 -.113 to .096 
Indirect effect of GOK efficiency -.006 -.069 to .034 -.017  -.086 to .024 -.027 -.104 to .010 
Indirect effect of MGR efficiency .083 .024 to .195 .113 .036 to .240 .129 .037 to .274 
Indirect effect of PVF .003 -.049 to .069 .018 -.045 to .087 .005 -.059 to .077 
Indirect effect of SVF .015 -.040 to .087 006 -.049 to .074 -.007 -.076 to .053 
Indirect effect of RT -.006 -.088 to .068 -.011 -.100 to .062 -.017 -.120 to .069 
Indirect effect of IT -.017 -.076 to .006 -.009 -.064 to .014 -.013 -.068 to .016 
       
Note. Indirect effects with confidence intervals that do not include zero are significant; In bold are the CI of the indirect effects of the mediators that did not include zero.   
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Table 5     
Parallel multiple mediation models A, B, C and D exploring the mediating role of SoP types in the 
RAN-reading  relationships 
     

Predictor X path a M path b Outcome Y 
     
Model A     

ANRAN a₁ = .379‡ HWS b₁= .124† Reading efficiency 
ANRAN  a₂ = .400‡ Coding b₂ = -.038 Reading efficiency 
ANRAN  a₃ = .324‡ SS b₃= -.001 Reading efficiency 
ANRAN         a₄ = .115 GOKef b₄= .055 Reading efficiency 
ANRAN  a₅ = .327‡ MGRef        b₅= .235‡ Reading efficiency 
ANRAN  a₆ = .307‡ PVF  b₆= -.053 Reading efficiency 
ANRAN         a₇ = .110 SVF   b₇= .117† Reading efficiency 
ANRAN   a₈ = -.337‡ RTm b₈= .052 Reading efficiency 
ANRAN a₉ = -.105 ITm b₉= .064 Reading efficiency 

     
Model B     

NANRAN a₁ = .253‡ HWS b₁ = .237‡ Reading efficiency 
NANRAN a₂ = .509‡ Coding b²  = -.034 Reading efficiency 
NANRAN a₃ = .462‡ SS b₃ = -.060 Reading efficiency 
NANRAN a₄ = .218‡ GOKef b₄ = -.028 Reading efficiency 
NANRAN a₅ = .271‡ MGRef  b₅ = .307‡ Reading efficiency 
NANRAN a₆ = .322‡ PVF b₆ = .008 Reading efficiency 
NANRAN a₇ = .303‡ SVF b₇ = .050 Reading efficiency 
NANRAN  a₈ = -.391‡ RTm b₈ = .016 Reading efficiency 
NANRAN a₉ = -.175 ITm b₉ = .096 Reading efficiency 

     
Model C     

ANRAN a₁ = .397‡ HWS b₁ = .097 Reading accuracy 
ANRAN a₂ = .400‡ Coding b₂ = -.042 Reading accuracy 
ANRAN a₃ = .324‡ SS  b₃ = -.219‡ Reading accuracy 
ANRAN        a₄ = .115 GOKef b₄ = -.041 Reading accuracy 
ANRAN a₅ = .327‡ MGRef  b₅ =  .386‡ Reading accuracy 
ANRAN a₆ = .307‡ PVF b₆ = .024 Reading accuracy 
ANRAN a₇ = .110‡ SVF b₇ = .037 Reading accuracy 
ANRAN   a₈= -.337‡ RTm b₈ = .051 Reading accuracy 
ANRAN a₉= -.105 ITm b₉ = .042 Reading accuracy 

     
Model D     

NANRAN a₁ = .253‡ HWS b₁ = .143† Reading accuracy 
NANRAN a₂ = .509‡ Coding b₂ = -.025 Reading accuracy 
NANRAN a₃ = .462‡ SS  b₃ = -.235‡ Reading accuracy 
NANRAN a₄ = .218‡ GOKef b₄ = -.078 Reading accuracy 
NANRAN a₅ = .271‡ MGRef  b₅ = .417‡ Reading accuracy 
NANRAN a₆ = .322‡ PVF b₆ = .055 Reading accuracy 
NANRAN a₇ = .303‡ SVF b₇ = .020 Reading accuracy 
NANRAN a₈ = -.391‡ RTm b₈ = .028 Reading accuracy 
NANRAN a₉ = -.175† ITm b₉ = .053 Reading accuracy 

         
Note. M: mediators; ‡ p < .01, †p < .05; In Model A although paths a₁ and	b₁ were	significant	the	bootstrap	LLCI	
contain	0	so	there	is	no	mediation	but	just	an	indirect	effect;	In	bold	are	the	significant	mediations. 
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Table 6        
Parallel multiple mediation models A and B exploring the mediating role of SoP types in the RAN-
spelling relationships 
         

Predictor X path a M path b Outcome Y 
     
Model E     

ANRAN a₁ = .379‡ HWS b₁ = .048 Spelling 
ANRAN a₂ = .400‡ Coding b₂ = .051 Spelling 
ANRAN a₃ = .324‡ SS b₃ = .002 Spelling 
ANRAN a₄ = .115 GOKef b₄ = -.095 Spelling 
ANRAN a₅ = .327‡ MGRef b₅ = .451‡ Spelling 
ANRAN a₆ = .307‡ PVF b₆ = -.004 Spelling 
ANRAN a₇ = .110 SVF b₇ = .002 Spelling 
ANRAN a₈ = -.337‡ RTm b₈ = .053 Spelling 
ANRAN a₉ = -.105 ITm b₉ = .060 Spelling 

     
Model F     

NANRAN a₁ = .253‡ HWS b₁ = .086 Spelling 
NANRAN a₂ = .509‡ Coding b₂ = .046 Spelling 
NANRAN a₃ = .462‡ SS b₃ = -.021 Spelling 
NANRAN a₄ = .218‡ GOKef b₄ = -.121 Spelling 
NANRAN a₅ = .271‡ MGRef b₅ = .475‡ Spelling 
NANRAN a₆ = .322‡ PVF b₆ = .014 Spelling 
NANRAN a₇ = .303‡ SVF b₇ = -.024 Spelling 
NANRAN a₈ = -.391‡ RTm b₈ = .044 Spelling 
NANRAN a₉ = -.175† ITm b₉ = .072 Spelling 

         
Note. M: mediators; ‡ p < .01, †p < .05; In bold are the significant mediations. 

 

 

Table 7       
Covariate coefficients for total and direct effects  
       
Covariates  Model  A Model  B  Model C Model D Model E Model F 
       
Total effect       

NVR .089 .038 .150† .138† .182‡ .155† 
PA .250‡ .276‡ .485‡ .502‡ .342‡ .356‡ 

       
Direct effect       

NVR .076 .041 .185‡ .165† .140† .131 
PA .217‡ .209‡ .414‡ .410‡ .276‡ .274‡ 

       
Note. ‡ p < .01; † p < .05 
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Discussion 

The current study is the first to use a promising school neuropsychological integrated 

model of speed, fluency, and efficiency (Miller, 2013) to classify various measures of SoP, 

including OK efficiency, and investigate whether these measures mediate the relationship 

between RAN and literacy in an unselected sample of readers in Grade 6. This was achieved 

by examining both types of RAN (dichotomous predictor) and measuring reading accuracy, 

reading efficiency, and spelling (outcome variables). We used Miller’s model as the 

theoretical background for the classification of various SoP tasks in order to examine their 

mediating role in the RAN (ANRAN and NANRAN)–literacy (reading accuracy, reading 

efficiency, and spelling) relationships. The reasons for taking this approach were because: a) 

it is well acknowledged that not all SoP tests measure the same construct, and b) it has been 

suggested that SoP might be classified as a broad ability that consists of a variety of more 

specific narrow abilities (Carroll, 1993). Furthermore, we examined these relationships in an 

older group of children who would be expected to have well-established literacy skills.  

Figure 1 (see Results section) presents a summary of the results. Overall, we found 

that MGR efficiency mediated the RAN-literacy relationships in five of the six mediation 

models examined. Otherwise, only HWS mediated the NANRAN-reading efficiency 

relationship and SS, the ANRAN-reading accuracy relationship. In Model D (see Figure 1) 

although mediation did not occur, we still had an indirect effect of MGR efficiency and SS on 

the NANRAN-reading accuracy relationship. According to Miller’s Model, MGR efficiency 

is a measure of fluency as it relates to accuracy. The prominence of MGR efficiency in the 

RAN-literacy relationship suggests that the type of speed influencing this relationship is not 

in fact associated with Performance Fluency (i.e., not only raw speed) but mainly word-

specific efficiency (i.e., accuracy/latency); that is, how fast a child can access the 

orthographic form of  the word from their MGR. In line with our results, Georgiou, Parrila, et 
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al. (2016) in Grade 4 Greek children found that RAN (ANRAN/NANRAN composite) 

predicted reading fluency both directly and indirectly through MGR efficiency. Uniquely, we 

show this relationship holds for both ANRAN and NANRAN. Our findings also support 

Bowers & Wolf’s (1993) suggestion that slow RAN may affect the development of MGRs, 

which are important in efficient word recognition. In fact, our findings suggest that the RAN-

literacy relationships are for the most part mediated specifically by speed of access to OK, 

rather than to any kind of general processing speed factor.  

Sunseth and Bowers (2002) in Grades 2 and 3 examined only ANRAN (digits) and 

found that it related to both regular and irregular word spelling and MGR (i.e., recognition of 

word-specific spelling patterns) and that it was more strongly related to latency than accuracy 

of orthographic skill on MGR and GOK tasks. On the other hand, recently Georgiou, Aro, et 

al. (2016) indicated that in English, RAN (digits/colours composite) had a strong direct effect 

on reading fluency but not on spelling. 

Our results are also partly consistent with Georgiou et al.’s (2009) findings that 

ANRAN (pause time) was strongly correlated with reading fluency and shared more of its 

predictive variance with MGR and SoP than with phonological processing. Contrary to our 

results, Georgiou, Aro, et al. (2016) found that the relationship between RAN (combined 

ANRAN/NANRAN) and reading fluency was mediated only by GOK accuracy whereas SoP 

(i.e., Visual Matching/SS composite) had a direct effect on RAN but not on reading fluency. 

However, these researchers did not include a measure of MGR so it is difficult to interpret 

this discrepancy from our findings.  

While MGR efficiency was the chief mediating variable in our analyses, we found 

that the NANRAN-reading efficiency relationship was also partly mediated by HWS. 

According to Miller’s Model, HWS represents the automaticity of writing and has also been 

suggested to measure orthographic skill (Christensen, 2005). Indeed, Berninger and Amtman 
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(2003) refer to handwriting as a skill that requires orthographic-motor integration. 

Furthermore, since it requires copying a sentence one could argue that it also involves the use 

of contextual (i.e., semantic) information to write faster. Similarly, NANRAN has been 

suggested to require the use of additional contextual information (Donker, Kroesbergen, Slot, 

Van Viersen, & De Bree, 2016). Donker et al. (2016) might argue that this could explain why 

in this study HWS mediates the NANRAN-reading efficiency relationship alongside MGR 

efficiency. However, the HWS test is designed to isolate the motor component of handwriting 

speed as little cognitive load is involved (Francis, Wallen, & Bundy, 2017). This could also 

explain why HWS mediated only the NANRAN-reading efficiency relationship. It appears 

that this could be related to Houlis, Hogben, Visser, Ohan et al.'s (Chapter 2) and Houlis et 

al.’s (Chapters 3) suggestion that NANRAN may be capturing some underlying component 

of raw speed which could be more strongly related to handwriting and reading efficiency than 

ANRAN which appears to also involve speed of access to orthographic representations. This 

interpretation would be consistent with Richgels (1995) suggestion that children’s ability to 

read words is associated with their ability to write words. However, further research is 

required to explore these possibilities also. 

We also found that the ANRAN-reading accuracy relationship was mediated by SS. 

More specifically, although ANRAN had a significant positive contribution to SS (path a), SS 

had a significant negative contribution to reading accuracy (path b); this means that if a child 

is faster (i.e., less time; hence, negative contribution) at SS they will have better reading 

accuracy. According to Miller’s Model (2013), SS is a relatively easy task that captures 

Performance Fluency (i.e., Perceptual Fluency/Rate of Test taking). Specifically, SS 

measures the ability to quickly distinguish similar but different visual patterns and maintain 

attention under timed conditions (i.e., scanning speed). Being able to name digits and letters 

efficiently is clearly related to reading accuracy and this relationship would be supported by 
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being able to scan quickly through symbols. However, the results of previous studies with SS 

and related tasks and literacy have given us an incomplete picture: Cutting and Denckla 

(2001) found that only SoP (Visual Matching/SS composite) had significant indirect effects 

on word reading and ANRAN in Grades 1-3; however, these researchers measured GOK but 

not MGR. This is important because Liao et al. (2015) in Chinese found that ANRAN (digits) 

is related to reading accuracy because children must access orthographic representations from 

long term memory (i.e., MGRs) and not because of SoP (Visual Matching). Also of note, 

O’Brien et al. (2011) found that in a dyslexic group of children ANRAN (letters) was weakly 

correlated with one measure of SoP, Coding, and there was no correlation with another 

measure of SoP, SS. In contrast, our results do suggest that the relationship between ANRAN 

and reading accuracy is supported not only by the ability to retrieve MGRs efficiently from 

the mental lexicon (i.e., speed of access top orthographic information) but also by the ability 

to scan quickly (i.e., raw speed). Finally, we found that for the NANRAN-reading accuracy 

relationship there was no mediation but only an indirect effect of MGR efficiency and SS (i.e., 

both c and c' paths were non-significant) which supports the suggestion that NANRAN is 

more about raw speed than speed of access to orthographic information. Once again, although 

NANRAN had a significant positive contribution to SS (path a), SS had a significant negative 

contribution to reading accuracy (path b) implying that the less time children take to complete 

SS, the better their reading accuracy will be.  

Overall, according to Miller’s model (2013), our results suggest that the RAN-literacy 

relationships are mediated by measures from three out of the four second-order classifications: 

a) Performance Fluency which measures the ability to perform repetitive tasks (i.e., SS; 

Models C and D); b) Acquired Knowledge Fluency which measures the automaticity of 

academic achievement (i.e., HWS; Model B); and c) Fluency and Accuracy which measures 
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fluency as it relates to accuracy (i.e., MGR efficiency; Models A-F). However, clearly the 

Fluency and Accuracy classification is very much more prominently represented here. 

Interestingly, no measures of oral Retrieval Fluency (i.e., SVF/PVF) mediated these 

relationships. Previous research suggests that the ability to organise and retrieve words 

phonemically develops slowly in children whereas the ability to produce words in different 

semantic categories develops much earlier (Henry, Messer, & Nash, 2015; Riva, Nichelli, & 

Devoti, 2000). Indeed, the semantic fluency test appears to measure participants’ ability to 

search their internal lexicon rapidly and in an automatic manner. Therefore, semantic fluency 

tests have been shown to be easier than phonemic fluency tests. Overall, both tasks require 

access to vocabulary and strategic search through the lexicon (Kave’& Knafo-Noam, 2015). 

Although we did find that in our sample children performed better in the SVF than the PVF, 

the fact that neither of these oral fluency tasks mediated the RAN-literacy relationships may 

suggest that these relationships may not be about phonological efficiency (i.e., speed of 

phonological lexical access) but rather more about orthographic efficiency (i.e., speed of 

orthographic lexical access or access to the written version of the target word) providing 

support for the orthographic processing account rather than the phonological processing 

account.   

Indeed, in all our models the common mediator is MGR efficiency, which represents 

how quickly and accurately we can access orthographic representations from our mental 

lexicon. This is consistent with studies that suggest that older children rely more heavily on 

orthographic representations to read and spell (e.g., Georgiou, Aro, et al., 2016) and that 

MGR mediates the RAN-reading relationship (e.g., Houlis et al., in preparation; Roman, 

Kirby, Parrila, Wade-Wooley, & Deacon, 2009; Wolf & Bowers, 1999). However, the 

majority of these studies did not include other SoP mediators to explore these relationships. 

In summary, although previous studies provided us with important findings regarding the 
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mediators of the RAN-literacy relationship, our results have expanded on these findings by 

exploring SoP through Miller’s integrated speed, fluency, and efficiency model (2013) and 

including a variety of tasks to measure this multicomponent construct.  

 

Theoretical implications 

 The current study has a number of implications for future research in the orthographic 

and SoP domains. The present data point to the importance of the mediating role of MGR 

efficiency (a measure of fluency as it relates to accuracy) in all aspects of the RAN-literacy 

relationship but also to the consideration of SoP as a multifaceted construct. Indeed, there is 

need to re-assess how we define SoP in respect to literacy, the several narrow or specific 

abilities classified under this broad construct, and the tasks measuring these skills. Miller’s 

integrated speed, fluency, and efficiency model (2013) is a conducive instrument for research 

and practice since most relevant speeded measures could be classified under one of his 

second or third-order classifications (see Table 1). However, researchers need to take heed of 

previous research (Hagiliassis et al., 2006) which also suggests that researchers intending to 

evaluate orthographic or phonological processing as directly and as separately as possible 

should also assess accuracy-based performance on these measures as well as speeded 

measures. These authors demonstrated that when response time was used as the performance 

index, the same tasks in fact captured something other than orthographic or phonological 

processing such as choice-speed or reading-speed. Notwithstanding, our data underline the 

very significant contribution of efficiency (i.e., both accurate and fast performance) when it 

comes to access to MGRs for literacy. 

Our results also confirm the major contribution of orthographic rather than 

phonological or oral SoP measures to the RAN-reading efficiency relationship: For example, 

the role of MGR efficiency (a measure of Fluency and Accuracy) in the RAN-reading and 
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RAN-spelling relationships and the role of HWS (a measure of Acquired Knowledge 

Fluency) in the NANRAN-reading efficiency relationship. The role of MGR efficiency 

comes as no surprise since Wolf and colleagues have argued for a long time that RAN should 

be viewed under the orthographic rather than under the phonological umbrella (Bowers & 

Wolf, 1993; Wolf & Bowers, 1999; Norton & Wolf, 2012). Indeed, in this study neither 

ANRAN nor NANRAN was significantly related to PA. This separation between RAN and 

PA tasks we achieved here may be greater because we used meta-analytic PA rather than the 

less complex measures previously used. Secondly, the relationship between RAN and reading 

efficiency was significantly stronger than the relationship between PA and reading efficiency. 

Finally, the two measures of verbal fluency (PVF and SVF) failed to mediate any of the 

RAN-literacy relationships.  

Overall, these results appear to support the shift within literacy, from phonological to 

orthographic skills suggested by other researchers in older children. Georgiou, Parrila, et al. 

(2016) suggest that when considering measures of orthographic and phonological efficiency 

as mediators in the RAN- reading efficiency relationship there seems to be a shift from 

phonological processing (Lower Primary) to orthographic processing (Upper Primary). They 

also show the differential role of SoP measures in the RAN-reading relationship. Our findings 

also point to the central importance of efficient use of OK (i.e., MGR efficiency) in the RAN-

spelling relationships. This developmental progression may be the reason why in our older 

group of children only MGR efficiency (i.e., orthographic efficiency) mediated the RAN-

reading efficiency relationship with no influence of verbal fluency (even phonemic 

efficiency).  

Finally, these results are consistent with Stackhouse and Wells’ (1997) notion of 

lexical updating (i.e., progressive refinement and establishment of MGRs) and Share’s (2008)  

key feature of self-teaching, lexicalisation. Both these formulations imply that children’s 
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early MGR representations are progressively modified and rendered more accurate and, 

therefore, more efficiently accessible by reading experience.  

 

Practical implications 

The range of SoP tasks used in this study did not correlate highly with each other 

suggesting the multidimensionality of this construct. Miller (2013) argues that students with 

pervasive deficits in SoP should be considered to have a specific learning disability. He 

suggests that signs of processing speed deficits include difficulties with school assignments 

or finishing homework in a reasonable time, difficulty understanding lectures or directions, 

problems with complex maths calculations, difficulties with timed tests, and difficulties with 

tasks that involve eye-hand coordination skills. Other fluency deficits Miller mentions are: 

slow oral speech, or academic fluency for reading, writing, and math. Finally, under retrieval 

deficits he includes recalling information from long-term memory. Children could be profiled 

using tasks from each of the four categories of Miller’s model (2013) and it would be of 

considerable interest to discover whether ANRAN and/or NANRAN might index a specific 

learning disability in speed, fluency, and efficiency as it relates to written language (i.e., 

reading and spelling) more effectively than other SoP measures.     

Our finding that MGR efficiency (a measure of Fluency and Accuracy) has a 

prominent mediating role in the RAN-literacy relationship in older children strongly suggests 

the use of age appropriate MGR tasks to identify children with MGR deficits. Since our 

results also suggest that children with poor MGR may also have problems with RAN and 

literacy, profiling students on RAN tasks from an early age would help us proactively 

identify children likely to have literacy problems. For example, early screening of RAN has 

been highlighted in a recent study using latent profile analysis (Ozernov-Palchik et al., 2016). 

