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Abstract 

 

 

The way the brain processes speech plays a critical part in literacy acquisition. How 

the brain deals with events in time has also been associated with literacy development. 

Theorists vigorously debate whether these two processes contribute to literacy development 

in a fully integrated way or contribute separately and to different aspects of literacy skill. In 

addition, many researchers have demonstrated a relationship between musical training and 

literacy but relatively few have convincingly examined the underpinnings of this 

relationship. This research uses musical training to examine possible differential 

involvement of speech-sound (phonological) and temporal processing in the development 

in literacy. 

The studies presented in this thesis were designed to investigate the cognitive 

processes underlying a specific literacy outcome, reading fluency, and a measure shown to 

be closely associated with this outcome, rapid automatised naming (RAN). The overall 

working hypothesis adopted for the research program was that musical training improves 

subprocesses underlying the development of reading fluency via the training of 

nonlinguistic temporal processing abilities. This hypothesis is rooted in the proposal by 

Wolf and Bowers (1999) that poor RAN abilities represent an independent deficit (from 

language based phonological processes) in reading disordered populations, and that this 

may be underpinned by some aspect of general temporal processing ability.  

The first study was a training study for which two early music programs were 

devised. One program focused on developing rhythmic-motor abilities with rhythmic 

movement and percussion type activities, but without using any singing or chanting 

activities, while the other focused on improving the non-rhythmic musical aspects of 
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language/speech processing (e.g., rhyme and alliteration). Results from this study offered 

some support for the working hypothesis and provided evidence that a musical program 

training nonlinguistic temporal motor processes in preliterate children significantly 

improved a measure (RAN) that predicts reading fluency. 

The following two studies were cross-sectional and investigated the relationship 

between musical training, temporal (rhythmic-motor) processing and fluent reading skills 

at different stages of reading development. Evidence of a positive impact from musical 

training on reading fluency related measures was found in grade 4/5 children. These results 

also suggested that training rhythmic-motor ability facilitated maturation processes in 

neural systems associated with reading fluency. In university enrolled normally developing 

adults, ceiling effects in many of the reading measures made it difficult to assess the 

influence musical training may have had on reading outcomes. However, rhythmic-motor 

ability was found to be a significant predictor of phonological awareness for the trained 

(expert) musicians. For the dyslexic participants in this study, rhythmic-motor ability was 

found to be a significant predictor for alphanumeric and non-alphanumeric RAN, although 

this relationship did not extend to their reading outcomes.   

 While the results of these studies were mixed, evidence supported the position that 

training of nonlinguistic rhythmic-motor ability may facilitate the development of RAN, at 

least in normal reader populations. This provides partial support for Wolf and Bowers 

(1999) and is briefly discussed in terms of possible improvements to neural phase locking 

mechanisms driven by maturational factors relating to the quality/progress of axonal 

myelination.   
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Chapter 1: Why Does Literacy Matter? 

 

It is commonly held that the effect over time on human society (and cognitive 

development) that the ability to create stable and semi-permanent written records of internal 

thoughts, events, ideas, inventories and stories has been far reaching and profound (e.g., 

Wolf, 2008). For the present, research has shown that facility with written language (i.e., 

reading, writing and spelling; a.k.a. literacy) is a powerful tool in effecting positive 

socioeconomic change (Grosse & Auffrey, 1989) and countries around the world spend 

significant proportions of their gross domestic product (GDP)1 on education and policies 

promoting universal literacy amongst their populations. However, the benefits gained from 

an improvement in overall population literacy rates must also be considered in light of the 

costs of failure (at a personal and societal level) generated from that proportion of the 

population who have poor literacy outcomes despite compulsory education. 

 Research indicates that people with poor literacy outcomes in increasingly literate, 

knowledge based societies are less able to engage with the health care system and incur 

significantly higher health care costs (DeWalt, Berkman, Sheridan, Lohr, & Pignone, 

2004). Studies have also suggested links between poor literacy skills and mental health 

issues (especially depression; Sundheim & Voeller, 2004) , unemployment (Australian 

Bureau of Statistics, 2006), juvenile delinquency and criminal behaviour (Rogers-

Adkinson, Melloy, Stuart, Fletcher, & Rinaldi, 2008), suicidal ideation and high school 

drop-out rates (Daniel et al., 2006). 

 

                                                 
1 From data generated by 132 countries, the weighted average percent of GDP (per-annum) spent on 
education for the period 2000-2002 was 4.9 (United Nations: Human Development Programme, 2000-2002).  



12 
 

Literacy Outcomes Today 

Given the above information, it is concerning that recently conducted large scale 

reviews of young adult and adult literacy skills in a number of well developed countries 

point to alarmingly low levels of “functional” literacy2 in these populations. The 

Organization for Economic Co-operation and Development (OECD) is a conglomerate of 

33 countries that has collected data on the preparedness of young adults toward the end of 

their compulsory schooling (15 year olds) to face the complexities of modern society. The 

‘Programme for International Student Assessment’ (PISA) year 2000 census data focused 

on literacy3 and the resulting report (Kirsch et al., 2002) stated that “Large numbers of 

students in many countries demonstrate limited reading literacy skills. An indication of this 

is that in over one-third of the countries participating, more than 20 per cent of students fail 

to achieve Level 2 on the PISA reading scale.”4 (p. 76). Even more alarmingly, in Australia 

the ‘Adult Literacy and Life Skills Survey’ (Australian Bureau of Statistics, 2006) reported 

that 47 to 57%5 of 15-19 year olds had literacy levels below the “minimum required for 

individuals to meet the complex demands of everyday life and work in the emerging 

knowledge-based economy” (p. 5).  

What is Going Wrong? 

There are likely to be many complex, multidimensional factors contributing to the 

apparently low levels of functional literacy outlined in these reports. However, the answer 

to one very basic question: ‘how do we learn to read?’ is fundamental to literacy outcomes 

                                                 
2 Functional literacy implies an ability to engage with written material at a level indicating no risk to future 
opportunity (Kirsch et al., 2002, p. 167). 
3 The census is conducted every three years and focuses on one of three educational areas; literacy, math or 
science. The last literacy focused survey was conducted in 2009 and the findings are expected to be 
published in December 2010, and the subsequent report in 2012. 
4 The PISA scale has 5 graded levels (low to high) indicating proficiency, level 3 is regarded as the lowest of 
the ‘functional’ levels of literacy.  
5 The survey measured literacy levels in five functional domains; prose, document, numeracy, problem 
solving, and health literacy.  
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as it underpins the educational philosophies adopted by governments and from there, the 

framing of school curriculums. Importantly, research in the last 30 years6 has produced 

significant advances towards understanding the basic cognitive processes involved in 

literacy development.  This has led to the formulation of many theories and models which 

attempt to isolate the cause or causes of disordered literacy development (Vellutino, 

Fletcher, Snowling, & Scanlon, 2004). Nonetheless, it must also be acknowledged that our 

understanding of the process is, as yet, incomplete and that the leap from theory to model 

and from model to an instructional or intervention framework has sometimes been 

undermined by impatience and hubris7. The path toward providing evidence based tuition 

has taken time and the previous lack of empirical data supporting any explicit underlying 

pathways in literacy learning has led to several teaching frameworks that are based on 

ideological philosophies rather than evidence for good educational outcomes. 

 “Whole language” as championed by Smith (1992), is one ideologically based 

teaching philosophy which garnered a great deal of support in the policy circles of many 

western governments8 during the 1970-90’s (Davenport & Jones, 2005). The whole 

language movement generally derides the explicit teaching of basic skills in literacy 

education in favour of promoting an experiential engagement (e.g., using shared reading 

with teachers/parents) with ‘high’ quality literature for beginning readers. The 

implementation of this sort of approach in many schools over the last decades of the 20th 

century has been obliquely referenced by many early education researchers9 as a 

                                                 
6 Seminal to this new understanding was the Bradley and Bryant (1983) paper, which is discussed below. 
7 Demonstrated by literacy interventions that have been based on theories derived from incomplete or 
questionable research findings, some examples of which (and the resulting fallout) are discussed briefly in 
Chapter 8.   
8 Including Australia, Canada, England, New Zealand and the USA.  
9 As a pedagogical method specifically against the explicit teaching of phonological based processes such as 
speech-sound identification and sound/letter relationships.  
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contributing factor in the poor functional literacy outcomes outlined in the above reports by 

creating “instructional casualties” (Dyslexia Working Party, 2010, p. 5).  

Despite recent national and international literacy education reviews which strongly 

endorse evidence based teaching (Committee for the National Inquiry into the Teaching of 

Literacy, 2005; National Reading Panel, 2000; Rose, 2006), there remains staunch support 

in some quarters for whole language type approaches to literacy instruction (Soler & 

Openshaw, 2007). As indicted above, this can be partially attributed to the failure of early 

researchers to implicate any specific set of underlying subskills in literacy learning thereby 

suggesting that only general reasoning abilities (IQ) and motivational/environmental factors 

could impact these learning outcomes. This is also intimately tied to the negative attitude 

and at times outright denial, of some in the general community (including educators) 

toward the existence and diagnosis of specific learning disorders such as dyslexia (a.k.a. 

specific reading disorder). Given this negativity the confronting inference that many young 

people struggling with literacy are faced with is: If you cannot learn to read, you are either 

lazy or stupid.  

The Problem of Assumptions in Reading Research 

 While a significant proportion of those individuals with poor literacy outcomes 

cited in the above reports may stem from questionable teaching strategies, there is also a 

well documented segment of the population10 that find learning to read and write 

extraordinarily and surprisingly difficult regardless of the quality of instruction. As is often 

the case, it is from observing what happens when things do not work as expected that we 

really begin to understand how they work at all, and this is certainly true in the case of 

literacy development. It may come as a surprise that the first reported case in the scientific 

                                                 
10 Most estimates suggest that the prevalence of dyslexia in English speaking populations is between 5-
17.5% (e.g., Interagency Committee on Learning Disabilities, 1987).   
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literature of an individual with this type of unexpected reading difficulty was over a century 

ago (Morgan, 1896). Morgan’s description of ‘Percy’s’ difficulties with learning the basics 

of English spelling, reading and writing would be consistent with the most current thinking 

for the diagnosis of dyslexia. He is described as an otherwise bright and intelligent boy of 

14 years, who despite extensive schooling and individual tuition displayed a pronounced 

and remarkable failure to acquire the basic skills of literacy. Percy’s case study was the first 

in a series of similar reports, which motivated research into literacy development. It was 

also the first to make an assumption that would confound the discovery process for over 

half a century. This assumption can be seen in the title of Morgan’s article: “A Case of 

Congenital Word Blindness” [emphasis added]. 

The initial assumption of a visually based deficit in reading disorders effectively 

‘blinded’ many researches to other possible causal mechanisms11. It was not until the 70’s  

that researchers fundamentally shifted their focus from the exploration of possible visual 

domain deficits to the exploration of aural domain deficits, specifically deficits in 

processing speech-sounds. Research by Liberman and colleagues in the early 70’s linking 

the cognitive mechanisms underlying language and speech processing to literacy outcomes 

was seminal in generating a wave of interest in examining these relationships (Brady & 

Shankweiler, 1991). Another significant contribution to this shift in research focus was 

Vellutino’s (1979) review of 85 years of dyslexia research that included a rigorous critique 

of theories proposing basic perceptual, serial processing, and language based deficits for the 

disorder. While dismissive of the evidence supporting the  perceptual or serial processing 

deficit theories, Vellutino’s assessment of the evidence for a language basis for dyslexia 

was far more supportive. This research direction was validated by Bradley and Bryant 

                                                 
11 However, there is still vigorous debate about the role of the visual system in reading and some 
researchers continue to examine possible systemic visual deficits in reading disordered populations.  



16 
 

(1983) who were the first to establish a direct causal relationship between the ability to 

identify and categorize language specific aspects of speech-sounds (phonological 

processes) and literacy development in young children. They did so by demonstrating a 

strong predictive relationship between early speech-sound categorisation ability and future 

reading and spelling abilities and by showing that training in phonological skills 

significantly improved literacy outcomes in young children. 

It is now widely accepted that phonological processing is a core underlying ability 

in the development of literacy (Lonigan et al., 2009; Morris et al., 1998; Ramus et al., 2003; 

Wagner & Torgesen, 1987). The vast amount of literature examining these processes and 

their relationships to reading, writing and spelling has driven the development of 

interventions and teaching frameworks that are proven to be highly effective for many 

struggling readers (Committee for the National Inquiry into the Teaching of Literacy, 2005; 

National Reading Panel, 2000; Rose, 2006).  

Where to Now? 

As the above synopsis suggests, our current understanding of literacy development 

owes a great deal to the study of those children and adults who demonstrate a profound and 

surprising difficulty in learning basic literacy skills. It is also highly likely that this research 

will result in the transformation of early education and improve the future prospects of 

many young people who otherwise may have become instructional casualties. However, it 

would be wrong to assume that all in the literacy research community have complacently 

accepted pure phonological processing models (e.g., Wagner & Torgesen, 1987) as 

definitive in outlining the fundamental level of the observed deficit(s) in dyslexic readers12. 

                                                 
12 Wagner and Torgesen (1987) united three areas of literacy research within a phonological processing 
framework which is identified by many researchers as the base model for many theories of literacy 
development and disorder. While this framework did not initially set out to provide a ‘core deficit’ approach 
to dyslexia, it has become synonymous with theories that have. This is discussed further in Chapter 2. 
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A substantial group of researchers make the observation that dyslexic individuals often 

show subtle deficits in cognitive and behavioural domains that are nonlinguistic in nature 

and that cannot be explained by problems in phonological processes. These researchers 

continue to investigate low order global and/or perceptual processes (including those in the 

visual system) for deficits that may explain the constellation of common comorbidities as 

well as the phonological difficulties in many dyslexics. In addition, many researchers point 

out that dyslexia, as represented by those with a diagnosis, is not an entirely homogeneous 

disorder and that there are likely to be multiple pathways to reading difficulty.  An example 

of this research is the work of Wolf and colleagues (Wolf & Bowers, 1999; Wolf, Bowers, 

& Biddle, 2000) who posit a double deficit approach that includes a phonological 

component, rather than a single domain deficit within the language system of the brain. 

The research presented in this thesis aims to contribute to this debate by 

investigating the cognitive processes underlying a specific reading outcome (fluency) in the 

context of two theories of literacy development and disorder; the phonological processing  

model (Wagner & Torgesen, 1987) and the double deficit hypothesis (Wolf & Bowers, 

1999; Wolf, Bowers, et al., 2000). Chapter 2 provides a brief summary of the current 

competing models for literacy development/disorder and reviews recent literature 

examining the major points of departure between the two models cited above. In addition to 

the above question relating to literacy development, the research methodology employed in 

this thesis incorporates a human activity that has been associated with literacy and language 

development and in which explicit training often focuses on skills relevant to both theories: 

Music. The reasons for this are explored in the literature review in Chapter 3. Chapter 4 

outlines the working hypothesis of the thesis and offers a rationale for the research 

program. In addition, Chapter 4 addresses aspects of the data measurement and analysis 

employed in this research for which some justification and/or clarification seemed 
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warranted. The following three chapters (5, 6 & 7) relate the details, findings and the 

relevant discussions from three studies examining literacy-related processing at different 

developmental levels (ages) and musical experience. The final chapter summarises the 

overall findings, discusses their impact on possible future research directions, speculates 

about the theoretical implications of the findings and makes a few observations about how 

they may apply to educational policy. 
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Chapter 2: Literacy, Reading Fluency and Dyslexia 

 

 The introductory chapter established the importance of literacy learning research for 

modern and developing societies and provided a historical context to the evolution of 

current literacy learning theories. It also demonstrated the significant contribution that 

populations who have trouble obtaining adequate levels of literacy skill have provided to 

that research. This chapter will offer a brief overview of the prevailing theoretical 

explanations for specific reading disorder (dyslexia) and examine several phonologically 

related processes that have been directly linked to literacy development.  Following this, a 

review of recent relevant literature will be provided with emphasis on research supporting 

the phonological processing ‘core’ deficit (Snowling, 1995; Stanovich & Siegel, 1994; 

Wagner & Torgesen, 1987) and double deficit (Bowers & Wolf, 1993; Wolf & Bowers, 

1999; Wolf, Bowers, et al., 2000) positions. However, as the central research questions 

addressed in this thesis are about the cognitive processes that are thought to underpin the 

development of reading fluency, it is perhaps prudent to begin with a brief explanation of 

the meaning of ‘fluency’ as it used in literacy research. 

The Oxford English Online Dictionary defines ‘fluent’ (adj) (fluent, April 2010) as 

being ‘smoothly graceful and effortless, and ... able to flow freely’. In reading research, the 

term is most often applied to the ease or efficiency of phonological decoding as represented 

by the ability to quickly and accurately read single words and pseudowords (Vellutino et 

al., 2004). Another, subtly different usage, describes the quick and accurate reading of 

connected text for meaning or understanding. A great deal of reading research has 

concentrated on the first process (i.e., the processes that underpin fluent single word 

reading skills), partly because it is simpler to parse into purported cognitive processes 
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within experimental designs, but also because of an implicit assumption that reading 

connected text is a simple extension of single word reading skill. However, recently the 

focus has changed and researchers have become increasingly interested in the second aspect 

of fluency (i.e., reading connected text) and how and to what extent phonological ability 

underpins its development (Katzir, Youngsuk, et al., 2006). At the heart of the differences 

in these investigations has been the usage of timed and untimed measures of reading ability. 

The reasons for this lie at the forefront of the theoretical divide between the phonological 

processing model and the double deficit hypothesis and will be explored below within the 

section outlining Wolf and colleagues’ (Wolf & Bowers, 1999; Wolf, Bowers, et al., 2000) 

original position.  

Theories of Reading and Reading Disorder 

Learning to read is a complicated activity involving the development and 

refinement of many skills, all of which require the seamless integration of a multitude of 

subprocesses (see Figure 2.1). It is assumed that dyslexia is caused by some 

neurobiological dysfunction(s) affecting one or more of these processes. Whether or not 

this dysfunction: is limited to one cognitive system (e.g., language/speech-sound or visual 

processing); operates at a more general level (e.g., temporal processing or multimodal 

cognitive system integration); or is some combination of the two, is still a matter of debate 

amongst researchers.  

For the reasons outlined in the previous chapter, many of the current preeminent 

theories outlining those processes most likely to be the main contributors to literacy 

development and disorder are contained within the phonological processing model13 (Brady 

& Shankweiler, 1991; Hulme, Snowling, Caravolas, & Carroll, 2005; Stanovich, 1988; 

                                                 
13 Where phonological (speech sound) processing is considered to be encapsulated within the language 
system of the brain and therefore relatively robust against the influence of subtle low order processing 
deficits. 
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Wagner & Torgesen, 1987). While acknowledging that many factors influence literacy skill 

acquisition, most proponents of this model also assert that a deficit specific to the 

phonological system underpins the constellation of literacy difficulties seen in most cases 

of developmental dyslexia (Bradley & Bryant, 1983; Ramus, 2004; Snowling, 1981, 1995; 

Snowling, Wagtendonk, & Stafford, 1988; Stanovich, 1988; Vaessen, Gerretsen, & 

Blomert, 2009; Vellutino et al., 2004). 

 

 

 

 

 

 

 

 
 
Figure 2.1: Some of the cognitive processes and the different types of knowledge entailed 
in reading (from Vellutino et al., 2004, p. 4). 
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research could be distilled into three broad processing constructs that were underpinned by 

the development of explicit phonological analysis and synthesis skills. Although their 

model did not specify that an underlying deficit in these phonological processing skills was 

the primary cause for most (specific) reading disorders, the model has provided the core 

architecture for many of the subsequent researchers who take that position. 

 The first process Wagner and Torgesen (1987) identified as central to learning the 

basic principles of literacy was phonological awareness, described as the ability to aurally 

discriminate and be explicitly aware of the basic speech-sound structures of language. 

These speech-sound structures are the hierarchical subdivisions of spoken language such as 

words, syllables, onset–rimes14 and phonemes15. The second was phonological recoding in 

lexical access and conceptualised as the processes of transforming written symbols (e.g., 

written words or letters) into the corresponding speech-sound representations and matching 

them to internal lexical referents (e.g., meaningful information). The third was referred to 

as phonetic recoding to maintain information in working memory and described as the 

ability to recode graphemes16 into their speech sounds for the purposes of maintaining and 

working with this information in memory. 

It is important to recognise that at the time of Wagner and Torgesen’s (1987) 

review, compared to the extensive research examining phonological awareness, 

considerably less literature was available for their other two constructs: phonological 

recoding in lexical access and phonetic recoding maintain information in working memory. 

Wagner and Torgesen (1987) acknowledged this and suggested that while the existing 

evidence provided strong support for the influence of phonological awareness on literacy 

                                                 
14 Within a syllable, an onset is that part which occurs before the nucleus (the vowel sound) and the rime 
consists of the nucleus and the coda (part following the vowel sound). 
15 A phoneme is the smallest perceptually divisible unit of speech sound; the m in mat or the ch in chat. 
16 A symbol, letter or combination of letters that represent a single speech sound (phoneme). 
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development, further research needed to be conducted into the other constructs to support 

their model. The research program presented in this thesis focuses on the first two of these 

constructs, phonological awareness and phonological recoding in lexical access. Provided 

below is an outline of how these were conceptualised as contributing to literacy and reading 

development within the phonological processing model and a review of several seminal 

articles supporting the Wagner and Torgesen (1987) thesis.  

Phonological awareness (PA).           

The theoretical connections between PA abilities and literacy development are compelling, 

at least for alphabetic scripts. The basis of learning to read and spell in an alphabetic script 

is being able to map connections between the most basic individual sounds (phonemes) in a 

language and the symbols (graphemes) that represent them. This process is often called 

“cracking the alphabetic code”. If the ability to explicitly differentiate between these 

speech-sound units is compromised, the establishment of strong and accurate sound–

symbol mappings will be fundamentally disrupted. Phonological awareness also appears to 

follow a developmental trajectory that suggests it can be viewed as a logical extension of 

the language acquisition process, thus reinforcing psycholinguistic theories of literacy 

development (Brady & Shankweiler, 1991; Stackhouse & Wells, 1997; Vellutino, 1979). 

Language acquisition is argued by many theorists to be an evolutionary trait (Fodor, 

1983; Jusczyk, 1999). Supporting this is an apparently automatic (i.e., without much 

explicit instruction) and extremely rapid increase of the numbers of words contained in the 

internal dictionary (lexicon) during the early years of life. But before this can happen, the 

newborn must develop an ability (or learn) to parse speech in their native language 

environment into meaningful semantic structures such as sentences, words and 
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morphemes17. From this standpoint it is reasonable to suggest that parsing speech into the 

hierarchical subdivisions shown to be related to literacy development may use the same 

basic cognitive mechanisms, especially as morphemes form a special subset of these 

structures (but see Carroll, Snowling, Stevenson, & Hulme, 2003). It is important to note 

that in the phonological processing model, having good PA skills does not, in and of itself, 

cause children to be better readers, rather these skills promote the learning processes 

involved with reading and spelling, thus helping children become better readers and 

spellers in the future. 

As stated in the opening chapter, Bradley and Bryant (1983) were amongst the first 

researchers to provide evidence of a causal link between PA and literacy outcomes. Using a 

longitudinal correlational design they examined the PA abilities of 4 and 5 year old 

preliterate children using a phoneme categorization task. The task reportedly18 assessed the 

children’s ability to discriminate differences in the initial, medial or final sounds within 

simple three letter words in a “which one of these is not like the others” paradigm, e.g., 

initial: hill, pin, pig; medial: cot, pot, hat; final: pin, win, sit. They found that the children’s 

abilities on these tasks accounted for a significant amount of variance on the tests of single 

word reading, text reading and spelling three years later, even after accounting for IQ, 

memory and age effects. 

The same paper also reported on a training study using a subsample of these 

children who initially scored poorly (2 standard deviations below the mean) on the 

‘phoneme’ categorization task. One year after initial testing, two groups from this 

                                                 
17 Morphemes are the smallest semantically meaningful units in a language, e.g., the suffix ‘ed’ denoting 
past tense or the prefix ‘un’ meaning not.  
18 It is noteworthy that the medial and final phoneme discrimination aspects of this task could also be 
interpreted as rhyme discrimination or judgment tasks. 
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subsample started an intensive two-year instruction program promoting PA19. Group 1 

received speech-sound analysis training using picture-card aids. Group 2 received a similar 

program but the training was enhanced by the inclusion of an explicit phonics training20 

program. The design also included two control groups: Group 3, trained in a semantic 

categorization task using the same picture stimuli used in the speech-sound programs (i.e., 

Groups 1 and 2), and Group 4 who received no additional training. 

The results demonstrated that groups receiving the PA training (Groups 1 and 2) 

improved their reading and spelling outcomes to a greater extent than did the groups not 

receiving such training. The best performing group was Group 2. This group statistically 

significantly outperformed the control groups (Groups 3 and 4) on reading and spelling 

ability, and the PA training only group (Group 1) on the test of spelling ability. Group 1 

maintained a nonsignificant 3–4 month advantage over the semantic categorisation control 

group in reading and spelling, and was statistically significantly superior (averaging 

approximately 8–10 months ahead) to Group 4, the no intervention control group.  

Since this ground breaking study, researchers have consistently reported strong 

links between measures of PA ability and both concurrent and future literacy skills 

(Alloway et al., 2005; Babayigit & Stainthorp, 2011; Boscardin, Muthén, Francis, & Baker, 

2008; Brunswick, Martin, & Rippon, 2012; Bryant, MacLean, Bradley, & Crossland, 1990; 

Carroll & Snowling, 2004; Catts, Fey, Zhang, & Tomblin, 2001; Compton, Defries, & 

Olson, 2001; Dixon, 2011; Durguno-lu & Oney, 2002; Hogan, Catts, & Little, 2005; Kirby, 

Parrila, & Pfeiffer, 2003; Landerl & Wimmer, 2008; Roman, Kirby, Parrila, Wade-

Woolley, & Deacon, 2009; Schatschneider, Carlson, Francis, Foorman, & Fletcher, 2002; 

                                                 
19 Although not explicitly stated, based on the starting age of the children in these two year programs (aged 
5-6 years), it is likely the training was concurrent with the normal school early reading curriculum. 
20 This program used the same picture aids but included teaching explicit sound–symbol relationships using 
plastic letters.  
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Schatschneider, Fletcher, Francis, Carlson, & Foorman, 2004; Torgesen, Wagner, Rashotte, 

Burgess, & Hecht, 1997). While presenting a robust argument for a causal relationship 

between PA and literacy outcomes, there exist a number of caveats from this research. 

Evidence suggests there may be a reciprocal relationship between the initial stages of 

learning to read (e.g., learning letter names) and phoneme awareness (Burgess & Lonigan, 

1998; Morais, 1991; Wagner, Torgesen, & Rashotte, 1994). This makes it difficult to 

untangle the direction of the casual pathway in the PA–literacy relationship, i.e., does PA 

contribute to the development of literacy skills (letter knowledge) or vice versa, or do they 

bootstrap each other? For an excellent review on this topic, see Castles and Coltheart 

(2004). An associated issue is the fuzzy relationship between phoneme awareness and other 

phonological awareness skills (e.g., awareness of syllabic structures and rhymes). There has 

been some dispute amongst theorists as to whether the ability to segment speech at a 

phonemic level is a developmental continuation of larger grain linguistic parsing abilities or 

whether it represents a distinct skill that may need explicit training to develop (Anthony & 

Lonigan, 2004; Carroll et al., 2003; Muter, Hulme, Snowling, & Stevenson, 2004; Yopp, 

1988).  

A few studies investigating the links between PA and literacy skills acquisition have 

attempted to account for some of these concerns. Often cited in this respect are Lundberg, 

Frost and Petersen (1988) who report on a study using a fairly intensive (6 months duration 

for 20 minutes a day)  graded PA training program involving preliterate Dutch children. In 

the Netherlands, children do not start formal education until the age of seven and, due to a 

cultural peculiarity preschool children are not usually engaged in any informal literacy 

instruction before this. This provided the researchers an ideal opportunity to examine the 

effects of PA training on future literacy skills in the absence of contamination from 

concurrent or previous early literacy training experiences. A large group of 6-year-old 
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children were assessed on a range of preliteracy, PA and language measures. Following 

this, one group experienced PA training which included phonological segmentation and 

synthesis games that tracked the postulated hierarchical development of these abilities (i.e., 

indentifying and manipulating words in sentences, then rhymes, then syllables, then onset–

rimes and finally phonemes). The total cohort was then tested again before the 

commencement of schooling, and then again at the end of Grade 1 and Grade 2. 

Using confirmatory factor analysis, Lundberg, Frost and Petersen (1988) showed 

that the immediate post test training PA data conformed to a two factor model, one 

involving the larger phonological units (three tasks: word segmentation, syllable synthesis 

and syllable segmentation) and the other involving phonemic level analysis (three tasks: 

initial phoneme deletion, phoneme synthesis and phoneme segmentation). The results also 

showed that while PA training improved both aspects of PA skills in the children, the effect 

for the larger phonological unit analyses was considerably less (Cohens’ d ~ 0.3021) than 

for the phonemic level analysis (Cohens’ d ~ 1.54). Results examining the transfer of 

training to literacy skills showed that by the end of Grade 1 the group receiving the PA 

training demonstrated statistically superior spelling skills (p < .001) and better reading 

skills on average (‘marginally’ significant at p < .1) than the control group.  At the 

conclusion of Grade 2, the PA trained group was statistically significantly better at all the 

literacy tasks measured (but not on the language measures) than the control group. 

These results suggest that PA, and specifically phoneme level awareness, can be 

trained in the absence of the development of early literacy skills like learning letter 

names22, and that this training can transfer to improved literacy outcomes in children when 

they begin formal literacy skills training. Moreover, based on the relatively small 

                                                 
21 These values are estimated from data provided in Lundberg, Frost and Petersen (1988).  
22 The initial post training assessment showed no difference between the two groups on knowledge of letter 
names.  
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differences between the trained and control groups for the larger grain phonological 

analysis skills, Lundberg, Frost and Petersen (1988) suggested that these skills may develop 

naturally without intervention. Conversely, the impressive gains seen in the experimental 

group for phoneme level analysis indicated that children benefited greatly from explicit 

instruction, and may in fact need it to develop this ability.  

Phonological recoding in lexical access. 

While PA is linked to early reading ability, once the basic skills are established 

(e.g., breaking the code, mapping sounds to graphemes), one aspect of normal literacy 

development is manifested by an increasing fluency when reading connected text. Wagner 

and Torgesen (1987) suggest the origins of this process lie in the ability to “... recode 

written symbols into some kind of sound-based representation, and then using this sound-

based representation access the lexicon.” (p. 203). The primary evidence they used to 

support this construct came from a research finding that had been, and continues to be, 

consistently upheld. After research by Geschwind (1965) detailing a case of specific colour 

naming ‘word blindness’ in an adult patient with acquired alexia, Denckla and Rudel 

(Denckla, 1972; Denckla & Rudel, 1974, 1976a) examined the naming latencies of various 

learning disabled and normal populations for visually presented stimuli. For these 

assessments they developed sets of serial naming tasks using colour, picture, letter and digit 

stimuli. Each task consisted of a limited set of category items (e.g., patches of five primary 

colours or line drawings of five common objects) repeated randomly 50 times in a 10 by 5 

grid, and required the individual to name each item in turn, left to right, as fast as they 

could. The measure of ability was the time taken to name all the stimuli on the page. This 

test format has since become a standard measure in psychoeducational assessment 
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procedures for learning difficulties and is commonly referred to as a Rapid Automatized 

Naming (RAN)23 test. 

 In an initial examination of the performance of dyslexic boys on the RAN colour 

task, Denckla (1972) suggested that there might be a subgroup of dyslexic children who 

had specific difficulties on this type of RAN task. In a follow-up study, Denckla and Rudel 

(1976a) compared a group of learning impaired (LI) children’s abilities on each of the four 

RAN tasks to the norms reported in a previous study (Denckla & Rudel, 1974). The 

learning disabled children were sourced from a special education facility with the only 

selection criterion being a WISC24 verbal or performance score above 90. These children 

were categorized post hoc as being either dyslexic or nondyslexic based on a discrepancy of 

at least 2 years between their mental age (WISC) and their oral reading ability25. They 

found that the dyslexic children were statistically significantly poorer at all the RAN tasks 

than the LI nondyslexics who in turn, were statistically significantly poorer compared to 

their normally developing sample. This pattern was repeated for each of the age bands 

examined (7, 8, 9 and 10–12 Years). Denckla and Rudel (1976a) suggested this deficit was 

unlikely to be due to the general visuomotor performance speed or reaction time 

components in the RAN tasks as the dyslexic group’s WISC performance subtest scores 

were significantly higher than the nondyslexic group.  

There is now a substantial body of research demonstrating that RAN performance is 

both a concurrent and future predictor of reading outcomes in reading disordered and 

normal populations from a variety of language and orthographic backgrounds (Arnell, 

Joanisse, Klein, Busseri, & Tannock, 2009; Babayigit & Stainthorp, 2011; Blachman, 1984; 

                                                 
23 Also called rapid serial naming (RSN) or just rapid naming (RN).  
24 The Wechsler Intelligence Scale for Children (WISC) is a standardised test battery for the assessment of 
intelligence, now into its 4th edition (WISC-IV-Tr). The first edition used by Denckla and Rundel (1976)  
contained two subscales: verbal and performance. 
25 Denckla and Rundel (1976) provide no information on the precise reading assessment tool used.  
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Boscardin et al., 2008; Brizzolara et al., 2006; Cardoso-Martins & Pennington, 2004; 

Compton, 2003; Cutting & Denckla, 2001; Georgiou, Parrila, & Kirby, 2006; Georgiou, 

Parrila, & Papadopoulos, 2008; Heikkila, Narhi, Aro, & Ahonen, 2009; Ho, Chan, Lee, 

Tsang, & Luan, 2004; Katzir, Youngsuk, et al., 2006; Kobayashi, Haynes, Macaruso, 

Hook, & Kato, 2005; Manis, Doi, & Bhadha, 2000; Meyer, Wood, Hart, & Felton, 1998b; 

Neuhaus, Foorman, Francis, & Carlson, 2001; Neuhaus & Swank, 2002; Powell, 

Stainthorp, Stuart, Garwood, & Quinlan, 2007; Savage, Pillay, & Melidona, 2008; 

Scarborough, 1998; Vaessen & Blomert, 2010; van den Bos, Zijlstra, & van den Broeck, 

2003; Willburger, Fussenegger, Moll, Wood, & Landerl, 2008; Wolff, Michel, & Ovrut, 

1990). 

Wagner and Torgesen’s (1987) original formulation of this construct positioned its 

importance for literacy development toward the initial stages of the consolidation of 

connections between written script and the lexicon, hence the explicit reference to 

‘recoding’. Amongst other things, this implies an underlying reliance on adequate 

orthographic processing. However, Wagner and Torgesen (1987) emphasised phonological 

retrieval as the underlying mechanism linking RAN results to reading outcomes, 

particularly measures of reading fluency. For many researchers taking a phonological core 

difference perspective (e.g., Stanovich, 1988), the recoding aspect has been subsumed as 

part of the developmental processes linked to PA in the initial establishment of 

phonological codes and their representations. From this standpoint, poor RAN and reading 

fluency in dyslexia is attributable to retrieval deficits underpinned by poor or fuzzy 

phonological representations (Elbro, 1996; McCrory, Mechelli, Frith, & Price, 2005; Swan 

& Goswami, 1997; Vellutino et al., 2004).  
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Phonetic recoding to maintain information in working memory. 

The third construct from Wagner and Torgesen (1987) is based on a well known 

model of the human memory system developed by Baddeley and colleagues (1982; 1974). 

In this model, working memory was divided into two subsystems that temporarily store 

either phonological or visual-spatial information needed for ongoing processing and/or 

manipulation. As stated above, while the first two constructs are directly relevant to the 

research program presented in this thesis, phonological memory (PM) processes are not, 

and so this construct will not be examined here. For an excellent review of the relationship 

between working memory and reading/literacy development the reader is directed to 

Savage, Lavers, and Pillay (2007). 

Nonphonological Theoretical Models for Developmental Dyslexia 

 The phonological processing model and the premise that the core deficit in 

developmental dyslexia is phonological in nature has been the preeminent position in 

literacy research for the last 25 years. However, a number of researchers continue to 

explore the possibility that the root causes of dyslexia lie in processes not specific to the 

phonological processing system. This research is driven, in part, by the observation that 

individuals with dyslexia often show signs of ‘soft’ neurological deficits beyond those 

attributable to phonological function. Nonphonological behavioural and cognitive deficits 

associated with dyslexia include observations of motor clumsiness (Snowling, 2000; 

Vellutino et al., 2004; Wolff, Michel, Ovrut, & Drake, 1990), attention difficulties (Facoetti 

et al., 2003; Lallier, Donnadieu, Berger, & Valdois, 2010; Menghini et al., 2010), balance, 

postural and gait abnormalities (Barela, Dias, Godoi, Viana, & de Freitas, 2011; Nicolson 

& Fawcett, 1999; Stoodley & Stein, 2011), low level visual and/or auditory processing 

deficits (Baldeweg, Richardson, Watkins, Foale, & Gruzelier, 1999; Bishop, 2007; 

Cestnick & Coltheart, 1999; Goswami et al., 2002; Kevan & Pammer, 2009; Kruk, 1991; 



32 
 

Stein & Walsh, 1997; Tallal, 1980) and broader language impairment issues (Catts, 1996; 

Ivry, Justus, & Middleton, 2001; Leonard, Eckert, Given, Virginia, & Eden, 2006; 

Snowling, Bishop, & Stothard, 2000).  

This research has given rise to a number of neurophysiological deficit theories 

where the prime locus of the dyslexia disorder lies outside the realm of phonological 

functioning. Although these theories are not the focus of this thesis, many share a common 

factor in their formulation that is directly relevant to the research presented here. In 

particular, they implicate some kind of underlying temporal processing difficulty as a 

causal contributor to the constellation of deficits associated with developmental dyslexia. 

Therefore a brief discussion of these particular theories is provided below.  Following this 

is a more comprehensive summary of the double deficit hypothesis (Wolf & Bowers, 1999; 

Wolf, Bowers, et al., 2000), which is set as the main protagonist to the phonological 

processing model (Wagner & Torgesen, 1987) and by extension, the phonological ‘core’ 

deficit theory for dyslexia (e.g., Stanovich, 1988; Vaessen et al., 2009; Vellutino et al., 

2004), in the current investigation of the relationship between temporal processing, RAN 

and reading fluency presented in this thesis. 

 Auditory temporal processing deficits. 

 Tallal and Percy (1973a; 1973b) investigated general auditory processing in 

language-impaired children. They reported that these children showed deficits when 

compared to normally developing children on discrimination tasks for rapidly presented 

nonverbal auditory stimuli. From this they argued that a general difficulty in the rapid 

processing of sensory (especially auditory) information would likely impact speech 

perception which would, in turn, have profound effects on language development. In 1980, 

Tallal extended this thesis to reading disordered individuals (or at least a subset of this 

population), by proposing that a similar deficit was causally related to the commonly 
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observed phonological awareness difficulties in dyslexic children. While a number of 

studies have demonstrated that dyslexic individuals appear to have difficulties in certain 

aspects of processing rapidly presented nonverbal stimuli (see Farmer & Klein, 1995 for a 

review), there has been a lack of consistency in this evidence (Bishop, 2007; Studdert-

Kennedy & Mody, 1994; Waber et al., 2001). This has led to several reformulations in this 

theory, which originally centred on difficulties making temporal order judgments (TOJ’s), 

but now proposes a more general difficulty in processing dynamically changing acoustic 

stimuli (Tallal, 1990; Tallal & Gaab, 2006). 

In a similar vein, Goswami and colleagues (2002) have developed a hypothesis 

proposing that difficulties in processing the onset or rise time component in the temporal 

envelope of acoustic stimuli may be a causal factor in the development of dyslexia (and 

Specific Language Impairment or SLI). However, as this theory also encompasses 

mechanisms related to rhythmic processing abilities, a summary of this theory and some of 

the associated evidence is reserved for the following chapters examining links between 

musical rhythm and literacy. 

Low-level visual processing deficits. 

 Although throughout the 1980’s, most theorists and researchers were turning away 

from exploring the visual system as a causal factor in the development of specific reading 

disorders the results from several studies ensured continued interest in this area. A series of 

studies by Lovegrove and others (Lovegrove, Bowling, Badcock, & Blackwood, 1980; 

Martin & Lovegrove, 1984; Martin & Lovegrove, 1988; Slaghuis & Lovegrove, 1984; 

Slaghuis & Lovegrove, 1985) suggested that dyslexic individuals may have longer visual 

persistence latencies than their normally developing peers. Visual persistence is defined as 

a “continued visible response to a stimulus after stimulus offset that is phenomenally 

indistinguishable from that occurring during the actual presence of the stimulus” (Slaghuis 
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& Lovegrove, 1985, p. 220). This abnormally long image persistence has been cited as 

being a contributing factor in the visual confusions, distortions, text blurring and letter 

transpositions that children with dyslexia often report experiencing when reading or 

spelling (Stein, 2001; Stein & Walsh, 1997). Research into the visual processing system in 

primates (and humans) has revealed two informational pathways, one responding rapidly to 

low spatial, high temporal frequency information (magnocellular or transient pathway) and 

the other responding to high spatial, low temporal frequency information (the parvocellular 

or sustained pathway). 

Stein and Walsh (1997) hypothesized that the visual persistence deficits found in 

some dyslexic individuals may be the result of a disruption in the transient or magnocellular 

pathway of the visual system; specifically, problems with the speed of transmission of 

sensory information to the parietal cortex. Often cited as supporting this hypothesis are the 

neuroanatomical case studies by Galaburda, Sherman, Rosen, Aboitiz, and Geschwind 

(1985) which reported that the magnocellular laminae of the lateral geniculate nucleus 

(LNG) in four dyslexic brains were at least 20% smaller than that of comparable control 

brain structures. Stein and Walsh (1997) also intimated that the disruption of the M-

pathway may not be confined to the visual system, but may be present in the border 

“magnocellular neuronal cell line that plays a major role in temporal processing [emphasis 

added] in all sensory, sensorimotor and  motor systems throughout the brain” (p. 151). In 

this formulation the functioning of the cerebellum would most probably be compromised as 

a major recipient of M-type neuronal projections. They suggested such a deficit would 

impair the temporal integration of sensory information relevant to functions involving 

spatial location, spatial orientation, directed attention (visual and auditory), visuomotor co-

ordination and oculomotor control. While this theory has generated some controversy (e.g., 

Heath, Bishop, Hogben, & Roach, 2006), research into the relationship between visual 
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system functioning based on the magnocellular theory and dyslexia continues (e.g., 

McLean, Stuart, Coltheart, & Castles, 2011). For a comprehensive review of this theory and 

the associated research the reader is directed to Boden and Giaschi (2007). 

 Cerebellar deficits. 

 While the exact nature and function of the cerebellum is still being investigated, it 

has been consistently implicated in processes which require the precise temporal 

integration and co-ordination of multimodal sensory-motor information (Baillieux et al., 

2009; Devor, 2002; Ivry et al., 2001; Justus & Ivry, 2001; O'Reilly, Mesulam, & Nobre, 

2008; Rao et al., 1997; Stevens, Kiehl, Pearlson, & Calhoun, 2007; Thaut et al., 2009). 

Given this, it is not surprising that abnormalities in cerebella function have been invoked by 

numerous researchers as related to the deficits observed in reading and language disordered 

populations (Ackermann, 2008; Nicolson & Fawcett, 1999; Rae et al., 2002; Stein & 

Walsh, 1997; Stoodley & Stein, 2011; Tkach et al., 2011; Vlachos, Papathanasiou, & 

Andreou, 2007). The most comprehensive and well known argument for directly 

implicating deficits in cerebellar functioning in dyslexia is outlined by Nicholson and 

colleagues (Nicolson & Fawcett, 1999; Nicolson, Fawcett, & Dean, 1995; Nicolson, 

Fawcett, & Dean, 2001) based on their findings from a series of studies of balance and 

motor co-ordination in dyslexia conducted in the 1990’s. 

This hypothesis grew out of speculations by several research teams that some 

individuals with dyslexia may have a general difficulty in automatising skills (Lovett, 1984; 

Nicolson & Fawcett, 1990; Wolf, Bally, & Morris, 1986). While some researchers applied 

these difficulties specifically to the observed rate deficits in reading, rapid naming and in 

serial processing tasks (see the following section), Nicolson and colleagues pursued a more 

comprehensive framework. They argued that invoking a cerebellar locus to these 

difficulties provided a cohesive model for many of the phonological, cognitive and 
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behavioral difficulties associated with dyslexia. Overall, the evidence that a cerebellar 

deficit underpins the constellation of difficulties associated with developmental dyslexia 

has been mixed (Barth et al., 2010; Bishop, 2002; Ramus et al., 2003) but there continues to 

be support for some aspect of cerebellar involvement in specific reading disorder (Baillieux 

et al., 2009; Stoodley & Stein, 2011; Vlachos et al., 2007). 

Double Deficit Model (Wolf & Bowers, 1999; Wolf, Bowers, et al., 2000) 

 For the most part, the above theories posit that the difficulties developmental 

dyslexics have in acquiring basic literacy skills can be attributed to a single deficit, either in 

their ability to process speech-sound (phonological) information or in some other aspect of 

information processing. While parsimonious, this approach does not attempt to capture the 

possible heterogeneity that may exist in the dyslexic population. Contrasting these 

approaches, Wolf and colleagues (Wolf & Bowers, 1999; Wolf, Bowers, et al., 2000) 

proposed a double deficit formulation for the expression of dyslexia. This model posits that 

most individuals diagnosed with developmental dyslexia can be characterised as belonging 

to one of three specific subgroups based on the nature of their deficit(s): 1) deficits in tasks 

involving phonological encoding and decoding, but not in RAN tasks and other rate based 

reading measures, 2) deficits in RAN tasks and other rate based reading measures, but not 

on measures on tasks involving phonological encoding and decoding, and 3) deficits in 

both tasks types who, in most cases, present as the most severely impaired readers. 

They point out that their proposal for a multi (dual)-factor deficit model holds 

implications for the prediction, diagnosis and remediation of dyslexia. Reading disordered 

individuals with no discernible phonological deficit would be less likely to be detected 

early, as they would show a relatively normal rate of development at the initial stages of 

literacy acquisition. They would also gain little advantage from phonologically based 

training. Those with double deficits would gain some benefit from this style of intervention, 
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but would remain rate impaired, as remediating the phonological difficulty would have 

little impact on their rate deficit in this formulation. Importantly, in the transition from 

learning to read to reading to learn, the ability to adequately access the amount of 

information needed for higher levels of learning would be compromised in those who have 

additional rate deficits, continuing (or initiating) their cycle of disadvantage. They suggest 

that viewing dyslexia through the lens of a multiple deficit model provides an opportunity 

to apply a broader focus to remediation and may improve literacy outcomes in those 

children who fail to respond to current phonological centred techniques. Wolf and 

colleagues (Wolf & Bowers, 1999; Wolf, Bowers, et al., 2000) also argued that evidence 

from five areas of research supported their formulation of a double (core) deficit in the 

developmental dyslexias26:  

1). Evidence demonstrating multiplicity in RAN subcomponents skills and their 

relationship to fluent reading skills.  

2). Evidence suggesting naming speed deficits as being specific to reading 

problems.  

3). Evidence provided by crosslinguistic studies demonstrating the importance of 

RAN in the diagnosis of reading disorder.  

4). Evidence supporting the independence of naming speed and phonological 

processing and their contributions to reading outcomes.  

5). Evidence supporting distinct subtypes in reading disordered populations 

corresponding to their double deficit formulation (above). 

                                                 
26 A number of researchers have also argued for the existence of subtypes in developmental dyslexia., e.g., 
Castles and Coltheart (1993) identify two types: surface (a.k.a. orthographic) and deep (a.k.a. phonological).  
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A review of recent research pertinent to these areas is presented below. However, within 

this literature there is a great deal of overlap on these points, so the reviews of some articles 

may include findings relevant to multiple sections.  

Multiplicity in RAN subcomponents and their relation to reading.  

While acknowledging the importance of phonological processes in literacy 

development, Wolf and colleagues (Wolf & Bowers, 1999; Wolf, Bowers, et al., 2000) 

presented an argument that the key underlying mechanisms relating RAN tasks to reading 

outcomes are in greater part attributable to nonphonological processes. In defending this 

position they underscored the multiplicity of subprocesses involved in the act of naming 

visually presented stimuli. As stated previously, researchers supporting a core phonological 

deficit for dyslexia principally examine the processes underlying single word reading (e.g., 

decoding). However, as Wolf and colleagues (Wolf & Bowers, 1999; Wolf, Bowers, et al., 

2000) point out, fluent text reading demands a series of rapid stimulus–response actions 

and this adds a level of complexity beyond that needed for discrete or single word reading 

events. From this they proposed that for fluent text reading skills, the overarching need to 

precisely integrate these subprocesses in the temporal domain substantially outweigh the 

phonological processing demands and that this is the likely underlying locus of deficit in 

RAN tasks for dyslexics.  

Serial vs. discrete naming. As outlined above, the phonological processing model 

suggests the association between rapid naming tasks (i.e., RAN) and reading outcomes 

(particularly in dyslexia) is related to the phonological subcomponents that underpin lexical 

access (Wagner & Torgesen, 1987). In considering this position, it is therefore reasonable 

to assume that measures assessing the efficiency of discrete confrontational naming 
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events27 would represent a relatively pure behavioural test of lexical access (Logan, 

Schatschneider, & Wagner, 2011). A few studies have examined the temporal processing 

profiles of both discrete naming tasks and RAN tasks. In testing a series of latent variable 

structures pursuant to their phonological processing model, Wagner, Torgesen, Laughon, 

Simmons, and Rashotte (1993) found that representing (timed) isolated naming tasks and 

rapid serial naming tasks (i.e., RAN) as separate latent variables provided the best fit for 

their data. They also showed that the RAN tasks were more highly correlated than their 

isolated counterparts to their reading outcome measure (untimed single word reading). This 

finding has been supported by a number of other studies (e.g., Bowers & Swanson, 1991; 

Pennington, Cardoso-Martins, Green, & Lefly, 2001). 

Wolff, Michel and Ovrut (1990) used a film projection technique to decompose 

stimulus presentation rates and stimulus exposure times in serial (object or colour) naming 

tasks. They found that the dyslexic individuals were no different to the controls when 

naming the stimulus items at the longest stimulus exposure durations and slowest 

presentation rate. However, decreasing exposure durations at this rate resulted in a marked 

increase in naming errors for the dyslexic individuals, but not in the two control groups (a 

normally developing group and a nondyslexic, learning disabled group). From this Wolf et 

al. (1990) suggested that dyslexics do not have difficulty with the phonological aspects of 

word retrieval, but rather a difficulty in rapidly processing serially presented visual 

information. 

More recently, Jones, Branigan and Kelly (2009) compared discrete and serial 

(RAN) digit naming abilities of dyslexic and normally developing university students. 

Their specific aim was to tease out the importance of oculomotor and visual sequencing 

                                                 
27 These tasks require the individual to name a single stimulus as quickly as possible. 
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requirements in speeded serial naming tasks. To achieve this they compared the 

performances of these groups on three computer controlled naming tasks28: 

1) a static, discrete naming task where each stimulus was presented singly at a 

central screen position,  

2) a matrix form discrete naming task where each stimulus was presented (singly 

and in the same serial order as task 1,) in positions progressing left to right as a 

10 x 5 matrix, and  

3) a standard RAN type task where all the stimuli were presented simultaneously 

on the screen as 10 x 5 a matrix. 

 Reaction times showed that while the dyslexic individuals displayed deficits in both 

discrete naming tasks (1 and 2 above) compared to the normally developing students, their 

performance across these tasks was similar. This suggests that the ocular motion required to 

complete matrix forms of naming tasks was not a significant factor in their performance. 

However, for the dyslexic individuals, an additional and statistically significant deficit was 

exposed on the traditional RAN tasks when compared to their performance on the discrete 

naming tasks. This implies that dyslexics have additional difficulties when required to 

rapidly process multi-item sequences beyond just naming the items. This study also 

demonstrated that RAN tasks continue to discriminate between good and poor readers into 

adulthood, even in an otherwise high cognitive functioning population. 

The argument for applying a lexical access deficit as central to the relationship 

between speeded naming tasks and reading also has another implication. It follows that 

after accounting for the variance of the ‘purer’ measure of lexical access (e.g., discrete 

naming), the variance contributed by standard RAN tasks should be substantially reduced. 

                                                 
28 In the discrete trial a voice activated relay was used to signal the removal of one stimulus and the 
presentation of the next.  
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Using factor analysis, Logan, Schatschneider, and Wagner (2011) recently reexamined the 

relationships between the speeded naming of letters, numbers and combinations of letters 

and numbers, in both isolated and serial presentation formats (i.e., timed discrete naming 

and RAN), phonological analysis, synthesis and memory processes and reading outcomes 

(untimed word identification and word decoding measures) from the archived data from 

previous research (Wagner et al., 1993; Wagner et al., 1994; Wagner et al., 1997). This data 

tracked these abilities in 244 randomly selected children over three years of schooling: 

Kindergarten to Grade 2. In examining the correlations between the discrete naming tasks, 

RAN tasks and the two untimed reading outcomes measures (word and nonword reading) 

they reported that the RAN version of the speeded naming tasks consistently demonstrated 

stronger correlations to both reading measures across all three grades than the discrete 

naming tasks, and that for kindergarten and first grade, this difference was significant. 

In further analysis, Logan et al. (2011) examined the latent variable structures for 

the naming data only and reading. From this they reported that the results were not 

consistent with the hypothesis that RAN relationship to reading outcomes was based on 

lexical retrieval processes. Contrary to their expectations, the variance attributable to 

reading from the discrete naming tasks was completely subsumed by the variance 

contributed by RAN, at least for the second grade model. Additionally, for the kindergarten 

and first grade data, the inclusion of isolated naming in the models acted to suppress some 

of the common variance in both naming tasks (isolated and rapid naming) which was 

unrelated to reading29, allowing the RAN latent variable to account for more variance in 

reading ability. Logan et al. (2011) then proceeded to include the phonological latent 

variables (analysis, synthesis and memory) in their models to explore whether any shared 

variance, attributable to some overarching phonological factor, could account for the 
                                                 
29 For commentry on supression effects in linear regression see Smith, Ager, and Williams (1992) 
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pattern seen in the RAN and discrete naming data and their relationship to reading. Overall, 

the relationships over the three grades between RAN, discrete naming and reading were 

unchanged. RAN continued to contribute significant variance to reading in all grades, 

although the strengths were slightly reduced, likely reflecting some processes in common 

with PA and PM. These results provide strong support for premise that RAN’s relationship 

to reading outcomes derives in greater part from processes beyond those attributable to 

lexical retrieval or other phonological subprocesses.  However, while supporting a 

multicomponential model for RAN tasks’ association with reading, it provides little 

illumination as to what these processes may be. 

Other subcomponents (e.g., articulation time, pause time, visual processing, 

processing speed, working memory). In addition to the support provided by the above 

research on discrete vs. serial naming processes, Wolf and Bowers (1999) also suggested 

investigations into the nonphonological subcomponents of the RAN task should be 

considered when assessing the double deficit hypothesis. Using path analysis, Cutting and 

Denckla (2001) examined data obtained from 79 normally developing school children and 

tested a model of component processes assumed to contribute to alphanumeric RAN. They 

determined that while processing speed (assessed using timed visual-motor tasks) was 

strongly related to RAN abilities in this cohort, phonological awareness, memory span, and 

articulation rate30 were not. Further to this, their model suggested that orthographic 

knowledge, phonological awareness and RAN all contributed significant independent 

variance to reading ability.  

                                                 
30 Articulation rate has been suggested as a measure of the ‘integrity’ of the phonological code (Neuhaus et 
al., 2001). 
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Neuhaus and colleagues (Neuhaus et al., 2001; Neuhaus & Swank, 2002) initiated 

an examination of the discrete articulation and pause times31 within RAN, and their 

relationships to letter knowledge, decoding and comprehension in young (around 7 years 

old), randomly selected readers. Their results were complex but suggested that RAN pause 

times were more directly associated with the reading outcomes than were articulation times. 

Results from their structural equation modelling also suggested that this was likely 

mediated through letter form (orthographic) knowledge, the general efficiency in lexical 

retrieval processes and/or phonological memory. Clarke, Hulme, and Snowling (2005) 

explored the RAN pause and articulation processes in an older group of readers (average 

age = 10.5 years) but examined reading in terms of nonword reading (decoding) and 

exception32 word reading (orthographic memory). They found after controlling for the 

influence of phonological processes and age, RAN performance shared significant variance 

with exception word reading but not nonword reading. This finding appears to support the 

proposal that RAN is partially linked to reading through visual orthographic processes. 

However, contrary to the findings of Neuhaus and colleagues (Neuhaus et al., 2001; 

Neuhaus & Swank, 2002), they reported that neither the articulation nor pause times in 

RAN contributed significant variance to their measures of reading (2–3% for nonword 

reading, and 1–8% for exception word reading). Their results suggested it was the number 

of pauses on RAN digits task that contributed significant variance to the exception word 

reading measure (8.4%). From this, Clarke et al. (2005) questioned the direction of 

assumed causal relationship between RAN and reading, hypothesising that the “slow 

naming speed in RAN reflects a difficulty that  poor readers have with the control processes 

that they need to bring to bear as a consequence of their phonological difficulties”  (p. 84). 

                                                 
31 Pause time has been associated with phonological retrieval processes (Neuhaus et al., 2001). 
32 Exception (or irregular) words cannot be decoded using phoneme-grapheme correspondences, e.g., yatch.  
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In short, they speculated that poor reading ability (as a consequence of poor decoding 

and/or a lack of reading practice) resulted in poor RAN performance. 

While supporting the multiplicity of subcomponents in RAN processing, two of the 

above studies (Neuhaus et al., 2001; Neuhaus & Swank, 2002) take the position that it is 

the phonological processing aspect of RAN that underpins the causality in RAN–literacy 

relationship. The other denies outright a causal pathway from RAN to reading (Clarke et 

al., 2005). But when considering this, several design limitations should be taken into 

account: none of these studies explicitly examined dyslexic readers; the reading outcome 

measures (mostly single word) were untimed whereas RAN has been more directly linked 

to fluency related measurers; and for the Clarke et al. (2005) study, the number of 

participants was small (N = 30) for the style of analysis they performed. 

Recently researchers have begun to employ eye-tracking technologies to investigate 

the time-course of processes underpinning RAN. In an innovative experimental design, 

Jones, Obregón, Kelly and Branigan (2008) manipulated the phonological and visual levels 

of confusability between successive stimulus items on a RAN letters task in an attempt to 

tease out the individual contributions of visual and phonological processes in the naming 

latencies. Three pairs of RAN letter tasks were designed, each containing sequences that 

were, or were not confusable. The first RAN task was based on the rime components of the 

successive letter stimuli names (e.g., b – v – j – k = confusable vs. b – k – v – j = not 

confusable), the second based on the onsets (e.g., k – q – g – j = confusable vs. k – g – q – j 

= not confusable), and the third based on the visual representations (q – p – b – d = 

confusable vs. P – Q – B – D = not confusable). 

Jones et al. (2008) reasoned that if the confusable items demonstrated greater 

latencies than the not confusable items that would indicate a processing deficit specific to 

that domain. To test their hypothesis, they employed a combination of eye tracking and 
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voice data to calculate three temporal processing measures for each task. The first temporal 

measure was the traditional RAN whole trial naming time. The second, ‘processing time’, 

was the summed total time of each eye fixation on a letter stimulus. The third, ‘retrieval 

time’ (or eye-voice span), was calculated as the time taken from the initial eye fixation on a 

target letter stimulus to the onset of the voice production naming that stimulus. From this 

data, Jones et al. (2008) hoped to parse the influence of the information processing and 

retrieval elements of the RAN task. Finally, Jones et al. (2008) compared dyslexic and 

nondyslexic university students to establish the degree of impairment within a high 

functioning reading disordered population. 

Overall, they found that phonological and extraphonological information 

contributed to the performance on the RAN task for both dyslexic and nondyslexic 

students. Moreover, when comparing across the groups, they reported that the dyslexic 

readers showed a general processing time deficit for letters forms (i.e., across all six 

confusable and not confusable conditions) that was not related to the phonological or visual 

status of the stimuli. They also reported a pervasive deficit in retrieval times for the visual 

and onset (but not rime) components in the confusable RAN tasks. A set of follow-up 

studies by the same research group (Jones, Branigan, Hatzidaki, & Obregón, 2010) 

attempted to more precisely examine the phonological and extraphonological processing 

components in the RAN task. Using a similar design (i.e., the same temporal measures) but 

substituting picture items for the letters and manipulating the visual, semantic and 

phonological interitem relationships, they contrasted the performances of dyslexic and 

nondyslexic adults on two rapid serial processing tasks, an explicit naming task and a 

semantic categorising task. Jones et al. (2010) reported that the dyslexic readers 

demonstrated significant deficits in both tasks compared to the controls, but importantly, 

they also showed that “a difficulty in explicit access to, and output of, an item’s name does 
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not further account for dyslexic readers’ impairment beyond their difficulty in accessing 

and outputting information related to the item’s semantic properties” (p. 65). They 

suggested this supported the proposal that although phonological processes are a factor in 

naming speed difficulties experienced by dyslexic individuals, they do not explain the 

deficit.  

The specificity of naming speed deficits to reading difficulties. 

In large part, the reasoning behind citing evidence relating to the specificity of 

naming speed deficits to reading disorders is similar to the reasoning behind the arguments 

linking the specificity of phonological processing deficits to reading disorders. That is, the 

absence of these types of deficit in nondyslexic populations points to a possible causal 

relationship between these abilities and reading acquisition. As evidence of this sort does 

not explicitly argue for or against a structural separation of RAN from phonological 

processing, this point has not been as extensively debated as the other points raised in the 

original papers by Wolf and colleagues (e.g., Schatschneider et al., 2002; Vaessen et al., 

2009; Vellutino et al., 2004). There is also significant overlap between research exploring 

this question and research dealing with the other sections. However, it is commonly 

accepted that the reading disordered population is heterogeneous and contains high rates of 

comorbidity with other developmental disorders (Ramus, 2004). From this, it is possible 

that the observed rate deficits in some dyslexics are an expression of this comorbidity rather 

than directly associated with the core difficulty underlying their reading disorder. 

Therefore, a brief summary of some of the research examining this question seems 

warranted.  

 As reviewed above, the original research undertaken by Denckla and Rudel (1976b) 

demonstrated that performance on RAN tasks could distinguish between normally 

developing, LI and dyslexic readers, with the dyslexic readers performing most poorly on 
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the task. Despite this, it must be noted that the LI population were also significantly worse 

at the RAN tasks than the control population. Waber, Wolff, Forbes and Weiler (2000) 

determined that although RAN performance was an effective tool in detecting children 

(aged between 7–12 years) with learning impairments in general (including ADHD), it was 

less effective in discriminating the reading disordered children from the LI group. 

However, Raberger and Wimmer (2003) reported that RAN performance deficits were 

more strongly associated with reading disorders than with attention disorders. Heikkila et 

al. (2009) also reported a specific connection between RAN performance deficits and 

reading disorder when comparing groups of Finnish children diagnosed with either a 

reading disorder, an attention deficit disorder or mathematical difficulties. Each of these 

studies also found that the RAN–reading relationship was considerable stronger when the 

reading measure contained a rate or speed element. However, while all used timed 

measures for reading, Raberger and Wimmer (2003) and Heikkila et al. (2009) employed 

text based measures whereas Waber et al. (2000) used the total TOWRE single word 

efficiency score (a composite of timed real word and nonword reading), a measure which 

also contains a strong decoding element.  

Examining this question in cohorts not using an alphabetic script, Ho, Chan, Leung, 

Lee and Tsang (2005) compared Chinese children with dyslexia, ADHD, developmental 

co-ordination disorder (DCD) and borderline intelligence on measures of RAN, PA, PM, 

orthographic and visual processing, behaviour, IQ,  and literacy outcomes. While 

confirming high levels of comorbidity between the developmental disorders, they also 

reported that RAN performance was significantly poorer in the dyslexia only group (i.e., 

dyslexic individuals without signs of other co-morbid difficulties/disorders) than for the 

other taxonomically ‘pure’ groups (e.g., ADHD only). From their results Ho et al. (2005) 

suggested that for Chinese children specifically, RAN and orthographic deficits were 
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unique markers of reading disorder. However, their results also show that performance on 

the PA and PM measures were depressed in the groups which were identified as being 

reading disordered (although not as strongly as the RAN scores), thus providing no 

evidence for the independence of the RAN deficit. Overall, these findings (Heikkila et al., 

2009; Ho et al., 2005; Raberger & Wimmer, 2003; Waber, Wolff, et al., 2000) generally 

support the argument that reading disordered populations demonstrate specific deficits on 

measures related to RAN and reading fluency (especially when reading connected text).   

Crosslinguistic studies.  

Wolf and Bowers (1999) proposed that literacy research conducted in more 

transparent alphabetic orthographies than English provided an opportunity to ‘disentangle’ 

the relationships between RAN and phonological processing, and their individual 

contributions to literacy outcomes. They reasoned that if the relationship between RAN and 

reading was underpinned by phonological factors, then the RAN/reading relationship would 

be stronger in opaque orthographies (such as English) because they place a greater demand 

on the phonological system than more transparent orthographies. Based on this they posed 

the research question: “In more regular languages where the phonological demands are 

decreased, will naming deficits appear as a stronger characteristic of disabled readers?” 

(Wolf & Bowers, 1999, p. 421). They suggested that if answered in the affirmative, this 

would provide partial support for their thesis that the mechanisms underpinning RAN and 

phonological processing contribute independently to the development of reading disorder 

(see the independence of RAN from PA and PM subsection below). 

