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CHAPTER.1.
 

 

. .

General.Introduction.
  

 

 

1.1.Developmental.Dyslexia.

While researchers might be searching for behavioral, cognitive and biological traces 
of dyslexia, by far the deepest imprint dyslexia leaves is on the lives of the people 
who suffer from it. Many dyslexics experience their diagnosis as a stigma. Their 
personal stories are oftentimes those of overcoming the fear, the shame and the 
embarrassment that their disorder weighs upon them. The discomfort usually begins 
in the classroom, but stretches far beyond the school environment, as the skill of 
reading is the primary way to access information and is essential for full-fledged 
functioning in modern society.   

Written language as opposed to spoken language is a learned skill rather than an 
innate predisposition and is much more complex than we might ordinarily suspect. 
In spite of the cognitive complexity of the process of the reading skills acquisition, 
most people seem to go through the stages of literacy development in their native 
language, from the emerging pre-reader to the expert reader, quite smoothly. 
However, for some people reaching fluent and automatic reading is to a great degree 
more effortful and sometimes unattainable despite generally normal intelligence and 
adequate learning opportunities. These individuals are often diagnosed with 
developmental dyslexia (Snowling, 2000).  

The prevalence of dyslexia in the general population according to different studies 
amounts to 3-15% and may depend on such factors as the language orthography or 
the diagnostic criteria. The prevalence of the disorder in the Netherlands is quite 
high. According to Statistics Netherlands (Centraal Bureau voor de Statistiek; CBS) 
in the last decade it has increased in children aged 4-12 years from 3.9% to 5% and 
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in children of 11 years of age from 7.2 to 12%, with boys being diagnosed more 
often than girls (2013).  

In part the above-mentioned increase is explained not by the inflated incidence of 
the disorder, but by the inconsistent diagnostic criteria (de Bree & Henneman, to 
appear). In fact, the Diagnostic and Statistical Manual of Mental Disorders (DSM-
IV-TR) does not have a clear entry for dyslexia. Instead it uses the term reading 
disorder (American Psychiatric Association, 2000), which is identified according to 
the following criteria:  

“A. Reading achievement, as measured by individually administered standardized 
tests of reading accuracy or comprehension, is substantially below than that 
expected given the person's chronological age, measured intelligence, and age-
appropriate education.  

B. The disturbance in criterion A significantly interferes with academic achievement 
or activities of daily living that require reading skills.  

C. If a sensory deficit is present, the reading difficulties are in excess of those 
usually associated with it.”  

This definition focuses on reading difficulties as the main symptom and is partially 
discrepancy-based and partially formulated by exclusion. Firstly, the diagnosis is 
derived from a mismatch between the perceived potential to achieve the normal 
level of reading, as indicated by general ability usually measured by an IQ 
assessment, and the actual level of reading performance as measured by 
standardized tests. Secondly, it identifies a person as having dyslexia if there is no 
other reason known that can account for the lower reading achievement, such as 
obvious sensory deficits. Importantly, this definition does not provide any inclusion 
criteria, i.e. factors, which the existing symptoms can actually be attributed to. 

Three decades of intensive research into dyslexia have been devoted to searching for 
such inclusion factors, firstly by trying to identify a cluster of other symptoms 
associated with reading difficulties and secondly by identifying a common 
explanation for those symptoms on the cognitive, neurological and genetic levels. 
The next two sections of this chapter will, therefore, also be devoted to the 
description of known research into the symptoms related to dyslexia and to the 
major theories accounting for them. 

 

1.2.Symptoms.of.Dyslexia.