The conclusions here about MGR mediating the effect of RAN on reading also suggest that 
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remediation should target this mediator if the predictor (RAN) cannot be remediated; this is 

the conclusion reached by Kirby, Georgiou, Martinussen, Parrila (2010).   

In addition, the mediating effect of HWS in the NANRAN-reading efficiency 

relationship suggests that screening children for both HWS difficulties and slow NANRAN 

together may also have benefits in early identification and intervention for children with slow 

and inefficient reading who will specifically need fluency training.  

Finally, our results also point to the importance of fluency training for all Upper 

Primary school children with literacy deficits.  For example, the Retrieval, Automaticity, 

Vocabulary, Engagement with Language, and Orthography program (RAVE-O; Wolf et al., 

2009), is a reading intervention program which focuses on developing children’s phonology, 

orthography, morphology, syntax, semantic knowledge, and the integration of these skills. 

This intervention increases the speed and accuracy of children’s word retrieval skills and 

helps them expand their vocabulary and spelling knowledge. In other words, to catch up, 

which they have missed in their literacy education (i.e., improved accuracy and efficiency of 

access to their MGRs). Other similar fluency interventions are: the PHAST programme 

(Lovett, Lacerenza, & Borden, 2000) designed to improve word identification and word 

attack skills, independent decoding and reading for meaning and Harvey’s intensive reading 

programme (Harvey, 1998) which focuses on the importance of word attack skills and sight 

vocabulary in order to extract meaning from print.   

 

Limitations and future research 

 Although our findings add to the body of research examining the role of OK and SoP 

in the RAN-literacy relationship there are also some limitations. Firstly, our sample size was 

relatively small for the number of mediators included in the six models, which may have 
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compromised the power. Since parallel multiple mediation using PROCESS is based on 

correlations, future research should use larger samples.  

Secondly, we should interpret our results with caution as Hayes suggests that 

“Including correlated mediators in the model allow[s] you to disentangle spurious and 

epiphenomenal association from potential causal association, but this comes at the cost of 

greater sampling variance and reduced power.” (Hayes, 2013; p. 157). 

Thirdly, our study is a “snapshot in time” as we examined only Grade 6 children. 

Further studies should use a longitudinal approach in order to explore if and how these 

relationships change with age. In addition to this, appropriate measures of OK need to be 

developed depending on children’s literacy level. Fourthly, we explored these relationships in 

typically developing children but it is important to examine children with different types of 

learning difficulties so that we can design appropriately targeted fluency interventions.  

Fifthly, we did not explore whether there were any differences between males and 

females. A recent review (Roivainen, 2011) suggests that females seem to perform better than 

males in processing speed tasks involving digits and alphabets as well as in rapid naming 

tasks. Females also outperform males in reading and writing skills. On the other hand, males 

are faster on RT tests and finger tapping but there are no gender differences in IQ measures 

or in short-term memory or IT tasks. Hence, it would be of interest to explore whether there 

are gender differences in the role of SoP in the RAN-literacy relationships.  

Finally, research suggests that SoP appears to be more important for the RAN-OK 

relationship than for the overall RAN-literacy relationship (Cutting & Denckla, 2001; 

Georgiou, Parrila, et al., 2016). Future research may want to focus on using appropriate 

measures of OK (MGR/GOK; accuracy/efficiency) to test this suggestion.   
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Conclusion 

 In conclusion, this study used Miller’s (2013) integrated speed, fluency, and 

efficiency model to classify various measures of SoP (including OK efficiency) and 

investigate which of these measures might mediate the relationship between RAN and 

literacy in an unselected sample of advanced readers in Grade 6. We found that in five of the 

six multiple mediation models MGR efficiency, a measure of Accuracy and Fluency, 

mediated the RAN-literacy relationship and was the only mediator for the RAN-spelling and 

the ANRAN-reading efficiency relationships. Additionally, HWS, a measure of Acquired 

Knowledge Fluency, mediated the NANRAN-reading relationship and SS, a measure of 

Performance Fluency, mediated the ANRAN-reading accuracy relationship. Finally, there 

was an indirect effect of MGR efficiency and SS in the ANRAN-reading accuracy 

relationship. These results imply that GOK could be more used in early literacy development 

and has limitations regarding fluency development. On the other hand, RAN (especially 

ANRAN) seems to be tapping into word-specific knowledge and more specifically, efficient 

access to the orthographic lexical entry but not to semantic or phonemic lexical information. 

These findings highlight the need to profile children for poor SoP using a multicomponent 

model and also underline the importance of intervention that targets multilinguistic training 

of MGRs to help older children with literacy problems develop more accurate and efficient 

reading and spelling.  
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CHAPTER 5 

 

 

Study 4 

The role of speed of processing (SoP) in the relationship between rapid 

automatised naming (RAN) and orthographic knowledge (OK)  
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Abstract 

There is inconsistency in the literature regarding the definition of speed of processing (SoP) 

and the tasks used to measure this construct. In this study we explored the mediating role of 

SoP in the RAN-orthographic knowledge (OK) relationship in Upper Primary school children 

who are expected to have well-developed literacy skills. In order to achieve this we 

examined: both types of RAN (ANRAN: alphanumeric; NANRAN: nonalphanumeric); 

various measures of SoP categorised under a recent integrated speed, fluency, and efficiency 

model (Miller, 2013); and improved measures of OK (MGR: mental graphemic 

representations of previously stored word-specific knowledge; GOK: generic orthographic 

knowledge; accuracy and efficiency measures for each) while controlling for nonverbal 

reasoning (NVR) and phonological awareness (PA). Results from 169 Grade 6 children 

suggest that the main mediator of the RAN-OK relationships was a measure of Acquired 

Knowledge Fluency, handwriting speed (HWS), followed by two measures of Performance 

Fluency: Symbol Search (SS) and Reaction Time (RT). This is the first study to use a model 

of SoP to examine the RAN–OK relationship. These findings have implications for 

instruction and intervention.   
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A plethora of studies has established the unique contribution of rapid automatized 

naming (RAN; i.e., the ability to name as fast as possible arrays of numbers, letters, colours 

and digits; Denckla & Rudel, 1976) to reading (e.g., Araujo, Reis, Petersson, & Faísca, 2015; 

Kirby, Georgiou, Martinussen, & Parrila, 2010; Norton & Wolf, 2012; Powell, Stainthorp, 

Stuart, Garwood, & Quinlan, 2007; Wagner, Torgesen, & Rashotte, 1994; Wolf & Bowers, 

1999) and to a lesser extent to spelling (Savage et al., 2005; Savage, Pillay, & Melidona, 

2008; Stainthorp, Powell, & Stuart, 2013). This work has been qualified by additional studies 

demonstrating the importance of orthographic knowledge (OK: knowledge of the graphemic 

system in a given language; Stanovich & West, 1989) in the RAN-literacy relationship (e.g., 

Houlis, Hogben, Visser, Ohan, et al., in preparation: see Chapter 2; Houlis, Hogben, Visser, 

& Heath, in preparation: see Chapter 3; Roman, Kirby, Parrila, Wade-Wooley, & Deacon, 

2009) as well as speed of processing (SoP; Houlis, Hogben, Visser, & Heath, in preparation: 

Chapter 4; Georgiou, Aro, Liao, & Parrila, 2016; Georgiou, Parrila, & Papadopoulos, 2016).  

That said, some researchers have suggested that the relationship between RAN and 

orthographic or phonological processing depends on whether SoP measures are included in 

the analyses and what tasks are used to measure these constructs (Cutting & Denckla, 2001; 

Georgiou, Parrila, et al., 2016). These authors have thus concluded that SoP may be more 

important for the RAN–phonological processing and RAN–orthographic processing 

relationships rather than for the RAN-reading relationship for the reasons outlined below. To 

evaluate this suggestion, we decided to further explore the RAN-orthographic processing 

relationship by expanding on the measures used to examine SoP, RAN, and OK and 

exploring which type(s) of SoP may be mediating the RAN-OK relationships whilst 

controlling for nonverbal reasoning (NVR) and PA.      
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RAN and OK 

Previously, Bowers and Wolf (1993) in their review suggested that RAN tasks 

represent the ease and speed with which one can access highly familiar objects (e.g., letters 

and digits) and that this in turn can have a significant effect on orthographic pattern 

knowledge. Additionally, Wolf, Bowers and Biddle (2000) in another review suggested that 

children with slow RAN may show impairment in both orthographic representations (i.e., 

mental graphemic representations: knowing how to spell specific words and units within 

these words; MGRs) and knowledge of orthographic patterns (i.e., being aware of the 

characteristics of a written language such as which letters are allowed to follow other letters, 

legal letter combinations, and the frequency of letter positions; GOK).  

Consistent with these suggestions, Bowers, Sunseth, & Golden (1999) in Grade 3 

children found that in comparison to the single phonological deficit group the slow ANRAN 

(alphanumeric RAN: letters and digits) group was proficient in word and nonword reading 

accuracy but their reading speed, as well as MGR and GOK (accuracy and efficiency) was 

impaired. These results suggest that if children are slow to name symbols (i.e., RAN), they 

are also slower to form orthographic representations of words (i.e., MGRs). In the same age 

group, Sunseth and Bowers (2002) found that children with slow ANRAN (digits) were 

overall slower and less accurate than children with no RAN deficit on different MGR and 

GOK tasks (i.e., orthographic choice accuracy and efficiency; wordlikeness accuracy and 

efficiency; Quick Spell Test; embedded and nonembedded word accuracy). In addition, 

Conrad and Levy (2007) found that in Grade 2 children with slow ANRAN (digits) 

performed less accurately on an MGR accuracy task (i.e., orthographic choice) compared to 

children with no RAN deficit. Powell, Stainthorp, and Stuart (2014) in an older group (10 and 

11 year olds) found that children with slower ANRAN performance were worse in MGR 

accuracy (i.e., orthographic choice) and GOK efficiency tasks (i.e., wordlikeness) than 

controls matched for PA while Conrad and Levy (2011) in Grades 1 and 2 found that children 

with slower RAN seem to benefit from orthographic pattern training.  
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Finally, Loveall, Channell, Philips, & Conners (2013) in Grade 2 and 3 students found 

that ANRAN was more strongly related to MGR accuracy whereas NANRAN (colours) was 

more strongly related to GOK accuracy. Overall, the results of these studies suggest that 

although we still do not have a clear picture of which types of RAN are associated with 

which types of OK, there appears to be a direct relationship between RAN and OK.  

The exploration of NANRAN is important alongside ANRAN because of the 

additional cognitive abilities associated with this type of RAN (see Donker, Kroesbergen, 

Slot, Van Viersen, & De Bree, 2016) and the differential relationship between RAN and OK 

types suggested in the literature (i.e., that ANRAN relates more to MGR whereas NANRAN 

relates more to GOK; Loveall, et al., 2013). Despite this, it is not clear how NANRAN may 

relate to OK in older children with advanced literacy skills. This gap in the research seems to 

be related to the tasks used to measure RAN and OK. For example, we are aware of one 

recent study that concurrently examined both types of RAN and both types of OK (Houlis, et 

al., in preparation: Chapter 2). These researchers examined the role of ANRAN and 

NANRAN in improved measures of OK in Grade 6 children and found that both RAN types 

contributed unique variance to MGR efficiency. However, ANRAN contributed unique 

variance to both MGR accuracy and efficiency (this contribution was split when NANRAN 

was entered into the model before ANRAN) whereas NANRAN contributed unique variance 

to only GOK efficiency. Finally, neither type of RAN contributed unique variance to GOK 

accuracy.  

Another reason for the gaps in our knowledge regarding the relationships between 

RAN and OK is related to the age group examined. Well-established models of literacy 

acquisition (e.g., Ehri, 2014; Share, 2008) suggest that as children get older they move from 

an initial dependence on PA and GOK to a greater reliance on word specific OK (i.e., 

MGRs). This may be the reason why in Georgiou, Aro, et al’s (2016) older children, OK 

(especially MGRs) was more strongly related to RAN and literacy measures than to 

phonological processing (including PA and GOK). Indeed, Houlis, Hogben, Visser, and 
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Heath (Chapter 4; in preparation) in the same data found that there was no relationship 

between either RAN type and PA in older children; and ANRAN was considerably more 

strongly correlated with measures of MGR and SoP than with GOK. Thus, much more 

research is required in this area due to the confusion regarding the two types of OK, the 

definition of SoP, and the various tasks used to measure this construct. The aim of this study 

was to clarify the confusion around SoP and to examine the role of various SoP measures in 

the RAN-OK relationship.    

 

Speed of processing (SoP) 

Peter, Matsushita, & Raskind (2011) have suggested that SoP is broadly 

conceptualized as some underlying, centrally located speed which determines “cognitive 

efficiency when interpreting and acting upon external stimuli. Included in this definition is 

the integration of low-level perceptual speed, higher level cognitive speed, and output speed.” 

(p. 887). However, as yet there is no consensus among researchers on the definition of SoP. 

One reason for this disagreement is that clearly not all SoP tasks measure the same construct; 

or if they are tapping into the same construct, this may not be to the same extent. In line with 

this view, Carroll (1993) argued that SoP is composed of a number of narrow abilities such 

as: movement time, RT, correct and incorrect decision time, perceptual speed, short-time 

retrieval speed, and retrieval fluency. More recently, one influential cognitive theory, the 

Cattell-Horn-Carroll (CHC) theory has conceptualised SoP as a multidimensional construct 

under their theory of general intellectual ability that comprises: global intelligence, broad 

abilities, and narrow abilities (Schneider & McGrew, 2012). According to this theory, 

processing speed is classified as a broad ability that contains a variety of more specific 

narrow abilities such as: Perceptual Speed, Rate of Test Taking, Semantic Processing, Speed 

of Reasoning, Number Facility, Reading Fluency and Writing Fluency (Newton & McGrew, 

2010; Schneider & McGrew, 2012).  
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Influenced by this theory, Miller (2013) included SoP in his Integrated SNP/CHC 

model. This model combines Miller’s school neuropsychological conceptual model and some 

of CHC’s theoretical classifications and is based on current psychometric research (Flanagan, 

Alfonso, Otriz, & Dynda, 2012; Horn & Blankson, 2012; Keith & Reynolds, 2012; Schneider 

& McGrew, 2012; Schrank & Wendling, 2012). Alongside attention and working memory, 

this model classified SoP as a facilitator/inhibitor which influences cognitive performance 

and acquired knowledge. According to this model, SoP has four second-order classifications 

and each second-order classification has further third-order classifications (Miller, 2013). The 

second-order classifications are: Performance Fluency (i.e., the ability to quickly perform, 

simple repetitive tasks), Retrieval Fluency (i.e., how quickly information can be retrieved 

from long-term memory), Acquired Knowledge Fluency (i.e., relates to the automaticity of 

academic achievement), and Fluency and Accuracy (i.e., fluency as it relates to accuracy).  

As SoP is becoming increasingly recognised as a multidimensional construct, and 

because our work is so strongly linked to education, in this study we adopted Miller’s (2013) 

integrated speed, fluency, and efficiency model as the theoretical background for an 

examination of SoP measures that may be contributing to the RAN-OK relationship as 

suggested by Cutting and Denckla (2001) and Georgiou, Parrila, et al. (2016).  

 

RAN–SOP–OK 

It has been suggested that SoP might be more important for the RAN-OK relationship 

than for the RAN–reading/spelling relationship. Indeed, Cutting and Denckla (2001) 

developed an exploratory model of reading and through path analysis found no variable in the 

model (i.e., PA, GOK accuracy, memory span, SoP) could fully explain RAN in students 

from Grades 1 to 3. However, they did find that SoP (i.e., Cross-out and Visual matching; 

Woodcock & Johnson 1989), but not articulation, contributed to RAN. They also found that 

although RAN and GOK accuracy were significantly related, this relationship was due to the 

effects of SoP (i.e., RAN did not have a significant direct effect on GOK accuracy). Indeed, 
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after conducting a post-hoc hierarchical regression, they found that RAN did not account for 

any significant unique variance in GOK accuracy when SoP was entered in the model before 

RAN. They concluded that although their results did not find a direct effect of RAN on GOK 

accuracy, they did support the idea that SoP may be a ‘linking factor’ between RAN and OK 

or in other words a facilitator/inhibitor factor as in Miller’s (2013) terminology.  

Recently, this suggestion was supported by Georgiou, Parrila, et al. (2016) who 

contrasted the three main theoretical accounts of the RAN-reading relationship (i.e., 

phonological, orthographic, and speed of processing accounts) in Grade 4 Greek children 

using SEM and multiple mediation analyses. These researchers found that when they used 

accuracy measures for phonological processing and MGR neither of these measures mediated 

the RAN-reading fluency relationship. On the other hand, when they used speeded measures 

of MGR and phonological processing, MGR partly mediated the RAN-reading fluency 

relationship. Moreover, they found that the RAN-phonological processing and RAN-MGR 

relationships depended on whether SoP was included in the analyses and whether accuracy or 

speeded measures of phonological processing or MGR were used. When they employed 

accuracy measures of phonological processing and MGR, adding SoP into the model turned 

both the significant paths for RAN-MGR and RAN-phonological processing to non-

significant. These researchers concluded that SoP seems more important for the RAN-

phonological processing and RAN-orthographic processing relationships than for the RAN-

reading relationship. 

Although this limited research provides us with important findings it does not give a 

thorough account of the relationships between RAN, SoP, and OK. Cutting and Denckla 

(2001) examined ANRAN but not NANRAN, they had only two types of speed of processing 

(Cross Out and Visual Matching) and they measured GOK (only accuracy) but not MGR. 

Similarly, there were gaps in the exploration of these relationships by Georgiou et al. (2016) 

who used a composite RAN measure (RAN digits for ANRAN and RAN objects for 
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NANRAN) and only two types of SoP (Visual Matching and SS: both measures of 

Perfomance Fluency according to Miller, 2013). In addition, although they measured MGR 

accuracy and efficiency, they did not have a pure measure of GOK (the Quick Spelling Test 

used in this study was a combined MGR/GOK efficiency task). Finally, this study was 

conducted in Greek, a rather transparent language; hence, we deemed it important to expand 

on these findings in an opaque language such as English. 

 

The current study 

The current study used Miller’s model (2013) to categorise our different measures of 

SoP in order to explore their mediating effect in the RAN–OK relationship. We examined 

these relationships in a group of older children who would be expected to rely more heavily 

on orthographic than phonological strategies (Georgiou, Parrila, et al., 2016). We achieved 

this by examining both types of RAN (ANRANAN and NANRAN), both types of OK (using 

purer measures of MGR and GOK; accuracy and efficiency for each; see methods section and 

Houlis et al., Chapter 2 for more details), and by including different measures of SoP that can 

be categorised under three of Miller’s (2013) second-order classifications (see Table 1). We 

used Reaction Time (RT), Inspection Time (IT), Symbol Search (SS), and Coding as 

measures of Performance Fluency. We used Phonemic Fluency (PVF) and Semantic Fluency 

(SVF) as measures of Retrieval Fluency. Finally, we used Handwriting Speed (HWS) as a 

measure of Acquired Knowledge Fluency. In addition, Miller has categorised RAN as a 

measure of Performance Fluency (in particular Naming Fluency) leading us to hypothesize 

that measures of Performance Fluency (e.g., RT, IT, SS, Coding) would be more likely to 

mediate the RAN-OK relationships. Our aim was to “zoom in” on the multicomponent nature 

of SoP to explore which type(s) of this construct may be mediating the relationship of RAN 

types and OK types whilst controlling for nonverbal reasoning (NVR) and PA. This is the 

first study to explore the SoP account in the RAN-OK relationship in such detail.   
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Table 1 
 

  

Categorisation of our SoP tasks according to Miller’s (2013) model 
 
2nd and 3rd order 
classifications 

What does it measure? 
 

Speeded measures in this 
study 

   
Performance Fluency 
 

The ability to quickly perform, simple repetitive tasks 
 

 

Psychomotor Fluency A measure of psychomotor speed and movement time 
 
 

Reaction Time (RT) 

Perceptual Fluency The ability to quickly distinguish similar but different visual patterns and maintain attention 
under timed conditions 

Inspection Time (IT) 
Symbol Search (SS) 
 

Rate of Test Taking 
 

The perform of tests that are relatively easy or those that require very simple decisions Symbol Search (SS) 
Coding 
 

   
Retrieval Fluency 
 

How quickly information can be retrieved from long-term memory   

Word Fluency Naming as many words within a time limit that starts with a specific letter 
 
 

Phonemic Fluency (PVF) 

Semantic Fluency Naming as many words within a time limit that all fall in the same category 
 
 

Semantic Fluency (SVF) 

Acquired Knowledge 
Fluency 

Relates to the automaticity of academic achievement  
 

 

Writing Fluency 
 

Represents the automaticity of writing Handwriting speed (HWS) 
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Method 

Participants 

Approval for this project was obtained from The University of Western Australia 

Human Ethics Research Committee (RA/4/1/5246).  Initial contact was made with school 

principals inviting their school to participate. School principals, parents/guardians, and 

children were provided with individualised information packs to participate in this study. In 

order to proceed with the study written consent had to be obtained at each level with the 

parents/guardians of participating children also providing written consent for participation of 

their child. Principals, parents/guardians, and children were free to withdraw from the study 

at any time without prejudice or the need to justify their decision.  