Considerable research has now been conducted on these relationships in scripts of 

varying orthographic transparency. A number of studies support Wolf and Bowers (1999) 

prediction with findings indicating that RAN performance is a stronger concurrent and 

longitudinal predictor of reading in transparent orthographies than PA (e.g., Turkish: 
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Babayigit & Stainthorp, 2011; Spanish: Escribano, 2007; Greek: Georgiou et al., 2008; 

Finnish: Heikkila et al., 2009; German: Landerl & Wimmer, 2008; Dutch: van den Bos, 

Zijlstra, & lutje Spelberg, 2002). However, the reasoning underpinning the original 

assumption has been questioned and several studies examining these crosslinguistic 

patterns provide a significant challenge for this proposal and for the double deficit 

hypothesis in general. 

Patel, Snowling and de Jong, (2004) compared the performances of 67 English 

children (Mean age = 9 years, 1 month, SD = 19.6 months), and 40 Dutch children (Mean 

age = 9 years 4 months, SD = 16.5 months) on measures of vocabulary knowledge, reading 

attainment (age level), word reading, phoneme deletion, and RAN (objects and colours). In 

an imaginative design, the discrete word reading tests (real and nonword) were computer 

controlled; each word presented on screen for three seconds, and both accuracy and 

response latencies (stimulus presentation to voice onset) were measured. In addition, 

response latencies were also taken (via a stop watch) for each item of the phoneme deletion 

test. Patel, Snowling and de Jong, (2004) suggested that the results of previous studies 

supporting the diminished importance of phonological awareness in the reading 

development as a function of orthographic transparency, may be confounded by ceiling 

effects in the phonological tests used. By introducing response time measures for word 

reading and phonological awareness they hoped to address this weakness. Contrary to the 

findings of previous studies, they reported little differences between the pattern of results of 

the English and Dutch readers. More importantly they found that the phoneme awareness 

accuracy and response times contributed significant respective variance to their word and 

nonword counterpart reading measures (i.e., accuracy and response times) in both 

languages, but RAN did not. They argued against the double deficit hypothesis and 

suggested that their results “run counter to the view that phoneme awareness is not critical 
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to learning to read in regular languages...” and supported the “more parsimonious 

explanation that access to phonological representations is the critical skill for learning to 

read (cf. Snowling & Hulme, 1994) and that the effects of RAN are subsumed by phoneme 

awareness.” (p. 793). 

In addition to accounting for possible ceiling effects in traditional PA tasks, the 

inclusion of response time measures for the word reading and the phoneme deletion tasks in 

some ways addressed a common confound in research into RAN–reading relationships. As 

RAN has been consistently associated with fluency rather than accuracy measures, 

explicitly comparing all the relevant constructs on the temporal plane might be expected to 

provide a clearer picture of the relationships in question. Because of this, the lack of 

association between RAN and the reading measures (especially the reading response time 

measures) is troubling for the double deficit hypothesis. However, several points should be 

considered when interpreting these results. One point (acknowledged by the authors) was 

that the results were based on an unselected sample. It is therefore possible that the 

relationships may differ for specific reading disordered populations. Another, more crucial 

point is that even though temporal measures were included, they were in the form of 

discrete reaction times. The double deficit hypothesis reasons that the RAN–reading 

relationship is based on serial multi-item processing rather than timed processing of single 

items and this has been supported by several of the studies reviewed above (Jones et al., 

2009; Jones et al., 2010; Jones et al., 2008; Logan et al., 2011).  

Several crosslinguistic studies by Vaessan and colleagues (Vaessen et al., 2010; 

Vaessen & Blomert, 2010; Vaessen et al., 2009) have also included timed measures for 

word reading, decoding and PA in addition to the traditional accuracy measures. Results 

from the 2010 studies are discussed in subsection 4 below. Vaessen et al. (2009) explored 

the data provided from assessments conducted in Dutch clinics which resulted in confirmed 
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dyslexia diagnoses, without evidence of comorbidities. Their analysis intended to examine 

several predictions specific to double deficit hypothesis: that RAN performance uniquely 

contributes to performance on literacy tasks; that RAN and phonological processes are 

independent and relatively unrelated; the existence of specific subtypes (i.e., PA deficit 

only subtype, RAN deficit only subtype and double deficit subtype); and that the double 

deficit group is the most impaired. 

The assessments provided speed (i.e., timed) and accuracy measures for real word 

and nonword reading lists, and a phoneme deletion task. Also available were results from a 

spelling test, the RAN objects, letters and digit tasks, the verbal, nonverbal and full scale IQ 

composites for the  WISC-R, as well the coding (used as a measure of visual matching 

speed) and digit span (a measure of verbal working memory) subtests from the WISC-R. In 

a series of hierarchical regressions they showed that after controlling for age and verbal IQ, 

RAN contributed significant variance to word and nonword reading speed but not the 

accuracy and spelling literacy outcomes, after accounting for PA speed and/or accuracy. In 

fact when entered first in the models, RAN subsumed much of the variance of both PA 

measures (speed and accuracy). In examining the independence of the RAN–PA 

relationship, they reported that RAN was not significantly correlated with phoneme 

deletion (accuracy), or digit span, but was significantly correlated with phoneme deletion 

speed (r = .23 to .32 based on task type; initial, medial or final). Examining their data for 

the expected subtypes, Vaessen et al. (2009), reported that only 10.5 percent (17/162) could 

be designated as belonging to a naming deficit only group (based on being 1SD below the 

mean of the relevant norm). Of these, they suggested that only nine showed no signs of 

“phonological problems of any kind” (p. 210) as demonstrated by slow response times on 

the phoneme deletion task and/or poor verbal working memory scores. Finally, Vaessen et 

al. (2009), report that the only area where those in the double deficit group performed 
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significantly worse than a single deficit group was for nonword reading speed, and then 

only when compared to the phonological only deficit group.  

In interpreting their results Vaessen and colleagues suggested that although they 

found some support for the double deficit hypothesis, overall it was not strong. While they 

conceded that RAN seems to be directly relevant to reading speed measures, they attributed 

this more to the underlying phonological aspects of the tasks than other processes. 

Specifically they state that: 

 [Rapid] naming tasks require fast matching or integration of visual to phonological 

codes. The underlying mechanisms of this integration process are not yet understood 

at this time, but we speculate [emphasis added] that phonological processing 

contributes heavily to this cross-modal integration and that impaired performance on 

phonological awareness and naming tasks likely reflect phonological processing 

problems as well as less automatic integration of visual and phonological codes. 

(Vaessen et al., 2009, p. 217) 

Despite this interpretation, it must again be noted that Vaessen and colleagues did find 

evidence supporting each of the predictions they tested, particularly when related to the 

RAN and fluency/speed association. However, some caution must be taken when 

considering their results. They report that the data from a number of measures displayed 

high levels of skew and kurtosis and to normalise this, transformations were conducted, log 

transforms on the phoneme deletion and naming speed data and square roots of the reading 

and spelling scores. While the transformation of data is a valid statistical tool, it does 

change the nature of underlying constructs measured (Grayson, 2004). In particular, the as 

analysis is performed on the transformed variables, not on what was actually measured, 

relating the results back to the variables of interest introduces some ambiguity. In this case, 

because several variables underwent different transformations, interpreting the data is even 
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more difficult. For this reason, some experts in the field of psychological statistics argue 

against using different variable transformations in the same analysis (e.g., see Field, 2010, 

pp. 154-156).  

 Before continuing onto the next section, research from some recent studies that have 

investigated these relationships in logographic scripts also points to the importance of RAN 

in reading acquisition. These scripts are even more opaque and inconsistent than English, 

and therefore may rely less heavily on phonological awareness as a prerequisite to reading 

acquisition33. Pan et al. (2011) examined early RAN and syllable awareness skills and an 

invented spelling measure from the primer reading script34 of Pinyin, in a cohort of 262 

Chinese children (aged six). They established that each of these measures independently 

predicted untimed Chinese character reading for ages seven through to ten years, and 

English word reading for ages eight and ten years. However, only early RAN and 

vocabulary abilities predicted significant variance when examining Chinese character 

reading fluency in the later grades (even after controlling for early Chinese character 

recognition). While this does not discount a phonological factor as underpinning some 

aspects of the RAN reading relationship, it does demonstrate that the relationship is still 

strong in scripts, which are only minimally based on phoneme-grapheme correspondences, 

and confirms the importance of RAN for the development of fluent reading skill.  

Overall, support for the double deficit hypothesis in the crosslinguistic research is 

somewhat mixed. Support for the prediction that the RAN–reading relationship would be 

more prominent in orthographies that rely less on phonological skills (e.g., phonological 

analysis and synthesis) has been equivocal, suggesting that the relationship is more 

complex than originally envisioned by Wolf and Bowers (1999). However, similar to the 

                                                 
33 Only about 25% (when lexical tone is considered) of pronunciations of Chinese characters can be 
predicted from a sound-grapheme relationships (Shu & Wu, 2006, cited in Pan et al., 2011). 
34 Pinyin is a phonologically based script.  
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English studies, it does appear to suggest that RAN remains an important independent 

predictor of reading (especially reading fluency) both concurrently and longitudinally.  

 The independence of RAN from PA and PM. 

As seen above, research relating the independence of RAN tasks from the 

phonological processes of PA and PM has been taken as providing some support for the 

double deficit formulation. This independence has certainly been a central factor in many of 

the studies reviewed so far. In addition to these, Wolf et al.(2000) reported on several 

studies that suggest that RAN and phonological processes are only mildly correlated. 

Blachman (1984) tested three RAN measures and three PA measures in first graders. Her 

results indicated no significant correlations between the two types of measures. In a study 

investigating the construct of a general phonological factor underpinning the reading 

performance of at-risk children, Felton and Brown (1990) also found no significant 

correlations between the RAN measures and the phonological measures. A more recent 

meta-analysis of RAN–PA correlation evidence by Swanson et al. (2003) appears to 

confirm that overall, the two constructs are only moderately correlated (r = .38). Swanson 

et al. (2003) also employed exploratory factor analysis techniques and showed that PA and 

RAN loaded onto separate factors. 

Other researchers have confirmed that RAN accounts for significant variance in 

reading skill beyond that from phonological (and other) processes. Powell et al. (2007) 

examined the reading related skills of 884, seven- to ten-year olds in research investigating 

the relationships between RAN, PA, PM and processing speed and their contribution to 

reading outcomes.  For the initial analysis, Powell et al. (2007) demonstrated that, in line 

with Wolf and Bowers’ (1999) model, the children could be identified as belonging to one 
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of four subtypes based on their RAN and PA scores35, i.e., no deficit,  normally developing 

(n = 614), a single deficit in PA (n = 106) or RAN (n = 81), and a double deficit group (n = 

45)36. The authors suggested this was an important confirmation as it supported the 

occurrence of RAN deficits in the absence of PA deficits. In modelling the relationships 

between the three variables and their contribution to reading outcomes, Powell et al. (2007) 

determined the models allowing RAN to be independent from the phonological processes 

of PA and PM provided the best fit for their data.  

Vaessen and Blomert (2010) examined the development of reading fluency over 

grades 1 to 6, in a cross-sectional study of a cohort of 1423 unselected Dutch children. 

Although this study was undertaken to examine the predictions of dual route reading 

models (e.g., Castles, 2006), their findings also have implications for the double deficit 

hypothesis. The tests included a shortened version of the RAN tasks (15 items per page) for 

letters, digits and objects, phoneme deletion (accuracy and response time), and reading 

speed and accuracy measures for three types of word lists: high frequency, low frequency 

and nonword. Using a dominance analysis (see Azen & Budescu, 2003) they established 

that as the students became better readers, their reliance on PA skills diminished while their 

reliance on the skills that underpin RAN grew stronger. This pattern was especially evident 

for the high frequency word lists, with the fluency for the nonword lists still showing more 

reliance on PA skills for the highest grade. Vaessen et al. (2010) extended these findings to 

other written language scripts which varied in their orthographic transparency. They 

reported that a similar transition from PA based decoding skills to the automaticity/rate 

based abilities underpinning RAN occurred in each language as the children became more 

                                                 
35 This was done on the basis of being greater than 1SD below the mean score for that individual construct.  
36 From this it is apparent that data from 38 children are missing from the analysis. Twelve of these are 
accounted for in-text as having > 5 errors on the RAN task, the reasons for excluding the rest are not 
explicitly referred to. 
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proficient readers regardless of orthography, but that the degree of opaqueness 

(inconsistency) in the orthography delayed this process. 

Vaessen and colleagues argued that their results suggested that there was only one 

reading system for alphabetic scripts (underpinned by phonological analysis and synthesis 

skills) and that the same cognitive systems are recruited regardless of the orthography 

involved. Again, these results contradict the original assumption made by Wolf and Bowers 

(1999) in the above section, that reading acquisition may be somehow different in shallow 

orthographies and rely more heavily on the processes underpinning RAN rather than PA. 

However, although maintaining the importance of phonological processes for early reading, 

their results also clearly indicate that RAN and PA contribute independent variance to 

reading fluency. In addition, contrary to their previous results (Vaessen et al., 2009) the 

confirmatory factor analysis for this study suggested the both speed and accuracy PA 

measures loaded onto a single factor, while the RAN tasks loaded onto another. So, while 

Vaessen and colleagues advocate a single universal reading system for alphabetic scripts, 

they also suggest that this system contains multiple processes and that there is a transition 

from the effortful decoding to fluent retrieval mediated by a transition from PA skills to the 

skills underpinning RAN.  

Another factor to consider in interpreting their results is the shortened nature of 

their RAN tasks (15 items vs. the usual 50 items). A clinical aspect of the RAN 

performance deficit in dyslexic individuals reported by a number of highly experienced 

clinicians (personal communications) is that it seems to become increasingly pronounced as 

they progress into the RAN task. It is thus possible that the shortened RAN tasks used in 

these studies (Vaessen et al., 2010; Vaessen & Blomert, 2010) may weaken the relationship 

between RAN and reading.  
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It is now acknowledged by many researchers, even those espousing a phonological 

core deficit underlying reading disorder (e.g., Vellutino et al., 2004), that RAN and 

phonological processes appear to make independent contributions to reading outcomes, 

especially for fluency measures. Whether this independence indicates that the RAN deficits 

observed in dyslexic readers do not originate from some form of underlying phonological 

processing problem is still a matter of debate. Some researchers suggest that this 

independence is to be expected as both the PA and RAN tasks involve processes outside the 

phonological system, but that this does not negate the possibility that some basic 

phonological principle (say the speed of lexical access) lies at the heart of both processes 

(Vaessen et al., 2009; Vellutino et al., 2004).  

Distinct subtypes of deficit (PA only, RAN only and a combined subtype) in 

reading disordered populations. 

Leaving aside the discussions about the exact nature of the mechanisms underlying 

possible RAN deficits in specific reading disorders, there is also intense debate about 

whether or not there are enough reading disordered individuals demonstrating single RAN 

deficits to warrant their categorisation as a subtype. A related point is the prediction of 

Wolf and colleagues (Wolf & Bowers, 1999; Wolf, Bowers, et al., 2000) that the double 

deficit subtype group would display the greatest reading difficulties. One method of 

investigating these questions has been by using a post hoc analysis of phonological 

awareness and RAN abilities and examining whether the appropriate subgroups predicted 

by the double deficit hypothesis emerge. Similar to the Powell et al. (2007) study reviewed 

previously, several studies (Manis et al., 2000; Papadopoulos, Georgiou, & Kendeou, 2009; 

Schatschneider et al., 2002) have successfully extracted reasonable numbers for each of the 

predicted subgroups from larger unselected groups of children. The results of these studies 

have also supported Wolf and colleagues’ (Wolf & Bowers, 1999; Wolf, Bowers, et al., 
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2000) second prediction by showing that the double deficit profile groups generally 

demonstrate the greatest difficulties on the early reading measures. 

However, it is important to note that the subgroups in these studies were obtained 

based on criterion cut-off scores (usually 1SD below the expected age/grade mean for the 

relevant skill). Therefore, while the individuals in these subgroups show the appropriate 

relative skill deficits in PA and/or RAN, they do not necessarily meet the criteria for having 

a diagnosable reading disorder. In addition, the age of the participants in the Manis et al. 

(2000), Papadopoulos et al. (2009) and Schatschneider et al. (2002) studies (kindergarten to 

grade 2) means that they are, for the most part, too young to make wholly accurate 

predictions about their future reading abilties. Because of these factors, extending these 

findings to specific reading disordered populations is problematic at best. 

Other studies have directly investigated the existence of the predicted subtypes 

within reading disordered populations. Pennington et al. (2001) examined younger (aged 7–

11 years) and adolescent (aged 12–18 years) dyslexic readers on measures of speech 

perception, phoneme awareness, lexical retrieval (discrete naming and RAN), articulatory 

speed, and verbal short term memory. Similar to the Vaessen et al. (2009) study reviewed 

above, Pennington et al. (2001) found that very few individuals in their sample fit the 

naming deficit only subtype (one individual from each age group). However, they did 

identify both double deficit and single PA deficit groups and establish that the double 

deficit group were generally more impaired in their literacy skills. Pennington et al. (2001) 

also confirmed that PA and RAN both contribute independent variance to reading outcomes 

with RAN the stronger predictor of reading fluency (in this case a timed text reading 

measure). They also noted that the RAN–reading relationship was much stronger in the 

more severely disabled readers.  
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Other researchers (e.g., Compton et al., 2001; Lovett, Steinbach, & Frijters, 2000; 

Morris et al., 1998; Wolf et al., 2002) have been more successful in identifying the various 

subgroups predicted by the double deficit hypothesis in selected reading disordered 

populations. Compton et al. (2001) analysed the data obtained from a large number of 

individuals in a twin study for whom at least one of each pair had been diagnosed with 

reading difficulties (N = 476, aged 8 to 18 years). To be included in the reading disordered 

cohort, participants had to score below 1.5 SD of the mean compared to their age mates on 

a composite measure of single word reading (from untimed and ‘timed’37 word recognition 

tests) and have a VIQ standard score above 85. They reported finding distinct groups based 

on all the Wolf and colleagues’ (Wolf & Bowers, 1999; Wolf, Bowers, et al., 2000) 

subtypes. They also confirmed that those displaying a double deficit demonstrated the 

greatest literacy difficulties. 

Despite findings that supported the existence of the subtypes proposed by Wolf and 

colleagues (Wolf & Bowers, 1999; Wolf, Bowers, et al., 2000), both Schatschneider et al. 

(2002) and Compton et al. (2001) took issue with the double deficit hypothesis. These 

researchers have questioned the statistical validity of classifying by deficit type and, in 

particular, the resultant prediction that those displaying the classic dual deficit (PA and 

RAN) would be the most impaired readers (especially in reading comprehension). These 

reservations have been cited as being “the most serious challenge to the double deficit 

theory of reading disability” (Vellutino et al., 2004, p. 15). 

Schatschneider et al. (2002) proposed that the evidence in support of an additive 

function for RAN deficits in the very poor literacy outcomes of the classic double deficit 

subtype may be explained as being a statistical consequence of the correlation between PA 

                                                 
37 The ‘timed’ isolated word recognition test scored accurate responses when initiated within 2 seconds of 
the stimulus word presentation (see Olson, Wise, Conners, Rack, & Fulker, 1989). No rate/latency measure 
was recorded.  



60 
 

and RAN. Using their data, Schatschneider et al. (2002) demonstrated that a curve-linear 

relationship existed between PA and their literacy outcome measures such that poorer PA 

skills were more strongly associated with reading outcomes. They suggested that this and 

the correlation between PA and RAN would make it likely that the double deficit group 

will generally have lower PA skills than the single deficit PA group. This undermines the 

argument that the poorer literacy skills typically seen in the double deficit group compared 

to the single deficit groups are the result of an added deficit in RAN performance, rather 

than simply their comparably poorer PA skills. Ideally, they suggest that the relationship 

could be tested by matching the single deficit groups to the double deficit group on the 

basis of the deficit dimension (PA or RAN).  Unfortunately, they also argue this would 

likely fail as it would be difficult to find single PA deficit matches (i.e., those having 

average RAN abilities) for the individuals who score very low on the PA dimension in the 

double deficit group because of the correlation between PA and RAN. While they provided 

support for this argument by citing the Compton et al. (2001) study reviewed below, given 

the strength of their statement, it is somewhat surprising that they did not test their 

assumption on their own data.  

However, despite their concerns, they also concede that RAN appeared to be more 

associated with future fluent reading abilities than with early decoding abilities, and as 

noted above, they do report substantial representative samples for each of the subgroups 

predicted by the double deficit hypothesis. It is interesting that in reconciling these findings 

to their position they state:  

The naming speed deficit in children with both phonological awareness and rapid 

naming deficits may well be driven by deficits in phonological processing and not 

some independent process that is nonphonological. Such an observation does not 

extend to the rate deficit group, which should not be impaired in accuracy of word 
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recognition skills (Manis et al., 2000; Morris et al., 1998; Wolf & Bowers, 1999). 

Scrutiny of this subtype [emphasis added] may be particularly revealing in 

addressing whether naming speed deficits exist independent of phonological 

processes. (Schatschneider et al., 2002, p. 255) 

As indicated above, Compton et al. (2001) attempted matching the subtyped groups 

along the lines outlined by Schatschneider et al. (2002) above (with some success, but see 

below). On the basis of their interpretation of the double deficit hypothesis, Compton et al. 

(2001) predicted that even when matched on the relevant processing deficit (PA or RAN), 

the double deficit group should be significantly more impaired readers (across most reading 

outcome measures) when compared to the corresponding single deficit group. In short, in 

terms of the pattern deficits and their effects on reading outcomes their understanding of the 

Wolf and Bowers (1999) thesis was that ‘the whole should be greater than the sum of the 

parts’. Contrary to this, they reported that the group differences on the literacy measures 

related to the matched variables disappeared. That is, the double deficit group performed 

similarly to the single PA deficit group on the nonword decoding and spelling measures 

when matched on PA, and performed similarly on the rate related reading measures to the 

single RAN deficit group when matched on RAN. In dissecting their analysis, they 

suggested that dichotomising continuous variables (PA and RAN) to artificially construct 

the subtype groups increases the probability of type 1-error rates and reduces the power to 

detect their true relationship to reading outcomes. They conclude “that differences between 

the double-deficit group and the single-deficit groups found using the traditional subtyping 

criteria are a result, in part, of mismatches between the double- and single-deficit groups on 

the subtyping variables” (Compton et al., 2001, p. 147). However, despite these misgivings, 

the degree of reading impairment in the double deficit group did appear to be the result of 
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the additive contributions of PA and RAN, a finding that supports the basic assertion of the 

double deficit hypothesis, if not their (Compton et al., 2001) interpretation of it. 

As noted by Schatschneider et al. (2002), the Compton et al. (2001) matching 

procedure—removing the data for individuals in the single and double deficit groups whose 

PA and RAN data fell 2.5 SD below the control group PA and RAN means—also resulted 

in a substantial loss of data, especially that of the most reading impaired individuals. While 

this may, in part, be a reflection of the statistical concerns raised by Schatschneider et al. 

(2002), the reported pattern of data culling across the groups suggests that a considerable 

number of single PA deficit individuals were also removed (data loss percentage: double 

deficit = 68%, PA only = 41%, RAN only 6%). This calls into question the assertion of 

Schatschneider et al. (2002) that attempting to match a significant number individuals in 

double deficit subtype to individuals in the PA only (on PA) subtype would likely fail. 

Indeed, it would be interesting to reexamine their data using a more rigorous matching 

procedure (i.e., using an individual rather than a group based matching technique). In an 

associated confound, this study also provides a clear example of the concerns of Wolf and 

colleagues (Wolf & Bowers, 1999; Wolf, Bowers, et al., 2000) about the bias created by 

using a purely phonological processing account for reading difficulties. As noted above, the 

criteria used by Compton et al. (2001) to designate reading disorder, and thus inclusion in 

their analysis was based on measures for isolated word reading accuracy and only obliquely 

assessed reading rate/speed. The absence of a clear rate based reading measure in the 

defining criteria for the reading disordered group may have resulted in the under-

representation of individuals with the purported predominantly nonphonological reading 

rate based deficit in both the double deficit and single RAN deficit groups.  

Finally in exploring this question, a recent study by O'Brien, Wolf and Lovett, 

(2012) examined the viability of forming taxonomically distinct subgroups using data from 
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671 children aged 6 ½–8 ½ years, with a clinical diagnosis of dyslexia. Most of the research 

investigating the viability of subtyping dyslexics into the groups predicted by the double 

deficit hypothesis has used latent modelling procedures that rely on regression techniques. 

As has been pointed out, concerns have been raised about this style of analysis due to the 

intercorrelation of the principal variables involved in the categorisation of the subgroups. 

An additional factor to consider is that these techniques impose a strict external structure 

onto the data to test the viability of particular predetermined models. Taxometric analysis38 

has several advantages over linear modelling procedures. The first is that taxometric 

analysis does not rely on regression and therefore the presence of intercorrelations between 

variables is not an issue. The second is that while some structure is externally imposed 

through the selection of the subtyping variables, it allows the data to speak for itself more 

freely. Specifically, taxometric analysis seeks only to identify whether a variable of interest 

within a given data set forms categorical substructures (i.e., discrete groups of those with 

and those without) or whether that variable is best described as being dimensional or 

continuously distributed across the data. As far as the present author is aware, O'Brien et al. 

(2012) are the first researchers to apply this sort of technique  in investigating this question. 

O'Brien et al. (2012) examined two main questions: 

“(1) Are all children with severe reading disorders the same with regard to having 

PD [phonological deficit]? and  

  (2) Are naming speed deficits a separate characteristic from PDs that contribute to 

different forms of reading disability?” (p. 19).  

In their data analysis, O'Brien et al. (2012) employed three different taxometric 

procedures and interpreted their results in light of the degree of consenus between these 

analyses. For the first question, based on the most conservative cut off level for the 
                                                 
38 To review taxometric analysis techniques see Meehl (1995) or Schmidt, Kotov, & Joiner(2004). 
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recommended criterion estimate, the analysis suggested that the data contained two distinct 

subpopulations: one with and one without phonological deficits. Within the analysis, all 

three of the taxometric procedures confirmed this interpretation. Examining the resultant 

subgroups more closely revealed that the nonphonological deficit group showed 

significantly more individuals in the below average range of ability for the naming speed 

and text reading fluency tasks, but not for the list reading tasks or the listening 

comprehension, vocabulary and spelling measures.  

Results for the second question were not as clear-cut and only one of the three 

taxometric procedures supported a clear structural separation based on naming speed 

difficulties. However, considering that two of the three procedures produced criterion 

estimates above the least conservative cut-off which would still yield a > 98% accuracy 

rate, and that the average for all analyses was above that cut off (Ruscio, Walters, Marcus, 

& Kaczetow, 2010), their findings at least lend weight to the argument that naming speed 

and related deficits may constitute a separate group. Also worth noting are the 

developmental trajectories of the two variables upon which the taxometric analysis is 

based, especially the changing relationship between RAN and reading fluency measures. 

As noted above, as children develop the basics of literacy, their skills transition from 

decoding/encoding skills to more fluency related skills. Therefore under these 

circumstances it is reasonable to assume that more children who show specific rate related 

deficits in the absence of PA deficits will be identified as they enter these more advanced 

stages of reading acquisition. Given the age range of the participants in this study and many 

of the other studies cited above, it is possible that the samples used in these analyses were 

too young to include many purely rate disabled readers as that specific difficulty has yet to 

be clearly indentified. 
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Neurological evidence. 

Wolf and colleagues (Norton & Wolf, 2012; Wolf & Bowers, 1999; Wolf, Bowers, 

et al., 2000) have also cited neurophysiological evidence to support their thesis that 

separate phonological and rate related systems are causally implicated in the expression of 

developmental dyslexia. Some of this evidence has been reviewed in other sections above 

(e.g., Galaburda et al., 1985; see p. 10). However, as the methods and measures employed 

in this thesis are behavioural, the bulk of the discussion of this literature will be confined to 

some speculations in the general discussion of the final chapter.  

Summary and Conclusion. 

The amount of research into literacy development and its disorders is vast and quite 

complex. The aim of this chapter has been to provide the reader not with an exhaustive 

review but with a flavour of this research, especially on the points of divergence between 

those advocating a predominantly phonological basis for developmental dyslexia and those 

advocating a more multicausal (double deficit) model. Although some of the evidence 

provided above is contradictory, several islands of consistency have emerged. While not 

relinquishing the primacy of phonological processes as the core deficit in dyslexia, many 

researchers now concede that RAN deficits appear to contribute significant independent 

variance to reading outcomes. Also acknowledged is the fact that the RAN task itself is 

complex and multimodal. Most researchers also concede the importance of different 

interacting processes as contributing to the dynamics of reading, e.g., Hulme et al. (2005) 

state, “...we believe that it is far more effective to examine the role of phonological skills in 

learning to read in the context of a multicausal model in which there may be moderated and 

mediated relationships operating.” (p. 362).  

Another consistent finding regardless of the underlying theoretical position of the 

research has been the finding that, on the whole, RAN is more directly associated with 
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measures of reading fluency than decoding/encoding. An implication of this, and one that 

may underpin some of the conflicting findings in the studies above, is the need for 

researchers to be aware of their own theoretical biases about what constitutes a reading 

disorder. Put another way, are some readers disadvantaged solely due to slow and dysfluent 

text reading abilities, rather than their ability to read and spell individual words? As the 

evidence from some of the studies reviewed above seems to suggest, the undervaluing of 

reading speed as an important contributor in educational outcomes, results in the 

differences in experimental design, selection of participant groups, and the diagnosis of 

specific reading disorder. That this is the case is certainly one of the main arguments for 

examining dyslexia under the lens of a multicausal framework. 

Because of these consistencies, research examining the double deficit hypothesis 

has gained considerable momentum over the past few years and a good proportion of this 

research supports the importance of considering the presence of a specific RAN fluency 

related deficit for some dyslexics. Despite this, relatively few studies have directly 

examined the contention that the problems these dyslexics have with RAN are the result of 

deficits in the temporal processing requirements for the rapid synchronisation of multiple 

sensory input and output systems. Certainly, one of the difficulties in examining this thesis  

has been the fuzzy nature of the proposed ‘temporal processing deficit’ (Vellutino et al., 

2004).  However, increasingly techniques capable of examining the component processes 

involved in RAN and reading tasks are being developed and refined, with some exciting 

results (see the section on the multiplicity in RAN subcomponents and their relation to 

reading above). In particular, this research suggests that the ability to rapidly and precisely 

synthesise and integrate multimodal input/output processes in response to external stimuli 

may be compromised in some dyslexic individuals. 
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 Chapter 3: Musical Ability/Training, Temporal Processing and Literacy 

 

As was outlined in the previous chapter, three key abilities have been shown to be 

highly predictive of literacy outcomes: phonological awareness (PA), phonological memory 

(PM) and rapid automatised naming (RAN). However, despite a great deal of research, the 

role these abilities play in the development of literacy skills and the cognitive mechanisms 

that underpin them are still hotly debated by scholars. The series of studies presented in this 

thesis is designed to investigate the cognitive processes underlying a specific literacy 

outcome, reading fluency, and the ability shown to be most constantly associated with this 

outcome, RAN. 

In this project, the predictions of two theoretical models of literacy development 

and disorder will be tested: The phonological processing model (Wagner & Torgesen, 

1987) and the double deficit hypothesis (Wolf & Bowers, 1999; Wolf, Bowers, et al., 

2000). These models view the underlying mechanisms supporting RAN and the 

development of reading fluency quite differently. The phonological processing model 

places PA, PM and RAN abilities within a language module subsystem that specifically 

processes speech-sounds.  The double deficit theory suggests that while linguistic processes 

underpin the development of PA and PM and hence literacy skills acquisition, other 

nonlinguistic processes (possibly temporal processing) contribute substantially to the 

development of RAN and reading fluency.  

Central to this investigation is an examination of the purported relationship between 

musical ability/training and literacy development. Musical activity is as ubiquitous to the 

human species as language. This observation has led some theorists to suggest that both 

have evolutionary origins in a single protolanguage progenitor (Brown, 2001; Darwin, 
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1871/2006; Mithen, 2005). Providing some support for this claim is evidence that music 

and language processing share some of the same cognitive architecture (Besson, Chobert, & 

Marie, 2011; Koelsch, 2011; Patel, 2003; Wong, Skoe, Russo, Dees, & Kraus, 2007). 

Human musical activities, particularly indigenous and popular forms, are also intrinsically 

linked to speech through chants and songs. Given these connections, it is plausible that 

musical training could strengthen the speech-sound processing abilities that the 

phonological processing model (Wagner & Torgesen, 1987) suggests underpin the 

development of literacy (i.e., PA, PM and RAN). As predicted by the phonological 

processing model, the logical consequence of this would be an improved literacy 

acquisition rate for children experiencing musical training. 

However, human musical activity also differs significantly from language and 

speech on many levels. Most pertinent to this thesis is that speech productions occur as part 

of a linear series of discrete events, whether as a solo effort or within a group. Whereas, 

musical activity (particularly instrumental and dance forms) most often occurs in concert 

with many actors working concurrently (although not always equally), contributing to the 

whole. This requires a high level of temporal processing capacity, both to identify and 

predict regularities in the contributions of the other actors, and to integrate the musical 

information so as to synchronise appropriate responses in the ongoing musical experience. 

In short, musical activity is far more temporally regulated than spoken language. Therefore, 

from the reasoning of Wolf and colleagues (1999, 2000) and the double deficit hypothesis, 

any facilitation musical training may have on reading fluency could also be the result of 

improvements in aspects of temporal processing capacity, an outcome that would also be 

observed in the enhancement of RAN abilities (but not PA or PM). This chapter will review 

some of the literature examining the relationships between musical training/ability and 

literacy development and provide the reader some of the background needed to understand 
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the rationale, design and execution of the research program presented in the following 

chapters. 

Meta-analytic Studies 

The question of whether or not musical training can improve reading outcomes has 

been investigated, yet the results of these studies have often been confusing and 

contradictory. This is not unusual in research generally and can be attributed to many 

factors including differences in design, method, measures, theoretical premise, and the 

sample populations examined. One way to look beyond these differences is to conduct a 

meta-analysis and assess the combined weight of evidence provided from multiple studies. 

For this particular question two major meta-analyses have been published, one by Butzlaff 

(2000) and one by Standley (2008). Butzlaff (2000), initially examined correlational studies 

involving students who had some experience of musical training and those who reported no 

such training. Of the 24 studies included in this meta-analysis, 19 had positive effect sizes 

indicating the musicians were better than controls on measures of literacy, 15 of which 

were significant. For the meta-analysis, Butzlaff (2000) reported a mean statistically 

significant effect size (r =.17, t (23) = 4.2, p < .001; weighted mean of .19) that supported a 

positive relationship between musical training and literacy outcomes. Also included in this 

analysis was the computation of a file draw fail safe statistic based on Stouffers Z 

(Rosenthal, 1991), which suggested that a total of 805 587 studies averaging null results 

(i.e., p = .50) would be needed to bring the combined results of these studies to the just 

significant level (p = .05). 

Although these statistics are promising for the overall premise, care must be taken 

when interpreting them. In any analysis based on correlational studies, no causality or 

directionality can be ascribed to the results. In addition, the average size of the association 

over these studies (r = .19) is relatively small and could easily be attributed to some shared 
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variance from population based confounds such as IQ, socioeconomic status (SES) and/or 

gender. While the size of the file drawer fail safe statistic is impressive, some researchers 

have expressed concerns with both the logic of the underlying assumptions and with the 

method of calculation (Darlington & Hayes, 2000; Scargle, 2000). However, applying a 

more conservative test (Rosenthal, 1991, p.261, equation 23) to the data supplied by 

Butzlaff (2000) suggests that 27639 nonsignificant studies would need to be included bring 

the overall p to .50 (not to .05), which still provides a substantial argument for disregarding 

distortions stemming from possible publication bias. The second meta-analysis reported in 

Butzlaff (2000) examined causal/experimental studies. Only six causal studies meeting the 

inclusion criteria were found, of which only two had been published. The result from this 

analysis was not statistically significant, t(5) = 1.06, p > .05, although the mean effect size 

(r = .18) was similar to the previous correlational analysis. 

The more recent meta-analysis by Standley (2008) also examined the literature for 

causal/experimental studies. Standley (2008) identified 30 studies that met the selection 

criteria, eight of which had been published, the rest being masters and doctoral 

dissertations. The results indicated a moderately strong, statistically significant mean effect 

size across all the studies (d = .32, 95% CI = .23/.41, p < .001), suggesting that musical 

training is advantageous to literacy development. When examined in greater detail, the 

facilitation effect musical training had on literacy outcomes was greater for children with 

identified literacy acquisition weaknesses; at risk n = 1240, d = .55; ESL n = 2, d = .96; 

special education students n = 3, d = .81, than for normally developing children; n = 13, d = 

.14. There was also a trend suggesting early interventions were more successful than later 

interventions; PreK–kindergarten n = 12, d = .62; elementary school n = 17, d = .25, junior 

                                                 
39 According to Rosenthal (1991) a ratio of missing to included studies exceeding 5:1 is a reasonable rule of 
thumb for discounting possible publication bias effects.  
40 Indicates the number of studies included in the sub-sample.  
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high n = 1, d = .00. It is worth noting that by including unpublished studies in the analysis, 

Standley to some extent mitigated the assumption of a positive bias in the published 

studies. In line with this assumption, the overall mean effect for only the eight published 

studies was an impressive .86. Although Standley (2008) did not include a fail safe statistic, 

a quick calculation using the same conservative approximating method as that above 

(Rosenthal, 1991, p.261, equation 23) shows a further 280 nonsignificant studies would be 

needed to be included in the meta-analysis to bring the overall p to .50.  

Cross-sectional/Correlational Studies 

The results from the above meta-analyses show that the overall weight of the 

evidence supports the contention that there is a positive association between musical 

training/ability and literacy outcomes and that this association may be causal in nature. 

However, most of the studies included in these meta-analyses do not examine why or how 

musical training may positively impact literacy development, only if musical training had a 

positive impact on literacy outcomes. Because of this, the results do not provide much 

guidance for examining the possible underlying mechanisms of the association. To consider 

this question, individual studies exploring the relationships between specific musical and/or 

literacy subskills must be investigated. As the questions addressed in this thesis concern the 

links between temporal processing, musical rhythm/beat processing and the development of 

skills related to reading fluency (particularly RAN), the following discussion will focus on 

studies examining these particular relationships.  

An early exploratory study by Ewers (1950) examined a number of auditory 

discrimination tasks and the relationship these tasks had to silent and oral reading measures 

in 140 high school students. Thirteen measures were nonverbal musical processing 

measures and 21 were verbal processing measures (associated with PA and PM). Although 

this study predated the formulation of the phonological processing model (Wagner & 
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Torgesen, 1987), the overall results support the contention that literacy development is 

related to linguistic processing abilities and not general (auditory) processing capacities. 

The findings showed that all the verbal (speech-sound) processing measures were 

significantly associated with the reading measures while most of the nonverbal (musical) 

processing measures were not. However, two musical measures relating to pitch processing 

were very strongly, but differentially, related to the reading measures. In fact, the single 

measure most strongly correlated with the silent reading test was a pitch discrimination test 

for brief tones (r = .70). The other pitch processing measure, a tonal memory test, was the 

second most strongly associated measure in the oral reading test (r = .55)41. Ewers 

hypothesised that the first result may have been more related to some form of general 

temporal processing ability or attention than to pitch processing based on the idea that the 

silent reading test was timed (and therefore a reading fluency measure) while the oral 

reading test was not. Ewers suggested the second result might relate to visualization 

strategies that researchers of the time believed to be commonly employed by visually based 

learners. It was thought that visual learners automatically converted nonvisual stimuli into 

visual patterns or pictures with little intrinsic analysis of the original stimulus signal. For 

example, a tonal sequence may be converted into a pitch contour map, or a spoken word 

may become a logographic word-picture (Frith, 1985), particularly when associated with 

text.  

 Like Ewers (1950), Parker (1970) found a relationship between some aspects of 

musical perception and reading ability but ascribed these differences to nonmusical factors. 

In this study, Parker (1970) compared high school student poor readers to average readers 

                                                 
41 Pitch discrimination measures usually compare single consecutive tones as same/different or 
higher/lower. This measure also often (but not in this case) derives a difference limen outcome. Tonal 
memory measures compare two short consecutively presented melodic passages. Both passages are 
rhythmically identical but may differ in the pitch of one tone. A same different judgement is made.  
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and found that the poor readers also had significantly poorer tonal memories than the 

average readers. However, the other musical ability measures (pitch, harmonic and 

rhythmic discrimination tasks) did not significantly discriminate the two groups. Because 

the discrepancy between the groups on the reading outcomes was far greater than the 

discrepancy on the tonal memory measure, Parker suggested that the tonal memory 

advantage found in the normal readers was more likely related to group differences in the 

memory component than to any musical perceptual deficits or strengths. Despite this, 

Parker did note a few individuals, particularly in the poor reader group, whose “lack of 

rhythmic sense may be sufficient to greatly hinder comprehension in speech and so 

indirectly hold up reading progress” (p. 246). This was supported by a significant overall 

correlation (pooled over both groups) between the rhythmic perception tests and the reading 

outcome measure. 

Atterbury (1983, 1985) examined tonal and rhythmic processing in 7-to-9 year old 

learning disabled readers and normal readers. The results from these studies showed that 

the disabled readers performed significantly more poorly on the tonal memory and the 

rhythmic production (but not discrimination) tasks than the normal readers of the same age. 

In another study by Barwick, Valentine, West, and Wilding, (1989) the relationships 

between reading age, pitch discrimination, tonal memory, chord analysis, rhythmic memory 

and verbal memory (digit span) were explored in a group of children (N = 16, aged 7-to-10 

years) enrolled in a school with a strong focus on remedial reading education. These 

authors found statistically significant positive relationships for both tonal memory and 

reading age, and chord analysis and reading age, after accounting for the shared variance of 

age and IQ. The rhythmic memory measure was not associated with reading age but was 

significantly related to digit span (a measure often now used to assess PM). However, this 

was found only in the first cohort studied and in a larger follow-up study (N = 40, aged 6 
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½-to-11 ½ years) conducted at the same school one year later, the rhythmic memory–digit 

span relationship was not evident. 

Douglas and Willatts, (1994) investigated the relationship between pitch 

discrimination, rhythm discrimination, reading and spelling ability in 7-to-8 year old 

children. After controlling for vocabulary skills, they found that rhythm but not pitch 

discrimination skills were significantly related to reading and spelling abilities. The above 

studies appear to confirm a relationship between specific aspects of musical processing and 

literacy development. But for the most part, they have only examined these relationships in 

regard to measures of general reading outcomes. To explore why musical ability/training 

and literacy may be linked, research must be also be conducted examining the predictions 

inherent within particular paradigms or theories of literacy development. 

With insight from the phonological processing model, Lamb and Gregory (1993) 

examined the relationships between musical perceptual processing skills, a phonological 

processing skill (PA), and early phonics and reading skills in a prekindergarten class (N = 

18; mean age = 5 years 1 month). The abilities tested were musical pitch and timbre42 

perception, simple reading measures (print concepts, letter identification, word matching 

and identification), phonic reading (letter-sound blends and decoding simple nonsense 

words), phonemic awareness (onset–rime discrimination) and general nonverbal ability. 

They found that musical pitch discrimination, but not timbre discrimination, was strongly 

and significantly correlated to phonemic awareness (r = .65) as well as simple and phonic 

reading (r = .74 and r = .59 respectively), even after accounting for age and nonverbal IQ. 

These authors related this finding to evidence from speech signal processing studies that 

show rapid frequency transitions carry much of the linguistic information needed to 

                                                 
42 Sound quality/spectral discrimination, i.e., identifying that a trumpet sounds different to a violin even 
when playing the same pitched note.  
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discriminate phonemes (Liberman, Cooper, Shankweiler, & Studdert-Kennedy, 1967). In 

addition, the idea that literacy acquisition relies in part on the ability to process rapidly 

occurring/changing (i.e., temporally ordered) auditory stimuli successfully and efficiently 

has been adopted by several well-known theories of literacy development (see the previous 

chapter, e.g., Stein & Walsh, 1997; Tallal, 1976). As such, the ability to quickly and 

efficiently process pitch information may be related to improved phonological analysis. 

Peynircioglu, Durgunoglu, and Oney-Kusefoglu (2002) examined the associations 

between a general musical aptitude test (Seashore, Lewis, & Saetveit, 1956) and 

tone/phoneme deletion abilities43 in preliterate Turkish and English speaking children. 

Peynircioglu et al. (2002) noted a strong positive relationship between the pitch and 

rhythmic echo production tasks of the musical aptitude test and success in the phonological 

and tonal manipulation tasks that was independent of language background or IQ. Because 

the children were preliterate, they suggested this pointed to some cognitive structural 

overlap in verbal and nonverbal processing when undertaking serial auditory analysis 

and/or memory tasks. They also found language specific patterns. In the English children, 

success at deleting initial and final tones from a melody was related to success at the 

phoneme deletion tasks, while for the Turkish children only the final tone deletion tasks 

were significantly correlated to the phoneme deletion tasks. As the Turkish language 

requires extensive facility in manipulating word endings but not word beginnings, the 

authors discussed the possibility that language specific experiences also impact tonal 

sequencing skills. This interpretation lends further support for the involvement of common 

underlying cognitive structures in verbal and nonverbal auditory processing. 

                                                 
43 The tone deletion task involved singing back a well-known melody without sounding either the initial or 
final tone. The phoneme deletion task required the child to repeat back a word without sounding either the 
first or last sound.  
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In a study by Anvari, Trainor, Woodside, and Levy (2002), 4-to-5 year old children 

were tested on a range of PA, musical, early reading accuracy and cognitive tasks. Overall, 

musical pitch processing, but not rhythm processing was found to be significantly related to 

single word reading accuracy (an untimed measure) and PA. Additionally, pitch processing 

was found to significantly predict reading accuracy independently of PA and PM. From this 

Anvari et al. (2002) concluded that musical auditory perceptual skills are involved in both 

linguistic and nonlinguistic processing and that both aspects may contribute to reading 

outcomes. 

Beat Perception/Production and Prosody 

Although not explicitly investigating the concept of musical rhythm, a number of 

researchers have employed the highly analogous task of synchronous beat tapping to 

explore the role temporal-motor precision plays in reading disorder. Hurwitz, Wolff, 

Bortnick, and  Kokas (1975) investigated the relationship between rhythmic-motor 

(synchronous beat tapping) skills and cognitive and academic outcomes. They compared 

children involved in a school based, early Kodaly music program to those with no formally 

structured ongoing musical training. The groups were matched for age, IQ and SES and 

were assessed on synchronous beat tapping, several rapid naming measures, measures of 

visual-spatial sequencing ability and a test of early reading ability. Significant group 

differences were found for the majority of the measures (including two of the three rapid 

naming measures) and the reading assessment with the music group generally performing 

better than the control group. Unfortunately, the relationships between the synchronous 

tapping measures and the reading related measures (including RAN) were not reported. 

These authors suggested the explicit structured rhythmic training by the music group may 

have improved the children’s general sequencing skills and led to their apparent superior 

performance.  
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A series of follow-up studies by Wolff and colleagues (Wolff, 1993, 2002; Wolff, 

Cohen, & Drake, 1984; Wolff, Melngailis, Obregon, & Bedrosian, 1995; Wolff, Michel, 

Ovrut, et al., 1990) examined the rhythmic-motor abilities of individuals with a diagnosed 

specific reading disorder.  This research was conducted to explore the hypothesis of Tallal 

and Piercy (1973a) that a domain general deficit in processing and coordinating fine 

temporal information may underpin the linguistic and nonlinguistic difficulties often seen 

in this population. Overall, these studies seem to confirm that dyslexic students have 

difficulties in temporally coordinating fine motor responses to a regular external stimulus 

(e.g., beat tapping in synchrony to a metronome) when compared to normally developing 

readers44. However, whether or not these difficulties were related to their reading 

difficulties or simply occurred in parallel was less clear. In one of the first of these studies 

Wolff et al. (1984) compared 12-to-13 year old dyslexic students and average readers on 

reading abilities, synchronous tapping, motor speech and two timed naming tasks (colour 

words and colour patches). The results showed that the dyslexic students were statistically 

poorer in their performance on the bimanual but not unimanual tapping measures, and that 

this was correlated with the reading measures (particularly a text reading measure which 

incorporated a timed/rate reading component) and naming tasks. 

 In a follow-up study Wolff et al. (1990) compared groups of dyslexic students 

(adolescents and adults), to a matched45 groups of learning disabled students who were 

assessed to be reading at grade level or above, and matched groups of normally developing 

students. In this sample about half of the dyslexic students from both age bands displayed 

poorer bimanual coordination than the learning disabled or control students, suggesting a 

                                                 
44 Synchronous beat tapping is a common task for assessing rhythmic ability and the cognitive processes 
associated with temporal precision in research (Aschersleben & Prinz, 1995; Ivry & Keele, 1989; Repp, 2005; 
Williams, Seviers, & Hattwick, 1932). 
45  The learning disabled and normally developing control groups were matched to the dyslexic participants 
on the variables of sex, age, SES and IQ. 
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possible qualitative difference in the pathology of these dyslexic individuals.  However, 

there were no statistical differences between these students (the poor tappers) and the 

dyslexic students without such difficulties on the literacy or IQ measures. RAN was not 

included as a measure in this study. They concluded that: 

The motor deficit may be an outward manifestation of a developmentally stable and 

physiologically plausible deficit that impinges on the timing control of speech and 

language processes in a subgroup of dyslexic subjects. However, the specific 

pathways that such impaired temporal resolution contributes to reading impairment 

remain to be investigated (Wolff, Michel, Ovrut, et al., 1990, p. 356). 

In another study Wolff et al. (1995) investigated whether the poor temporal-motor 

processing ability seen in a substantial subgroup of dyslexic individuals could represent a 

specific phenotype in the disorder (dyslexia). In this study, family members with a first 

degree relative diagnosed with dyslexia were compared to matched members of control 

families. All the participants (including the dyslexic first degree relatives) were assessed on 

measures of bimanual synchronous beat tapping, rapid articulation ability, and RAN. The 

results showed that about 50 percent of the dyslexic individuals tested showed a deficit in 

the bimanual coordination tasks and that the relatives of these individuals were also 

statistically significantly poorer at these tasks. In addition, the poorer performers on the 

rhythmic-motor behavioural measures (bimanual coordination and articulation) showed a 

statistically significantly positive relationship between these measures and their 

performance on RAN, reading and spelling abilities (i.e., poorer rhythmic-motor skill was 

associated with poorer RAN, reading and spelling).  

The studies reported on in Wolff (2002), set out to more closely examine specific 

aspects of the temporal processing deficits seen in his earlier studies. To do so, he assessed 

the synchronous unimanual, bimanual, and rhythmic tapping abilities, and the motor-speech 
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repetition abilities of 10-to-16 year old dyslexic and age/gender matched students. Unlike 

the previous experiments that assessed only the intertap-intervals, this study assessed the 

tapping measures on multiple dimensions including phase matching (in terms of 

anticipation or tracking responses) to the stimulus. Additionally, the speed at which the 

participants were able to recalibrate after the stimulus changed frequency was assessed as 

was their ability to correctly reproduce stress patterns in both verbal and nonverbal stimuli. 

The results showed that the dyslexic students had larger and more erratic phase differences 

in their tapping responses compared to the normally developing readers. They were also 

statistically significantly slower when attempting to recalibrate their tapping to a new 

stimulus speed. Finally they displayed greater difficulty reproducing extended speech 

rhythms (of 3–4 syllables) and had problems reproducing verbal and nonverbal stress 

patterns.  

Wolff (2002) suggests that the foundation of the relationship between measures of 

temporal processing (e.g., synchronous tapping) and literacy skills may be found in a 

common mechanism for processing prosodic speech information and nonspeech rhythmic 

information. Speech prosody comprises the characteristics of phrasal stress, syllable 

lengthening, pitch resetting and intersyllable pausing (Gerken & McGregor, 1998). These 

elements convey to a listener the emotional intention behind the explicit verbal message. 

Wolff (2002) points out “that the biological underpinnings of speech prosody antedate the 

acquisition of words and phrases from both an evolutionary and an ontogenetic 

perspective” (p. 186). Some theorists have suggested that prosodic information provides the 

preverbal listener a means to decode the speech stream by signifying important 

suprasegmental and supersegmental boundaries such as sentences, words and syllables 

(Kuhl, 2004; Weber, Hahne, Friedrich, & Friederici, 2004). This may form the basis of the 

fine grain phonemic segmentation abilities needed to apply the alphabetic principle. 
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However, Wolff (2002) states that his “studies did not address the relevance, if any, of 

these findings for the ‘core deficit’ of segmental phonological processing” (p. 202). Wolff 

postulates that a domain general deficit in temporal processing may affect prosodic 

processing and therefore could represent an additional (to the phonological) underlying 

pathway in the development of reading disorders relating to reading fluency problems.  

Some researchers have also investigated the relationship between musical and 

prosodic–rhythmic processing, others, the relationships between prosodic–rhythmic 

processing, PA and literacy acquisition. Patel and Daniele (2003) hypothesized that the 

rhythmic qualities of a nation’s musical culture would reflect the prosodic qualities of that 

nation’s language. To test this, they conducted an empirical analysis comparing these 

qualities in two languages that differed in their basic linguistic/prosodic structure: English, 

a stress-timed language and French, a syllable-timed language46. Using a measure that 

deconstructed the durational variability of the vowel occurrences for each language, they 

compared these to the tone sequences of their national instrumental musical forms and 

confirmed their hypothesis. 

Wood and Terrell, (1998) used low pass filtering to strip the linguistic content from 

spoken phrases thus leaving only the prosodic/rhythmic features and then asked young 

students to match them to the original phase. The study examined three groups of children, 

one poor reader group and two average reader control groups matched to the poor readers 

on either age (better readers, same age) or reading ability (younger readers, same reading 

ability). They found that the poor readers were statistically significantly worse at the 

prosodic/rhythmic matching task when compared to the age matched control group but not 

the reading level control group. They also found statistically significant overall correlations 

                                                 
46 Stressed timed languages are characterized by equal durations between stresses and syllable timed 
languages by equal durations between syllables.  
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between the prosodic/rhythmic sensitivity measure, phonological processing and the 

reading—an untimed single word reading accuracy test—and spelling measures. Wood and 

Terrell, (1998) suggested that this pattern may be indicative of a degree of maturational lag 

in the development of metrical sensitively for the poor readers.  

A study by Schwanenflugel, Hamilton, Kuhn, Wisenbaker, and Stahl (2004) 

employed structural equation modelling to examine the relationship between decoding 

speed (timed single word and nonword reading), prosodic reading characteristics (inter and 

intrasentential pauses) and reading comprehension. Their modelling suggested that the 

development of fluent word decoding skills permitted the freeing up of cognitive resources 

for prosodic reading, rather than the reverse. This finding supports the phonological 

processing model for literacy skills development by suggesting the strength of internal 

phonological representations may mediate fluent reading via the creation of stronger 

memory traces for phonological information. However the authors acknowledged that their 

method of measuring prosodic reading characteristics was limited and this may have 

impacted on the relationships.  

Contrasting somewhat with the direction of the relationship between decoding and 

prosodic reading in Schwanenflugel et al. (2004) were results reported by Holliman, Wood, 

and Sheehy (2010). This longitudinal study involving 5-to-9 year old children examined 

how well speech rhythm sensitivity skills measured at the beginning of the school year 

predicted reading skills at the end of the school year. Using a series of hierarchal 

regressions Holliman et al. (2010) established that speech rhythm sensitivity predicted a 

significant amount of unique variance in word reading and in reading fluency (phrasing) 

even after individual differences in age, vocabulary, and phonological awareness had been 

accounted for. However, speech rhythm sensitivity did not predict reading comprehension 

or the smoothness or pace measures of reading fluency, although the authors suggested that 
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this might have been because the measure of speech rhythm sensitivity was loaded too 

heavily with phonological processing requirements.  

Goswami and colleagues (Goswami et al., 2002; Goswami, Wang, et al., 2011; 

Muneaux, Ziegler, True, Thomson, & Goswami, 2004; Richardson, Thomson, Scott, & 

Goswami, 2004; Thomson, Fryer, Maltby, & Goswami, 2006; Thomson & Goswami, 2008) 

have undertaken a series of experiments investigating various parameters of fine temporal 

auditory processing in dyslexic, SLI and normally developing reader populations. From 

this, they have argued that the poor performance on beat perception tasks (they included 

synchronous tapping in this class) and prosodic sensitivity measures seen in dyslexics 

actually stem from a deficit in their ability to localise the perceptual centre (P-centre, see 

Scott, 1998 for a description) in speech and nonspeech sounds, and is related to poor or 

sluggish auditory processing of the onset portion (or rise time) of sound envelopes.  

In an early study (Goswami et al., 2002)47, children with a diagnosis of dyslexia 

were matched to normally developing children based on age or reading level (i.e., two 

control groups) and various auditory processing abilities were compared, including a rise 

time sensitivity measure. Rise time sensitivity was tested using an adaptive procedure in a 

task asking the children to discriminate the sharpness of the perceptual beats within a single 

continuous 8-second tone (a linguistic analogy would be that ‘papapa...’ has sharper beats 

than ‘wawawa...’). The sensation of the beats were created by manipulating the rise time 

amplitude envelopes logarithmically between 15 msec (sharp ‘pa’ beats) and 300 msec (soft 

‘wa’ beats) of a waveform48 embedded in the pure tone stimuli. The outcome measure for 

rise time sensitivity was the slope of the categorisation function based on an estimate of a 

                                                 
47 The studies by Goswami and colleagues’  (Corriveau & Goswami, 2009; Goswami et al., 2002; Goswami, 
Wang, et al., 2011; Muneaux et al., 2004; Thomson et al., 2006; Thomson & Goswami, 2008) report 
regression analyses which use pooled data from two or more of the participant groups in the studies.  
48 Each tone contained 5 embedded amplitude peaks (amplitude rise and falls). 
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71 percent judgement criterion49 with shallower slopes representing less sensitivity. The 

other auditory measures assessed were detection, rapid frequency discrimination and 

temporal order judgement. These were compared to their PA, PM, RAN, untimed single 

word and nonword reading, and spelling abilities in order to examine the predictive 

relationship between the auditory processing measures and the literacy measures. The 

dyslexic children were statistically significantly poorer on rise time sensitivity than their 

age matched controls with the reading age matched controls occupying a middle level of 

proficiency but not statistically different from the other groups. Additionally, rapid 

frequency discrimination, temporal order judgements and rise time sensitivity were 

significantly correlated with reading, spelling, PA and PM, after controlling for age and IQ. 

However, only rise time sensitivity was statistically significantly correlated with RAN after 

controlling for age and IQ. Finally, fixed entry multiple regressions were undertaken for 

each of the literacy associated variables with age, verbal and performance IQ’s occupying 

the first three steps and the auditory processing measures the fourth. Rise time sensitivity 

was the only auditory processing variable that consistently predicted statistically significant 

variance for each of the literacy associated measures (including PA, PM and RAN) but the 

relationship with RAN was relatively weak (word reading R2 = .25, spelling R2 = .25, 

nonword reading R2 = .14, PA R2 = .13, PM R2 = .12 and RAN R2 = .08; R2
crit ~ .05) when 

compared to the other measures. 

The proposition that there exists an auditory processing deficit involving the rise 

time component of sound envelopes in language and reading disordered populations has 

been bolstered by studies examining these processes in non-English speaking populations. 

Muneaux et al. (2004) looked at native French speakers and compared dyslexic children to 

                                                 
49 The points on the rise time continuum where there is a 71 percent chance of a stimulus being designated 
as being either sharp or not sharp.  
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age and reading level matched controls on the same measures as reported in Goswami et al. 

(2002). Results in this study were “strikingly similar” (p. 1258) to those reported for the 

English speaking children. Following up these findings, Goswami et al. (2011) used a 

similar design comparing native Chinese, English and Spanish speakers, examining 

dyslexic children (aged between 9 and 11 years) and their age and reading level matched 

controls. In this study rise time sensitivity was assessed using two tasks to determine rise 

time discrimination thresholds (i.e., just noticeable differences), where longer thresholds 

represented poorer sensitivity. The first task (Task 1) required the children to make an odd 

man out judgement, indentifying the tone with a “softer rising sound” between three tone 

bursts (of 800 msec) where the softer rising sound represented a longer rise time for that 

tone. In the second task (Task 2) the child had to identify the sound containing the sharper 

beats from two ~4-second carrier waves, where a sharper beat indicated shorter rise times50. 

Standardised single word reading measures (English = untimed single word reading; 

Chinese = untimed character recognition; Spanish = timed nonword decoding) were also 

taken as were measures of PA (tonal/inflection awareness for the Chinese children) and 

RAN. 

Goswami et al. (2011) reported that after controlling for the effects of IQ and age, 

rise time sensitivity as measured in Task 1 was a significant predictor of PA and word 

reading across all languages (English R2s  PA = .26, word reading = .25; Spanish R2s  PA = 

.17, word reading = .09; Chinese R2s  PA = .12, word reading = .13). However, while rise 

time sensitivity continued to predicted PA across all languages in Task 2, it only predicted 

word reading in the English cohort (English R2s  PA = .09, word reading = .15; Spanish R2s  

PA = .10, word reading = .05 ns51; Chinese R2s  PA = .09, word reading =  .02 ns). They 

                                                 
50 Each tone contained 2 embedded amplitude peaks (amplitude rise and falls). 
51 Nonsignificance is indicted by bold type face and the abbreviation - ns. 
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also reported that rise time sensitivity for both tasks contributed significant variance to 

RAN in English (Task 1 R2s RAN = .10; Task 2 R2s RAN = .07), but only for the first task 

in Chinese (Task 1 R2s RAN = .11; Task 2 R2s RAN = .04 ns), and not at all in Spanish 

(Task 1 R2s RAN = .03 ns; Task 2 R2s RAN = .02 ns). Finally, Goswami et al. (2011) 

found that the rise time thresholds from Task 1 continued to account for significant 

variance (although greatly reduced) in the reading measures after PA effects were 

accounted for in English (R2 = .05) but not in Spanish or Chinese (R2 = .05 ns, R2 = .03 ns, 

respectively). But, when the effects of RAN were controlled for, rise time continued to 

contribute significant variance across all languages (English R2 = .13; Spanish R2 = .09, 

Chinese R2 = .09). 

These results support the Goswami et al. (2011) proposition that rise time sensitivity 

is significantly associated with the development of PA and hence with word (and character) 

reading. Alternatively, the results also show that rise time sensitivity and RAN contribute 

significant independent variance to reading. This suggests that the rise time measure and 

RAN may not share significant variance where reading is concerned, at least in the Spanish 

and Chinese readers where the rise time R2 values changed little when the variance from 

RAN was accounted for. (In the English readers, R2 changed from .26 to .13 when RAN 

was included in the analysis.) This second point appears to be counter indicative of a 

possible prosodic/rhythmic basis to the RAN/reading relationship if rise time sensitivity is a 

primary source of prosodic/rhythmic processing as argued by Goswami and colleagues. 

However, prosody and rhythm are not discrete events but are relational, occurring over 

time. As the studies presented in the previous chapter suggest, the RAN/reading 

relationship appears to be stronger for continuous tasks requiring serial responses rather 

than discrete responses. This may be why continuous synchronous tapping tasks data tend 
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to show stronger relationships to RAN and reading fluency tests than discrete judgements 

and/or untimed reading measures.  

To integrate the findings of Wolff and others (Atterbury, 1983, 1985; Douglas & 

Willatts, 1994; Overy, 2003; Wolff, 2002; Wolff et al., 1984; Wolff et al., 1995; Wolff, 

Michel, Ovrut, et al., 1990) relating rhythmic-motor difficulties to literacy development, 

Goswami and colleagues have also explored the relationship between sound envelope rise 

time sensitivity, rhythmic-motor skills, phonological processing (including RAN) and 

reading/literacy skills. Thomson et al. (2006) examined dyslexic adults and normal reader 

controls on a number of auditory processing and receptive/expressive rhythmic processing 

tasks, including synchronous tapping. Although tapping variability was found to 

differentiate between the two groups, this was only for the rhythmic tapping task, not the 

isochronous (beat) tapping task. Notably in this study, all the auditory processing measures 

differentiated the dyslexic and control groups. Also contradicting previous studies was the 

finding of little correlation in the pooled data between the rhythmic tasks and any of the 

literacy measures (including RAN). Despite this, rise time sensitivity was found to predict 

significant variance in the untimed single word reading and spelling measures for this 

population. Thompson et al. (2006) suggested that this pattern might be due to the older age 

of the sample and maturation processes. 

Supporting this view, a similar study examining a younger population (Thomson & 

Goswami, 2008) found that these younger dyslexics showed statistically significantly 

poorer abilities on the rhythmic-motor tasks. The pooled data for the regression analysis 

showed the rhythmic-motor tasks predicted significant variance in PA, reading and spelling 

(but not PM or RAN) and appeared to be independent of the rise time auditory sensitivity 

measures. However, although this study’s methodology reported using both timed (the 

TOWRE) as well as an untimed (the British Ability Scales reading subtest) tests of reading 
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ability, only one outcome measure was reported. It is therefore unclear if this measure was 

a composite score from both reading tests or if the results from only one test (timed or 

untimed) were used in the analysis. This is also the only study by the Cambridge group to 

include a scatter plot (p. 126) of the relationship between reading ability and the rhythmic 

motor measure they suggest is most associated with literacy outcomes (e.g., paced 

metronome ITI variability). Examining this plot (eyeball test) suggests that there maybe an 

interaction between the dyslexic and the normal population regression lines which would 

argue against using a pooled data set for regression in this case (see Chapter 4).  