Difficulties with reading are undoubtedly the distinctive feature of developmental 
dyslexia. However, problems associated with this developmental disorder stretch 
beyond reading and further into the written and oral language, visual, auditory, 
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motor and other domains. For example, difficulties with other expressions of written 
language such as spelling and writing are associated with dyslexia.  According to 
DSM-IV the reading disorder is distinguished from the disorder of written 
expression. However, it is recognized that there is a high co-morbidity between the 
two. A range of symptoms associated with the oral language abilities has also been 
found in both children and adults with dyslexia, including impairments of 
phonological nature reflected in phonological awareness, lexical retrieval, and 
verbal short-term memory (for a review, see Vellutino, Fletcher, Snowling, & 
Scanlon, 2004)). Children diagnosed with dyslexia at school and children with a 
familial risk of dyslexia, i.e. those with at least one dyslexic parent, have been 
reported to exhibit delays not only in phonological, but also in grammatical 
development already from the early stages of language acquisition (Catts, Fey, 
Zhang, & Tomblin, 1999; Scarborough, 1990, 1991).   

Moreover, a subgroup of dyslexics has been reported to have impairments in visual 
processing (Lovegrove, Garzia, & Nicholson, 1990; Stein, 1989) and contrast 
sensitivity (Habib, 2000), in auditory processing (Hari & Kiesilä, 1996; Heiervang, 
Stevenson, & Hugdahl, 2002), in information processing speed (Denckla & Rudel, 
1976; Wolf, 1991) in automatization of skills, in temporal processing, and in motor 
control (Fawcett & Nicolson, 1995). Also, the following deficits pertaining to 
executive function were documented to be present in a subgroup of people with 
developmental dyslexia: verbal and figural fluency deficit (Reiter, Tucha, & Lange, 
2005), response inhibition difficulties (Kelly, Best, & Kirk, 1989; Reiter et al., 
2005) and poor performance on the Wisconsin Card Sorting Test (WCST) 
(Asbjørnsen & Helland, 2000).  

With such a large plurality of symptoms it is often the case that the borders between 
different developmental disorders are quite blurred and it becomes challenging to 
distinguish disorders associated with reading difficulties from impairments in other 
domains in the same individuals. Dyslexia is found to be frequently co-morbid with 
such developmental disorders as specific language impairment (SLI) (Bishop & 
Snowling, 2004; McArthur, Hogben, Edwards, Heath, & Mengler, 2000; Ramus, 
Marshall, Rosen, & van der Lely, 2013), attention deficit hyperactivity disorder 
(ADHD) (Kadesjö & Gillberg, 2001), obsessive compulsive disorder (OCD), 
developmental coordination disorder (DCD) and verbal dyspraxia (Pauc, 2005). 
McArthur et al. (2000) found that 55% of children with a specific reading disability 
participating in their study had impaired oral language, and 51% of children with an 
SLI had a reading disability. Kadesjö and Gillberg (2001) report a co-occurrence 
rate as high as 40% between ADHD and the reading and writing disability. 
According to Pauc (2005) dyslexia is co-morbid with OCD 17% of the time and 
with dyspraxic disorders (DCD and verbal dyspraxia combined) 85%. 
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Since the simultaneous presence of dyslexia and developmental coordination 
disorder affecting planning of movements and motor coordination is so prominently 
high, in this section of the chapter we will concentrate our attention on the motor 
problems that dyslexics so often exhibit. Narrowing down the focus of our 
consideration to the motor domain already here will also delineate the scope of 
interest and the structure of the further chapters in this dissertation. There is a 
number of studies consistently reporting impoverished gross motor skills such as 
balance and gait (Moe-Nilssen, Helbostad, Talcott, & Toennessen, 2003; Stoodley, 
Fawcett, Nicolson, & Stein, 2005) as well as poor fine motor skills like toe tapping, 
heel-toe placement or successive opposition of fingers and thumbs (Denckla, 1985; 
Rudel, 1985) in dyslexic individuals.  