We recruited participants from two non-government primary schools and seven 

government primary schools in metropolitan Perth, Western Australia. Initially we recruited 

and tested 178 Grade 6 students. However, we excluded nine students from the study because 

teachers reported that English was their second language. Our final sample consisted of 169 

students (77 females, 92 males) with ages ranging from 10.75 - 12.42 years (M = 11.65 years; 

SD = .36 years). As a reward for participating in the study, students were given a toy pencil 

sharpener. More information about our sample can be seen in Table 1.  

 

Measures 

Nonverbal reasoning (NVR). The Matrix Reasoning Subtest from the Wechsler 

Abbreviated Scale of Intelligence (WASI; Wechsler, 1999) measures NVR ability and uses 

pattern completion, classification, analogy and serial reasoning on 32 items. For each item, 

participants examined a matrix from which a section was missing and were required to 

complete the matrix by choosing one of five response options. The reliability coefficients for 

children aged 6 to 16 years range from .86 to .96 with a mean of .92 (Wechsler, 1999).  
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Phonological Awareness (PA). PA was examined with the Segmenting Nonwords 

and Phoneme Reversal Subtests from the Comprehensive Test of Phonological Processing 

(CTOPP; Wagner, Torgesen & Rashotte, 1999). The Segmenting Nonwords Subtest asked 

participants to segment 20 nonwords into their constituent phonemes whereas the Phoneme 

Reversal Subtest required participants to reverse the order of the phonemes in 18 nonsense 

words in order to derive real words. According to Gillon (2004), these two PA measures 

which require the use of meta-analytic PA and also involve nonsense words, would be more 

discriminating among older children than the real word deletion and blending activities in the 

CTOPP core PA composite. A composite score was created from these two subtests to 

measure PA. Both these subtests have a split-half reliability of .79 in the age range of 8 to 17 

(Wagner, et al., 1999). 

 Rapid Automatised naming (RAN). ANRAN was measured with the CTOPP Digits 

and Letters Subtests (Wagner, et al., 1999) whereas NANRAN was assessed with the CTOPP 

Objects and Colours Subtests. For each subtest, children were asked to name as quickly as 

possible 36 items in a 4x9 array based on a set of six stimuli repeated six times at random 

(e.g., the digits 234578). For the age range of 8 to 18 the split-half reliability is .89 for RAN 

Colours, .93 for RAN objects, .80 for RAN digits and .72 for RAN letters (Wagner, et al., 

1999). Raw scores (i.e., time taken in seconds) from each subtest were converted into 

standard scores and these were then used to create Digits/Letters and Colours/Objects 

composite scores (i.e., ANRAN and NANRAN). The correlation between the two composite 

scores was r = .61 (p < .01).  

 

Experimental tasks 

 Mental Graphemic Representations task (MGR task). The MGR task developed by 

Houlis et al. (Chapter 2) was used in this study. This task has been suggested to resolve the 
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problems with the Olson, Forsberg, Wise, & Rack (1994) orthographic choice task. These 

researchers replaced stimuli that could potentially be solved using GOK by words with a 

degree of irregularity that would be expected to prevent this possible confound. The 

“irregular” stimuli were included if the word contained: a) at least one instance where there 

was not an acceptable phoneme to grapheme correspondence of the word according to 

accepted English orthographic patterns (e.g., “answer” and “salmon”); b) an orthographic 

pattern with a very low probability of occurring in English (e.g., hearth; gauge); or c) more 

than one irregularity (e.g., meringue; choir). This MGR task comprised 41 pairs of words 

consisting of one irregular word and its pseudohomophone. Split half reliabilities were .81 for 

accuracy, .91 for latency, and .93 for efficiency scores on this task. 

 Generic Orthographic Knowledge task (GOK). The GOK task by Houlis et al. (in 

preparation; Chapter 2) consisted of 39 pairs of nonwords and in each pair, one of the 

nonsense words contained a plausible English orthographic pattern (e.g., “phim”) and a 

pseudohomphone foil that included an improbable English spelling (e.g., “ffim”). This task 

also included nonwords that would be expected to tap into more complex orthographic 

knowledge (e.g., morphemic information such as provided in “impliction” paired with the foil 

“implikshen” or “brocked” paired with the foil “broct”). Split-half reliabilities were .69 for 

accuracy, .91 for latency, and .86 for efficiency scores on this task. 

 

Procedure for experimental tasks 

 Participants were shown pairs of black-coloured words (Arial, 22 pt font) on a 14 inch 

laptop computer with one item on either side of a central fixation. Items were presented 

against a white background. For each pair of words presented children were asked to select 

their response as quickly and as accurately as possible, by pressing a button on a response 

box corresponding to the side of the display containing the item that looked “more like a real 
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word”. Accuracy and response latency were recorded by the software. Participants were 

given practice trials. No feedback about correctness was given. There was no time limit to 

complete the tasks. 

 

Performance Fluency tasks 

Inspection time task (IT). This computer-based task is an information processing 

speed measure that excludes the demands of rapid responding from its performance 

(Anderson, 1988). ). IT was estimated by using a PEST procedure described by Anderson, 

Reid and Nelson (2001). The IT program was run on an ACER laptop computer, with stimuli 

displayed on a 14 inch VGA monochrome monitor (brightness held constant across test 

sessions). The stimulus was a line-drawn alien with two antennae that are either the same or 

different lengths and are randomly presented (long antennae were 2 cm and short antennae 

were 1cm; the difference subtending a visual angle of approximately 1.15°, at a viewing 

distance of 50 cm). There were four variations: both antennae short, both antennae long, left 

antenna longer, right antenna longer. A mask controlled the stimulus duration. Children were 

told that the alien will appear for a short period of time before hiding behind a bush 

(backward mask). As soon as the stimulus was presented the child had to press one of the two 

buttons on a simple, purpose-made box to indicate same or different length antennae. Each 

child was given 16 practice trials. IT is taken to be the estimate of the shortest stimulus 

duration necessary for 70% accuracy. Lower IT indicates faster processing. There were four 

blocks and the results were obtained from the median of the last block (last 25 trials) for each 

child. These 25 trials are a mixture of three independent PEST procedures that ran 

simultaneously. 

Choice reaction time (RT). This RT task includes the same stimuli and apparatus as 

the IT task without the backward mask to control exposure duration and with the requirement 
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for rapid responding (Anderson, 1988). The RT program was also run on a ACER laptop 

computer, with stimuli displayed on a 14 inch VGA monochrome monitor (brightness held 

constant across test sessions). This computer-based task required participants to press, as 

quickly as possible, one of the two buttons on a simple purpose-made box to indicate same or 

different length antennae (i.e., they had to press the left button if the antennae on the aliens 

were of the same length, and the right button if they differed in length). Median correct 

reaction times for each of the four blocks of 25 trials were taken as a measure of speed.  

WISC-IV Processing Speed. A psychometric indicator of SoP was provided by the 

Coding and Symbol Search (SS) Subtests of the Wechsler Intelligence Scale for Children (4th 

ed.; WISC–IV; Wechsler, 2003a). Coding required participants to transcribe symbols paired 

with digits to empty boxes as quickly and accurately as possible. SS required participants to 

decide whether or not one of two target symbols was present in an array of five symbols and 

to respond by checking the appropriate box, as quickly and accurately as possible. Raw 

scores were converted to standard scores for each subtype. Test-retest reliability for Coding is 

.85 and for SS .79 (Wechsler, 2003b).  

 

Acquired Knowledge Fluency task 

Handwriting speed (HWS). Writing speed was measured using the Handwriting 

Speed Test (Wallen, Bonney, & Lennox, 1996). In this test, students were required to write a 

sentence (i.e., “The quick brown fox jumps over the lazy dog”) containing all the letters of 

the alphabet as many times as they could in three minutes. Children were instructed to write 

as quickly but as neatly as they could. The inter-rater (ICC = .999), intra-rater (ICC = .999), 

and test–retest reliability (ICC = .898) for the HWS task are excellent (Wallen and Mackay, 

1999). 
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Retrieval Fluency tasks 

Oral verbal fluency. Verbal fluency was measured by the verbal fluency subtest of 

the NEPSY (A Developmental NEuroPSYchological Assessment; Korkman, Kirk, & Kemp, 

1998). This test measures two types of verbal fluency and is suggested to measure retrieval 

from semantic memory. The first type is semantic verbal fluency (SVF: i.e., recitation of 

examples of a given category) and the second type is phonemic verbal fluency (PVF; i.e., 

generation of words beginning with a given initial letter). Participants were given two trials 

of each type of verbal fluency. The semantic category fluency task required children to name 

as many animals and things they could eat or drink and the initial letter fluency task required 

children to name as many words that started with the letters S and F. Participants had one 

minute to complete each trial and were asked to respond as fast as possible. The reliability 

coefficient for the verbal fluency component of the NEPSY in children between 5 and 12 

years is .74.  

 

General procedure 

 This study used data from a larger battery administered to each participant in one 

session of approximately 75 minutes with breaks. The tasks were administered in the same 

order to all participants interspersed among other tasks but in the following sequence: 

spelling, reading, RAN, HWS, SVF, PVF, IT, RT, PA, Coding, SS, NVR, MGR, and GOK. 

Participants were administered all tasks individually in a quiet room at the children’s school 

(i.e., all students completed all tasks).  

 

 

 

 



224 
 

Results 

Sample description 

  The descriptive statistics and intercorrelations for each measure are shown in Table 2. 

MGR accuracy and MGR efficiency were correlated with both ANRAN and NANRAN. 

However, only GOK efficiency was related to NANRAN. Moreover, all SoP measures 

correlated with both RAN types, apart from SVF and IT, which only correlated with 

NANRAN. PA was not correlated with either ANRAN or NANRAN probably because we 

used meta-analytic PA measures that were more appropriate for our older group of children. 

 

Preliminary analyses  

 We found nine univariate outliers across our variables that were more than 3.29 

standard deviations from the mean. These outliers were winsorised by replacing them with 

the next highest score that was not an outlier (Field, 2013). Moreover, in order to adjust for 

age for our eight variables that were not age normed (i.e., MGR accuracy, MGR efficiency, 

GOK accuracy, GOK efficiency, PVF, SVF, RT, IT), we ran regression analyses with Age as 

the dependent variable and the raw score variable as the independent variable and then did 

the same thing with the residuals as the IV. The overall models were not significant so we 

were able to use the raw scores for further analyses. We also conducted a square root 

transformation to three of the SoP variables (PVF, IT, and RT) because of positive skeweness 

and platykurtic kurtosis. Final inspection of the normal probability plot and scatterplot of 

standardised residuals against standardised predicted values indicated that the assumptions of 

normality, linearity and homoscedasticity were met. No multivariate outliers were found. 

Relatively low correlations between the mediators indicated that collinearity did not interfere 

with our data interpretation. 
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Parallel multiple mediation analyses  

 In order to explore the mediating role of SoP in the RAN – OK relationship, six 

parallel multiple mediation models were conducted using Hayes’ (2013) PROCESS 

approach. In order to facilitate comparison of the contributions of the independent variables 

to the OK measures, we transformed the variables to z-scores prior to conducting the 

mediations. All models included NVR and PA as covariates. The covariate coefficients for 

each model can be seen in Table 6.  

In order to account for multiple comparisons the confidence intervals (CI) for all 

models were set at the .01 level (i.e., 99%) with 5,000 bootstrap samples. However, for 

Model B (NANRAN-MGR efficiency; see Table 4) the CI were changed to the .05 level with 

10,000 bootstrap samples because one of the bootstrap CI endpoints were not trustworthy 

(generated by the bias correction routine when generating bootstrap confidence intervals; 

occurs when the bias correction is large and is more likely with small sample sizes) and 

increasing the bootstraps did not correct the CI. For Model H (NANRAN-GOK accuracy; see 

Table 4) we also had to increase the bootstrap samples to 10,000 because at 5,000 two of the 

bootstrap endpoints were also not trustworthy. These warnings in PROCESS output may 

suggest a weak trend level effect or they may result from our small sample size.  
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Table 2 

Intercorrelations among variables of interest and participant performance on key tasks 

    
Measure Age  ANRAN NANRAN PA NVR MGRacc MGRef GOKacc GOKef HWS Coding SS SVF PVF ITm RTm 
    
Age 1                

ANRAN -.01 1               

NANRAN .01 .61‡ 1              

PA .03 .09 .10 1             

NVR -.08 .04 .14 .34‡ 1            

MGRacc .08 .29‡ .22‡ .36‡ .30‡ 1           

MGReff .02 .35‡ .30‡ .23‡ .18† .60‡ 1          

GOKacc .02 .08 .08 .29‡ .28‡ .39‡ .07 1         

GOKeff .01 .12 .21‡ .05 -.08 .08 .43‡ .18† 1        

HWS .05 .38‡ .26‡ .08 .04 .27‡ .40‡ .17† .32‡ 1       

Coding -.15 .41‡ .53‡ .12 .21‡ .21‡ .32‡ .19† .35‡ .43‡ 1      

SS -.18† .33‡ .49‡ .09 .30‡ .23‡ .43‡ .15 .34‡ .40‡ .68‡ 1     

SVF -.01 .12 .34‡ .09 .32‡ .18‡ .11 .09 .08 -.05 .21‡ .33‡ 1    

PVF -.01 .33‡ .36‡ .23‡ .23‡ .28‡ .26‡ .20 .14 .07 .28‡ .28‡ .35‡ 1   

ITm -.07 -.11 -.20‡ -.07 -.21‡ -.12 -.16† -.13 -.11 -.11 -.25‡ -.24 -.03 -.11 1  

RTm -.05 -.36‡ -.43‡ -.21‡ -.32‡ -.27‡ -.43‡ -.19† -.35‡ -.30‡ -.44‡ -.46‡ -.27‡ -.29‡ .41‡ 1 

                 

Mean 11.65 96.95 92.40 102.93 11.10 .90 .80 .83 .63 11.27 102.10 108.52 44.56 22.49 52.41 660.63 

SD .36 13.93 13.60 22.96 2.33 .08 .20 .09 .17 3.20 13.24 11.55 9.21 6.92 17.95 109.75 

    
Note. Age in years; ANRAN, alphanumeric RAN (letters/numbers); NANRAN, nonalphanumeric RAN (objetcs/colours); PA: phonological awareness; NVR: nonverbal reasoning; MGRacc: accuracy of MGR; 

MGReff: efficiency of MGR; GOKacc: accuracy of GOK; GOKeff: efficiency of GOK; HWS: handwriting speed; Coding: coding; SS: Symbol Search; SVF: Semantic verbal fluency & PVF: Phonemic verbal fluency 

(A developmental neuropsychological assessment; ITm: Inspection Time median; RTm: Reaction Time median; ANRAN, NANRAN, PA: mean=100, SD=10; Coding, SS, NVR,  standard tests, Mean = 10; SD = 3;  ‡ 

p < .01; † p < .05  
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For all other models the CI were computed with a bootstrapping bias corrected 

technique with 5,000 resamples using Preacher and Hayes’ SPSS macro (Preacher & Hayes, 

2008; Hayes, 2009). The CI are employed to test whether an indirect effect differs from zero 

(i.e., whether inclusion of a proposed mediator significantly reduces the effect of RAN on 

OK). Table 3 presents the total and direct effects of RAN on OK as well as the total indirect 

effect and the individual indirect effects of the proposed mediators. Table 4 presents the 

coefficients for paths a and b. 

 

RAN – SOP measures – MGR efficiency (Models A and B)  

 Overall, HWS and SS fully mediated the effect of ANRAN on MGR efficiency. In 

addition to HWS and SS, RT also fully mediated the effect of NANRAN on MGR efficiency. 

Furthermore, HWS was the only full mediator of the effect of both ANRAN and NANRAN 

on MGR accuracy. We only had an indirect effect (but no mediation) of HWS and RT when 

examining the effect of ANRAN on GOK efficiency whereas RT fully mediated the effect of 

NANRAN on GOK efficiency. Finally, there was no mediation (or indirect effect of 

mediators) of the effect of RAN on GOK accuracy. Following below are the results of each 

mediation model in more detail (see Figure 1 for summary of findings).   

Model A: ANRAN-SoP-MGR efficiency. After controlling for NVR and PA, the 

total effect of ANRAN on MGR efficiency (i.e., without taking into account the mediators) 

was significant (c = .326, p = .000; F(3, 165) = 11.24, p < .001; R² = .17). After adjusting for 

the indirect effect of the mediators, the direct effect of ANRAN on MGR efficiency (i.e., 

when taking into account the mediators) became nonsignificant suggesting full mediation (c' 

= .107, p = .167; F(10, 158) = 8.31, p < .001; R² = .34). Overall, HWS and SS fully mediated 

the effect of ANRAN on MGR efficiency.  
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Model B: NANRAN-SoP-MGR efficiency. After controlling for NVR and PA, the 

total effect of NANRAN on MGR efficiency was significant (c = .271, p = .000; F(3, 165) = 

8.66, p < .001; R² = .14). After adjusting for the indirect effect of the mediators, the direct 

effect of NANRAN on MGR efficiency became nonsignificant suggesting full mediation (c' 

= .036, p = .664; F(10, 158) = 8.05, p < .001; R² = .34). Overall, HWS, SS, and RT fully 

mediated the effect of ANRAN on MGR efficiency.  

 

RAN – SOP measures – MGR accuracy (Models C and D) 

Model C: ANRAN-SoP-MGR accuracy. After controlling for NVR and PA, the 

total effect of ANRAN on MGR accuracy was significant (c = .256, p = .000; F(3, 165) = 

16.32, p < .001; R² = .23). After adjusting for the indirect effect of the mediators, the direct 

effect of ANRAN on MGR accuracy became nonsignificant suggesting full mediation (c' = 

.157, p = .056; F(10, 158) = 5.90, p < .001; R² = .27). Overall, only HWS fully mediated the 

effect of ANRAN on MGR accuracy.  

Model D: NANRAN-SoP-MGR accuracy. After controlling for NVR and PA, the 

total effect of NANRAN on MGR accuracy was significant (c = .326, p = .000; F(3, 165) = 

13.14, p < .001; R² = .19). After adjusting for the indirect effect of the mediators, the direct 

effect of NANRAN on MGR accuracy became nonsignificant suggesting full mediation (c' = 

.107, p = .167; F(10, 158) = 5.48, p < .001; R² = .26). Overall, only HWS fully mediated the 

effect of NANRAN on MGR accuracy. 

 

RAN – SOP measures – GOK efficiency (Models E and F) 

Model E: ANRAN-SoP-GOK efficiency. After controlling for NVR and PA, the 

total effect of ANRAN on GOK efficiency was not significant (c = .172, p = .016; F(3, 165) 

= 1.48, p = .223; R² = .03). After adjusting for the indirect effect of the mediators, the direct 
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effect of NANRAN on MGR accuracy became significant suggesting an indirect effect but no 

mediation (c' = .065, p = .464; F(10, 158) = 6.08, p < .001; R² = .28). Overall, we only had an 

indirect effect of HWS and RT when examining the effect of ANRAN on GOK efficiency.  

Model F: NANRAN-SoP-GOK efficiency. After controlling for NVR and PA, the 

total effect of NANRAN on GOK efficiency was significant (c = .218, p = .005; F(3, 165) = 

3.49, p < .05; R² = .06). After adjusting for the indirect effect of the mediators, the direct 

effect of NANRAN on GOK efficiency became nonsignificant suggesting full mediation (c' = 

-.092, p = .299; F(10, 158) = 5.54, p < .001; R² = .26). Overall, only RT fully mediated the 

effect of NANRAN on GOK efficiency. 

 

RAN – SOP measures – GOK accuracy (Models G and H)  

Model G: ANRAN-SoP-GOK accuracy. After controlling for NVR and PA, the 

total effect of ANRAN on GOK accuracy was not significant (c = .048, p = .515; F(3, 165) = 

7.67, p < .01; R² = .12). After adjusting for the indirect effect of the mediators, the direct 

effect of ANRAN on GOK accuracy was also nonsignificant (c' = -.063, p = .468; F(10, 158) 

= 3.01, p < .01; R² = .16) suggesting that there is no mediation or indirect effect of ANRAN 

on GOK accuracy. 