In a closely related study Corriveau and Goswami (2009) examined the same 

processes in children with SLI and comorbid literacy problems. Comparisons between these 

children and age and language ability matched controls showed a very similar pattern to the 

dyslexic children of the previous study. The SLI children were poorer on the rhythmic-

motor measures assessing synchronous tapping (but not free tapping) and regression 

analysis for the pooled results showed synchronous tapping variability was a statistically 

significant predictor of the variance in the PA, reading (including timed measures of word 

and non reading) and spelling measures. In addition, unlike the previous studies (Thomson 

et al., 2006; Thomson & Goswami, 2008), the synchronous tapping variability measure also 

predicted RAN. 

As a coda to this section, it is somewhat surprising that in spite of focusing on beat 

perception and production tasks, studies of these relationships in musically trained groups 

have been rare. However, the obvious links between these measures and musical-rhythmic 

processing are noted in nearly all of these studies by the authors. What is also apparent in 

most of these studies is the absence of timed measures of reading ability, a likely reflection 

of the assumptions attendant to the phonological processing model (reviewed in the last 

chapter) as the default theory of literacy development by many of the above research teams.  
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Experimental/Causal Studies 

To support a link between musical rhythm and literacy development, either as a 

function of strengthening phonological processes or independent of this, causal studies need 

to undertaken. Without longitudinal studies exploring possible causal effects the 

relationships outlined above could simply be unrelated epiphenomena. Unfortunately, as 

demonstrated by the meta-analyses of Butzlaff (2000) and Standley (2008) above, even 

studies examining the broader question of ‘does music improve reading’ are scarce. In fact, 

only one experimental study was found by the current author which explicitly examined the 

effect training rhythmic-motor ability had on literacy related outcomes (Taub, McGrew, & 

Keith, 2007, the final study reviewed in this chapter). 

One of the difficulties in the experimental studies investigating the purported causal 

relationship between musical rhythm abilities and literacy outcomes has been that most 

longitudinal studies of this type use musical training incorporating singing and chanting. 

Even in purely instrumental music programs, early training relies heavily on folk tunes or 

nursery rhymes transcribed for the chosen instrument. This confounds the linguistic and 

rhythmic aspects of the training so as to make it impossible to draw specific conclusions 

about the relationship between nonlinguistic temporal (rhythmic) processing and literacy 

development. Despite this, a number of quasi-experimental studies exploring the proposal 

of a rhythmic basis to the music–literacy development nexus are worthy of examination. 

In addition to the correlational analysis conducted by Douglas and Willatts (1994) 

summarised above, they also undertook a small pilot study examining the effect a music 

program focusing on auditory, visual and rhythmic-motor skills had on reading ability. 

Children who were identified by teachers as displaying some reading difficulty were 

randomly assigned to the music class or a language development group. At the conclusion 

of six months they were tested again with the results indicating that the music group had 
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significantly improved their untimed reading test scores while the control group scores had 

not changed. Overy (2003) reports on a research program evaluating the potential of music 

lessons to support literacy development in dyslexic children and exploring the nature of 

musical timing difficulties in these children. This program incorporated three studies. The 

first was a preliminary study to examine the effects of a musical program on the reading, 

spelling and phonological segmentation (PA) skills of young children (mean age = 6.7 

years).  A class of 28 children were initially assessed using a dyslexia risk screening tool, 

and tested for musical ability, untimed reading, and spelling. On the basis of the screening 

tool, they were grouped as being: ‘at strong risk’, ‘at mild risk’ or at ‘at no risk’ of future 

literacy difficulties. Results from the pretesting showed that those children at strong risk 

performed significantly worse on all the rhythmic tasks (but not the pitch tasks) compared 

to the no risk students. After the initial testing, all the children were then provided singing-

based music lessons (with a reportedly strong element of rhythmic training) for 1 hour per 

week for the year and tested again. The concluding results based on pre–post standard 

scores—used as a device for introducing an ‘implied’ control group—showed that those 

children assessed as being at strong and mild risk made significant gains on their spelling 

scores, while phonological skills improved for all the groups. Untimed reading scores did 

not significantly improve over the study.   

In the second study Overy (2003) designed a 15-week program of musical games 

focusing specifically on rhythm and timing skills (although still making extensive use of 

singing materials) and provided this program to diagnosed dyslexic children. Due to 

difficulties in obtaining an adequate number of dyslexic students, a wait-list control design 

was employed. Results suggested that the musical intervention statistically significantly 

improved rhythm copying, rapid auditory processing, PA and spelling. As in the first study 

reported in this paper, no significant improvement was seen for the untimed reading 
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measure. The third study compared dyslexic and normally developing readers on the 

musical tasks assessing rhythm, meter, pitch and rapid auditory processing skills as well as 

single word reading and spelling tests. Interestingly, the results indicted that the dyslexic 

children significantly outperformed the normal readers on the pitch discrimination task, 

which seems to contradict the finding of some of the other studies summarised in this 

review. Performance on the tempo-copying task was reported as being particularly difficult 

for the dyslexic group with many completing not enough of it to be assessed. The pooled 

correlations showed significant relationships between the song rhythm tapping tasks and 

the spelling measure. Interestingly, the within-group correlations between these two 

measures were twice as strong in the normal readers (r = .66, p < .024) compared to the 

dyslexic individuals (r = .37, ns). Overy (2003) suggested that this may indicate that 

normal readers use rhythmic/prosodic cues more effectively than dyslexic readers when 

developing speech segmentation skills which could lead to better spelling abilities. The 

pattern linking the musical intervention to improved spelling but not reading skills is 

discussed in terms of an improved rhythmic parsing of speech leading to better 

phonological analysis. As spelling skills rely on sound to symbol processes while reading 

requires the reverse, the argument for improving sound-based phonological analysis leading 

to better spelling before better reading is logically consistent; however, notably absent from 

these studies are measures relating to reading fluency and RAN. Overall, Overy (2003) 

interprets these results as linking musical training to temporal processing ability to 

improving segmental language skills to improving literacy development.  

As stated above, the Taub et al. (2007) study is particularly notable because it only 

trained synchronised beat tapping and excluded the usual linguistic confounds 

(singing/chanting) of the traditional musical programs. Therefore, although this training 

was not conducted in a musical context, it is (to the current researcher’s knowledge), at 
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least until now, the only causal study investigating the effects of a nonlinguistic rhythmic 

processing skill on literacy related processes. This study randomly assigned students 

(Grades 1 to 4) from one school to either a rhythmic-motor training condition or control 

condition after assessing their abilities on a number of reading related measures. These 

included timed and untimed tests of single word, nonword, and text reading, reading 

comprehension, PA, and RAN. The rhythmic-motor training used in the study was sourced 

from a commercially available product known as Interactive Metronome™. This 

intervention essentially trained the participants over a period of 18 sessions each lasting 

approximately 50 minutes on a synchronised beat tapping task. At the conclusion the 

treatment and control groups were retested on all the literacy related measures. The results 

showed that the treatment group demonstrated statistically significant improvements on the 

reading fluency measure, the timed sight word reading task and the RAN (letters) task, but 

not the untimed reading measures or PA related measures. 

Summary and Conclusions 

The aim of this literature review was to provide the reader with an overview of the 

research linking musical skills and training to literacy outcomes, particularly those papers 

dealing with the relationship between temporal (rhythmic) processes and reading fluency. 

As the above survey suggests, while research into these relationships has been going on for 

some time, their precise nature remains open to interpretation. Also notable in many of the 

above studies is the emphasis on PA and decoding related measures and the limited 

presence of timed or speeded measures related to reading (including RAN). This suggests 

that an investigation of the relationship between these measures based on predictions of the 

two well known theories reviewed in the previous chapter may contribute to the overall 

knowledge of literacy development and disorder. The following chapters will outline the 
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specific why and how questions researched in this thesis, hopefully drawing together the 

many disparate threads presented in this and the previous chapter.  
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Chapter 4: Statement of the Research Question and Some Comments on the 

Methodology and Analyses. 

 

The overall working hypothesis for the research program presented in this thesis 

was that musical training improves specific subprocesses (RAN) known to predict reading 

fluency via the training of nonlinguistic temporal processing abilities. This hypothesis is 

rooted in Wolf and colleagues’ (1999, 2000) proposal that poor rapid naming abilities 

represent an independent deficit (from language based phonological processes) in reading 

disordered populations, and that this may be underpinned by some aspect of general 

temporal processing ability. 

As reviewed in earlier chapters, a great deal of research has shown that a student’s 

early proficiencies in phonological awareness (PA), phonological memory (PM) and rapid 

automatised naming (RAN) tasks are predictive of their overall literacy outcomes (e.g., 

Wagner & Torgesen, 1987). Central to this research has been the examination of a 

substantial subgroup of individuals who have specific difficulties developing adequate 

literacy levels (without an obvious cause such as poor schooling, physical disability and/or 

cognitive impairment) and the deficits they have in these tasks (Vellutino et al., 2004). 

Despite this extensive research, the exact nature of the processes underlying deficits in 

these tasks (and by extension, the nature of the processes themselves) is still vigorously 

debated.  

Many researchers have argued that the processes underpinning PA, PM and RAN 

are constrained within the language processing system of the brain (e.g., Snowling, 2000). 

This system is commonly believed to be functionally encapsulated or modularised (i.e., is 

domain specific; see Fodor, 1983) and under this formulation is thought to be relatively 
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robust against influence from minor external, domain general processing deficits. Opposing 

this view, some researchers have suggested that relatively small deficits in the way the 

brain processes temporal information (i.e., a domain general processing system), can 

significantly impair the efficiency of these phonological processes and that this 

consequently impacts literacy skill development (e.g., Goswami, 2011; Tallal & Gaab, 

2006). Others rebut the centrality of phonological problems in reading disordered 

populations and have proposed that temporal processing deficits can impair literacy 

development directly through nonlinguistic processes (e.g., Nicolson et al., 2001; Stein, 

2001). And yet another group of investigators (Wolf, Bowers, et al., 2000) take issue with 

the proposal of a theoretical architecture (originally by Wagner & Torgesen, 1987, and now 

adopted by many reseachers) tying RAN type tasks and the reading fluency measures they 

predict to phonological processing. Wolf and colleagues (Wolf & Bowers, 1999; Wolf, 

Bowers, et al., 2000) have argued rather that RAN tasks and reading fluency may be 

mediated by nonphonological processes (especially in reading disordered populations), and 

therefore advocate a double deficit framework (with core deficits in phonological and/or 

RAN or rate type tasks) when exploring reading and literacy disorders. These researchers 

have also suggested that one of the underlying mechanisms for RAN and fluent reading 

skills may be related to a general temporal processing impairment.  

 Running in parallel to this research has been the exploration of purported links 

between musical training and ability, and improved literacy outcomes (Cutietta, 1995; 

Douglas & Willatts, 1994; Fisher & McDonald, 2001; Roskum, 1979; Wolff, 1978). While 

research in this area is not as extensive as that exploring the processes underpinning literacy 

development itself, there has been evidence for an association between musical training and 

literacy outcomes and some support that a causal relationship may exist (Butzlaff, 2000; 

Standley, 2008).  Within this literature, most quasi-experimental studies have focused on 



95 
 

the relationship between musical training and the development of language or literacy skills 

associated with PA with many reporting positive results (Bolduc, 2009; Colwell, 1994; 

Gromko, 2005; Moyeda, Gómez, & Flores, 2006; Overy, 2003 (study 1); Register, Darrow, 

Standley, & Swedberg, 2007; Standley & Hughes, 1997).  

In the broader context, a link between PA and the musical training that many of 

these studies have employed is not surprising. Children typically show strong positive 

responses to musical stimuli and activity (Nakata & Trehub, 2004; Zentner & Eerola, 

2010). The engagement in musical activities appears to be universal amongst cultures and 

languages and an infant’s earliest experience of music is usually in the form of a lullaby 

sung by their primary caregiver (Masataka, 2009). In fact, music and language are 

intimately associated in our early musical experiences and this is reflected in the sort of 

musical materials used in the studies and programs showing improvements in PA from 

musical training cited above. In particular, many of the musical activities in these programs 

centre around PA type play (i.e., songs/chants that incorporate or model rhyming, 

alliteration, blending real and nonsense syllables etc.) and given this focus, an improvement 

in actual PA and associated skills can be cited as a rather predictable example of near 

transfer (Tunks, 1992)52. Importantly, these findings are often used in providing support to 

early musical training programs and materials that promote the development of literacy 

skills (Kindermusic International, 2010; Yopp, 1992; Yopp & Yopp, 1997). 

There is however, another aspect of musical skill which is fundamental to speech 

and language, but not so obviously related to the fine structures of phonological 

information; rhythm, and there has been increasing interest in the role rhythmic processing 

plays in language and literacy development (Douglas & Willatts, 1994; Huss, Verney, 

                                                 
52 Near transfer refers to the process whereby skills learnt in one context can be generalised to closely 
associated skills in the general area of knowledge.  
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Fosker, Mead, & Goswami, 2011; Nazzi, Bertoncini, & Mehler, 1998; Parbery-Clark, 

Strait, & Kraus, 2011; Patel & Daniele, 2003; Petitto, Holowka, Sergio, Levy, & Ostry, 

2004; Wood, 2006). Theorists espousing a purely phonological processing model for 

literacy development (and hence, a phonological processing core deficit for populations 

who have difficulty with literacy acquisition) point out that musical rhythm is analogous in 

language to speech prosody and that this sort of processing is still fundamentally 

phonological in nature, but at a suprasegmental level (Ramus, 2001). Supporting this view 

are studies that show associations between prosodic processing and literacy skills (Clin, 

Wade-Woolley, & Heggie, 2009; Holliman et al., 2010; Whalley & Hansen, 2006) even 

after controlling for PA skills.  

Conversely, the production and perception of musical rhythms also incorporate 

nonlinguistic general temporal processing abilities and a growing body of research suggests 

that these may be also linked to literacy development and outcomes. Wolff and colleagues’ 

(Wolff, 1993, 2002; Wolff, Michel, Ovrut, and Drake, 1990) work has showed that a 

significant proportion of dyslexic individuals have motor performance deficits relative to 

controls in bimanual and unimanual beat tapping tasks (see Repp, 2005 for synchronised 

and continuous tapping) and have suggested this may represent a deficit in fine temporal 

motor resolution53. 

Other researchers have demonstrated that dyslexic individuals show perceptual 

deficits when performing beat detection tasks. Goswami and et al. (2002) have argued that 

these difficulties stem from a deficit in localising the perceptual centre (P-centre; see Scott, 

1998) in speech and nonspeech sounds and is related to poor or sluggish auditory 

processing of the onset portion (or rise time) of sound envelopes. Beat processing deficits 

                                                 
53 Synchronised and continuous tapping tasks are commonly used in research to investigate neurological 
timing processes.  
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have also been detected in individuals with specific language impairments (Corriveau & 

Goswami, 2009), and in dyslexic individuals from non-English alphabetic and 

nonalphabetic orthographies (French: Muneaux, Ziegler, True, Thomson, and Goswami, 

2004; Hungarian: Surányi et al. 2009, Spanish and Chinese: Goswami et al. 2011) and of 

different ages (children: Thomson, Fryer, Maltby, and Goswami, 2006; adults: Richardson, 

Thomson, Scott, and Goswami, 2004).  

In many of these studies the main thrust of the research is the relationships between 

the rhythmic/beat processing deficits and phonological processes involving the 

segmentation of the speech stream and PA. Because of this theoretical position, when 

reading fluency measures are included at all, the discussion of the relationships between 

these measures and rhythmic/beat processing is relatively circumscribed and immediately 

related back to speech prosody and the phonological processing model. This has 

particularly been the case in studies, which have focused on examining the association 

between rhythmic/beat perception tasks and literacy development (Muneaux et al., 2004; 

Surányi et al., 2009; Thomson et al., 2006).  

However, although some studies investigating rhythmic/beat production tasks and 

literacy have taken a similar position (Carello, LeVasseur, & Schmidt, 2002; Corriveau & 

Goswami, 2009; Thomson et al., 2006), a number of other studies have linked these 

rhythmic production tasks more directly to reading (and writing) fluency (Ben-Pazi, Kukke, 

& Sanger, 2007; Taub et al., 2007; Thomson & Goswami, 2008; Wolff et al., 1995).  Some 

of these researchers have suggested that the underlying relationship between rhythmic 

production tasks and literacy (reading and writing) fluency measures may be mediated by 

some form of general sensory-motor, temporal processing ability rather than specific 

phonological processing capacities. The double deficit hypothesis proposed by Wolf and 

colleagues (Wolf & Bowers, 1999; Wolf, Bowers, et al., 2000) espousing a dual 
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architecture for literacy abilities with encoding/decoding abilities being mediated by 

phonological processing capacities and literacy fluency measures being mediated by 

general (possibly temporal) processing abilities seems to be one approach to reconcile these 

divergent views. The research presented in the following chapters used musical training to 

explore the relationships between temporal (rhythmic-motor) processing and the 

development of skills related to fluent reading outcomes.  

Data Analysis 

Before progressing on to the experimental chapters, several important issues 

concerning the measurement and analysis of data within the studies are discussed below.  

Synchronized Tapping and Circular Data 

Synchronous tapping tasks have been at the centre of research investigating overall 

temporal processing abilities (Aschersleben & Prinz, 1995; Drewing, Aschersleben, & Li, 

2006; Semjen, Vorberg, & Schulze, 1998; Vorberg & Wing, 1996). Commonly, in 

synchronous tapping experiments, the measures used to assess the degree of 

synchronization between stimulus and response events (and thereby, success in the task) are 

the mean and variance of the relative asynchronies between response taps and the closest 

associated stimulus event (Corriveau & Goswami, 2009; Drewing et al., 2006; Wolff, 

2002). This method suggests: 1) a predominantly one-to-one correspondence between the 

response and stimulus events and, 2) that individual stimulus–response pairs can be 

associated via relatively minor event asynchronies. The underlying assumption is that 

attending to and forming a reasonably accurate internal representation of the interstimulus 

interval is a task that most people can do easily. While violations of this assumption have 

not been a major concern, especially when the populations under study have been older 

children or adults, it has led to fairly arbitrary measures for the exclusion of outliers in trial 

data and for the definition of task success. 
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In a study of comparative synchronous tapping ability across the lifespan (range 6–

8yrs to 78–88yrs) Drewing, Aschersleben, and Li (2006), defined synchronization errors as 

those stimulus events not accompanied by a single response tap (i.e., one-to-one 

correspondence) within a 75% ISI (interstimulus interval) range around the stimulus event 

(-37.5% ISI — stimulus event — +37.5% ISI). Subsequent analysis was based on 

“successful” participants whose tapping data contained less than 20% synchronization 

errors per tapping run and who had at least 3 valid runs in each condition. Although these 

exclusion criteria are fairly liberal they still resulted in 14% of the total number of 

participants being excluded (only one age bin demonstrated 100% success: 45yrs–55yrs). 

Most tellingly, the group with the lowest success rate was the youngest group (6–8 year age 

bin) of whom only 38% were deemed successful at the task. In most research 

synchronisation success is operationalised purely as an error correction facility between the 

internal representation of an external stimulus and the stimulus itself. Doing so ignores the 

ability to establish a stable internal representation to the stimulus in the first place and we 

lose the opportunity to obtain any insight into the complete process that the excluded (or 

failed) data may offer.  

The aim of Study 1 (see Chapter 5) was to examine possible causal links between 

musical training and literacy development skills in kindergarten children, who in Western 

Australia are aged between 3 ½ years and 4 ½ years at the commencement of the school 

term. A synchronous tapping type task was used to explore the relationship between 

nonlinguistic rhythmic-motor skill (considered an aspect of temporal processing ability 

likely to be enhanced by musical training) and literacy precursor skills. However, as the 

above example implies, research has shown synchronous tapping ability in this cohort to be 

extremely variable (Provasi & Bobin-Bègue, 2003). For this reason a broader measure of 

tapping ability was sought, one which would encompass all types of tapping response and 
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would provide a more encompassing measure for an individual’s degree of success at the 

task (i.e., one that views ‘errors’ as contributing valuable information about overall ability 

rather than simply being anomalous). Fortunately, similar concerns were reported in a study 

by Kirschner and Tomasello (2009) examining the influence of social context in a joint 

drumming activity with preschoolers. Their solution was to map the drumming (tapping) 

data to a circular template (Fisher, 1993; Zar, 1999) rather than a linear one.  

As outlined above, a synchronous tapping task requires participants to attempt to 

match their tapping responses to an isochronous stimulus in two dimensions: period and 

phase. As a consequence, it is possible to normalise the data to 360° with zero degrees 

representing occurrences of the periodic stimulus event. Response taps, being presumed as 

efforts at matching the stimulus, are converted to a circular scale by multiplying the relative 

asynchrony (AT) between each response tap and the nearest stimulus event by  

and plotting the results on the circumference of a unit circle (see Figure 4.1). This allows 

responses that are out of phase, even by a full 180°, to be included in the data set. It also 

inherently accounts for the extended intertap intervals (ITIs) that occur when tappers adjust 

their synchronisation attempts by resetting their internal representation of the ISI. 
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Figure  4.1: Sample circular scatter plot. The stimulus and responses mapped on a unit circle with 
occurrences of the stimulus coinciding to the 0°/360° position on the X-axis and tapping responses 
(black dots) plotted around the circumference. For example: for a stimulus interval of 750 ms, 
each millisecond = 0.48 degrees; response events occurring simultaneously with this stimulus 
event are plotted at 0°., a response event preceding (anticipation) the stimulus event by 50ms is 
located at – 24° (-50 x 0.48) or 336°, a response delay (tracking) of 50 ms after the stimulus is 
plotted +24°. The descriptive summary data is expressed in terms of the mean vector comprising 
two elements shown above. Mean length ( ) is a measure of the angular dispersion of response 
events or the success in period matching to the stimulus, and mean direction ( ) is the average 
angular response of the data or the average phase shift from the stimulus.  
 
 

The resultant data set can then be summarised in terms of a mean vector consisting 

of two components. The first component is the direction of the response mean vector 

(labelled  in the above figure), analogous to the mean asynchrony between stimulus and 

response events. This estimator is henceforth referred to as the phase shift variable to 

facilitate clarity within the text. The second component is a measure of the angular 

dispersion (an inverse analogue of the variance in the asynchrony between the response tap 

and the stimulus event) calculated as the vector mean length (labelled  in the above 
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figure). This estimator will henceforth be referred to as the period matching variable to 

facilitate clarity. The values of the period matching variable can range from 0 to 1 with 

greater values implying greater period synchronisation (1.0 being perfect correspondence to 

the ISI). However, a period matching value of zero does not necessarily suggest a random 

response pattern; for example, a bimodal dispersion pattern consisting of two peaks 180° 

out of phase (i.e., a tapping response of precisely 2xISI) would also result in a near zero 

period matching outcome. 

 In addition to the descriptive summary statistics available for circular data, are a 

number of inferential tests assessing the statistical probabilities for various distribution 

patterns within the data. The test relied on in this thesis is the Rayleigh test which contrasts 

the null hypothesis of an isotropic (random) distribution versus the hypothesis of a 

unimodal distribution within a data set (Fisher, 1993). This is particularly useful in 

examining the synchronised tapping abilities of populations who find the task particularly 

difficult and provides a statistical measure of success, at least for period matching. As 

studies 2 and 3 also used the same type of synchronous tapping task and directly examined 

a subpopulation (dyslexics) purported to have deficits in this task, the same circular data 

transformations were also employed in these studies. This also facilitated some comparison 

across the studies.  

For each study the synchronised tapping trials were recorded as described in chapter 

5: Study 1 — Method section (with some minor variations reported in subsequent method 

sections). To obtain circular representations for the data, the recorded .wav files were 

filtered using a Matlab™ program written by the experimenter outputting the temporal 

locations of the onsets for the stimulus and response events and values for ITI were 

calculated. From this, every response event was paired to its closest temporal stimulus 

event producing the traditional stimulus—response relative asynchronies (AT). The circular 
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data transformations (into the mean vector parameters: period matching and phase shift) 

were then calculated using Matlab™ source code adapted from Philipp Berens and Marc J. 

Velasco available at: www.kyb.mpg.de/~berens/circStat.html.  By way of example, Figure 

4.2 depicts the circular data plots from three children of varied ability who are within the 

age band of participants from Study 1. The (a) graphs show circular scatter plots with the 

mean vector and the (b) graphs show rose plots, which are a circular data analogue to the 

histogram. 

The first child (Figure 4.2a) is a poor synchroniser with period matching of  = .03, 

and an average phase shift between the response and stimulus of 18° (i.e., generally 

anticipating the stimulus). This child is not tapping randomly, but taps consistently faster 

than the stimulus rate of 750ms (as demonstrated by the mean ITI = 525.83msec, δ = 

40.4ms). This child may be assumed to be ignoring the stimulus events and tapping to 

his/her own internal temporal beat. The second child (Figure 4.2b) is an average/good 

synchroniser with period matching  = .32, phase shift = 50.55°, equating to an ITI of 

709.93msec, δ = 45.07msec. The third child featured in Figure 4.2c is an exceptional 

synchroniser. This childs’ calculated period matching  = .92, phase shift = -0.41° 

(indicating that the average tap response is less than 1msec after the stimulus), equates to a 

mean ITI of 750.57msec; δ = 1.82msec. 

 

 



104 
 

 

 

Figure 4.2: Tapping data for 3 participants of varying ability. The scatter plots (a) are 
in Radians with each small circle representing an individual response tap and the 
radial line representing the resultant mean vector.  The rose plots (b) are equivalent 
to a histogram and depict the concentration of angular direction.
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Modern Robust Statistical Methodology 

Many of the statistical tests employed over the last half century in psychology 

emanate from a period where computational power was limited to pen and paper and 

therefore incorporate short cuts based on certain assumptions. Pearson’s correlation, t-tests 

and ANOVA procedures are prime examples and rely on the assumptions that the data to be 

analysed are normally distributed and that there is homogeneity of variance within the data 

for the groups/variables being compared. However, over the last several decades there has 

been mounting evidence that even small violations of these assumptions can dramatically 

lower the power of the tests to detect group differences and can also greatly increase the 

probability spread for Type I error (Wilcox, 1998). Fortunately, the development of new 

statistical tools has been well supported by ever increasing computing capacity and 

statistical methods that would have been prohibitively computationally difficult and time 

consuming are now more easily employed. 

As such, I have chosen in the main body of this thesis to report the results from 

analyses using modern robust tools outlined in Wilcox (2005). I acknowledge that these 

procedures are relatively new and are still growing in acceptance, but the practice of using 

them as confirmatory secondary tests (to classical parametric or nonparametric procedures) 

when the standard assumptions are (or may have been) violated seems to me to be a 

needless statistical tautology. This is particularly true when the modern tests have not only 

been shown to be equivalent to the classical tests when the standard classical assumptions 

are upheld, but are also often more powerful — especially for small data sets. However, I 

also acknowledge that no statistical procedures are fully robust against the assumptions 

they make and so I also provide a parallel analysis for each study in the associated 

appendixes (Appendixes 1–3) using more widely known classical parametric and 

nonparametric procedures.  
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Most of the modern statistical analyses in this thesis were conducted using updated 

code provided at http://www-rcf.usc.edu/~rwilcox/Rallfun-v12 written for the R statistical 

programming environment. In addition to this code, some tests (for effect sizes) used 

Windows™ executable programs available at: 

http://plaza.ufl.edu/algina/index.programs.html described in Algina, Keselman and Penfield 

(2005a, 2005b). Brief descriptions of the main statistical procedures are given below; for a 

larger review of the issues involved with modern statistical analysis see Erceg-Hurn and 

Mirosevich (2008) or for a comprehensive discussion as well as mathematical proofs for 

the procedures see Wilcox (2005, 2009). All the procedures outlined in Wilcox (2005) have 

been extensively tested on real and simulated data sets with widely varying parameters 

(e.g., N, distribution shape). 

Given the large number of alternative procedures outlined in Wilcox (2005), I have 

chosen to report the statistics largely based on 20% trimming for the default measures of 

central tendency. The analyses based on these measures predominantly use percentile 

bootstrapping methods to generate point estimates and confidence intervals. These 

procedures (summarised below) were chosen because: 

1. They perform well under the standard assumptions of normality but are also 

robust in the face of non-normal data sets and other attendant issues (e.g., the 

influence of outliers, skew and thick tails). 

2. They are reasonably intuitive (although computationally challenging). 

3. They are described as effective in controlling for Type I error in small sample 

sizes: e.g., “ ... performs reasonably well, even with small sample sizes, and in fact 

appears to be the method(s) of choice in many situations. ” (Wilcox, 2005; p.118). 

4. They maintain good power. 
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 It should be noted that choosing to conduct most of the inferential tests using percentile 

bootstrap procedures means that often no standardised test statistics are reported. This is 

because the probability functions (and confidence intervals) are generated from the 

provided data sets and not compared to a standardised distribution. However, in all cases 

the bootstrapped 95% confidence intervals (95% CI’s) are reported (statistical significance 

is indicted by the 95% CI not spanning the zero point).  The generated p values are also 

always reported and, where applicable the differences and standard errors ( ) between 

the estimated means are also provided. More importantly, when group differences are 

indicated at least one robust measure of effect size is also given, usually reported as a point 

estimate with associated confidence intervals. 

The statistical procedures. 

A trimmed mean is calculated by removing the largest and smallest values outside a 

predetermined percentage (of the total data set) based on a range suggested as most 

representative of that data set, i.e., free of outliers. It is suggested that 20% trimming (i.e., 

removing the ranked top and bottom 20% of data values) is good for general use, 

particularly when used with percentile bootstrapping for calculating CI’s.  The calculation 

for the standard error of the trimmed mean is not so straightforward (a mathematical proof 

is provided in Wilcox, 2005, pp.59–62) as it involves an estimation of the winsorized 

sample variance ( ). This is done by replacing all the trimmed values with values equal to 

the largest and smallest nontrimmed values then calculating the variance. The trimmed 

mean standard error is: , where  is the square root of the winsorized sample 

variance,  is the proportion of trimming by the experimenter and n is the number of 

sampled data points. The bootstrap procedures for calculating measure estimates (i.e., 

confidence intervals, p values) from data are all relatively straightforward. They involve 
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random resamplings (of a data set assumed to belong to a larger independent population of 

samples) and recalculations for the required estimate. Through many iterations of this 

process (in this thesis, usually > 600) overall parameter estimates of the required variable 

are generated. 

In Study 1, most between-group comparisons were conducted using a series of 

robust t-test procedures with Bonferroni type corrections. For Studies 2 and 3 (and for one 

set of comparisons in Study 1), a robust ANCOVA procedure adapted for two or more 

groups with a single covariate was used. These algorithms allow for non-normality and 

heteroscedasticity (unequal variance). In addition, the ANCOVA procedure makes no 

assumptions about the shape of the regressions lines (i.e., does not assume a linear 

relationship between the variables), and uses an interval smoother to calculate the 

regression lines of each variable. Because this algorithm does not assume linear regression 

lines, it generates a series of design points based on the spread of the covariate data and 

tests the null hypothesis between the groups at these points. The ANCOVA algorithm 

allows the user to choose the number of ‘design’ points over which to test the null 

hypothesis and for the analysis presented in this thesis, three design points were chosen. If 

the ANCOVA results were consistent across all the generated design points, only the 

results for the middle design point are reported, otherwise results for each design point are 

reported.  

This investigation also included examinations of the within-group patterns of 

association between the variables of interest. As noted in the previous literature reviews, it 

has not been uncommon for researchers to pool multiple groups’ data (e.g., conflating 

dyslexic group data and average reader group data) when undertaking correlation and 

regression style analyses as this improves the power of these statistical tools. However, 

doing so implies that the variables representing the skills of interest lie on a continuum and 
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that the diagnosis/group designation (i.e., of dyslexia) represents a quantitative, not 

qualitative difference in those abilities (Pennington & Lefly, 2001; Stanovich & Siegel, 

1994; Vellutino et al., 1996). In other words, the assumption is that the interrelationships 

between cognitive processes related to reading and literacy development are essentially the 

same and that group memberships (e.g., dyslexic readers, poor readers and good readers) 

stem from individual differences in the efficiencies of these underlying processes. A 

primary goal of this research program was to investigate group differences, including 

possible disparities in the patterns of association between the variables of interest (PA, 

RAN, and temporal rhythmic-motor abilities). If group differences are qualitative and not 

quantitative, conflating the data from these non-homogeneous groups is likely to distort the 

interrelationships between the variables of interest, especially when the groups are defined 

on the basis of differences in those variables. Careful examination of the interrelationships 

at this level may expose qualitative differences due to abnormal development, cognitive 

dysfunction, or maturation between the groups or be indicative of compensatory 

mechanisms. Evidence of this type is fundamental to the exploration of the questions posed 

in this thesis.  

The following procedures were used for the within-group analyses: The percentage 

bend correlation, an ordinary least square estimator and a Theil-Sen estimator (the last two 

regression procedures employed a bootstrap method to obtain confidence intervals). The 

percentage bend correlation is a robust M-estimator54 analogue of Pearson’s correlation 

coefficient and was used to estimate the associations between paired variable sets. M-

estimators are measures of central tendency that apply less weight to data points that are 

further away from the ‘central’ field. The percentage bend correlation is derived using a 

generalisation of the median absolute deviation from the median of a data set (for the 
                                                 
54 Maximum likelihood-type estimator. 



110 
 

exactly proceedure and proofs see Wilcox, 1994).  Regression analysis performed 

throughout this thesis used a two-stage procedure: 1). Variables which were considered to 

be likely predictors (or which were of direct interest) were entered into a forced regression 

algorithm based on the ordinary least square estimator.  2). Variables which returned 

statistically significant relationships to the criterion variable were then entered into an 

algorithm using the Theil-Sen estimator procedure (Wilcox, 2005).  A simple description of 

the Theil-Sen estimator for a single predictor is that it is an estimation of the value for the 

slope that makes the Kendall’s Tau correlation between -  and  equal to zero. This 

estimator calculates the slopes for every possible pair of observations then uses the median 

of these slopes to estimate β1. The algorithms used for this analysis extend the Theil-Sen 

estimator to include two or more predictor variables using the back-fitting Gauss-Seidel 

method reported by Hastie and Tibshirani (1990, pp. 106–108). All the R functions used in 

the analyses are cited within text and are numbered in their order of appearance (e.g., R 

function # 1 = lloc) A full list is also provided in Appendix 455. In addition, full parallel 

classical analyses of the data are presented in Appendixes 1–3 (dependant on the study). It 

is worthy of note that while the results from the classical analysis are in broad agreement 

with results from the robust testing presented in the main body of the thesis, the differences 

in power between the two is clearly evident in most cases. There are also several instances 

where statistically significant differences were reported in the robust testing, but not for the 

classical tests, and visa versa. In these cases, additional (alternative) robust tests were 

applied and in each case the original robust test result was upheld.  

 
 
 

 

                                                 
55 This includes updated web page locations for all the source code used in this thesis. 
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Chapter 5: Study 1 – Musical Training and Literacy Subskills: A Kindergarten 

Training Study  

 

This is the first of three studies that examined the relationship between musical 

training, the development of literacy subskills and reading outcomes (examined in the 

following studies). There is growing recognition that human musical activity provides a 

unique opportunity to investigate the intersection between literacy, language and rhythm, 

and increasingly there have been calls by researchers to do just that (Goswami, 2011; 

Overy, 2000). Currently, fine-grain examination of the effects of musical rhythmic training 

is in its infancy and, as alluded to in Chapter 4 most of the quasi-experimental studies 

conflate linguistic and rhythmic materials in their program design. However, music by its 

nature and evolution is highly structured. It is relatively easy to remove most of the 

linguistic elements (i.e., songs, chants, narrative based imagery) of musical activity from 

the rhythmic elements. While the reverse is not as easily achieved, it is at least possible to 

mitigate the explicit attention usually drawn to the natural prosodic boundaries (often 

achieved by body movement/percussion activities) within linguistic musical materials (e.g., 

singing/chanting) while maintaining a focus on the phonological substructures (syllables, 

onsets, rhymes, phonemes). What has not yet been attempted, as far as the current author is 

aware, is a training study using musically based programs specifically designed to achieve 

the separation of linguistic and rhythmic elements suggested above. The study reported in 

the current chapter attempts just that. 

 The main aim of this study was to investigate the presence of possible causal 

relationships between musical abilities and literacy development by exploring the effects 

two types of musical training programs (i.e., a rhythmic movement/percussion program vs., 
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a singing/chanting program), had on processes known to be strong predictors of future 

literacy outcomes (PA and RAN) in kindergarten children. Kindergarten children (in 

Western Australia, these children are typically 3 ½ to 4 ½ Years old) were chosen in an 

attempt to mitigate the effects of previous formal literacy training and because it was 

thought that this age group would be easy to engage in the musical programs. Previous 

research on children this age has also demonstrated links between musical skills and 

preliteracy skills (Anvari et al., 2002; Lamb & Gregory, 1993) and that musical training 

undertaken over the relatively short durations proposed in this study can lead to significant 

gains in the variables of interest (Brown, Sherrill, & Gench, 1981; Gromko, 2005). The 

study design incorporated two experimental training groups and one control group with 

group allocation based on the preexisting kindergarten classes. To maintain a degree of 

experimental rigour and the requirements of an experimental study design, classes56 were 

randomly allocated to a condition (details are provided in the method section below) at the 

completion of all pretraining testing. Previous research suggested a number of plausible 

outcomes for this current investigation and the working hypothesis was adjusted to reflect 

the expected outcomes generated from two theories: i) the phonological processing model 

(Wagner & Torgesen, 1987) and ii) the double deficit hypothesis57 (Wolf & Bowers, 1999; 

Wolf, Bowers, et al., 2000). 

The rate of developmental change seen in this age group made it likely that the 

literacy associated subskills of PA and RAN would improve over the course of the study. 

However, consistent with the above theories, a priori predictions were made as to the 

degree of change in these skills that could be directly attributable to the musical training: 

                                                 
56 With one exception during the second year; see the discussion section below. 
57 Although the double deficit hypothesis is a theory related to reading disorder, implicit in its formulation is 
the idea that reading fluency is underpinned (at least in part) by nonlinguistic processes.  
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H1 — That those children experiencing the singing/chanting music program would 

improve on a measure of PA skills when compared to the children not participating in this 

program. Rejection of the null hypothesis would support the argument that the benefit 

musical training provides to literacy development is derived via phonological–linguistic 

processes and would therefore support Wagner and Torgesen’s (1987) model of literacy 

development.  

H2 — That the group who received rhythmic-motor training would show a 

statistically significantly greater improvement on their RAN abilities when compared to the 

other groups. Rejection of the null hypothesis for this prediction would suggest that the 

processes underpinning the development of RAN skills (and possibly by extension, reading 

fluency) are mediated, at least in part, by nonphonological processes associated with 

rhythmic—temporal processing, supporting Wolf and colleagues (Wolf & Bowers, 1999; 

Wolf, Bowers, et al., 2000).  

These two hypotheses are derived from strong interpretations of their respective 

theories and are supported to some degree by previous research (e.g., Gromko, 2005; Taub 

et al., 2007, respectively). If both are supported, it would provide substantial evidence for a 

causal link between musical training and literacy development and afford significant insight 

into the processes that underlie that relationship. However, each deals with only one of the 

two literacy subskills under examination. Absent in these hypotheses are the reciprocal 

predictions for the alternate literacy subskill variables, i.e., RAN for the singing/chanting 

program, and PA for the rhythmic-motor program. While these are of considerable interest 

and will be examined and discussed, the likely outcomes for these variables (summarised 

below) are more circumspect within the chosen theoretical frameworks and therefore 

specific predictions were precluded.  
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For example, as reviewed in Chapter 2, the phonological processing model suggests 

reading fluency is based on the efficient retrieval from long-term storage of phonological 

information. Many researchers have suggested that this efficiency is mediated by the 

strength or precision of the underlying phonological representations (Elbro, 1996; Fowler, 

1991; Katz, 1986; Snowling et al., 1988; Swan & Goswami, 1997). Phonological awareness 

is thought to underpin the construction of these representations and this is why PA is often 

the preeminent focus of early reading interventions. From this position, improvements in 

RAN and reading fluency are seen as a consequence of the strength of PA abilities and 

therefore lag behind that development. As a result, the absence of a statistically significant 

improvement in RAN ability for the singing/chanting group in comparison to the other 

groups would not provide compelling evidence against the phonological processing model. 

Alternatively, although the absence of an improvement in PA ability in the rhythmic-motor 

group over the other groups would support the overall hypothesis, the rejection of the null 

hypothesis in this case does nothing to dispute the proposition that RAN may be (in part) 

underpinned by nonlinguistic temporal processing ability. 

Method 

Participants 

Kindergarten classes from two primary schools participated in the study. The 

schools were geographically close (within 5km) and considered demographically 

equivalent (middle to high socioeconomic status)58. The study was conducted with the 

ethical approval of the Human Research Ethics Office of the University of Western 

Australia (ref number: RA/4/3/1053). The principals and kindergarten teachers at both 

primary schools gave consent for the classes to participate in the study. An information 

pack was distributed to the parents or guardians of children in participating classes 
                                                 
58 In Western Australia school catchment areas are reasonably homogenous in terms of socioeconomic 
indicators. 
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outlining the nature and rationale of the study and their written consent was sought to 

conduct the required testing. Relevant background information (i.e., musical experience, 

language environment, etc.) was obtained from the parents or guardians via a short 

questionnaire included in the information pack (see Appendix 1)59. This was used to screen 

participants and guard against possible extracurricular confounds. In total, 87 children (43 

male and 44 female) with an average age of 50 months (SD = 3.8 mths, range 44–60 

months) participated in pretesting. Seventy-nine children were available for posttesting (42 

male and 37 female).  

Materials 

Measures. Because of the young age of the participants, it was not possible to use 

standardised tools on all the measures. The measures for general reasoning ability (IQ), 

visual perception (both used as control measures) and the preliteracy RAN measure were 

taken from well-known, highly respected standardised tests which are used extensively in 

research and clinical settings. The preliteracy measure for PA was provided to the chief 

researcher by the test developer as a prepublication draft (see Neilson, 2009) with an 

agreement that the data from this study would be made available to contribute to the 

standardisation of the test. As indicated in Chapter 4, synchronous tapping tasks have been 

extensively used in research investigating the way the brain processes temporal 

information. The task used in this study was adapted from the commonly used finger 

tapping task to a task that had real world validity to children of this age (beating a 

percussion instrument) because of concerns the children would not have the fine motor 

control needed to successfully complete the usual task. The musical perception measure 

(Audie) was one of the very few tests available of this ability for the age group in this 

study that had any published reliability or validation data. 

                                                 
59 Appendix 1 contains materials and information relevant to Study 1 that is not explicitly needed in the main 
body of text to reach a strong understanding of the study.   
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General reasoning ability. Two subtests of the Wechsler Preschool and Primary 

Scale of Intelligence Scale-Third Edition (WPPSI-III) were used to estimate the 

performance IQ and verbal IQ of each participant. Standardised administration protocols 

were followed for each test.  

Receptive Vocabulary is a graded subtest that requires the child to point to, or 

otherwise indicate, which one of four possible pictures corresponds to a verbal prompt 

given by the examiner.  

Block Design is a graded test requiring the child to assemble several coloured 

blocks (red and white) to match a presented template within a specified time limit.  

The split half reliability and concurrent-predictive validity (correlation to the 

Differential Ability Scales [DAS] verbal reasoning composite) of the Receptive 

Vocabulary subtest is published at .88 and .68 respectively. The split half reliability and 

concurrent-predictive validity (correlation to the Differential Ability Scales [DAS] 

nonverbal reasoning composite) of the Block Design subtest is published at .84 and .60 

respectively.  

Musical ability. A measure of the musical memory and perceptual skills for the 

children was obtained using ‘Audie’ (Gordon, 1989). There are very few tests of musical 

ability for this age group that have any form of external/independent validation. ‘Audie’ is 

one of a battery of tests developed by Gordon specifically for the measurement of musical 

ability. As its title indicates, it focuses on music listening discrimination. It is a two 

alternative forced choice (2AFC) test and has two discrete sections, melodic discrimination 

and rhythmic discrimination.  

The test-retest reliability (N = 317 rhythmic subtest, N = 312 melodic subtest) over 

the 3–4 year age groups for the melodic subtest is reported as being .68 and for the 

rhythmic subtest reliability is reported as being .67 by Gordon (1989). Taggart (1994) 

undertook a smaller (N = 35) independent examination of the functionality of the test and 
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reported a similar statistic for the rhythmic subtest (.68) but only a .18 test-retest reliability 

for the melodic subtest60. Also reported were the split-half reliabilities of .28 and .53 for 

the melodic and rhythmic subtests respectively. Predictive validity coefficients were 

reported as .41 for the melodic subtest and .59 for the rhythmic subtest and based on 

comparisons with the ratings of the children’s tonal discrimination and rhythmic abilities 

by independent judges.  In addition, Taggart (1994) reported some evidence that the 

measure has discriminative validity as it was shown that the subtest scores did not correlate 

with teacher ratings of language abilities or social skills.  

Visual perception. The Position in Space subtest from the Developmental Test of 

Visual Perception (DTVP-2; Hammill, Pearson, & Voress, 1993) was used to control for 

possible Hawthorn and experimenter effects. 

 Position in Space is a graded visual matching task. The child is asked to match a 

graphic figure to its exact duplicate. The duplicate is embedded as one of a number of 

possibilities in an array. Test-retest reliability for this subtest has been published at .75 and 

concurrent-predictive validity (correlation to the Developmental Test of Visual-Motor 

Integration [VMI] – Beery, 1989) was reported as being .69 (Hammill et al., 1993).  

Preliteracy (Literacy related cognitive processing).  

Phonological awareness. This was assessed using four subtests of the Sutherland 

Phonological Abilities Test – School Entry (SPAT-SE61; Neilson, unpublished-draft). Each 

subtest has two demonstration items that are modelled by the examiner. For these 

demonstration items, the child was given as much help and encouragement as was 

practicable given a 30 minute testing slot.  The subtests were: 

                                                 
60 Taggart suggested that this may have been due to a test order effect as the melody subtest was the first 
test in the battery.  
61 The SPAT-SE (Neilson) was available to the C.S.C as a pre-publication draft. 
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1. Syllabic Isolation contained 10 stimulus words of three to four syllables. One 

point was awarded for every correct answer on each of the subtasks described 

below (maximum score of 30). 

i). Syllable tapping requires the child to segment words (represented as 

pictures and spoken by the tester) by saying each syllable separately while tapping 

on a corresponding drum graphic (one for each syllable).  

ii). First syllable isolation requires the child to pronounce only the first 

syllable of each word. 

iii). Syllable isolation requires the child to pronounce either a middle or 

final syllable of each word. 

2. Rhyme Detection requires the child to choose which two of three words 

(presented pictorially and by spoken word) rhyme. There were 10 items, right 

responses were scored 1 and wrong responses are scored 0. 

3. First Sound Identification requires the child to pronounce the first consonant 

phoneme (i.e., sound not letter name) in a word. The words were presented 

pictorially and spoken by the examiner. There were 10 items each scored 1 or 0 as 

above. 

4. Letter Knowledge requires the child to demonstrate recognition of 10 letters of 

the alphabet (s, t, p, f, h, w, r, z, n, j), either by sound or letter names, scored 1 or 0 

as above. 

Currently there is no published data available as to the reliability or validity for this test; 

however, in a similar assessment battery for young children beyond kindergarten (i.e., in 

their first four formal years of schooling: Preprimary–Grade 3), the SPAT-R, (Neilson, 

2003), internal consistency (Cronbach’s Alpha) and interrater reliability were both reported 

as being .95 or above and concurrent validity, determined by correlation with the Word 
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Identification Subtest of the Woodcock Reading Mastery Test–Revised (Woodcock, 1987), 

was .78.  

Fluency. The RAN (Rapid Automatized Naming) Objects subtest was taken from 

the Comprehensive Test of Phonological Processing (CTOPP) constructed by Wagner, 

Torgesen and Rashotte (1999). The standard RAN type subtest has been shown to be strong 

predictor of reading fluency and has been associated with possible temporal processing 

deficits in reading disordered populations (Wolf, Bowers, et al., 2000).  

The RAN tasks in the CTOPP are all timed tests, each consisting of two pages with each 

page having 9 x 4 rows of six unique but randomly repeated stimuli (either letters, numbers, 

colours, objects). Because of the very young age and largely preliterate nature of the 

participants in this study, the object naming subtest was used. RAN Objects has pictures 

featuring 6 common objects (e.g., a pencil, a chair). Separately for each page the stimuli 

(objects) are named in order (left to right) as quickly as possible. At the beginning of first 

term (four weeks before pretesting began) to ensure that the children could readily identify 

each of the six objects teachers were given pictures representing each object and asked to 

discuss them in class. The test is scored as the total time taken to name the objects on both 

pages. Individual errors are not penalized, but if more than four errors are made the subtest 

is invalidated. 

 Reliability data are not available for the age group tested. However, the CTOPP 

does provide US norms for people in the 5–24 year age range. The test-retest reliability for 

the 5–7 year age range is published as being .77. The authors also provide an extensive 

exploration of a variety of validity measures for the whole test battery but at the time of 

publication few comparable instruments were available to provide a measure of 

concurrent-predictive validity. 
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Rhythmic-motor (synchronous tapping). This test required the children to beat time 

on a wooden tone block in synchrony with a digital metronome (Boss Dr Beat DB-30™) 

set at 80 beats per minute (80bpm = interstimulus interval of 750msec). The child’s tapping 

(response) was transmitted from the block to input Channel 1 of an M-Audio MobilePre™ 

USB unit (an A/D converter), via a small piezo-electric microphone placed in the 

resonating chamber of the block. The metronome (stimulus) output was split with one 

channel transmitted directly to input Channel 2 of the MobilePre™ USB unit (thereby 

synchronizing the stimulus and response signals and creating a stereo signal). The second 

output channel of the metronome was delivered to a set of Logitech R-10 speakers at a 

comfortable volume level, set to differentiate it from the block tones. The stimulus and 

response signals were recorded on an Acer 2400 travelmate™ Laptop computer using 

freely available recording software (Audacity v.1.2.6) set to a recording sample rate of 

1000Hz. The outcome measures (period matching [ , and phase shift [ ]) are described in 

Chapter 4.  

Procedure 

This study ran for two years and involved two schools, each with two kindergarten 

classes (four classes total). Only three classes needed to participate in the study each year. 

At the commencement of the study, one school was designated to provide one class and the 

other school, two. Of the four available classes in the first year, a review of the language 

backgrounds of the students revealed unusually high numbers of English Second Language 

(12 of 19) in one class. That class was excluded from the study. After the first year 

pretesting, the schools were randomly allocated (via a coin toss) to one of two musical 

training conditions (singing or rhythmic/movement). The control condition class was 

randomly assigned (again by a coin toss) to a class at the school that had two concurrently 
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participating classes and the assignment of the musical training conditions was 

counterbalanced during the second year of the study62.  

Pretesting. 

General. All pretesting was conducted individually in a quiet room near the 

children’s classroom. The week before testing began, the principal investigator spent 

several hours a day in each classroom developing rapport with the children by acting as a 

classroom assistant. Testing was split into four sessions of approximately 20–30 minutes 

for each child.   

 

 

 

 

 

 

 

 

 

 

The order of subtests within each session was chosen to provide variety and 

balance cognitive resources within the constraints of the 30-minute testing session (see 

                                                 
62 Note: In the second year of this study, the school with only 1 participating class automatically received the 
experimental condition that had been randomly allocated to the other school in the first year. The 
implications of this are reviewed in the discussion section following.  

Testing session 1: 
1). Rhythmic-motor test (2 x 30sec) - RUN ONE 
2). SPAT-SE – subtest 1; Syllable Awareness. 
3). SPAT-SE – subtest 2; Rhyme Detection  
4). Rhythmic-motor test (2x 30sec) - RUN TWO 

Testing session 2: 
1). Rhythmic-motor test (2x 30sec) - RUN THREE 
2). Audie musical ability test part 1 - Rhythmic Perception.  
3). WPPSI-III - Block Design. 
4). Rhythmic-motor test (2x 30sec) - RUN FOUR 

Testing session 3: 
1). Rhythmic-motor test (2x 30sec) - RUN FIVE  
2). DTVP-2 – subtest 2, Position in Space.  
3). CTOPP- RAN Objects. 
4). WPPSI-III - Receptive Vocabulary. 
5). Rhythmic-motor test (2x 30sec) - RUN SIX  

Testing session 4: 
1). Rhythmic-motor test (2x 30sec) - RUN SEVEN 
2). Audie musical ability test part 2 - Melodic Perception.  
3). SPAT-SE – subtest 3; First Sound Identification. 
4). SPAT-SE – subtest 4; Alphabet knowledge. 
5). Rhythmic-motor test (2 x 30secs) - RUN EIGHT 
 
Figure 5.1. Pre-training testing session protocol and instructions 
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Figure 5.1).  A sticker reward was given to each child at the conclusion of each testing 

session. 

Synchronous tapping training. Each testing session began and ended with two x 30-

second trials of synchronous tapping, with the first two testing sessions being practice 

sessions. The task was introduced as the “Clock Game” at the beginning of the first testing 

session and, as it is a difficult and unfamiliar skill for most children of this age to perform, 

it was extensively modelled by the tester. Feedback (including extra modelling if required) 

was given for the task throughout the tapping trials of the first two sessions. In total 16 

synchronous tapping trials were recorded, 8 practice trials and 8 test trials. The first 5 

seconds of data from each trial was removed from the analysis. 

Musical Training. Two music-training programs suitable for young children were 

developed by the investigator (for sample lesson plans see Appendix 1). These programs 

were created based on the main investigator’s personal expertise and additional research, 

training, discussions and classroom observations with highly respected specialists from the 

four predominant early music pedagogical philosophies in Australia (Temmerman, 1998): 

Kodaly, Dalcroze, Orff-Schulwerk (a brief overview of these methods is provided in 

Carder, 1990) and Suzuki  (see Cooke, 1981). While the musical emphasis for each 

program reflected the underlying hypotheses being tested, the individual curricula were 

designed as legitimate early music education experiences with appropriate musical 

outcomes in mind (i.e., identification and production of fast-–slow, loud–soft, high–low 

musical sounds, solo and group musical performance). One program focused on 

developing rhythmic-motor abilities using rhythmic movement and percussion type 

activities and was adapted primarily from the Dalcroze and Orff-Schulwerk pedagogic 

methods. The other focused on improving the nonrhythmic musical aspects of 
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language/speech processing (i.e., rhyme and alliteration) and engaged an adapted Kodaly-

style singing curriculum. 

 As outlined in the introduction of this chapter, research suggests that there is a 

connection between body movement and the experience of musical rhythm in infancy and 

childhood (Phillips-Silver & Trainor, 2005; Zentner & Eerola, 2010) and observations 

from the early stages of piloting the singing program strongly supported this finding. That 

is, most children spontaneously moved or clapped often, but not always, with the beat of 

the songs they had learnt. Consequently it was difficult (if not impossible) to design a 

singing program for this age group of children that did not permit movement activities. 

Therefore, movement activities and games were included as part of the singing program 

but the emphasis of these activities reflected the symbolism contained in the language of 

the songs rather than explicitly referencing the underlying rhythmic or prosodic 

structures63. The initial lesson plans (the first 3 weeks) were reviewed for appropriateness 

with regard to content and age by Dr R. Faulkner (Graduate School of Education at UWA). 

Each experimental class received one of these 16-week programs with two x 

approximately half hour sessions each week (totalling at least16 hours training). The 

control condition class received no musical training or experiences beyond that normally 

provided by their in situ teachers. 

Posttesting. 

Posttesting was conducted by a group of six volunteers who were naive to the 

allocated experimental condition of each class. This was done to avoid possible posttesting 

biases. The testing was carried out in the same quiet space as the pretesting sessions. Each 

                                                 
63 Example movement activities are: 1) “Elevator” (Gagne, 2000) which started with some children squatting 
and slowly standing to tip toe as the elevator rises, some pretending pressing buttons for the floors and 
miming descriptions of the items which were available on each floor; 2) “Twinkle twinkle little star” 
movements known to most early childhood teachers.   
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of the 6 posttester volunteers was enrolled in an applied psychology masters degree (either 

as combined M.Psych/Grad.Dip.Ed. or M.Psych/PhD students), had previous experience 

with standardized testing and psychoeducational assessment, and had the testing sessions 

modelled for them by the researcher (in particular the synchronous tapping protocol).  

 

 

 

 

 

 

 

Testing was split into three sessions of 20–30 minutes and followed a similar 

sequence of activities (minus the WPPSI-III subtests) and participant order to the 

pretesting sessions (see Figure 5.2). Once again, each session began and ended with two 

recorded trials of the synchronous tapping task. The first session was used for retraining 

and practice of the tapping task (with online feedback and task modelling provided if 

necessary) with subsequent sessions being experimental trials (4 practice trials and 8 

experimental trials). As in the pretesting sessions, a sticker reward was given to each child 

at the conclusion of each testing session. Due to school calendar holidays and the length of 

time needed to complete both pre and post testing, the time interval between the pretesting 

and postesting was at least 6 months for each child. This insured a resonable interval 

between testing to account for test-retest confounds.  

Testing session 1: 
1). Rhythmic-motor test (2 x 30sec) - RUN ONE 
3). SPAT-SE – subtest 1; Syllable Awareness. 
4). SPAT-SE – subtest 2; Rhyme Detection. 
5). Rhythmic-motor test (2 x 30sec) - RUN TWO 

Testing session 2: 
1). Rhythmic-motor test (2 x 30sec) - RUN THREE 
2). AUDIE musical ability test part 1, Rhythmic Perception.  
3). SPAT-SE – Subtest 3; First Sound Identification. 
4). SPAT-SE – Subtest 4; Alphabet Knowledge. 
5). Rhythmic-motor test (2 x 30sec) - RUN FOUR 

Testing session 3: 
1). Rhythmic-motor test (2 x 30sec) - RUN FIVE 
2). AUDIE musical ability test part 2, Melodic Perception 
3). CTOPP - RAN Objects. 
4). DTVP-2 – Subtest 2, Position in Space. 
5). Rhythmic-motor test (2 x 30sec) - RUN SIX 
 
Figure 5.2. Post training testing session protocol and instructions. 
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Data Analysis 

Analysis of raw scores. 

The data analysis was conducted using raw scores for the standardised tests. This 

was done because normative data for the experimental precursor literacy variables (SPAT 

and RAN) was not available for this age group. Age was recorded to be used as a control 

variable if needed. Alpha levels were set to .05 unless otherwise stated.  

Notes on the pre–post training data analysis. 

The main questions asked in this study, like many in educational psychology, are 

centred around what effect training some specific skill/s (e.g., musically related skills) has 

on other outcome variables (e.g., literacy precursor skills of PA and RAN). Discussion on 

the appropriate analysis for this kind of between-groups, pretest–posttest design is found in 

most textbooks and is the topic of many review articles. Most advocate comparing groups 

based on the posttest/pretest difference scores of the test variable, or using an ANCOVA 

procedure with the pretest score as a covariate. While these methods of analysis are both 

valid descriptions of the data they can produce different results, the occurrence of which is 

known as Lord’s (1967) paradox. For a recent review of this dilemma see Wright (2006). 

  For the current study, the results of the difference score analyses are reported. This 

is partly because it is considered adequate when group allocation is random (Wright, 2006). 

However, it was also because robust ANCOVA analogues for comparing groups in 

complex designs (i.e., more than 2 groups with multiple covariates) are relatively recent 

and are not always accommodating to the vagaries of real data collection, particularly in 

situations where group numbers are widely divergent. However, to supplement the analyses 

using difference scores reported in the main body of the thesis, an alternative classical 

ANCOVA analysis using the pretraining scores as a covariate is provided in Appendix 1. 
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Results 

Data collected for five children were excluded from the analysis as three were later 

diagnosed as having hearing difficulties, one had a subsequent diagnosis of verbal 

dyspraxia and one had less than a 50% English speaking home background64. 

Pretraining Analysis 

 An examination of the complete data sets for each variable suggested that seven out 

of nine displayed significantly nonnormal distributions (Kolmogorov-Smirnov; p < .05). 

This was supported by viewing the histograms and Q-Q plots, and by examining the levels 

of the skew and kurtosis in each of these variables. Only the data for the SPAT (the 

measure of phonological awareness) and phase shift ( ) were normally distributed. The 

dispersion of the data showed that the phase shift variable had one extreme outlier (> 4 SD) 

and data from that individual was excluded from the analysis. There were multiple 

examples of moderate outlying values (between 2 and 3 SD) within the variable data sets 

and data from another individual was removed from the pretest analysis for having more 

than four data points in this range.  The other outliers were generally consistent with the 

direction of skew in the data sets and some variable data sets also exhibited thick tails, e.g., 

the distribution for period matching  had skew = 1.26, se = .27, p < .001/ kurtosis = 

2.11, se = .53, p < .001. 

The wide variability in performance in many of the tests (particularly in the RAN 

subtest and tapping data) was anticipated because of the age of the sample. As this variation 

may be the result of qualitatively different developmental levels within the sample, outliers 

may provide information important to the questions posed in this project. Because of this, 

removing/replacing outliers from the analysis was considered counterproductive. This is 

examined in the top–bottom quartile analysis later in the analysis (see Table 5.5, p. 133). 
                                                 
64 Information gathered from the questionnaire.  
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The descriptive statistics for the full data set are reported in Table 5.1 as well as the 

statistics generated by modern robust procedures. The modern robust statistical procedures 

used in the analyses buffer against the influence of violations to the standard statistical 

assumptions of normality and equality of variance. See Chapter 4 for a more detailed 

explanation of the argument for modern robust methodologies in statistical analysis and for 

summaries of the robust tests used in these studies. 

Table 5.1  
The Descriptive Statistics and the Kolmogorov-Smirnov Statistic for the Complete 
Untrimmed Data Set (N=81); and the 20% Trimmed Means#1, Standard Errors#2 and 
Bootstrapped#3 95% CI Based on the 20% Trimmed Data.  
N=81 Mean 

(se) 
Media

n 
95% CI 

Lower/Upper 
Min/Max K-S 

Statistic 
(D) 

20% 
Trimmed 
mean #1 
(se)#2  

Bootstrapped 
95% CI#3 

Lower/Upper  

Age 49.73 
(0.44) 

49 48.86/50.60 44 : 60 .164† 49.20 
(0.54) 

48.18/50.37 

VIQ 25.03 
(0.44) 

26 24.14/25.91 14 : 33 .115** 25.49 
(0.45) 

24.51/26.35 

PIQ 22.02 
(0.43) 

22 21.17/22.88 12 : 34 .132† 21.71 
(0.56) 

20.73/22.78 

SPAT 32.25 
(1.10) 

34 30.06/34.43 11 : 51 ns 32.22 
(1.27) 

29.61/34.82 

RAN 122.01 
(3.26) 

116 115.60/128.60 78 : 204 .111* 120.24 
(3.70) 

111.80/123.6
1 

Audie 14.18 
(0.39) 

14 13.42/14.96 6 : 20 .156† 14.35 
(0.50) 

13.45/15.22 

DTVP 9.10 
(0.41) 

8 8.29/9.91 3 : 20 .140† 8.55 
(0.42) 

7.82/9.49 

Period 
matching 

.26 
 (.02) 

.24 .23/.30 .01 : .92 .110* .24  
(.02) 

.21/.28 

Phase 
shift 

+56.50 
(4.31) 

+57.22 52.23/66.69 -13 : 
+148 

ns +58.52 
(3.87) 

49.98/65.34 

Mean ITI 690.43 
(6.93) 

699.09 677.89/722.96 508 : 782  .150  699.56 
(6.58) 

686.16/712.1
2 

R functions: #1 = lloc , #2 = trimse, #3 = trimpb (…, WIN=T, …);  * p < .05, ** p = .01, † p  .001, se = standard error of the 
mean, K-S = Kolmogorov-Smirnoff, bootstrapped 95% CI= confidence intervals generated by 2000 iterations and based 
on the 20% trimmed data, age = months, VIQ = WPPSI-III Receptive Vocabulary Raw Score (max: 38), PIQ= WPPSI-III 
Block Design Raw (max: 40), SPAT = Sutherland Phonological Awareness Test – School Entry (max: 60), RAN = CTOPP 
rapid object naming (seconds),  Audie ™ = melodic and rhythmic musical perception (max: 20), DTVP = Developmental 
Test of Visual Perception – 2 (Position in Space subtest, max: 25),  period matching = tapping response vector mean 
length - an inverse measure of  angular dispersion for tapping data (max = 1.0),  phase shift = tapping response vector 
mean direction from stimulus in degrees with +ve = anticipation; -ve =tracking: 1 degree is approximately 2 msec,  ITI = 
Inter tap interval (msec). 
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Period matching for each participant was tested using Rayleigh’s test to establish 

his or her relative success at the synchronised tapping task (i.e., how successfully they 

matched their tapping to the stimulus period). It should also be noted that the test was 

conducted on the data representing the total combined trials for each participant (each trial 

representing a single tap–stimulus pair). Given that each participant had 266 

synchronization opportunities during the experimental tapping runs (4 x 25sec of tapping 

data at an ISI of 750msec), the power of the test to detect a nonrandom unimodality 

distribution was large and a conservative α value was set (p < .001). Even using this 

conservative value, the period matching value needed to suggest a statistically significant 

synchronisation was  ≥ .15. Overall 76% of participants (61/81) showed statistically 

significant unimodal distributions in their synchronisation attempts. This represents a much 

higher success rate than previously reported for this age group (Drewing et al., 2006). 

An examination of the phase shifts between the synchronised tapping responses and 

the stimuli show a strong tendency toward anticipation with only 3 participants showing 

phase shift tracking responses (i.e., taps generally trailing the stimulus). This anticipation is 

consistent with previous synchronised tapping research for older age groups (Repp, 2005). 

However, research also suggests that normally developing older children and adults 

anticipate the stimulus by 20–80 msec (Aschersleben & Prinz, 1995; Drewing et al., 2006), 

compared to the 104–135 msec (calculated from the 95% CI) found in this very young 

cohort. 