Many researchers have found difficulties with motor control to occur in the early 
stages of life in dyslexic individuals. For instance, in her study with 10-year-old 
dyslexics Haslum (1989) reports one-leg balance, walking backwards in a straight 
line, match-sorting speed, recognizing the shape traced on the skin when blindfolded 
(graphaesthetic performance), the ability to throw a ball up, clap, and catch it again 
to be statistically highly associated with dyslexia. In a study by Fawcett and 
Nicolson (1999) postural stability was found to be affected in dyslexic children of 8-
16 years of age. Similar results exploring balancing in dyslexic children with a 
different method were reported by Stoodley et al. (2005). Moe-Nilssen et al. (2003) 
investigated gait in addition to balance and found dyslexic children aged 10-12 years 
to show a significant deficit in both. For a certain time the general take on this sort 
of motor difficulties in dyslexics was that of a maturation delay, which is typically 
resolved by puberty (Denckla, 1985). However, in their study, Fawcett and Nicolson 
(1995) provided evidence that the motor skill problems observed in dyslexic 
children persist into late adolescence. Moreover, similar findings were reported also 
for adults in Needle, Fawcett, and Nicolson (2006).  

Apart from the more obvious problems with balance and gait, dyslexics have been 
found to be slower and less coordinated on such speeded motor tasks as bead 
threading, peg-moving tasks, and rapid pointing. Dyslexic children showed a 
significantly slower performance on the bead threading task where they were asked 
to thread 15 beads with their dominant hand, as reported in Fawcett and Nicolson 
(1995). Stoodley and Stein (2006) report that dyslexic adults showed slower 
performance than their age- and IQ-matched peers on the peg-moving task where 
they were asked to move pegs on a board with two parallel slats of 10 holes from the 
front row to the back row. Dyslexic adults were found to be slower also on a 
speeded pointing task in a study by Velay, Daffaure, Giraud, and Habib (2002).  

Motor problems found in dyslexics extend also to the oculomotor domain in both 
tasks related and not related to reading (Bucci, Bremond-Gignac, & Kapoula, 2008; 
Eden, Stein, Wood, & Wood, 1994; Fischer & Hartnegg, 2000; Stein & Fowler, 
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1993). It has been shown for English-speaking dyslexics that they make a greater 
number of fixations and regressions while reading, with fixations being longer than 
those of good readers (for review, see Rayner, 1998). People with dyslexia show a 
deviant saccadic pattern in reading, with the number and the amplitude of saccades 
in long words differing from those of good readers. As the word length increases, 
dyslexics tend to produce a greater number of short saccades, while in good readers 
a smaller number and larger saccades are observed. This behavior is associated with 
a slow piece-by-piece processing of words instead a more rapid global strategy (De 
Luca, Borrelli, Judica, Spinelli, & Zoccolotti, 2002). Apart from the saccadic 
patterns, also abnormal control of saccadic eye movements has been shown to be 
associated with dyslexia in several studies (Biscaldi, Gezeck, & Stuhr, 1998; Bucci 
et al., 2008).  

In conclusion, motor problems observed in dyslexia can be more obvious, such as 
those with balance and gait, or more subtle, such as eye movement control. While 
studies into the prevalence of oculomotor problems in dyslexics are lacking, it has 
been well-established that the gross and fine motor problems are most consistently 
associated with reading difficulties from the whole variety of symptoms exhibited 
by people diagnosed with dyslexia. Of interest to us is the question whether the 
reading and the motor difficulties in dyslexia are seen as simply co-morbid or are 
considered to be consequences of a single underlying deficit. In the following 
section of this chapter we will consider the major theories of dyslexia and will learn 
if they suggest a plausible link between impairments in the language and in the 
motor domains in developmental dyslexia. 

 

1.3.Theories.of.Dyslexia..