Model H: NANRAN-SoP-GOK accuracy. Similarly, after controlling for NVR and 

PA, the total effect of NANRAN on GOK accuracy was not significant (c = .031, p = .678; 

F(3, 165) = 7.58, p < .01; R² = .12). After adjusting for the indirect effect of the mediators, 

the direct effect of NANRAN on GOK accuracy was also nonsignificant (c' = -.078, p = .407; 

F(10, 158) = 3.03, p < .01; R² = .16) suggesting that there is no mediation or indirect effect of 

NANRAN on GOK accuracy.  
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Model A Full Mediation HWSˡ   
99% CI .379‡  .220‡  
5,000 BS .324‡ SS² .276‡  
     
    ANRAN  MGR efficiency  
  c' = .107   
     
Model B Full mediation HWSˡ   
95% CI .253‡  .245‡  
10,000 BS  SS²   
 .462‡  .272‡  
  RT²   
 -.391‡  -.242‡  
 NANRAN    MGR efficiency  
  c' = .036   
     
Model C Full mediation HWSˡ   
99% CI .379‡  .200†  
5,000 BS ANRAN   MGR accuracy  
  c' = .157   
     
Model D Full mediation HWSˡ   
99% CI .253‡  .235‡  
5,000 BS NANRAN    MGR accuracy  
  c' = .107   
     
Model E No mediation HWSˡ Only indirect effect  
99% CI .379‡  .181†  
5,000 BS  RT²   
 -.337‡  -.299‡  
 ANRAN c' = .065 GOK efficiency  
     
     
Model F Full mediation RT²   
99% CI -.391‡  -.281‡  
5,000 BS NANRAN  GOK efficiency  
  c' = -.092   
     
Model G  No Mediation No indirect effect  
99% CI     
5,000 BS ANRAN c' = -.063 GOK accuracy  
     
     
Model H No mediation No indirect effect  
99% CI     
10,000 BS NANRAN c' = -.078 GOK accuracy  
     
     
Figure 1.  Summary of findings; ˡ Acquired Knowledge Fluency measure; ² Performance Fluency 
measure; CI: confidence intervals; BS: bootstrap samples; the dotted line indicates that the 
significant path c becomes nonsignificant when we add the mediators (path c'), indicating full 
mediation; ‡ p < .01, †p < .05. 
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Table 3         
Total and  direct effects of RAN on MGR and GOK; total indirect and individual indirect effects of proposed mediators 
         
 MGR efficiency MGR accuracy GOK efficiency GOK accuracy 
         
Effects of ANRAN Effect 99% Bca CI Effect 99% Bca CI Effect 99% Bca CI Effect 99% Bca CI 
         
Total effect of ANRAN on MGR/GOK .327  .256  .115  .048  
Direct effect of ANRAN on MGR/GOK .107  .157  -.183  -.063  
Total indirect effect .219 .086 to .417 .099 -.030 to .247 .298 .152 to .496 .111 -.004 to .247 
Indirect effect of HWS .084 .017 to .189 .076 .002 to .197 .069 .001 to .185 .052 -.035 to .180  
Indirect effect of Coding -.051 -.182 to .054 -.026 -.139 to .095 .056 -.044 to .172 .036 -.076 to .161 
Indirect effect of SS .090 .004 to .233 .000 -.105 to .094 .055 -.035 to .196 -.021 -.145 to .086 
Indirect effect of PVF .028 -.034 to .113 .034 -.024 to .108 .021 -.040 to .094 .036 -.026 to .124 
Indirect effect of SVF -.006 -.067 to .013 .008 -.014 to .065 .001 -.027 to .042 -.002 -.049 to .029 
Indirect effect of RT¹ .077 -.004 to .179 .004 -.091 to .099 .101 .019 to .226 .006 -.082 to .123 
Indirect effect of IT -.002 -.040 to .020 .003 -.023 to .059 -.004 -.055 to .020 .005 -.016 to .062 
         
Effects of NANRAN  Effect 95% Bca CI¹ Effect 99% Bca CI Effect 99% Bca CI Effect 99% Bca CI² 
         
Total effect of NANRAN on MGR/GOK .271  .172  .218  .031  
Direct effect of NANRAN on MGR/GOK .036  .065  -.092  -.078  
Total indirect effect .235 .140 to .344 .107 -.041 to .276 .310 .158 to .510 .109 -.047to .294 
Indirect effect of HWS .062 .023 to .123 .059 .006 to .161 .035 -.007 to .123 .031 -.026 to .123 
Indirect effect of Coding -.059 -.172 to .041 -.028 -.165 to .131 .067 -.072 to .200 .050 -.094 to .204 
Indirect effect of SS .125 .030 to .244 -.004 -.141 to .123 .083 -.053 to .237 -.025 -.192 to .116 
Indirect effect of PVF .036 -.010 to .105 .044 -.014 to .125 .013 -.054 to .092 .037 -.027 to .123 
Indirect effect of SVF -.020 -.071 to .023 .018 -.049 to .100 .007 -.054 to .076 -.001 -.080 to .069 
Indirect effect of RT .095 .030 to .170 .012 -.095 to .122 .110 .018 to .245 .007 -.094 to .138 
Indirect effect of IT -.004 -.038 to .017 .004 -.039 to .062 -.005 -.062 to .033 .010 -.024 to .073 
         
Note. Indirect effects with confidence intervals that do not include zero are significant; ¹ Two 99% bias corrected CI were not trustworthy hence the model reported uses 95% CI and 10,000 
bootstrap samples which according to Hayes (2013) is more likely with small sample sizes; ² Two 99% bias corrected CI were not trustworthy but the problem was corrected by using 10,000 
bootstrap samples instead of 5,000. 
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Table 4     
Parallel multiple mediation models A, B, C, and D exploring the mediating role of SoP 
types in the RAN-MGR relationships 
     

Predictor X path a M path b Outcome Y 
     
Model A      

ANRAN a₁ = .379‡ HWS  b₁ = .220‡ MGR efficiency 
ANRAN a₂ = .400‡ Coding  b₂ = -.126 MGR efficiency 
ANRAN a₃ = .324‡ SS  b₃ = .276‡ MGR efficiency 
ANRAN a₄ = .307‡ PVF b₄ = .092 MGR efficiency 
ANRAN        a₅ = .110 SVF   b₅ = -.057 MGR efficiency 
ANRAN   a₆ = -.337‡ RTm¹     b₆ = -.229‡ MGR efficiency 
ANRAN a₇ = -.105 ITm  b₇ = .020 MGR efficiency 

     
Model B     

NANRAN a₁ =.253‡ HWS  b₁ = .245‡ MGR efficiency 
NANRAN  a₂ = .509‡ Coding  b₂ = -.117 MGR efficiency 
NANRAN  a₃ = .462‡ SS   b₃ = .272‡ MGR efficiency 
NANRAN  a₄ = .322‡ PVF b₄ = .111 MGR efficiency 
NANRAN  a₅ = .303‡ SVF   b₅ = -.064 MGR efficiency 
NANRAN   a₆ = -.391‡ RTm     b₆ = -.242‡ MGR efficiency 
NANRAN   a₇ = -.175† ITm  b₇ = .025 MGR efficiency 

     
Model C     

ANRAN a₁ = .379‡ HWS  b₁ = .200† MGR accuracy 
ANRAN a₂ = .400‡ Coding  b₂ = -.065 MGR accuracy 
ANRAN a₃ = .324‡ SS b₃ = .000 MGR accuracy 
ANRAN a₄ = .307‡ PVF b₄ = .111 MGR accuracy 
ANRAN        a₅ = .110 SVF b₅ = .073 MGR accuracy 
ANRAN   a₆ = -.337‡ RTm   b₆ = -.012 MGR accuracy 
ANRAN a₇ = -.105 ITm   b₇ = -.030 MGR accuracy 

     
Model D     

NANRAN       a₁ = .253‡ HWS  b₁ = .235‡ MGR accuracy 
NANRAN a₂ = .509‡ Coding  b₂ = -.054 MGR accuracy 
NANRAN a₃ = .462‡ SS  b₃ = -.008 MGR accuracy 
NANRAN a₄ = .322‡ PVF       b₄ = .137 MGR accuracy 
NANRAN a₅ = .303‡ SVF b₅ = .061 MGR accuracy 
NANRAN  a₆ = -.391‡ RTm  b₆ = -.030 MGR accuracy 
NANRAN  a₇ = -.175‡ ITm  b₇ = -.022 MGR accuracy 

     
Note. M: mediators; ‡ p < .01, †p < .05; ¹ Although both paths a₆ and b₆ are significant the bootstrap CI of the 
indirect effect of RT cross zero.   
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Table 5     
Parallel multiple mediation models E, F, G, and H exploring the mediating role of SoP 
types in the RAN-GOK relationships 
     

Predictor X path a M path b Outcome Y 
     
Model E     

ANRAN a₁ = .379‡ HWS   b₁ = .181† GOK efficiency 
ANRAN a₂ = .400‡ Coding b₂ = .140 GOK efficiency 
ANRAN a₃ = .324‡ SS b₃ = .168 GOK efficiency 
ANRAN a₄ = .307‡ PVF b₄ = .069 GOK efficiency 
ANRAN        a₅ = .110 SVF       b₅ = .06 GOK efficiency 
ANRAN   a₆ = -.337‡ RTm    b₆ = -.299‡ GOK efficiency 
ANRAN a₇ = -.105 ITm b₇ = .038 GOK efficiency 

     
Model F     

NANRAN a₁ =.253‡ HWS b₁ = .140 GOK efficiency 
NANRAN  a₂ = .509‡ Coding b₂ = .132 GOK efficiency 
NANRAN  a₃ = .462‡ SS b₃ = .180 GOK efficiency 
NANRAN  a₄ = .322‡ PVF b₄ = .040 GOK efficiency 
NANRAN  a₅ = .303‡ SVF b₅ = .023 GOK efficiency 
NANRAN   a₆ = -.391‡ RTm b₆ = -.281‡ GOK efficiency 
NANRAN   a₇ = -.175‡ ITm b₇ = .029 GOK efficiency 

     
Model G     

ANRAN a₁ =.379‡ HWS b₁ = .138 GOK accuracy 
ANRAN  a₂ = .400‡ Coding b₂ = .089 GOK accuracy 
ANRAN  a₃ = .324‡ SS  b₃ = -.065 GOK accuracy 
ANRAN  a₄ = .307‡ PVF b₄ = .117 GOK accuracy 
ANRAN        a₅ = .110 SVF  b₅ = -.017 GOK accuracy 
ANRAN   a₆ = -.337‡ RTm  b₆ = -.017 GOK accuracy 
ANRAN a₇ = -.105 ITm       b₇ = .051 GOK accuracy 

     
Model H     

NANRAN a₁ = .253‡ HWS b₁ = .124 GOK accuracy 
NANRAN a₂ = .509‡ Coding b₂ = .098 GOK accuracy 
NANRAN a₃ = .462‡ SS  b₃ = -.054 GOK accuracy 
NANRAN a₄ = .322‡ PVF b₄ = .114 GOK accuracy 
NANRAN a₅ = .303‡ SVF  b₅ = -.003 GOK accuracy 
NANRAN  a₆ = -.391‡ RTm  b₆ = -.018 GOK accuracy 
NANRAN  a₇ = -.175‡ ITm  b₇ = -.055 GOK accuracy 

     
Note. M: mediators; ‡ p < .01, †p < .05  
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Table 6         
NVR and PA covariate coefficients for total and direct effects  
         

Model A B C D E F G H 
         
Total effect         

NVR .107 .078          .204‡ .187† -.109 -.133 .207‡ .204‡ 
PA .165† .178† .263‡ .275‡ .079 .076 .212‡ .214‡ 

         
Direct effect         

NVR -.011 -.019 .163† .153 -.274‡ -.264‡ .181† .179† 
PA .135 .135 .242‡ .242‡ .041 .041 .184† .184† 

         
Note. ‡ p < .01; † p < .05 
 

 

 

Discussion 

 This study examined various SoP subtypes classified under Miller’s Integrated Speed, 

Fluency, and Efficiency Model (Miller, 2013) in order to comprehensively explore their 

mediating role in the relationship between RAN and OK. This was achieved by including 

both types of RAN (ANRAN and NANRAN) and both types of OK (MGR and GOK), as 

well as accuracy and efficiency for each. Overall, our results confirmed that SoP is fully 

mediating most of the RAN-OK relationships. This is consistent with Cutting and Denckla’s 

(2001) and Georgiou, Parrila, et al.’s (2016) claim that when SoP is entered in the model the 

RAN-OK relationship becomes nonsignificant, suggesting full mediation.  

Our novel contribution here was to examine the specific subtypes of SoP that 

mediated this relationship. There were three measures of SoP that facilitate these 

relationships, a measure of Acquired Knowledge Fluency (i.e., HWS, subcategorised under 

Writing Fluency) and two measures of Performance Fluency (i.e., SS and RT). It is notable 

that SS is further subcategorised under Perceptual Fluency and Rate of Test Taking whereas 

RT is further subcategorised under Psychomotor Fluency (see Table 1). More specifically, 

our findings suggest that a measure of Acquired Knowledge Fluency, HWS, appears to be a 
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prominent mediator in the RAN-MGR relationships. In addition, a measure of Performance 

Fluency, SS, is also evident as a mediator in the RAN-MGR efficiency relationships. 

Furthermore, another Performance Fluency measure, RT, is a prominent mediator in the 

NANRAN-MGR efficiency and NANRAN-GOK efficiency relationships. Additionally, there 

was no mediation but only an indirect effect of HWS and RT in the ANRAN-GOK efficiency 

relationship.  

It is not surprising that the RAN-GOK accuracy relationships were not mediated by 

any SoP measures since GOK accuracy did not correlate with RAN and there were only very 

weak correlations with three SoP measures (see Figure 1 for summary of findings). As 

previously suggested, this may be due to the developmental shift in older children from using 

GOK to using MGRs. Moreover, neither measure of Retrieval Fluency (i.e., PVF and SVF) 

mediated any of the RAN-OK relationships. Finally, Coding, another measure of 

Performance Fluency and more specifically Rate of Test Taking, also did not mediate the 

RAN-OK relationships.   

 

Correlations 

 We found that both types of RAN correlated with MGR accuracy and efficiency 

whereas NANRAN was associated only with GOK efficiency. These results are consistent 

with previous analysis on our data (Houlis et al., Chapter 2) that found that ANRAN 

contributed unique variance to both MGR accuracy and efficiency while NANRAN only 

contributed to GOK efficiency. Overall, these results imply that RAN is more strongly related 

to MGR than GOK especially when older children are examined (Houlis et al., Chapter 2; 

Houlis et al., Chapter 3) suggesting that older children may rely more on MGR than GOK.  

We also found that all SoP measures correlated with RAN and that only ANRAN was 

not correlated with SVF and IT. These results confirm previous findings that RAN is related 
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to SoP (Kail & Hall, 1994). Indeed, according to Miller’s Model (2013) RAN is categorised 

as a measure of Performance Fluency (i.e., Naming Fluency). Generally, the correlation 

coefficients for measures of SoP and MGR were stronger than those for measures of SoP and 

GOK. These results are consistent with previous findings suggesting stronger associations 

between SoP and MGR rather than between SoP and GOK (Georgiou Parrila, & Kirby, 2009; 

Hagiliassis, Pratt, & Johnston, 2006).  

 

RAN–SoP–MGR 

The ANRAN–MGR efficiency association was fully mediated by HWS and SS. In 

addition, the NANRAN–MGR efficiency relationship was also fully mediated by HWS and 

SS but also RT. According to Miller’s classification of SoP, the ANRAN–MGR efficiency 

relationship appears to be mediated by the automaticity of writing (i.e., Acquired Knowledge 

Fluency) and the apparent ability to distinguish similar but different visual patterns and 

maintain attention under timed conditions (i.e., Performance Fluency). Indeed, the unique 

ability attributed to SS is speed of visual search (Kaufman, 1994). The NANRAN-MGR 

efficiency relationship was mediated by HWS, SS, and RT. Like SS, RT is also a measure of 

Performance Fluency and more specifically Psychomotor Fluency (i.e., psychomotor speed 

and movement time). Anderson (1992) suggests that RT “reflects the operation of a complex 

processing system which, itself, has many different facets, including attention, motivation, 

visual search, and encoding” (p. 41-42). Hence, our results provide further support for the 

suggestion by Houlis et al. in Chapter 4 that NANRAN could be tapping into some broader 

and more fundamental type of speed represented here by SS and RT; whereas ANRAN 

makes an additional contribution to speed of access to orthographic information.  

The ANRAN–MGR accuracy and NANRAN-MGR accuracy relationships were both 

mediated only by HWS, which as stated above is classified by Miller (2013) as an Acquired 
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Knowledge Fluency measure. These results are consistent with the findings of a recent study 

suggesting that HWS is related to deficits in ANRAN (digits) and saccadic efficiency (i.e., 

ocular-motor control) in Chinese children with dyslexia (Cheng-Lai et al., 2013). They are 

also convergent with Berninger et al. (1992) who indicated the predictive value of 

orthographic coding (i.e., MGR) on handwriting skills. Our results are also consistent with 

Medwell and Wray’s (2008) findings that handwriting efficiency is more than just a motor 

skill. Indeed, orthographic and memory processes (i.e., recalling letter shapes) seem to 

mainly contribute to handwriting (Berninger & Amtman, 2003). Indeed, Medwell, Strand, 

and Wray (2009) claim that handwriting is about concurrently training memory and hand to 

cooperate and produce accurate mental images/representations and patterns of letters which 

are then automatically and effortlessly translated into motor patterns of letters. This is further 

support for the link between HWS and MGR accuracy found here.  

Importantly, including SoP measures as mediators in our models in many cases made 

the path from RAN to OK non-significant suggesting full mediation. This was especially the 

case when examining RAN and MGR types. These findings are consistent with Georgiou, 

Aro, et al.’s (2016) suggestion that the relationship between RAN and orthographic 

processing or phonological processing depends on whether SoP is included in the analyses. 

Indeed, when these researchers operationalised orthographic processing (i.e., MGR) and 

phonological processing with accuracy tasks, the effect of RAN on reading fluency was 

partly mediated by the effects of orthographic processing. On the other hand, when they 

included SoP in their model (i.e., two measures of Performance Fluency: Visual Matching 

and SS) the path from RAN to orthographic processing (MGR) became nonsignificant. Our 

study took a step further by exploring which subtypes of SoP according to Miller (2013) 

mediate the RAN-OK relationship by separately examining these relationships with both 

types of RAN and separate measures of MGR and GOK (and also accuracy and efficiency for 
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each). Our full mediations, therefore, confirm Cutting and Denckla’s (2001) and Georgiou et 

al.’s (2016) suggestion that SoP is more important for the RAN-orthographic processing 

relationship than for the RAN-reading relationship (see also Chapter 2). Indeed, Houlis et al. 

(see Chapters 2 and 3) found that MGR only partly mediated the relationships between RAN 

and literacy.  

 

RAN–SoP–GOK  

For the ANRAN-GOK efficiency relationship there was no mediation but only an 

indirect effect of HWS and RT whereas the NANRAN–GOK efficiency relationship was 

fully mediated by RT. In support of the HWS-GOK relationship, Wicki, Hurschler 

Lichtsteiner, Saxer Geiger, & Müller (2014) suggested that advanced knowledge about 

orthographic rules (i.e., GOK) as well as access to the correct spelling of words in memory 

(i.e., MGRs) promote fast handwriting. These researchers suggest that the impact of 

handwriting automation on orthographic skills should be even greater for deeper 

orthographies (such as English) due to the additional cognitive resources required. Finally, 

the emergence of RT as an exclusive mediator of the NANRAN-GOK efficiency relationship 

further confirms Anderson’s (1992) suggestion that RT may include several processes (i.e., 

attention, motivation, visual search, and encoding) but also, once again, echoes Houlis et al’s 

(Chapter 4) report of NANRAN involving some notional raw speed component.  

 Although there was a relationship between RAN types and GOK accuracy, none of 

the SoP measures mediated this relationship and there was no indirect effect. These findings 

contradict Cutting and Denckla’s (2001) results in younger children (Grades 1-3) which 

suggest that ANRAN and GOK accuracy are significantly related and that this relationship is 

due to the effects of SoP (i.e., ANRAN does not have a significant direct effect on GOK 

accuracy). These contradicting results may be associated with the age of the sample. Indeed, 
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from Houlis et al. (see Chapter 2) on the RAN-OK association suggested that in older 

children RAN and GOK accuracy were not correlated and neither ANRAN nor NANRAN 

contributed significant variance to GOK accuracy. Therefore, in our study the lack of 

association between RAN and GOK accuracy may be attributable to the age group examined: 

That is, Upper Primary school children would be expected to have developed accurate MGRs 

which they can efficiently access, resulting in the diminished use of GOK (i.e., after the 

developmental shift suggested by some researchers mentioned above).    

 

Theoretical implications  

HWS and MGR. Overall, our results support Cutting & Denckla’s (2001) and 

Georgiou, Aro, et al.’s (2016) suggestion that when SoP is entered in the model the RAN-OK 

relationship becomes nonsignificant. More specifically, a measure of Acquired Knowledge 

Fluency (i.e., HWS), according to Miller’s (2013) model, had a persistent effect on the RAN 

– OK associations and especially on MGRs. In an overview of research on handwriting, 

Berninger and Graham (1998) highlighted the importance of handwriting automaticity (i.e., 

the ability to produce accurate letters in timed conditions) to writing development during 

primary school years and suggested that handwriting is not just about fine motor skills but 

‘language by hand’. Indeed, Abbott and Berninger (1993) using structural equation modelling 

found that fine motor skills contributed indirectly to handwriting via their relationship with 

the ability to recall letter shapes (i.e., orthographic and memory processes). These researchers 

also found that orthographic coding had a significant path to handwriting fluency but not to 

motor finger function suggesting that handwriting skill is more of a linguistic capability 

rather than a motor skill. This could mean that orthographic coding “cements” the MGRs 

leading to their efficient access. Indeed, in English, deficits in handwriting fluency have been 

associated with deficits in orthographic coding (Berninger, Abbott, Thomson, & Raskind, 
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2001) which would be convergent with our finding that HWS was a mediator in the majority 

of our models. The HWS task used in this study is an easy to administer, succinct near 

copying task, focused on the motor component of HWS because it does not require much 

cognitive load (Francis, Wallen, & Bundy, 2016). However, our results suggest that this task 

involves acquired linguistic knowledge that separates it from the other types of SoP 

according to Miller’s Model (2013) and could be what is involved in the creation of MGRs. 