The percentage bend (rbp) correlations between the variables are given in Table 5.2 

The percentage bend correlation, calculated using population medians, is an analogue to 

Pearson’s correlation coefficient and is considered relatively successful in protecting 

against the influence of outliers and controlling for Type I error probabilities in marginal 

distributions (see Chapter 4, see also Wilcox, 2005, for a full summary).  
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Table 5.2 
Percentage Bend#4 Correlation Matrix  
N=81 VIQ PIQ SPAT RAN Audie DTVP Period 

match 
Phase 
shift 

Mean 
ITI 

Age .31** .28* .44† -.19* .27* .05 -.07 -.01 .20 
VIQ - .41† .24* -.16 .37† .07 .00 -.02 .14 
PIQ - - .32** -.13 .05 .20* .22* -.16 .27* 
SPAT - - - -.29** .31** .21 .15 .05 .15 
RAN - - - - -.09 -.19 -.30** .01 -.30** 
Audie - - - - - .22* -.06 .11 -.03 
DTVP - - - - - - .27* -.05 .27* 
Period 
matching 

- - - - - - - -.47† .68† 

Phase 
shift 

- - - - - - - - -.35† 

R function #4 = pball; * p < .05, ** p < .01, † p < .001, Two-tailed. 

As can be seen, age is correlated with all the raw score nontapping test measures 

except visual perception. In keeping with previous research (Vellutino et al., 2004) the 

SPAT and RAN measures are statistically significantly associated. SPAT is also correlated 

with the musical perception test (Audie) but not associated with either experimental 

measure of rhythmic-motor ability (period matching or phase shift). Interestingly, while 

period matching is associated with RAN, it is also statistically significantly correlated with 

the visual perception measure (DTVP) which was included to assess possible 

environmental confounds in the experimental phase of the study.  Finally, it is worth noting 

that while strong associations exist between the rhythmic-motor measures, they are not so 

strong as to suggest that are measuring exactly the same processes. 

To examine if there was any substantial statistical relationship between PA and 

rhythmic-motor ability in this pretraining data set, a forced regression procedure based on 

the Ordinary Least Square Estimator and using a percentile bootstrap was used to indentify 

statistically significant predictors for the SPAT (R function #5 = lsfitci). The possible 

predictor variables (based on the above correlations and previous research) entered into the 

algorithm were age, VIQ, PIQ, RAN, Audie and period matching. This produced two 
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variables whose individual slope 95% CI did not span across zero point suggesting a 

statistically significant relationship: age – 95% CI [.23/1.87], p = .01 and period matching – 

95% CI [1.36/21.85], p = .03. 

Table 5.3 
Theil-Sen Estimator Regression Model for SPAT as the Criterion with the 95% CI’s for the 
Regression Parameters using Kendall’s Tau; Predictor Variables are Age and Period 
Matching. 

Model 
(SPAT) 

Coefficients#6 se#6 95% CI#7 Significance#7 
(p) 

R#6 

Constant -28.21 12.72 -52.07/-2.55 .027  

Age 1.13 0.25 0.67/1.61 <.001  

Period 
 matching 

13.26 6.89 0/26.47 .045 .48 

R functions # 6 = tsreg and #7 = regci (..., regfun=tsreg,...).  

A regression model was then run with these two variables as sole predictors for 

SPAT using a Theil-Sen estimator algorithm to confirm them as significant predictors, 

calculate 95% CI, to obtain the coefficients and strength for the model. These are presented 

in Table 5.3. It should be noted that although both age and period matching were significant 

predictors when examined individually, age was far stronger, predicting 18% (R = .43) of 

the total variance in SPAT, while period matching contributed less than 3% (R = .16).  

The same procedure described above was used to examine the relationship between 

rapid naming and rhythmic-motor ability. The possible predictor variables entered into the 

algorithm were age, VIQ, PIQ, SPAT, Audie and period matching. This produced only one 

variable, period matching, whose individual 95% CI did not span across zero: period 

matching – 95% CI [-72.95/-7.05]. The SPAT variable, although not statistically significant 

(p = .11) in this analysis, was statistically significant in the parallel analysis reported in 

Appendix 1. Because of this, SPAT and period matching were entered into the Theil-Sen 

regression algorithms both separately and together in order to assess the relationship they 

may have with RAN.  The results are presented below in Table 5.4 
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Table 5.4 
Theil-Sen Estimator Regression Model and 95% CI for the Regression Parameters for RAN as the 
Criterion using Kendall’s-Tau; Predictor Variables SPAT and Period Matching. 
Model (RAN) Coefficients#6   se#6   95% CI#7 Significance 

(p) #7 
R#6   

Constant 128 5.13 118.91/139.67 <.001  
Period 

matching 
-50 17.18 -87.50/-18.18 .002 .29 

Constant 141 9.90 121.39/161 <.001  
SPAT -0.75 0.27 -1.31/-0.2 .008 .31 

Constant 150.29 11.79 127.01/171.70 <.001  
Period 

matching 
-41.92 20.00 -78.84/-8.75 .01  

SPAT -0.63 0.30 -1.16/0.01 .055 .34 
R functions # 6 and #7. 
 

It can be seen in this analysis that SPAT is statistically associated with RAN when 

looked at individually and provides a slightly greater percentage of the overall variance 

than period matching when taken alone (SPAT, R2 = .095; period matching, R2 = .085). But 

when SPAT and period matching are taken together, only period matching remains 

statistically significant suggesting that, of the variance shared by SPAT and period 

matching, the amount directly contributing to RAN is mostly subsumed by period matching 

(period matching + SPAT, R2 = .118; SPAT contributing ~ 3.3% of 11.8% total combined 

variance). It should also be mentioned however, that even though period matching was the 

only statistically significant predictor in this model, the strength of the association was 

weak and period matching explains only about 8.5% of the total variance in RAN in this 

sample. The data do appear to suggest that there may be underlying (nonlinguistic) 

processes common to the ‘phonological’ literacy precursor skills (represented here by 

SPAT and RAN), and sensory-motor/timing ability (as represented by the ability to 

synchronize to an external beat).  

To examine the effect possible qualitatively differential levels in rhythmic-motor 

development may have on the literacy precursor skills represented by the SPAT and RAN 

measures in this cohort, the data were ordered from lowest to highest scores on the period 
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matching variable and the top and bottom quartiles were examined for group differences. 

Table 5.5 shows the 20% trimmed means, standard errors and comparison statistics for the 

groups. Comparing the groups on literacy precursor skills revealed a statistically significant 

difference between them for the RAN variable, suggesting that in general, the better tap 

synchronisers were also better at RAN. No statistically significant difference between the 

quartile groups was found for SPAT. A robust estimate of Cohen’s d using a bootstrapping 

procedure (Algina et al., 2005b) was calculated suggesting a strong effect (d = 0.93), 

although the confidence intervals were very wide, suggesting the true value could lie 

anywhere between 0.22 and 2.05. The point estimate of the Probability of Superiority or PS 

(Grissom, 1994), which is the chance that a randomly sampled good synchroniser in this 

age group would also have relatively efficient rapid object naming abilities, was .74 (or a 

74% chance), with a 95% likelihood that the true value lies between .56 and .93. 
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Table 5.5  
 20% Trimmed Means (Standard Errors), Bootstrapped 95% CI’s (Estimated Difference Between-
group Means) and the Calculated Significance Levels for the Top and Bottom Quartiles of 
Synchronous Tapping Ability.  
N=40 (n = 20 for 

each quartile) 
Bottom 
quartile 

mean#1 (se)#2 

Top quartile 
mean#1  (se) #2 

 

 #8 

[95% CI] 
Significance 

level (p)#8 

Age 48.83 (1.09) 49.83 (0.92) 0.75 
[-2.17/3.42] 

.66 

VIQ 26.16 (0.81) 25.67 (0.93) 0.50 
[-2.17/2.58] 

.80 

PIQ 21.5 (0.96) 23.5 (0.94) -2.00 
[-4.42/0.67] 

.13 

SPAT 30.33 (2.63) 35.00 (2.97) -4.67 
[-12.50/2.25] 

.19 

RAN 132.83 (7.22) 112.92 (4.23) 19.92 
[6.00/40.75] 

.005 

G
ro

up
in

g 
va

ri
ab

le
 Period 

matching 
.08 (.01) .46 (.04) - - 

ITI 627.15 (12.42) 734.63 (7.12) - - 

R functions: #1, #2 and #8 = trimpb2 (..., WIN=T, win=.1, ...);  = estimated difference between means using 
a percentile bootstrap method using resampled data from a 10% winsorised data set65.  

Posttraining analysis 

 Of the 77 children available for the posttesting sessions, only 67 data sets were 

included in the final analysis. Three were removed because they were among those whose 

data was originally excluded in the pretest analysis, three had experienced some form of 

consistent musical training (e.g., a Kindermusic program) prior to the commencement of 

the study, and three were excluded because of equipment failure or excessive signal noise 

during the tapping synchronization task. Data from one other child was excluded because of 

environmental concerns reported by the tester66. The pretraining/posttraining 20% trimmed 

mean ITI’s and standard errors for each group are displayed in Table 5.6. 

 
                                                 
65 The data was winsorised at 10% rather 20% as this was recommended for small to moderate sample sizes 
by Wilcox, 2005, p 126. 
66 It was noted by the tester in the protocol (over two testing sessions) that although the child completed 
the testing session, it was obvious that she was not engaged in the process. It was later revealed that a 
recent death had occurred within the family.  
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Table 5.6 
Mean Pretraining and Posttraining Intertap-intervals 
(ITI) and Standard Errors (se) for Each Group.  

 Mean ITI# 1 (se)#2 
Group Pretraining Posttraining 

Rhythmic-motor 698.74 (12.54) 734.42 (8.21) 
Singing 702.02 (14.65) 701.75 (17.97) 
Control 706.28 (10.38) 709.79 (12.02) 

R functions # 1 and #2.  

Measures for age, IQ and musical perception were taken before training commenced 

to determine if they needed to be taken into account as control variables in the post test 

group analysis. In Figure 5.3, Graph 1 displays each group’s 20% trimmed means, standard 

errors and bootstrapped 95% confidence intervals for these measures (age, VIQ, PIQ, and 

Audie). A series of pairwise comparisons with a robust t-test analogue (with a Bonferroni 

type correction) using 20% trimmed means and percentile bootstrapped p values (R 

function #9= mcppb20) was performed for these variables to assess any statistically 

significant differences between the groups at pretest. No differences were found between 

the groups for age, VIQ and Audie. However, there was a statistically significant difference 

between the rhythmic-motor and singing groups (but not the control group) on the PIQ 

variable (  = 2.79, se = 1.14, 95% CI = 0.04/5.12, p = .015  pcrit = .017). To account for 

this statistically significant difference, PIQ was entered as a covariate in the rhythmic-

motor and singing group comparisons (see below). 
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Figure 5.3. Graph 1 – Groups 20% trimmed means and bootstrapped 95% CI’s for the control variables taken 
before training only (using R functions #1, #2 and #3). Graphs 2-6: –20% trimmed means based and 
bootstrapped 95% CI’s for pre/post training of the control variable (DTVP) and the experimental variables 
(SPAT, RAN, mean period matching, mean phase shift) for each group.  
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Graph 2 displays the 20% trimmed means and bootstrapped 95% CI’s of the 

pre/post training raw scores for the developmental visual test (DTVP – Position in Space 

subtest). This test was undertaken to examine possible experimental reactivity and /or 

Hawthorn effects. As a purely visual matching task it was considered unlikely to be directly 

affected by the experimental training but may respond to environmental factors due to the 

presence of the investigator (as the musical trainer) in the experimental groups but not the 

control group. A series of within-group comparisons were conducted for the control 

variable DTVP and the experimental variables: SPAT, RAN, period matching and phase 

shift (Figure 5.3, Graphs 3-6) based on the 20% trimmed mean and bootstrapped 95% CI’s. 

Table 5.7 below presents the results from this analysis. 

 Table 5.7 
Within-group (Posttraining/Pretraining) Comparisons#10 for DTVP, SPAT, RAN, Period Matching 
and    Phase Shift -  20 % Trimmed Mean of the Difference (Δ) Scores, Standard Errors and 
Bootstrapped 95%   CI’s  

Groups Rhythmic-motor 
 n = 28 

Singing 
 n = 16 

Control 
n = 23 

   
(se) 

95% CI  
low/up 

p value   
(se) 

95% CI 
low/up 

p value   
(se) 

95% CI 
low/up 

p value 

Δ DTVP 2.00 
(0.86) 

  0.50/ 
4.00 

 .011* -0.2 
(1.28) 

-2.70/ 
2.00 

.957 1.73 
(1.06) 

-0.27/ 
3.47 

.105 

Δ SPAT 8.89 
(1.27) 

5.84/ 
11.06 

<.001* 10.2 
(2.30) 

6.60/ 
15.0 

<.001* 11.67 
(1.78) 

8.27/ 
15.27 

<.001* 

Δ RAN -14.44 
(3.00) 

-20.34/       
-9.06 

<.001* 5.9 
(5.97) 

-5.30/   
17.00 

.276 1.80 
(5.50) 

-8.20/ 
11.87 

.790 

Δ Period 
matching 

.04  
(.04) 

-.02/ 
.14 

.220 -.02  
(.03) 

-.07/ 
.04 

.504 -.04  
(.05) 

-.13/ 
.05 

.356 

Δ Phase 
shift 

-22.90 
(10.02) 

-41.01/      
-4.17 

  .024* 5.60 
(11.99) 

-24.78/ 
25.76 

.808 4.05 
(17.78) 

-23.17/ 
34.57 

   .748 

R function #10 = bootdpci; * statistically significant change. 
 

Robust between-group comparisons (see Table 5.8) were conducted on the 

difference scores as was done for the pretest control variables (using R function #9, for 

rhythmic-motor v. control, and singing v. control comparisons). As there was a statistically 

significant difference between scores for the rhythmic-motor and singing groups on the 

control variable for visual–spatial reasoning (PIQ), the rhythmic-motor v. singing between-
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group analyses were conducted using a robust ANCOVA procedure built for 2 or more 

groups and a single covariate (covariate = PIQ; R function #11 = ancmg1[... fr=3, ...])67. 

The results from these tests are substituted in Table 5.8 The Bonferroni adjusted critical p = 

.017 value remained the same as the number of tests was the same. No difference was 

found between the groups on the visual control measure (DTVP) suggesting that the 

presence of the instructor did not create any expectancy effects in the musical training 

groups. 

Table 5.8 
Estimated Mean Difference Scores ( ), 95% CI’s and p Values were Calculated by Using a Percentile 
Bootstrap Procedure for the Between-group Comparisons Based on Posttraining – Pretraining 
Difference Scores.  
Compared 

groups 
Rhythmic-motor 

v. Singing#11† 
Rhythmic-motor v. 

Control#9 
Singing v. 
Control#9 

  
(se) 

95% CI 
low/up 

p 
value 

 
(se) 

95% CI 
low/up 

p 
value 

 
(se) 

95% CI 
low/up 

p 
value 

Δ DTVP 2.20 
(1.49) 

-0.92/ 
6.10 

.11 0.27 
(1.27) 

-0.54 / 
3.78 

.75 -1.93 
(1.59) 

-0.53 / 
1.83 

.24 

Δ SPAT -1.13 
(2.55) 

-7.75 / 
3.64 

.63 -2.78 
(2.05) 

-8.37 / 
1.89 

.17 -1.47 
(2.80) 

-7.73 / 
5.97 

.62 

Δ RAN -21.89 
(6.50) 

-35.96 / 

-7.40 

.002* -16.24 
(5.86) 

-30.17 / 

-2.56 

.004* 4.1 
(7.78) 

-15 / 
22.53 

.59 

Δ Period 
matching 

.07 
(.05) 

-.04 / 
.21 

.17 .08 
(.06) 

-.05 / 
.23 

.16 .02 
(.06) 

-.11 / 
.15 

.68 

Δ Phase 
shift 

-28.34 
(15.08) 

-60.10 / 
11.23 

.14 -26.95 
(19.07) 

-68.44 / 
10.93 

.11 1.55 
(20.30) 

-49.14 / 
43.80 

.99 

NB: the critical p value for all comparisons calculated by a Bonferroni type adjustment was = .017.  
† = substituted robust ANCOVA (R function #11) statistics with PIQ as covariate, R functions #9, and #11 = 
ancmg1(... fr=3, ...), * = statistically significant differences. 
 

Of the group comparisons on the experimental variables, only the estimated mean 

difference scores for RAN appeared to be statistically different between the groups 

(rhythmic-motor < singing = control). Robust Cohen’s d for the rhythmic-motor v. singing 

group comparisons (Algina et al., 2005a) suggested a strong effect; dr = 1.14 (95% CI’s = 

                                                 
67 A summary of the robust ANCOVA procedure (R function #11) is reported in Chapter 4, p.108. In the 
analysis (see Table 5.8, Rhythmic-motor v. Singing), only the statistics for the middle PIQ design point (raw 
score = 22) are reported as the results were consistent across all design points.  
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0.37/2.61), with a PS = .79 (95% CI’s = .60/.97). The effect size for the rhythmic-motor v. 

control group comparisons was more moderate at dr = 0.81 (95%CI’s = 0.24/1.58) with a 

PS = .72 (95% CI’s = .56/.87). In this case, the PS values represent the probability that a 

randomly sampled child who had experienced rhythmic-motor focused training would 

demonstrate an improvement in their rapid object naming ability over and above that of a 

randomly sampled child in one of the other groups. 

 

Figure 5.4. Pretraining and posttraining RAN Scatter plots (raw scores; sec) with linear trend 
lines, equations and associated R2 (classical linear regression) for each group based on the 
complete data sets (i.e., no trimming). 
 

Finally, as suggested by Wright (2003), the best way to examine if a treatment or 

training method has had any effect on a group is to present graphically the pre- and post- 

(training) scores in a scatter plot between those groups experiencing the treatment/training 

and a control group. This is done in Figure 5.4 and clearly shows that the group receiving 

the rhythmic-motor focused musical training sessions demonstrated an improved rapid 

y = 0.79x + 9.68 
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object naming efficiency (on average) by approximately 16–18 sec (or 8–9 sec per trial) 

when compared with the singing (or phonological) focused training group or the control 

group over the course of the study. This is a considerable change over a relatively short 

period of time (16 weeks). However, it is also worth observing that overall, the within-

group variances are large for all the tested tasks. At this very young age, some children may 

be at different stages of development, leading to qualitatively different levels of 

performance. Accordingly, the results should be interpreted cautiously. This is reinforced 

by examining the breadth of many of the 95% confidence intervals reported above. 

Discussion 

 The principal question asked in this study was about the relationship between 

musical training and the development of skills that have been found to be strong predictors 

of literacy outcomes. In doing so, it examined opposing predictions derived from two 

theories about literacy development and disorder: the phonological processing model 

(Wagner & Torgesen, 1987) and the double deficit hypothesis (Wolf, Bowers, et al., 2000). 

Specifically, the study investigated the effects two early music programs had on the 

phonological awareness (PA) and rapid naming (RAN) skills of young preliterate children. 

One program focused on developing rhythmic-motor abilities (i.e., a musical 

movement/percussion program) and the other was designed to develop PA through singing, 

chanting and phonological language play without the usual explicit rhythmic-motor 

marking (e.g., clapping) found in early musical games/activities.  

No support was found for the first hypothesis tested in this study; H1, that those 

children experiencing the singing/chanting music program would improve on a measure of 

PA skills when compared to the children not participating in this program. Although all 

groups improved their phonological awareness abilities, no group outperformed the others 

in developing these skills. However, strong support was found for the second hypothesis 
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(H2) tested in this study with results indicating that the group who had received the musical 

movement/percussion program improved their RAN abilities compared to the singing and 

control groups. The improvement seen in this group was significant, nontrivial, and 

represented an average improvement of approximately 14 seconds on the rapid naming task 

over the course of the training program. Although proficiency in RAN type tasks predict 

later reading fluency outcomes for this age group, the improvement in rapid naming skill 

observed in this study does not necessarily indicate that a consequent improvement in 

future reading fluency is to be expected. However, this finding does offer further impetus to 

explore this relationship in greater detail. It also may hold implications for reading 

remediation programs as few of these have been shown to improve reading fluency and it is 

often children with fluency issues who are the most resistant to standard approaches to 

literacy remediation (Campbell, Helf, & Cooke, 2008; de Jong & Vrielink, 2004; Lyon & 

Moats, 1997; Vadasy & Sanders, 2008; Wolf, Miller, & Donnelly, 2000).   

These results suggest that nonlinguistic rhythmic processing may be a factor in the 

development of fluent reading skills and offers support to theories opposing a purely 

phonological processing basis for the acquisition of all literacy skills. In particular, this 

finding provides some support for the proposal (Wolf & Bowers, 1999; Wolf, Bowers, et 

al., 2000) that the difficulties a significant proportion of reading disordered populations 

display on measures of reading fluency may be an expression of a nonphonological 

processing deficit in the way the brain processes temporal information. The posttraining 

results also provides some substantiation to those studies suggesting that musical training 

can have a significant positive effect on the skills associated with literacy development, and 

extend them by indicataing that rhythmic processes may be integral to that relationship. 

Although a significant improvement in the PA abilities over the course of the study was 

seen for the singing group, there was no difference in the between-group comparisons for 
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this measure. This is contrary to a previous findings where singing based musical 

training/activity has been shown to improve PA and abilities associated with PA (Colwell, 

1994; Gromko, 2005) in kindergarten children. The decision to moderate the effects of 

rhythmic exposure by removing the usual rhythmic-motor marking of the prosodic 

boundaries within the materials and replacing them with largely arhythmic actions may 

have impacted these findings. It is possible that the arhythmic movements interfered with 

the children’s ability to reflect on and internalise the phonologically based material used in 

the program. A lack of explicitly developing rhythmic skills (with or without a 

phonological element) may also be the reason behind the equivocal results of some 

previous experimental studies examining the relationship between musical training/abilities 

and literacy (Butzlaff, 2000; Standley, 2008). 

 As well as the evidence provided by the rhythmic training effect on the RAN 

abilities for the children in this study, analysis from the pretraining data also suggests a link 

between some form of temporal (rhythmic-motor) processing ability and RAN. In the 

pretest analysis, a significant relationship was found between the PA measure and RAN for 

the whole group. This is a common finding in children and is often cited as evidence that 

RAN and phonological awareness tap the same underlying processes (Torgesen et al., 1997; 

Wagner et al., 1994). However, RAN was significantly associated with the period matching 

component of the synchronous tapping task suggesting some shared processes, while PA 

was not. Additionally, the visual matching measure included as a control for possible 

environmental confounds was significantly associated with period matching (but not RAN, 

although this was just outside the level needed to reach significance). This pattern lends 

support to an early link between visual matching accuracy (and possibly the visual 

processing aspect of the RAN task, see Stainthorp, Stuart, Powell, Quinlan, and Garwood, 

2010) and rhythmic motor abilities.  
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Musical perception (Audie) and phonological awareness were also significantly 

associated, offering some weak support to the arguments citing a causal link between some 

form of nonlinguistic auditory processing ability and literacy development (Goswami, 

Fosker, Huss, Mead, & Szűcs, 2011; Tallal & Gaab, 2006). Conversely, Audie was not 

significantly associated with RAN or the temporal processing measures (period matching 

and phase shift) suggesting that the relationship between RAN and the temporal processing 

measures is not underpinned by general auditory processing abilities, offering some weak 

support to Wolf et al. (2000). 

A regression analysis accounting for the possible confounding effects of other 

interrelated variables was conducted to examine the links between rhythmic motor 

processing, phonological awareness and RAN. These results provided much stronger 

evidence for the proposal of Wolf et al. (2000) that temporal processing may be important 

in the development of RAN abilities beyond any contribution from phonological 

processing. The results also show, however, that PA and rhythmic motor processes share a 

small but significant amount of variance (around three percent), supporting those 

researchers who link temporal processes directly to phonological awareness abilities 

(Goswami, Fosker, et al., 2011; Tallal & Gaab, 2006), although for the current study at 

least, the relationship was weak. Finally, the pretraining data suggested that those children 

who were comparatively stronger in their rhythmic motor skills were also, on average, 

better at RAN than those children who showed weaker rhythmic motor abilities. The same 

groups did not differ on their PA abilities. Once again, these results tend to support Wolf et 

al. (2000) by linking temporal processing ability to the development of RAN.  

While these results appear to support the position that some aspect of general 

(nonlinguistic) temporal processing ability may contribute to literacy development 

(especially fluent reading and writing skills), there are a number of limitations inherent in 
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the design and implementation of this study, as well as the structure of the data collected, 

that suggest caution should be used in interpreting the results. In choosing such a young 

population, standardised norms were unavailable for the preliteracy measures and as the 

children were drawn from a high socioeconomic region, generalising the results beyond the 

tested population is problematic. Also, there was a great deal of within-group variance in 

data, especially for the two measures of most interest: RAN and synchronous tapping. 

Given the rapid rate of developmental change in children this age, there is a strong 

possibility that some of that variability may be due to children who were at qualitatively 

different levels of development (even after accounting for age). This calls into question the 

assertion that the measured posttraining RAN ability levels are the result of a quantitative 

improvement in skill due to training, rather than qualitative (phase based) developmental 

change. 

Differences that emerged in the makeup of the class groups may also have impacted 

on the results. The classes involved in singing group contained more children with 

developmental, cognitive and behavioural challenges as well as a greater diversity in 

cultural background. The developmental issues in these classes (over the two years of the 

study) included one child with Global Developmental Delay, two children with diagnoses 

for an Autistic Spectrum Disorder, one with dyspraxia and a selective mute. Although these 

children did not provide any data to the study and they all demonstrated obvious enjoyment 

in participating with the group, the environmental effects of having children in the class 

with such diverse needs on the other children are unknown. These problems and the 

cultural issues (high levels of ESL) also impacted the group numbers for the singing 

program and this group eventually ended up with only half the numbers available compared 

to the rhythmic movement/percussion group.  
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Additionally, while the chief researcher was an experienced and accredited Suzuki 

piano teacher (a pedagogical method that focuses on starting music lessons young), he had 

comparatively little experience in teaching vocal music and it is possible that this affected 

the efficacy of the delivery of the singing program, although, from casual observation, this 

did not seem to be the case. Finally, although some randomisation was possible, complete 

random allocation to condition was compromised because the study was restricted in its 

design by using the preexisting classes. This was especially true for the experimental 

rhythmic-motor class in the second year of the study for which the condition was known to 

the principal investigator before pretesting began. This class was designated to receive the 

musical movement/percussion program to counterbalance environmental effects of the first 

year. This raises the possibly of experimenter bias in the pretest assessment or some form 

of expectancy effect in the program implementation. However, a post hoc analysis of this 

class’ pretraining results suggest that there were no significant differences between their 

scores, the corresponding group from Year 1 or the pooled scores from all the other 

participating children across both years on any of the independent variables tested (see 

Appendix 1, p. 274). 

 The theoretical implications for the results presented in this chapter must also be 

considered carefully. The relationship between the rhythmic-motor task (i.e., synchronous 

tapping) and whatever aspect of the musical movement/percussion program that facilitated 

a positive change in the RAN measure of the children is uncertain. Unlike Taub, McGrew, 

and Keith (2007), the program did not specifically train the children to tap in time to a 

metronomic external beat. Most of the rhythmic training was more sophisticated requiring 

the children to attend and respond to far more complicated stimuli. Even though the results 

show that the children in this program improved their synchronous beat tapping ability over 

the course of their training, the improvement was not significant when compared to the 
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other groups. This suggests that the tapping task may not adequately represent those 

processes in the training that most facilitated the improvements in RAN ability.  

Another consideration is that, although the predictive relationship between RAN 

tasks and reading fluency is well established in the literature, less well understood are the 

subtle differences in the underlying mechanisms of various RAN task subtypes themselves 

(colours, objects, numbers and letters) and their evolving importance to literacy 

development (Meyer, Wood, Hart, & Felton, 1998a; Närhi et al., 2005). For example, it has 

been suggested that while RAN colour and object tasks are good predictors of some literacy 

outcomes for preliterate children (Badian, 1998; Scarborough, 1998; Torppa, Poikkeus, 

Laakso, Eklund, & Lyytinen, 2006), as children develop, number and letter RAN tasks 

appear to be better predictors for individual differences in reading abilities (Compton, 

2003; Stringer, Toplak, & Stanovich, 2004; van den Bos et al., 2002; Wolf et al., 1986). It 

is possible that the improvement found in the RAN objects task for the musical 

movement/percussion group would not be translated to the more abstract letter/number 

forms of the RAN measure which appear to be more closely related to reading fluency 

outcomes in later development, or indeed to reading fluency itself. Also, while research has 

attempted to map the changes in the RAN subtasks and their relationships to reading 

fluency over the course of literacy development (van den Bos et al., 2002), this has not 

been examined concurrently with the interrelationships between rhythmic processing and 

musical training.  The purpose of the two studies presented in the following chapters was to 

explore these relationships in individuals with a reading disorder, and normally developing 

readers both with and without musical training.  
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Chapter 6: Study 2 – Musical Training, Literacy Subskills and Reading Fluency in 

Grade  

 

Study 1 provided evidence for a possible causal link between musical 

movement/percussion training and an improvement in a measure (RAN objects) that has 

been shown to predict literacy skill development for young preliterate children (Badian, 

1994; Kirby et al., 2003; Scarborough, 1998; Torppa et al., 2006). Currently, many 

researchers are investigating the component processes of RAN trying establish which of 

these are most associated with literacy acquisition success or failure (Arnell et al., 2009; 

Clarke et al., 2005; Georgiou, Parrila, & Kirby, 2009; Jones et al., 2008; Neuhaus & 

Swank, 2002; Stainthorp et al., 2010; Vaessen et al., 2009). Overall, findings have been 

interpreted as either supporting models that view RAN’s contribution to literacy 

development as an expression of phonological processing (Clarke et al., 2005; Vaessen et 

al., 2010), or supporting models which suggest that this contribution reflects (at least in 

part) nonphonological processes (Arnell et al., 2009; Georgiou et al., 2009; Jones et al., 

2008; Neuhaus & Swank, 2002). The results from Study 1 seem to support those theorists 

who advocate the latter, and in particular those who argue that temporal processing abilities 

(such as those as might be involved in rhythmic-motor tasks) could be an important factor 

in linking RAN performance and reading fluency (Arnell et al., 2009; Wolf, Bowers, et al., 

2000; Wolff, 2002; Wolff et al., 1995).  

However, when exploring the processes that underpin the relationship between 

RAN and reading fluency, the changing relationship between the various RAN type 

subtasks (letters, digits, objects and colours) and their individual power to predict aspects of 

literacy development over the life span must also be considered. Although 
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nonalphanumeric RAN tasks (i.e., objects and colours) have been shown to predict future 

reading and literacy in preliterate kindergarten children (Badian, 1994; Schatschneider et 

al., 2004), research suggests that as children progress through their schooling, alphanumeric 

RAN tasks (i.e., letters and numbers) become more closely associated with concurrent and 

future literacy development (Compton, 2003; Denckla & Cutting, 1999; Stringer et al., 

2004; Wolf et al., 1986). In particular, a seminal study by Wolf et al. (1986) examining 

specific RAN task associations and reading outcomes from kindergarten to the end of 

Grade 2 concluded that once general reading processes became more automated only the 

subprocesses directly involved with speeded alphanumeric (possibly orthographic) retrieval 

were relevant to further reading development. Because of this, subsequent research 

literature has focused on the alphanumeric (letters and numbers) forms of RAN tasks rather 

than the nonalphanumeric RAN tasks (objects and colours). However, the relationship 

between alphanumeric and nonalphanumeric RAN tasks and reading outcomes and other 

literacy skills is not clear-cut. 

In a study that examined the relationship between alphanumeric and 

nonalphanumeric RAN and reading from early childhood to mid adulthood, van den Bos, 

Zijlstra, and lutje Spelberg (2002) found that the RAN subtasks (letters, digits, objects and 

colours) did not differentiate clearly into two factors (alphanumeric and nonalphanumeric) 

until between the ages of 10 and 12 years. Arnell, Joanisse, Klein, Busseri, and Tannock, 

(2009) provided evidence that nonalphanumeric RAN tasks were as good as, or better than, 

the alphanumeric RAN tasks for predicting reading rate and comprehension in nonimpaired 

(university educated) adults. Other researchers have longitudinal data suggesting a 

relationship between alphanumeric RAN and Grade 1 and 2 literacy outcomes, but that this 

relationship fades in Grades 4 and 5 (Torgesen et al., 1997). In fact, numerous studies (e.g., 

Arnell et al., 2009; Badian, 1993; Bowers, Steffy, & Tate, 1988; Bowers & Swanson, 1991; 
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Cardoso-Martins & Pennington, 2004; Compton, 2003; Denckla & Rudel, 1976b; Heath & 

Hogben, 2004; Li et al., 2009; McBride-Chang & Manis, 1996; Meyer et al., 1998a; Misra, 

Katzir, Wolf, & Poldrack, 2004; Wolf, 1991; Wolff, Michel, & Ovrut, 1990) have 

suggested that alphanumeric and nonalphanumeric RAN differentially predict literacy 

outcomes depending on the particular subpopulation studied, (e.g., those at risk of literacy 

difficulties vs., those not at risk; poor readers vs., good readers; learning disordered vs., 

dyslexic, or early readers vs., advanced readers) and the literacy outcome measurers 

examined (e.g., knowledge of letter forms, decoding accuracy, spelling, untimed or timed 

reading tasks, comprehension).  

Because of this complexity, although an argument for a possible causal link 

between (musical) rhythmic-motor ability/training and RAN objects can be made from the 

results of Study 1, it is not possible to generalise this finding to other populations or to 

extend the inferred causal chain to include alphanumeric RAN or literacy outcome 

measures. Ideally, this should be examined either via a second experimental training study, 

similar to the Study in Chapter 5 focusing on older group of students or by a follow up of 

the original Study 1 children at a time when a direct reading fluency measure could be 

sourced. However, due to the limited time available to complete a PhD research program, it 

was not feasible to pursue either of these options. Therefore the decision was made to 

explore these relationships in a cross-sectional design and establish the plausibility of a 

continuing association between (musical) rhythmic-motor ability/training, RAN and, 

possibly, reading fluency. While this cannot provide evidence for a causal relationship 

between the measures of interest, it can provide some indication as to whether further such 

an investigation is warranted.  

Studies 2 and 3 were designed to explore some of these issues by examining the 

relationships between rhythmic-motor ability, alphanumeric and nonalphanumeric RAN 
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tasks, phonological awareness (PA) and reading fluency outcomes in older populations with 

contrasting levels of literacy and musical abilities. The study reported in this chapter (Study 

2) examined Grade 4/5 students68 who were either formally diagnosed with a reading 

disorder, normally developing readers with minimal musical training or, normally 

developing readers with extensive musical training.  

The decision to examine these relationships in Grade 4/5 students was primarily 

based on three factors. Firstly; as noted above, the 10–12 year old age range corresponds 

with a purported functional differentiation between alphanumeric and nonalphanumeric 

RAN (van den Bos et al., 2002). Secondly, it is an age where basic decoding/encoding 

skills are well established for normally developing children and fluent reading skills 

become increasingly important to further learning. The third factor influencing this decision 

was informed by research undertaken because of the difficulties interpreting the 

synchronous tapping data from Study 1. The basis of these difficulties were the high levels 

of within-group variability and the generally poor abilities of participating children (aged 3 

½ to 5 years old) on the synchronous tapping task. While exploring more effective ways to 

represent the tapping data from that study, a number of findings relating to 

developmental/training changes in synchronous tapping abilities were clarified for the 

current author. A brief summary of the most pertinent findings is provided below.  

The synchronous tapping abilities of very young children has been explored and 

while researchers have suggested that 3–4 year old children can adapt successfully to an 

external beat (Fraisse, Pichot, & Clairouin, 1969, cited in Drake, Jones, & Baruch, 2000; 

McAuley, Jones, Holub, Johnston, & Miller, 2006), the degree of ‘success’ varies 

considerably. In this regard, the findings of Study 1 were roughly in line with previous 

research suggesting that the synchronous tapping ability of 3–4 year old children is such 
                                                 
68 Grade 4/5 students in Western Australia fall mostly within the 10-12 age range.  
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that only about 25–45% demonstrate real proficiency at the task (Provasi & Bobin-Bègue, 

2003; Williams et al., 1932)69. The results from Study 1 also support research showing that 

musical training can positively affect synchronous tapping abilities at both the period 

matching and phase shift components of the task (Drake et al., 2000; Repp, 2010). 

Studies exploring life span data on synchronous tapping suggest that by 

approximately 6–7 years of age, most normally developing children perform reasonably 

well at period matching to an isosynchronous target beat, with children 10–12 years of age 

approaching an asymptote in performance (Drake et al., 2000; Drewing et al., 2006; 

McAuley et al., 2006). As period matching approaches a ceiling of ability, the phase shift 

aspect of synchronous tapping is considered a better measure of success in the older age 

groups or trained individuals (Repp, 2005; Semjen et al., 1998). Examining the 

synchronous tapping abilities of children in the 10–12 years of age range ensured that most 

normally developing children would be proficient at the task.  It also offered the possibility 

to explore the transitional relationships between period matching and phase shift, and 

patterns of association between these two aspects of temporal (rhythmic-motor) ability and 

the literacy related measures. 

Commensurate with the overarching goal of this thesis, musical training was used to 

examine the role general temporal (rhythmic-motor) processing abilities may play in the 

development of literacy and particularly, reading fluency. For the purposes of the current 

study (Study 2) and Study 3 reported in the next chapter, it was predicted that musically 

trained participants would perform significantly better at the synchronous tapping task 

(suggesting superior temporal processing ability) than the nonmusician groups. The 

                                                 
69 While the analysis in Study 1 suggested that around 76% of children ‘succeeded’ at the tapping task, the 
critical level of response-stimulus correlation as measured by  was low: > .15 (mean ITI  for the ‘successful’ 
group =  709msec; ISI target = 750msec).  for the top 25% of tappers were all >. 36 (mean = .46; mean ITI = 
734.63msec).  
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research program’s working hypothesis, that musical training improves specific 

subprocesses (RAN) known to predict reading fluency via the training of nonlinguistic 

temporal processing abilities., was modified to reflect the cross-sectional nature of this 

study and the lack of control over the content on the training in the child musician group70.  

The a priori predictions were:  

H1 — That the musicians, all other variables being equal, would demonstrate 

significantly superior reading skills (single word efficiency and text accuracy, fluency and 

comprehension) and reading related subskills (PA and RAN tasks) when compared to the 

nonmusician, normally developing reader control group. Rejection of the null hypothesis 

would strengthen the argument for a functional association between musical training and 

literacy development. It would also suggest that this association went beyond the basic 

language development and decoding/encoding outcomes seen in many other studies 

(Anvari et al., 2002; Douglas & Willatts, 1994; Forgeard et al., 2008; Lamb & Gregory, 

1993; Roskum, 1979) to higher level reading outcomes (such as reading comprehension) 

important in advanced education settings (Compton et al., 2001; Katzir, Kim, et al., 2006). 

H2 — That the dyslexic readers (as the expected least fluent readers) would be 

statistically significantly poorer on the rhythmic-motor measures when compared to the 

nonmusician normally developing readers. Rejection of the null hypothesis for this 

prediction would replicate the results from a number of studies (Thomson et al., 2006; 

Waber, Weiler, et al., 2000; Wolff, 2002) and would provide support to those researchers 

who suggest a possible link between temporal (rhythmic) processing (indirectly - Goswami, 

2011; or directly - Wolf & Bowers, 1999) and literacy fluency. 

                                                 
70 Although the musician group were drawn from instrumentalists, three individuals also reported ongoing 
involvement with singing activities and most early instrumental training makes extensive use of song based 
material including nursery rhymes and songs.  
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 If both null hypotheses were confirmed it would strongly suggest that temporal 

(rhythmic-motor) processing abilities had no significant impact on the development of 

literacy skills. 

The within-group data will also be explored for differences in the pattern of 

associations (through correlation and regression analyses) between the variables across the 

groups. As stated above, the relationship between the RAN subtask types (alphanumeric 

vs., nonalphanumeric) and literacy appears to change depending on the particular 

subpopulations tested. While researchers have explored these relationships for 10–12 years 

old children for normally developing and dyslexic readers (e.g., van den Bos et al., 2002), 

few if any, have included measures of rhythmic-motor ability. Conversely, researchers who 

have examined the relationships between rhythmic-motor processes and literacy related 

skills (in any age) have rarely used RAN measures (Huss et al., 2011; Overy, 2003; Overy, 

Nicolson, Fawcett, & Clarke, 2003), but those who have included them have generally used 

either the alphanumeric or nonalphanumeric type only (e.g., colours - Corriveau & 

Goswami, 2009; composite letters and numbers - Taub et al., 2007; objects - Thomson et 

al., 2006; Thomson & Goswami, 2008). Overall, the weight of previous research would 

suggest that the association between reading fluency measures and alphanumeric RAN 

becomes stronger as reading fluency skills improve, while the association with 

nonalphanumeric RAN decreases. The inclusion of the musician group (if as predicted they 

are found to be significantly better at reading fluency tasks than the other groups), provides 

this study with the opportunity to examine the pattern of these interrelationships in three 

different reader populations (poor, average and good), largely independent of age and 

education (other than musical training). 
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Method 

Participants 

The study was conducted with the ethical approval of the Human Research Ethics 

Committee of the University of Western Australia (ref number: RA/4/1/2389) and the 

Western Australian Department of Education and Training (DET- ref number: 

D09/0505723). Other information relevant to this study is provided in Appendix 2 

including a copy of the questionnaire used to screen participants and provide basic 

demographic data. Three groups of Grade 4/5 Western Australian children were recruited 

to participate in this study (see Table 6.1). 

Table 6.1 
General Demographic Data for the Study 2 Participant Groups.  
Group N (male/female) Age§ (months) 

20% trimmed 
Mean (se) 

Age range 
(months) 

Musician  17 (9/8) 132.45(2.33)  114 - 144 

Dyslexic  17 (13/4) 129.45 (2.16) 116 - 149 

Control  18 (11/7) 127.58 (0.79) 121 - 134 

           § = R functions #1 and #2. 

The first group were child musicians who had received a minimum of three years 

instrumental training (other than the recorder). The second group were children with an 

existing diagnosis of a specific reading disorder (dyslexia). The third group had minimal 

musical training and no diagnosed reading difficulty (i.e., a normal reader control group). 

Most children in this age group have some musical instrument experience (e.g., the 

recorder) as part of their normal school curriculum, because of this, the maximum 

acknowledged musical instrument experience for inclusion in the control group was set at 

one and a half years.   
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Materials 

Measures. 

General ability. The Vocabulary and Matrix Reasoning subtests of the Wechsler 

Abbreviated Scale of Intelligence (WASI; Wechsler, 1999) were used to obtain an estimate 

of nonverbal fluid reasoning, verbal reasoning and overall ability (FSIQ-2). The WASI is a 

brief intelligence screener commonly used as an assessment tool when testing time is 

limited. One of its recommended uses is for research and it can provide a quick and 

accurate assessment of general cognitive functioning with a composite score from two 

subtests (Vocabulary and Matrix Reasoning). 

Vocabulary is a graded test requiring the individual to define the meanings of up to 

42 words with responses scored with 0, 1 or 2 points (higher is better) based on the 

depth of understanding of word meaning and the verbal fluency of the answer. An 

answer guide is provided in the test manual. 

Matrix Reasoning is a graded test consisting of 35 items. This test requires the 

individual to reason and form understandings of the abstract relationships among a 

series of related visual stimuli. Test items are scored either correct (1 point) or 

incorrect (0 points). 

 The corrected test-retest reliability for the Vocabulary and Matrix Reasoning 

subtests, and the FSIQ-2 scores in the 6 to 11 year age bracket are published as being .85, 

.76 and .83 respectively. The WASI full scale intelligence estimate (FSIQ-2) correlates 

with the Wechsler Intelligence Scale for Children – III (WISC- III; Wechsler, 1991) and 

the Wechsler Adult Intelligence Scale – III (WAIS – III;  Wechsler, 1997) with FSIQ 

scores at .81 and .87 respectively, demonstrating good concurrent-predictive validity for 

the composite score. At the subtest level, Vocabulary and Matrix Reasoning are published 

as correlating with the comparable WISC-III subtests at .88 and .66 respectively.  
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Literacy related cognitive processing. The Comprehensive Test of Phonological 

Processing (CTOPP; Wagner, Torgesen & Rashotte, 1999) was developed as a 

phonological processing assessment tool and is based on the theoretical framework 

developed by its authors (see Chapter 2). This battery contains tests assessing PA, PM and 

RAN (letters, numbers, colours and objects). The test also provides US based norms for 

these tests over the ages of 5–24 years. Only the PA measures and the RAN subtests were 

used in this study.  

Phonological awareness (PA). Because this test is commonly used in Western 

Australia as a clinical assessment tool, especially for suspected reading problems, subtests 

for the alternate composite were used in an effort to avoid possible test-retest confounds in 

the dyslexic cohort.  

These subtests were: 

1). Blending Nonwords. This is a graded test containing 18 items requiring the 

individual to synthesize phonemes into a cohesive nonword.  

2). Segmenting Nonwords. This is a graded test containing 20 items requiring the 

individual to segment a given (spoken) nonword into its constituent phonemes.  

These subtests are combined to form the alternate form of the PA composite score.  

Prerecorded stimuli are included in the testing kit from the manufacturer.  

Rapid automatised naming (RAN). All the rapid naming subtests (letters, numbers, 

colours and objects) from the CTOPP were administered. These four subtests form two 

rapid naming composite scores (alphanumeric = RAN1 and nonalphanumeric = RAN2). A 

general description of these subtests can be found in the method section of Study 1 

(Chapter 5). Each subtest is identical in structure with the exception of the stimulus to be 

named.  
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 Test-retest reliability in the 8–17 year age bracket for the alternate PA composite 

and RAN1 and RAN2 composite scores are reported as being .88, .79 and .95. The validity 

of the instrument is discussed in the (Chapter 5) method section.  

Reading outcomes. Both the reading outcome tests used in this study have been 

extensively used for research and clinical purposes.  

The Test of Word Reading Efficiency (TOWRE; Torgesen, Wagner, & Rashotte, 

1999) examines two aspects of single word reading common to many literacy achievement 

tests, namely word identification (or knowledge) and nonword decoding, but differs from 

other tests by also examining the reader’s fluency at these tasks. The test provides (US 

based) norms for the ages from 6 years to 24 years for both of these tasks and a composite 

total reading efficiency score. Form A of the test was used for this study.  

Sight Word Efficiency requires the individual to read correctly as many words as 

possible from a set of 104 within a 45 second period.  

Phonemic Decoding Efficiency requires the individual to decode correctly as many 

nonwords as possible from a set of 63 within a 45 second period.  

Test-retest reliability for form A is published as being .91 for Sight Word 

Efficiency subtest, .90 for Phonemic Decoding Efficiency subtest and .93 for the Total 

Reading Efficiency score. The Sight Word Efficiency and Phonemic Decoding Efficiency 

subtests, when compared to the Woodcock Reading Mastery Tests-Revised (Woodcock, 

1987) Word Identification and Word Attack subtests, are reported as correlating at .85 and 

.89 suggesting strong concurrent validity for the test.  

The Gray Oral Reading Test – 4 Edition (GORT - 4; Wiederholt & Bryant, 2001) is 

a standardized reading test with  (US based) norms for the ages of 6 years – 18 years. The 

test provides an assessment of reading rate, accuracy, fluency (a composite of the rate and 

accuracy) and comprehension. Individuals are required to read a passage of text and then 

asked to answer 5 questions based on what they have just read. The test contains fourteen 
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passages that increase in difficulty. Standard test administration was followed and the 

assessment used the Form A stories. The musician and normal reader controls began 

reading at passage 3 and the dyslexic group began at story 1 as poorer oral reading ability 

was expected for this group.  

Test-retest reliability for form A of the GORT-4 is published at .95 for rate, .92 for 

accuracy, .93 for fluency and .86 for comprehension. The authors also provide an extensive 

exploration of the content, concurrent-predictive and construct validity for the test in the 

examiners’ manual. The median correlations reported for the GORT-3, GORT-4 and 

GORT-R with regard to a range of other well-known oral and silent reading tests are .74 

for rate, .75 for accuracy, .64 for fluency and .45 for comprehension.  

Rhythmic-motor (synchronous tapping). This test required the participants to tap in 

synchrony to an audio beat track (at 80 or 120 beats per minute) on a wooden block for 40 

seconds. The beat tracks were digitally created with Matlab™ using a 1000Hz, 20msec 

Gaussian tone with a rise/fall of 2.5msec. The apparatus used was the same as in Study 1 

(see Chapter 5) except beat tracks were created and stored as mp3 files on an 80mb iPod™ 

Classic which replaced the digital metronome71. 

 The synchronous tapping task (using a percussion block and beater) from Study 1 

was retained for the current study and Study 3 in part to provide a consistent measure of 

rhythmic-motor ability across the three studies. However, it also was postulated that 

children in the musician group who had trained on the piano72 may show a practice effect 

in the traditional finger tapping task due solely to the flexor (i.e., index finger 

strength/dexterity), rather than any superiority in temporal (rhythmic-motor) processing 

ability. While the musicians were more likely to be familiar with percussion tasks, 

                                                 
71 The digital metronome from Study 1 was irreparably damaged prior to the commencement of this study.  
72 It was originally hoped that the musician group would be sourced from pianists only.  
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tapping/beating a drum/block is a task that most children in this age range have 

experienced and therefore was thought to offer a fairer test. 

As indicted above, this study included an additional beat stimulus rate (120bpm) to 

Study 1. Examining tapping responses to multiple stimulus speeds is common in many 

synchronous tapping studies (e.g., Corriveau & Goswami, 2009; Miyake, Onishi, & 

Poppel, 2004; Overy et al., 2003; Provasi & Bobin-Bègue, 2003; Thomson et al., 2006; 

Wolff, 2002). Several studies have reported disparities in the group differences between 

normally developing and reading impaired populations, dependant on the speed of the 

stimulus beat (Corriveau & Goswami, 2009; Overy et al., 2003; Thomson et al., 2006; 

Thomson & Goswami, 2008).  The additional 120bpm stimulus speed was included to 

further examine these relationships and improve the likelihood of detecting a group 

difference if one existed. 

Procedure 

All prospective participant parents received an information package outlining the 

research background and testing procedures of the study and signed consent was required 

from a parent/guardian as well as the child participant. Background information (e.g., 

musical experience, language background) was obtained via a short questionnaire 

completed by the parents of participating children either on-site at the time of testing (for 

the musician and dyslexic groups) or returned with the signed consent forms (for the 

normal reader controls). The information from the questionnaire was primarily used for 

screening purposes. 

Initially, recruitment of child musicians was through the Suzuki Talent Education 

Association of Australia (Western Australia). This organisation requires a high level of 

teacher training (note: music instrumental teaching is not regulated in Western Australia), 

employs a set teaching repertoire and has a pedagogical preference for starting musical 

instruction very young. These factors would have offered some control over within-group 
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confounds stemming from the different musical learning environments resulting from the 

teachers’ individual backgrounds and teaching philosophies. However, finding willing 

participants meeting the age and language requirements from this organisation proved to 

be problematic and a wider group of well-established, highly trained teachers were 

approached for the recruitment of this group. 

 To recruit dyslexic participants, the Dyslexia-SPELD Foundation (DSF) was 

approached and a request made to forward information packs to suitable clients in their 

database. In addition, information packs were sent to past clients of the UWA Child Study 

Centre (CSC) clinic (where the chief investigator was based) who had indicated a 

willingness to be approached for research purposes and whose children meet the 

requirements. The normal reader control group was recruited from three primary schools 

near the UWA Nedlands campus with the consent of the respective school principals. 

 Testing sessions were approximately 2 hours in duration (with a short break at the 

halfway mark) and undertaken individually, either at the CSC (for the dyslexic and 

musician participants) or in a quiet space at their respective schools (for the normal reader 

controls). All children received a signed certificate for participating and the parents whose 

children were tested at the CSC received a $20 gratuity to cover parking/travel expenses. 

All parents were given a written summary of the reading measures outcomes for their child 

and were offered the option of that report being made available to their child’s 

school/teacher. The following testing sequence was used across all participants within the 

study:  

                                                 
73 bpm = beats per minute. 

1. Tapping trial 1: 6 x alternating synchronous tapping runs e.g., 80bpm73-120bpm-
80bpm ... 

2. CTOPP: RAN – Numbers, Letters, Colours, Objects. 
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Before the first tapping trial each child was fitted with a wrist brace and instructed 

on how to tap the block with the beater using the elbow as the main flexor. This technique 

was demonstrated by the tester and practiced by the student before the trials began. 

Research has suggested that the temporal disjunction (due to the nerve conduction 

distances) between kinesthetic feedback from the flexor (finger, hand, foot) and the brain 

encoded sensory stimulus trace contribute to the phase shift seen in synchronous tapping 

tasks (Aschersleben & Prinz, 1995). Assuming that the difficulties in rhythmic-motor tasks 

observed in dyslexic populations have their origin in temporal processing deficits rather 

than fine motor problems per se (Borella, Chicherio, Re, Sensini, & Cornoldi, 2011), the 

effect of moving from a finger flexor tapping task to the elbow flexor tapping/percussion 

task should only result in a slight decrease in the observed phase shift. After the first 

tapping trial (six tapping runs) had been completed, the brace was removed but was refitted 

for the second trial. The order of the tapping runs in each trial (e.g., starting with an 80bpm 

or 120bpm run) was counterbalanced between individuals within each group and matched 

across groups, i.e., the first participant in each group began with the sequence: 

80bpm/120bpm/80bpm/…. 

Results 

Of the twenty-three musically trained students tested, one was excluded for having a 

preexisting diagnosis of Asperger’s syndrome and five others were excluded for not 

                                                 
74 Standard pre-recorded stimuli were used in these subtests presented via Logitech™ speakers.  

 

3. CTOPP: PA74 – Blending Nonwords, Segmenting Nonwords. 
4. WASI – Vocabulary, Matix Reasoning. 
5. TOWRE – Sight Word Efficiency and Phonemic Decoding Efficiency. 
6. GORT-4. 
7. Tapping trial 2: 6 x alternating synchronous tapping runs.  
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meeting a minimum musical training commitment of three years. For the remaining 17 

children in this group, 14 had experienced training on two or more musical instruments. In 

total, 13 were pianists and 12 were trained on a stringed instrument75. The mean number of 

years spent on musical training in this group was 5.76 (SD = 1.58), calculated as the 

average number of years over which training was undertaken by each child, not the number 

of years per instrument per child. 

 Of the 20 children tested in the dyslexic group, two were excluded for reporting 

musical training of 1.5 years duration or greater, and one was excluded for coming from an 

English second language (ESL) background. Of the remaining 17 children, four reported 

having had musical training of less than one and a half years (two on guitar, one on piano 

and one on violin) and one reported having just commenced lessons on the trumpet. The 

mean number of years of reported musical training for this group (minus the brass player) 

was 0.32 (SD = 0.56). 

Of the twenty-one children tested as part of the control condition, three were 

excluded from the analysis for reporting more than 1.5 years of musical training. No other 

children in this group reported any musical training experiences.  

On viewing the remaining children’s overall data, one extreme outlier was found 

(3.69 SD from the mean in the 80bpm phase shift variable of the control group). Close 

inspection of the tapping data for this individual revealed a high level of signal noise in the 

raw .wav files. As the other period matching and phase shift scores were also moderate 

outliers, the tapping data for this individual was excluded from further analysis (but the 

nontapping data from this individual was retained). Other outlying values were all within 

3.29 SD from the mean (p = .001) and were retained as the use of modern statistical 

                                                 
75 Three children also reported regular involvement in sing activities (choir, formal vocal lessons; Mean 
duration = 6 years).  
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techniques would mitigate their influence (see Chapter 4). Data distributions for the 

variables of VIQ, age, the GORT reading measures and the tapping measures also 

displayed statistical violations of the usual assumptions of normality and equivalency of 

error variances in one or all of the groups. These are addressed as necessary in the parallel 

results section for this study using classical analysis techniques reported in Appendix 2. 

Comparisons are calculated at a robust two-tailed criterion α = .05 level which does not 

assume an explicit direction for group differences. However, if the direction of the 

estimated group difference was consistent with an experimental hypothesis and would 

become statistically significant if tested with this in mind (i.e., using a proxy for a one-

tailed test, criterion α =.1), the one-tailed results are reported and this is explicitly noted in 

the text.  

Between-groups Comparisons  

Control measures. The groups were examined for differences in age and the VIQ, 

PIQ and FSIQ estimates (the WASI Vocabulary and Matrix Reasoning subtests and the 

FSIQ-2 composite respectively) using the 20% trimmed mean and percentile bootstrap 

method (R function #9). The groups did not statistically differ in age ( mus-dys = 3.00, se = 

3.00, 95% CI [-5.36, 9.55], p = .41; mus-con = 4.87, se =2.32, 95% CI [-1.01, 10.32], p = 

.038; dys-con = 1.87, se = 2.16, 95% CI [-2.44, 8.30], p = .32; pcrit = .017). The descriptive 

statistics of the VIQ and PIQ estimates (R functions # 1 and #3) are presented graphically 

in Figure 6.1 and demonstrate a consistent pattern of group differences in the averaged 

scores these measures.  
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Figure 6.1. Mean and 95%CI’s for the WASI  
subtest scaled scores by group.  

 
This overall pattern was replicated for the FSIQ estimate, Mmus = 117.91, se = 1.52, 

95% CI [115.00, 121.91]; Mdys = 106.45, se = 2.11, 95% CI [102.00, 109.27]; Mcon = 

110.42, se = 2.19, 95% CI [106.42, 114.42]. Tests confirmed statistically significant 

between-group differences with the music group generally having higher IQ estimates than 

the other two groups (see Table 6.2). These differences suggest that the influence of IQ on 

other variables should be carefully considered in the subsequent analyses. With this in 

mind, much of the following analyses use a robust ANCOVA procedure with FSIQ entered 

as a covariate. While this is not ideal (Miller & Chapman, 2001) given the small group 

sizes, few other options were available. 
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Table 6.2 
Group Pairwise Comparisons#9 on Intelligence Measures.  
Compared 

groups Music / Dyslexic  Music / Control Dyslexic / Control 

   
(se) 

95% CI  p 
value 

  
(se) 

95% CI p 
value 

  
(se) 

95% CI  p value 

VIQ  2.36 
(0.82) 

[0.45,  
4.55] .005 1.62 

(0.72) 
[-0.19, 
3.45] .035 -0.74 

(0.84) 
[-2.95, 
1.27] .395 

PIQ  2.09 
(0.56) 

[0.73, 
3.45] .000 1.24 

(0.52) 
[0.02, 
2.70] .015 -0.84 

(0.59) 
[-2.15, 
0.67] .187 

FSIQ 11.45 
(2.45) 

[6.45, 
18.73] .000 7.49 

(2.46) 
[1.15, 
14.80] .006 -3.96 

(2.82) 
[-11.39, 

2.43] .145 

NB: from R function #9,  = Estimated mean difference score based on percentile bootstrapping, 
critical p value = .017, VIQ = WASI Vocabulary subtest, PIQ = WASI Matrix Reasoning subtest, FSIQ 
= Full Scale Intelligence Quotient based on the previous two subtests, two-tailed. 

To obtain effect sizes for group differences in IQ, a robust estimate of Cohen’s d 

using a bootstrapping procedure (Algina et al., 2005b) was calculated. For musicians versus 

dyslexics on the WASI Vocabulary subtest, a strong effect size in favour of the music 

group was obtained with a robust point estimate of Cohen’s dr = 1.00. However, as was 

seen in the first study, the confidence intervals were wide about this point, suggesting the 

true value could lie anywhere between 0.30 and 1.72. The point estimate for the Probability 

of Superiority or PS (Grissom, 1994), which is the chance that a randomly sampled child 

musician would also have superior vocabulary skills compared to a similarly aged dyslexic 

child was .76 (or a 76% chance), with a 95% likelihood that the true value lies between .58 

and .89. 

For the Matrix Reasoning subtest, on average the musicians outperformed the 

children with dyslexia by an even larger margin with dr = 1.23, 95% CI [0.46, 2.32] and a 

PS of .81, 95% CI [.63, 95]. The musicians also outperformed the controls but by a more 

moderate extent with dr = 0.80, 95% CI [0.11, 1.60] with a PS of .71, 95%CI [.53, 87]. 

Finally for FSIQ, musicians strongly outperformed dyslexics as indicated by a robust 
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Cohen’s dr = 1.62, 95% CI [0.70, 2.74] with a PS of .87, 95% CI [.69, 97], and also 

outperformed the controls (once again by a more moderate, but still strong, extent) with dr 

= 1.01, 95% CI [0.24, 2.00] and an associated PS of .76, 95% CI [.56, .92].  

A series of robust ANCOVAs were run with FSIQ as a covariate to examine if the 

groups differed on the predictor literacy skills (RAN and PA), reading outcome measures 

(single word reading, text fluency, text comprehension and the composite text reading 

score) and motor-rhythmic measures (period matching and phase shift at both stimulus 

rates: 80bpm and 120bpm). The robust ANCOVA algorithm (R function #11) was used for 

the analysis. Because three groups are being compared, the algorithm made an adjustment 

to pcrit  (=.0338) in one test calculated using a wild bootstrap method. The method for this is 

given in Wilcox (2005, p.532) and the adjustment is specified in the reported statistics 

below. Because the algorithm does not assume linear regression lines, it generates a series 

of design points based on the spread of the covariate data and tests the null hypothesis 

between the groups at these points. For this analysis, three design points were generated 

equating to 106.95, 110.5 and 119.91 on the FSIQ axis. When each design point shows 

similar statistical (i.e., significant or nonsignificant) trends, the results for the FSIQ 110.5 

design point are reported in isolation. However, when the individual design points return 

different patterns of statistical significance, suggesting a nonlinear relationship, the results 

for each point are presented. 

Literacy related subskills. The bootstrapped 20% trimmed means and 95% CI’s of 

each group for the RAN and PA measures are presented in Figure 6.2. Using a one-tailed 

test criterion76 in line with the first hypothesis for the middle design point, the results for 

RAN1 were consistent across all design points and showed that the musicians were 

                                                 
76 At the more robust two-tailed level, the only non-statistically significant comparison was the 
music/control difference at the mid design point: 110.5, mus-con = 8.45, 95% CI [-1.15, 17.51], p = .054.  
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statistically significantly faster than the controls who were faster than the dyslexics (110.5, 

mus-dys = 32.58, 95% CI = [22.43, 42.18], p < .001; mus-con = 8.45, 90% CI [0.3877, 16.47], 

p = .026; dys-con = -24.12, 95% CI [-32.97, -14.67], p < .001, pcrit = .033878). 

 
Figure 6.2. Bootstrapped 20% trimmed 
means and 95% CI’s of each group for the 
literacy subskill variables.  
 

 

The overall effect sizes (i.e., not accounting possible nonlinear trends within the 

data set) for these group differences suggested that musicians were faster in naming letters 

and numbers (RAN1) than the dyslexics 98% of the time (PS 95% CI [.88, .996], dr = 2.81, 

95% CI [1.68, 3.77]) and the controls 73% of the time (PS 95% CI [.53, .89]; dr = 0.87, 

95% CI [0.11, 1.70]), with the dyslexics generally being slower at this task than the 

controls 91% of the time (PS 95% CI [.78, .97]; dr = 1.89, 95% CI [1.08, 2.70]).  
                                                 
77 The 90 % CI and p values reported for this design point comparison are calculated based on a one-tailed 
criterion α level (i.e., 90% CI calculated using α = .1, p value reported = p/2). 
78 The pcrit value of .0338 (two-tailed) is the wild bootstrap adjusted value to control for Type I error when 
tests = 3 and is associated with the preceding comparison only. The α for the lower design point was .05 
(two tailed), and for the middle design point was .1 (one-tailed).  
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 The results for RAN2 were consistent (i.e., across each design point) and showed 

statistically significant differences between the dyslexic groups and the other two groups 

but no statistically significant differences between the music and control groups. The 

results for the mid design point of 110.50 were: mus-dys = 23.38, 95% CI [15.21, 34.19], p < 

.001; mus-con =3.60, 95% CI [-4.26, 14.50], p = .31; dys-con = -19.77, 95% CI [-29.40, 

 -9.60], p < .001, pcrit = .0338 (two-tailed results reported). The calculated robust overall 

effect sizes for the group differences suggested that the musicians were faster at RAN2 than 

the dyslexics 90% of the time (PS 95% CI [.82, .97]; dr = 1.78, 95% CI [1.27, 2.68]), and 

dyslexics were slower than the controls 83% of the time (PS 95% CI [.67, .95]; dr = 1.37, 

95% CI [0.64, 2.34]). 

For PA, the pattern was inconsistent across the design points with the lowest design 

point (106.95) suggesting the musicians were generally better than the controls but no 

different to the dyslexics, and that the dyslexics were no different to the controls ( mus-dys = 

3.80, 95% CI [-2.69, 8.42], p = .22; mus-con = 9.12, 95% CI [1.40, 14.55], p = .008, pcrit = 

.0338; dys-con = 5.31, 95% CI [-2.40, 12.00], p = .14). Results for the mid design point 

(110.5) suggested no statistical differences between any group at this point, mus-dys = 3.30, 

95% CI [-4.03, 8.82], p = .33; mus-con = 6.84, 95% CI [-1.83, 13.12], p = .083, pcrit = 

.033879; con-dys = -19.77, 95% CI [-4.09, 10.9], p = .33. Finally the result for the upper 

design point (119.91) mirrored the lower design point with musicians better than the 

controls but no different to the dyslexics, and dyslexics no different to the controls, mus-dys 

= 5.79, 95% CI [-0.35, 13.17], p = .05280; mus-con = 8.28, 95% CI [0.55, 15.55], p = .028, 

                                                 
79 Although the difference between the musicians and dyslexics would be significant if a one-tailed test were 
employed (allowing for the hypothesis), a subsequent re-calculation of the overall effect across all design 
points (using the proxy alpha = .1 for a one tailed test) was non-significant with the lower bounds 90% CI still 
intersecting chance levels. 
80 See footnote above. 
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pcrit = .0338; dys-con = 2.49, 95% CI [-6.86, 10.29],  p = .558. An examination of the 

calculations for the robust Cohen’s d (which ignored the nonlinear trends in the data) 

showed only the musician/control comparison 95% CI’s did not intersect the zero (dr = 

0.91, 95% CI [ 0.14, 2.46]) suggesting a statistically significant overall effect with 

musicians generally outperforming controls 74% (PS 95% CI [.54, .96]) of the time.  