Over the years a number of theories have been proposed to explain the symptoms 
specific to dyslexia. Some theories evolved into larger ones, others eventually fell 
out of favor giving way to new hypotheses. The underlying cause of dyslexia has 
been investigated on different levels, i.e. on the cognitive level and on the biological 
one, including genetics and neuroanatomy. The genetic basis might have a specific 
influence on neuroanatomical structures. Those neuroanatomical substrates might in 
their turn be responsible for certain cognitive (dys)functions that as a result of 
anatomical deviations might also significantly diverge from the norm. Finally, the 
cognitive deficits surface into observable behavior, or symptoms that people with 
dyslexia expose.  

The overview of the theories described in this section of the chapter is not 
exhaustive. For the purpose of structural and contextual clarity, from the large array 
of theories of dyslexia that have been proposed over time we will only discuss the 
historically most prominent ones and those relevant to the present study. The 
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overview is divided into two parts describing the cognitive level theories and the 
biological level theories, the latter including primarily neurobiological hypotheses 
and only touching upon genetics. In case a hypothesis has evolved to encompass 
both of the levels, it will be broken down into a cognitive and a neurobiological 
layer, with each layer considered in a corresponding part of the chapter. In 
discussing the theories we will assess them as to their explanatory power, i.e. how 
much of the behavior of people with dyslexia they explain, concentrating our 
attention on the language and motor symptoms. 

 

1.3.1.Cognitive.Theories..

On the cognitive level the phonological deficit hypothesis used to be one of most 
influential accounts of dyslexia for some time (Snowling, 1998; Swan & Goswami, 
1997). People with dyslexia have been shown to perform poorly on tasks that 
involve segmentation and manipulation of speech sounds and that, therefore, require 
phonological awareness, the ability to isolate phonemes within words. Moreover, 
they have been found to have difficulties with lexical retrieval (Swan & Goswami, 
1997) and verbal short-term memory (Mann & Liberman, 1984). All of the three 
issues are considered to be of a phonological nature and according to the theory they 
are a reflection of a deficient access, retrieval or quality of phonological 
representations. This deficiency might confuse the learning of grapheme-phoneme 
relations, i.e. the associations between letters and speech sounds, and therefore 
affect reading. While it is still debated whether these three components are 
independent from each other or are symptoms of the same underlying phonological 
deficit (Wolf & Bowers, 1999) and whether they are the cause or the effect of the 
underspecified phonological representations (Castles & Coltheart, 2004), deficits 
associated with them nonetheless remain to be the most consistently observed ones 
in individuals with dyslexia. For instance, Ramus reports the phonological deficit to 
be present in 100% of adults with dyslexia (Ramus, Rosen, et al., 2003) and in 
almost 80% of children with dyslexia participating in his studies (Ramus, Pidgeon, 
& Frith, 2003). It has, therefore, unequivocally been agreed on that the phonological 
deficit is the core deficit of dyslexia. The theory itself, however, does not explain 
other deficits that dyslexics expose in the language domain or the deficits associated 
with the motor functions.  

While problems with oral language remain largely ignored by advocates of the 
phonological theory, their stance on motor deficits observed in dyslexics is clearer. 
According the model proposed by Ramus (2004) the sensorimotor problems 
observed in dyslexia are not specific to this disorder, but are rather co-occuring 
symptoms that are also seen in many other developmental disorders, such as SLI and 
ADD/ ADHD. Ramus proposes that in all of the mentioned developmental disorders 
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the optional sensorimotor syndrome is dependent on additional hormonal conditions 
and is not related to the cognitive deficits causing the phonological and the reading 
problems in dyslexia. Ramus bases his conclusions on his own findings that showed 
motor problems to occur in 60% of children with dyslexia and in only 25% of adults 
with dyslexia in his studies, with the latter participants not differing from controls on 
any of the motor tasks administered (Ramus, Pidgeon, et al., 2003; Ramus, Rosen, et 
al., 2003). However, there have been studies using other, more sensitive, methods to 
measure dyslexics’ motor abilities that report a higher incidence of this kind of 
deficit and do propose a link between the reading and the motor skills.  