HWS and RAN. Furthermore, Berninger, Nielsen, Abbott, Wijsman, and Raskind 

(2008) found that in dyslexic children there was a relation between RAN (letters) and HWS. 

In addition, Kim, Park, & Park (2015) suggested that if RAN mainly captures the 

automaticity with which letters are retrieved then it should be strongly associated with 

handwriting automaticity tasks such as letter writing automaticity and story copying. 

However, their findings suggest that RAN is related to writing quality and productivity 

implying that RAN captures processes beyond handwriting fluency (e.g., visual, orthographic, 

and verbal processing). These results and our findings point to a possible role of RAN 

(especially ANRAN) in the formation of MGRs and the facilitating role of HWS in this 

relationship. 

SS and RT and the RAN-OK relationships. Regarding the Performance Fluency 

tasks included in this study (i.e., SS, Coding, RT, and IT), SS survived as a mediator of the 

RAN-MGR efficiency relationships and RT survived as a mediator for the NANRAN-MGR 

efficiency and RAN-GOK efficiency relationships. When comparing Coding with SS, both 

these tasks measure Rate of Test Taking (i.e., how quickly you perform easy tasks that require 

simple decisions, however, SS is also a measure of Perceptual Fluency (i.e., how quickly you 

distinguish similar but different visual patterns and maintain attention under timed 

conditions). Indeed, SS is preferred over Coding because it mainly measures speed of mental 

processing (Kaufman, 1994). Hence, the “survival” of SS may be attributed to the extra 
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processes required for this task (i.e., Perceptual Fluency rather than Rate of Test Taking). In 

addition, the persistence of RT as a mediator in the relationship of RAN with efficiency 

measures of OK highlights its main role as a measure of psychomotor speed and movement 

time. It appears that SS is associated with the efficiency of MGRs whereas RT is more linked 

to NANRAN highlighting the suggestion by Houlis et al. (see Chapter 4) that NANRAN may 

have to do more with some fundamentally broader type of raw speed. This could imply that if 

children cannot access their MGRs efficiently, it may mean that their ability to perform 

lexical updating (i.e., improving the accuracy of lexically stored information) in order to 

refine their MGRs has been affected. 

Verbal Fluency and the RAN-OK relationships. Contrarily, our results suggest that 

Retrieval Fluency (i.e., SVF and PVF) has no effect on the RAN-OK relationship. This is 

surprising since longitudinal studies following language-impaired children from kindergarten 

to Grade 4 found that deficits in verbal fluency (especially PVF) hinder both word fluency 

and RAN (e.g., Katz, Curtiss, & Tallal, 1992; Wolf & Obregon, 1992). In addition, it has 

been suggested that verbal fluency may relate to some motor aspects of RAN and/or speed of 

retrieval (Weckerly, Wulfeck, & Reilly, 2001). What we do know is that verbal fluency has 

been associated with the frontal and temporal lobes of the left hemisphere of the brain (Birn 

et al., 2010). Specifically, PVF is more associated with frontal lobe activation whereas SVF is 

more associated with temporal lobe activation (Birn et al., 2010). However, brain studies 

reveal that frontal lobe functioning is multi-staged and that even at the age of twelve children 

still do not have mastery of all frontal lobe skills (Welsh, Pennington, & Groisser, 1991). 

Hence, Verbal Fluency may not be completely developed in our Grade 6 group of children, 

which could possibly explain why it did not mediate the RAN-OK relationship. Another 

possibility is that the lack of effect of Verbal Fluency in the RAN-OK relationship in our 

results could be consistent with Miller’s categorisation of RAN as a measure on Performance 
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Fluency (i.e., Naming Fluency and Rate of Test Taking) rather than a measure of Retrieval 

Fluency (i.e., Phonemic/Semantic Fluency) especially in regard to ANRAN-MGR 

relationships.   

Overall, it appears that the RAN-MGR (accuracy/efficiency) relationship is fully 

mediated by handwriting efficiency rather than verbal efficiency. This suggests that the 

RAN–MGR association is fully facilitated through the speed of orthographic lexical access 

(i.e., handwritten activation of orthographic codes) rather than phonological (i.e., oral lexical 

access). On the other hand, only the NANRAN-GOK efficiency relationship is fully mediated 

by RT possibly reflecting in this relationship the effect of raw speed instead of orthographic 

access speed as in the ANRAN-MGR relationships discussed by Houlis et al. (Chapter 4). 

These results only partly supported our hypothesis that only Performance Fluency measures 

would mediate the RAN-OK relationships. More specifically, our findings suggest that RAN 

is mainly tapping into Acquired Knowledge Fluency (i.e., written orthographic efficiency: 

HWS) and some raw speed (i.e., Performance Fluency: RT and SS) especially when 

examining the NANRAN-OK  relationships.    

 

Practical implications 

The present data underline the fact that interventions that target fluency are imperative 

in the development of literacy skills especially in older literacy-impaired children. Programs 

such as the Retrieval, Automaticity, Vocabulary, Engagement with Language, and 

Orthography program (RAVE-O; Wolf et al., 2009), the PHAST programme (Lovett, 

Lacerenza, & Borden, 2000) and Harvey’s intensive reading programme (Harvey, 1998) will 

specifically address the needs of these vulnerable children to develop their efficient access to 

word specific orthographic information (i.e., MGRs). These programs develop children’s 

phonology, orthography, morphology, syntax, and semantic knowledge, all of which expand 
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their vocabulary and spelling knowledge, and improve word identification and word attack 

skills which would be expected to refine the accuracy of, and promote more efficient access 

to their MGRs.  

 In addition, since HWS has previously been suggested to be closely related to the 

ability to recall letter shapes (i.e., orthographic coding and memory) and our results suggest 

that HWS mediated the link between RAN and OK, it appears that having well-formed letters 

in memory can help with the establishment of accurate MGRs in memory. These results also 

imply that the better letter shapes are committed to memory the faster MGR retrieval of 

words will be. Datchuck (2015) suggests that a combination of memory retrieval and 

orthographic coding activities can help children commit letters to memory. For example, 

children are shown a written letter, which is then covered, and they need to write it down 

from memory. They then compare what they have written to the initial visual stimulus. Other 

activities involve the teaching of alphabet songs and games (e.g., presenting letters on a 

projector, saying the names of each letter, and then removing letters from the projector and 

children saying the letters that are missing).  

Finally, our results lead to the conclusion that measuring SS, HWS, RAN and early 

MGRs as early as Grade 3 could help us identify students who are highly vulnerable and 

provide them with the appropriate intervention especially in intellectually strong children, 

where such difficulties may not be fully evident until much later.   

 

Limitations and future directions 

While this study has provided us with new findings, there are also some limitations. 

First of all, we should interpret our results with caution as Hayes suggests that “Including 

correlated mediators in the model allow[s] you to disentangle spurious and epiphenomenal 

association from potential causal association, but this comes at the cost of greater sampling 
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variance and reduced power.” (Hayes, 2013; p. 157). Furthermore, there is an urgent need for 

exploration of the nature of these mediating variables and the nature of their relationship with 

the outcome variables.  

Secondly, we examined these relationships in an older group of children (Grade 6). 

We did this because we wanted to explore these relationships in children who are expected to 

have advanced literacy skills. As suggested above, handwriting automaticity develops after 

the age of 10 (Gerth et al., 2016) so it was appropriate to examine older children for this 

reason. However, it would be of interest to examine younger children and more importantly 

to explore the mediating role of SoP in the RAN-PA relationship by using speeded measures 

of PA (see Georgiou, Aro, et al., 2016) since younger children use more phonological than 

orthographic strategies. In that setting, we might expect to see stronger relationships between 

RAN and PA.   

Secondly, it would be of interest to replicate this study while investigating any gender 

differences in processing speed. Camarata and Woodcock (2006) examined different age 

groups, from preschool to adults using three versions of the Woodcock-Johnson. The results 

indicated highly significant gender effects for all age groups and particularly for the 

adolescent group: Males scored significantly lower on SoP measures and also on reading and 

writing fluency although there were not any gender differences in IQ. A recent review also 

suggests that although there were no differences in intelligence between females and males, 

females had an advantage in rapid naming tasks whereas males were faster on RT tasks and 

finger tapping (Roivainen, 2011). Also, girls have been found to write faster and more neatly 

than boys of the same age (Wicki et al. 2014). Hence, we might expect HWS to have a 

stronger mediating role in girls than in boys. This gender comparison could also be applied in 

a study with younger children. 
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Thirdly, according to a recent evaluation of the Handwriting Speed Test (HST; 

Wallen, et al., 1996) and the Detailed Assessment of Speed of Handwriting (DASH; Barnett, 

Henderson, Scheib, & Schulz, 2007; Henderson, Scheib, & Schulz, 2009) the Handwriting 

Speed Test is a short test that does not require children to simultaneously create text, consider 

spelling, punctuation and grammar, whilst producing handwriting which is legible for the 

reader (Francis, et al., 2016). A lengthier task that covers different areas of Handwriting 

Speed Test is the DASH. However, both these tasks have low sensitivity meaning that only a 

small number of students were identified as below average. Future work may focus on the 

creation of new handwriting tasks with greater sensitivity that would be important for 

research and practice so that we do not miss out on children that do have HWS difficulties. 

Finally, we might explore measuring SS, HWS, RAN and early MGRs in order to group 

children for more appropriately targeted intervention (e.g., children with deficits on multiple 

processing speed measures may benefit preferentially from fluency training).  

 

Conclusion 

This is the first study to examine the role of SoP in the RAN–OK relationship using a 

Model of Speed, Fluency, and Efficiency (Miller, 2013) to classify various measures of SoP. 

Our results highlight the mediating role of HWS to the RAN–OK relationships (mainly 

MGR). Overall, these models suggest that Acquired Knowledge Fluency and Performance 

Fluency are the two types of SoP involved in the RAN–OK associations. Future research is 

required to further expand on our understanding of other SoP measures that may influence the 

RAN–OK relationship.  
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The Grattan Institute has recently released a report suggesting that the literacy gap 

between high and poor achieving students widens as they move through their schooling and 

by Grade 9 the spread of achievement expands to eight years. (Goss, Sonnemann, Chisholm, 

& Nelson, 2016). In addition, the literacy problems that our English-speaking children 

encounter are amplified because of the complex relationship between English phonemes and 

graphemes. There is wide agreement among researchers that in spite of decades of previous 

research, the reason behind this poor literacy “epidemic” is due to the current gap between 

research and practice (e.g., Moats, 2005/2006; Rose, 2006; Seidenberg, 2013, 2012).  

This thesis was an attempt to start bridging this gap between research and practice in 

order to help children who are literacy-impaired. Although there is agreement that in order to 

read and spell correctly we need to integrate a word’s sounds (i.e., phonological processing), 

print based codes (i.e., orthographic processing) and meaning (i.e., semantics; Adams, 1990), 

there is increasing evidence for the importance of rapid automatised naming (RAN) to 

literacy development and for the essential role of orthographic representations (Bowers, 

Sunseth, & Golden, 1999; Georgiou & Parrila, 2013; Roman, Kirby, Parrila, Wade-Wooley, 

& Deacon, 2009). Furthermore, the claim that RAN may be independent from phonological 

processing (i.e., Double Deficit Hypothesis; Wolf & Bowers, 1999) has led more recent 

research to focus on its relationship with orthographic processing and speed of processing 

(SoP) and to the mediating role of these constructs in the relationship between RAN and 

literacy (Georgiou, Aro, Liao, & Parrila, 2016; Georgiou, Parrila, & Papadopoulos, 2016). 

Finally, there have also been additional suggestions of the mediating role of SoP in the RAN-

orthographic knowledge (OK) relationship (Cutting & Denckla, 2001; Georgiou, Parrila, et 

al., 2016).  

Until the present investigation, the results of previous studies examining RAN, OK, 

SoP, reading, and spelling had been inconsistent, making it hard to uncover patterns of 
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factors that lead to success in literacy. The mixed results in these studies appeared to stem 

from: a) the inconsistency of RAN types used; b) the definitions of OK and SoP used, and the 

variety of measures used to measure these two constructs; c) whether efficiency measures 

were included for OK and reading; d) whether spelling was also explored; e) the age group 

examined; f) whether researchers controlled for nonverbal reasoning (NVR) and phonological 

awareness (PA); and g) the orthography examined.  

Although there is agreement that ANRAN is the best predictor of literacy 

development (and this is the reason why the majority of studies examine only ANRAN; see 

Araújo, Reis, Petersson, & Faísca, 2015 for review), other studies have pointed out the 

importance of NANRAN at different developmental stages and the additional processes that 

may be required in naming colours and objects (Donker, Kroesbergen, Slot, Van Viersen, & 

De Bree, 2016). Also, there is still confusion about the definition of both OK and SoP, 

leading researchers to examine mainly one type of OK (usually MGR) and one type of SoP 

(usually Performance Fluency); therefore, leaving gaps in our knowledge regarding the 

differential role of the subtypes of each of these constructs to RAN and literacy. Moreover, 

since RAN is more strongly related to reading efficiency it is also important to include 

measures of orthographic efficiency when examining the role of OK in this relationship; 

since it has been suggested that OK efficiency measures may assess something different than 

OK accuracy measures (Hagiliassis, Pratt, & Johnston, 2006). In addition, since spelling 

practice appears to assist with the establishment of more detailed and accurate MGRs than 

reading practice (Apel & Masterson, 2015; Conrad, 2008) and RAN has been suggested to be 

strongly related to OK (Wolf, Bowers and Biddle, 2000) it is also important to examine the 

RAN-spelling relationship and the role of OK (especially MGRs) in this relationship. 

Furthermore, since there appears to be a developmental progression in older children from 

relying more on phonological information in literacy to relying more heavily on orthographic 
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information (Georgiou, Aro et al., 2016; Share, 2008), there will be differences between older 

and younger children in the use of orthographic and processing speed information. Finally, 

when examining the RAN-reading and RAN-OK relationships it is important to control for 

PA. Although RAN and PA seem to be related they are also independent predictors of 

literacy. By controlling for nonverbal ability and PA we diminish the effect of confounds in 

these relationships.          

With this in mind, the main purpose of this thesis was to “zoom in” on the mediating 

roles of OK and SoP in order to comprehensively review and examine the relationships 

between RAN and literacy (i.e., reading and spelling). These relationships were explored in a 

single group of older children who would be expected to have developed advanced literacy 

skills (i.e., Grade 6). This first comprehensive investigation was achieved by examining both 

types of RAN (i.e., alphanumeric: ANRAN and nonalphanumeric: NANRAN), reading 

accuracy and efficiency, spelling, both types of OK (i.e., purer measures of mental graphemic 

representations - MGR and generic OK - GOK; as well as accuracy and efficiency for each), 

and various measures of SoP representing all four areas of Miller’s (2013) Integrated speed, 

fluency, and efficiency classification (see Figure 1) while controlling for NVR and PA. The 

hypotheses and main findings for each study are summarised below.  

 

 Study 1 - Chapter 2 

RAN and OK. Since it has been suggested that RAN is capturing efficiency of access 

to or actual quality of MGRs (Bowers & Wolf, 1993), we hypothesised that RAN should 

contribute more variance to MGR than to GOK and that these effects would be more 

pronounced for MGR efficiency. After we controlled for NVR and PA, ANRAN contributed 

unique variance to MGR accuracy and efficiency. Moreover, there was a split in this 

contribution when NANRAN was entered in the model before ANRAN implying a shared 



260 
 

contribution between the two RAN types. Finally, only NANRAN contributed unique 

variance to GOK efficiency and neither type of RAN contributed to GOK accuracy. Our 

results are consistent with previous research suggesting that ANRAN is related to MGR 

accuracy and efficiency (Bowers et al., 1999; Georgiou, Parrila, & Kirby, 2009) but are  
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inconsistent with findings suggesting that ANRAN is related to GOK (Georgiou et al., 2009; 

Powell, Stainthorp, & Stuart, 2014). On the other hand, our finding that NANRAN 

contributes a small but significant amount of variance to GOK efficiency is consistent with 

Loveall, Channell, Philips, & Conners' (2013) suggestion that NANRAN and GOK are 

related because they are not as automatised as ANRAN and MGR. It could be that as 

ANRAN and MGR become more automatic with age, there is less common ground between 

ANRAN and NANRAN and also MGR and GOK, which could explain the unique 

contribution of NANRAN to GOK efficiency in our results.  

Indeed, previous research in younger children has found that ANRAN was related to 

both MGR and GOK (Bowers et al., 1999), whereas we found that ANRAN mainly 

contributes to MGR and only NANRAN contributes to GOK efficiency. In this respect, our 

results are supportive of the suggested shift in older children from heavy reliance on GOK in 

early literacy development to relying more on MGRs after increased experience with reading 

and writing (Georgiou, Aro et al., 2016; Share, 2008). However, further research is required 

to further clarify this transition.  

RAN-OK-reading. We also hypothesised that the relationship between RAN and 

reading should be at least partly mediated by MGR efficiency, and that this effect should be 

more strongly observed in the ANRAN-reading efficiency relationship. Indeed, after 

controlling for NVR and PA, MGR efficiency was a partial mediator of the ANRAN-reading 

efficiency and NANRAN-reading efficiency relationships. Also, MGR accuracy was a partial 

mediator of the ANRAN-reading accuracy relationship. Finally, when examining the 

NANRAN-reading accuracy relationship there was no mediation but only an indirect effect of 

MGR accuracy, suggesting that the influence of NANRAN could perhaps be more about 

some sort of general, raw speeded component than speeded access to orthographic 

information in the mental lexicon.  
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These results are hard to compare with previous studies because of the inconsistent 

use of RAN and OK types. Our results are consistent with Roman et al.’s (2009) finding that 

MGR accuracy mediates the ANRAN-reading accuracy relationship in a mixed age group 

(Grades 4, 6, and 8). On the other hand, our results are inconsistent with Georgiou, Aro, et al. 

(2016) who found that GOK accuracy mediates the RAN (ANRAN-NANRAN composite) – 

reading fluency relationship in Grade 4 children and also Moll, Fussenegger, Willburger, & 

Landerl’s (2009) who found that MGR does not mediate the RAN-reading efficiency 

relationship in German Grade 3 children. Notably, however, Georgiou, Aro, et al. (2016) did 

not include MGR, Moll et al. (2009) did not include GOK, and neither study separately 

considered the two types of RAN. These inconsistencies could potentially explain the 

disparate outcomes.  

Overall, our results provide a “snapshot in time” suggesting that in older children 

there is a main contribution of ANRAN to MGR (both accuracy and efficiency) and a smaller 

contribution of NANRAN to GOK efficiency. Therefore, our data confirm our prediction that 

RAN may be capturing the efficiency of access to or the quality of MGRs. Our results also 

strongly suggest that the RAN-reading relationship is mediated by MGR but not GOK.  

 

Study 2 - Chapter 3 

OK and spelling. In older children, MGRs should also account for significantly more 

variation in spelling than GOK. Indeed, Apel and Masterson (2015) highlight the importance 

of well-specified MGRs for spelling especially in an opaque language such as English. 

Moreover, Conrad (2008) claims that spelling practice may better assist with the 

establishment of more detailed and accurate MGRs than reading practice. Hence, we 

hypothesised that the contribution of MGRs to spelling should be more pronounced in terms 

of both accuracy and efficiency. We found that MGR efficiency accounted for a significant 



263 
 

amount of variance in spelling after controlling for PA, RAN, and GOK efficiency. Similarly, 

MGR accuracy accounted for significant amount of variance in spelling after controlling for 

PA, RAN, and GOK accuracy. However, GOK accuracy still accounted for a significant 

amount of variance in spelling when entered into the model before MGR accuracy, 

suggesting a shared contribution of both factors to spelling which implies that older children 

still use some form of GOK for spelling less well-known words.  