 The superiority of the music and control groups over the dyslexic groups in the 

RAN is unsurprising as poor performance in these tasks is one of the supporting diagnostic 

criteria for dyslexia.  The evidence that the musician group was also better than the control 

group at alphanumeric RAN provides partial support for the overall working hypothesis81, 

especially in light of the results reported below. However, the wide confidence intervals 

(and especially the lower bound) should be carefully considered when interpreting these 

results. The most surprising result to emerge in the analysis of these skills is the lack of 

statistical difference between the dyslexic group and the other two groups on the PA 

measure. This is because PA deficits (similar to RAN deficits) are one of the underlying 

processing problems most commonly used to support the diagnosis of dyslexia. The finding 

that the musician group was statistically significantly better than the control group on the 

PA measure also supports the findings of previous research (Bolduc & Montesinos-Gelet, 

2005; Moreno et al., 2008; Peynircioglu et al., 2002).  

 Reading outcome measures. The bootstrapped 20% trimmed means and 95% CI’s 

of each group on the reading outcome measures are presented in Figure 6.3 and show the 

expected pattern of reading deficits in dyslexia with that group performing very poorly on 

all the reading measures with the exception of the GORT-4 comprehension measure. The 

figure also suggests that the musician group generally performed better than the other two 

                                                 
81 Musical training improves sub-processes underlying the development of reading fluency via the training of 
non-linguistic temporal processing abilities. 
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groups at all reading tasks. Figure 6.3(a) presents the GORT-4 text reading subscales (as 

scaled scores) for fluency and comprehension, and Figure 6.3(b) presents the TOWRE 

single word reading efficiency score and the GORT-4 overall text reading quotient (as 

standardised scores). The robust ANCOVA confirmed statistically significant differences 

between the musicians and dyslexics at all design points and for all reading tasks (at the 

mid design point of 110.5; fluency, mus-dys = 9.51, 95% CI [7.07, 12.37], p < .001; 

comprehension,  mus-dys = 2.90, 95% CI [1.71, 4.04], p < .001, pcrit = .0338; single word 

reading,  mus-dys = 42.06, 95% CI [30.41, 51.67], p < .001; and the GORT-4 text reading 

quotient,  mus-dys = 36.58, 95% CI [27.70, 48.00], p < .001). The robust effect sizes suggest 

that the musicians outperformed the dyslexics on text reading fluency 95% of the time (PS 

95% CI [.89, 1.00]; dr = 2.37, 95% CI [1.93, 5.24]), on reading comprehension 91% of the 

time (PS 95% CI [.79, .99]; dr = 1.88, 95% CI [1.13, 3.12]), on single word reading 98% of 

the time (PS 95% CI [.89, 1.00]; dr = 2.94, 95% CI [1.77, 5.29]) and for text reading 

overall, 95% of the time (PS 95% CI [.91, 1.00]; dr = 2.36, 95% CI [1.90, 6.07]).  
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Figure 6.3. The bootstrapped 20% trimmed means and 95% CI’s for reading outcome 
measures: (a) shows the subscale scores for the GORT-4 and (b) shows the standardised scores 
from the TOWRE single word reading efficiency composite and the GORT-4 reading quotient.  

The musicians were also significantly and consistently statistically better than the 

controls on reading comprehension, single word reading and the GORT-4 overall text 

reading quotient (at the mid design point of 110.50: comprehension,  mus-con = 1.95, 95% 

CI [0.92, 3.05], p < .001; single word reading,  mus-con = 14.85, 95% CI [1.05, 26.01], p = 

.023; and the text reading quotient,  mus-con = 10.83, 95% CI [1.47, 23.43], p = .016). On 

the text reading fluency measure, the musicians were not statistically more fluent readers 

than the controls at the two-tailed α level, but were when a one-tailed α level was employed 

reflecting the directional nature of the hypothesised relationship (fluency: lower design 

point 106.95,  mus-con = 1.57, 95 % CI [0.20, 4.61], p = .031; mid design point 110.5,  mus-

con = 1.83, 95% CI [-0.16, 4.97], p = .0495; upper design point 119.91,  mus-con = 2.44, 95% 

CI [0.27, 5.64], p = .019, pcrit = .0338). The calculation of the robust effect sizes suggests 

that the musicians outperformed the controls on reading comprehension 79% of the time 

(PS 95%CI = .65/.92; dr = 1.12, 95% CI [0.56, 2.03]), on single word reading 76% of the 
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time (PS 95% CI [.55, 9]; dr = 0.98, 95% CI [0.17, 1.91]) and for text reading overall 71% 

of the time (PS 95% CI [.59, 84 ]; dr = 0.80, 95% CI [0.32, 1.43]). On text reading fluency, 

the effect size suggested that the musicians outperformed the controls approximately 67% 

of the time (PS 95% CI [.53, .82]; dr = 0.62, 95% CI [0.10, 1.29]).  

The ANCOVA results also suggest that the controls differed statistically 

significantly from the dyslexics on all the reading outcome measures with the exception of 

the reading comprehension measure where there were no statistical differences at any of the 

design points (at the mid design point of 110.5: fluency,  con-dys = 7.69, 95 %CI [5.87, 

9.01], p < .001, pcrit = .0338; single word reading,  con-dys = 27.20, 95% CI [19.43, 37.27], 

p < .001, pcrit = .0338; and the text reading quotient,  con-dys = 25.76, 95% CI [17.55, 

32.94], p = .001, pcrit = .0338; comprehension,  con-dys = 1.03, 95% CI [-2.35, 0.48], p = 

.142). The effect sizes show that on average the controls were better than the dyslexics at 

fluent text reading 99% of the time (PS 95%  CI [.90, 1.00]; dr =  3.08, 95% CI [1.79, 

5.59]), at single word reading 97% of the time (PS 95% CI [.80, 99]; dr = 2.63, 95% CI 

[1.17, 3.42]) and at text reading overall 96% of the time (PS 95% CI [.86, 1.00]; dr = 2.46, 

95% CI [1.50, 4.29]).  

Rhythmic-motor measures. The bootstrapped 20% trimmed means and 95% CI’s 

of each group on the rhythmic-motor measures are presented in Figure 6.4 (n = 17 in the 

control group; data from one individual was removed because of signal noise - see above). 

Figure 6.4(a) presents the overall success each group had period matching to the stimulus at 

the two metronome speeds. Figure 6.4(b) presents the distance between the stimulus event 

and the average response event as degrees; the positive values represent the fact that, on 

average, each group’s responses anticipated the stimulus. The musicians appear to be better 

on average than the other groups at both aspects of the synchronous tapping task. Because 
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of the excluded data from a participant in the control group, the associated design points 

generated by the ANCOVA are slightly different than in the previous analysis. The adjusted 

points are: 107, 110 and 119.67. 

 
Figure 6.4. Bootstrapped 20% trimmed means and 95% CI’s for period matching and phase shift82 
for each group (n = 17 in each group).  

The results confirm consistent and statistically significant differences at all design 

points between the musicians and the other groups in both aspects of the synchronisation 

task at the lower stimulus speed of 80 bpm (period matching,  mus-dys = 0.13, 95% CI 

[0.04, 0.30], p < .001;  mus-con = 0.04, 95% CI [0.008, 0.09], p = .007; phase shift,  mus-dys 

= -19.11, 95% CI [-36.17,   -6.25], p = .001;  mus-con = -8.42, 95% CI [-17.48, -0.75], p = 

.022). At the higher stimulus speed of 120 bpm, the musicians were better than the other 

groups at period matching only (period matching,  mus-dys = 0.14, 95%CI [0.06, 0.28], p < 

.001;  mus-con = 0.06, 95% CI [0.014, 0.16], p = .001; phase shift,  mus-dys = -6.50, 95% CI 

[-19.29, 4.36], p = .201;  mus-con = -9.95, 95% CI [-22.66, 6.60], p = .187, pcrit = .0338). 

                                                 
82 Phase shifts closer to zero represent better ability at exactly matching the temporal occurrences of the 
stimulus.  
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The effect sizes show that the musicians were better than the other two groups at matching 

their response taps to the 80 bpm stimulus period 75% of the time (musicians > dyslexics, 

PS 95% CI [ .66, .87]; dr =  0.97, 95% CI [ 0.59, 1.62];  musicians > controls, PS 95% CI 

[.61, .87]; dr =  0.94, 95% CI [0.39, 1.57]). At the faster stimulus speed, the musicians were 

better the dyslexics 79% of the time (PS 95% CI [.69, .91]; dr = 1.15, 95% CI [0.69, 1.92]) 

and the controls 69% of the time (PS 95% CI [.62, .87]; dr = 0.69, 95% CI [0.44, 1.62]). In 

addition, the musicians were better than the dyslexics at matching the phase of the stimulus 

(as shown by phase shifts closer to zero degrees) at 80 bpm 81% of the time (PS 95% CI 

[.67, .92]; dr = 1.25, 95% CI [0.62, 2.01]), and the controls 74% of the time (PS 95% CI 

[.60, .91]; dr = 0.91, 95% CI [0.36, 1.89]).  

The dyslexic group appears to be generally poorer at the task than the control group, 

particularly at the lower speed, although there is considerable overlap. When the direction 

of the hypothesized relationship was accounted for by using a one-tailed test criterion (α = 

.1) the ANCOVA revealed a statistically significant difference existed between the dyslexic 

and control groups at each design point for period matching at 80 bpm (lower design point 

107,  dys-con = -0.09, 90% CI [-0.26, 0.0001], p = .071, pcrit = .1; mid design point 110,  

dys-con = -0.10, 90% CI [-0.25,- 0.005], p = .052, pcrit = .1; upper design point 119.67,  dys-

con = -0.14, 90% CI[-0.34, -0.008], p = .048, pcrit = .1). The analysis also shows that at an α 

level of .1, the dyslexic group was statistically significantly poorer than the control group at 

matching phase (showing greater phase shifts) with the stimulus at the 80bpm stimulus rate 

at the upper and mid design points (mid design point 110,  dys-con = 12.56, 90% CI [-0.71, 

26.645], p = .082, pcrit = .1; upper design point 119.67,  dys-con = 12.56.58, 90% CI[-0.000, 

31.14], p = .068, pcrit = .1) but not the lower design point (lower design point 107,  dys-con = 

9.80, 90% CI [-2.81, 26.92], p = .156, pcrit = .1). No difference was found between the 
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dyslexic and the control groups for period matching or phase shift at the 120bpm stimulus 

rate. The robust effect size calculation indicated that the dyslexic group performed more 

poorly than the controls at period matching at the 80 bpm stimulus speed, 68% of the time 

(PS 90% CI [.53, .81]; dr = 0.67, 90% CI [0.107, 1.26]), and with greater phase shift 66% 

of the time (PS 90% CI [.50, .79]; dr = 0.67, 90% CI [-0.053, 1.163]), although these results 

need to considered cautiously as the lower bounds of the 90% CI indicate. 

In summary, the superiority shown by the musically trained children in nonverbal 

(spatial) reasoning abilities over both other groups was above that predicted by chance as 

was their better expressive and receptive vocabulary skills when compared to the children 

with dyslexia. Comparison tests also indicted that the musically trained group’s general 

reasoning abilities were statistically superior to the other groups. The effect sizes suggest 

that these differences were nontrivial with the average robust Cohens dr = 1.28 for the 

musician > dyslexic differences and dr = 0.91 for the musician > controls. This suggests 

that any group comparisons should be considered carefully even when the effects of FSIQ 

have been statistically controlled.  

With regard to the literacy related measures, after removing the common variance 

contributed by FSIQ, the musicians outperformed the both groups statistically on every 

measure except PA and the RAN2. For PA, their higher scores were above chance 

compared to the controls and for RAN2 their scores were above chance compared to the 

dyslexics. The dyslexic group was statistically significantly poorer on all the literacy 

related measures except PA (where there were no statistical differences compared to either 

of the other groups) and passage comprehension when compared to the control group. The 

effect sizes suggest that these differences were nontrivial, with the averaged statistically 

significant levels being: musician > dyslexic dr = 2.36, musician > control dr = 0.88 and 

control > dyslexic dr = 2.28.   
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For the measures of temporal processing, the musicians were statistically 

significantly better at period matching to the stimulus and had lower phase shifts from the 

stimulus at the slower speed (80bpm) when compared to musically untrained groups. At the 

80bpm stimulus speed the children with dyslexia also preformed statistically significantly 

poorer than control group, although the 90% CI’s suggest that this difference should also be 

interpreted with some caution. At the faster stimulus speed (120bpm), the musically trained 

children were statically significantly better compared to the other groups in the period 

matching dimension only with no other group differences. Once again, the averaged 

statistically significant effect sizes show nontrivial differences between the child musicians 

and the other groups: musician > dyslexic dr = 1.12, musician > control dr = 0.85. The 

control and dyslexic group differences were more moderate and only observable at the 

slower 80bpm stimulus rate with an averaged statistically significant effect size: control > 

dyslexic dr = .62. 

Within-groups Analyses 

 Correlations. As there were considerable differences between the groups on many 

of the measures, the patterns of within-group associations were examined. Percentage bend 

correlations (R function #4) were calculated for each group. Because the directions of the 

expected relationships were generally known (or hypothesised) and the group numbers 

small, the alpha level was set at α = .1 as a proxy for one tailed tests for significance. These 

values are reported below in Tables 6.3 (music), 6.4 (dyslexic) and 6.5 (controls). 

The music group correlations demonstrate very strong associations between RAN1 

(alphanumeric) and the reading outcome measures most related to fluency: the single word 

reading composite score and the fluency and composite scores for text reading. RAN2 

(nonaplhanumeric) shows a comparatively diminished association with the reading scores 

and was only significantly statistically associated with the single word reading measure. 
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The music group also showed consistent and statistically strong associations between the 

reading related measures and the rhythmic-motor measures. For this group, better period 

matching was associated with better RAN scores, while phase shift showed strong 

statistically significant negative associations with all the reading fluency related measures. 

The latter shows that tapping closer to the stimulus event was generally associated with 

better scores on RAN1, RAN2, the TOWRE composite single word reading scores, and the 

GORT-4 fluency composite and overall reading quotient.
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Table 6.3 
 Percentage Bend§ Correlations for the Music Group.  

N = 17 VIQ PIQ FSIQ RAN1 RAN2 PA Word 
reading 

Text 
fluency 

Text 
comp 

Text 
reading 

80bpm
Period 
match 

80bpm 
Phase 
shift 

120bpm 
Period 
match 

120bpm 
Phase 
shift 

Age .33 .17 .29 .39 .41 .21 .42* .23 .25 .27 .63** -.47* .67** -.18 

VIQ 
 

.03 .70† .58** .42* .33 .51* .46* .59* .54* .27 -.32 .26 -.61** 

PIQ 
  

.54* .32 .40 .39 .07 .47* .38 .49* .32 -.37 .20 -.26 

FSIQ 
   

.53* .48* .24 .29 .53* .74† .62** .55* -.36 .43* -.34 

RAN1 
    

.53* .17 .84† .83† .59* .79† .43* -.61** .43* -.57** 

RAN2 
     

.15 .46* .37 .31 .35 .45* -.47* .40 -.50* 

PA 
      

.19 .27 .17 .31 .02 .01 .01 -.22 

Word 
reading        

.74† .37 .67** .39 -.47* .33 -.44* 

Text 
fluency         

.73† .98† .40 -.66** .34 -.55* 

Text 
comp          

.82† .27 -.42* .26 -.38 

Text 
reading           

.40 -.65** .35 -.57** 

80bpm 
Period 
match             

-.67** .94† -.21 

80bpm 
Phase 
shift              

-.69† .70† 

120bpm 
Period 
match               

-.29 

§ = R function #4, * = p < .1, ** = p <.05, † = p < .01. NB: an α of p = .1 was used as a proxy for one-tailed tests, rcrit = .41. 
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 Percentage Bend§ Correlations for the Dyslexic Group.  

N = 17 VIQ PIQ FSIQ RAN1 RAN2 PA Word 
reading 

Text 
fluency 

Text 
comp 

Text 
reading 

80bpm 
Period 
match 

80bpm 
Phase 
shift 

120bpm 
Period 
match 

120bpm 
Phase 
shift 

Age .55* -.25 .27 .08 .28 .46* .32 -.01 .23 .12 .46* -.38 .04 .00 

VIQ 
 

.02 .78† -.20 -.07 .21 -.07 -.17 .27 .08 .01 -.08 -.39 -.06 

PIQ 
  

.60** -.46* -.29 .05 -.72† -.54* .25 -.25 .09 .02 .19 -.08 

FSIQ 
   

-.39 -.10 .14 -.43* -.38 .32 -.07 .08 -.04 -.16 -.05 

RAN1 
    

.63** .15 .43* .35 -.51*a -.13 .27 -.33 .24 -.35 

RAN2 
     

.09 .54* .39 -.50*a -.10 .37 -.20 .31 -.16 

PA 
      

.15 -.15 -.03 -.11 .43* -.47* .23 -.14 
Word 
reading        

.67** -.17 .35 .19 -.01 .22 .14 

Text 
fluency         

.03 .73† -.01 -.02 .02 .33 

Text 
comp          

.69† .08 .08 -.06 .18 

Text 
reading           

.04 .02 -.04 .31 

80bpm 
Period 
match             

-.82† .76† -.48* 

80bpm 
Phase 
shift             

-.52* .43* 

120bpm 
Period 
match               

-.45* 

§ = R function #4, * = p < .1, ** = p <.05, † = p < .01, a = this relationship is in the opposite direction to that predicted and would not be significant at 
a p = .05, see discussion below, NB: an α of p = .1 was used as a proxy for one-tailed tests, rcrit = .41. 
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 Table 6.5 
 Percentage Bend§ Correlations for the Control Group.  

N = 18 VIQ PIQ FSIQ RAN1 RAN2
‡‡ PA Word 

reading 
Text 

fluency 
Text 
comp 

Text 
reading 

80bpm 
Period 
match‡ 

80bpm 
Phase 
shift‡ 

120bpm 
Period 
match‡ 

120bpm 
Phase 
shift‡ 

Age -.17 -.63** -.55** -.41* -.10 -.49* -.28 -.28 -.59** -.41* -0.30 0.30 -0.21 0.02 

VIQ 
 

.25 .78† .34 .45* .17 .55** .60** .33 .65** 0.35 -0.16 0.36 0.08 

PIQ 
  

.74† .19 .25 .22 .35 .42* .13 .18 0.45* -0.37 0.31 0.17 

FSIQ 
   

.26 .34 .30 .43* .54* .36 .45* 0.42* -0.28 0.26 0.20 

RAN1 
    

.67** .15 .56** .54** .28 .58** 0.07 0.14 0.16 0.15 

RAN2‡ 
     

.12 .68† .77† .26 .63** 0.25 0.18 0.20 0.17 

PA 
      

.23 .19 .63** .34 0.12 -0.10 0.12 -0.01 

Word 
reading        

.91† .29 .86† 0.46* -0.14 0.67** -0.13 

Text 
fluency         

.27 .84† 0.43* -0.18 0.45* -0.12 

Text 
comp          

.64** -0.04 -0.03 0.07 -0.20 

Text 
reading           

0.30 -0.11 0.47* -0.20 

80bpm 
Period 
match‡             

-0.52* 0.77† -0.25 

80bpm 
Phase 
shift‡              

-0.25 0.58** 

120bpm 
Period 
match‡               

-0.18 

§ = R function #4, * = p < .1, ** =p <.05, † =p < .01, ‡ = N 17, NB: an α of p = .1 was used as a proxy for one-tailed tests, rcrit = .40. 



 

180 
 

In the control group, the overall relationships between RAN and the reading fluency 

measures were the reverse of that seen for the musicians, i.e., stronger associations were seen 

between the reading fluency measures and RAN2, compared to RAN1. However, unlike RAN2 

in musician group, RAN1 retained statistically significant relationships across all the reading 

fluency measures. The only statistically significant association between PA and a reading 

measure (text reading comprehension) from any group was present within the control group. 

Compared to the musicians, the control group also displayed a different pattern of statistically 

significant associations between period matching (at both stimulus speeds) and the reading 

fluency measures (single word and text reading). There was also little to no relationship 

between phase shift and any reading related measure in the control group, which contrasts 

strongly with the pattern in the music group.  

For the dyslexic group, RAN1 and RAN2 showed a positive statistically significant 

association with the single word reading fluency measure and a negative association with the 

text reading comprehension measure. Although the rhythmic-motor measures for the dyslexic 

group displayed some weak relationships in the expected directions with fluency related reading 

measures, they were not statistically significant. Also of note in the dyslexic group is the 

negative association between RAN and reading comprehension, and that PA (which was not 

strongly associated with rhythmic-motor measures in either of the music or control groups) 

displayed statistically significant associations for period matching and phase shift at the lower 

stimulus speed (80bpm).  

The statistically significant negative association between the age of the participants in 

the control group and many of the standard test scores (including FSIQ) was concerning. Closer 

examination suggests that this may be partly explained as an artefact of the age banding in 

standardisation and the relatively restricted age range of the children in this group. However, it 

should be noted that this pattern is intriguing and makes the interpretation of the results 
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somewhat more problematic. For the most part, the associations between the rhythmic-motor 

measures are strong in all the groups, supporting the argument that they reflect shared 

underlying processes.  

The relationship between rhythmic-motor and reading related subskills. Finally, to 

examine the relationship between the rhythmic-motor measures and literacy related subskills 

(RAN1, RAN2 and PA), a series of robust regressions were conducted. The small group sizes 

limited the number of variables that could be reasonably entered into the algorithm, so only the 

rhythmic-motor measures were tested. Using the omnibus Ordinary Least Square estimator (R 

function # 5) algorithm, the period matching and phase shift measures (at both stimulus speeds) 

for each group were entered as possible predictor variables for each of the literacy subskills 

(i.e., a forced regression). If the resulting regression suggested either or both shared significant 

variance with a specific subskill, that model was run using the Theil-Sen estimator algorithm (R 

function #6 and #7) to confirm the relationship and obtain the regression parameters and CI’s. 

For the music group at 80bpm, the first stage suggested that phase shift and RAN1 

shared a statistically significant level of variance (95% CI [-1.4, -0.18], p < .00183), but no 

statistically significant contributions were found between other rhythmic-motor measures and 

literacy related subskills. For the faster stimulus level (120bpm), the first stage results again 

suggested that phase shift shared significant variance with both RAN measures, RAN2 (95% CI 

[-0.70, -0.07], p < .02), and RAN1 (95% CI [-0.73, -0.10], p < .046). 

 

 

 

 

 
                                                 
83 Corrected pcrit = .025.  
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Table 6.6 
Music Group Regression Parameters§ for RAN1 and RAN2; Phase Shift (80bpm/120bpm) as 
Single Predictors (n = 17) 

Model 1 (RAN1) Coefficients se 95% CI Significance (p) R 

Constant  119.42 5.13 [111.40, 130.56] <.001  

80bpm Phase 
shift -0.71 0.35 [-1.69, -0.32] .017 .52 

Model 2*(RAN1) Coefficients se 90% CI Significance (p) R 

Constant  117.24 5.27 [110.82, 127.17] <.001  

120bpm Phase 
shift -0.46 0.25 [-0.89, 0.00] .086 .44 

Model 3 (RAN2) Coefficients se 95% CI Significance (p) R 

Constant  107.51 5.99 [101.70, 123.31] <.001  

120bpm Phase 
shift -0.39 0.23 [-0.91, 0.00] .05 .34 

* = One-tailed or alpha of α = .1; §= Using R functions #6 and #7 

As can be seen in Table 6.6, the results from the Theil-Sen regression suggest that for 

the musicians, at the lower stimulus speed (80bpm), phase shift contributed approximately 27% 

of the variance of RAN1, and at the higher stimulus speed (120bpm), 12% of the variance of 

RAN2. The Theil-Sen regression algorithm for phase shift at 120bpm suggested that it 

contributed 19% to the variance of RAN1, but this was at a less stringent statistical significance 

level of p < .1 (reflecting the overall hypothesis that musical training strengthens the reading 

fluency via improved temporal [rhythmic] processing). Overall, lower phase shifts (response 

taps generally closer to the stimulus) were associated with better RAN abilities overall in this 

group. 

For the dyslexic group, the first stage regression analysis returned no statistically 

significant contributions between the rhythmic-motor measures (at either stimulus speed) and 

the literacy related subskills; therefore no model was examined. 
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In the control group, the first stage suggested that period matching and phase shift at 

80bpm shared statistically significant levels of variance with RAN2 (period matching, 95% CI 

[11.02, 177.22], p = .027; phase shift, 95%CI [0.09, 0.97], p = .027), but no statistically 

significant contributions were found between other rhythmic-motor measures and the other 

literacy related subskills (RAN1 and PA) at either stimulus speed. 

Table 6.7 
Control Group Regression Parameters§ for RAN2; Period Matching and Phase Shift at 80bpm as 
Predictors (n = 16). 

Model 
(RAN2) Coefficients se 95% CI Significance 

(p) R 

Constant 74.47 42.80 [-17.66,138.33] .10  

Period 
matching 25.80 46.77 [-38.54, 124.48] .32 .14 

Constant 92.47 6.51 [78.57, 103.82] <.001  

Phase 
shift 0.25 0.23 [-1.31, 0.73] .30 .24 

Constant 8.78 67.01 [-146.81, 104.11] .53  

Period 
matching 86.19 67.43 [-5.57, 247.47] .081  

Phase 
shift 0.62 0.34 [-0.06, 1.18] .067 .70 

§ = Using R functions #6 and #7. 

Results from the control group Theil-Sen regression are presented above in Table 6.7 

and present a complicated picture. This analysis suggests that, when taken together, period 

matching and phase shift contribute approximately 50% of the variance in RAN2. Although not 

statistically significant84, it is notionally significant and is therefore reported. This suggests a 

reciprocal suppression pattern in the predictors (Smith et al., 1992). In this situation, the 

individual error variance provided by period matching and phase shift in the model is 

substantially shared, thus reducing the net error term in the model. This increases the ability of 

                                                 
84 The significance level is not reported using a one-tailed test as the direction of the phase matching relationship 
is not in keeping with the hypothesis.  
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both predictors to explain variance in RAN2. The model seems to suggest that faster rapid 

naming of object and colours is associated with better period matching, which is in line with the 

general hypothesis, but with poorer phase matching (i.e., higher phase shifts away from the 

stimulus) which runs counter to expectations. However, it should also be noted that two of the 

participants in the control recorded an average lagging response to the stimulus at this speed and 

that may account for the direction of the relationship. The interpretation of this model is 

difficult and, because the numbers in the sample are very low and the predictors only approach 

statistical significance, should be treated with caution. For PA, the first stage regression 

suggested no statistically significant contributions from the rhythmic-motor measures, so no 

models were tested. 

Discussion 

Central to the research presented in this thesis is the examination of Wolf and 

colleagues’ (Wolf & Bowers, 1999; Wolf, Bowers, et al., 2000) proposal linking nonlinguistic, 

temporal processing abilities and measures related to reading fluency, such as RAN . 

Supporting this proposal are studies (Thomson et al., 2006; Thomson & Goswami, 2008; 

Waber, Weiler, et al., 2000; Wolff, 2002; Wolff et al., 1995; Wolff, Michel, Ovrut, et al., 1990)  

which have shown that populations who exhibit disordered literacy acquisition also show 

deficits in rhythmic-motor tapping synchronisation tasks85. In addition to these studies, a recent 

study by Taub et al. (2007) in a normally developing reader population aged 7–10 years 

demonstrated significant improvements on tests of reading fluency (e.g., the TOWRE - sight 

word efficiency) and a RAN letters task (CTOPP) after synchronised tapping training.  

Following the results from Study 1 reported in Chapter 5 which found rhythmic musical 

training improved a measure that predicts reading fluency in young preliterate children (RAN 

                                                 
85 Tapping synchronisation tasks have been extensively used to infer neurological time keeping (i.e., temporal) 
processes.    
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objects), the study reported in the current chapter explored whether there was evidence that this 

finding may extend to other RAN tasks and to measures of reading fluency outcomes. Overall, 

the results of Study 2 reported above supported the proposal that musical training may improve 

performance on measures relating to reading fluency (RAN) and that temporal (rhythmic) 

processing ability could underpin this relationship.  

In this cross-sectional study, three groups of Grade 4/5 children with differing levels of 

musical training and literacy ability were tested on literacy related measures and a rhythmic-

motor tapping synchronisation task. Two hypotheses for group comparisons were generated, the 

first; H1, was that children with formal and (relatively) extensive musical training would have 

significantly improved performance on measures of single word and text reading fluency and 

related subprocesses (PA and RAN) and the second; H2, was that children with a diagnosed 

reading disorder (dyslexia) would have statistically significantly poorer abilities on a rhythmic-

motor tapping synchronisation task.  

 In partial support of H1, the musician group was significantly better than the other 

groups on all the reading outcome measures (after removing the common variance attributable 

to FSIQ).  However, group differences on the literacy subskills of PA, alphanumeric RAN 

(RAN1) and nonalphanumeric RAN (RAN2) were not as consistent. Although the musicians 

were superior to the control group on alphanumeric RAN and PA, they were not significantly 

better on nonalphanumeric RAN. This suggests that the improvement in nonalphanumeric RAN 

(RAN objects) observed in Study 1 for the group receiving rhythmic-motor training may reach a 

ceiling in that form of the RAN task. Despite this, the very strong performance by the musician 

group on alphanumeric RAN and the reading outcome measures provides some support for the 

proposal of a broad based relationship between musical training, RAN and reading fluency. 

Comparisons between the dyslexic group and the other groups on the literacy measures 

were also mixed. The dyslexic group were poorer on all of the reading outcome measures 
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except the GORT-4 text reading comprehension measure, where their performance was no 

different than the control group. Additionally, the dyslexic group demonstrated no statistically 

significant differences on the PA measure (although their RAN scores were very poor) when 

compared to the musician or control groups. This last, negative finding was particularly 

surprising and appears contrary to the most widely accepted theories for reading disorder as 

being (in part or completely) related to a neurological deficit associated with phonological 

processing, for which PA is the most commonly used measure. Upon reflection, there are a few 

factors that have impacted on this finding and these should be considered before any 

conclusions are drawn.  

 One possibility for the surprising lack of difference between the dyslexic group and the 

other groups on the PA measure may be that the dyslexic group was sourced from the 

preexisting client lists of two clinics86 that strongly advocate remediation programs based on 

synthetic phonics programs (Rose, 2006). These programs generally focus on developing 

phonological skills, especially PA. That no hard data were obtained from the participants about 

the specific remediation programs they had undergone after being diagnosed can, in hindsight, 

be seen as a weakness, as this information could have clarified the issue. However, all 

participants in this group were diagnosed at least 6 months before testing with most diagnosed 

between 1–3 years prior, giving ample time for extensive remediation to have taken place. In 

addition, anecdotal evidence from conversations with many of the parents of these children 

suggested most, if not all, had undertaken highly structured, multisensory remediation programs 

focusing on phonological processing and PA. Therefore, the relatively good performance on the 

PA measures may simply reflect the efficacy of these remediation programs. The second factor 

which would explain the lack of PA deficits seen in the dyslexic group used in this study was 

the possibility that the majority were originally diagnosed with deficits in RAN, but not PA. 
                                                 
86 The DSF also has extensive related resources and list of tutors specialising in these techniques. 
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Numerous studies (Badian, 1997; Kirby et al., 2003; Lovett et al., 2000; Miller et al., 2006; 

Morris et al., 1998; Pennington et al., 2001; Wimmer, Mayringer, & Landerl, 2000) have 

provided evidence supporting the classification of single deficits (PA or RAN) in reading 

disordered populations. The proposal that there are single deficit RAN individuals in reading 

disordered populations, and that this deficit is not wholly underpinned by phonological 

processes, is at the core of the proposal by Wolf, et al. (1999, 2000).  

Reviewing the original diagnostic data for the dyslexic participants in this study showed 

that the mean standard score from measures assessing PA was 84.70 (SD = 8.52), range 67 – 

106, with 11/17 scoring at or below 85. This was well below the PA standard scores obtained by 

these participants in this study (M = 96.29, SD = 8.58, Range = 82 – 115) and strongly suggests 

the first possibility listed above to be the most likely explanation. It was therefore encouraging 

that, on average, the dyslexic group outperformed the control group on the PA measure during 

current testing, thereby suggesting that their remediation efforts were having some positive 

effect. Unfortunately, as the focus of the current research was on reading fluency, for which PA 

is not a strong predictor87, the impact on the literacy outcomes most associated with PA (such a 

spelling and novel word decoding) was not assessed. However, PA has also been shown to be 

related to text reading comprehension in some studies (Katzir, Youngsuk, et al., 2006; 

Leppänen, Aunola, Niemi, & Nurmi, 2008) and the findings reported above provide some 

support for that link. Sadly, the continued poor performance of the dyslexic group on the 

reading fluency and RAN measures also supports the assertion that phonologically based 

remediation programs, while being effective in improving PA related literacy skills, struggle to 

achieve significant and nontrivial improvement in reading fluency skills (Lyon & Moats, 1997; 

Torgesen et al., 2001), at least in the medium term.  

                                                 
87 As related in the Chapter 3, PA ability is important in establishing early decoding and spelling skills.  
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 Partial support was also generated for H2 with data showing that the dyslexic group 

showed poorer performance on the rhythmic-motor measures, at least at the lower stimulus 

speed (80pbm). Although this provides support for a deficit in nonlinguistic temporal 

(rhythmic) processing in reading disordered populations, it also highlights a problem in the 

research. A number of studies have demonstrated that reading disordered populations appear to 

have difficulty with aspects of the synchronised tapping task (Corriveau & Goswami, 2009; 

Thomson et al., 2006; Thomson & Goswami, 2008; Waber, Weiler, et al., 2000; Wolff, 1993, 

2002), but there has not been a consistent pattern to the exact nature of that deficit. Some 

researchers have found bimanual co-ordination deficits but no unimanual deficits (Wolff, 1993), 

others have found differences in unimanual tapping variability (Thomson et al., 2006), or in 

unimanual and bimanual phase matching to a stimulus (Wolff, 2002), but not in period 

matching. Researchers have also noted different patterns of deficits depending on the speed of 

the stimuli (Thomson et al., 2006; Wolff, 1993). Some of the contrasting results from these 

studies are likely to stem from normal age related developmental differences in the examined 

groups, but it is also probable that the task itself does not adequately capture the precise nature 

of the underlying deficit. Goswami et al. (2002) have proposed that these deficits may stem 

from inefficient onset sound processing which results in difficulty isolating the P-centre of 

sound envelopes88. As yet, few studies adapting the stimulus (beat) sound envelopes in the 

synchronous tapping tasks to reflect short and long onset durations have been done (Corriveau 

& Goswami, 2009; Thomson et al., 2006; Thomson & Goswami, 2008), but results from these 

studies support this proposal.  

 Examining the within-group associations between the various measures also provides 

some support for the two hypotheses in this study and provides interesting data relating to the 

developmental issues mentioned in the introduction to this chapter. For the musicians, 
                                                 
88 In terms of a metronomic beat track, this would affect the perceptual precision for the location of each beat. 
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alphanumeric RAN was strongly correlated to the reading fluency measures while 

nonalphanumeric RAN was not. In the control group, both RAN subtypes were significantly 

associated with the reading fluency measures, but the nonalphanumeric form had the stronger 

relationship. This suggests that musical training may accelerate the developmental change seen 

in the differentiation of the two RAN task subtypes and their consequent relationship to reading 

fluency (van den Bos et al., 2002). Recent research has suggested that the developing facility in 

RAN tasks and reading fluency seen across early development may be related to a process of 

functional neural specialisation89 in the left inferior occipitotemporal cortex90 (Dehaene & 

Cohen, 2011; Songa, Bua, & Liub, 2010; van der Mark et al., 2009).  

If musical rhythmic training in some way facilitates this process, it may provide an 

explanation for the findings relating rhythmic-motor training to nonalphanumeric RAN 

performance from Study 1, and the strong alphanumeric RAN - reading task associations seen 

in the musicians in this study. The proposal that musical training may stimulate a process of 

functional specialisation is supported by the pattern of relationships between the literacy 

measures and the rhythmic-motor measures for the musicians, and to a lesser extent in the 

control group. Both the alphanumeric and nonalphanumeric RAN measures were very strongly 

correlated with motor-rhythmic (period matching and phase shift) ability in the musicians, and 

phase shift (but not period matching) was consistently associated with the reading fluency 

measures in this group. In addition, the regression analysis for the musicians, phase shift 

predicted a substantial amount of the variance in alphanumeric RAN at both stimulus speeds, 

and at the faster speed in nonalphanumeric RAN. For the control group, although no significant 

relationships were expressed between the rhythmic-motor measures and RAN, period matching 

(but not phase shift) was associated with all the reading fluency measures. In the regression 

                                                 
89 Neural specialisation through Hebbian learning processes, rather than through genetically coded development. 
90 Also known as the Visual Word Form Area (VWFA). 
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analysis examining the rhythmic-motor/literacy subprocessing relationship for the controls, both 

period and matching and phase shift combined to predict nonalphanumeric RAN, but contrary 

to expectations the phase shift component in the regression indicted that those children who 

synchronised their tapping further from the actual stimulus were faster at nonalphanumeric 

RAN. This may be related to the developmental aspects of the rhythmic-motor task in this 

group (discussed below), but it may also be a spurious result related to the low numbers in the 

group. 

As outlined previously, the developmental progression seen in rhythmic-motor 

synchronization is such that as the ability to match responses to the period of an external 

stimulus approaches an asymptote, the ability to match phase precisely with the stimulus 

becomes the better measure of ability. The results from Study 1 and previous research (Repp, 

2005; Semjen et al., 1998) have demonstrated that musical training can also advance this 

process. The above results suggest that musical training may strengthen the developmental 

processes underlying rhythmic-motor ability, which may in turn support the development of 

fluent reading skills. As the children in the control group are developing their rhythmic-motor 

skills through normal maturation processes (i.e., without musical intervention), the relationships 

are weaker and at an earlier stage, with period matching component yet to reach the peak level 

of potential and phase shift still being a somewhat static measure. This pattern of developmental 

change in the tapping task could account for the finding reported above. 

 For the children with dyslexia, alphanumeric and nonalphanumeric RAN were 

significantly associated with single word reading fluency, but not with text reading fluency or 

any of the rhythmic-motor measures. The lack of any strong association between the rhythmic-

motor measures and RAN or reading fluency in this group runs contrary to the proposition that 

rhythmic-motor deficits are related to reading fluency. However, both period and phase shift 

were significantly correlated with PA, which offers some support for the proposal of Goswami 
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et al. (2002). Regression analysis suggested that the rhythmic-motor measures did not share 

significant variance to PA or RAN of either type, although the low numbers in the sample may 

mask the relationship. Unexpectedly, better RAN abilities were associated with poorer reading 

comprehension outcomes in this group. This is contradictory to the findings for other studies 

(Arnell et al., 2009; Compton et al., 2001; Kirby et al., 2003; Manis et al., 2000) that have 

shown naming speed to be positively correlated (and/or predictive) of reading comprehension. 

A test order effect may be the most parsimonious explanation for this finding. As was reported 

in the procedure for this study, the TOWRE single word reading assessment immediately 

preceded the GORT-4 text reading test (from which the comprehension was obtained). Both 

tests were timed with the timing conducted manually by means of a stop watch in full view of 

the participants. Because the TOWRE is a single word reading test where only rate and 

accuracy are assessed, it is possible that the dyslexic individuals placed more emphasis on 

reading rate than on the reading comprehension aspect of the GORT-4 assessment that is not 

time dependant, particularly with the visual reinforcement of the stopwatch in both tests. By 

concentrating on reading as quickly as they could, it may be that the dyslexic group simply did 

not have the spare cognitive capacity to focus on understanding the content they were reading. 

However, research investigating the relationship between naming speed and 

comprehension is not clear-cut. A number of studies finding significant positive associations 

between RAN and reading comprehension have examined normally developing readers (e.g., 

Arnell et al., 2009; Manis et al., 2000; Neuhaus et al., 2001). But, another study by Johnston 

and Kirby (2006) found that RAN and reading comprehension were related only in the less able 

readers from a broad sample of primary school children. Studies that have investigated reading 

disordered populations have also found ambivalent results. Katzir, Kim, et al. (2006) found that 

RAN and reading comprehension were associated only after removing individuals who 

displayed very low RAN abilities. In addition to the above concerns, the large number of tests 
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would inflate the probability of a spurious result due to type 1 error, and the results are also 

reported using an alpha of .1 based on the fact that most relationships were in the predicted 

direction. If examined using an alpha of .05, the relationship would not be significant. Despite 

this, it is clear that the relationship requires further investigation, and that the apparent 

reciprocal relationship between fast naming and low comprehension reported above needs to be 

considered cautiously.  

 While the findings from this study offer qualified support for a link between rhythmic-

motor ability, RAN and measures of reading fluency, this support must be understood in light of 

the limitations inherent in this study. Although the study suggests that musical training may 

promote the development of reading fluency related skills, as a cross-sectional study no causal 

attributions can be made. The group comparisons have to be considered with caution as there 

was a significant difference in the FSIQ abilities between the musician and nonmusician groups.  

There are also issues with self-selection biases in the groups, especially as information about 

SES, mothers educational level and home reading environments was not sourced. Additionally, 

the low group numbers and large number of statistical comparisons, particularly in the 

correlation data, makes it probable that several of the association strengths are the result of 

statistical (type 1 and type 2) error rather than true reflection of the relationships. Despite these 

factors, the findings of this study provide some promising insights into the developmental 

processes involved in the relationship between RAN and reading fluency and the influence that 

musical training and rhythmic-motor abilities may have on this relationship. The study that 

follows will explore these issues in a high achiever (university educated) adult population.  
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Chapter 7: Study 3: Musical Training, Literacy Subskills and Reading Fluency in Adults 

 

Study 1 established a possible causal connection between musical rhythmic-motor 

training and the development of nonalphanumeric rapid naming (RAN objects) ability in pre-

literate kindergarten children. Nonalphanumeric RAN has been shown to predict later reading 

fluency outcomes in this population (Badian, 1994; Schatschneider et al., 2004). The between-

group comparisons reported in Study 2 for grade 4/5 students showed that musical training was 

associated with superior alphanumeric RAN, PA and reading fluency outcome measures in 

normally developing students. These comparisons also indicated that children with a diagnosed 

reading disorder (dyslexia) showed poorer rhythmic-motor abilities than children without a 

reading disorder. Taken together, the results of Studies 1 and 2 strengthen the proposal that 

there may be a causal relationship between musical training and reading fluency outcomes and 

suggests that it could (at least in part), be underpinned by improvements in rhythmic-motor 

processing.  

Further evidence supporting a possible relationship between reading fluency and 

musical training is found in the within-group patterns of association between the rhythmic-

motor, RAN and reading fluency outcome measures for Study 2. The child musicians’ abilities 

to match phase with an external stimulus in the synchronised tapping task was strongly 

associated with reading fluency outcomes and accounted for significant variance in 

alphanumeric RAN. In the normally developing (nonmusician) child readers, the ability to 

match the period of an external stimulus was associated with reading fluency outcome 

measures, and both rhythmic-motor measures combined to account for a significant portion of 

the variance in nonalphanumeric RAN. In studies using rhythmic-motor tapping 
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synchronisation tasks, it has been shown that as period matching ability improves and reaches 

an asymptote (around 10 to 12 years of age; Drewing et al., 2006; McAuley et al., 2006), the 

ability to match phase with a target stimulus becomes the superior measure of skill (Repp, 2010; 

Semjen et al., 1998). Research has also demonstrated that as children acquire basic literacy 

skills, alphanumeric RAN ability overtakes nonalphanumeric RAN as a concurrent and future 

predictor of reading fluency outcomes (Wolf et al., 1986). However, as previously intimated, 

alphanumeric and nonalphanumeric RAN do not entirely differentiate as two factors until 

between 10–12 years of age (van den Bos et al., 2002), the age range that made up the bulk of 

the participants for the second study. With this research in mind, the between-group differences 

in the transitional within-group patterns for the RAN and rhythmic-motor measures and the 

apparent parallel processes of developmental or phase like change shown in the two normal 

reader groups also suggest a link between rhythmic-motor and RAN abilities. 

Study 3 (reported on in this chapter), continues the investigation of these relationships in 

an adult, high achieving population, i.e., university students. Similar to the previous study 

(Study 2) three subpopulations of students were examined, one with a preexisting diagnosis of 

dyslexia, one with normally developing (nonmusician) reading skills and one composed of 

highly trained instrumental musicians. As an extension of Study 2, this study made the same 

predictions and tested the same null hypotheses:  

H1: That the musicians, all other variables being equal, would demonstrate significantly 

superior reading skills (single word efficiency and text accuracy, fluency and comprehension) 

and reading related subskills (PA and RAN tasks) when compared to the nonmusician, normally 

developing reader control group. 

H2: That the dyslexic readers (as the expected least fluent readers) would be statistically 

significantly poorer on the rhythmic-motor measures when compared to the control group.  
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If the respective null hypotheses of the above predictions were rejected it would provide further 

support for the working hypothesis above (see Study 2).  

In addition, both studies (Study 2 and Study 3) explore possible patterns of 

developmental/maturational change in the variables of interest (particularly the RAN subtypes 

and the rhythmic-motor variables). In light of the findings of the previous study and other 

research, several predictions were made about the within-group patterns of association between 

the measures for specific groups. Given normal developmental trajectories and the purported 

link between improving rhythmic-motor skill and better RAN abilities, it was predicted that the 

control group might display within-group patterns of association similar to the child musicians 

in Study 2. For this group, it was also thought that the ability to match phase to an external 

stimulus would predict significant variance in alphanumeric RAN, as was found for the child 

musician group in Study 2. Although the dyslexic group’s rhythmic-motor abilities were 

predicted to be significantly poorer than the other groups, it was assumed that that they would 

demonstrate some improved development in this area. Because of this, it was postulated that the 

within-group associations and the predictive relationships between the rhythmic-motor 

measures and RAN for the adult dyslexics would mirror the results of the normal reader 

controls of Study 2. These findings would provide additional support for the overall working 

hypothesis. 

Method 

Participants 

The study was conducted with the ethical approval of the Human Research Ethics 

Committee of the University of Western Australia (ref number: RA/4/3/1349). Other 

information relevant to this study is provided in Appendix 3. Background information (e.g., 

musical experience, language environment) was obtained via a short questionnaire completed 

at the beginning of the testing session and this was used to screen participants. 
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Three groups of tertiary educated adults whose first language was English were 

recruited to participate in this study (see Table 7.1).  The first group consisted of music 

specialists having a minimum of ten years’ instrumental training91 on piano, violin or cello 

(eleven on piano, eight on bowed stringed instruments, and two with training in both). The 

second group consisted of undergraduates and graduates who had been previously diagnosed 

with a specific reading disorder (dyslexia). The third group was a control with minimal musical 

arts training (one had three years dance training and another had one year percussion; both had 

ceased lessons five or more years before testing) and no diagnosed reading difficulty.  

           Table 7.1 
             General Demographic Data for the Study 3 Participant Groups.  

Group N (male/female) Age (months) 
20% trimmed 

Mean (se)* 

Age Range 
(years:months) 

Musician  20 (2/18) 238 (5.40) 17:10 – 26:11 
Dyslexic  17 (6/11) 262 (17.49) 17:10 – 53:02 
Control  21 (6/15) 232 (3.13) 17:10 – 24:02 

            * R functions #1 and #2.  

Materials 

Measures. 

This study used the same measures as Study 2. See Chapter 6 for full subtest 

descriptions.  

General ability. The Vocabulary and Matrix reasoning subtests of the Wechsler 

Abbreviated Scale of Intelligence (WASI; Wechsler, 1999, were used to obtain an estimate of 

nonverbal fluid reasoning, verbal reasoning and overall ability (FSIQ-2).  

Literacy related cognitive processing measures. As with Study 2, the alternate form of 

the phonological awareness composite (PA, nonword blending and nonword segmenting) and 

both the alphanumeric and nonalphanumeric RAN measures (RAN1 = letters and numbers; 

                                                 
91 This conforms to a general rule for the development of ‘expertise’, which has been defined as having 
undergone at least 10 years of deliberate and systematic training in a specific domain or skill (Ericsson, 2006). 
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RAN2 = objects and colours) from the Comprehensive Test of Phonological Processing 

(CTOPP; Wagner et al., 1999) were used in this study.  

Reading outcomes. Once again as in study two, the Test of Word Reading Efficiency 

(TOWRE - Form A; Torgesen et al., 1999) was used to assess single word reading skills. 

However, (perhaps unsurprisingly due to using a sample population comprising university 

students) a strong ceiling effect was observed in the standardized scores, particularly over the 

two normal reader groups (i.e., the musician and control groups). Because of this, the scores 

were calculated in terms of words correctly completed per minute and not as the standardized 

score. 

 Sight word efficiency was calculated as: 

        Number of words correct x 60           
                 Actual time taken (to a maximum of 45sec) 
 

   Phonemic decoding efficiency was calculated as: 

Number of nonwords correct x 60 
                  Actual time taken (to a maximum of 45sec) 
 

The Gray Oral Reading Test – 4 Edition (GORT 4 - Form A; Wiederholt & Bryant, 

2001) was used to assess passage reading ability. As with the TOWRE, strong ceiling effects 

were seen in the musician and control groups. Because of this slight changes were made in the 

administration procedures. The basal criteria for the measures of rate and accuracy were taken 

as individual maximum subscores (both of 5/5), not a combined rate and accuracy subscore of 

9/10 or better. Testing began at passage 8 and was reversed if a basal criterion was not initially 

achieved for each reading submeasure (rate, accuracy and comprehension). To overcome the 

ceiling effects, a nonstandard scoring system based on the reader’s raw scores and the 

manualised cutoff requirements in the test protocol for each story were devised. A description 

of this procedure is placed in Appendix 3, p. 293-295.  
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Rhythmic-motor (synchronous tapping). This test required the participants to tap in 

synchrony to a beat track (80bpm, or an ISI of 750msec) on a wooden block for 1 minute. The 

beat tracks were digitally created with Matlab™ using a 1000Hz, 20msec Gaussian tone with a 

linear rise/fall of 2.5 msec. The first and last 10 seconds were trimmed from the data. Each 

participant undertook four tapping runs. The apparatus used was the same as in Study 2. 

Procedure 

Dyslexic participants were approached through the Dyslexia-SPELD Foundation of 

Western Australia and the five major tertiary institutions in WA via direct mail, and online and 

paper advertisements.  Musician participants were recruited directly from the UWA music 

department and via a notice on the chief investigator’s Facebook™ page. Control participants 

were recruited through online advertisements on the UWA School of Psychology website. 

Participants who were 1st year psychology students received course credit for their 

involvement; all others received a $20 gratuity. Informed consent was required for 

participation. Individual testing was conducted in a quiet room at the University with complete 

sessions taking about 2 hours. The following testing sequence was used across all participants 

within the study: 

 

                                                 
92 The location of the double tapping run was randomized across the participants in each group.  
93 Standard pre-recorded stimuli were used in these subtests presented via Logitech speakers. 

1. Synchronous tapping runs92 
2. CTOPP: RAN – Numbers, Letters, Colours, Objects 
3. CTOPP: PA93 – Blending nonwords, Segmenting nonwords, Phoneme   

reversal 
4. Synchronous tapping runs 
5. WASI – Vocabulary, Matix reasoning 
6. TOWRE – Sight word efficiency and Phonemic decoding efficiency 
7. GORT - 4 
8. Synchronous tapping runs 
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Results 

Twenty-one tertiary students were originally tested for the control condition in this study 

but data from three were excluded: one because of discrepancies between the student’s stated 

language background and their observed speech and language abilities during testing, another 

for having data consistently in the extreme outlier range (more than 4 standard deviations from 

the mean), and one other for admitting to 15 years of dance training after testing had been 

completed. 

In the musician group (n = 20), the average94 number of years spent on instrumental 

training was 14.25 (se = 0.61, 95% CI [12.83, 15.21]) with a mean starting age of 5.58 years (se 

= 0.46, 95% CI [4.54, 6.5]). Of the 17 tested adult tertiary students with a diagnosis of dyslexia, 

12 reported some form of training in the musical arts (inclusive of dance training). Of this 

group, four had dance training only, seven had trained on the piano or a stringed instrument and 

three had training on a woodwind instrument. The average number of years engaged in musical 

arts training for these dyslexics was 8.5 (se = 1.76, 95% CI [5.38, 11.63]) with a mean starting 

age of 9 years (se = 1.74, 95% CI [6.38, 12.25]). It was unfortunate that so many dyslexics had 

experienced some form of musical arts training (instrumental training, singing or dance), but the 

numbers made the removal of their data from the analysis untenable. The implications of this 

decision are left to the discussion. 

Viewing the group data revealed three outliers in the age variable (46, 49 and 53 years) 

for the dyslexic group, however, as research suggests cognitive and motor-timing processes are 

relatively stable over young to mid adulthood (Craik & Bialystok, 2006; McAuley et al., 2006) 

data from these individuals were retained. There were two moderate outliers in the tapping data 

(in mean period matching), one each in the dyslexic and control groups, but both were within p 

                                                 
94 Estimates of central tendency calculated as the 20% trimmed mean, standard error and bootstrapped 95% CI (R 
functions # 1, 2 and 3).  
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< .001 (3.29 SD from the mean) and were also retained. In addition, many of the other variables 

displayed moderate outlying values (between 1.96 and 3.29 SD from the mean) and there was 

statistical evidence for violations in the standard assumptions for about a third of the data sets. 

The details of these violations are reported in the parallel classical analysis undertaken in 

Appendix 3 of this thesis. 

Between-groups Comparisons  

Control measures. 

The groups were examined using robust ANOVAs for differences on age and the VIQ, 

PIQ and FSIQ estimates (the WASI Vocabulary and Matrix Reasoning subtests, and the FSIQ-2 

composite respectively) based on the 20% trimmed mean and percentile bootstrap method (R 

function #9).  

 

Figure 7.1. Mean and 95%CI’s for the WASI 
Subtests by group. 
 

Results indicted the groups did not statistically differ on age, mus-dys = -23.54, se = 

17.39, 95%CI [-155.92, 12.38], p = .135; mus-con = 6.25, se =6.20, 95% CI [-8.75, 26.67], p = 
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.340; dys-con = 29.80, se = 16.75, 95% CI [-2.89, 160.30], p = .031; pcrit = .01795. Figure 7.1 

presents a consistent pattern for the VIQ and PIQ estimates (calculated using R functions #1 and 

#3) with the musicians scoring better on average than the dyslexics, who scored better than the 

controls on these measures. This overall pattern was replicated for the FSIQ estimate, Mmus = 

118.33, se = 2.39, 95% CI [113.67, 122.75]; Mdys = 114.64, se = 2.23, 95% CI [110.00, 119.09]; 

Mcon = 110.17, se = 3.50, 95% CI [104.17, 116.17], however, when the groups were compared 

directly on these measures (Table 7.2), no statistically significant differences were found 

(although the musician/control comparisons approached the critical value). 

 
Table 7.2 
Group Comparisons on Intelligence Measures*. 

Compared 
groups 

Musician / Dyslexic Musician / Control 
 

Dyslexic / Control 
 

  
(se) 

95% CI 
p† 

value 
 

(se) 
95% CI  

p† 
value 

 
(se) 

95% CI  
p†  

value 

VIQ 
0.47 

(0.57) [-0.92, 2.04] .388 1.33 
(0.71) [-0.33, 3.42] .086 0.86 

(0.76) [-0.98, 2.75] .248 

PIQ 
0.32 

(0.74) [-1.45, 1.93] .695 1.00 
(0.62) [-0.42, 2.67] .083 0.68 

(0.73) [-0.83, 2.42] .295 

FSIQ 
3.70 

(3.22) 
[-4.58, 
11.42] .26 8.17 

(4.02) 
[-1.50, 
17.00] .041 4.47 

(3.83) 
[-4.30, 
13.30] .258 

NB: * R function #9,  = estimated mean group difference scores based on percentile bootstrapping, † critical p 
value = .017, VIQ = WASI Vocabulary subtest, PIQ = WASI Matrix Reasoning subtest, FSIQ = Full Scale 
Intelligence Quotient based on the previous two subtests, two-tailed. 
 

Literacy related subskills. 

Group performances on the RAN and PA measures are presented in Figure 7.2. The 

ANOVA results for alphanumeric RAN (RAN1, letters and numbers) showed a statistically 

significant difference between the dyslexics (who were slower at the task) and the other two 

groups, but no differences between the musicians and the controls, mus-dys = 36.58, se = 4.59, 

95% CI [26.75, 47.49], p < .001; mus-con = 8.08, se = 5.35, 95% CI [5.08, 21.92], p = .115; dys-

                                                 
95 For the group comparisons a Bonferroni type correction; pcrit = .017, was applied throughout this study.  
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con = -28.50, se = 4.92, 95% CI [-41.43, -15.68], p < .001. The calculated effect sizes96 for these 

group differences showed that musicians were faster in naming letters and numbers than the 

dyslexics 97% of the time (PS 95% CI [.93, 1.00], dr = 2.73, 95% CI [2.04, 4.21]) with the 

controls faster than the dyslexics 91% of the time (PS 95% CI [.80, .97]; dr = 1.91, 95% CI 

[1.17, 2.77]).  

 
Figure 7.2. Bootstrapped 20% trimmed means and 
95% CI’s of each group for the literacy predictor variables. 
 
 

The results for the RAN2 show a statistically significant difference between the 

musicians and the dyslexics ( mus-dys = 21.48, se = 5.89, 95% CI [9.86, 34.32], p < .001), and 

the controls and the dyslexics dys-con = -12.48, se = 5.13, 95% CI [-25.09, -0.18], p = .015). 

The musicians and controls showed no statistically significant differences on this task ( mus-con 

                                                 
96 Reported effect sizes are a robust form of Cohen’s d calculated using the method reported in Algina, Keselman 
and Penfield (2005a); probability of superiority (PS) estimated using the table provided in Grissom (1994).  
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= 9.00, se = 6.60, 95% CI [-5.50, 25.25], p = .138). In real terms, based on the estimated group 

differences on RAN2, the musicians were faster object and colour namers than the dyslexics 

80% of the time (PS 95% CI [.68, .94], dr = 1.18, 95% CI [0.67, 2.15]) and the controls were 

faster than the dyslexics 70% of the time (PS 95% CI [.53, .86]; dr = 0.74, 95% CI [0.12, 1.50]).  

The results for PA were similar to the RAN results with a statistically significant 

difference between the dyslexics and the other groups, but no difference between the musician 

and control groups, mus-dys = 11.43, se = 3.54, 95% CI [2.00, 20.31], p = .003; mus-con = 3.42, 

se = 2.87, 95% CI [-4.83, 11.17], p = .317, dys-con = -8.02, se = 3.23, 95% CI [-16.32, -0.24], p 

= .016. Based on the estimated group differences on PA, the musicians were better at this task 

than the dyslexics 84% of the time (PS 95% CI [.64, .96], dr = 1.43, 95% CI [0.49, 2.52]) with 

the controls better than the dyslexics 80% of the time (PS 95% CI [.61, .94]; dr = 1.17, 95% CI 

[0.38, 2.16]). 

 Reading outcome measures. 

 The group performances on the reading outcome measures presented in Figure 7.3. 

Figure 7.3(a) show that on average the dyslexic group were considerably slower at reading 

single words than the other two groups. Figure 7.3(b) also clearly depicts a divergent response 

pattern in the dyslexic group on the measure for rate and accuracy when reading connected text. 

This figure shows that on average the dyslexic group took far longer to complete the passages 

and made more errors whilst doing so. In fact the only reading measure in which the dyslexic 

group perform on par with the other two groups was passage reading comprehension which was 

not as affected by the timed /speeded nature of the test as the other two factors text reading 

measures. Both figures suggest little differences in reading outcomes between the musician and 

the control samples examined in this study. These observations were confirmed by the ANOVA 

results. 
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For the single word reading measures, the musicians and controls showed no differences 

in their ability to identify commonly known words speedily and correctly, mus-con = 4.75, se = 

5.81, 95% CI [-12.17, 18.58], p = .479, while both groups were statistically significantly better 

than the dyslexics, mus-dys = 35.60, se = 6.32, 95% CI [23.00, 50.39], p < .001; dys-con = -30.84, 

se = 7.57, 95% CI [-50.15, -14.25], p < .001. From these results, the musicians were able to read 

more real words correctly per minute than the dyslexics 92% of the time (PS 95% CI [.86, .99], 

dr = 2.00, 95% CI [1.50, 3.22]) while the controls were faster real word readers 83% of the time 

(PS 95% CI [.73, .94]; dr = 1.37, 95% CI [0.88, 2.17]). For nonword reading (a measure of 

decoding skills), the musicians and controls showed no differences in their ability for speedy 

decoding accuracy, mus-con = 0.45, se = 7.11, 95% CI [-19.33, 15.08], p = .966, while both were 

statistically significantly better than the dyslexics, mus-dys = 43.58, se = 6.61, 95% CI [27.72, 

58.35], p < .001; dys-con = -43.13, se = 7.64, 95% CI [-66.19, -24.64], p < .001. The musicians 

were faster and more accurate decoders than the dyslexics 95% of the time (PS 95% CI [.85, 

.99], dr = 2.30, 95% CI [1.49, 3.61]) while the controls were faster 91% of the time (PS 95% CI 

[.80, .97]; dr = 1.88, 95% CI [1.18, 2.72]). 
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Figure 7.3. Bootstrapped 20% trimmed means and 95% CI’s for the reading outcome measures. (a) 
Number of words successfully completed per minute based on the TOWRE real word and nonword lists: 
Higher scores are better. (b) Adapted scoring (see Appendix 3, p. 293-295) from the GORT subscales; 
(1). Rate = adapted passage reading time in sec/10: Lower scores are better. (2). Accuracy = adapted 
reading error count: Lower scores are better. (3). Comprehension = total number of questions answered 
correctly (5 questions/passage; max total = 70) until a ceiling of 2/5 errors was reached: higher scores 
are better.  
 
 For reading text a similar pattern was seen with the musician and controls showing no 

differences in reading rate or accuracy (rate, mus-con = -0.74, se = 2.46, 95% CI [-6.59, 4.45], p 

= .743; accuracy, mus-con = -3.33, se = 4.71, 95% CI  [-15.25, 7.25], p = .402) while both were 

statistically better than the dyslexics (rate, mus-dys = -24.62, se = 3.90, 95% CI [-32.12, -15.37], 

p < .001; dys-con = 23.88, se = 3.90, 95% CI [13.85, 31.79], p < .001; accuracy, mus-dys =  

-43.64, se = 7.72, 95% CI [-57.75, -25.54], p < .001; dys-con = 40.31, se = 6.50, 95% CI [23.27, 

53.70], p < .001). However, the dyslexics were equal to the other groups in their ability to 

extract meaning from the stories they had read ( mus-dys = 0.90, se = 3.37, 95% CI [-6.28, 

10.42], p = .752, mus-con = 0.75, se = 3.14, 95% CI [-5.33, 8.92], p = .741; dys-con = -0.15, se = 

3.92, 95% CI [-9.96, 9.18], p = .934). The probability that a randomly selected musician would 

be a faster story reader than a dyslexic was .94, (PS 95% CI [.84, 1.00], dr = 2.24, 95% CI [1.40, 
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4.48]) while the probability of selecting a faster control group reader than a dyslexic was .93 

(PS 95% CI [.81, 1.00]; dr = 2.11, 95% CI [1.23, 3.99]). In real terms, the musicians were more 

accurate story readers 92% of the time (PS 95% CI [.80, 1.00], dr = 1.99, 95% CI [1.19, 4.16]) 

when compared to the dyslexics, while the controls were more accurate than the dyslexics 93% 

of the time (PS 95% CI [.79, 1.00]; dr = 2.08, 95% CI [1.13, 4.63]). 

Rhythmic-motor measures. 

Figure 7.4(a) presents the overall success each group had period matching to the 

stimulus (1.00 being a situation where ITI = ISI and the SD of ITI = 0, but where the response 

and stimulus events did not necessarily temporally co-occur). Figure 7.4(b) presents the 

distance between the stimulus event and the average of the response events as degrees; the 

positive values represent the fact that on average each group’s responses anticipated the 

stimulus. The musicians appear to be better on average than the other groups at both aspects of 

the synchronous tapping task, while the dyslexics appear slightly better (on average) than the 

controls at matching their responses to the period of the stimulus but no different in their ability 

at aligning their response taps to the stimulus events. 

 
Figure 7.4.  Bootstrapped 20% trimmed means and 95% CI’s of each group for (a) mean period 
matching  and (b) mean phase shift (where 0° is the temporal location of the stimulus event). 
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 The results confirm that the musicians performed better on both dimensions of the 

synchronous tapping task compared to the other groups, but there was no statistical difference 

between the control and dyslexic groups (mean period matching, mus-dys = 0.026, se = 0.008, 

95% CI [0.012, 0.052], p < .001; mus-con = 0.042, se = 0.012, 95% CI [0.022, 0.082], p < 

.001; dys-con =  0.016, se = 0.014, 95% CI [-0.017, 0.057], p =.21; mean phase shift, mus-dys =  

-9.27, se = 3.34, 95% CI [-17.54, -1.66], p < .00; mus-con = -8.69, se = 2.90, 95% CI [-18.64, 

-2.28], p = .002; dys-con =  0.58, se = 4.13, 95% CI [-10.80, 10.4], p =.938). Overall, compared 

to the other groups, the musicians were more accurate at matching the period of the beat 80%97 

of the time, (musicians vs. dyslexics PS 95% CI [.68, .95], dr = 1.20, 95% CI [0.67, 2.36]; 

musicians  vs. controls PS 95% CI [.69, .98]; dr = 1.20, 95% CI [0.70, 2.82]) and generally 

responded closer to the stimulus event 76% of the time (musicians vs. dyslexics PS 95% CI 

[.59, .94], dr = 1.00, 95% CI [0.33, 2.22]; musicians vs. controls PS 95% CI [.61, .90]; dr = 1.00, 

95% CI [0.40, 1.80]).  

Within-groups Analyses 

 Correlations.  

 The within-group percentage bend correlations are displayed in Table 7.3 for the 

musicians, Table 7.4 for the dyslexics, Table 7.5 for the controls. Similar to Study 2, due to the 

low numbers and the fact most of the relationship directions were consistent with expectations, 

the α level was set to p = .1, as a proxy for one-tailed tests of significance. Somewhat 

surprisingly, the tapping synchronisation data was not statistically significantly associated with 

any of the measures directly related to musical training experience (i.e., the age started or 

number of years spent training) in either the musician group or the dyslexics with musical 

                                                 
97 Here, while the point estimate for the Probability of Superiority was identical for the musicians vs. dyslexics and 
the musicians vs. controls, 95% confidence intervals differed between the comparisons.  
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training (n = 12). For the normal reader musician group this was likely due to an observed 

ceiling effect in the tapping measures, while for the subgroup of dyslexics with musical 

training, the low power due to the small numbers may in part explain the absence of significant 

relationships. 

Providing partial support for the overall hypothesis, younger starting ages in the 

musician group were statistically significantly related to their ability at speedily decoding 

nonwords and the more years they had spent training was associated with faster RAN1 and real 

word reading speeds. For the dyslexics with musical training younger starting ages were 

statistically significantly associated with better PA and there were indications that those with 

more training generally had higher overall VIQ and FSIQ scores, were better at speedy nonword 

decoding, and were faster and more accurate text readers. 
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 Table 7.3 
 Percentage Bend§ Correlations for the Musician Group. 

N = 20 
Years 
spent 
train 

Age VIQ PIQ FSIQ RAN1 RAN2 PA 
Single word 

reading Text readingª Period 
match 

Phase 
shift Real Pseudo Rate Accuracy Comp 

Age started 
training -.68† .37 -.07 -.04 .03 -.24 .08 .37 -.28 -.42* .14 -.16 .05 -.09 .02 

Years spent 
training  .33 .04 .04 -.02 .49* .30 -.08 .45* .36 -.19 .02 -.03 .25 -.19 

Age   .03 .15 .17 .17 .27 .52** .10 -.03 -.23 -.36 .05 .22 -.25 

VIQ    .06 .60** .30 .48* .45* .58** .63** -.80† -.62** .41* -.23 -.12 

PIQ     .71† .18 .06 .04 .07 .10 -.14 -.08 .09 .07 .42* 

FSIQ      .29 .45* .37 .46* .50* -.60** -.45* .38 -.12 .17 

RAN1       .57** .01 .70† .57** -.44* .05 -.05 -.18 -.04 

RAN2        .27 .76† .30 -.40* -.27 .47* .02 -.08 

PA         .32 .15 -.40* -.72† .45* .24 -.53** 

Single real word 
reading          .55** -.53** -.30 .49* .10 -.23 

Single pseudo 
word reading           -.83† -.38* .23 -.35 -.01 

Text reading 
rate            .67† -.45* .34 .01 

Text reading 
accuracy             -.56** .08 .21 

Text reading 
comprehension              .16 .02 

Period matching               -.42* 
§ = R function #4, *  p < .1, ** p <.05, † p  < .01, (an α of p = .1 was used as a proxy for one tailed tests, rcrit = .385), a text reading 
rate and accuracy scores were calculated such that lower scores indicated better performance (faster reading or fewer errors), 
whereas higher comprehension scores show better performance.  



 

 
 

210 Table 7.4 
 Percentage Bend§ Correlations for the Dyslexic Group.  

N = 17 (12‡) 
Years 
spent 
train‡ 

Age VIQ PIQ FSIQ RAN1 RAN2 PA 
Single word 

reading Text readingª Period 
match 

Phase 
shift Real Pseudo Rate Accuracy Comp 

Age started 
training‡ -.61* -.16 -.44 -.10 -.47 .15 .33 -.53* .02 -.45 .41 .37 -.14 .30 -.31 

Years spent 
training‡  .41 .54* .46 .70** .24 .14 .48 .29 .68** -.53* -.54* .34 .21 -.37 

Age   -.01 .34 .26 .17 .06 .00 .28 -.08 -.41 -.34 .02 -.17 -.14 

VIQ    .30 .83† .48* .28 .53** .27 .92† -.65** -.48* .08 .07 -.27 

PIQ     .68† .13 -.15 .28 .51* .17 -.43* -.18 -.17 .45* -.48* 

FSIQ      .42* .11 .64† .42* .72† -.74† -.50* .04 .21 -.42* 

RAN1       .76† .35 .37 .39 -.49* -.27 .50* .26 -.56* 

RAN2        .01 .22 .33 -.16 -.07 .11 .27 -.44* 

PA         -.04 .46* -.42* -.25 .22 .42* -.16 
Single real 
word reading   

       
.20 -.61** -.49* .10 .08 -.08 

Single pseudo 
word reading           -.57** -.51* .06 .03 -.25 

Text reading 
rate            .76† -.07 .09 .17 

Text reading 
accuracy             -.11 .08 .05 

Text reading 
comprehension              -.12 -.15 

Period 
matching               -.48* 

§ = R function #4, *  p < .1, ** p <.05, † p  < .01, ‡ based on a n = 12, being those dyslexics with musical arts training, (an α of p = .1 was used as a 
proxy for one tailed tests, rcrit = .415 for n=17, rcrit = .51 for n=12). a text reading rate and accuracy scores were calculated such that lower scores 
indicated better performance (faster reading or fewer errors), whereas higher comprehension scores show better performance. 
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 Table 7.5 
  Percentage Bend§ Correlations for the Control Group.  

N = 18 VIQ PIQ FSIQ RAN1 RAN2 PA 
Single word 

reading Text readingª Period 
match 

Phase 
shift Real Pseudo Rate Accuracy Comp 

Age -.52* -.07 -.47* .04 -.12 -.40* .05 -.12 -.10 -.07 -.30 .08 .22 

VIQ  .28 .87† .52* .19 .47* .38 .47* -.42* .05 .66† -.06 -.31 

PIQ   .67† .53* .10 .65** .48* .24 -.49* -.22 .55** .25 -.38 

FSIQ    .57** .17 .63** .49* .44* -.52* -.04 .69† .08 -.47* 

RAN1     .45* .38 .65** .57** -.75† -.35 .71† .02 -.21 

RAN2      .20 .68† .70† -.57** -.64** .27 -.14 -.09 

PA       .24 .25 -.32 -.29 .48* .10 -.30 

Single real 
word reading        .69† -.84† -.40 .47* .05 -.46* 

Single pseudo 
word reading         -.80† -.52* .51* .16 -.48* 

Text reading 
rate          .51* -.50* .10 .38 

Text reading 
accuracy           .05 .12 .02 

Text reading 
comprehension            .11 -.47* 

Period 
matching             -.37 

§ = R function #4, * p < .1, ** p <.05, † p  < .01, (α = .1 as a proxy for one tailed tests, rcrit = .40). a  text reading rate and accuracy 
scores were calculated such that lower scores indicated better performance (faster reading or fewer errors), whereas higher 
comprehension scores show better performance.
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The intelligence measures had statistically strong and significant associations with 

many of the reading and literacy subskill measures in all groups, but there were some 

noticeable patterns of difference between the groups. For the musician group, higher verbal 

scores were related to better performances on all the reading and literacy subskill measures 

except RAN1. These relationships were largely maintained in the FSIQ scores. A very 

similar pattern for VIQ and FSIQ was seen in the dyslexic and control groups with the 

major differences being a switch in the pattern of statistical significant associations for the 

rapid naming subtests (i.e., for these groups, faster RAN1 rates was statistically 

significantly related to VIQ and FSIQ, while RAN2 was not). In addition, (and rather 

peculiarly) within the dyslexic group there was no relationship between VIQ or FSIQ and 

comprehension. 

While similar patterns of association were observed between-groups in their VIQ 

and FSIQ relationships (with exception of RAN1/RAN2 described above), there was a 

substantial difference between the groups in the PIQ relationships. In the musicians, PIQ 

was not associated (even remotely) with any of the literacy related measures; in the 

dyslexics higher PIQ scores were statistically significantly associated with faster real word 

and text reading; while in the control group, PIQ scores generally mirrored VIQ scores 

(reported above). Higher PIQ scores were also statistically significantly related to the better 

synchronous tapping abilities in the dyslexics but not for the controls.  For the musicians, 

there was a statistically significant relationship between PIQ and mean phase shifts in 

synchronous tapping but it was in the opposite direction to that expected (i.e., higher PIQ’s 

were associated with greater mean phase shifts rather than the other way round).  

Strong performances in the RAN measures were associated with better performance 

on the time sensitive reading measures in the normal reader groups (musicians and 
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controls). For the dyslexic group these relationships were much weaker and only 

statistically significant between the RAN1 and text reading speed. The dyslexic group was 

also the only group with statistically significant relationships between RAN and 

synchronous tapping with better RAN scores being related to more successful phase 

synchronisations. Similar to the pattern of significant relationships found in RAN and the 

verbal and full scale intelligence scores, RAN1 (but not RAN2) was related to reading 

comprehension for both the dyslexic and control groups, while for the musicians this 

relationship was reserved for RAN2.  

Although there were moderate associations between better PA ability and more 

efficient reading skills in the control group, the only statistically significant relationship 

was between PA and reading comprehension. There was a strong link between PA and the 

reading outcomes measures for the musicians, with better PA scores statistically 

significantly linked to faster, more accurate reading and better comprehension. There were 

also statistically significant relationships between PA and both nonword decoding and text 

reading rate for the dyslexic group, and both the musician and the dyslexic groups showed 

statistically significant relationships between PA and synchronous tapping. In the musicians 

lower phase shifts were associated with higher PA scores while for the dyslexic individuals, 

better period matching was associated with higher PA scores.  

Finally, there were generally strong statistically significant relationships between 

most of the reading outcome measures in the control and musician groups. In the dyslexic 

group, reading comprehension had only the weakest of (nonsignificant) relationships to the 

other reading measures that in the main were significantly interrelated. Only the control 

group demonstrated any statistically significant associations between the reading outcome 



 

214 
 

measures and the synchronous tapping measures with lower phase shifts related to faster 

real single word reading and nonword decoding, and better reading comprehension.  

The relationship between rhythmic-motor and reading related subskills. 

 Similar to Study 2, the low numbers of participants in each group restrict to two the 

number of predictor variables that can reasonably be entered into a regression algorithm. 

Examining the correlation matrices above suggest that, overall, the mean period matching 

variable from the rhythmic-motor measures has little relationship to the reading related 

subskills with the exception of PA in the dyslexic group. There is however, some 

consistency in the significant associations for the mean phase shift variable and the reading 

related measures across the groups, especially the dyslexics and controls. The other 

variables that demonstrated consistent and strong statistical relationships between most of 

the reading related measures across the groups were the IQ measures, of which FSIQ is the 

most reliable. Because of this, FSIQ and mean phase shift were entered as possible 

predictor variables for each of the literacy related subskills, RAN1, RAN2 and PA using an 

omnibus Ordinary Least Square estimator algorithm (R function # 5). An additional model 

was run for the dyslexic group with FSIQ and period matching as predictors for PA to 

investigate that apparent association. If the resulting regression suggested either or both 

predictors shared significant variance with a specific subskill, that model was then run 

using the Theil-Sen estimator algorithm (R function # 6 and #7) to confirm the relationship 

and obtain the regression parameters and 95% CI’s.  
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 Table 7.6 
 PA Regression Model for the Musician Group with FSIQ and Mean Phase Shift as 
Predictors  

Model (PA) Coefficients se 95% CI Significance (p) R 

Constant 38.0        29.87 [-48.38, 131.82] .333  

FSIQ 0.5 0.42 [-0.32, 1.20] .235 .36 

Constant  100.14 2.78 [94.62, 105.52] <.001  

Mean phase 
shift  

-1.18 0.55 [-2.25, 0.00] .062 .58 

Constant  16.06 29.87 [-43.46, 81.64] .371  

FSIQ 0.70 0.26 [0.14, 1.21] .013  

Mean phase 
shift  

-1.50 0.42 [-1.69, -0.32] .016 .63 

    Using R functions #6 and #7 

For the musician group, the first stage indicated that FSIQ and phase shift shared 

statistically significant levels of variance (FSIQ, 95% CI [0.34, 1.10], p < .001; mean phase 

shift, 95% CI [-2.04, -0.84], p = .003) with PA, but no statistically significant contributions 

were found between other rhythmic-motor measures and literacy related subskills. As can 

be seen above (Table 7.6), when entered in the Theil-Sen regression algorithm, neither 

FSIQ nor mean phase shift individually contribute statistically significantly variance to PA, 

but when entered together they share 40% of the variance with PA. This represents a 

reciprocal suppression pattern in the predictors (Smith et al., 1992). Here, the individual 

error variance provided by FSIQ and mean phase shift in the model is substantially shared 

thus reducing the net error term in the model. This increases the ability of both predictors to 

explain variance in PA.  
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Table 7.7 
Regression Model for the Dyslexic Group with Mean Phase Shift as the Predictor for RAN1 
and RAN ,  and FSIQ as the Predictor for PA 

Model 1 
(RAN1) 

Coefficients se 95% CI Significance (p) R 

Constant 94.66 4.28 [85.00, 102.88] <.001  

Mean phase 
shift  

-0.48 0.20 [-0.84, 0.00] .035 .52 

Model 2 
(RAN2) 

Coefficients se 95% CI Significance (p) R 

Constant 95.80 5.99 [86.51, 107.95] <.001  

Mean phase 
shift  

-0.56 0.25 [-1.02, 0.00] .04 .57 

Model 3 (PA) Coefficients se 95% CI Significance (p) R 

Constant -29.41 41.20 [-128.0, 53.50] >.05  

FSIQ  0.97 0.36 [0.3, 1.89] .018 69 

      Using R functions #6 and #7 

For the dyslexic group, the first stage suggested that mean phase shift but not FSIQ 

shared a statistically significant level of variance with both RAN subtypes (RAN1, 95%  CI       

[-0.68, -0.09], p = .030; RAN2, 95%  CI [-0.97, -0.07], p = .030) and that FSIQ (but not 

period matching or phase shift) shared statistically significant with PA (95%  CI [0.41, 

1.73], p < .001). As can be seen above in Table 7.7, the results from the Theil-Sen 

regression suggest that in this population mean phase shift contributes approximately 27% 

of the variance in RAN 1 and 33% in RAN2, with lower phase shifts (response taps 

generally closer to the stimulus) being associated with better RAN scores, and that FSIQ 

contributed approximately 48% of the variance in PA skills.  

Finally for the control group, the first stage indicted that FSIQ was the only one of 

the two variables entered that approached statistically significant levels of shared variance 
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with RAN1 (95% CI [0.36, 1.48], p = .007) and also PA (95% CI [0.048,0.65], p = .07, 

one-tailed). The results from the Theil-Sen regression (Table 7.8, below) suggest that for 

the control group, FSIQ contributes approximately 45% of the variance in RAN 1 and 61% 

of the variance in PA with higher FSIQ’s being associated with better rapid naming of 

letters and numbers and better PA performance. 

Table 7.8 
RAN1 and PA Regression Models for the Control Group with FSIQ as the Sole Predictor  

Model 1  
(RAN1) 

Coefficients se 95% CI Significance (p) R 

Constant 14.26 30.23 [-38.59, 74.56] .616  

FSIQ 0.93 0.27 [0.36, 1.36] .005 .67 

Model 2  (PA) Coefficients se 95% CI Significance (p) R 

Constant  52.03 17.40 [7.15, 77.58] .02  

FSIQ  0.38 0.16 [0.15, 0.78] .012 .78 

Using R functions #6 and #7 

Discussion 

The working hypothesis for this and the previous studies was that that musical 

training improves specific subprocesses (RAN) known to predict reading fluency via the 

training of nonlinguistic temporal processing abilities. In this study (as with Study 2), the 

first prediction (H1) was that the musician (normally developing reader) group would show 

superior ability on the reading measures and those subprocesses related to reading ability 

(PA and RAN) when compared to the control (nonmusician, normally developing reader) 

group. The second prediction (H2) was that the dyslexic group would show poorer ability 

on the rhythmic-motor measures when compared to the control group. 

On the measures of rhythmic-motor ability, as expected, the musicians were clearly 

and statistically significantly better than the other two groups, approaching a near perfect 

level of performance in the synchronous tapping task used in this study. No evidence was 
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found supporting H1. While on average the musicians scored better than the controls on 

measures for the literacy subskills, PA and alphanumeric/nonalphanumeric RAN, these 

differences were not statistically significant. Additionally, when comparing these groups on 

the reading outcome measures, only minor differences between the averaged scores were 

indicated and no statistically significant differences were found. Pertinent to the second 

hypothesis, the dyslexic group showed no statistically significant differences when 

compared to the controls. This finding fails to support H2. In fact and contrary to 

expectations, the dyslexic group averaged better period matching ability than the control 

group, although this superiority was not statistically significant. These findings appear to 

argue against any causal connection between musical training, temporal (rhythmic) 

processing and those processes involved fluent reading ability, however, several issues 

should be considered carefully before dismissing this proposal based on the current results. 

Foremost of these issues were the numerous ceiling effects observed in the reading 

related measures in the normally developing reader groups, i.e., the musicians and controls. 

These ceiling effects (particularly for the TOWRE and GORT reading outcome measures) 

may have impacted on the between-group comparisons for the first hypothesis prediction. 

This possibility was considered during the design of this study but as there are few 

standardised reading tests that include measures for oral reading fluency (the focus of this 

investigation) for any age group, options were limited. The TOWRE and GORT were 

chosen for this project98 because they included normative scores that extended into young 

adulthood (norms: 24 Years 11 month and 18 Years 11 months respectively). As the 

participants in this study were expected to mostly be young adults, these age norms were 

                                                 
98 An a priori decision in the project design was that the chosen measures would be as 
consistent/comparable as possible across studies. NB both the TOWRE II and GORT – 5 became available 
after the completion of this project. 
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hoped to be adequate for the purpose99. These tests have also been used by other 

researchers in adult college populations (e.g., TOWRE - Jackson, 2005; GORT - Miller et 

al., 2006) and while ceiling effects were reported by these researchers, adjustments to the 

scoring procedures appeared to offer an effective counter to these problems. 

As the standard scores for the reading outcomes measures displayed pronounced 

ceiling effects in this study, scoring methods for these tests were adapted so that the upper 

limits for these measures were more open ended100.  Despite this, it is clear that the abilities 

of the ‘normally’ developing readers in this study exceeded the intended design of these 

tests and the results (even from the adapted scoring methods) may not be wholly effective 

in providing accurate reading outcome measures for this high achieving population.  The 

very high standard scores on the RAN subtests also suggest ceiling effects were present in 

the RAN results for these two groups. Although the degree was far less disruptive than for 

the reading outcome measures and did not necessitate deviating from the standard scores101, 

it was notable that in the musician group more than 60% of the participants scored in the 

superior range (SS > 121) for the alphanumeric RAN subtest102. These factors suggest that 

the comparisons between these groups (the musician and control groups) may not 

adequately capture group differences on the reading related measures.  

In addition, the second hypothesis which linked poorer rhythmic-motor abilities to 

reading disorder, the high proportion of dyslexic students in this study (71%) who had 

                                                 
99 32% of the participant pool was under the age of 18 Years, 11 months, 91% were under the age of 24 
Years, 11 months at the time of testing. 
100 This approach seemed relatively successful as only one reading outcome variable; single real word 
reading for the TOWRE, was statistically non-normal (see Appendix 3, p. 298).   
101 Tests showed the distributions for the RAN tasks in all groups were statistically normal with relatively low 
levels of skew and kurtosis (see Appendix 3, p. 297). 
102 30% of the musicians also scored > 121 for RAN2, 44% of the control students scored > 121 for RAN1 and 
16% scored > 121 on RAN2.  
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received nontrivial103 musical arts training was a likely confound. Musical training has been 

shown to improve rhythmic-motor abilities in normally developing populations (Repp, 

2010), and there is evidence that this is also true of dyslexic children (Overy, 2003). It is 

reasonable to assume that the musical arts training (inclusive of dance) experienced by a 

large percentage of the dyslexic individuals positively impacted their (pooled) rhythmic-

motor ability scores104. While this argument has merit in explaining the better than expected  

performance by the dyslexic participants on the rhythmic-motor measures, it is worth 

observing that, with the exception of the text reading comprehension measure, their reading 

related scores were statistically significantly (and nontrivially) weaker than other groups.  

This could be taken as evidence that their musical training failed to transfer 

significantly to any of the reading related skills but without knowledge of these 

participants’ literacy related abilities before the commencement of musical training it is 

impossible to estimate its impact. Alternatively, that so many of these high achieving 

dyslexic individuals have undergone relatively extensive musical training may be indicative 

of the benefits of a musical education. However, the typical selection biases (e.g., IQ and 

social economic status) associated with starting and maintaining a musical education would 

also be likely to play a similar role in enabling/promoting access to tertiary education 

options. Overall, it is important not to over interpret the between-group comparisons for 

these reasons. An examination of the within-group patterns of association between the 

variables provided another avenue of investigation into the relationships between musical 

training, temporal (rhythmic) processing and the reading related measures. 

                                                 
103 As indicted by the average of 8.5 Years training duration for this sub-group.  
104 A mini-analysis of the dyslexic subgroups based on amount of musical training is given in Appendix 3, p. 
306-7 with results supports this assumption (at least for the phase shift variable). This analysis also provides 
some other very interesting comparison results. However, the sub-groups are very small and the analysis is 
likely to be compromised because of this, as such the results are not included in the main body of the thesis. 
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For the musicians, the number of years they had spent in training was significantly 

associated with alphanumeric RAN and single word reading and the age at which they 

started was associated with decoding fluency, providing partial support for the working 

hypothesis. But there was little relationship between their rhythmic-motor ability and RAN 

or the reading fluency outcome measures. Once again, this argues against a direct link 

between nonlinguistic temporal processing ability and the development of reading fluency. 

Although, as with the between-group comparisons, the ceiling effects in the data for this 

group may be obscuring any relationship between rhythmic-motor ability and the fluency 

measures. Having said this, the results did indict that phase shift was statistically 

significantly associated with PA, which is remarkable given the restricted range of the 

phase shift variable due to the ceiling effect. In addition, the regression analysis determined 

that this measure of rhythmic-motor skill (in combination with FSIQ) contributed 

substantially to the variance in PA.  

This supports a relationship between rhythmic-motor ability and PA, which is in 

accordance with research by Goswami and colleagues of Cambridge (Corriveau & 

Goswami, 2009; Thomson & Goswami, 2008). In addition, a study examining adults by 

these authors (Thomson et al., 2006) also showed significant correlations between the 

rhythmic-motor measures and PA. The combined IQ and ITI variance in the Thomson et al. 

(2006) study predicted 28% of the variance in PA (although the motor-rhythmic measure, 

ITI variance, contributed only 7% ns105 of this). The current research extends that finding to 

‘expert’ level, musically trained individuals without literacy difficulties. It also 

demonstrates a much stronger relationship with the rhythmic-motor and IQ measures 

providing a combined 40% of the variance to PA, compared to 14–28% reported by 
                                                 
105 Although non-significant, the reported R2 of .07 was comparable to the contributed significant variance of 
these measures to PA from the child studies; 8% in Thomson and Goswami (2008), and 13% in Corriveau and 
Goswami (2009). 
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Goswami and colleagues (Corriveau & Goswami, 2009; Thomson et al., 2006; Thomson & 

Goswami, 2008), at least in this sample of high achieving adults. Also of note is that in the 

Goswami and colleagues’ studies, the associations reported were based on pooled data from 

sample populations of reading/language disordered and normally developing individuals. In 

this project, data from the groups was not pooled for the reasons stated in Chapter 4. 

It was thought that the within-group patterns of association between the rhythmic-

motor and the reading related variables for the control group in this study may resemble the 

child musicians from Study 2. This was suggested under the assumption that in normal 

development, the rhythmic-motor abilities of the control group adults in this study would 

be roughly equivalent to the child musicians’. Although the rhythmic-motor abilities in 

these two groups (Study 2 - child musicians/Study 3 - adult controls) does appear to be very 

similar, the suggestion the rhythmic-motor/reading variable relationships would also be 

similar was only partially supported. Both groups showed strong associations106 between 

the reading fluency outcome variables and the phase shift variable, but the child musicians 

in Study 2 also displayed strong relationships between the rhythmic-motor variables and 

both RAN tasks whereas the current control group (adults) did not. In fact, whereas phase 

shift predicted considerable variance to both RANs in the child musicians, in the controls of 

this study, FSIQ was the only significant predictor to the literacy subskills and only for 

alphanumeric RAN and PA. It was perhaps an over-reach to suggest that the rhythmic-

motor/reading relationships would be comparable in these two groups given the 

approximate 10-year age difference between the children and adults in these studies. 

Despite this, unlike the between-group comparisons the within-group patterns of 

                                                 
106 For the child musicians these were all statistically significant, for the adult control group text reading 
accuracy showed little relationship with either rhythmic-motor measure but the other reading variables 
were, or approached, statistically significantly associations.   
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association for the control group do provide some support for the overall working 

hypothesis of this thesis. 

As outlined above, the unexpected difficulty in sourcing dyslexic university 

students without a musical training likely impacted on the between-group comparisons 

when testing H2. However, the ceiling effects and restricted range were not problems for 

the dyslexic group examined in this study. Examining the within-group associations for the 

rhythmic-motor and the reading related fluency measures in the group provides an 

interesting perspective on the possible influence of musical training on reading and literacy 

skill. These relationships show that the younger a student in this group started music 

lessons, and the longer they continued with these lessons, the better their performance on 

PA related tasks. Alternatively and somewhat surprisingly, the rhythmic-motor measures 

were not statistically significantly associated with these aspects of musical training.  

Neither were the RAN tasks, although there was a very strong relationship between years 

spent training and FSIQ. 

For the dyslexic group as a whole, the ability to match phase with a regular external 

stimulus beat was significantly associated with both RAN tasks. Phase shift was also found 

to predict 27% and 33% of alphanumeric and nonalphanumeric RAN respectively. While 

the ability to match the period of an external stimulus was significantly associated with PA, 

similar to the control group, FSIQ was the only variable to contribute significant variance 

to this literacy subskill. These results support the overall hypothesis. However, the 

relationships between the RAN measures and reading outcomes for this group are generally 

not as strong as the other groups (alphanumeric RAN and text rate and comprehension were 

the only significant associations), and this is reflected in the lack relationship between 

rhythmic-motor ability and reading outcomes. This suggests that while musical training of 
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rhythmic-motor ability may interact positively in some way with RAN type tasks, this 

interaction may not transfer to reading fluency.  

The results discussed above have not supported the overall hypothesis tested in this 

thesis unlike the previous two studies (Chapters 5 and 6), but relationships were found 

within each group suggesting links between musical training, motor-rhythmic-skills and 

reading related measures. In the control and the dyslexic groups, the rhythmic-motor 

measures were associated with reading fluency measures (in direct support of the overall 

hypothesis). However, the relationships are differentiated by group: i.e., rhythmic-motor 

ability predicts significant variance in alphanumeric and nonalphanumeric RAN for the 

dyslexic group but was not significantly associated with reading outcomes; while for the 

control group, rhythmic-motor ability was not significantly associated with RAN but was 

statistically significantly associated with the reading outcome measures. Complicating the 

results still further was the relationship found between PA and rhythmic-motor skills in the 

musician group. 

These results are difficult to reconcile but certainly one way of interpreting them is 

through the lens of Wolf and Bowers (1999) proposal which posits at least part of the 

relationship between RAN and reading outcomes to nonlinguistic temporal processing 

abilities. This formulation does not dispute the importance of phonological processes to 

literacy outcomes, nor does it prohibit the relevance of neurocognitive timekeeping 

functions to these processes e.g., speech prosody processing. In fact, by partly segregating 

the processes underpinning RAN from phonological processing, Wolf et al. (1999; 2000) 

allow for the possibility that the mechanisms underpinning the temporal (rhythmic-motor) 

processing measures used in this study may impact on literacy outcomes through multiple 

pathways. Of course, the results must also be considered in the light of numerous 
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limitations. The ceiling effects in the data for the normally developing readers were 

discussed extensively above, as was the unexpectedly high proportion of dyslexic 

participants with musical training. These limitations may have been countered if the study 

had focused on a more representative sample of adults rather than just those high achieving 

adults undergoing tertiary education. Additionally (and similar to the previous study), the 

small group numbers increase the probability of spurious results and as a cross-sectional 

study, causal attributions should not be inferred from the data. That being said, the findings 

certainly suggest that further investigations into these relationships in older participants are 

warranted. For example, it would be interesting to run a similar study to this one with an 

intermediate aged population, say those in Year 10/11 (aged approximately 14–16 years in 

Australia). 

Looking at the dyslexic group in this study, the high level of musical training found 

in this group begs the question of whether this is typical in reading disordered university 

students? Anecdotal evidence suggests this may be case107. This also raises the possibility 

of undertaking a cross-sectional study examining differences in musically trained and 

untrained dyslexic adults. Certainly, the results of the tentative analysis presented in 

Appendix 3, pp. 306-7 based on musical training for the dyslexic individuals of this study 

(based on very small sample sizes: no music n = 6, expert music n = 6) suggest this may be 

a highly fruitful avenue for investigation.  

 
 
 
 
 
 

 

                                                 
107 Discussions with a number of researchers presenting at the Neurosciences and Music IV Conference in 
Edinburgh suggested similar difficulties finding non-musician tertiary educated dyslexic individuals.  
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Chapter 8: Summary, General Discussion  and Future Directions 

 

Summary of Research Program 

The studies presented in the previous three chapters were designed to investigate the 

cognitive processes underlying a specific literacy outcome, reading fluency, and a measure 

shown to be closely associated with this outcome, RAN. The overall working hypothesis 

adopted for this investigation was that musical training improves subprocesses (RAN) 

involved in the development of reading fluency via the training of nonlinguistic temporal 

processing abilities. This hypothesis is rooted in the proposal by Wolf and colleagues (Wolf 

& Bowers, 1999; Wolf, Bowers, et al., 2000) that the observed poor RAN abilities of 

dyslexic individuals represent a deficit that is independent from the widely accepted 

speech-sound (phonological) processing difficulties observed in reading disordered 

populations. While accepting that RAN is partially dependent on phonological processes, 

Wolf and colleagues (Wolf & Bowers, 1999; Wolf, Bowers, et al., 2000) argue that the 

degree of difficulty that some reading disordered individuals display on these tasks cannot 

be explained by a single deficit in one subcomponent of the process. They suggest that this 

difficulty may stem from inefficiencies in the rapid multimodal integration of the sensory-

motor information needed for RAN tasks and this may be underpinned by a deficit in some 

aspect of general temporal processing ability. This is contrasted with the position taken by 

other researchers (e.g., Wagner & Torgesen, 1987) who argue that literacy skills 

development is mediated by the phonological processing systems of the brain and that the 

difficulties experienced by reading disordered individuals stem primarily from a 

dysfunction of this system.  
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Study 1 

 The first study used a pretest–posttest experimental design and examined the effect 

specific aspects of musical training had on the PA and RAN skills of young preliterate 

children. Previous research has suggested that musical training may positively impact 

literacy outcomes (Butzlaff, 2000; Standley, 2008), but evidence examining this 

relationship has focused primarily on abilities related to phonological analysis and 

synthesis (e.g., Anvari et al., 2002; Lamb & Gregory, 1993). The relationship between 

musical training and reading fluency outcomes has been largely ignored and when 

addressed has usually been interpreted as a consequence of psycholinguistic factors, i.e., 

through the lens of the phonological processing model (Wagner & Torgesen, 1987). 

However, musical training also incorporates a high level of nonlinguistic temporal 

processing skill, which, as noted above, Wolf and colleagues (Wolf & Bowers, 1999; Wolf, 

Bowers, et al., 2000) have implicated as a possible independent (from phonological 

processing) source of variance linking RAN abilities and reading fluency outcomes.  

Given the highly structured nature of musical material, it was possible to develop 

early childhood musical programs that, for the most part, uncoupled the explicit 

psycholinguistic and temporal processing108 aspects of the training experiences. One 

program focused on developing rhythmic-motor abilities (e.g., musical 

movement/percussion), without any of the singing, chanting or linguistic material usually 

associated with programs of this type. The other was designed to develop phonological 

skills through singing, chanting and phonological/language play, but without the explicit 

rhythmic-motor parsing of this material (e.g., clapping/rhythmic movement) usually found 

in early musical games/activities.  

                                                 
108 A basic assumption of the research program in this thesis was that rhythmic-motor processing ability was a 
proxy measure for the efficiency of general neural temporal processes.  
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Following the required pretesting, kindergarten classes were randomly assigned to 

one of the two early music programs or a control (i.e., no additional musical activity) 

condition. Two hypotheses were tested based on the logic inherent in the two main theories 

of literacy development and disorder referenced above, the phonological processing model 

(Wagner & Torgesen, 1987) and the double deficit hypothesis (Wolf & Bowers, 1999):  

H1 — That those children experiencing the singing/chanting music program would 

improve on a measure of PA skills when compared to the children not participating in this 

program. 

H2 — That the group who received rhythmic-motor training would show a 

statistically significantly greater improvement on their RAN abilities when compared to the 

other groups. 

Confirmation of H1 would support the argument that the benefit musical training 

provides to literacy development is derived via phonological–linguistic processes and 

would therefore provide partial support for Wagner and Torgesen’s (1987) model of 

literacy development. Confirmation of H2 would suggest that the processes underpinning 

the development of RAN skills (and possibly by extension, reading fluency) are, at least in 

part, mediated by nonphonological processes associated with rhythmic-motor (i.e., 

temporal) processing, thereby providing partial support for Wolf and colleagues (Wolf & 

Bowers, 1999; Wolf, Bowers, et al., 2000).  

Analysis of the pretest data showed a significant, positive correlation between 

period matching and RAN, period matching being one aspect of the rhythmic-motor task 

(synchronous tapping) used to assess temporal processing ability. In contrast, the 

relationships between both aspects of this rhythmic-motor measure (period matching and 

phase shift) and PA were not statistically significant. After accounting for age, cognitive 
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ability and PA, the period matching–RAN relationship remained significant with the two 

variables sharing 8.5% of their variance. Additionally, before training the best 25 percent of 

tappers were significantly faster on the RAN task when compared to the worst 25 percent 

of tappers, but were no different on age, PA or verbal and perceptual reasoning ability. 

Analysis of the posttest data demonstrated that for this sample, the musical rhythmic-motor 

training improved RAN skills when compared to the other two groups thereby supporting 

H2. The first hypothesis (H1) was not supported in this study as all groups displayed 

statistically similar improvements on the measures of phonological awareness across the 

training period. 

These results supported the premise that a nonlingustic form of temporal processing 

capacity (i.e., rhythmic-motor skills) may underpin the development of RAN ability at this 

age and is in line with the proposal of Wolf and colleagues (Wolf & Bowers, 1999; Wolf, 

Bowers, et al., 2000). However, a number of factors need to be considered when 

interpreting these findings. While the group experiencing the rhythmic-motor training 

significantly improved their RAN scores when compared to the other groups, this was not 

the case for either of the outcome measures designed to assess temporal processing 

capacity109. This suggests that the synchronous tapping task did not wholly capture the 

processes inherent in the rhythmic-motor musical training program that effected the change 

in RAN ability. Another important issue is that the findings cannot be extended to actual 

reading outcomes as the participating children were essentially preliterate and the testing 

did not extend beyond the very early stages of literacy exposure. Additionally, given that 

previous studies (e.g., Forgeard et al., 2008; Gromko, 2005; Moritz, 2007; Overy, 2003) 

had indicated that early music programs emphasising singing, chanting and phonological 

                                                 
109 Although within the rhythmic-motor group, both period matching and phase shift showed marked 
improvements over the course of the study with the change in phase shift being significant. 
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play could be linked to improved PA skills, the lack of support for the first hypothesis (H1) 

needs to be explained. It may be that the absence of rhythmic/movement activities 

explicitly parsing the linguistic content into those elements linked to PA negatively 

impacted on the children’s development of their phonological analysis and synthesis 

skills110. However, it should also be recognised that the available data in the (two) classes111 

which comprised the singing group was considerably reduced compared to the other groups 

due to the high number of children removed from the analysis as being in some way 

atypical. Finally, as the participants in this study were unselected, the findings cannot be 

extended to any specific subgroups, such as those at risk of specific disorders. 

 The last point is important to note and is worth reiterating. This study was designed 

to test the hypothesis that there exist a causal link between nonlingustic temporal 

processing ability and RAN, thereby indirectly supporting Wolf and colleagues (Wolf & 

Bowers, 1999; Wolf, Bowers, et al., 2000). The study did not directly test Wolf and 

colleagues’ core hypothesis of an independent RAN deficit related to nonlingustic temporal 

processing in dyslexia.  

Study 2 

 Study 2 used a cross-sectional design to explore within-group patterns of 

association and the between-group differences on a range of literacy related variables in a 

Grade 4/5 population who varied in their reading ability and/or musical expertise. Study 1 

demonstrated that, in young preliterate children, a musical rhythmic-motor training 

program improved a measure shown to be a strong predictor of reading fluency outcomes 

(RAN objects) for this age group. However, it may be that the factor(s) linking the 
                                                 
110 The movement activities included in the singing program tended to draw attention away from the 
inherent prosodic markers of the songs, chants and phonological games.  
111 To boost the power of this study it was undertaken over a two year period and included six classes, three 
in each year, allocated to conditions as described above, i.e., each condition comprised data from two 
kindergarten classes.  
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rhythmic-motor training and RAN objects are not the same as those underpinning the 

RAN—reading fluency relationship. Therefore the link between rhythmic-motor training 

and improved RAN objects outcomes seen in Study 1 may not extend to any subsequent 

improvements in reading fluency outcomes. There is debate amongst researchers about the 

various classes of stimulus used in RAN tasks (alphanumeric vs. nonalphanumeric) and 

their relevance to reading processes. It has been reported that although nonalphanumeric 

RAN (e.g., objects or colours) predicts reading fluency in preliterate children, this 

relationship is subsumed by the alphanumeric (letters or digits) forms of the task once basic 

literacy skills have been established. This suggests that the link between RAN and reading 

fluency may be predominantly mediated through orthographic (symbolic) processing, 

leaving the influence of more general processing capabilities, such as those involved in 

rhythmic-motor activities, open to question. In addition, this study sought to obtain 

evidence directly relating to Wolf and colleagues’ (Wolf & Bowers, 1999; Wolf, Bowers, et 

al., 2000) core proposal that the RAN deficit commonly observed in some dyslexic 

individuals may be related to nonlinguistic temporal processing difficulties. 

Therefore Study 2 was designed to investigate the relationships between rhythmic-

motor skill, PA, alphanumeric and nonalphanumeric RAN, and timed reading outcome 

measures in musically trained normally developing readers, nonmusically trained, 

diagnosed dyslexic readers and normally developing readers. Three groups of children aged 

between 9.5 and 12.5 years were recruited for this study. The following hypotheses were 

tested for the between-group comparisons:  

H1 —That the musicians, all other variables being equal, would demonstrate 

significantly superior reading skills (single word efficiency and text accuracy, fluency and 
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comprehension) and reading related subskills (PA and RAN tasks) when compared to the 

nonmusician, normally developing reader control group. 

H2 — That the dyslexic readers (as the expected least fluent readers) would be 

statistically significantly poorer on the rhythmic-motor measures when compared to the 

nonmusician normally developing readers.  

Confirmation of H1 would reinforce findings from previous studies linking musical 

training to improved literacy related subprocesses (including RAN) and provide further 

evidence that this relationship may extend to higher levels of literacy functioning (e.g., 

reading comprehension). Confirmation of H2 would provide partial support for Wolf and 

Bowers (1999) proposal by linking poor temporal processing to dyslexia. The choice of the 

Grade 4/5 group was made to explore several other issues that have been raised by previous 

research. It has been reported that alphanumeric and nonalphanumeric RAN do not fully 

differentiate as separable factors until around the ages of 10–12 years (van den Bos et al., 

2002). While this transition has been explored in relationship to various reading outcomes, 

as yet few studies have included measures designed to access general temporal processing 

ability (such as synchronised tapping), and none have included a musically trained group. 

The 10–12 year old age range is also associated with other transitions relevant to the aims 

of this thesis. Researchers investigating temporal processing using synchronous tapping 

paradigms have reported that this age is approximately when most children begin to 

perform at near ceiling levels on the period matching aspect of the tapping task, thereby 

making phase shift the more discerning measure of ability (e.g., McAuley et al., 2006; 

Semjen et al., 1998). In addition, there is an expectation in many education systems that at 

this age most children have mastered the basics of literacy and are beginning the transition 

from “learning to read” to “reading to learn”. Examining the within-group patterns of 
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association for these groups in this age range offered the opportunity to obtain data 

pertaining to these issues. 

For the first between-group comparison (H1) of this study, the musician group 

outperformed the normal reader controls on all the timed reading measures, reading 

comprehension, PA and alphanumeric RAN.  This provides general support for the first 

hypothesis and demonstrates an association between musical training and improved fluent 

(timed) reading outcomes. Interestingly, although the musicians were generally faster at 

nonalphanumeric RAN, there was no statistical significant difference between them and the 

normally developing readers on this measure. This may indicate that the purported benefit 

from rhythmic-motor musical training to performance on the RAN objects task observed in 

the preliterate children of Study 1 diminishes over time. However, inspecting the within-

group relationships showed that there were strong correlations between the rhythmic-motor 

measures (period matching and phase shift) and both RAN subtypes for the musician 

group. There was also a consistent pattern of very strong significant correlations between 

alphanumeric RAN and all the timed reading measures, while nonalphanumeric RAN was 

only significantly associated with single word reading. In addition, for the musician group, 

when the rhythmic-motor variables were tested as predictors for PA, alphanumeric RAN 

and nonalphanumeric RAN, phase shift (the more developmentally advanced measure) was 

found to significantly predict variance for both the RAN tasks, but not PA. Thus, at least 

for the trained musician group, there remains a strong association between rhythmic-motor 

skills and RAN ability.  

Contrasting this, the within-group associations for the normal reader control group 

showed that neither of the rhythmic-motor measures was significantly related to RAN when 

considered individually. However, when both rhythmic-motor measures were entered 
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together in a regression analysis they combined to predict approximately 50% of the 

variance in nonalphanumeric RAN. The correlation data showed that period matching was 

significantly related to single word and text reading fluency. This group also differed from 

the musicians in that both RAN tasks (not just alphanumeric RAN) were significantly 

related to the reading outcomes with nonaplhanumeric RAN consistently showing the 

stronger association. The pattern of results described above shows that the musically 

trained children are generally more fluent readers than those without musical training. 

When considered in light of the previous literature the musically trained children also 

appear to be at a more advanced stage on the purported developmental trajectory in the 

RAN task subtypes and the subcomponents of the synchronous tapping task. Taken 

together, these findings provide some support to those researchers proposing a link between 

aspects of general temporal processing ability and RAN and suggesting that the link may be 

related to fluent reading outcomes (Wolf & Bowers, 1999; Wolf, Bowers, et al., 2000), at 

least in normally developing readers. 

Some support was found for the second hypothesis in this study (H2) that examined 

Wolf and colleagues’ (Wolf & Bowers, 1999; Wolf, Bowers, et al., 2000) double deficit 

thesis for dyslexic individuals, but it was not emphatic. The dyslexic group generally 

demonstrated poorer rhythmic-motor skills than the normal reader controls and when tested 

at the slower tapping rate, this difference was significant for both period matching and 

phase shift. However, these deficits were mild considering the very poor performance of 

the dyslexic group compared to the control group on most of the reading related variables. 

Rather surprisingly, the dyslexic group performed on a par with the normal reader 

nonmusicians on the PA measure. A closer investigation suggested that this might have 

been because most had undertaken phonologically based remediation programs. Certainly 
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the data showed that their PA abilities had significantly improved since their original 

diagnosis. However, in line with some previously reported concerns relating to 

phonologically centred remediation techniques, there was no evidence that this had led to a 

corresponding improvement in their RAN scores, or their ability to read single words or 

text fluently (Lyon & Moats, 1997; Torgesen et al., 2001).  

Additionally, in contrast to the normal reader groups, for the dyslexic reader group 

there were no significant relationships between the rhythmic-motor measures and any of the 

timed reading measures or either of the RAN tasks. Interestingly, there was a significant 

correlation between these measures and PA. While this contradicts Wolf and colleagues’ 

(Wolf & Bowers, 1999; Wolf, Bowers, et al., 2000) proposal, it does provide some support 

for an alternative proposal by Goswami et al. (2002) linking deficits in tapping tasks to 

inefficient onset sound processing which results in difficulty isolating the P-centre of sound 

envelopes. Goswami (2011) has since expanded on this theory and it now is contained 

within a ‘temporal sampling framework’, which is underpinned by the  neural network 

dynamics purportedly associated with speech perception. This is explored further in the 

general discussion below. 

While this study comes with the usual caveats of a cross-sectional design when 

interpreting the results (e.g., correlation is not causation, selection biases), there are several 

additional reasons to use caution when considering these findings. Most prominently, the 

musician groups showed significantly higher general reasoning abilities when compared to 

the other groups. While the adopted between-group analyses attempted to adjust for the 

possible influence of these better reasoning skills, because of the small group numbers this 

was not feasible for the within-group analyses (i.e., IQ was not entered as a predictor in the 

regression analyses). Nonetheless, these results do provide some support for the arguments 
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linking musical training to improvements in literacy outcomes and linking nonphonological 

processes to RAN and the development of fluent reading skills. 

Study 3 

Study 3 used the same design as Study 2 and investigated similar questions, but in a 

high achieving adult reader sample. Once again, as in Study 2 the following predictions 

were made:  

H1 — That the musicians, all other variables being equal, would demonstrate 

significantly superior reading skills (single word efficiency and text accuracy, fluency and 

comprehension) and reading related subskills (PA and RAN tasks) when compared to the 

nonmusician, normally developing reader control group. 

H2 — That the dyslexic readers (as the expected least fluent readers) would be 

statistically significantly poorer on the rhythmic-motor measures when compared to the 

control group.  

In addition, the results of Studies 1 and 2 suggested that musical training might 

facilitate the development (or maturation) of processes linked to reading fluency. Therefore 

the within-group patterns of variable associations were examined with this tentative 

proposal in mind. If musical training facilitates this process of maturation, normal reader 

nonmusicians may show similar relationships between the rhythmic-motor measures, RAN 

and the reading fluency measures as did the child musicians in Study 2. It was also thought 

that the dyslexic group may have similar variable interrelationships to the Study 2 normal 

reader controls. However, as the latter implies that the fluency related dyslexic profile is the 

result of a developmental delay rather than a deficit, it was not considered a strong 

possibility. Nevertheless, the within-group relationships for the dyslexic group were 

expected to provide valuable information as few studies have directly explored the 
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relationships between rhythmic-motor skill, alphanumeric and nonaplhanumeric RAN and 

reading fluency outcomes for this group exclusively.  

 The between-group analyses failed to support either of the main predictions of this 

study (e.g., H1 or H2). For H1, while the musicians demonstrated generally superior 

performances in the literacy subskills (PA and RAN) when compared to the normal reader 

controls, these differences were not significant and there were no discernible differences 

between these groups on the literacy outcome measures. Comparing the dyslexic group and 

the normal reader controls for differences on the rhythmic-motor measures suggested that 

the dyslexics were, in fact, better on average at period matching to an external stimulus. 

Although this difference was not significant, it was the reverse of the expected outcome. 

These findings appear to offer a significant challenge to the overall working hypothesis of 

this thesis but there are several reasons to pause before leaping to judgement. Most 

prominently, two factors must be considered: 1) across the board, the overall performance 

of the normally developing readers (musicians or otherwise) on the literacy measures was 

near or at ceiling for many of the standardised tests, and 2) a nontrivial proportion of the 

dyslexic individuals recruited for this study reported substantial levels of musical arts 

(inclusive of dance) training. 

An attempt was made to ameliorate the effects of the first concern by using adapted 

scoring methods on those tests most affected and the statistical properties of the resultant 

data suggested that this was, at least in part, successful. Despite this, the possibility that 

because of the very high overall abilities of the target population (i.e., university students), 

the “normal” readers of this study were operating at levels (particularly on the rate 

measures) limited more by physical rather than cognitive restraints, must be entertained. As 

for the second concern: In the dyslexic group, only five (of 17) participants reported having 
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no formal musical arts training experiences and out of the remaining 12, six reported 

musical arts training of at least 10 years. Therefore the lack of difference between the 

normal reader controls and the dyslexic group on the rhythmic-motor measures is 

unsurprising.  

 Despite the difficulties highlighted above, the within-group analyses still provided 

some useful information although the interpretation of these results, particularly for the 

dyslexic group, must be approached with caution. When compared to the child musicians of 

Study 2, the adult musicians’ alphanumeric RAN was less strongly significantly associated 

with the reading outcome measures while nonaplhanumeric RAN generally had stronger 

(significant) associations. In addition, notable for this group was the total absence of 

relationships between either of the rhythmic-motor measures and the reading outcomes 

measures. Interestingly, phase shift was significantly associated with PA, which given the 

likely attenuation due to ceiling effects in the rhythmic-motor measures is remarkable. 

Possibly more remarkable is the fact that when entered into a regression model, FSIQ and 

phase shift combined to contribute a significant 40% of the variance in PA. Although this 

pattern fails to support a link between temporal processing, RAN, and reading fluency, 

once again it provides some support for Goswami et al. (2002) and by extension,  the more 

recent temporal sampling framework (Goswami, 2011) proposal. For the normal reader, 

nonmusician control group, results were very similar to the normal reader, nonmusician 

controls from Study 2. Both forms of RAN were significantly and strongly associated with 

most of the reading outcome measures but not the rhythmic-motor measures. Also similar, 

a rhythmic-motor measure—in this case phase shift rather than period matching—was 

significantly associated with the reading outcome measures. However, when phase shift 

and FSIQ were concurrently entered as predictors into regression models for PA and RAN, 
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only FSIQ was found to be a significant contributor. These results tend to undercut the 

tentative proposal made of a possible maturational facilitation effect. But as noted above, 

the age and the very high functioning in these groups make generalising these results 

problematic.  

 Finally, for the dyslexic readers the within-group associations revealed a pattern 

similar to the child musicians in Study 2 for the rhythmic-motor measures and RAN. In 

general, alphanumeric RAN was more strongly (and significantly) associated with the 

reading outcome measures than nonaplhanumeric RAN and both RAN subtypes were 

significantly related to the phase shift variable. Unlike the musicians of Study 2, significant 

relationships between the rhythmic-motor measures and the reading outcomes were absent. 

Examining the influence of FSIQ and the rhythmic-motor measures on PA, alphanumeric 

and nonalphanumeric RAN showed that phase shift contributed significant variance to both 

RAN subtypes regardless of FSIQ, but that FSIQ was the main contributor of variance in 

PA. As with Study 1 and Study 2, some evidence was found linking temporal processing 

skills to RAN, but unlike the previous studies, this evidence was specific to a dyslexic 

reader group. Although the considerable number of dyslexic individuals with musical arts 

training makes interpreting the results for this group difficult, it did provide an opportunity 

to conduct a small pilot analysis comparing the musically ‘expert’ musicians and 

nonmusician dyslexic individuals. Because of the very small group numbers (6 in both 

subgroups) these results were not formally reported in the Chapter 7 analysis but are found 

in Appendix 3. Nevertheless, this analysis provides the only data directly investigating the 

overall working hypothesis in a dyslexic population within this thesis and therefore is of 

substantive value. 
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The analysis in Appendix 3 (using a robust t-test analogue, R function #9) showed 

that the only significant difference between the two groups was that the dyslexic musicians 

demonstrated superior PA skills. Despite a small sample size, this provides support for 

other studies suggesting that musical training can improve PA skills in dyslexic individuals 

(e.g., Bolduc, 2009; Degé & Schwarzer, 2011; Moritz, 2007). However, the lack of 

difference between the two groups on the rhythmic-motor and reading outcome measures 

also appears to suggest that dyslexic individuals may not gain any substantial benefit to 

these abilities from this training. Of course, the usual caveats as noted above apply to these 

results and the very small group sizes drastically reduce the power of this analysis.  

Additionally, it must be noted that although the musical dyslexic group all reported in 

excess of 10 years of training they also were late starters (average starting age was 9.5 

years). Given the apparent strong effect rhythmic training had on the children in Study 1, 

this may indicate a sensitive or critical period where such training has a greater impact on 

RAN than later training.  

General Discussion 

 Overall, the findings of the studies presented in this thesis were mixed. The results 

generally supported the Wolf et al. (2000) proposition that the cognitive mechanisms 

underpinning RAN and reading fluency are partially independent from the phonological 

processes believed to be the predominant driver of literacy development. Further to this and 

as suggested by Wolf et al. (2000), they seem to indicate that some aspect of general 

temporal processing (associated with rhythmic-motor ability) may be causally related to the 

development of RAN and possibly, reading fluency. Additionally, and in partial support of 

the double deficit hypothesis (Wolf & Bowers, 1999), young dyslexic individuals showed 

poorer temporal processing abilities (as assessed by the rhythmic-motor measures) when 
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compared to the normally developing readers. However, evidence directly linking the 

observed RAN deficits in dyslexic individuals to a nonphonological processing source—in 

this case the purported measures of general temporal processing ability—was weak. 

Therefore, no strong statements favouring either one of the two theories examined in this 

thesis, i.e., the double deficit hypothesis (Wolf & Bowers, 1999) or the phonological 

processing model, (Wagner & Torgesen, 1987) will be made. 

Inherent in the design of the research program were a number of elements 

conceived to provide for a significant advance in knowledge based on previous studies. For 

the training study, as far as the author is aware this is the first study that explicitly 

attempted to isolate the linguistic and temporal processing qualities of the training 

experiences. In addition, the training study was counterbalanced so as to provide consistent 

environmental conditions across all the participating groups. The program also integrated a 

developmental focus and to facilitate this, as far as was possible, consistent measures were 

used across the three studies in order to examine the developmental trajectories of the 

explored relationships. Possibly the greatest strengths of the design were the use of rigorous 

and conservative statistical procedures throughout the analyses. Despite this, there were 

also limitations in the experimental design. They, and the ambiguities inherent in the 

results, are discussed below. 

It is important to recall that causality was only indicated in a young cohort of 

preliterate children for musical rhythmic-motor training and an improvement on a 

nonalphanumeric RAN task. While evidence was also gathered linking rhythmic-motor 

skill, alphanumeric RAN and reading fluency for other ages, reading profiles and musical 

experience, it was cross-sectional. Therefore, whether or not the apparent causal connection 

in Study 1 between rhythmic-motor ability and nonalphanumeric RAN can be extended to 



 

242 
 

reading fluency outcomes in other groups and age ranges is beyond the reach of this 

research. 

Also problematic was that the improvement in the proxy measures for temporal 

processing (i.e., the rhythmic-motor measures of period matching and phase shift) as a 

result of the musical rhythmic-motor training program was nowhere near as strong as the 

observed improvement in RAN. This may indicate that while the period matching and 

phase shift outcome measures of the synchronous tapping task share similar processes as 

those linking rhythmic-motor training and RAN, they represent a less direct measure of the 

underlying causal mechanism than was originally anticipated by the author. The decision to 

examine these relationships in high achieving young adults, while providing some 

interesting insights, also came at a cost: producing ceiling effects in a number of the data 

sets thus creating more ambiguity in the interpretation of the results.  

Despite these limitations, it is useful to place the overall results in a context relevant 

to some of the current theories and/or empirical evidence provided by other researchers as 

this provides an embarkation point for future research. In should be noted that the measures 

used in the studies presented in this thesis have been either cognitive or behavioural and, up 

to now, reviews and discussion of the pertinent theoretical literature has been mostly 

limited to these areas. However, the discussion below goes well beyond this into areas of 

neuroscience and neuropsychology, in part due to the emerging theoretical research in 

literacy development and disorder. It is not my intention to provide an extensive review of 

this literature, but to give enough information to establish a basis for the links between the 

research presented above and the speculation below.  

One interpretation of these results, as previously suggested, is that training of 

rhythmic-motor skills might advance the pace of maturational change in some of the 
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mechanisms underpinning RAN tasks. Given the link between RAN and reading fluency, it 

is reasonable to entertain the idea that this may also play a facilitative role in the 

development of reading fluency. Unfortunately, while this observation appeared consistent 

with the data for several of the normally developing populations examined, results 

exploring musical training, RAN and reading fluency in a reading disordered population 

were ambiguous at best. That is, although phase shift shared significant variance with RAN 

in the adult dyslexics, the only significant difference between the musically trained 

individuals and those without training was in their PA skills (see Appendix 3 for the 

analysis). In addition, neither of the dyslexic reader groups examined in this research 

program (grade 4/5 students and tertiary educated adults) showed any relationships between 

the rhythmic-motor measures and the reading outcome measures.  

As stated above, while the results appear to provide support for the Wolf et al. 

(2000) thesis linking RAN to some aspect of nonlinguistic temporal processing, the support 

for a ‘general’ temporal processing deficit in dyslexia that is related to reading fluency 

outcomes was weaker than expected. This weakness may be due to an initial implicit 

assumption of the author. The synchronous tapping task paradigm has been associated with 

central clock type models for cognitive time keeping processes (Vorberg & Wing, 1996; 

Wing & Kristofferson, 1973). These models essentially posit a general central referencing 

neural structure (or structures) for the timing of all neural events (e.g., Herrington & 

Haaland, 1999; Ivry & Keele, 1989). Previous research indicated synchronous tapping/beat 

detection deficits in dyslexic individuals and these have been taken as being representative 

of a possible temporal processing deficit (Thomson & Goswami, 2008; Wolff, 2002; Wolff, 

Michel, Ovrut, et al., 1990). As a result, an underlying assumption of this thesis was that 

the purported ‘general’ temporal processing deficit discussed by Wolf and Bowers (1999) 
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as a possible underlying driver of the observed deficit in RAN and reading fluency in 

dyslexics was associated with a (neural) central clock type mechanism.  

Some theorists have argued against central neural timing mechanisms, suggesting 

rather that time keeping is an intrinsic function emerging from regularities within the neural 

dynamics (oscillations) of interconnected networks related to various sensory-motor 

processing functions (Buonomano & Laje, 2010; Mauk & Buonomano, 2004). Known as 

population models, they posit that the temporal coordination of sensory-motor events is an 

inherent part of the system(s) engaged in the processing of those events. Adopting a central 

clock model in the design of the studies above assumed that timing factors would display 

relative equality across modalities. That is, that the improvements in rhythmic-motor ability 

derived from the musical training would roughly correspond to improvements in RAN 

performance. That this equality was lacking in the first study created some difficulty for the 

idea of a ‘general’ temporal processing mechanism underpinning RAN, and by extension 

fluent reading, abilities. However, this ambiguity may in part be accounted for by adjusting 

the interpretation of the findings presented above such that they fit within a population 

based neural timing model. Applying this model also may accommodate some recent 

proposals about the cohesion of neural oscillatory systems, white matter track integrity and 

reading development and disorder (Beaulieu et al., 2005; Gebauer et al., 2012; Goswami, 

2011; Klingberg et al., 2000; Niogi & McCandliss, 2006; Norton & Wolf, 2012).  

Although researchers are still investigating the nature and importance of neural 

oscillators in cognition, it is widely accepted that the oscillations themselves represent 

informational transfer across neural connections within and between discrete networks 

(e.g., Donner & Siegel, 2011; Fujioka, Trainor, Large, & Ross, 2012). The observed 

oscillations have been partitioned into frequency bands roughly equating to < 4 Hz (Delta), 
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4–8 Hz (Theta), Alpha (8–13 Hz), Beta (13–30 Hz) and Gamma (30+ Hz) with some 

researchers suggesting that the high frequency bands (e.g., Gamma) represent smaller local 

scale neural interactions while the lower bands (e.g., Delta) represent interactions between 

more distant networks. The phase locking or synchronisation of these oscillations is 

theorised as representing the temporal integration of the information flowing between 

neural structures that is associated with particular processing demands (e.g., Fujioka et al., 

2012). This is broadly in keeping with a population clock model for neural timekeeping.  

Given the complexity of language and reading processes it is unsurprising that 

researchers have proposed numerous links to phase locking mechanisms across multiple 

frequency bands. Studies have implicated phase locking in the Theta and Gamma band 

oscillations as being important for the processing of syllabic and phonemic information 

(respectively) of speech (Luo & Poeppel, 2007; Poeppel, Idsardi, & van Wassenhove, 

2008). Others have suggested that phase locking in Delta band oscillations may also be 

important to integrating speech information at the prosodic level (Ghitza & Greenberg, 

2009; Goswami, 2011; Kovelman et al., 2012; Roehm, Schlesewsky, Bornkessel, Frisch, & 

Haider, 2004). Additionally, links have been made between phase locking in Beta band 

oscillations and the processing of articulatory gestures in both the perception and 

production of speech (e.g., Eulitz & Obleser, 2007; Gehrig, Wibral, Arnold, & Kell, 2012, 

respectvley). Importantly, research has indicated phase locking in Beta band oscillators in 

other rhythmic-motor activity and in responses to isochronous beat stimuli (Fujioka et al., 

2012). This last relationship provides a connection between the neural motor timing 

mechanisms involved in the synchronous tapping task of the above studies and RAN, and 

possibly from that, to reading fluency. Even if the Beta band oscillators observed in speech 

and rhythmic-motor processing are tuned to different networks according to the processing 
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demand requirements, the mechanisms underpinning the phase locking between diverse 

populations of neurons are likely to be the same. 

Goswami (2011) argues for atypical phase locking mechanisms in the Theta and 

Delta bands as the basis for the various perceptual deficits seen in dyslexia and some 

evidence has supported this (Hämäläinen, Rupp, Soltész, Szücs, & Goswami, 2011). 

Although Goswami (2011) proposes a neural temporal processing mechanism for the 

cognitive and behavioural deficits observed in dyslexia, this mechanism is seen as directly 

interfering with literacy processes via the perception and processing of speech sounds and 

is therefore based in the phonological processing model (Wagner & Torgesen, 1987). 

However, Goswami (2011) also isolates the lower frequency band oscillations as the source 

of these difficulties which implicates neural mechanisms involved with integrating 

information from relatively distant networks. The white matter connections of the brain are 

the major contributor to the speed of this informational transfer, and speed of signal 

transmission likely underpins phase locking between neural networks. It is therefore 

possible that both the phonological and rate deficits in dyslexia are related to an atypical 

development in the white matter tracks of the brain.  

Several researchers have proposed, and provided evidence of, a link between 

differences in white matter track development and reading disorder (Frye et al., 2011; 

Klingberg et al., 2000; Niogi & McCandliss, 2006; Odegard, Farris, Ring, McColl, & 

Black, 2009; Schlaggar & McCandliss, 2003). A recent review on the evidence relating 

RAN to reading fluency states that “because RAN and fluency depend on the speed and 

integration of multiple processes throughout the brain, the extent and quality of white 

matter pathways may play a substantial role in helping us to understand the biological basis 

of fluency-related processes” (Norton & Wolf, 2012, p. 444). The source of characteristic 
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“white” colour in neural white matter tracks comes from the amount of axonal myelination. 

Myelination is a neurogenerative processes whereby glial cells progressively wrap around 

the axons of neurons creating an insulating sheath and vastly increasing the efficiency of 

signal transmission (for an extensive review of brain curcuit development see Tau & 

Peterson, 2009). It is well known that the myelination process follows a specific 

developmental path, starting with the connections between proximal networks in sensory 

and motor related pathways before progressing onto more distal regions (Barnea-Goraly et 

al., 2005; Geng et al., 2012). This process is genetically driven and therefore relatively 

invariant within given times frames or critical periods, but as with most genetically 

determined processes environmental factors may influence the onset and/or quality of the 

ensuing development (Toga, Thompson, & Sowell, 2006). It is also a process that continues 

past childhood and into early adulthood and is associated with maturational (i.e., qualitative 

or phase like) changes in cognition and behaviour (Barnea-Goraly et al., 2005).  

Although highly speculative it is possible that the pattern of results from the studies 

presented in this thesis may be attributable to the rate and/or quality of development of the 

white matter connections in the brain. As has been previously alluded to, by adopting this 

approach the results reported in this thesis can be seen to accommodate several of the above 

theories. One aspect of these links can be seen in the proposed pattern of possible 

maturational change in the synchronous tapping and RAN tasks. It is put forward that 

musical training may promote the rate of progression (and/or quality) of the myelination for 

those circuits active in the training in a process similar to Hebbian learning112. It is also 

noted that if this were true, it would most likely only affect those circuits that were within 

the appropriate time frame for myelination to occur. In this way, specific aspects of musical 

                                                 
112 Hebbian learning is a theory which links the strengthening of synaptic connections between individual 
neurons to the degree of repetitive stimulation between them (Hebb, 1949).   
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training may have differential effects on cognitive and/or behavioural measures depending 

on the amount of commonality in the underlying networks involved, and the developmental 

timeframe in which the training occurred. The rhythmic-motor aspects of early training 

may stimulate the myelination of neurons associated with motor planning and coordination, 

some of which would also be associated with speech production. These commonalities may 

in turn lead to improved Beta oscillator phase locking across the speech production network 

(Fujioka et al., 2012; Gehrig et al., 2012), resulting in a more fluent RAN performance. Of 

course, the musical rhythmic-motor program also required temporal integration in 

interactions between attention, memory, as well as the visual-motor and auditory-motor 

networks. This may explain the impressive improvement in RAN task performance beyond 

that associated with the relatively simple auditory beat stimulus synchronous tapping task.  