RAN and spelling. We also expected NANRAN and spelling to be significantly 

related and that NANRAN would account for unique variance in spelling since both appear to 

require the use of, and draw more heavily on semantics. Indeed, we found that NANRAN 

was related to spelling. We also found that ANRAN accounted for a significant amount of 

variance in spelling after controlling for NVR and PA but this contribution was split when 

NANRAN was entered into the model before ANRAN, once again suggesting shared 

variance. Our results confirm those of previous studies suggesting a strong contribution of 

ANRAN to spelling (Savage et al., 2005; Stainthorp, Powell, & Stuart, 2013). On the other 

hand, although the role of NANRAN in spelling has been hard to establish since this 

relationship has been neglected in previous studies, in our study, NANRAN contributed 

unique variance to spelling when it was entered in the model before ANRAN. It could be that 

the contribution of ANRAN has to do with the efficiency of access to orthographic lexical 

representations as well as what it shares with NANRAN (i.e., some more general, underlying 

speeded component). This could mean that the shared contribution of both ANRAN and 

NANRAN to spelling promotes general fluency of operation with written language; but when 

ANRAN is entered first into the analysis, the influence of NANRAN is occluded by the effect 

of ANRAN especially its more specific effect on both orthographic accuracy (i.e., MGR) and 

spelling. Once again, further research is required to test this conjecture.    
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RAN-OK-spelling. We hypothesised that the relationships between the two RAN 

types and spelling might be at least partly mediated by MGR accuracy and efficiency. In fact, 

we found that both MGR accuracy and efficiency partly mediated the ANRAN-spelling and 

NANRAN-spelling relationships. This finding supports previous suggestions that MGRs are 

more important to spelling than to reading (Apel & Masterson, 2015). Indeed, one can read a 

word by matching it to an MGR that is not perfectly formed, but to spell a word one needs to 

rely on a well-specified MGR (Shahar-Yames & Share, 2008).  

Overall, the results from Study 2 provide a further “snapshot in time” which suggests 

that in older children: a) there is an even stronger relationship between MGR (accuracy and 

efficiency) and spelling than with reading; and that although GOK accuracy was correlated 

with spelling, GOK efficiency was not; b) ANRAN is the main contributor to spelling; and c) 

finally, that both MGR accuracy and efficiency mediate the relationship between RAN types 

and spelling, whereas GOK did not.   

 

Study 3 - Chapter 4 

RAN-SoP-literacy. Although previous studies have examined the role of SoP in the 

RAN-literacy relationship, this is the first time that a promising integrated speed, fluency, and 

efficiency model (Miller, 2013) was used to classify a variety of SoP measures. In this study 

we had nine mediators: Handwriting speed (HWS), Coding, Symbol Search (SS), Phonemic 

Verbal Fluency (PVF), Semantic Verbal Fluency (SVF), Reaction Time (RT), Inspection 

time (IT), Mental Graphemic Representations Efficiency (MGR efficiency), and Generic 

Orthographic Knowledge Efficiency (GOK efficiency). The aim of this study was to identify 

the speed, fluency, and efficiency components that might mediate the relationships between 

RAN (i.e., ANRAN and NANRAN) and literacy (i.e., reading accuracy and efficiency and 

spelling) while controlling for NVR and PA.  
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Beyond the prominent mediation arising from MGR shown in the earlier studies, SoP 

measures played a relatively minor mediating role in the relationship between RAN and 

literacy. For the NANRAN-reading accuracy relationship there was no mediation but an 

indirect effect of MGR efficiency and SS. Moreover, HWS partly mediated the NANRAN-

reading efficiency relationship and SS partly mediated the RAN-literacy relationship. 

Notably, neither oral verbal fluency nor IT (i.e., a purer measure of processing speed or 

response speed) mediated any of the above RAN-literacy relationships especially in the 

RAN-spelling relationship where MGR efficiency was the sole mediator.  

According to Miller’s (2013) speed, fluency, and efficiency classification, previous 

research used only one type of SoP, Performance Fluency, which is defined as the ability to 

quickly perform, simple repetitive tasks (e.g., Visual matching and Cross-Out from 

Woodcock & Johnson 1989; SS and Coding from the Wechsler Intelligence Scale for 

Children 4th Ed.; WISC–IV Wechsler, 2003) to examine these relationships (see Appendix 

D). Neither did previous research include both types of OK efficiency (MGR and GOK). 

Indeed, we found that not only MGR efficiency (i.e., Accuracy and Fluency) but also HWS 

(Acquired Knowledge Fluency which relates to the automaticity of academic achievement) 

mediated the NANRAN-reading efficiency relationship. In contrast, the relationship between 

ANRAN and reading accuracy was mediated by MGR efficiency (i.e., Accuracy and 

Fluency) and SS (i.e., Performance Fluency). These results would be consistent with research 

conceptualising HWS as a skill requiring orthographic-motor integration (Medwell, Strand, & 

Wray, 2009). This in turn would be consistent with what we are suggesting about the shared 

contribution of ANRAN and NANRAN to spelling and MGR and GOK efficiency; that is, 

the part of ANRAN that does not overlap with NANRAN discussed above may have to do 

with efficiency of access to well-established orthographic representations; and the part of 
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ANRAN that shares variance with NANRAN seems to be related to some nonspecific, 

underlying speed component.  

Overall, the results of Study 3 clarify that in older children Accuracy and Fluency 

(i.e., MGR efficiency) and measures of Performance Fluency (i.e., SS) and Acquired 

Knowledge Fluency (i.e., HWS) are partial mediators of the RAN-literacy relationship. Of 

course, it is also clear that the constructs both HWS and SS may be tapping into still require 

considerable exploration.  

 

Study 4 - Chapter 5  

RAN-SoP-OK. The aim of the last study was to explore which speed, fluency, and 

efficiency components may be mediating the relationship between RAN and OK types after 

controlling for NVR and PA. Our results suggest full mediation of SoP measures for most of 

our models (see Figure 1, Chapter 5): HWS mediated all the RAN-MGR relationships and in 

addition there was an indirect effect of HWS in the ANRAN-GOK efficiency relationship. SS 

mediated the ANRAN-MGR efficiency and the NANRAN-MGR efficiency models. RT 

mediated the NANRAN-MGR efficiency and the NANRAN-GOK efficiency relationships 

and there was an indirect effect of RT in the ANRAN-GOK efficiency relationship. Finally, 

there was no mediation or indirect effect between the RAN-GOK accuracy relationships.  

Our results validate a new line of research supporting a stronger mediating effect of 

SoP when examining the RAN-OK relationship rather than the RAN-literacy relationship 

(Cutting & Denckla, 2001; Georgiou, Parrila, et al., 2016). Indeed, our results confirmed 

Georgiou, Parrila, et al.’s (2016) suggestion that the relationship between RAN and 

orthographic processing depends on whether SoP is included in the analyses. But this is the 

first time such a variety of SoP measures classified under Miller’s four subtypes were 

included as mediators to tease out the role of different aspects of speed, fluency, and 
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efficiency in the RAN-OK relationships. This revealed that measures of Acquired Knowledge 

Fluency (i.e., HWS) and Performance Fluency (i.e., SS and RT) are both involved in the 

RAN-OK associations whereas Georgiou et al. (2016b) only included measures of 

Performance Fluency (i.e., Visual Matching and SS).  

Overall, the results of Study 4 strongly suggest that, in older children, measures of 

Acquired Knowledge Fluency (i.e., HWS) and Performance Fluency (i.e., SS and RT) fully 

mediate the RAN-OK efficiency relationships. Moreover, these speed, fluency and efficiency 

constructs appear to be heavily involved in the efficient use of MGRs.  

 

Overall summary of experimental results 

As is evident in Figure 1, from a wider perspective these results highlight the 

consistent emergence of MGR (especially MGR efficiency – a measure of Fluency and 

Accuracy) as a partial mediator in the RAN-literacy relationships, but in particular, 

relationships between ANRAN and literacy. These studies also point to the emergence of 

HWS, an index of Acquired Knowledge Fluency according to Miller (2013), as a prominent 

mediator in the RAN-MGR relationships. Indeed, only this putative measure of Acquired 

Knowledge Fluency fully mediated the RAN-MGR accuracy relationships. Our data also 

clarify the role of other Performance Fluency measures in the RAN-literacy and RAN-OK 

associations (e.g., SS and RT). In fact, these types of SoP mediated several RAN-OK 

relationships. Finally, these results again suggest shared variance between ANRAN and 

NANRAN (when NANRAN is entered first in the model) when examining their contribution 

to MGR (accuracy and efficiency) and spelling and shared variance between MGR accuracy 

and GOK accuracy (when GOK accuracy is entered first in the model) when examining their 

contribution to spelling.  
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Theoretical Implications  

Models of literacy. It is important to note that although the studies in this thesis 

provided us with valuable new findings, they were in fact only a “snapshot in time” because 

we examined only Grade 6 children. It was impossible, therefore, without a longitudinal 

study to provide convergent evidence supporting the suggestion from models of literacy 

development and other research, that the patterns of MGR versus GOK reliance we found 

here may be reversed in younger children. That said, the fact that in our results (after 

controlling for NVR, PA, and RAN) significant, additional amounts of variance were 

explained by MGR when predicting spelling, suggests that in older children MGRs are 

significantly more important for spelling than PA.  

In this way, these results are congruent with cognitive modelling, stage theories, and 

orthographic learning theories that older children have shifted from greater reliance on 

phonological skills to relying more on orthographic skills. For example, Frith’s (1986) stage 

theory suggests that children over the age of eight are mainly in the orthographic stage of 

spelling development. Additionally, Share’s (1995) self-teaching hypothesis postulates that 

phonological recoding leads to the development of MGRs. Furthermore, Ehri’s (1992) 

amalgamation hypothesis suggests that children learn letter-to-sound correspondence as they 

come across new words and consequently acquire well-developed MGRs that can be used 

later for reading and spelling. Hence, our findings support these theories and also imply that 

MGRs might be more important for spelling than they are for reading.  

OK is not a unitary construct. Apel (2011) argued that many previous studies end 

up examining MGRs only, because of the confusion in the literature regarding the definition 

of OK and the tasks used to measure this construct. But as described in Chapter 1, it is now 

more commonly agreed that there are two types of OK, word-specific OK (i.e., MGR) and 

generic OK (i.e., GOK).  
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Models of literacy suggest that in order to read and spell accurately and efficiently, 

children need to draw from connections which integrate a word’s sounds (i.e., phonological 

processing), print based codes (i.e., orthographic processing) and meaning (i.e., semantics; 

e.g., Baron, 1977; Harm & Seidenberg, 2004; Plaut, McClelland, Seidenberg, & Patterson, 

1996; Seidenberg & McClelland, 1989). However, previous studies examining the 

orthographic processing account have used measures of MGR that involve a semantic 

component compromising the “purity” of this OK measure. For example, there are 

homophone choice tasks (e.g., Cunningham, Perry, & Stanovich, 2001; Stanovich & West, 

1989) in which children are asked a question (e.g., “Which is part of a body?”) and then 

shown two phonologically similar but orthographically different words (e.g., feat-feet) and 

have to decide which of the two words is the correct one. Similarly, some 

homophone/homonym verification tasks  (e.g., Hagiliassis et al.,2006; Manis, Szeszulski, 

Holt, & Graves, 1990) require children to listen to a word and then listen to the same word 

embedded in a sentence. They are then required to decide whether a homonym (i.e., each of 

two or more words having the same spelling or pronunciation but different meanings and 

origins) on the computer screen is the correct one. In both these tasks, not only could some 

measures of MGR be solved using GOK because they involve regular words but, there is also 

the problem of tasks potentially introducing a further semantic confound. 

To address this issue, we selected an orthographic, not homophone, choice task so that 

no semantic confounds were included. The way we selected our pairs of words for both the 

MGR and GOK tasks ensured that there was minimal shared variance between these two 

types of tasks. What further distinguishes our MGR task is the fact that we used only irregular 

words as targets. As a consequence, we forced word-specific access to the mental dictionary. 

This in turn meant we could be sure students were not drawing on GOK in this task. This 

stronger delineation between word-specific and distributed information may be one reason 
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why we have such strong results compared to previous findings. Indeed, our strongest 

correlation was between MGR efficiency and GOK efficiency (r = .43) followed by the 

correlation between MGR accuracy and GOK accuracy (r = .39). Both these values represent 

a medium effect (Field, 2013).   

Although our results show shared variance between MGR and GOK when predicting 

spelling, they mainly support a significant discrepancy between the use of these two types of 

OK for literacy in an older group of children. GOK seemed to drop out in most cases or have 

only a small influence when included before MGR in the models, whereas both MGR 

accuracy and efficiency prevailed as contributors to reading and spelling and also as 

mediators in the RAN-literacy relationships. This is, in contrast to previous studies, 

suggesting that both MGR and GOK are equally important for reading and spelling in 7 to 10 

year old children (Conrad, Harris, & Williams, 2013: 7 to 9 year olds; Rothe, Cornell, Ise, & 

Schulte-Körne, 2015: 8 to 10 year olds). Although a longitudinal study would have provided 

us with a lot more information and we could have made a more direct comparison with 

studies examining younger children, this cross-sectional “snapshot” has provided us with 

strong affirmation of the predominant use of MGRs (especially efficiency) in Grade 6 

children which would no doubt be related to the automaticity of their more advanced literacy 

skills (i.e., compared to those of the younger children examined in many of the previous 

studies).  

The double deficit. Our results also support the Double Deficit Hypothesis (Wolf & 

Bowers, 1999) because neither ANRAN nor NANRAN was correlated with PA. It is 

noteworthy that the PA tasks used in our studies are meta-analytic measures of PA (i.e., 

Phoneme Reversal and Segmenting Nonwords) that require children to think about 

phonemes. We deemed these two more difficult tasks as appropriate for our older group of 

children and this may have accentuated the independence of RAN and PA measures in our 
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studies. But even stronger evidence for the double deficit is the additional significant amount 

of variance accounted for by RAN when predicting spelling, after controlling for NVR and 

PA (see Chapter 3).  

What is RAN and what is it tapping into? We found that there was shared variance 

between ANRAN and NANRAN when examining their contribution to MGR and spelling 

and to a lesser extent between MGR and GOK when examining their contribution to spelling. 

We also found that GOK efficiency was correlated with NANRAN but not ANRAN; and 

finally, that NANRAN only contributed a small amount of variance to GOK efficiency. The 

question that then arises is: What processes are unique to NANRAN and GOK efficiency? 

From our correlations we notice that NANRAN was related to SVF (r = .34), GOK efficiency 

(r = .21), and IT (r = -.20), whereas ANRAN and GOK efficiency were not. Although our 

results cannot explain what exactly is unique to NANRAN, as mentioned above, we speculate 

that it may be some underlying and generalised speed influencing the oral efficiency with 

which children may access the names of colours and objects, and to a lesser extent the 

efficiency of orthographic pattern retrieval (i.e., GOK efficiency). In contrast, ANRAN and 

MGR efficiency would be related to automatised access to word-specific information in 

Grade 6 children. We were not able to sensibly evaluate here the claims of previous 

researchers (e.g., Donker et al., 2016; Poulsen & Elbro, 2013) who argued that NANRAN 

could require additional conceptual processing compared to only phonological processing in 

ANRAN.  

Since there are similar but also different processes involved in the two subtypes of 

RAN, the other question which seems to logically follow is: What happens if a child has a 

deficit in only one of the two types of RAN (either ANRAN or NANRAN) or both? More 

research is required to explore this question: If, as our results appear to suggest, ANRAN is 

capturing two components: a) speed of access to the orthographic lexical entry), and b) some 
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more general, underlying speeded component, but NANRAN is also tapping into this more 

general speeded component, it will be important to examine both RAN types since a deficit in 

both ANRAN and NANRAN could suggest broader deficits (i.e., in addition to literacy 

problems).  

Lexical updating and lexicalization. Our results are also consistent with Stackhouse 

and Wells’ (1997) notion of lexical updating and indeed suggest that in Grade 6 children 

RAN may impact on the process of orthographic lexical updating (i.e., improving the 

accuracy of stored graphemic or orthographic information) rather than phonological lexical 

updating (i.e., improving the accuracy of stored phonological information). Similarly, they 

also seem to support Share’s (2008) notion of lexicalisation, which suggested that children’s 

early MGRs are initially based on simple phoneme-grapheme correspondences (i.e., 

phonological lexicalisation), which are later modified by OK achieved by reading experience 

(i.e., orthographic lexicalisation). However, once again, further longitudinal research is 

required to fully explore these inferences.   

Possible links between RAN and thinking, fast and slow. Our results regarding the 

association of ANRAN with MGR and NANRAN with GOK bring to mind Kahneman’s 

(2012) suggestion that there are two ways in which we process information: a) fast, intuitive 

thinking developed as a result of experience (System 1), and b) slow, rational thinking 

applied to novel situations (System 2). Our data suggest that ANRAN and MGR become 

increasingly effortless and automatic as children get older suggesting that these functions are 

occurring in System 1, whereas NANRAN, like GOK, appears more general and non-specific 

preventing both from developing automaticity to the same degree (i.e., drawing at least to 

some extent on System 2). Overall, our results for the ANRAN and MGR efficiency 

relationship suggest that ANRAN and HWS are both possibly indexing the capacity to 

develop automatised functioning with practice on highly overlearned materials (i.e., letters in 
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HWS). Both of these contribute to MGRs. Indeed, thinking fast using System 1 may be 

occurring in the ventral occipitotemporal literacy pathways described by Dahaene (2009) and 

Wolf (2008). Our data further suggest that ANRAN is indexing the automaticity of these 

literacy pathways but it is not clear to what extent NANRAN may be involved in these 

pathways. These results are all pointing to the implication that what ideally should happen for 

children, as they move through their education to achieve efficient reading, is that the 

processes underlying and supporting literacy should move from Kahneman’s System 2 to 

thinking fast through System 1.  

Handwriting speed (HWS). Our finding that HWS mediates the RAN-MGR 

relationships is consistent with research suggesting that handwriting speed deficits are 

associated with deficient orthographic coding (Berninger, Abbott, Thomson, & Raskind, 

2001) and RAN deficits (Berninger, Nielsen, Abbott, Wijsman, & Raskind, 2008). Indeed, 

Berninger and Graham (1998) suggested that handwriting is “language by hand” and Abbott 

and Berninger (1993) highlighted the importance of orthographic and memory processes (i.e., 

the ability to recall letter shapes) in handwriting.  

The structure of SoP. Our results not only highlight the role of specific SoP subtypes 

in the RAN-literacy and RAN-OK relationships, but they also bring forward issues with the 

definition of SoP and the tasks used to measure this construct. By using Miller’s (2013) 

model to classify our speed, fluency and efficiency measures, we ensured that we covered 

four possible areas of efficiency (see Figure 1). Indeed, Hagiliassis et al. (2006) in a factor-

analytic study found that it is important to separately explore accuracy and efficiency 

measures as measures of the same construct may fall under different factors.  

The results from our last two studies (Chapters 4 and 5) distinguish the subtypes of 

speed, fluency and efficiency that are important for the RAN-literacy and RAN-OK 

relationships: Fluency and Accuracy is the prominent category in the RAN-literacy 
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relationships whereas Acquired Knowledge Fluency is more pertinent in the RAN-OK 

relationships (see Figure 1). It is important that this distinction is reported in research going 

forward.  

 

Practical Implications 

The results from our four studies lead us to question the current types of literacy 

instruction, intervention, and remediation. They also lead to the conclusion that in older 

children RAN, MGR, and HWS need to become both accurate and automatic in order for 

children to become fluent readers and accurate spellers. Our findings are convergent with 

those from Jones, Snowling, and Moll (2016) that children with dyslexia have less 

automatised access to lexical information and this is reflected in their slow RAN times 

compared to normally developing children. Our results have implications for intervention in 

children who have not yet got literacy into their thinking fast system. Research could be 

undertaken to discover whether phonics and fluency training will produce more 

improvements in MGR efficiency than phonics training alone. Fluency training seems to be 

the key for children with slow RAN which also affects the formation of well-defined MGRs 

because of lost opportunities in lexical updating. 

There are already special fluency programs for children who have problems in rapid 

naming. For example, the Retrieval, Automaticity, Vocabulary, Engagement with Language, 

and Orthography program (RAVE-O; Wolf et al., 2009), a multicomponent reading 

intervention program, is designed to teach children strategies to increase the speed and 

accuracy of their word retrieval skills and to increase their vocabulary and spelling 

knowledge. This intervention helps children improve accuracy and automaticity at the lexical 

and sublexical level by developing skills in the areas of phonology, orthography, 

morphology, syntax, semantic knowledge, and the integration of these skills.  
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Secondly, our results underline the importance of purposefully developing efficient 

access to MGRs in literacy remediation. However, there is limited research on methods for 

children with orthographic efficiency problems. One way of improving the efficiency of word 

recognition is through the use of a rapid word recognition chart (Carreker, 2005). These 

charts are similar to the RAN matrices but instead of naming letters the child names words. 

Each matrix contains five rows of six words (e.g., pat, pet, dog, log), and each row contains 

the same six words but in a different order. Children are required to briefly review the words 

and are then timed for one minute as they read aloud the words in the squares. It is suggested 

that this procedure may help students who struggle to memorise word patterns. A more recent 

version of this chart by Brish (2005) focuses on irregular words, which may help children 

with the acquisition of MGR efficiency.  