The theoretical speculations above also provide a cohesive framework for 

investigating the thesis of Wolf and Bowers (1999) linking poor RAN to a deficit in the 

rapid multimodal temporal integration of sensory-motor information. Depending on degree, 

atypical developmental in myelination processes can lead to catastrophic consequences 

(e.g., Multiple Sclerosis). However, even minor irregularities may lead to suboptimal neural 

transmission in those networks affected. Ramus (2004) outlines a number of sources of 

neuroanatomical differences between dyslexic brains and controls and specifically notes 

evidence of disturbances of glia cell migrations. Imagining the impact that a low-level 

general irregularity in myelination quality due to these disturbances may have on cognition 

under the above framework is an enlightening thought experiment. Cognitive tasks that 

only activate networks in close proximity (e.g., local networks) would likely experience 

little disruption. A similar result could be expected even in more widely neutrally 

distributed cognitive tasks if they only had a ballistic or relatively short-term active 
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processing requirement (e.g., a reaction time task). Real difficulties would become apparent 

in tasks that engage widely distributed networks and require a high degree of ongoing 

sensory-motor integration (and updating) to complete successfully. In fact, it is likely the 

compounding effect of minor phase locking difficulties across multiple networks would 

necessitate numerous instances of neural clock resetting, which would likely be 

behaviourally expressed as a profound disfluency at the task (interestingly see Clarke et al., 

2005). This disfluency would become even more apparent the longer the task progressed. 

Very few, if any, cognitive tasks combine the number and diversity of processing resources 

and require more precise temporal motor integration than oral text reading (and to a lesser 

extent, RAN).  

Future Directions 

 If one intended to continue a purely behavioural research program similar to the 

studies in this thesis, a replication of the training study would be highly desirable. To 

improve upon the original design, training should be extended into a second year (in 

Australia this would be Preprimary). This would allow an investigation of the development 

in early reading processes as well as possibly lessening the very pronounced individual 

differences that were a feature of the very young students in this study. In addition, a fourth 

training condition should be included, one which was a more usual program integrating 

both rhythmic and linguistic elements so as to test the idea that both are required to 

facilitate PA development. An opportunity to examine the effects of rhythmic-motor 

training on the RAN abilities of young preliterate children at risk of literacy difficulties 

would also be highly desirable. This is particularly important as a direct test of the double 

deficit hypothesis proposal linking poor temporal processing to the RAN deficit in dyslexic 

individuals. Followup testing at the end of Grade 1 and/or 2 would be also useful to 
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examine if the effects of training (if any) are maintained over time. For the older readers, 

examining an intermediate age group between the Grade 4/5s and the university students 

may provide a clearer indication of the possible maturational relationships between musical 

training, RAN and reading fluency as postulated above. 

Extending behavioural research to include elements of the 

neuroscience/neuropsychological speculations above may also prove fruitful. Already, 

research exploring neural oscillations in musicians indicates that they show a number of 

differences in the patterns of phase locking during perception of music and text (e.g., 

Bhattacharya & Petsche, 2005). Examining these together with possible white matter track 

differences between normal and dyslexic readers may provide a better understanding of the 

neural dynamics of reading. Particularly interesting would be an examination of the online 

commonalities between the neural dynamics of rhythmic-motor activity and reading as this 

may provide one link between RAN, reading and musical training. 

Concluding Remarks 

 This thesis investigated the cognitive processes underlying a specific measure 

shown to be closely associated with reading fluency outcomes, RAN. The results contribute 

to the overall literature by demonstrating that improvement in one aspect of general 

temporal processing (rhythmic-motor ability) can affect positive change in RAN ability in 

young preliterate children. Correlations were also found between rhythmic-motor ability, 

RAN and reading fluency in normal reader groups and between rhythmic-motor ability and 

RAN in dyslexic adults. This offers partial support to Wolf and colleagues’ (Wolf & 

Bowers, 1999; Wolf, Bowers, et al., 2000) contention that a nonphonological mechanism 

can significantly contribute to the development of RAN and that this may be the source of 

the fluency deficits seen in dyslexic individuals. Furthermore, the pattern of results 
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suggesting a maturational process provides a link to emerging research examining 

efficiencies in neural mechanisms underlying the integration of sensory-motor information, 

in particular the development of the white matter tracks in the brain. 

Despite this, it is apparent is that there is a long way to go before we can make any 

definitive statements about understanding the cognitive/neural basis of fluent reading 

abilities. It has been the case in the past that, based on limited research findings some 

theories have been prematurely touted as providing the definitive mechanism behind 

reading failure and have, as a result, become entangled in commercial interventions of 

dubious value (e.g., the Dore Program, see Reynolds, Nicolson, & Hambly, 2003; Snowling 

& Hulme, 2003). Unfortunately, the field of literacy education in general has been prone to 

an often myopic adoption of one theoretical model over another (e.g., Whole Langauge vs. 

Phonics instruction, see Smith, 1992). This has hindered more than it has helped and the 

ensuing hubris of researchers, educators and policy makers claiming that ‘their way is the 

only way’ effectively blinds them to the plight of those who fall between the theoretical 

cracks of their pet theory. It is hoped that research presented here and similar work 

exploring the psychology of music and neuroscience involved in musical activity draws 

attention to resources this field has available for the investigation of reading and literacy 

development. Musical activity is also universal in its appeal to young children and has a 

near endless adaptability to whatever circumstance is required to soothe, excite, educate, 

and otherwise engage this population. The research in this thesis does not set out to demand 

music programs that teach literacy, but does suggest that understanding the links between 

musical activity and literacy could provide early educators with the knowledge to target 

specific skills, which may build the foundation for better literacy outcomes.  
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Parent Questionnaire (Kindergarten Music and Literacy Study) 

 
CONFIDENTIAL 

 
     DATE________________ 

 
CHILD’S NAME__________________   _____________________________ 
(Kindergarten participant)           (First Name)    (Surname) 
 

Background Information 
 

Language environment 
 
Please list the other children in the family 

Name                                            Age 

_______________________________ 

_______________________________ 

_______________________________ 

_______________________________ 

Is English the only language spoken at home. YES / NO 

If NO, how much (estimate %) is English used in your home? 

_________________________________________________________________________ 

What other language(s) are spoken? 

_________________________________________________________________________ 

Do you read stories aloud to your child? YES / NO 

If YES, please estimate how many minutes (day/week) you usually spend reading aloud 

with your child. 

_______________________________________________________________________ 
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Please indicate whether you or your partner read the following materials at home, and how 

often (please tick as appropriate).  

                                                         Most days           Weekly           Monthly 

Newpaper       YES / NO ____________________________________________ 

Magazines      YES / NO ____________________________________________ 

Book               YES / NO ____________________________________________ 

Musical environment 

Do you, your partner, or anyone else in your household (including children) participate in 

any regular structured musical activities? e.g., sing in a choir/band, play or learn an 

instrument (including voice). YES / NO 

If YES, please indicate.  

Name                          Activity                                        Hours/week             Total period 
                                                                                      (incl practice)           of participation 
 
 _______________________________________________________________________ 
 
Does your child regularly watch television programs/videos which feature musical 

activities? e.g., Playschool, Seaseme Street, The Wiggles, Hi-5 etc.. YES / NO 

If YES, please estimate how much time (Hrs/Week) is spent watching these types of 

programs. ____________________________________________ 

Does your child participate in much musical play at home? (toy instruments, beating tin lids 

etc) YES / NO 

If YES how much?    (1) most of the time 

                                 (2) some of the time 

                                   (3) almost never 

Please estimate how much general non-participatory music (CD/radio listening) occurs in 

your household _____________________________________________hours/week. 
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General information 

Does your child participate in any regular (non-musical) structured activities outside of the 

school enviroment? e.g., brain gym, Kindy sporting groups. YES / NO 

If YES:        Activity                                                                      Hours/week  

_________________________________________________________________________

_________________________________________________________________________

_________________________________________________________________________ 

Has your child ever experienced (or is currently experiencing) hearing, language or speech 

problems? If so please specifiy (i.e., type of problem, period of difficulty etc..) 

_________________________________________________________________________

_________________________________________________________________________

_________________________________________________________________________ 

Has your child been diagnosed with any long term (6 months or more) illness or disorder? 

YES / NO 

If YES, What and when/how long? 

_________________________________________________________________________ 

Are there any other things that you think may set your child apart from others in his/her age 

group that may impact (either positively or negatively) his/her ability to participate in and 

enjoy group musical activities? 

_________________________________________________________________________

_________________________________________________________________________ 

_________________________________________________________________________ 

This questionnaire was completed by _________________________________________ 
                                                                                 (mother/father/grandparent?....) 
 
 

Thankyou for taking the time to fill out this Questionnaire 
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Music Program Learning Objectives 

 
The music training programs for Study 1 were designed not only to train specific aspects of 
musical subskills hypothesized to be differentially associated with literacy precursor skills, 
but as legitimate early musical educational experiences. As such, it was necessary to define 
some of the educational outcomes that the programs aimed to achieve. This is done below: 
 
Language/Singing Focused Program  

Musical judgments. 
Indentify. 
- high/low 
- fast/slow 
- loud/soft 
- different timbres 
- locate sound sources/directions 
Musical performance. 
Group activities. 
- awareness/following others 
- awareness of musical sounds 
- fast/slow 
- high/low 
- loud/soft 
- develop reasonable pitch copying 
- learn at least 20-28 songs/chants, (focusing on phonological awareness; onsets, 

rimes, alliteration etc.. ) 
- echo songs 
- cannon singing  
Solo activities. 
- stable pitch (soh-me) 
- sing name on Soh-me 
- identify and produce stable pitch (with tuning fork) 
General. 
- build confidence, (performance) 
- turn taking 
- follow instructions 
- sequencing in different modalities (time, space etc..) 
- some cultural awareness (cultural songs) 
- language (speech sound) play 

 
Rhythmic-motor Focused Program 

Musical judgments. 
- As above  
Musical performance. 

 Group activities. 
- awareness/following others 
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- awareness of musical sounds 
- fast/slow 
- high/low 
- loud/soft 
- learn to sync with others 
- develop rhythm copying 
- echo rhythmic patterns 
- lead others in rhythm games 
- maintaining rhythm patterns  
- some group polyrhythm work  
Solo activities.  
- how to play each instrument, i.e., hold beaters shake rattles etc.,  
- develop a repertoire of rhythm patterns 
- stable tactus 
- some visual-rhythmic mapping skills 
General. 
- build confidence, (performance) 
- turn taking 
- follow instructions 
- sequencing in different modalities (time, space etc..) 
- some cultural awareness (cultural instruments, African/Aboriginal, Indonesian). 
 

 
Sample Lesson plans: Language/Singing Focused Program 

Week 1 

Objectives: Establish lesson routine, establish class control measure, “Whose 
        listening very well? etc. Identify the difference between a singing  

voice and a speaking voice. Begin to establish Soh – Me pitch singing. 
Develop list of known vocal material. Begin learning new repertoire. 

Resources: Common nursery rhymes/songs – the ones they know already (with  
                   some actions). 

Songs for Soh – Me; “Good-morning” , Whose listening very well?”, 
“Buzz buzz bumble bee” – well known teaching songs. 
 “The speaking/singing voice” from“Opera for children (2005)” teachers 
manual. Details available from http://www.operabychildren.org/ , 
“Wallaby wallaby wee” from Yopp, H. K. & Yopp, R. H. (1997). 
Ooples and boo-noo-noos: Songs and activities for phonemic 
awareness. New York: Harcourt Brace. 
Bee puppet, elephant puppet, A440 tuning fork. 

 
Session 1.  

1). Tune-up (1-2 min): Have the children all sitting on the mat area (in circle) and 
sing good-morning (on Soh – Me); use tuning fork for pitch (make a big thing of the tuning 
fork for later). Get them to sing back “good morning Adam”. Single out teacher and T/A -  
sing good morning to them individually. Get the whole class to sing good morning to them. 
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2). Crowd control (1 min): explain that they are going to hear the teacher sing a 
very important song now, and every time they hear it they are to stop what they are doing 
and sing back a reply.. The song is (Soh –Me):  
 

Call: Who’s listening very well?* 
Response: I’m listening very well! [big-ear hands]. 

 
Tell them that you’re going to see how good they are at remembering it by surprising them 
and seeing if they forget to sing their bit back… Do one immediately, and then try to 
surprise them throughout the rest of the lesson, i.e., turn into a game. 

3).  (2-3 min*) Tell children that you are going to sing a special good morning song 
and you want them to sing along if they feel they get it. Finish by singing good morning to 
an individual child, encourage all children to sing good morning to the chosen child.  
 

 “Good morning, good morning and how are you today, 
   Good morning, good morning its time to sing and play, 
   Good morning, good morning, its great to see you all, 
   Good morning, good morning, I know we’ll have a ball!”  
  “Good morning ______________?” 

 
Sing several times Encourage the children to sing the “Good – Morning” part esp (Soh-
Me).  

4). Speakin’ and singing (2-3 min): Ask the children “am I speaking or singing right 
now?” now, ask the same question in a chant style. Ask a third time but this time sing the 
question on Soh – Me. Start teaching the children the “speaking and singing” chant/song:  
 
Speaking >                   “I like my speaking voice; I use it all the time! (e.g., use a 

speaking voice) 
Whispering >                 I like my whisper voice, it is soft and fine! 
Shouting >                     I like my shouting voice for when I run and climb! (not too loud 

... ASD children) 
Singing (Soh-Me) >        I like my singing voice, I like it cause it’s mine!”  
 

5). Singing their name (3-4 min): Teach the children the naming song; Buzz, buzz 
bumble bee. This is sung to the universal childhood chant (who’s the king of the castle) on 
La, Soh and Me. Use a plushy bumble bee toy if available. 
 

Everyone: “Buzz, Buzz, Bumble Bee 
Won’t you sing your name to me? 

 
Reply: My name is _______. 

 
After they learn the words get them to pass the bumble bee around the circle stopping when 
they finish the song. The child with the bumble bee then sits close to the teacher and the 
whole class is told about the special ‘secret” sound (made by the tuning fork, which 
hopefully I’ve remembered to use often). The selected child then gets to hear the special 
sound and the teacher and child sing his/her name (start with duo singing for support and to 
build confidence  – shy children... trying to pitch to the tuning fork) 
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6). Singing known songs (1-2 min*): Ask the children if they know any other songs? 
Sing some (one or two) with the children (with any associated movements), try to direct 
non- rhythmic movements, e.g., jazz hands for stars in twinkle twinkle. These are good to 
intersperse with more activities which require lots of concentration (learning new songs; 
trying to hear/produce pitch differences. So take note and adapt any movements for future 
use.  

7). Sing goodbye (1 min). 
End.  

 
NB1: All times are rough estimates, if things are going well and the children are enjoying a 
particular activity; extend. If things are complete chaos, move on. Etc..  
*Bold denotes new material, italics denotes material that’s been previously introduced.  
 

Session 2. 

1). Tune-up (1 min): Sitting in circle > Call: “Who’s listening very well?” Response 
I’m listening very well! Sing soh – doh “Good morning everyone”, hopefully they sing 
back “Good morning Adam”, get class teacher and R/A to do same.  
  2). Good morning song (3-5 min): Good morning song. Do a couple of times 
choosing different children for special individual “good mornings”. Then if they are getting 
the idea and hopefully picking up some words other than “good morning” see if they can 
sing and move around the class shaking hands with other children (try to train them to 
choose another partner at the end of line). Then at the conclusion of the verse get them to 
sing good morning to whoever they are with. Be prepared for absolute chaos at this point.  

3). The speaking/singing song  (1-2 min):. Start with Call: “Who’s listening very 
well?” then get all the sit in circle. Ask the children if they remember the speaking/singing 
song. Do it with them. 

4). Singing their name (3-4 min): Buzz, buzz bumble bee. Pass around the bee toy. 
5). New circle song game: Willaby wallaby wee (3-4 min): bring out elephant toy, 

ask if they know what animal it is. Say you know a fun song about elephant, sing 
  

“Willaby wallaby wee, an elephant sat on me, 
Willaby wallaby woo an elephant sat on you 

Willaby wallaby wadam and Elephant sat on Adam ...” 
 
pick the child sitting on your right and sing ...  
 

“Willaby wallaby w___, and Elephant sat on _____.” 
 

(expect hysterics at this point) etc… go round the circle and try to get children to do the 
“w” substitution by themselves.  

6). Singing known songs (1-2 min): from start of week, replace rhythmic 
movements with more qualitative movements where necessary. This may be difficult for 
some children to come to terms with but don’t pressure; just get as many children doing the 
newer movements as possible. In this instance, peer pressure is a wonderful thing.   

7). Goodbye song (1 min).  
End.  

 



 

260 
 

Week   7   

Objectives:  Revision; singing voice,  
 Strengthen pitch singing. Me-Soh songs “Buzz buzz bumble bee” 
and “Put on your listening ears” (new) 
Language play – Revise /w/ sound – songs “Wendy went walking”  
New: The /ch/ onset sound - Songs “Chillabee chollabee chee” &  
“Chugga chugga chew chew”  
Slow/fast – Song Okki Tokki Unga 

Resources:   “Wendy went walking” & “Chugga chugga choo choo”, from CD: 
“I’m all ears” © - Fran Avni. “Willaby wallaby wee” & “Chickery 
chick” from Yopp, H. K. & Yopp, R. H. (1997). Ooples and boo-
noo-noos: Songs and activities for phonemic awareness. New York: 
Harcourt Brace. 
Buzz buzz bumblebee puppet, Eli Elephant puppet, Tuning fork, CD 
player. 

Session 1. 

1). Tune-up (1 min): “Good morning song” 
2). Name song (4 mins) New song: “Put on your listening ears” Teach by singing 

and doing actions as follows: 
 

  Singing     Movement 
 “Put on your listening ears    (tug on ear lobe) 
 Put on your thinking cap   (mime putting a hat on head) 
 When you hear me call your name  (cup hand around ear) 
 Stand up and give a clap.”   (clap on the word “clap”) 

  [Sing student’s name to soh-me] 
 

 “Here I Am!”    (Student claps and stands up) 
(student echoes to soh-me) 
 

Practice a number of times using “everyone” instead of one student, then call student’s 
names from class list, taking note of who sings well and who is confused. Encourage 
students to join in with actions and singing when they can. Conclude with “everyone” 
again. 

3). Singing their name (4 min): “Buzz, buzz bumble bee”. Pass around the bee toy. 
By now the children should be comfortable singing solo.  

4). New speech sound /ch/ (3 min): “Willaby wallaby wee ” becomes “Chillabee 
chollabee chee” Sing song for students and ask them to identify the new repeated sound. 
Go round the circle with Eli and the new sound.  

5). New Song (4 min): “Chugga chugga chew chew”. Tell the kids a new sound 
means a new SONG! As previously sing the song several times slowly before asking the 
children to sing with you. This songs plays around with the homonyms ‘chew’ and ‘choo’, 
do movements that point this out. 

  
“Chugga chugga choo choo, choo choo, 
Chugga chugga choo choo, choo choo, 
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Chugga chugga choo choo, choo choo,” 
 

Chewy chewy chocolate chips, chew! [whole thing 3 X] 
 

Charlie’s children cheerfully chewed 
Chicken chunks in the kitchen at lunch [X 2] 

 
Chugga chugga choo choo, choo choo, 
Chugga chugga choo choo, choo choo, 
Chugga chugga choo choo, choo choo, 
Chewy chewy chocolate chips, chew! 

 
When they begin to get some of the words introduce the CD.   

6). Revision, /w/ sound (2-3 min): “Wendy went walking” with movements. 
 

 Teacher - “Wendy went walking with Wally one Wednesday, 
Children - Woo Woo, one wet Wednesday 

Teacher - Wendy went walking with Wally one Wednesday, 
Children - One wet windy Wednesday. 

Teacher - Wally was watching Walt wade in the water, 
Children - Woo Woo, Wade in the water 

Teacher - Wally was watching Walt wade in the water, 
Children - One wet windy Wednesday. 

Teacher - Winnifred Wagner was wiggling and waving, 
Children - Woo Woo, was wiggling and waving, 

Teacher - Winnifred Wagner was wiggling and waving, 
Children - One wet windy Wednesday.” 

 
If the children want to sing with you, all is good...  

6). Revision, fast-slow (2-3min): “Okki Tokki Unga” with movements and CD; 
End. 
 
Session 2. 

1). Tune up (1 min): “Good morning song” 
2). Speaking and singing (1 min): Revise singing/speaking rime. (Some children 

may be becoming shouty, talk about lovely sweet singing voice). 
  

Speaking >                   “This is my speaking voice; I use it all the 
time! 
Whispering >                 This is my whisper voice, it is soft and fine! 
Shouting >                     This is my shouting voice for when I run and 
climb! 
Singing (Soh-Me) >        This is my singing voice, I like it cause it’s 
mine!” 
  

3). Attendance circle song (2 mins):  
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‘Put on your listening ears, put on your thinking caps, 
 when your hear me call your name stand up and give a clap!” 

 
4). Singing their name (3 mins): Buzz buzz bumblebee, as done in previous lessons.  
5). ‘Chillabee chollabee chee’ (3 min): reinforcing the /ch/ sound. Go round the 

circle.  
6). New song (4 mins): Chugga chugga chew chew – If the children are confident 

add movements. i.e., train chugging arms and chewing.  
7). Learn word for new /ch/ song  next week (4 min). This is a complicated one, 

needs lots of practice. Go thru very slowly, start by speaking the words... 
  

“Chickery chick, cha-la, cha-la Check-a-la romey in a bananika Bollika, wollika, can't 
you see Chickery chick is me.” 

 
Next week… the recorded song.  

8). Revision /w/ sound, ‘Wendy went walking’ (2-3min).  
End.  

 
Week   13  

Objectives:  Revision; songs “ ‘k’ sound –, ‘Killaby kollaby kee’, ‘Kickelty 
kackelty’ 
 Strengthen pitch singing. Me-Soh songs “Buzz buzz bumble bee” 
and “Put on your listening ears”  
Language play – Rhyming ‘This old man’ continue with ‘Apple and 
Bananas’. 
Musical awareness: Slow/fast – ‘Okki Tokki Unga’, low/high & 
gliss – ‘ Elevator song’ 
Cannon – start ‘Row, row, row your boat’.  

Resources:   “The speaking/singing voice” chant taken from the Start with a song 
chapter of the “Opera for children (2005)” teachers manual. Details 
available from http://www.operabychildren.org/, “Willaby wallaby 
wee”, “Apples and Bananas”, “Kickelty kackelty” from Yopp, H. K. 
& Yopp, R. H. (1997). Ooples and boo-noo-noos: Songs and 
activities for phonemic awareness. New York: Harcourt Brace.“Okki 
Tokki Unga”, “Elevator song”, Denise Gagne - Movement Songs 
Children Love, 
Pics of ‘k’ things, i.e., king, kangaroo, duck (quack)...,  Buzz buzz 
bumblebee puppet, Eli Elephant puppet, Tuning fork, CD player. 
   

Session 1. 

1). Tune-up (1 min): “Good morning song” 
2). Name song (2 mins) “Put on your listening ears”- as before, children stand in 

circle, sing and do movements, when I sing a name the child sings ‘here I am’ (to soh-me’ 
hopefully)  jumps up and sits down in the circle. Cont., until all children are sitting then 
children do my name so I can jump and sit.  
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3). Singing their name (2 min): “Buzz, buzz bumble bee”. Pass the bee toy out to 
first singer. Children are mostly all comfortable singing solo (still some not; but mostly for 
other reasons, i.e., selective mutism, ASD). Buzz is now given to new singer until all have 
had a chance.  

4).  Revise “k” sound songs (4 min): Tell the children that today’s secret sound has 
something to do with the pic’s see if they guess the sound is ‘k’. Ask what songs we can 
sing which have the ‘k’ sound in them...  

1).  “Kickelty kackelty” – with the CD 
2). “Killaby kollaby ke” – ask what willaby wallaby sounds like with   
‘k’.  
 

5).  New song (5 min) – “This old man” – as usual, sing thru once then encourage 
children to join in... make a big thing about thinking of a word that will fit the rhyme, see if 
any suggestions are forthcoming. 

 
“This old man, he played one, 

he played knik knak on his thumb, 
with a knik knak paddy wack, gave the dog a bone 

this old man came rolling home” 
etc.. 

 
6). New song (4 min): From last time – sing (from last time... hopefully they 

beginning to pick it up):  
Apples and Bananas 

“I like to eat, eat, eat, apples and bananas, cont..     
I like to ate, ate, ate, apples and bananas... 

I like to eet, eet, eet, eepples and beeneenees... 
I like to ite, ite, ite ipples and bininis... 

I like to ote, ote, ote, opples and boonoonoos... 
I like to ute, ute, ute, upples and bununus... 
I like to eat, eat, eat, apples and bananas,”  

 
7). Revision, fast-slow (1 min): “Okki Tokki Unga” with movements and CD.  
8).  Revision, high/low (1 min): “Elevator song”: 
 

“Step into the elevator going to the top 
Tell the operator where you want to stop 
People stand quietly, some go in and out 

Listen to the operator calling out…” – with CD 
End. 
 
Session 2. 

1). Tune up (1 min): “Good morning song” 
2). Speaking and singing (1 min): Revise singing/speaking rime. (Work on voice 

quality , talk about lovely sweet singing voice).  
Speaking >     “This is my speaking voice; I use it all the time! 
Whispering >      This is my whisper voice, it is soft and fine! 
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Shouting >         This is my shouting voice for when I run and climb! 
Singing (Soh-Me) >  This is my singing voice, I like it cause it’s mine!” 

 
3). Naming song (2 mins): as before 
4). Singing their name (2 mins): Buzz buzz bumblebee, as before.  
5).  New song (3 mins): “This old man” 
6).  Revision of sound of the week (2 min): ‘k’  

1).  “Kickelty kackelty” – with the CD 
2). “Killaby kollaby ke” 

7).  New song (3 min): “Apples and Bananas” 
8).  Singing in cannon (until end):  ask if any children have ever sung row, row, row 

your boat? Good chance there is at least 1.. sing it through a couple of times. Get teacher’s 
and TA’s help and divide class into 2/3 groups. Stand them up each adult get a group and 
we all go to different corners, outside.etc., and practice singing “Row row... ”. do rowing 
movements get them back to class. Get back to class and start in different corners and row 
towards the center/mat.. singing row row, start each group at different times for cannon. 
See how it goes.  

End.  
 

Sample Lesson plans: Motor-Rhythmic Focused Program 

 
Week 1 

Objectives:  Development of body awareness, development of listening skills, 
first 

stages of moving in response to sounds. Starting rhythmic body 
percussion. Some musical movement improvisation work. 

Resources:      Instruments: Drum.CD player/audio equip, 
 “Humoresque” – Dvorak; “Waltz in A flat” –Brahms ‘Move it’ CD 
Lyman & Feierabend, Gia Publications (2005). “Allegro” - S.Suzuki; 
‘Suzuki Vol 1 Piano’ CD. Suzuki Method International; Revised 
edition (June 1995) 
Keyboard if possible.  
 

Session 1. 

1). Wake-up tune (2-3 min): “Morning” Pier Gynt Suite – Grieg Start with everyone 
on the mat, ask them all to scrunch up. Tell them that they are going to hear some waking 
up music, and then when music start guide them through “waking-up...” do unfolding, 
sitting, standing and stretching and yawning etc... tell them the name of the piece and 
remind them that next next time they will start with the morning song, then ~> 

2). Tune-up (1-2 min): Body percussion – echo game. Gather them into circle and 
sit on the floor. Start clapping simple rhythm (series of quarter notes), get the children to 
echo your rhythm and slowly expand, move from clapping to other body percussion. Try 
standing and stamping feet, slapping legs, etc. Expanded to introduce patterns… later, just 
get them echo responding.  
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3). Circle movement game (1-2 min): Use a drum/tambour and beat slowly/fast etc 
get the children to move with you around the circle.  

4). Locomotive game (2 – 3 min): Tell the children that we’re going to play a game 
and that they will have to listen very carefully to play well. First show them the percussion 
instrument that is going to be used for this game (a floor tom would be a good starter). Tell 
the children to move around the room (without bumping into anyone) and to stop when the 
drum stops and “to stand on one leg/make yourself very small/very big etc…” – try to 
match the tempo of the drumming to the average movement speed of the group. Do this 
several times. Then change the rules tell them to move only when the drum isn’t playing – 
Do this several times. Tell them to move back to the mat and find a space by themselves 

5). Move to music (4-5 min):  Get the children to move to the music; try Suzuki Bk 
1 CD, Allgero (15) if have portable keyboard, improvise different types of styles, speeds 
etc  – ask the children to move : Talk to them about the sounds see if there are movements 
they would like to do to specific bits. See if they can hear the change in B section. Other 
dances can be used as appropriate.  

6). Static movement game (2-3 min): Beat the drum with a steady beat and tell them 
to listen and see if they can hear a special sound (an Accented beat – make this obvious). 
Tell them to jump every time they hear the special sound. When they all have the idea, 
explain the rest of the game. The game is a directional movement game, the teacher will say 
movement instructions like, “Jump, Hop, Stamp, Spin around etc” while beating a drum but 
the children must only move when they hear the accented beat.  

7). Warm down (3-4 min): ask them if they remember the music that was played 
when they first came in, now it’s time for a going to sleep song, ask them to be kittens then 
play “Waltz in A flat” – Brahms; pretend to be a kitten and do a sleeping routine, this piece 
has several sections that work for the kitten scenario.  

End.   
 

Session 2. 

1). Wake-up tune (2-3 min): Remind the children about the tune called “Morning” 
and tell everyone to scrunch up and Grieg Start with everyone on the mat, ask them all to 
scrunch up. And start ... see if you can get some really big movements that work with the 
music when they are all up and moving about.  

2). Tune-up (1-2 min): Echo body percussion. Start sitting with simple 2 beat 
patterns, vary with clapping, slapping knees, floor with quarter/eighth notes. As before… at 
the end, introduce a pass the sound/rhythm game if they are getting it.  

3). Circle movement game (1-2 min): Use a drum/tambour and beat slowly/fast etc 
get the children to move with you around the circle, try to get them to move with the beat… 
choose a couple to control the beat as well.\ 

4). Locomotive game (2 – 3 min):  As session 1.  
5). Move to music (4-5 min):  Do the Suzuki Bk 1 CD, Allgero, talk about 

movements, sections, the change in sound…. Music. Try CD Track 7 “Humoresque” Talk 
to them about the sounds see if there are movements they would like to do to specific bits, 
i.e. see if they can do some choreography… then try doing the movements. The import 
thing here is that they begin to hear that music is made up of different sections with 
different ‘feels’… (i.e., A/B/A). * if a keyboard is available, the music can be 
extemporized i.e., Dolcrose..  



 

266 
 

6). Static movement game (4-5 min): same as session one. Look at expanding to 
different instrumentation, also do much slower tempo maybe look at expanding the 
movements to spin, also explore other musical concepts like pitch > ascending/descending, 
high/low; dynamic loud/soft, crescendo/decrescendo etc… also try different shapes.. same 
as session one, use different descriptors from last time, “be Big,… Be Small,… Be 
Fuzzy,… Be Tall,…. Be Sharp,….” etc 

7). Warm down CD (1-2 min):  as before. 
End. 
 

Week  7  

Objectives: Continuing to develop moving in response to sounds, continuing to 
develop ability to echo rhythm, creating soft, medium and loud 
sounds. 
Revise fast/slow & soft/loud (with instruments) 

  Developing beat awareness 
Beginning to learn about untuned percussion instruments: 

- how to play 
- naming instruments 
- soft, medium and loud sounds 
- playing together and on the beat 
- following/copying the leader 

Resources:     “Aquarium” - Camille Saint-Saëns & “Waltz in A flat” – Brahms 
from ‘Move   it’ CD Lyman & Feierabend, Gia Publications (2005). 
Instruments: 1 x large floor tom, 5 x small toms & beaters, 5 pairs of 
finger cymbals, 5 x claves, 5 x tambourines, iPod and speakers, 
keyboard, tie-dye silk parachute.  

 
Session 1. 

Pre-session: Instruments are not set out, but are behind the teacher.   
1.) Warm-up (3 min): Sing make circle, make a circle…” then do the echo body 

percussion (up to 4 beats, with dotted rhythms) 
2). Instruments 1 (4 min): Warn the class about listening or they will lose the 

privilege of playing with an (Drum for stopping and control).  Each week children get a 
different instrument, Hold up instrument, ask “who played this last time” “does anyone 
remember what it’s called?” Revise what the the instruments are called (ask the children) 
and how they are played (again ask if someone can show). Have weekly list of who played 
what instrument!!! Go through each type and assign new people. Let them have 20 secs of 
practice (mayhem) making sounds, then use Drum to stop. Start the echo game with the 
instruments, start with simple two beat patterns, and extend to 4 beat patterns.  

3).  Instruments 2 (6 min): Try the pass the sound around the circle…  Do different 
two beat patterns. Group instruments, then see if each instrument can do a pattern: spend 
some time with this, the adult helpers should control/help each group. After some time is 
spent learning the pattern. Explain conducting to them... i.e., they are about to become an 
orcherstra! Then start conducting a layering of the patterns...  Collect instruments and form 
a circle… 
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4.) Circle Movement Game: (5 min) Place large drum and two small toms in centre 
of the circle. Using large drum, beat slowly, fast, soft or loud in any combination. Nominate 
two well-behaved students - best to have roster for fairness, but bump anyone who has been 
playing up to next week. Start by having drumming children listen and try to copy. Then 
choose one to be the leader, and follow along with them. Other students should be moving 
in a circle and alter movements according to sound. Rotate, allowing other students a turn 
on small toms. Take turns with leadership. 

5). Aquarium (5 min): - Remind them about high and low… then let them listen to 
“Aquarium” Camille Saint-Saëns, tell them the name and that it’s about the sea, ask what 
swims in the sea. Get them to move about as their fish do trial run sinking to the ground 
when they hear the sinking music…  

6). Warm down (2 min): “Waltz in A flat” – Brahms; pussy cat. 
End. 

 
Session 2.  

1.) Warm-up (3 min): Sing make circle, make a circle…” then do the echo 
clapping… not with instruments!!! 

2). Instruments 1 (4 min): Warn the class about listening or they will lose the 
privilege of playing with an (Drum for stopping and control). Distribute instruments as 
before. Q & A on what the names are and examples of how to play them properly. Give 20 
secs of mayhem then use Drum to stop. Then, start the echo game. Start including soft/loud 
– fast/slow, as well as more difficult patterns (i.e., extend to 4 beats).  

3). Instruments 2 (6 min):  Do the pass the sound around the circle again, if working 
- more difficult rhythms. Do the instruments groups again – same pattern, spend some time 
with the adult helpers with each group. After some time is spent practicing the pattern. 
Orcherstra time! Start conducting a layering of the patterns...  Collect instruments and form 
a circle… 

4). Circle Movement Game: (4 min) As before. 
5).  Aquarium (5 min): - Give out the finger cymbals, one cymbal per child (not all 

will get one) – explain that everyone will get a go with they but they are special and you 
have to be v.good to get one – show the cymbaler’s how to tink them together. tell them 
that when they hear the music they are to move about and if they pass someone to tinkle the 
cymbals together for a beautiful sound! The others are being fish… remind them about 
the piece Aquarium and about high and low… do trial run sinking to the ground when they 
hear the sinking music… add the Parachute as the ‘sea’, sink when the sound goes down 
etc.,  

6). Warm down (2 min): “Waltz in A flat” – Brahms; pussy cat.  
End.  

 
Week  13  

Objectives:  Continuing to develop moving in response to sounds, continuing to 
develop ability to echo rhythm, creating soft, medium and loud 
sounds. 
Developing beat awareness 
Beginning to learn about tuned percussion instruments: 
- how to play 
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- naming instruments 
- soft, medium and loud sounds 
- playing together and on the beat 
- following/copying the leader 
- starting some notation 

Resources:    Instruments: 1 x large floor tom, 2 bass metallophones , 2 Alto   
metallophones, 2 soprano metallophones 2 bass xylophones, 2 alto 
xylophones, 2 soprano xylophones, iPod and speakers, large (at least 
1 x 1.5 meter) laminated white sheet, w/t 5 x 10 box grid pattern 
(perm marker), 5 different colour non-perm markers. 

Session 1 & 2 (build on session 1, same instruments). 

Pre-session: set out instruments (not circle grouped; only C-G tines on bass or pentatonic 
treble CDFGA), keep beaters aside to give out to children when it’s time for instrument 
playing. 

1.)  Start (1min): line up at door ~> Tell everyone to Stand behind the instrument 
they had last week (tell them not to touch the instruments until you say, have the 
name/instrument list just in case they can’t remember). Same as before with two children 
per instrument, for the bigger instruments can have 2 x C-G tines, for smaller instruments 
each have a 2 or 3 note pentatonic cluster.  

2.) Warm-up (2 min): then do the clapping echo percussion (up to 4 beats, with 
dotted rhythms)… not with instruments!!! 

3). Instruments 1 (3 min):New Instruments- Each week children get a different 
instrument ~> whatever they need to do to get a different instrument from last time & hand 
out beaters. Revise what they the instruments are called (ask the children) and how they are 
played (again ask if someone can show). 

4).  Instruments 2 (6-8 min): Practice with the children making long sounds short 
sounds, simple two beat patterns and move into the echo game with the instruments, extend 
to 4 beat patterns and dotted rhythms. Start to run through the rhythmic patterns that will be 
working on that day (same as last week for each group). After running thru the patterns as a 
whole in the echo game, get adult helpers to take an instrument group and practice the 
pattern for the new instrument. Do conducting and cue entries (adult helpers modelling).   

5.) Set up new sound scape: (5-7min): As last week, remind them about the under 
the sea creatures, what creatures/things are the different instruments (Octopus, Sand, Shark, 
Starfish... need 5 separate sounds scapes)? What are their special sounds? (NB: these are 
not the explicit rhythms from above but sound scapes for each instrument/the children can 
experiment to create the sound each week for their new instrument). 

6).  Notation 1 (5-7 min): Do the grid pattern – guide the children through the 
composition for a new complete sound scape. Do picture representations for the entries. 
Run through each instrument (using pointer) part. Do whole catastrophe. ~> if they are 
getting it together expand with more elements use a mood music background (whale song 
etc..). Return of the parachute idea, etc.  

7).  Notation 2 (3 min): review flash cards from last week, revise long sounds (4 
beats), medium sounds (2 beats) short sounds (1 beat) etc – 1 whole note, 2 x half note, 4 x 
quarter notes ~> beat instruments. 

8).  Pack up (in groups return beaters) 
End. 
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Study 1: Classical Analyses 

 
Pretraining Analysis 
 The analyses reported here were conducted using PASW™ statistics 18 
(SPSSv18™). The original pretraining data (N = 83) contained numerous outlying values 
of greater than 2 standard deviations from the mean. Consistent with the main analysis, the 
complete removal of these outliers was considered counterproductive so the following 
strategy was adopted: 1). Values that exceeded 2.58 standard deviations (p < .01) were 
removed from each data set and 2).  Values that fell between 1.96 and 2.58 standard 
deviations from the mean (p < .05) were replaced with the value equal to 1.96 standard 
deviations (p = .05; rounded toward the mean). The pretraining analysis was then 
conducted list-wise on the remaining data sets (N = 71).  
 

 Table AP1.1 
Descriptive Statistics for the Control and Experimental Variables. 

 

 
 

The Shapiro-Wilk statistics for these remaining data sets suggested that the 
marginal distributions of 7 out of 9 variables were statistically non-normal. However, visual 
examinations of the histograms and Q-Q plots, and the values of skew and kurtosis for 
these variables suggested that only 3 variables (Age, RAN and DTVP) deviated 
unreasonably from normal with skew z scores greater than 1.96 (Age: zskew = 2.01, RAN: 
zskew = 2.13, DTVP: zskew = 2.12). No transformation could be found that when applied to all 
the variables would correct for this. No variable demonstrated excessive kurtosis.  Table 
AP1.1 displays the descriptive statistics for the pretraining data sets after the outliers were 
dealt with. Although descriptive statistics for ITI are reported above, the ITI data were not 
considered during the data screening (for outliers and non-normality) as this variable was 

N=71 Mean (se) 95% CI 
Lower/Upper 

Min/Max 

Age 49.21 (0.44) 48.34/50.08 44 : 56 

VIQ 25.20 (0.43) 24.35/26.05 18 : 32 

PIQ 21.65 (0.39) 20.86/22.43 15: 29 

SPAT 31.35 (1.12) 29.12/33.59 13 : 50 

RAN 123.06 (3.39) 116.29/129.82 78 : 182 

Audie 14.24 (0.40) 13.49/15.07 8 : 20 

DTVP 8.52 (0.37) 7.78/9.26 3 : 16 

Period 
matching 

.25 (.02) .22/.28 .02 : .61 

Phase shift +60.40 (3.79) 52.84/67.97 -13 : +133 

Mean ITI 691.71 (5.77) 680.21/703.22 581.49 : 782.14 
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included to provide an additional (linear) point of reference for the synchronization 
statistics already provided by period matching and phase shift variables.  

The period matching data of these remaining participants were tested using 
Rayleigh’s test to establish what percentage of participants were relatively successful at 
attempting the synchronised tapping task and 80% (n = 57) of participants showed 
statistically significant (p < .001) unimodal distributions to their synchronisation attempts. 
This was slightly better than that for the complete data set reported in the main body of the 
thesis. Overall, 5/10 of the removed participants; i.e., those with data points considered as 
being extreme outliers, were among the poorest synchronisers. Correlations (Kendal’s –
Tau) between the variables are presented in Table AP1.2.  

Comparing the strengths of the associations of these correlations to those reported 
in the main body of the thesis clearly demonstrates the greater power of the modern 
methods. The overall general trends are similar with one exception; the associations for the 
PIQ variable appear to be substantially weaker and of the 4 statistically significant 
associations reported by the modern test, only one remains (ITI). 

 
Table AP1.2 
Correlation Matrix (Kendall’s Tau)  

N=71 VIQ PIQ SPAT RAN Audie DTVP 
Period 
match 

Phase 
shift 

Mean 
ITI 

Age .26** .17 .30† -.10 .23** .05 -.11 -.05 .11 

VIQ - .34† .21* -.13 .28† .05 .05 -.06 .18* 

PIQ - - .16 -.08 .02 .13 .07 -.08 .18* 

SPAT - - - -.18* .22** .09 .02 .13 .05 

RAN - - - - -.05 -.10 -.18* .06 -.16* 

Audie - - - - - .22* -.06 .11 -.03 

DTVP - - - - - - .19* -.02 .23** 

Period 
match 

- - - - - - - -.30† .44† 

Phase 
shift 

- - - - - - - - -.18* 

p < .05, ** p < .01, † p < .001, Two-tailed.  

As was done in the main analysis, to examine if rhythmic-motor ability accounted 
for any of the variance in phonological awareness (SPAT) after the effects of other 
variables were controlled for, a forced regression procedure was done. The possible 
predictor variables (based on the Kendall’s Tau correlations above and previous research) 
entered into the algorithm were Age, VIQ, RAN, and period matching. Age was the only 
statistically significant predictor and the model summary is given below in Table AP1.3. 
Once again these results are approximate to the results presented in the main analysis but 
with comparatively less power; Age contributes 12% compared to 18% of the variance as 
was the case for the modern procedures. Although the period matching variable was not a 
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statistically significant predictor here as it was in the robust analysis, the strength of 
relationship was very small in the previous analysis (< 3%) and given the reduction of 
power in the classic tests its absence is not surprising.  

 
Table_AP1.3 
Regression Model, Predictor Variable - Age  

 Coefficients 
B 

Standard  
Errors 

R 

Constant -14.54 14.17  
Age 0.93 0.29 .36* 

* p = .003, Adjusted R2 = .12, Two-tailed 
 

The possibility of shared unique variance between rapid naming and rhythmic-
motor ability was also examined. The possible predictor variables (based on the Kendall’s 
Tau correlations and previous research) entered into the algorithm were Age, PIQ, SPAT, 
and period matching. This produced no significant predictor variables, however as both 
SPAT and period matching were below p = .10, these two variables were entered stepwise 
into regression models for RAN.  In a reversal of the main analysis using modern robust 
procedures, SPAT was returned as the as the only statistically significant predictor variable 
and period matching only approached statistical significance. However, the regression 
statistics for period matching are reported as they were in accordance with the directional 
hypothesis for the relationship, and for comparison to the modern tests. The entry order of 
the predictors did not change the regression statistics substantively so only one model is 
presented here.   

 
Table AP1.4 
Regression Statistics for RAN, SPAT and Period Matching Individually and Together. 

 Coefficients 
B 

Standard  
Errors 

β 
p R 

Constant 148.11 11.48    
 SPAT -0.80 0.35 -0.27 .025 .27* 

Constant 135.54 6.80    
Period 

matching 
-50.37 23.98 -0.25 .039 .25** 

Constant 157.36 12.21    
Period 

matching 
-45.30 23.51 -0.22 .058  

SPAT -0.74 0.35 -0.24 .037 .35† 
* Adjusted R2 = .057, ** Adjusted R2 = .046, † Adjusted R2 = .093, Two-tailed. 
 

In the previous robust analyses and current classical analyses, the individual 
variances contributed to RAN by SPAT and period matching are within 1% of each other, 
(with the lower power of the classical tests again clearly evident) and as in the main 
analysis; the relative strength of the relationships here are also small. So the caveat given in 
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Chapter 5 that conclusions drawn from this data should be carefully considered is 
reinforced. However, the observation suggesting the possibility of common underlying 
processes between literacy precursor skills (in this case RAN, but not SPAT) and sensory-
motor (or temporal processing) ability is also upheld,... if only weakly.   
 As in the main analysis, top and bottom quartiles based on period matching were 
compared to examine the hypothesis that better synchronisers would also be more efficient 
rapid object namers (all other variables being equal). The bottom quartile Age group (W 
(18) = .87, p = .021), and top quartile RAN group (W (18) = .87, p = .021), were 
statistically non-normal so nonparametric Mann-Whitney U tests were conducted for these 
two variables, independent sample t-tests were conducted for the other variables. Group 
comparison for RAN were calculated one –tailed reflecting the directionality of the 
hypothesis. Levene’s test suggested that the variables displayed equal between-group 
variances for the parametric tests. For VIQ (Mbott = 25.61, se  = .78; M top =  26.06, se = 
.80), PIQ (Mbott = 22.17, se = .76; Mtop = 22.22, se = .66) and SPAT (Mbott = 30.78, se = 
2.39; Mtop = 30.56, se = 2.24)  no statistical difference was found between the groups, 
tVIQ(34) = - 0.40, p = .69, tPIQ(34) = 0.05, p = .96 and tSPAT(34) = 0.07, p = .95, respectively. 
For Age (Mdn113

bott = 49.5; Mdntop = 47.5) there was also no statistical difference between 
the groups, U = 121.5, z = -1.29, pexact = .203, r = - .21, but the effect size does suggest a 
surprising tendency for the better synchronisers to be slightly younger than the poor 
synchronisers in this sample. For RAN (Mdnbott = 127; Mdntop = 112) there was a statistical 
difference between the groups in the hypothesised direction with the better synchronisers 
also displaying (moderately) more efficient rapid naming ability, U = 100.5, z = -1.95, pexact 
= .026, r = -.32. 
Posttraining Analysis 
 The data from the remaining 67 eligible posttraining participants (see Chapter 5) 
was examined by group. The same procedure used above for removing/replacing outliers 
was then applied to each using the group means and standard deviations. Table AP1.5 has 
the descriptive statistics for the pretraining control variables by group. 
 
Table AP1.5 
Means (se) of the Pretraining Control Variables for Each Group.  

Groups 
Rhythmic-motor 

n=28 
Mean (se) 

Singing 
n=16 

Mean (se) 

Control 
n=23 

Mean (se) 

Age 49.89 (0.68) 50.16 (1.15) 49.45 (0.76) 

VIQ 24.50 (0.74) 25.63 (0.54) 26.73 (0.69) 

PIQ 22.71 (0.57) 20.25 (0.93) 22.06 (0.93) 

Audie 13.75 (0.71) 13.94 (0.55) 15.00 (0.78) 

 

                                                 
113 Mdn = Median 
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Examining the groups showed that data for Age, PIQ and Audie all had at least one 
group for whom the distribution was statistically non-normal. Nonparametric Kurshul-
Wallis tests were conducted for these variables to investigate if there were any initial group 
differences that may have had a bearing on training outcomes.  The results suggest that the 
rhythmic-motor group were generally poorer on the receptive vocabulary test (VIQ114) than 
the other groups (MdnM-R = 24.5,  MdnS = 26, MdnC = 28), H (2) = 6.08, p = .048, and that 
this difference was statistically significant between that group and the control (U = 203, p = 
.026, r = -.31). No other pretraining group differences were found. The descriptive 
statistics for all the pretraining/posttraining variables are presented in Table AP1.6. 

  
Table AP1.6 
Means (se) of the Pretraining/Posttraining Variables by Group.  

Groups 
Rhythmic-motor 

n=28 
Singing 
n=16 

Control 
n=23 

 
Pretraining 
Mean (se) 

Posttraining 
Mean (se) 

Pretraining 
Mean (se) 

Posttraining 
Mean (se) 

Pretraining 
Mean (se) 

Posttraining 
Mean (se) 

DTVP 9.19 (0.63) 11.93 (0.80) 9.38 (0.68) 9.31 (0.91) 8.45 (0.45) 10.40 (0.80) 

SPAT 35.70 (1.65) 44.67 (1.22) 30.63 (2.20) 41.94 (2.31) 29.95 (1.79) 41.73 (1.72) 

RAN 121.29 (4.29) 105.51(4.42) 130.56 (10.34) 131.89 (9.02) 119.59 (4.88) 122.68 (6.20) 

Period 
matching 

0.26 (.03) 0.35 (.04) 0.23 (.03) 0.20 (.03) 0.28(.04) 0.22 (.03) 

Phase shift 57.89 (4.71) 40.36 (6.74) 52.70 (7.70) 51.60 (11.21) 53.58 (6.22) 68.68 (10.36) 

Mean ITI 690.65 (10.12) 725.31 (7.00) 689.39 (14.74) 694.06 (16.07) 705.83 (7.85) 710.31 (9.38) 

 
The group pretraining and posttraining distributions for DTVP, SPAT and RAN 

were normal and Levene’s test suggested that there was also homogeneity of variance 
between the groups on these variables. The groups were compared on the 
pretraining/posttraining DTVP scores first to investigate the presence of possible 
expectancy effects (see main analysis). An ANCOVA was run using the pretraining DTVP 
raw score as the covariate (reasons for this are also discussed in Chapter 5). Pretrained 
DTVP scores were associated with posttraining DTVP scores, F (1,64) = 8.35, p = .005, r =  
.34, but no difference was found between the groups at posttraining after controlling for 
their pretraining test levels, F(2,64) = 1.66, p = .166, partial η2 = .06, consistent with the 
findings of the Chapter 5 analyses. 

 Pretraining/posttraining differences for SPAT and RAN were examined in a similar 
manner. As initial group differences on VIQ were suggested in the above analysis it was 
entered as a covariate in both analyses to control for possible effects on training outcomes. 
Also entered were the relevant pretraining test scores. The pretraining SPAT scores were 

                                                 
114 It should be noted that in the main analysis VIQ was not statically different between the groups before 
training. 
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strongly associated with the posttraining scores, F (1,60) = 4.85, p < .001, r =  .53, but that 
of the other covariate; VIQ, F (1,60) = 0.45, p = .51, r =  .09, were not. Nor were there any 
statistically significant group effects of training on SPAT, F (2,60) = 0.02, p = .92, partial 
η2 = .001. 

 For RAN the pretraining scores were also strongly associated with the posttraining 
scores, F (1,60) = 10.04, p < .001, r =  .79, but once again VIQ scores were not, F (1,60) = 
1.36, p = .25, r =  .02. However, there was also a statistical significant difference between 
the groups after training having accounted for the effects of the covariates, F (2,60) = 9.49, 
p < .001, partial η2 = .24. Planned comparisons demonstrated that the group receiving the 
rhythmic-motor training improved the efficiency of their object naming skills compared to 
both the singing and control groups, t(60) = -3.63, p = .001, r = .42, while the was no 
difference between the singing and control groups, t(60) = 0.2, p = .84, r = .03. Once again, 
these results show the same general pattern of relationships as the modern robust analysis 
reported in Chapter 5.  

Finally, the pretraining/posttraining measures for synchronous tapping were 
examined. The data for the rhythmic-motor posttraining group were statistically non-
normal for both of the synchronisation measures; period matching, W (27) = .92, p = .044, 
and phase shift, W (27) = .91, p = .026, however after examining the skew and kurtosis 
statistics, only the posttraining phase shift data appeared to deviate strongly from normal 
(skew phase shift = 2.37; i.e, showing a distribution weighted toward the left). Levene’s 
test suggested that the between-group variances for the posttraining period matching data 
were also statistically different, F (2,63) = 4.91, p = .01, but examining the variance ratio 
(highest/lowest),  Fmax (3, 27) = 2.18, p > .05,  also suggests that the difference may be 
within the acceptable limits for an ANCOVA procedure (Hartley, 1950). 

 Despite these problems (and because of limited alternatives), groups were 
compared on these variables using ANCOVA’s with the pretraining variables included as a 
covariate. The analysis suggested a strong relationship between pretraining and posttraining 
period matching scores, F (1,63) = 15.03, p < .001, r =  .44, and unlike the analysis 
undertaken in Chapter 5, the groups also displayed a statistically significant training effect 
after accounting for their pretraining synchronisation abilities, F (2,63) = 6.54, p = .003, 
partial η2 = .19. Post hoc pairwise comparisons show that the rhythmic-motor group 
improved their period matching scores after training in relation to the singing (Mdif = .127, 
se = .046, 95% CI = 0.016/0.237, p = .019, r = .42) and control (Mdif = .134, se = .042, 95% 
CI = 0.031/.236, p = .019, r = .38) groups. However, there was no statistically significant 
difference between the singing and control group’s period matching scores after training. 
Although the improvement in period matching scores for the rhythmic-motor group at 
posttraining was not seen as statistically significant in the Chapter 5 analyses, the general 
trend was consistent with this result.  
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Figure AP1.1: Pretraining/ Posttraining scatter plot with linear regression trends and 
equations. 

To examine the relationship further a scatter plot was constructed comparing the 
pretraining vs posttraining scores for period matching (Figure AP1.1). As can be seen, the 
relationship between the groups are rather complex. All groups show positive slope 
gradients and therefore a positive association between pretraining and posttraining scores. 
The rhythmic-motor group showed a general improving trend in their (period matching) 
ability (demonstrated by the higher y intercept) compared to the other groups. However, 
while the trend line gradients are positive, they are relatively flat for the rhythmic-motor 
and control groups and demonstrate a pronounced trend of regression toward the mean. 
That and the low R2’s for these two groups suggest that period synchronization ability may 
not very stable for this age group. However, the pretraining testing sessions did include two 
additional practice opportunities and the low R2 ‘s (and relatively flat gradients)  may also 
be a reflection of that. The ANCOVA for phase shift suggested that pretraining scores had 
little influence on the posttraining scores, F (1,64) = 0.16, p = .69, r = .05,  and that there 
was no statistically significant difference between the groups posttraining scores F (2,64) = 
2.51, p = .089, partial η2 = .073. Overall, the results of the classical analyses presented here 
are generally consistent with the modern analyses reported on in the main body of the thesis 
(see Chapter 5).  
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Study 1: Post Hoc Analysis Investigating Possible Experimenter Bias  

 
As stated in Chapter 5, the decision to extend the first study by a year thereby 

increasing the power of the analysis and counterbalancing environmental influences also 
introduced a nonrandom element to the design. That is, the condition of one class in the 
second year of the study would be known to the author before pretesting. As it happened, 
this group turned out to be the one scheduled to receive the rhythmic-motor training 
program. Because the author was also responsible for the pretest assessments, this raised 
the possibility that experimenter bias could contaminate the pretest data.  

To test for this, group comparisons were conducted on the pretest data between the 
class for which the condition was known before pretesting: the Year 2 rhythmic-motor 
group designated Group 1 in Table AP1.7, and the corresponding group from Year 1 and 
the combined participants across both years (designated Groups 2 and 3 respectively) 
minus Group 1.  The analysed data is based on all those individuals who were included in 
the posttest analysis reported in Chapter 5 (pp. 133-139) using modern robust statistical 
methods. Table AP1.7 shows the results of these comparisons. As can be seen, no 
statistical differences were uncovered suggesting experimenter bias was not a 
confounding factor in the analysis.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  

 
 

 
Table AP1.7 
Means, Standard Errors (se), 95% Confidence Intervals (95%CI, and Significance Values (p) of the Robust t-tests Comparisons, for the 
Pretest Data of the Second Year Rhythmic-motor Training Program (Group 1), Versus the First Year Rhythmic-motor Training 
Program (Group 2), and the Combined Study 1 Participants (Minus Second Year Rhythmic-motor Training Program i.e., Group 1).   
Groups Group 1 

 n = 14 
Group 2 
 n = 14 

Group 3 
n = 53 

 Mean#1 
(se)#2 

95% CI  
low/up#3 

Mean  
(se) 

95% CI 
low/up 

Bootstrap 
 t-static#12 

Grp 1 vs Grp 2 

p value#12 

Grp 1  
vs Grp 2 

Mean 
(se) 

95% CI 
low/up 

Bootstrap 
 t-static#12 

Grp 1 vs Grp 3 

p value#12 
Grp 1  

vs Grp 3 
Age 51.0 

(1.46) 
49.0/53.0 49.0 

(1.12) 
47.1/51.0 2.14 .159 49.0 

(0.63) 
47.9/50.3 2.47 .130 

Receptive 
Vocab 

23.0 
(1.47) 

21.1/26.2 25.2 
(1.09) 

23.5/27.2 0.99 .326 26.0 
(0.48) 

25.0/26.9 2.92 .100 

Block  
Design 

22.0 
(0.72) 

21.0/23.6 23.7 
(1.06) 

21.9/26.2 1.38 .297 21.9 
(0.73) 

20.5/23.2 0.25 .554 

DTVP 8.50 
(0.87)  

7.2/10.2 9.0 
(1.64) 

6.5/11.8 0.08 .793 8.9 
(0.54) 

8.0/9.9 0.16 .691 

SPAT-SE 35.5 
(3.03) 

29.8/40.8 34.9 
(2.63)  

29.6/39.9 0.04 .840 31.8  
(1.49) 

29.0/34.5 1.82 .199 

RAN 
(objects) 

112.6 
(8.60)  

102.1/129.0 108.7 
(7.44) 

97.3/121.1 0.45 .528 111.3 
(4.05) 

103.5/119.8 0.07 .776 

Audie 14.9 
(1.48) 

12.3/17.2 13.5 
(1.35) 

11.5/15.8 0.53 .492 14.4 
(0.48) 

13.5/15.5 0.05 .811 

Period 
matching 

.21 
(.06)   

.14/.35 .29 
(.06) 

0.20/0.41 0.52 .496 .26 
(.02) 

.21/.30 0.18 .696 

Phase shift 53.6 
(4.96) 

45.48/62.34 67.0 
(10.51) 

45.75/80.46 1.10 .309 55.5 
(5.09) 

46.3/65.4 0.12 .716 

R function #12 = t1waybt (x, tr = .1, grp =NA, nboot = 599) bootstrap t-test for independent groups. NB: because of the low n in Group 1, 
winsorizing is not recommended, trimming was set at 10% and a straight bootstrap method was used rather than a percentile bootstrap, see 
Wilcox (2005) pp. 272-275. 
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Questionnaire (Musical Training and Literacy Study) 

PRIVATE & CONFIDENTIAL 
 

 DATE________________ 
 

STUDENT NAME   ___________________      ______________________ 
                     (First Name)    (Surname) 
 

Background Information 
 

 
1) Student’s age: _________________ 

2) Student’s gender:      Male    /     Female 

3) Student’s handedness:    LEFT     /    RIGHT   
 
4) Please note the ages of any other children in your family. 
 

1___________________ 4_________________ 
 

2___________________ 5_________________ 

 
5) Are languages other than English spoken at your home?     YES    /    NO (go to Q6) 

5a) How much (estimate %) is English used in your home? 

_________________________________________________________________________ 

5b) What other language(s) are spoken? 

_________________________________________________________________________

_________________________________________________________________________ 

6) Has anyone in the family experienced significant problems with reading, writing or 

spelling in the past?    YES    /      NO (go to Q7) 

6a) Who experienced these difficulties and what is/was the nature of their problem 

(e.g., poor spelling, slow or late reader, difficulty comprehending text) 

_________________________________________________________________________

_________________________________________________________________________ 
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 6b) Were these difficulties attributed to any specific cause and if so what? (e.g., 

vision problems, reading disorder, interrupted education) 

_________________________________________________________________________

_________________________________________________________________________ 

7) Has your child (the participating student) ever had any difficulties with his/her hearing, 

language (speech) or motor control? If so please specify the type of problem, period of 

difficulty and any measures undertaken to alleviate the difficulty (e.g., insertion of 

grommets, speech therapy, occupational therapy) 

_________________________________________________________________________

_________________________________________________________________________ 

Musical training 

8)  Has your child received any formal musical arts training (e.g., piano lessons, or 

dance/ballet/singing lessons).   YES    /     NO  

8a) If YES, please indicate.  

Type of musical 
training 

Start age Stop age Approximate 
intensity* 

(Hrs/week)  
 
 

   

 
 

   

 
 

   

* Approximate time spent engaged in the activity each week (incl practice, lessons 
etc). 
 
 
 

Thankyou for taking the time to fill out this Questionnaire 
 

 
 
 

 



  

281 
 

Study 2: Classical Analyses 

 
As in Appendix 1, the analyses reported here were conducted using PASW™ 

statistics 18 (SPSSv18™) and followed the same procedure for the treatment of outliers; 
values that exceeded 2.58 standard deviations (p < .01) were removed from each data set, 
values that fell between 1.96 and 2.58 standard deviations from the mean (p < .05) were 
replaced with the value equal to 1.96 standard deviations (p = .05; rounded toward the 
mean). Participants with missing values were removed from the analysis.  
Between-groups Comparisons 

Experimental control variables. 
The means, SDs and 95% CIs for variables; age, VIQ, PIQ and FSIQ are presented in 
Table AP2.1. Testing the standard assumptions in group data for these variables indicated 
that distribution of the music group was statistically non-normal for VIQ; W [15] = .86, p = 
.026, and Levene’s test suggested that group variances for age differed sufficiently to 
violate the assumption of homogeneity; F (2,41) = 7.13, p = .02.  
 
Table AP2.1 
General Descriptive Statistics for the Control Variables 

Groups Music 
n = 15 

Dyslexic 
n = 15 

Control 
n = 14 

 Mean 
(SD) 95% CI Mean 

(SD) 95% CI Mean 
(SD) 95% CI 

Age (months) 133.07 
(7.19) 

[129.09, 
137.05] 

130.00 
(8.91) 

[125.06, 
134.94] 

127.64 
(2.47) 

[126.22, 
129.07] 

VIQ 13.73 
(1.71) 

[12.79, 
14.68] 

11.07 
(1.94) 

[9.99, 
12.14] 

12.07 
(1.77) 

[11.05, 
13.10] 

PIQ 12.93 
(1.10) 

[12.32, 
13.54] 

10.93 
(1.49) 

[10.11, 
11.76] 

11.78 
(1.67) 

[10.82, 
12.75] 

FSIQ 119.60 
(6.79) 

[115.84, 
123.36] 

105.60 
(5.05) 

[102.80, 
108.40] 

111.00 
(6.21) 

[107.41, 
114.59] 

Kruskal-Wallis tests suggested that there were no statistically significant 
differences between the groups for age, H(2) = 3.72, p = .156, but there were differences in 
VIQ, H(2) = 11.64, p = .003. Mann-Whitney tests with a Bonferroni correction (pcrit = 
.0167) were applied to group comparisons and showed that the music group had superior 
Vocabulary scores (VIQ) to the dyslexic group (U = 188.5, r = .59) and the control group 
(U = 157.5, r = .43), but there were no differences between the dyslexic and control groups 
on this measure (U = 78, r = -.22, ns). 

ANOVAs were used to test for group differences in PIQ and FSIQ. This revealed 
differences for PIQ, F(2, 41) = 7.35, p = .002, r = .51, with post hoc comparisons using 
Gabriel’s procedure for unequal group numbers (Field, 2010), showing that the music 
group Matrix Reasoning scores (PIQ) were statistically better than the dyslexic group but 
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not the control group (music/dyslexic, Mdif = 2.00, se = 0.52, 95% CI [0.70, 3.30], p = .001, 
r = .62; music/control, Mdif = 1.15, se = 0.53, 95% CI [-0.16, 2.47], p = .106, r = .39). 
There were no statistically significant differences between the dyslexic and the control 
groups, Mdif = -0.85, se = 0.53, 95% CI [-2.18, 0.47], p = .308, r = .27. The groups also 
differed statistically on FSIQ, F(2, 41) = 20.53, p < .001, r = .71, with post hoc tests 
suggesting that the music group was superior to the other two groups (music/dyslexic, Mdif 

= 14.00, se = 2.21, 95% CI [8.50, 19.50], p < .001, r = .77; music/control; Mdif =8.60, se = 
2.25, 95% CI [3.01, 14.20], p = .001, r = .56) but also indicting no statistical difference 
between the dyslexic and control groups, Mdif = -5.40, se = 2.25, 95% CI [-11.00, 0.20], p 
= .064, r = .44.  Because of the music group’s generally superior IQ results, FSIQ was first 
entered as a covariate in the remaining group comparisons to test whether or not it was 
statistically related to variables of interest. If these results suggested a statistically 
significant relationship, the full ANCOVA results are reported. If not, the analysis was 
recast using standard ANOVA techniques. If the group distributions on a variable 
advocated a nonparametric means for comparison, then both results from the ANCOVA 
and nonparametric procedures (i.e., without examining the influence of FSIQ) are reported. 
It should be noted that this is not ideal as the independence of the covariate from the 
treatment group is a standard assumption in ANCOVA and there is no statistically 
supportable way to analyse group differences on one variable if they differ at outset on a 
significantly related dimension (Miller & Chapman, 2001).  