Another way to learn how to read and spell words is the SPELL-Links speech to print 

approach with five blocks of instruction integrating PA, OK, semantics, morphological 

awareness, and mental orthographic images (Masterson, Apel, & Wasowicz, 2006). This 

approach teaches children to attend to the sound structure of English words in order to 

integrate sounds, letter patterns, and meanings. In addition, analysis of spelling errors also 

provides us with insight into the MGRs and GOK students may have (see Apel, 2011). Apel 

and colleagues also provide suggestions on how practitioners may help students improve their 

OK (Wasowicz, Apel, Masterson, & Whitney, 2004).  

The PHAST programme (Lovett, Lacerenza, & Borden, 2000) is also designed to 

improve word identification and word attack skills, independent decoding and reading for 

meaning. Finally, Harvey’s intensive reading programme (Harvey, 1998) focuses on the 

importance of word attack skills and sight vocabulary in order to extract meaning from print.  

RAN and OK measures could identify children who need that specialist intervention.  
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Our findings further suggest that both ANRAN and NANRAN should be considered 

separately in future studies. As we can see from our results, although there is considerable 

common ground between the two types of RAN such that both ANRAN and NANRAN 

appear to capture some general, underlying capacity for speeded performance, ANRAN 

seems to also have a more specific influence (i.e., on speed of access to orthographic lexical 

representations). By neglecting NANRAN we may not get the “full story” and miss out on 

important information about a child’s learning difficulties. Indeed, we would argue along 

with Donker et al. (2016), although for different reasons, that measuring both ANRAN and 

NANRAN could help diagnose individual and comorbid disabilities and that a complete RAN 

profile could better elucidate the possible causes of children’s learning disabilities. Moreover, 

little or nothing is known yet about children who are slow in both ANRAN and NANRAN 

and about those who are slow in only one or the other. Our results predict that children with 

slow ANRAN would have the worst MGR efficiency and that would have an effect on their 

reading efficiency and spelling. Children with slow NANRAN would be less weak in literacy 

but they will also have slow handwriting and possibly struggle to develop automaticity in 

other critical skills. Finally, children with slow ANRAN and NANRAN would have the 

greatest literacy deficits and would require more intensive help than children with only one 

type of RAN deficit in literacy but also possibly other areas.  

In regard to SoP, our results are supportive of Miller’s (2013) suggestion that clinicians 

need to conduct a thorough school neuropsychological evaluation to verify the reasons for 

learning deficits using his four suggested areas of speed, fluency, and efficiency of 

processing (i.e., Performance Fluency, Retrieval Fluency, Acquired Knowledge Fluency, and 

Fluency and Accuracy). Since RAN is a measure of Performance Fluency (i.e., Naming 

Fluency) and OK efficiency tasks are measures of Fluency and Accuracy this is a valuable 
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model to use in order to cover all areas of processing efficiency and to identify the specific 

speed, fluency and efficiency deficits that children may have.  

 

Limitations and future research  

Although the comprehensive review conducted in these studies has significantly 

advanced our understanding of the interrelationships between RAN, OK, SoP, and literacy, 

there are still matters that need further attention. We would recommend validation of these 

results in a larger sample: Although we had a reasonable sample size (N = 169), it was 

relatively small for the number of mediators included in the mediation models for Studies 3 

and 4 (Chapters 4 and 5) which may have compromised the power. In order to deal with this 

issue, we: a) used stricter confidence intervals (CI) (at the 99% level) for multiple 

comparisons or b) if there was a trend level effect, we either decreased the CIs or increased 

the amount of bootstrapping samples. Since parallel multiple mediation using PROCESS 

(Hayes, 2013) is based on correlations, future research should definitely use larger samples if 

using this approach.  

In regard to the experimental design of the studies in this thesis, Studies 1 and 2 have 

a strong causal theory behind them (RAN contributes to orthographic processing which 

contributes to reading and spelling) whereas for Studies 3 and 4 an exploratory approach was 

used. Future research should consider causal modelling in examining the relationships 

explored in Studies 3 and 4, but this was beyond the scope of this thesis. Further research 

should also explore the nature of our mediating variables and the nature of their relationship 

with the outcome variables.   

In addition to this, although Miller’s (2013) model of SoP provided us with a 

theoretical framework on which to categorise our processing speed measures, our data 
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suggest that this model may require refinement which could be the source of future 

exploration.   

Moreover, for all four studies in this thesis we controlled for PA but not for 

phonological short-term memory which is another component of the phonological processing 

framework discussed here. We controlled for PA because both RAN and PA are widely 

acknowledged as core predictors of literacy and therefore, it was essential to do so while 

examining the RAN-literacy and RAN-OK relationships. However, future studies could also 

assess the need to control for phonological short-term memory as well.  

Also, we did not include measures of reading and spelling accuracy and efficiency of 

regular words versus nonwords. This could clarify still further the relative importance of 

MGR and GOK efficiency in older children. For example, it has been suggested that in order 

to spell regular words, the establishment of MGRs is optional, but to spell irregular words 

one needs to have well-developed MGRs (Powell et al., 2014). We feel confident that our 

MGR task has captured access to word-specific orthographic information because we used 

only irregular words. But, it has been suggested that when evaluating whether the RAN-

literacy association reflects word-specific orthographic learning, it is also crucial to control 

for nonword reading and nonword spelling (as well as PA and NVR) because nonword tasks 

are considered the best way to measure phonological processing using rules to assemble 

pronunciations of words (Savage, Pillay, & Melidona, 2008). Hence, measuring these 

additional factors would validate our contention.  

We purposefully measured our OK constructs as narrowly as possible in order to 

avoid the effect of confounds found in previous MGR and GOK tasks. However, since these 

constructs were measured by a single test this may have increased the possibility of error and 

poor coverage of the intended constructs. Future research should attempt to develop multiple 

measures of each, to assess their construct validity.  
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In addition to the serial RAN measure used in the studies of this thesis, future research 

should also consider measuring discrete naming of the same items as RAN as it has been 

suggested that word reading speed could be more strongly associated with discrete than with 

serial RAN (de Jong, 2008).  Moreover, another measure that could be included is fixation 

duration during RAN using eye-tracking. Recently, Al Dahhan, Kirby, Brien, and Munoz 

(2017) found that RAN is related to reading via fixation durations and pause times. More 

specifically, they found that longer fixation durations and pause times reflect the greater 

amount of time needed to acquire visual/orthographic information from stimuli and prepare 

the correct response.  

Since this thesis examined only Grade 6 children it would be of further interest to 

conduct a cross-lagged design comparing older and younger English speaking children to 

explore: a) how the RAN-literacy relationship may be altered by exposure to literacy 

instruction and/or experience with written language, and b) if there is any specific point of 

developmental shift from reliance on GOK use to greater us of MGRs. A longitudinal 

approach would also confirm the inference here that these relationships change with age and 

also demonstrate the further implication from our data that there is a corresponding increase 

in MGR efficiency during this developmental progression. However, appropriate measures of 

OK would need to be developed to accommodate younger children’s literacy levels. 

Additionally, a cross-linguistic approach would also confirm the suggestion that the 

developmental shift from predominant use of GOK to MGR occurs a lot later in English 

speaking children than in other more transparent orthographies or non-alphabetic scripts (e.g., 

Caravolas et al., 2012; Liao et al., 2015; Moll et al., 2014).   

Furthermore, it would be of interest to compare literacy development in children with 

good and poor RAN. If RAN is impacting differentially on the MGR system then children 

with poor naming speed (especially poor ANRAN) should struggle to develop efficient 
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MGRs for both regular and irregular words. Consequently, comparing children with slow 

RAN to typically developing children and including separate measures of regular, irregular 

and nonsense word spelling (with accuracy and latency/efficiency for each) as well as 

controlling for PA, nonword reading, and spelling could expand our knowledge on the 

importance of both MGR and GOK efficiency in older children. Longitudinal comparisons 

could also clarify whether young children with conjoint RAN deficits (i.e., both ANRAN and 

NANRAN) continue to have problems with reading and spelling and whether a major 

contributing factor is in their inefficient access to and/or use of MGRs. In the same vein, 

improved measures of MGR could permit important inferences about RAN and lexical 

updating.  

Moreover, while we explored the relationships between RAN, OK, SoP, and literacy 

in typically developing children, it is also important to examine children with learning 

difficulties to fine tune the design of interventions. Children with poor reading but strong 

spelling, such as those identified by Lovett (1987) or Wimmer and Mayringer (2002); and 

also children with strong reading but poor spelling, as described by Frith (1980) or Seymour 

& Porpodas (1980) would be of particular interest. Recently, Manolitsis and Georgiou (2015) 

examined the dissociation between reading and spelling and found that in Greek, poor 

reading is associated with RAN and PA deficits, whereas poor spelling is related to the 

inability to efficiently build MGRs. These results point to the importance of including PA, 

RAN, and MGRs to tailor appropriate interventions depending on children’s learning 

difficulties. For example, these researchers argue that giving children with poor spelling and 

good reading PA training, or training to read words as fast as possible will be ineffective. On 

the other hand, this kind of intervention would help poor readers (even if they are good 

spellers) and it will also help them improve their orthographic processing skills.   
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There have also been suggestions that sluggish cognitive tempo (SCT: defined as a 

constellation of symptoms including daydreaming, difficulty initiating and sustaining effort, 

lethargy, and physical underactivity; Barkley 2012; Becker & Langberg 2013) could be 

related to SoP. Future research may also consider including measures of SCT as a recent 

study found that SCT ratings were predictive of slowed processing speed especially in 

younger children with ADHD (Jacobson, Geist, & Mahone, 2017). 

Finally, it would also be of interest to investigate gender differences in processing 

speed as well as if and how these might “map onto” MGR efficiency. A recent review 

suggests that although there were no differences in intelligence between males and females, 

females had an advantage in rapid naming tasks whereas males were faster on RT tasks and 

finger tapping (Roivainen, 2011). Also, females have been found to write faster and more 

neatly than males of the same age (Wicki, Hurschler Lichtsteiner, Saxer Geiger, & Müller 

2014). This gender comparison may also be applied in a study with younger children. 

Therefore, we would expect that in females the relations between RAN, MGR efficiency, 

HWS, and literacy would be stronger than in males. We also suggest that when examining the 

mediating role of SoP in the RAN-OK relationship in males, the contribution of Performance 

Fluency measures (e.g., RT, SS) would be stronger than those of other SoP measures such as 

Acquired Knowledge Fluency (e.g., HWS) which in turn would be stronger in females.  

In relation to this, another recent review suggests that the HWS task (used in this 

thesis) does not require children to simultaneously create text, consider spelling, punctuation 

and grammar, whilst producing handwriting which is legible for the reader (Francis, Wallen, 

& Bundy, 2016). Hence, these researchers argue that it may not represent real-life writing 

tasks and results should be interpreted with caution. A lengthier task that covers different 

areas of HWS is the Detailed Assessment of Speed of Handwriting (DASH; Barnett et al., 

2007; 2009). However, both these tasks have low sensitivity meaning that only a small 
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proportion of students were identified as having below average HWS and hence, using these 

tasks for identification purposes may lead to missing students with handwriting difficulties 

(Francis, et al., 2016). Future research may focus on the creation of new handwriting tasks 

with greater sensitivity that would be important for research and practice so that we do not 

miss out on children who do have handwriting difficulties that are confounding their literacy 

problems. 

 

Conclusion 

The statistics regarding the levels of literacy among Australian children are alarming; 

hence, urgent work is required to link research with practice to help with remediation and 

intervention. This thesis addressed this need through a comprehensive examination of the 

relationships between RAN, OK, SoP, and literacy. Overall, our results provide a “snapshot 

in time” suggesting that in older children there is a main contribution from fast naming of 

letters and digits (i.e., ANRAN) to building up word-specific information that can be 

accessed fast and accurately (i.e., MGR accuracy and efficiency). There is a smaller 

contribution of quickly naming colours and objects (i.e., NANRAN) to how fast we access 

orthographic rules that are not word-specific (i.e., GOK efficiency). Therefore, these data 

confirm our prediction that fast naming of digits, letters, colours and objects (i.e., RAN) may 

be capturing efficiency of access to or quality of word-specific information (i.e., MGRs). 

Our results also suggest the unique and significant role of word-specific information 

(i.e., MGR) in the relationship between RAN and reading. Additionally, our findings show 

that there is an even stronger relationship between accuracy and efficiency of word-specific 

information (i.e., MGR) and spelling than with reading; and that naming letters and digits 

(i.e., ANRAN) is the main contributor to spelling. They also suggest that accuracy and 

efficiency of word-specific information (i.e., MGR) partly mediate the relationship between 
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RAN types and spelling. Furthermore, we found that efficiency of word-specific information 

(i.e., MGR efficiency), the automaticity of writing (i.e., Acquired Knowledge Fluency: HWS) 

and the ability to quickly perform repetitive tasks (Performance Fluency: SS) partly mediate 

the relationships between RAN and reading and RAN and spelling. Moreover, the 

automaticity of writing (i.e., HWS) and the ability to perform repetitive tasks (i.e., SS and 

RT) fully mediate the relationships between RAN and OK. Finally, these results suggest 

shared variance between naming fast letters and digits (i.e., ANRAN) and naming fast 

colours and objects (i.e., NANRAN) when examining their contribution to accuracy and 

efficiency of word-specific information (i.e., MGR accuracy and efficiency) and spelling. 

They also suggest shared variance between accuracy of word-specific information (i.e., MGR 

accuracy) and accuracy of generic orthographic rules (i.e., GOK accuracy) when their 

contribution to spelling was examined. Further longitudinal and cross-linguistic research is 

required in order to better understand the above relationships, but this will necessitate the 

development of age-appropriate tasks for capturing the accuracy and efficiency of OK. 
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Appendix A 

 

 

Orthographic choice task (Olson, Forsberg, Wise, & Rack, J., 1994) 

Instructions: In this task two items at a time will appear on the screen. Both of these would 

sound like a real word, but only one is a real word. You will show me which item is a real 

word by pushing a button. Push the button that is on the same side as the real word. A 

number will appear on the screen if you answered correctly. The faster you answer the 

smaller the number will be. If you were wrong, “error” will appear on the screen. Try to 

answer as quickly as you can while making as few errors as possible.  

Now we will do some words for practice. Which one is a real word? Yes, ______ is a real 

word so you would push this button. (or No, _______ is the real word so you would push this 

button.) Do you have any questions?  

 

 

 

Stimuli 

Practice Trials 

rume  room  2 

boal  bowl  2 

young  yung  1 

clown  cloun  1  

tertle  turtle  2  

circus  sircus  1 

snoe  snow  2 

wroat  wrote  2 
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Experimental Trials  

*In bold below are the twelve pairs of words we used in our MGR task that met our   
criteria 

 

take  taik  1 

wurd  word  2 

gote  goat  2 

coat  cote  1 

pleese  please  2 

rain  rane  1 

sleap  sleep  2 

store  stoar  1 

streat  street  2 

wagon  wagun  1 

anser  answer 2 

believe  beleave 1 

between betwean 1 

choose  chooze  1 

deap  deep  2  

dreem  dream  2 

easy  eazy  1 

evry  every  2 

face  fase  1 

fue  few  2 

hevvy  heavy  2 

hoal  hole  2 

hert  hurt  2 

keep  keap  1 

lake  laik  1  

lurn  learn  2  

need  nead  1 
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nice  nise  1 

roar  rore  1 

scare  scair  1 

sheep  sheap  1 

skait  skate  2 

smoke  smoak  1 

streem  stream  2 

taip  tape  2 

thum  thumb  2 

toward  toard  1 

true  trew  1   

wait  wate  2 

wize  wise  2   

sammon salmon 2 

nostrels nostrils  2  

fought  faught  1  

ghost  goast  1 

grone  grown  2 

perched purched 1 

wheet  wheat  2 

mussle  muscle  2 

trousers trowsers 1  

alternitive alternative 2 

condence condense 2 

compliment complimant 1 

dignaty dignity  2 

pavement pavemant 1 

nusance nuisance 2 

resource resourse 1 

travle  travel  2 
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study  studdy  1 

baisment basement 2 

assure  ashure  1  

captain  captin  1 

engine  enjine  1 

mysterey mystery 2 

exsample example 2 

several sevral  1 

distence distance 2 

sudden  suddin  1 

importent important 2 

backwords backwards 2 

explane explain  2 

senaters senators 2 

interesting intresting 1 

demon  deamon 1 

harth  hearth  2 

wreath  reath  1  

applause aplause 1 

salad  sallad  1 

sensitive sensative 1 

liberty  libberty 1 

culpret  culprit  2 
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MGR task (Houlis, Hogben, Visser, Ohan, Anderson, & Heath, in preparation) 

Instructions: In this task two items at a time will appear on the screen. Both of these would 

sound like a real word, but only one is a real word. You will show me which item is a real 

word by pushing a button. Push the button that is on the same side as the real word. Try to 

answer as fast as you can without making mistakes. 

Now we will do some words for practice. Which one is the real word? Yes, _____is a real 

word so you would push this button. (or: No, ______ is the real word so you would push this 

button). Do you have any questions? 

 

Stimuli 

Practice Trials 

rume  room  2 

boal  bowl  2 

young  yung  1 

clown  cloun  1  

tertle  turtle  2  

circus  sircus  1 

snoe  snow  2 

wroat  wrote  2 

 

Experimental Trials 

wimmen  women  2 

kayak   kyak  1 

wurd   word   2 

anser   answer  2 

forwerd  forward 2 
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salmon  sammon 1 

mussle  muscle  2 

nusance  nuisance  2 

study   studdy  1  

several  sevral   1 

harth   hearth   2 

sallad   salad  2 

blud   blood   2 

cwire   choir   2 

friend   frend   1 

iland   island  2 

lose   luse   1 

merang  meringue  2 

sirplus   surplus  2 

pretty   pritty   1 

routine  rutine   1 

sure   shor   1 

toom   tomb   2 

woolf   wolf   2 

yaught   yacht   2 

lesure   leisure   2 

semetery  cemetery  2 

suffishent  sufficient  2 

permanent  permanent 2 

cruel   crule   1 

every   evry  1 

hevvy   heavy  2 

ghost   goast  1 

cough   coff   1 

gauge   gaige  1 
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orchistra  orchestra 2  

equaley  equally  2 

appreciate  appreshiate  1 

familiar  familier 1 

enthuseastic  enthusiastic 2 

signature  signiture  1 
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GOK task (Houlis, Hogben, Visser, Ohan, Anderson, & Heath, in preparation) 

Instructions: In this task two items at a time will appear on the screen. Both of these are 

words that don’t exist. You will show me which item looks more like a real word by pushing 

a button. Push the button that is on the same side as the nonword which looks more like a real 

word. Try to answer as fast as you can without making mistakes. 

Now we will do some words for practice. Which one looks more like a real word? Yes, 

_____looks more like a real word so you would push this button. (or: No, ______ looks more 

like a real word so you would push this button). Do you have any questions? 

 

Stimuli 

Practice Trials  

ddaled     daled  2 

yikk         yik  2 

milg        meelg            1 

gri            gry                 2 

chee     chii  1 

 

Experimental Trials 

daik   dake   2 

drick   drik   1 

glank   glanck  1   

moppul  mopple  2 

manng   mang  2 

damiff   ddamif  1 

crech   cretch  2 

brennet  brennut  1 

swally   swolly   1 
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blimbask  blimbasc  1 

pringkly  prinkly  2 

raak   rark  2 

drampelton  dramplton 1 

queeble  kweeble  1 

simp   symp   1 

sedlyest  sedliest  2 

clatalee  clatally  2 

brocked  broct  1 

rishus   ricious   2 

vosst  vost   2 

proceive  procieve  1 

implikshen  impliction  2 

marn   mahrn   1 

thoel   thoal  2 

ffim   phim   2 

quoast   qoast  2 

plass   plas   1 

ffol   foll   2 

skap   sckap   1 

tiner   tighner  1 

woor   wuur   1 

bei   bey   2 

yad   yadd   1 

thayl   thail   2 

mande   mand  2 

sluthe   slooth   2 

naick   nake   2 

fiek   feak   2 

ttunos   tunos  2
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Summary of SoP tasks used in the 27 studies examining the relationships between RAN, SoP, reading, and/or spelling 
 

 
 

Tasks 

 
 

Authors and test requirements 
 

Miller’s Model  
Primary broad factors 

Narrow abilities 

 
 

Stimuli 

 
 

Response 

  
Woodcock & Johnson (1989) 

 

   

Visual matching Participants were asked to circle identical numbers dispersed in 60 rows. Each of the 60 
rows contained six digits, two of which were identical (e.g., 8 9 5 2 9 7), and 
participants were asked to circle the identical digits in each row. The performance 
measure was the number of rows completed correctly within three minutes. 
 

Performance Fluency 
-Perceptual fluency 
-Rate of test taking 

Visual Motoric 

Cross-out Participants were asked to scan 30 rows of items, each containing 20 similar geometric 
figures. To the left of each row there was a target figure. Participants were then asked to 
scan the row of 19 similar geometric figures, identify the five figures that were identical 
to the target figure, and cross them out with a line. A participant’s score was the number 
of rows correctly completed within three minutes. 
 

Performance Fluency 
-Perceptual fluency 

Visual Motoric 

  
Miller, Kail, Leonard, & Tomblin (2001); Miller, Leonard, Kail, Zhang, Tomblin, 

& Francis (2006) 
 

   

Tapping task  Participants were asked to tap a key as rapidly as possible with the preferred hand in 
five seconds.  
 

Performance Fluency 
-Psychomotor Fluency 

Oral 
instructions 

Motoric 

Simple response time 
task  

Participants were asked to strike a key marked with a coloured dot as quickly as they 
could when a visual signal was displayed. The visual signal was an image of three 
asterisks that appeared with a random delay variation of one, two, or five seconds after 
the written word “ready.” 
 

Performance Fluency 
-Psychomotor Fluency 

Visual Motoric 
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Summary of SoP tasks used in the 27 studies examining the relationships between RAN, SoP, reading, and/or spelling 
 

 
 

Tasks 

 
 

Authors and test requirements 
 

Miller’s Model  
Primary broad factors 

Narrow abilities 

 
 

Stimuli 

 
 

Response 

Visual search task  Participants were presented with a target figure on one side of the screen and were asked 
to scan five figures from left to right on the other side of the screen. They pressed one 
key when the target was present among the five figures and another key when the target 
was not present. 
 

Performance Fluency 
-Perceptual fluency 
-Rate of test taking 

Visual Motoric 

Mental rotation task  Participants were asked to press one key when a target figure on the left was the same as 
a figure on the right. The figure on the right varied by rotation of 0°, 60°, or 120° 
clockwise from its original orientation. If the target figure was a mirror image, 
participants were asked to press a different key.  
 

Performance Fluency 
-Perceptual fluency 
-Rate of test taking 

Visual Motoric 

Picture matching task  Participants were asked to decide whether two pictures presented were the same or 
different. They were to press one key for “same” and another for “different.” In the first 
condition, participants decided whether the two pictures had the same physical shape; in 
the second, whether the pictures shared an identical name (e.g., two different cats); and 
in the third, whether the pictures were in the same category (e.g., animals). 
 

Retrieval Fluency 
-Semantic Fluency 

Visual Oral 

Picture naming task  Participants were asked to name pictures as soon as the stimulus was displayed on the 
screen. The names varied as to frequency of occurrence in English. 
 

Performance Fluency 
-Naming Fluency 

Visual Motoric 

Truth-value judgement 
task  

Required participants to determine whether an auditory presented sentence did or did 
not correctly represent what a picture displayed by pressing the appropriate key. 

Acquired Knowledge Fluency 
-Reading fluency for rapid 
phonological decoding 
-Reading fluency for rapid 
morphological decoding 
 

Auditory Motoric 
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Summary of SoP tasks used in the 27 studies examining the relationships between RAN, SoP, reading, and/or spelling 
 

 
 

Tasks 

 
 

Authors and test requirements 
 

Miller’s Model  
Primary broad factors 

Narrow abilities 

 
 

Stimuli 

 
 

Response 

Grammaticality task  Required participants to listen to a sentence and decide whether it was grammatically 
“good” or “bad” by pressing the appropriate key. 

Acquired Knowledge Fluency 
-Reading fluency for rapid 
phonological decoding 
-Reading fluency for rapid 
morphological decoding 
 

Auditory Motoric 

Rhyme judgement task  Participants decided whether two words rhymed or not. They saw a picture depicting the 
first word at the top of the computer screen and judged, by pressing the appropriate key, 
whether it rhymed with a word presented four seconds later in an auditory, printed, or 
pictorial form. 

Acquired Knowledge Fluency 
-Reading fluency for rapid 
phonological decoding 
-Reading fluency for rapid 
morphological decoding 
 

Visual 
Auditory 

Motoric 

Initial-consonant 
judgement task  

This task followed the same format as the Rhyme Judgement task and required 
participants to decide whether the initial consonant of a picture name matched the initial 
consonant of the word presented next. 

Acquired Knowledge Fluency 
-Reading fluency for rapid 
phonological decoding 
-Reading fluency for rapid 
morphological decoding 
 
 

Visual Motoric 
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Summary of SoP tasks used in the 27 studies examining the relationships between RAN, SoP, reading, and/or spelling 
 

 
 

Tasks 

 
 

Authors and test requirements 
 

Miller’s Model  
Primary broad factors 

Narrow abilities 

 
 

Stimuli 

 
 

Response 

 Poulsen & Elbro  (2013) – Experimental 
 

   

General reaction time In each trial of this computer-based task, three characters were lined up on the screen: 
two plus signs and an asterisk. The participant’s task was to indicate the position of the 
asterisk; he or she did this by pressing one of three buttons. Each button represented a 
position on the screen in a homologous arrangement. The participants were instructed to 
respond as fast as they could without making mistakes. The terms “left” and “right” 
were not used in the instruction. Instead the instructor pointed out the direct spatial 
relationship between screen and button positions. Mean reaction time on correct items 
was used as the measure of general reaction time. 
 

Performance Fluency 
-Psychomotor Fluency 

Visual Motoric 

  
Woodcock, McGrew, & Mather (2001) 

 

   

Visual matching Requires participants to rapidly locate and circle identical numbers Performance Fluency 
-Perceptual fluency 
-Rate of test taking 
 

Visual Motoric 

Decision speed Requires participants to locate and circle two pictures most similar conceptually in a 
row. 
 

Retrieval Fluency 
-Semantic Fluency 

Visual Motoric 

Rapid picture naming Requires participants to recognise objects and then articulate their names rapidly Performance Fluency 
-Naming Fluency 
 

Visual Oral 

Pair cancellation Requires participants to identify and circle instances of a repeated pattern (pictures) 
rapidly  

Performance Fluency 
-Perceptual fluency 
-Rate of test taking 
 

Visual Motoric 
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Summary of SoP tasks used in the 27 studies examining the relationships between RAN, SoP, reading, and/or spelling 
 

 
 

Tasks 

 
 

Authors and test requirements 
 

Miller’s Model  
Primary broad factors 

Narrow abilities 

 
 

Stimuli 

 
 

Response 

Cross-out Requires participants to identify and circle instances of a repeated pattern (objects) 
rapidly 

Performance Fluency 
-Perceptual fluency 

Visual Motoric 

  
 

Berninger & Rutberg (1992) 
 

   

Total alphabet writing 
(accuracy/latency) 

Requires participants to write the alphabet as accurately and as rapidly as possible 
(accuracy: legibility and accuracy of alphabetic order from long-term memory; latency: 
speed of letter retrieval in alphabetic order from long-term memory) 
 

Acquired Knowledge Fluency 
-Writing Fluency 
 
 
 
 

Oral 
instructions 

Motoric 

 Denckla & Rudel (1976) 
 

   

RAN (colours, objects, 
letters, & numbers) 

Participants were asked to name as fast as possible rows of colours, objects, letters, and 
numbers  
 

Performance Fluency 
-Naming Fluency 

Visual Oral 

 WISC III – Wechsler (1991) 
 

   

Coding The coding test consists of a series of geometric symbols that are matched to digits (1–
9). The task is to fill in boxes beneath a random series of the digits with the 
corresponding symbol. The symbol-digit key is in view during the test. The number of 
correct responses within two minutes is scored, and a norm-referenced standard score is 
calculated. 
 

Performance Fluency 
-Rate of test taking 

Visual Motoric 

Symbol search The Symbol Search test consists of matching a given symbol to an identical symbol 
within a row of similar symbols by circling it. The number of correct responses within 
two minutes is scored, and a norm-referenced standard score is calculated. 
 

Performance Fluency 
-Perceptual fluency 
-Rate of test taking 

Visual Motoric 
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Summary of SoP tasks used in the 27 studies examining the relationships between RAN, SoP, reading, and/or spelling 
 

 
 

Tasks 

 
 

Authors and test requirements 
 

Miller’s Model  
Primary broad factors 

Narrow abilities 

 
 

Stimuli 

 
 

Response 

 Schneider, Eschman, & Zuccolotto (2002) 
 

   

Simple reaction time 
(SRT) 

The simple reaction time task measures the time taken to make a key press following the 
appearance of a target stimulus on the computer screen (target stimuli: 6 different colour 
drawings of monsters).Each participant saw a welcome screen displaying the six 
pictures of monsters that acted as target stimuli and the following instructions, “Hello. 
When you see one of these monsters, press the spacebar as quick as you can.” After 
ensuring that the child understood the instructions, the experimenter initiated a block of 
six practice trials, followed by two blocks of experimental trials. 
 

Performance Fluency 
-Psychomotor Fluency 

Visual Motoric 

Choice reaction time The choice reaction time task requires participants to decide which of two target stimuli 
appeared and make an appropriate keypress response as quickly as possible. Eight 
different colour drawings of monsters were the target stimuli. 

Performance Fluency 
-Psychomotor Fluency 

Visual Motoric 

  
Stainthorp, Stuart, Powell, Quinlan, & Garwood (2010) – experimental 

 

   

Visual features 
same/different 
judgement task [parts: 
a)simple visual features, 
b)letter-like forms, and 
c) real letters] 

Instructions: “You are about to see a screen with two pictures on it like this: \ / If the 
two pictures [(a)visual features, (b)letter like forms, (c) letters] are the same, press the 
blue key. If they are different, press the red key.” The experimenter determined that the 
children understood the task, pointing out that to be considered the same, the two 
pictures comprising each pair had to be not just the same shape but also pointing in the 
same direction. 
 

Performance Fluency 
-Perceptual fluency 
-Rate of test taking 

Visual Motoric 
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Summary of SoP tasks used in the 27 studies examining the relationships between RAN, SoP, reading, and/or spelling 
 

 
 

Tasks 

 
 

Authors and test requirements 
 

Miller’s Model  
Primary broad factors 

Narrow abilities 

 
 

Stimuli 

 
 

Response 

Letter like shapes 
same/different 
judgement task with 
memory component 

This experiment involved the sequential presentation of the same 82 pairs of letter-like 
forms and required the children to decide whether each pair of letter-like forms were the 
same or different.  
Instructions: Children had to decide whether each pair of letter-like forms were the same 
or different. The children saw a welcome screen with the instructions, “You are about to 
see a screen with 1 picture on it like this: ɾ followed by a screen like this: #####, 
followed by a screen like this ɿ . Press blue if the two pictures are exactly the same. 
Press red if the two pictures are different. The experimenter pointed out that the pictures 
had to be not just the same shape but also pointing in the same direction. 
 

Performance Fluency 
-Perceptual fluency 
 

Visual Motoric 

Auditory RT The participants were told that this task involved sounds. They would see a welcome 
screen and sounds would be played via the computer. The instructions were, “Hello, 
when you hear one of these sounds [six in all] press the space bar as quickly as you 
can.” After ensuring that the child understood the instructions, the experimenter initiated 
a block of six practice trials followed by two blocks of experimental trials. 
 

Performance Fluency 
-Psychomotor Fluency 

Auditory Motoric 

Auditory same/different 
judgement task 

The procedure was analogous to the Auditory RT but with the pairs of stimuli being 
presented sequentially. Each stimulus pair started with a base tone of 1000 Hz that 
lasted for 300 milliseconds. This was followed by an interstimulus gap of 300 
milliseconds before the second tone, which also had a duration of 300 milliseconds, was 
presented. The second tone was either the same as the base (1000 Hz) or differed in 
frequency in various increments. To identify a suitable level of difficulty, pilot work 
was carried out to find the most appropriate comparison tones. As with the visual 
experiments, the children pressed the blue key if they thought the two tones were the 
same and the red key, if different, though this was again reversed for left-handers. 
 

Performance Fluency 
-Perceptual fluency 
-Rate of test taking 

Auditory Motoric 
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Summary of SoP tasks used in the 27 studies examining the relationships between RAN, SoP, reading, and/or spelling 
 

 
 

Tasks 

 
 

Authors and test requirements 
 

Miller’s Model  
Primary broad factors 

Narrow abilities 

 
 

Stimuli 

 
 

Response 

  
 

Wood & Larkin (2010) – experimental 
 

   

Simple reaction task in 
line with Catts (2002) 

On each trial, the participant was prompted by the word ‘Ready?’ on the laptop 
computer screen in front of them. In randomised intervals of 1000 milliseconds, 3000 
milliseconds, or 5000 milliseconds, participants were presented with three asterisks. On 
noticing the asterisks, the participants were required to press the space bar as quickly as 
they could. The space bar on the keyboard was clearly marked by a coloured sticker. 
Following the appropriate response, again they were presented with the ‘Ready’ screen. 
Trials were presented in a random order to prevent the children from anticipating the 
intervals between ‘Ready’ and ‘***’. A total of 30 trials were presented, split into ten of 
each interval duration, and participant’s reaction times were recorded in milliseconds. 
 

Performance Fluency 
-Psychomotor Fluency 

Visual Motoric 

  
Moll & Landerl (2009) – experimental 

 

   

Nonverbal processing 
speed 

In a computerized magnitude comparison task two grey displays with a different number 
of yellow squares appeared side by side on the screen. The child was asked to select the 
display with the larger number of squares as quickly as possible by pressing the left or 
right button on a touchpad. Each display consisted of 20 to 72 squares, the difference 
between the two displays ranged from 10 to 29 squares. The procedure was explained in 
the context of three practice trials, for which feedback was given. No feedback was 
given for the 40 test stimuli. Response times and errors were recorded. 
 

Performance Fluency 
-Psychomotor Fluency 

Visual Motoric 
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Summary of SoP tasks used in the 27 studies examining the relationships between RAN, SoP, reading, and/or spelling 
 

 
 

Tasks 

 
 

Authors and test requirements 
 

Miller’s Model  
Primary broad factors 

Narrow abilities 

 
 

Stimuli 

 
 

Response 

  
 
 

Georgiou, Parrila, & Kirby (2009) – experimental 
 

   

PS task adopted from 
Kirby (2006) 

In this task, which consists of two parts, individuals were asked to circle identical 
numbers dispersed in 10 rows of 10 (first part) or 10 rows of six (second part). Each one 
of the 10 rows in the task consists of a number at the left end of a row (the standard) and 
numbers to the right, two, three, or four of which are identical to the standard in the first 
part (e.g., 9: 9 1 3 9 6 5 2 9 7 4) and two or three of which are identical in the second 
part (e.g., 1739: 1718 1739 5739 6418 1739 5939). Prior to beginning the timed task, 
each participant was asked to circle the identical numbers in two practice trials to ensure 
familiarity. The children were given 30 seconds to complete the first part and one 
minute to complete the second. An individual’s score is the sum of correctly circled 
numbers in the two parts. 
 

Performance Fluency 
-Perceptual fluency 
-Rate of test taking 

Visual Motoric 

  
Test of everyday attention for children (Manly, Robertson, Anderson, & Nimmo-

Smith, 1999) 
 

   

Forced choice response 
time – Same world 

Name the digits as fast as possible Performance Fluency 
-Naming Fluency 
 

Visual Oral 

Response inhibition – 
Opposite world 

Say the opposite for each digit (i.e., “one” for 2 and “two” for 1) 
 

Retrieval Fluency 
-Semantic Fluency 
 
 
 

Visual Oral 
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Summary of SoP tasks used in the 27 studies examining the relationships between RAN, SoP, reading, and/or spelling 
 

 
 

Tasks 

 
 

Authors and test requirements 
 

Miller’s Model  
Primary broad factors 

Narrow abilities 

 
 

Stimuli 

 
 

Response 

 Ekstrom, French, Harman, & Dernan (1976) 
 

   

Identical pictures In the Identical Pictures test, children scan 48 rows of items. Each row contains five 
relatively similar pictures, beneath each of which is a small ‘hollow’ bar. Most of these 
pictures are abstract. To the left of each row is a sample picture. The child’s task is to 
scan the row of five similar pictures to identify the single picture identical to the sample 
picture, before proceeding to the next row. The child is instructed to mark identified 
items by filling in with a line the hollow bar beneath the correct picture. Children were 
given five practice rows before testing proper began. Raw score performance, the 
number of rows correctly completed within a 90-second time limit, was converted to a 
rows per second speed score. 
 

Performance Fluency 
-Perceptual fluency 
-Rate of test taking 

Visual Motoric 

Number comparison In the Number Comparison test, children scan 48 rows of test items. Each row contains 
two sets of three to nine digits that are either identical or differ by one different digit. 
The child’s task is to scan the row of digits to determine whether or not they are 
identical, before proceeding to the next row. The original task required a cross to be 
placed between the sets of digits only where they differ. They required children to place 
a tick on the line between the two sets of digits where they were identical; this ensured a 
more accurate measure of general processing speed because it was now clear which 
items had been attempted. (In the original procedure, only items up to the last non-
identical item correctly completed could be marked, because there is no way of knowing 
which subsequent identical rows had been correctly processed.) Children were given 20 
practice items. 
 

Performance Fluency 
-Perceptual fluency 
-Rate of test taking 

Visual Motoric 
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Appendix E – Contribution of RAN and OK to reading accuracy and efficiency 
 
 
Table 1. 
 
Predicting reading efficiency from: ANRAN and NANRAN; MGR accuracy and GOK accuracy; MGR efficiency and GOK efficiency 
 

 ΔR² β   ΔR² β  ΔR² β  ΔR² β 

 

Model A   Model A   Model A   Model A   

Step 1: NVR .04† .03 Step 1: NVR .04† .03 Step 1: NVR .04† .05 Step 1: NVR .04† .05 

Step 2: PA .08‡ .19 Step 2: PA .08‡ .19 Step 2: PA .08‡ .21 Step 2: PA .08‡ .21 

Step 3: ANRAN .40‡ .48 Step 3: MGRa .13‡ .22 Step 3: ANRAN .40‡ .48 Step 3: MGRef .20‡ .24 

Step 4: NANRAN .02† .16 Step 4: GOKa .00 -.01 Step 4: NANRAN .02† .13 Step 4: GOKef .00 .04 

Step 5: MGRa .04‡ .22 Step 5: ANRAN .30‡ .48 Step 5: MGRef .05‡ .24 Step 5: ANRAN .27‡ .48 

Step 6: GOKa .00 -.01 Step 6: NANRAN .02† .16 Step 6: GOKef .00 .04 Step 6: NANRAN .01 .13 

            

Model B   Model B   Model B   Model B   

Step 3: NANRAN .24‡ .16 Step 3: GOKa .01 -.01 Step 3: NANRAN .25‡ .13 Step 3: GOKef .05‡ .04 

Step 4: ANRAN .18‡ .48 Step 4: MGRa .13‡ .22 Step 4: ANRAN .18‡ .48 Step 4: MGRef .15‡ .24 

Step 5: GOKa .00 -.01 Step 5: NANRAN .18‡ .16 Step 5: GOKef .02† .04 Step 5: NANRAN .14‡ .13 

Step 6: MGRa .04‡ .22 Step 6: ANRAN .14‡ .48  Step 6: MGRef .04‡ .24 Step 6: ANRAN .13‡ .48 

 

Note.  β, full model betas; ‡p < .01;  †p < .05 
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Table 2. 
 
Predicting reading accuracy from: ANRAN and NANRAN; MGR accuracy and GOK accuracy; MGR efficiency and GOK efficiency 
 

 ΔR² β  ΔR² β  ΔR² β  ΔR² β 

 

Model A   Model A   Model A   Model A   

Step 1: NVR .11‡ .07 Step 1: NVR .11‡ .07 Step 1: NVR .11‡ .11 Step 1: NVR .11‡ .11 

Step 2: PA .23‡ .37 Step 2: PA .23‡ .37 Step 2: PA .23‡ .44 Step 2: PA .23‡ .44 

Step 3: ANRAN .08‡ .21 Step 3: MGRa .21‡ .47 Step 3: ANRAN .08‡ .23 Step 3: MGRef .12‡ .35 

Step 4: NANRAN .00 -.08 Step 4: GOKa .00 -.04 Step 4: NANRAN .00 -.09 Step 4: GOKef .01 -.09 

Step 5: MGRa .16‡ .47 Step 5: ANRAN .02‡ .21 Step 5: MGRef .08‡ .35 Step 5: ANRAN .03‡ .23 

Step 6: GOKa .00 -.04 Step 6: NANRAN .00 -.08 Step 6: GOKef .01 -.09 Step 6: NANRAN .01 -.09 

            

Model B   Model B   Model B   Model B   

Step 3: NANRAN .02 -.08 Step 3: GOKa .01 -.04 Step 3: NANRAN .02 -.09 Step 3: GOKef .01 -.09 

Step 4: ANRAN .06‡ .21 Step 4: MGRa .20‡ .47 Step 4: ANRAN .06‡ .23 Step 4: MGRef .13‡ .35 

Step 5: GOKa .01 -.04 Step 5: NANRAN .00 -.08 Step 5: GOKef .00 -.09 Step 5: NANRAN .00 -.09 

Step 6: MGRa .15‡ .47 Step 6: ANRAN .03‡ .21  Step 6: MGRef .08‡ .35 Step 6: ANRAN .03‡ .23 

 

Note.  β, full model betas; ‡p < .01;  †p < .05 
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