 Literacy related subskills. 
The means, SDs and 95% CIs for the rapid naming and phonological awareness 

composites are presented in Table AP2.2. Testing suggested that all group distributions 
met the standard assumptions of normality and equality of variance.  

 
Table AP2.2 
General Descriptive Statistics’ for the Literacy Related Subskill Variables 

Groups Music 
n = 15 

Dyslexic 
n = 15 

Control 
n = 14 

 Mean 
(SD) 95% CI Mean 

(SD) 95% CI Mean 
(SD) 95% CI 

RAN1 113.80 
(11.95) 

[107.19, 
120.41] 

78.80 
(9.17) 

[73.72, 
83.88] 

104.07 
(9.68) 

[98.49, 
109.66] 

RAN2 105.93 
(11.80) 

[99.40, 
112.47] 

77.80 
(11.44) 

[71.46, 
84.14] 

97.64 
(12.30) 

[90.54, 
104.74] 

PA 100.53 
(11.60) 

[94.11, 
106.96] 

96.60 
(8.16) 

[92.08, 
101.12] 

91.00 
(9.92) 

[85.28, 
96.72] 

 
The data show that generally, the music group performed better on all the literacy 

related subskills than the other two groups, with the control group performing better than 
the dyslexic group on the rapid naming measures and the reverse being true for the 
phonological awareness measure. 

 The ANCOVA results reveal that FSIQ was not statistically related to the rapid 
naming of letters and numbers or of objects and colours (FSIQ/RAN1, F[1,40] = 0.438, p 
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= .512, r = .10; FSIQ/RAN2, F[1,40] = 2.198, p = .146, r = .23) and the ANOVAs 
suggested statistically significant differences between the groups on these measures 
(RAN1, F(2,41) = 45.60, p < .001. r = .83; RAN2, F(2,41) = 23.30, p < .001, r = .72). Post 
hoc Gabriel comparisons showed that the musicians were statistically better than the 
controls who were statistically better than the dyslexics for the rapid naming of letters and 
numbers (musicians/controls, Mdif = 9.73, se = 3.85, 95% CI [0.16,19.30], p = .045, r = 
.42; musicians/dyslexics, Mdif = 35.00, se = 3.78, 95% CI [25.57, 44.43], p < .001, r = .86; 
dyslexics/controls, Mdif = -25.27, se = 3.84, 95% CI [-34.84, -15.70], p < .001, r = .81). 
Post hoc testing also showed that the music and control groups were superior to the 
dyslexic group in the rapid naming of objects and colours (musicians/dyslexics, Mdif = 
28.13, se = 4.32, 95% CI [17.37, 38.90], p < .001, r = .78; dyslexics/controls, Mdif = -
19.84, se = 4.40, 95% CI [-30.80, -8.89], p < .001, r = .65), but that they did not 
statistically differ between themselves (musicians/controls, Mdif = 8.29, se = 4.40, 95% CI 
[-2.66, 19.24], p = .20, r = .34).  

ANCOVA results also revealed that FSIQ was not statistically related to the 
phonological awareness measure (FSIQ/PA; F[1,40] = 2.198, p = .146, r = .23), with the 
ANOVA indicating a statistically significant difference between the groups (F[2,41] = 
3.317, p = .046, r = .37). Post hoc Gabriel comparisons suggested that the music group 
generally performed better than the control group on this task but that there were no other 
group differences (music/control, Mdif = 9.53, se = 3.71, 95% CI [0.29, 18.78], p = .041, r 
= .42; music/dyslexic, Mdif = 3.93, se = 3.65, 95% CI [-5.14, 13.00], p = .632, r = .20; 
dyslexic/control, Mdif = 5.60, se = 3.71, 95% CI [-3.63, 14.83], p = .357, r = .31).  

Reading outcome measures. 
The means, standard errors and 95% CI for the TOWRE single word reading 

composite and the GORT text fluency, comprehension and reading quotient are presented 
in Table AP2.3.  

 
Table AP2.3 
General Descriptive Statistics’ for the Reading Outcome Variables  

Groups Music 
n = 15 

Dyslexic 
n = 15 

Control 
n = 14 

 
Mean 

(SD or 
se) 

95% CI 
Mean 
(SD or 

se) 
95% CI 

Mean 
(SD or 

se) 
95% CI 

Single word 119.53 
(16.39) 

[110.46, 
128.61] 

78.13 
(6.60) 

[74.48, 
81.79] 

105.86 
(12.10) 

[98.87, 
112.84] 

Fluency 13.67 
(4.30) 

[11.28, 
16.05] 

2.80 
(1.37) 

[2.04, 
3.56] 

10.36 
(2.24) 

[9.06, 
11.65] 

Comprehension* 12.31 
(0.50) 

[11.30, 
13.32] 

9.74 
(0.48) 

[8.78, 
10.71] 

10.16 
(0.42) 

[9.32, 
11.00] 

Reading* 
Quotient 

114.82 
(3.59) 

[107.56, 
122.09] 

80.48 
(3.43) 

[73.55, 
87.40] 

102.04 
(2.99) 

[95.98, 
108.09] 

* Means and 95% CI adjusted for the covariate (FSIQ = 112.09) and standard errors reported, 
Single word = TOWRE single word reading efficiency composite score, Fluency = GORT reading 
fluency composite score, Comprehension = GORT text reading Comprehension standard score, 
Reading Quotient = GORT oral reading quotient.  
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Testing the standard assumptions for these variables suggested that the distributions 
of the music group data were statistically non-normal for all the GORT text reading 
measures:- fluency; W [15] = .87, p = .031, comprehension; W [15] = .81, p = .005 and text 
reading quotient; W [15] = .84, p = .012. Levene’s test suggested that between-group 
variances differed sufficiently to violate the assumption of homogeneity on all these 
measures except GORT comprehension (TOWRE single word reading, (2,41) = 5.57, p = 
.007; GORT fluency,  (2,41) = 17.03, p < .001; GORT oral reading quotient, (2,41) = 
18.92, p < .001). 

The ANCOVAs revealed a statistically significant relationship between FSIQ and 
the GORT comprehension and text reading quotient variable (FSIQ/comprehension, 
F[1,40] = 4.39, p = .042, r = .31; FSIQ/reading quotient, F[1,40] = 5.77, p = .021, r = .36), 
but no statistically significant relationships with the other reading measures 
(FSIQ/TOWRE single word reading, F[1,40] = 0.97, p = .757, r = .05; FSIQ/GORT text 
reading fluency, F[1,40] = 3.56, p = .066, r = .29). The ANCOVA results for 
comprehension showed a statistically significant effect for group (F[2,40] = 6.22, p = .004, 
partial η2  = .27) with post hoc Sidek comparisons revealing that music group were better 
comprehenders than the other 2 groups (music/dyslexic, Mdif = 2.56, se = 0.79, 95% CI 
[0.58, 4.54], p = .007, r = .52; music/control, Mdif = 2.14, se = 0.67, 95% CI [0.48, 3.81], p 
= .008, r = .45), while the dyslexic and control showed no statistically significant 
differences, Mdif = -0.42, se = 0.61, 95% CI [-1.95, 1.11], p = .873, r = .11. The ANCOVA 
results for the GORT reading quotient also suggested statistically significant group 
differences (F[2,40] = 19.57, p < .001, partial η2  = .50), with post hoc Sidek comparisons 
indicating the musicians were also better overall readers than the other groups, and that the 
controls were better overall readers than the dyslexics (music/dyslexic, Mdif = 34.35, se = 
5.71, 95% CI [20.10, 48.59], p < .001, r = .77; music/control, Mdif = 12.78, se = 4.82, 95% 
CI [0.78, 24.79], p = .034, r = .39; dyslexic/control, Mdif = -21.56, se = 4.42, 95% CI         
[-32.57, -10.55], p < .001, r = .61). While there was no statistically significant interaction 
between FSIQ and group for the GORT comprehension measure, there was between FSIQ 
and group for the GORT reading quotient (F[2,38] = 5.91, p = .006). This violates the 
assumption of homogeneity of regression slopes in ANCOVA and would make an 
interpretation of this result difficult, however, as the robust tests in reported Chapter 6 and 
those comparisons below support this finding, some confidence is provided to the veracity 
of the result.  

As stated above, because the distributions for the reading outcome measures 
violated the standard classical assumptions, nonparametric tests were also used to evaluate 
group differences. Kruskal-Wallis tests revealed that statistically significant differences 
between the groups exist for all the reading outcome measures, TOWRE single word 
reading, H(2) = 30.92, p < .001; GORT text reading fluency, H(2) = 31.19, p < .001; 
GORT comprehension, H(2) = 24.59, p < .001; GORT reading quotient, H(2) = 33.25, p < 
.001. Wilcoxon rank-sum tests using a Bonferroni correction (pcrit = .0167) were applied to 
group comparisons. These showed that the musicians were more competent single word 
readers than the other two groups and that the controls were better than the dyslexics 
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(musician/dyslexic, Ws = 120.50, z = 4.65, r = .85; musician/control, Ws = 158.33, z = 
2.27, r = .42; dyslexic/control, Ws = 121.00, z = -4.55, r = -.84). For the text reading 
fluency measure, there was no difference between the music and control groups, Ws = 
162.50, z = 2. 10, r = .39, but both were more fluent readers than dyslexics 
(musician/dyslexic, Ws = 120.50, z = 4. 68, r = .85; dyslexic/control, Ws = 120.0, z = 4. 61, 
r = .86). The music group was shown to comprise better comprehenders than the other 
groups (musician/dyslexic, Ws = 125.50, z = 4. 51, r = .82; musician/control, Ws = 125.50, 
z = 3. 77, r = .70), but no difference was found between the dyslexic and controls (Ws = 
190.00, z = -1. 56, r = .29). Finally, the musicians were better overall readers compared to 
the other groups (musician/dyslexic, Ws = 120.00, z = 4.68, r = .85; musician/control, Ws = 
139.00, z = 3.11, r = .58), and the controls were better overall readers than the dyslexics 
(Ws = 120.50, z = 4.58, r = .85).  

Rhythmic-motor measures. 
The means, standard errors and 95% CI for the rhythmic-motor measures are 

presented in Table AP2.4. Testing the standard assumptions in group data for these 
variables indicated that distributions of the control and dyslexic groups were statistically 
non-normal for period matching (control, W [14] = .72, p = .001; dyslexic, W [15] = .79, p 
= .003) and phase matching (control, W [14] = .80, p = .005, dyslexic, W [15] = .80, p = 
.045) at the slower stimulus level (80bpm). The distribution of the control group for period 
matching was also not statistically normal at the faster stimulus speed, W [14] = .75, p = 
.001. Levene’s test (based on median values) revealed that between-group variances 
differed sufficiently to violate the assumption of homogeneity on all these measures except 
phase shift at the higher stimulus speed,  period matching 80bpm, F(2,41) = 6.86, p = .003; 
phase matching 80bpm,  F(2,41) = 3.96, p = .027, and period matching 120bpm, F(2,41) = 
6.56, p = .003.  

 
Table AP2.4 
General Descriptive Statistics for the Rhythmic-motor Variables 

Groups Music 
n = 15 

Dyslexic 
n = 15 

Control 
n = 14 

 Mean 
(SD) 95% CI  Mean 

(SD) 95% CI  Mean 
(SD) 95% CI  

Period 
matching 
80bpm 

.96 
(.02) 

[.95, 
.97] 

.69 
 (.30) 

[.52, 
 .85] 

.88 
 (.11) 

[.82, 
 .94] 

Phase shift 
80bpm 

11.11 
(9.80) 

[5.69, 
16.54] 

42.52 
(32.34) 

[24.61, 
60.43] 

25.37 
(14.86) 

[16.78, 
33.95] 

Period 
matching 
120bpm 

.95 
(.02) 

[.94, 
 .96] 

.70  
(.22) 

[.58, 
 .82] 

.82 
 (.17) 

[.73, 
 .92] 

Phase shift 
120bpm 

12.93 
(12.13) 

[6.20, 
19.66] 

23.30 
(21.00) 

[11.67, 
33.94] 

24.70 
(25.02) 

[10.25, 
39.14] 
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The ANCOVAs showed no statistically significant relationships between FSIQ and 
any of the rhythmic-motor measures (FSIQ/period matching 80bpm, F[1,40] = 1.16, p = 
.288, r = .17; FSIQ/phase matching 80bpm, F[1,40] = 2.06, p = .159, r = -.22; FSIQ/period 
matching 120bpm, F[1,40] = 1.23, p = .273, r = .17; FSIQ/phase matching 120, F[1,40] = 
1.12, p = .296, r = -.17). Kruskal-Wallis tests suggested that statistically significant 
differences between the groups exist for all the rhythmic-motor measures except phase 
matching at 120bpm (period matching 80bpm, H(2) = 23.85, p < .001; phase matching 
80bpm, H(2) = 14.40, p = .001; period matching 120bpm, H(2) = 22.20, p < .001; phase 
matching120, H(2) = 3.62, p = .164). 

Wilcoxon rank-sum tests using a Bonferroni correction (pcrit = .0167) were applied 
to group comparisons. These suggested that the musicians were generally more successful 
synchronizers than the other groups, with superior scores in both dimensions at the slower 
stimulus speed (period matching 80bpm: musician/dyslexic, Ws = 130.00, z = 4.25, r = 
.78; musician/control Ws = 126.00, z = 3.67, r = .68; phase shift 80bpm: 
musician/dyslexic, Ws = 153.00, z = 3.30, r = .60; musician/control Ws = 126.00, z = 3.67, 
r = .68) and in period matching, but not phase shift, at the higher stimulus speed (period 
matching 120bpm: musician/dyslexic, Ws = 131.00, z = 4.25, r = .77; musician/control, Ws 
= 129.00, z = 3.54, r = .66;  phase shift 120bpm: musician/dyslexic, Ws = 202.00, z = 1.27, 
r = .23, ns; musician/control Ws = 181.00, z = 1.92, r = .36, ns). The controls were better 
at period matching than the dyslexics at the slower stimulus speed, but this was the only 
point of difference between these two groups on these measures (period matching 80bpm, 
Ws = 176.00, z = 2.14, r = .40;  phase matching 80bpm, Ws = 173.00, z = 1.62, r = .30, ns; 
period matching 120bpm, Ws = 186.00, z = 1.70, r = .32, ns; phase matching 120bpm, Ws 
= 217.00, z = 0.35, r = .06, ns).  
Within-groups Analyses 

 Correlations. 
 As was done in the main analysis, the within-group correlations were examined 
using Kendal’s Tau (see tables AP2.5, AP2.6 and AP2.7) and a series of within-group 
regressions were conducted to assess directly the hypothesised relationship between the 
rhythmic-motor ability and literacy related subskills. Rhythmic-motor measures from the 
lower stimulus speed were used in the regressions once again as these seemed to be more 
consistently associated with RAN1, RAN2 and PA. The Kendal’s Tau correlations reported 
above broadly replicate the pattern of associations as was presented in the main analysis 
and will therefore not be elaborated upon here. 



  

 
 

 
Table AP2.5 
Kendal’s TAU Correlations for the Musician Group 

N = 15 Vocab Mat FSIQ RAN1 RAN2 PA Word 
reading 

Text 
fluency 

Text 
comp 

Text 
reading 

80bpm 
Period 
match 

80bpm  
Phase 
shift 

120bpm  
Period 
match 

120bpm 
Phase 
shift 

Age .26 .22 .15 .19 .33* .31 .25 .15 .16 .14 .46** -.35* .56** -.06 

Vocab 
 

.28 .65** .51** .28 .43* .36* .49** .63** .65** .30 -.30 .34 -.46* 

Mat 
  

.63** .27 .47* .21 .10 .34 .50* .41* .31 -.29 .25 -.27 

FSIQ-2 
   

.29 .32 .34* .10 .39* .62** .54** .35* -.31 .33* -.41* 

RAN1 
    

.41* .12 .70† .72† .41* .64** .23 -.42* .33* -.47** 

RAN2 
     

.08 .32 .30 .20 .32 .48** -.48** .52** -.32 

PA 
      

.17 .32 .39* .32 .15 .09 .13 -.01 

Word 
reading        

.63** .24 .50** .26 -.26 .35* -.28 

Text 
fluency         

.52** .86† .17 -.32 .20 -.39* 

Text 
comp          

.73† .13 -.35* .18 -.39* 

Text 
reading           

.20 -.34* .23 -.48** 

80bpm 
Period 
match            

-.62** .83† -.29 

80bpm 
Phase 
shift             

-.68† .60** 

120bpm  
Period 
match              

-.35* 

NB: * p < .05, ** p <.01, † p  < .001, one-tailed.  
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Kendal’s TAU Correlations for the Dyslexic Group  

N = 15 Vocab Mat FSIQ RAN1 RAN2 PA Word 
reading 

Text 
fluency 

Text 
comp 

Text 
reading 

80bpm 
Period 
match 

80bpm  
Phase 
shift 

120bpm  
Period 
match 

120 bpm 
Phase 
shift 

Age .45* -.30 .17 .06 .27 .31 .22 -.08 -.09 -.05 .35* -.39* .23 .22 

Vocab 
 

-.28 .53** .07 .11 .00 .15 .04 -.06 .08 .06 -.08 .03 -.31 

Mat 
  

.27 -.29 -.06 -.21 -.45 -.32 .07 -.26 -.01 .20 .16 .06 

FSIQ-2 
   

-.12 .14 -.14 -.22 -.16 -.18 -.16 .12 -.04 .12 -.30 

RAN1 
    

.60** .24 .35* .17 -.46* -.16 .27 -.35* .09 -.18 

RAN2 
     

.31 .31 .13 -.57** -.25 .50** -.46** .35* -.28 

PA 
      

.39* .04 -.15 -.05 .17 -.29 .25 -.24 
Word 

reading        
.46** -.17 .22 .03 -.05 -.05 .12 

Text 
Fluency         

.05 .57** .00 -.15 -.15 .26 

Text 
Comp          

.60** -.23 .25 -.14 .06 

Text 
reading           

-.19 .05 -.17 .20 

80bpm 
Period 
match            

-.71† .68† -.56** 

80bpm 
Phase 
shift             

-.51** .36* 

120bpm  
Period 
match              

-.36* 

NB: * p < .05, ** p <.01, † p  < .001, one-tailed.  
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Kendal’s TAU Correlations for the Control Group  

N = 14 Vocab Mat FSIQ RAN1 RAN2 PA Word 
reading 

Text 
fluency 

Text 
comp 

Text 
reading 

80bpm  
Period 
match 

80bpm  
Phase 
shift 

120bpm  
Period 
match 

120bpm  
Phase 
shift 

Age .30 -.31 -.12 -.07 .23 -.26 .20 .19 -.30 .06 .10 .06 -.01 .06 

Vocab 
 

.09 .49* .01 .21 -.07 .19 .34 .13 .32 .11 .02 .19 .19 

Mat 
  

.48* -.11 .11 .00 .10 .21 -.16 -.15 .09 -.21 .11 .14 

FSIQ-2 
   

-.21 .02 .10 -.04 .15 .13 .02 -.08 -.04 -.12 .24 

RAN1 
    

.43* -.11 .40* .28 .11 .38* -.16 .32 .02 .07 

RAN2 
     

-.10 .38* .48* .05 .40* .18 .27 .11 .09 

PA 
      

-.08 -.06 .35 .05 .00 .02 .05 .16 
Word 

reading        
.77† -.04 .54** .34* -.05 .52** -.18 

Text 
fluency         

.05 .60** .32 -.08 .42* -.18 

Text 
comp          

.50** -.16 .09 .06 -.06 

Text 
reading           

.10 .01 .33 -.17 

80bpm  
Period 
match            

-.28 .54** -.39* 

80bpm  
Phase 
shift             

-.12 .54** 

120bpm 
Period 
match              

-.19 

NB: * p < .05, ** p <.01, † p  < .001, one-tailed.  
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Period matching and phase shift (at both stimulus speeds) were entered stepwise as 

possible predictors for RAN1, RAN2 and PA in each group with the alpha level set to a 
more generous .10 because of the small group numbers. For the musicians (Table AP2.8, 
above), phase shift was a significant predictor for RAN1 and RAN2 at 80bpm contributing 
25% of the variance to the rapid naming of letters and numbers and 17% of the variance to 
the rapid naming of objects and colours. Phase shift was also significant predictor at 
120bpm, this time with RAN1 only contributing 42% of the variance to the rapid naming of 
letters. Neither rhythmic-motor measure at either stimulus speed shared statistically 
significant variance with phonological awareness. 
 
Table AP2.8 
 Regression Parameters for RAN1 and RAN2; Phase Shift at 80bpm & 120bpm as the Sole 
Predictor for the Musician Group 

Model 1 
(RAN1) Coefficients β se Standardised 

beta 
Significance 

(p) Adjusted R 

Constant  121.21 4.10  <.001  

80bpm 
Phase shift -0.67 0.28 -0.56 .032 .50 

Model 2 
(RAN2) Coefficients β se Standardised 

beta 
Significance 

(p)  Adjusted R 

Constant  112.36 4.28  <.001  

80 bpm 
Phase shift -0.59 0.29 -0.48 .07 .41 

Model 3 
(RAN1) Coefficients β se Standardised 

beta 
Significance 

(p)  Adjusted R 

Constant  122.47 3.48  <.001  

120 bpm 
Phase shift -0.67 0.20 -0.68 .005 .65 

 
For the dyslexics, phase shift accounted for approximately 22% of the variance in 

the rapid naming of objects and colours (Table AP2.9) but no other significant relationships 
were found.  
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Table AP2.9 
 Regression Parameters for RAN2 Regression Model; Phase Shift at 80bpm as the Sole Predictor 
for the Dyslexic Group 

Model 
(RAN2) 

Coefficients 
β se Standardised 

beta 
Significance 

(p) Adjusted R 

Constant 85.64 4.42  <.001  

80bpm  
Phase shift  -0.19 0.08 -.52 .046 .52 

 
Similar to the other groups, for the control group (Table AP2.10) phase shift at the 

stimulus speed of 80bpm was the only rhythmic-motor measure accounting for significant 
variance in any literacy related measure, that being RAN2 (~ 16%), but unlike the other 
two groups the direction of the relationship was in the opposite direction to that predicted 
by the hypothesis (with more successful synchronizations associated with slower colour 
and object naming). The direction of this relationship was also seen in this group in the 
main Chapter 6 analysis but it was difficult to interpret as separately neither rhythmic-
motor variable appeared to contribute significant variance to RAN2, but when entered 
together a very strong contribution was indicated. Overall, perhaps what should be 
remembered is that, because of the very low group numbers available (and the more 
generous .1 α level) there is an increased likelihood of Type I error and this finding may 
simply be specious.  
 
Table AP2.10 
 Regression Parameters for RAN2 Regression Model; Phase Shift at 80bpm as Predictor for the 
Control Group 

Model 
(RAN2) 

Coefficients 
β se Standardised 

beta 
Significance 

(p) Adjusted R 

Constant 87.66 6.11  <.001  

80bpm 
Phase shift  0.39 0.21 0.48 .085 .40 

 

Overall, the results above conform well to the results presented in the main analysis 
of Chapter 6. Where differences exist, they may in most part be interpreted as being a 
reflection of the greater power found in modern statistical procedures and tighter controls 
over the probability of Type I error rates. 
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Appendix 3: Peripheral Material Associated with Study 3 
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Questionnaire (Musical Training and Literacy Study) 

 
CONFIDENTIAL 

     
 DATE________________ 

 
NAME___________________       ________________________ 
                  (First Name)    (Surname) 
 
 

Background Information 
 
 
DOB _________________ 

Gender ____M__/__F___ 

Handedness _________________ 

Do you have a diagnosis of Dyslexia? 

_____________________________________________ 

Highest Educational level completed_________________________________________ 

Has you ever experienced (or is currently experiencing) hearing, language or speech 

problems? If so please specify (i.e., type of problem, period of difficulty etc..) 

_________________________________________________________________________

_________________________________________________________________________ 

_________________________________________________________________________ 

Musical training 

Are you currently or have you ever engaged in sustained musical arts training i.e., formal 

lessons for more than 1 year including dance. YES / NO 

If YES, please indicate.  

Age training began _________________Age training stopped________________________ 
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Type of musical training (specific Instrument/Signing/Dance):  _____________ 
  
_________________________________________________________________________

_________________________________________________________________________ 

Estimated hours/week musical practice; best guess if past commitment, last week if 

currently having lessons. 

_________________________________________________________________________

_________________________________________________________________________

_________________________________________________________________________ 

Is there anything that you feel may have impacted on your results (other than factors 

already addressed in this questionnaire) during your participation in this study? 

_________________________________________________________________________

_________________________________________________________________________ 

 

 
Thankyou for taking the time to fill out this Questionnaire 
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GORT-4 Adapted Scoring 

 
  

As stated in Chapter 5, the high achieving nature of the normal reader samples 
resulted in a pronounced ceiling effect in the normed data for the standardized reading tests 
(the TOWRE and GORT-4). While the assessment protocol for the TOWRE provided a 
simple solution to obtain comparative scores between the normal reader controls and the 
reading disordered sample (see Chapter 7, p. 196), the standard procedure for the GORT-4 
did not. While the normal readers often continued to the final text passage without hitting 
the cutoffs for any subscale, the many dyslexic readers exceeded the cutoff score for errors 
and rate, thus ending the need for recording further scores for these variables. However, as 
they had not reached the cutoff for the comprehension questions they continued reading 
and answering questions even though, relative to the normal readers, rate and error data 
was not available for those passages. That this occurred was an oversight by the 
experimenter in the testing protocol for this study. To overcome this and produce a 
reasonably fair comparison between the normal and dyslexic readers from the raw data, an 
adapted scoring system was devised using the accuracy and rate cutoff scores provided in 
the GORT-4 manual. The raw data for text reading comprehension was not compromised 
by the standard procedures and group comparisons were based on these raw scores (e.g., 
number of correct responses).  

Simply put, an assumption was made (for all readers) that the cutoff scores 
provided in the manual represented the upper/lower limit of the readers ability for those 
passages which were either not read. This may have been due achieving the basil score on 
a more advanced passage (i.e., for most normal readers the passages 1-7 were not required 
to be read), or the maximum number of errors/time per passage before scoring stopped. An 
example scoring process (of a dyslexic reader) based on the above assumption is provided 
below. Table AP3.1 shows the number of reading errors and times needed to record the 
minimum (0 points) or maximum (5 points) conversion scores for each passage in the rate 
and accuracy measures.  
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Table AP3.1 
Reading times and the number of errors needed to achieve the 
minimum (0) or maximum score (5) for each passage of the GORT, 
and the associated cumulative times/errors.  

Passage 
Rate (seconds) 

 
Cumulative 

Min 
Accuracy  
(Errors) 

Cumulative 
Min 

 
Min Max 

 
Min Max 

 
1 9 49 9 0 5 0 
2 22 119 31 1 11 1 
3 24 141 55 0 14 1 
4 34 89 89 0 6 1 
5 41 119 130 2 10 3 
6 47 225 177 2 19 5 
7 38 106 215 1 10 6 
8 41 67 256 0 5 6 
9 49 85 305 0 8 6 

10 67 124 372 2 16 8 
11 62 120 434 2 14 10 
12 56 105 490 2 15 12 
13 64 105 554 4 16 16 
14 68 109 622 3 13 19 

Light grey shading indicates the passages where John first achieved a 5/5 score in 
rate and accuracy for a passage. Dark Grey shading indicates where John first 
achieved a 0/5 score in rate and accuracy in a passage. Bolded, underlined numbers 
are the amounts which were added to Johns’ recorded times/errors based on the 
GORT-4 manual conversion scores (i.e., 5/5 or 0/5). 

 
John Citizen’s Sample Rate Scoring 

John started at passage 8 (as did all the participants) but breached the passage rate 
cutoff score of 41 seconds (a 5/5 point score). Instead he read the passage in 44 seconds. 
John then read passage 7 in 37 seconds achieving a rate score of 5/5 for that passage (i.e., < 
38 seconds, see table AP3.1) John continued reading (from passage 9), and on passage 13 
he exceeded the 105 second rate cutoff (0/5 points) and the record of his reading time 
stopped. He continued onto the last passage (14) as he had not reached the cutoff for the 
comprehension questions.  Table AP3.2 shows John’s reading time for each scored 
passage. 
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Table AP3.2 
John Citizen’s GORT-4 reading times (in seconds).  
Passage 
Number 

7 8 9 10 11 12 13 

Time 
(Sec) 

37* 44 57 89 96 103 110* 

*times beyond the manual proved 5/5 and 0/5 cutoff scores for John Citizen.   
 
 From this data, John Citizen’s reading rate was calculated from the cumulative 
times for the minimum cutoff speed for each passage to achieve 5/5 below John’s actual 
recorded time in achieving this criterion for passage 7; i.e., 177 seconds.  The cumulative 
scores of Johns actual recorded times (e.g., 536 seconds). And the cumulative score of the 
maximum cutoff times (i.e., 0/5) provided in the manual for those passages for which 
Johns actual time was not recorded (e.g., 109 seconds). That is: 

John’s final reading rate score = 822 seconds115 
John Citizen’s Sample Accuracy Scoring 

Although John failed to read passage 8 fast enough to come in under the rate cutoff 
time, he made no reading errors for that passage, therefore errors were not counted for 
passage 7. From passage 8 to passage 11, John recorded fewer reading errors than the 
manual cutoff, but in passage 12 John exceeded the 15 error cutoff maximum (by one) to 
achieve a 0/5 score. Table AP3.3 shows the recorded number of reading errors John made. 

 
Table AP3.3 
John Smith’s GORT-4 reading errors.  
Passage 
Number 

8 9 10 11 12 13 

Errors 
0* 2 1 3 9 16* 

* Reading accuracy errors beyond the manual proved 5/5 and 0/5 cutoff scores for John Citizen.   
  

From this data, John Citizen’s reading accuracy score was calculated from the 
cumulative times for the minimum cutoff speed for each passage to achieve 5/5 below 
Johns’ actual recorded errors in achieving this criterion for passage 8; i.e., 6. The 
cumulative scores of Johns’ actual recorded reading errors (e.g., 31), and the cumulative 
score of the maximum error cutoffs (i.e., to achieve a 0/5 score) provided in the manual for 
those passages where Johns reading errors were not formally recorded (16+13). That is: 

John’s final reading accuracy score = 60 
 The comprehension scores for any participant was simply the number of questions 
answered correctly until they scored below the 2/5 (4+ wrong respones) cutoff score for a 
passage.  

                                                 
115 In the Chapter 7 results section, rates were expressed as seconds divided by 10 to make graphical 
presentation easier.  
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Study 3:  Classical Analyses 

 
 

 
As in the previous appendices, the analyses reported here were conducted using 

PASW™ statistics 18 (SPSSv18™) and followed the same procedure for the treatment of 
outliers: values that exceeded 2.58 standard deviations (p < .01) were removed from each 
data set, values that fell between 1.96 and 2.58 standard deviations from the mean (p < .05) 
were replaced with the value equal to 1.96 standard deviations (p = .05; rounded toward 
the mean). Participants with missing values were removed from the analysis.  
Between-groups Comparisons 

Control variables. 
 The means, SD’s and 95% CI for age, VIQ, PIQ and FSIQ are presented in Table 
AP3.4. Testing the standard assumptions in group data for these variables suggested that 
the distributions of the musicians and dyslexics were statistically non-normal for age 
(musicians, W [18] = .89, p = .023; dyslexics, W [16] = .72, p < .001), and Levene’s test 
suggested that group variances for age differed sufficiently to violate the assumption of 
homogeneity; F (2,48) = 16.47, p < .001. 
 
Table AP3.4 
General Descriptive Statistics’ for the Experimental Control Variables 

Groups Music 
n = 17 

Dyslexic 
n = 16 

Control 
n = 15 

 Mean 
(SD) 95% CI  Mean 

(SD) 95% CI  Mean 
(SD) 95% CI  

Age 
(months) 

239.82 
(23.67) [227.65, 251.99] 319.50 

(150.05) [239.54, 399.46] 232.27 
(12.52) [225.34, 239.20] 

VIQ 14.24 
(1.64) [13.39, 15.08] 13.43 

(1.83) [12.66, 14.22] 12.47 
(2.29) [11.20, 13.97] 

PIQ 12.53 
(1.84) [11.59, 13.48] 12.19 

(1.83) [11.21, 13.16] 11.20 
(1.78) [10.21, 12.19] 

FSIQ 119.71 
(7.42) [115.89, 123.52] 114.93 

(8.62) [110.34, 119.53] 110.60 
(10.63) [104.71, 116.49] 

 
A Kruskal-Wallis test suggested that there were no statistically significant 

differences between the groups for age, H(2) = 3.44, p = .179. ANOVA’s for the 
intelligence variables indicated statistically significant group differences existed for the 
VIQ (F[2,45] = 3.73, p = .031) and FSIQ (F(2,51) = 4.17, p = .022) estimates, but no 
group difference for the PIQ estimate,  (F[2,51] = 2.25, p = .177). Post hoc Gabriel 
comparisons indicated that the musician group generally had superior scores compared to 
the controls on VIQ (Mdif = 1.77, se = 0.64, 95% CI [0.17, 3.36], p = .025, r = .42) and 
FSIQ (Mdif = 9.12, se = 3.16, 95% CI [1.29, 16.92], p = .018, r = .46) but no other group 
differences were uncovered (VIQ:  music/dyslexic, Mdif = 0.80, se = 0.63, 95% CI  [-0.77, 
2.37], p = .509; dyslexic/control, Mdif = 0.97, se = 0.65, 95% CI [-0.65, 2.29], p = .369; 
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FSIQ: music/dyslexic, Mdif = 4.77, se = 3.16, 95% CI  [-2.92, 12.46], p = .341; 
dyslexic/control, Mdif = 4.33, se = 3.21, 95% CI [-3.60, 12.27], p = .449). 

This is in contrast to the robust analysis in Chapter 7 which did not reveal a 
statistically significant difference between the groups on the intelligence measures, 
although there was a similar trend in the data.  The absence of a significant difference is in 
part due to the tighter Type I error controls of the robust modern tests used in Chapter 7 
but the possibility of a Type II error being made should also be considered. Regardless, as 
the current analysis does indicate group differences in IQ estimates, FSIQ (as the more 
reliable measure) was first entered as a covariate in the remaining group comparisons to 
test whether or not it was statistically related to variables of interest. If these results return 
a statistically significant relationship, the full ANCOVA results are reported. If not, the 
analysis was recast using standard ANOVA techniques. If the group distributions on a 
variable indicate non-parametric tests for comparisons are preferable, then both results 
from the ANCOVA and non-parametric procedures (i.e., without examining the influence 
of FSIQ) are reported. 

Literacy related sub-skills. 
The means, SD’s and 95% CI for the rapid naming and phonological awareness 

composites are presented in Table AP3.5. Testing suggested that all group distributions 
met the standard assumptions of normality and equality of variance.  
 
Table AP3.5 
General Descriptive Statistics for the Literacy Related Sub-skill Variables 

Groups Music 
n = 17 

Dyslexic 
n = 16 

Control 
n = 15 

 Mean 
(SD)  95% CI 

Mean 
(SD) or 

[se] 
95% CI 

Mean 
(SD) or 

[se] 
95% CI 

RAN 1* 120.35 
(11.05) [115.58, 126.64] 88.30 

(9.70) [82.82, 93.24] 116.44 
(14.29) [110.82, 122.07] 

RAN 2 115.18 
(17.22) [106.32, 124.03] 93.75 

(9.93) [88.46, 99.04] 104.80 
(14.42) [96.81, 112.78] 

PA* 95.26 
(12.03) [90.42, 100.09] 85.23 

(10.56) [80.46, 90.00] 95.26 
(7.73) [92.54, 102.74] 

* Adjusted means reported for the effect of FSIQ (at 115.27) as covariate. 

The ANCOVAs showed statistically significant relationships between FSIQ and the 
rapid naming of letters and numbers and phonological awareness (FSIQ/RAN1, F[1,44] = 
14.18, p < .001, r = .49; FSIQ/PA, F[1,44] = 9.97, p = .003, r = .24), but not the rapid 
naming of objects and colours (FSIQ/RAN2, F[1,44] = 2.12, p = .153, r = .18). The 
ANCOVA results for the rapid naming of number and letters revealed a statistically 
significant effect for group (F[2,44] = 46.64, p < .001, partial η2  = .68) with post hoc 
Sidek comparisons indicting that the dyslexic group was poorer than the other two groups 
at this task (dyslexic/music, Mdif = -32.31, se = 3.70, 95% CI [-41.94, -23.14] p <.001, r = 
.84; dyslexic/control, Mdif = 28.41, se = 3.80, 95% CI [-37.83, -19.00], p < .001, r = .81), 
while the musicians and controls were not statistically significantly different, Mdif = 3.91, 
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se = 3.99, 95% CI = [-6.00, 13.81], p = .703, r = .18. There were no significant interaction 
effects between the covariate and group for RAN1 or PA. The ANOVA results for the 
rapid naming of objects and colours revealed group differences (F[2,45] = 9.32, p < .001, 
partial η2  = .29) with post hoc Sidek comparisons showing that the musicians were faster 
than the dyslexics (music/dyslexic, Mdif = 19.79, se = 5.03, 95% CI [7.31, 32.28] p = .001, 
r = .62), as were the controls, when examined with direction of the expected relationship 
taken into account (controls/dyslexics, Mdif = 12.53, se = 5.16, 95% CI [25.34,         -0.27], 
p = .057, r = .42, pcrit = .10). No statistically significant difference between the musicians 
and the controls was indicated (music/controls, Mdif = 7.26, se = 5.42, 95% CI [-6.21, 
20.73], p = .464, r = .32).   

ANCOVA results for phonological awareness also revealed a statistically 
significant effect for group (F[2,44] = 7.60, p = .001, partial η2  = .27) with post hoc Sidek 
comparisons suggesting that dyslexic group were poorer than the other two groups at this 
task (dyslexic/music, Mdif = -10.03, se = 3.38, 95% CI [-18.42, -1.63] p =. 015, r = .47, 
dyslexic/control, Mdif = -12.37, se = 3.47, 95% CI [-20.98, -3.76], p = .003, r = .55), while 
the musicians and controls were not statistically significantly different, Mdif = -2.34, se = 
3.65, 95% CI = [-11.40, 6.71], p = .892, r = .12. 

Reading outcome measures. 
The means, SD’s and 95% CI for single real word reading and non-word decoding, 

and the measures for text reading rate, accuracy and comprehension are presented below in 
Table AP3.6. Testing the standard assumptions for these variables revealed that the 
distribution of the dyslexic group data was statistically non-normal for non-word decoding, 
W [16] = .88, p = .031, and the distribution of the control group was non-normal for text 
reading accuracy, W [15] = .87, p = .039. Levene’s test suggested that between-group 
variances differed sufficiently to violate the assumption of homogeneity on non-word 
decoding (F[2,41] = 5.57, p = .007), text reading rate (F[2,41] = 17.03, p < .001)  and 
comprehension (F[2,41] = 18.92, p < .001).  

The ANCOVAs indicated a statistically significant relationship between FSIQ and 
all the reading outcome measures (FSIQ/single real word reading, F[1,44] = 10.81, p = 
.002, r = .45; FSIQ/non-word decoding, F[1,44] = 14.31, p < .001, r = .50; FSIQ/text 
reading rate, F[1,44] = 18.72, p < .001, r = .55; FSIQ/text comprehension, F[1,44] = 5.82, 
p = .02, r = .34) except text reading accuracy which only approached statistical 
significance (FSIQ/text accuracy, F[1,44] = 3.89, p = .055, r = .29). No significant 
interaction effects between covariate and group were indicated for any of the reading 
outcome measures. 

The ANCOVA results for single real word reading revealed a statistically 
significant effect for group (F[2,44] = 30.82, p < .001, partial η2  = .58) with post hoc 
Sidek comparisons showing that the dyslexic group on average read fewer words 
successfully per minute than the other two groups (dyslexic/music; Mdif = -35.24, se = 
5.31, 95% CI [-48.42, -22.07] p <.001, r = .77, dyslexic/control; Mdif = -36.24, se = 5.45, 
95% CI [-49.76, -22.72], p < .001, r = .78) but no difference between the musicians and 
controls (Mdif = -1.00, se = 5.73, 95% CI = [-15.22, 13.22], p = .997, r = .03). 
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Table AP3.6 
General Descriptive Statistics’ for the Reading Outcome Variables 

Groups Music 
n = 17 

Dyslexic 
n = 16 

Control 
n = 15 

 Mean 
(SD) 95% CI Mean 

(SD) 95% CI Mean 
(SD) 95% CI 

Single real 
word* 

144.62 
(13.99) [137.02, 152.21] 109.37 

(17.17) [101.89, 116.86] 145.62 
(18.01) [137.54, 153.69] 

Single non-
word* 

87.99 
(14.37) [79.93, 96.05] 51.02 

(15.91) [43.07, 58.97] 98.03 
(22.99) [89.46, 106.60] 

Text rate* 60.74 
(5.73) [57.05, 64.42] 82.07 

(11.57) [78.43, 85.70] 58.42 
(7.21) [54.50, 62.34] 

Text accuracy 31.18 
(12.08) [24.96, 37.39] 72.13 

(20.49) [61.20, 83.05] 38.00 
(12.01) [31.35, 44.65] 

Text 
comprehension* 

55.27 
(5.67) [51.03, 59.53] 53.17 

(10.64) [48.98, 57.37] 53.83 
(9.38) [49.31, 58.35] 

* Adjusted means and 95% CI’s (FSIQ = 115.27 as covariate), Single real word & Single non-word 
= words read correctly per minute; Text rate, accuracy and comprehension = adapted scoring of 
the GORT-4 subscales (refer above). 

The ANCOVA results for non-word reading showed a statistically significant effect 
for group (F[2,44] = 38.73, p < .001, partial η2  = .64) with post hoc Sidek comparisons 
showing that dyslexic group on average read fewer non-words successfully per minute 
than the other two groups (dyslexic/music; Mdif = -36.97, se = 5.64, 95% CI [-50.96, -
22.98] p <.001, r = .77, dyslexic/control; Mdif = -47.01, se = 5.78, 95% CI [-61.36, -32.66], 
p < .001, r = .83) but no statistically significant difference between the musicians and 
controls (Mdif = -10.41, se = 6.08, 95% CI = [-25.13, 5.05], p = .285, r = -.29). A Kruskal-
Wallis test confirmed a statistically significant group difference H(2) = 28.51, p < .001, 
with Wilcoxon rank-sum tests mirroring the overall pattern of the ANCOVA (music[Mdn 
= 87.00]/dyslexic[Mdn = 50.00]/, Ws = 139.50, z = 4.77, p < .001, r = .83; control[Mdn = 
89.00]/dyslexic, Ws = 130.00, z = 4.41, p < .001, r = .79; music/control, Ws = 245.00, z = -
0.09, p = .933116, r = -.02).  

The ANCOVA results for text reading rate revealed a statistically significant effect 
for group (F[2,44] = 51.95, p < .001, partial η2  = .70) with post hoc Sidek comparisons 
showing that the dyslexic group had longer estimated total passage reading times than the 
other two groups (dyslexic/music; Mdif = 21.33, se =2.58, 95% CI [14.94.42, 27.73] p 
<.001, r = .83, dyslexic/control; Mdif = 23.65, se = 2.64, 95% CI [17.09, 30.21], p < .001, r 
= .86) but no statistical difference between the musicians and controls (Mdif = 2.32, se = 
2.78, 95% CI [-4.58, 9.22], p = .794, r = .15). Once again, A Kruskal-Wallis test confirmed 
an overall group difference H(2) = 27.39, p < .001, with Wilcoxon rank-sum tests 
mirroring the overall pattern of the ANCOVA (music[Mdn = 58.00]/dyslexic[Mdn = 
82.59]/, Ws = 160.00, z = -4.65, p < .001, r = -.81; control[Mdn = 59.20]/dyslexic, Ws = 
                                                 
116 Exact statistic, two-tailed. 
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132.00, z = -4.27, p < .001, r = -.77; music/control, Ws = 255.00, z = -0.96, p = .350, r = -
.17).  

A Kruskal-Wallis test for text reading accuracy indicated a statistically significant 
group difference existed H(2) = 24.69, p < .001, with Wilcoxon rank-sum tests revealing 
that the dyslexic group made more errors while reading text than the other two groups 
(music[Mdn = 30.00]/dyslexic[Mdn = 76.50]/, Ws = 167.50, z = -4.38, p < .001, r = -.76; 
control[Mdn = 
36.00]/dyslexic, Ws = 239.50, z = -3.94, p < .001, r = -.71), but no differences between the 
musician and controls, Ws = 245.00, z = -1.55, p = .125, r = -.27.  

Finally for text reading comprehension, the ANOVA results revealed no 
statistically significant effect for group (F[2,44] = 0.26, p = .776, partial η2  = .01) 
indicating that the dyslexics  were just as effective at extracting meaning from their 
passage reading as the other two groups. The non-parametric Kruskal-Wallis test 
confirmed this result, H(2) = 1.61, p = .448.  

Rhythmic-motor measures. 
The means, standard errors and 95% CI for the rhythmic-motor measures are 

presented in Table AP3.7. Testing the standard assumptions in group data for these 
variables suggested that distribution of the control and dyslexic groups were statistically 
non-normal for period matching (control; W [15] = .84, p = .012, dyslexic; W [16] = .87, p 
= .024). Levene’s test (based on medians for period matching and means for phase 
matching) suggested that between-group variances differed sufficiently to violate the 
assumption of homogeneity on both aspects of tapping synchronization (period matching, 
F(2,45) = 3.38, p = .043 and phase matching, F(2,41) = 3.46, p = .04).  

 
Table AP3.7 
General Descriptive Statistics for the Reading Outcome Variables  

Groups Music 
n = 17 

Dyslexic 
n = 16 

Control 
n = 15 

 Mean 
(SD) 95% CI  Mean 

(SD) 95% CI  Mean 
(SD) 95% CI  

Period 
matching 

.978 
(.009) [.974, .984] .946 

(.035) [.928, .965] .933 
(.044) [.908, .957] 

Phase shift* 4.51 
(5.16) [-0.25, 9.26] 12.87 

(12.22) [8.18, 17.56] 11.08 
(10.95) [6.02, 16.14] 

* Adjusted means and 95% CI’s reported for the effect of FSIQ (at 115.27) as covariate. 
 

The ANCOVAs indicated a statistically significant relationship between FSIQ and 
phase matching (F[1,44] = 6.23, p = .016, r = .35), but not period matching (F[1,44] = 
1.11, p = .299, r = .16). A Kruskal-Wallis test for period matching indicated a statistically 
significant group difference existed H(2) = 19.92, p < .001, with Wilcoxon rank-sum tests 
revealing that the musician group more accurately matched the stimulus period than the 
other two groups (music[Mdn =.98]/dyslexic[Mdn =.958]/, Ws = 167.50, z = 3.55, p < 
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.001, r = .62; music/control[Mdn =.943], Ws = 239.50, z = 3.91, p < .001, r = .69), but no 
differences between the dyslexics and controls (Ws = 207.50, z = 1.29, p = .205, r = .22).  
The ANCOVA results for phase matching also rate revealed a statistically significant 
effect for group (F[2,44] = 3.36, p = .044, partial η2  = .13) with group comparisons 
indicating that the musicians tapped closer to the stimulus event on average compared to 
the dyslexic (Mdif = -8.40, se = 3.32, 95% CI [-16.61, -0.11] p = .046, r = -.45) but that 
were no better than the controls (Mdif = -6.57, se = 3.59, 95% CI [-15.48, 2.33], p = .205, r 
= -.32) who were no different from the dyslexics (Mdif = -1.79, se = 3.41, 95% CI [-10.25, 
6.68], p = .937, r = -.10). There was no FSIQ and group   interaction effect indicated in the 
ANCOVA.  

The non-parametric omnibus test also indicated a statistically significant difference 
between the groups, H(2) = 11.31, p = .003, but the group comparisons indicate a different 
pattern from those seen in the post hoc Sidek results reported above. In these group 
comparisons, the musicians were superior to both groups at phase matching (music[Mdn 
=2.69]/dyslexic[Mdn =13.96], Ws = 199.50, z = -3.06, p = .002, r = -.62; 
music/control[Mdn = 10.62], Ws = 214.50, z = -2.70, p = .006, r = -.47) while there was 
no difference between the control and dyslexic groups (Ws = 232.00, z = -0.61, p = .762, r 
= -.06). 
Within-groups Analyses 

 Correlations. 
 The within-group correlations (Kendal’s Tau) are presented in Tables AP2.8, AP2.9 
and AP2.10 . The Kendal’s Tau correlations reported above broadly replicate the pattern of 
associations that was presented in the main analysis and any differences can be attributed 
the greater power and tighter control of Type I error rates (i.e., for musician group, 
Percentage-Bend rcrit ~ |.38|, n = 20; Kendal’s –Tau  rcrit ~ |.29|, n = 17) of the modern 
robust tests.



 

 
 

Table AP3.8  
Kendals-Tau Correlations for the Musician Group (n = 17).  

 

Years 
spent 
train 

Age VIQ PIQ FSIQ RAN1 RAN2 PA 
Single word 

reading Text reading Period 
match 

Phase 
shift Real Pseudo Rate Accuracy Comp 

Age started 
training -.56** .23 -.03 .01 .02 .00 .03 .33* -.11 -.30 .09 -.12 -.06 .00 .00 

Years spent 
training 

 .24 .16 .02 .24 .24 .35* -.13 .39* .25 -.21 -.03 -.21 .23 -.15 

Age   .30 .18 .20 .20 .23 .41* .24 -.04 -.22 -.41* .19 .25 -.19 

VIQ    -.11 .35* .37* .21 .39* .48** .52** -.61† -.37* .04 -.01 -.25 

PIQ     .45** .05 -.04 -.02 -.04 .00 .02 .08 .06 .13 .34* 

FSIQ      .29 .28 .19 .39* .42** -.32** -.17 .13 .05 .11 

RAN1       .48** .04 .54** .34* -.41* .03 .02 -.18 -.04 

RAN2        .12 .62† .05 -.13* -.02 .32* .17 -.16 

PA         .29 .20 -.27 -.62† .35* .26 -.41** 
Single real word 
reading   

       
.41* -.36* -.23 .35* .12 -.19 

Single pseudo 
word reading   

        
-.66† -.30* .19 -.23 -.07 

Text reading rate            .28 -.17 .22 .09 
Text reading 
accuracy             -.28 .14 .35* 

Text reading 
comprehension              .23 .06 

Period matching               -.19 
* p < .05, ** p <.01, † p  < .001, one-tailed.  
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Table AP3.9 
 Kendals-Tau Correlations for the Dyslexic Group (n = 16).  

 

Years 
spentt
rain‡ 

Age VIQ PIQ FSIQ RAN1 RAN2 PA 
Single word 

reading Text reading Period 
match 

Phase 
shift Real Pseudo Rate Accuracy Comp 

Age started 
training‡ -.71** -.25 -.34 -.28 -.49* .16 .31 -.45* .11 -.51* .41 .25 -.02 .14 -.05 

Years spent 
training‡  .55* .37 .41 .57** .00 .00 .43* .22 .49* -.39 -.32 .05 .07 -.30 

Age   -.09 .21 .06 .10 -.04 -.03 .14 -.20 -.19 -.19 .02 -.11 .01 

VIQ    .35* .64** .33 .28 .20 .14 .77† -.50** -.35* .06 .02 -.35* 

PIQ     .69† .20 .13 .18 .46** .22 -.45* -.34* -.10 .41* -.30 

FSIQ      .23 .16 .32* .30 .50** -.52** -.35* .04 .19 -.30 

RAN1       .69† .14 .29 .13 -.28 -.12 .28 .21 -.47** 

RAN2        -.03 .22 .22 -.10 -.13 .15 .26 -.48** 

PA         -.01 .14 -.12 -.14 .10 .32* -.24 
Single real 
word reading          .02 -.46** -.43* .15 .17 -.14 

Single.pseudo 
word reading           -.35* -.24 -.07 .01 -.18 

Text reading 
rate            .60† -.06 .05 .15 

Text reading 
accuracy             .00 -.01 .15 

Text reading 
comprehension              -.15 -.16 

Period 
matching               -.43* 

* p < .05, ** p <.01, † p  < .001, ‡ based on a n = 10, being those dyslexics retained in the analysis with musical arts training, one-tailed. 305 



 

 
 

Table AP3.10 
Kendals-Tau Correlations for the Control Group (n = 15).  

 
VIQ PIQ FSIQ RAN1 RAN2 PA 

Single word 
reading Text reading Period 

match 
Phase 
shift Real Pseudo Rate Accuracy Comp 

Age -.36* -.12 -.28* -.06 -.04 -.31 .06 -.02 -.11 -.03 -.25 .11 .04 

VIQ  .17 .57** .29 -.03 .20 .06 .25 -.15 .11 .44* .05 -.14 

PIQ   .65† .44* .21 .60** .44* .28 -.41* -.29 .44* .18 -.40* 

FSIQ    .49** .10 .41* .31 .37* -.38* -.11 .57** .13 -.27 

RAN1     .41* .36* .48** .54** -.61† -.34* .39* .22 -.15 

RAN2      .23 .58** .52** -.45* -.50** .20 -.10 .02 

PA       .18 .10 -.27 -.26 .41* .03 -.08 
Single real 
word reading        .66† -.63† -.27 .35* .17 -.38* 

Single pseudo 
word reading         -.73† -.35* .29 .31 -.34* 

Text reading 
rate          .40* -.26 .09 .27 

Text reading 
accuracy           .09 .13 -.04 

Text reading 
comprehension            -.07 -.31 

Period 
matching             -.31 

 * p < .05, ** p <.01, † p  < .001, one-tailed.  
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A series of within-group regressions was conducted to directly assess the 
hypothesised relationship between the rhythmic-motor ability, IQ and literacy related sub-
skills. FSIQ and mean phase shift were entered stepwise as possible predictors for RAN1, 
RAN2 and PA in each group with the alpha level set to a more generous .10 because of the 
small group numbers.  

 
Table AP3.11 
 PA Regression Model for the Musician Group with FSIQ and Mean Phase Shift as Predictors 

Model 
(PA) 

Coefficients 
β se Standardised 

beta 
Significance 

(p) Adjusted R 

Constant 20.84        46.11  .658  
FSIQ 0.64 0.39 0.40 .117 .31 

Constant  101.57 2.67  <.001  
Mean phase 

shift  -1.47 0.47 -0.63 .006 .60 

Constant  13.53 32.70  .685  
FSIQ 0.74 0.27 0.46 .017  

Mean phase 
shift  -1.57 0.39 -0.67 .001 .74 

 
For the musician group (see Table AP3.11), FSIQ and mean phase shift when 

entered together were significant predictors for phonological awareness, contributing 
54.9% of the variance but individually only mean phase shift contributed significant 
variance to PA (contributing 39.5% of the variance). No other significant contributions in 
these areas were revealed for this group.   
 
Table AP3.12 
RAN1 and RAN2 Regression Models for the Dyslexic Group with Mean Phase Shift as the Sole 
Predictor  

Model 
(RAN 1) 

Coefficients 
β se Standardised 

beta 
Significance 

(p) Adjusted R 

Constant 95.06 2.66  <.001  
Mean phase 

shift -0.56 0.15 -.70 .002 .68 

Model 
(RAN 2) 

Coefficients 
β se Standardised 

beta 
Significance 

(p) Adjusted R 

Constant  100.41 2.96  <.001  
Mean phase 

shift -0.51 0.17 -.63 .009 .60 

 
 For the dyslexic group (see Table AP3.12), only mean phase shift 

demonstrated a statistically significant level of shared variance with any literacy related 
sub-skill, in this case both the rapid naming measures. For this group, mean phase shift 
contributed 45.7% of the variance to the rapid naming of letters and numbers and 35.5% of 
the variance to the rapid naming of objects and colours. Finally, for the control group (see 
Table AP3.13) the only statistically significant predictor relationships revealed in the 
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regressions was for FSIQ in the rapid naming of letters and numbers and in phonological 
awareness, where FSIQ contributed 35.8% of the variance to RAN1 and 19.3% to PA. 
 
Table AP3.13 
 RAN 1 and PA Regression Modes for the Control Group with FSIQ as the Sole Predictor  

Model 
(RAN1) 

Coefficients 
β se Standardised 

beta 
Significance 

(p) Adjusted R 

Constant 18.95 31.96  .563  
FSIQ  0.85 0.29 .64 .011 .60 
Model 
(PA) 

Coefficients 
β se Standardised 

beta 
Significance 

(p) Adjusted R 

Constant 55.00 19.39  .014  
FSIQ  0.36 0.18 .50 .057 .34 

 
Once again, these results are in broad agreement with the modern robust regression 

models testing in Chapter 7. The main difference was in the addition of a significant 
contribution for mean phase shift in the rapid naming of objects and colours in the dyslexic 
group.  

 
 

Study 3: Post Hoc Analysis of Musician vs. Nonmusician Dyslexic Individuals 

  

 As stated in Chapter 7, difficulties arose in the interpretation of the dyslexic group 
data due to the high numbers of musically trained participants in this group. However, this 
also provided an opportunity to conduct a preliminary exploration of the possible effects 
that a musical training background may have on reading related skills. This is presented in 
Table AP3.14. As has been indicted, the only variable on which these two groups 
statistically significantly differed (at α = .05), was on the PA alternative composite score of 
the CTOPP. However, it should be noted that FSIQ differences approached significance 
with the musicians on average better scoring than better the nonmusicians mirroring the 
trend for the normal reader sample. While the patterns here are interesting, the very low 
sample numbers along with the cross-sectional nature of the data means that any 
conclusions drawn from these results are tentative at best, and need to be corroborated by 
future testing.  
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Table AP3.14 
Untrimmed Means, Standard Errors, 10% trimmed 95, bootstrapped 95% CI and Percentile 
t-test Comparisons between the highly musically trained and untrained dyslexic readers 
from Study 3 
Group Nonmusican  Musician  Group Comparisons 

N = 12 Mean#1 

 (se)#2 
95% CI 
 [low, up]#3 

Mean  
(se) 

95% CI 
 [low, up] #3 

Bootstrap 
 t-statisic#12 

P 
value#12 

Age (mths) 346.3 
(73.43) 

[226.00, 473.67] 271.67 
(16.73) 

[220.25, 323.08] 0.98 0.34 

VIQ† 13.50 
(0.56) 

[11.85, 15.15] 14.17 
(0.47) 

[12.74, 15.59] 0.82 0.42 

PIQ† 11.8 
(0.48) 

[10.16, 13.50] 13.33 
(0.88) 

[10.56, 16.11] 2.23 0.17 

FSIQ†† 112.17 
(3.07) 

[102.97, 121.36] 121.17 
(3.03) 

[109.26, 133.07] 4.35 0.09 

PA†† 77.50 
(4.94) 

[59.07, 95.93] 96.50 
(2.94)  

[88.34, 104.66] 10.90 0.03* 

RAN1†† 88.00 
(4.51) 

[75.75, 100.25] 90.50 
(1.80) 

[84.69, 96.32] 0.26 0.61 

RAN2†† 94.00 
(2.79) 

[85.62, 102.37] 91.50 
(5.97) 

[64.01, 118.99] 0.14 0.70 

Sight wordα 115.27 
(7.81) 

[62.90, 167.63] 107.50 
(7.50) 

[85.60, 129.40] 0.51 0.49 

Nonwordα 
 

50.83 
(6.78) 

[32.39, 69.28] 57.33 
(5.70) 

[41.30, 73.37] 0.54 0.47 

Text accuracyα 69.33 
(4.45) 

[51.29, 87.39] 61.17 
(11.44) 

[29.07, 93.27] 0.44 0.52 

Text rate (sec) 827.95 
(46.60) 

[662.80, 993.10] 775.16 
(54.94) 

[612.77, 937.56] 0.53 0.48 

Comprehension 
(errors) 

48.67 
(6.41) 

[30.24, 67.09] 57.33 
(1.90) 

[52.31, 62.35] 1.68 0.23 

Period 
matching ( ) 

0.95 
(0.01) 

[0.93,  0.98] 0.96 
(0.01) 

[0.90, 1.01] 0.14 0.69 

Phase shift 
(degrees) 

13.94 
(2.87) 

[7.27, 20.62] 6.15 
(4.50) 

[-10.08, 22.39] .2.12 0.17 

ITI (sec) 749.70 
(0.14) 

[749.3, 750.07] 753.53 
(2.26) 

[743.31, 763.76] 2.85 0.34 

ITI SD (sec) 26.34 
(2.42) 

[19.82, 32.86] 45.63 
(9.64) 

[15.11, 76.15] 3.76 0.15 

† = Scaled scores, †† = standard scores, α = adapted score, * = statically significant, R function #12 = t1waybt 
(x, tr = .1, grp =NA, nboot = 599). 
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Appendix 4: Statistical Functions/Codes 
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Acknowledgment for Source Codes Used in this Thesis 

 
As stated in Chapter 4, the preference given to modern robust statistical procedures in the 
main body of this thesis meant that much of the analysis was conducted using preexisting 
code from open source libraries. Following are acknowledgements to the authors of these 
codes and brief descriptions of some of the procedures they relate to: 
 
Matlab™ 

Circular data transformation and statistical calculations. 
Philipp Berens and Marc J. Velasco, originally obtained from: 

www.kyb.mpg.de/~berens/circStat.html now published (in updated form) in  
Berens, P. (2009). CircStat: A Matlab toolbox for circular statistics. Journal of Statistical 
Software, 31. Retrieved from http://www.jstatsoft.org/v31/i10 
 
The following functions were used on data in this thesis: 
circ_r     Resultant vector length 
circ_mean    Mean direction of a sample of circular data 
circ_median   Median direction of a sample of circular data 
circ_std     Dispersion around the mean direction (std, mardia) 
circ_var     Circular variance 
circ_stats    Summary statistics 
circ_rtest    Rayleigh's test for nonuniformity 
circ_otest   Hodges-Ajne test (omnibus test) for nonuniformity 
circ_plot    Visualization for circular data 
rad2ang    Convert radian to angular values 
ang2rad    Convert angular to radian values 
 
R statistical Programming Environment 

 Modern robust procedures.  
Most of the robust data analysis was conducted in R, an open source programming 

language and software environment for statistical computing and graphics, downloadable 
(for free) from http://www.r-project.org/ Code used in the data analysis was sourced from 
An Introduction to Robust Estimation and Hypothesis Testing. (2nd ed.) Wilcox (2005) and 
the version 12 code update. At the time of writing this appendix, the code has been updated 
again to version 18 in preparation for the 3rd edition and is available from 
http://dornsife.usc.edu/assets/sites/239/docs/Rallfun-v18 The individual functions used in 
this thesis were serialised in the main text body and if a non default parameter was used this 
was explicitly noted in text in parenthesis i.e., trimpb2 ( ..., WIN = T,....). Following are the 
R functions used in the main analyses along with a brief description of the procedure and a 
reference to the relevant section of text outlining that procedure: 

 
R function # 1 = lloc: obtains the trimmed means for a list of variables, trimming defaults 
to 20%, but can be adjusted. See Wilcox (2005), pp. 56-59. 
R function #2 = trimse: calculates the standard error of a trimmed mean. See Wilcox 
(2005), pp. 59-64. 
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R function #3 = trimpb: calculates the 1-alpha bootstrapped confidence intervals for a 
trimmed mean. Defaults to 20% trim, .05 alpha and 2000 resamples of the original data. 
See Wilcox (2005), pp. 121-127. 
R function #4 = pball: Computes the percentage bend correlation matrix and zero order 
significance for all pairs of data in matrix m. See Wilcox (2005), Chapter 6 and pp. 395-
396. 
R function #5 = lsfitci: Computes confidence intervals for the slope parameters of a linear 
regression equation using the least squares estimator. For predictor > 1, a standard 
percentile bootstrap method is used with the probability of at least one type I error 
controlled via the Bonferroni inequality. See Wilcox (2005) pp. 418-423 
R function #6 = tsreg: Computes Theil-Sen regression estimator using a Gauss-Seidel 
algorithm when there is more than one predictor. See Wilcox (2005) pp. 423-427. 
R function #7 = regci: Computes a .95 confidence interval for each of the parameters of a 
linear regression equation. The default regression method is the Theil-Sen estimator. See 
Wilcox (2005) pp. 474-477. 
R function #8 = trimpb2: Computes 1-alpha confidence interval for the difference between 
two 20% trimmed means. Independent groups are assumed. See #3 above, Updated code 
from v12/18.   
R function: #9 = mcppb20: Computes 1-alpha confidence interval for a set of linear 
contrasts involving trimmed means using the percentile bootstrap method. Independent 
groups are assumed. See Wilcox (2005) pp. 301-302 
R function:  #10= bootdpci: Uses a percentile bootstrap method to compute a .95 
confidence interval for the difference between a measure of location or scale when 
comparing two dependent groups. See Wilcox (2005) pp. 194-195 
R function #11 = ancmg1: A robust ANCOVA for two or more groups based on trimmed 
means or medians. A single covariate is assumed. See Wilcox (2005) pp. 226-234, 
Updated code from v12/18. 
R function #12 = t1waybt: Tests the hypothesis of equal trimmed means using a percentile t 
bootstrap method. Independent groups assumed. See Wilcox (2005) pp. 271-275. 
  
Effect size calculations 

Finally, In addition to this above code, robust effect sizes (Cohens d) were 
calculated using the Windows™ executable code available at: 
http://plaza.ufl.edu/algina/index.programs.html for correlated (repeated measures) and 
independent groups and described in Algina, Keselman and Penfield (2005a, 2005b). 
Additionally, the calculation of the Probability of Superiority statistic was obtained from 
the conversion table supplied in Grissom (1994).  
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