The null result on the balancing tasks reported in Ramus’ adult study was discussed 
in terms of its procedure in Needle et al. (2006). The author notes that the balancing 
abilities in three out of the four conditions tested by Ramus were measured in a 
position with feet side-by-side rather than one in front of the other. Maintaining 
balance in this position is easier as it is sensitive only to front-to-back sway and less 
so to side-to-side sway. The null result could, therefore, be explained by 
participants’ reaching the ceiling effect. The balancing paradigm by Fawcett and 
Nicolson (Fawcett & Nicolson, 1999; Fawcett, Nicolson, & Dean, 1996), also 
employed in Needle et al. (2006), included heel-to-toe standing stability task with 
and without a secondary cognitive task. These versions of the task were able to 
detect balance impairments in up to 80% of participants with dyslexia.  

These findings were taken as evidence for a shared underlying cause for the motor 
and the reading problems by Nicolson and Fawcett (1990), who consequently 
proposed the automatization deficit hypothesis. In this view the language and the 
motor difficulties dyslexics experience are due to the failure in skill automatization, 
a process that through long practice ensures that skills become fluent to the degree 
that they no longer require conscious control. The difficulty to automatize would, 
therefore, affect many of the highly-practiced skills, ranging from speech and 
arithmetic to motor coordination and learning of grapheme-phoneme 
correspondences, resulting into the known problems with reading. The authors state 
that in its initial form the theory doesn’t have a clear link to the phonological deficit 
and should, therefore, be extended. The theory first was broadened to the 
neurological level that suggested a plausible link to phonology and received the 
name of the cerebellar deficit hypothesis, which will be briefly discussed under the 
biological level hypotheses.  

Eventually the authors of the automatization/cerebellar deficit hypothesis extended 
the theory to a deficit in a more general mechanism of procedural learning, also 
known in the literature as implicit learning (Nicolson & Fawcett, 2007; Ullman & 
Pierpont, 2005). The terms implicit learning and procedural learning are parts of 
two historically different, but essentially similar, dichotomies of declarative and 
procedural memory/learning (Cohen & Squire, 1980; Winograd, 1975) and of 
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explicit and implicit memory/learning (Graf & Schacter, 1985; A. S. Reber, 1992). 
The distinction of procedural and declarative systems opposes knowing that 
(conscious recollection about facts) to knowing how (non-conscious learning 
capacities). Since later Squire and Zola (1996) referred to procedural learning as 
non-conscious and to declarative learning as conscious, the terms implicit and 
procedural as well as explicit and declarative have become to be used 
interchangeably in most of the literature nowadays. However, in principle, learning 
of procedures can proceed with awareness and can, therefore, be explicit. In this 
book we will use the terms explicit and implicit learning, meaning procedural 
learning with and without awareness respectively. The term procedural learning will 
only be used in the description of the literature where this exact term was employed, 
as, for instance, in the case of the version of the procedural deficit hypothesis by 
Nicolson and Fawcett (2007) that we proceed to discuss here.  

Following  Ullman and Pierpont (2005) who started operating with the categories of 
the procedural and the declarative systems in relation to language and language 
disorders such as SLI, Nicolson and Fawcett applied the idea, among other 
developmental disorders, also to dyslexia. According to Ullman and Pierpont (2005) 
the declarative memory system underlies the mental lexicon, while the procedural 
system forms basis for the mental grammar. The mental lexicon entails the 
acquisition, representation and use of words, and the mental grammar implies the 
learning of new rule-based procedures that support the acquisition of language 
regularities as well as the learning of and the control over sensorimotor and 
cognitive skills. The procedural deficit hypothesis posits that while the declarative 
system remains intact, it is an impairment in the procedural system that results in 
deficient linguistic and motor functions in dyslexia. Since the brain substrates 
underlying the procedural system have been widely studied, the theory also has a 
neurobiological level of explanation that will be considered in the next section of 
this chapter. 

Implicit learning in the motor and in the language domain in people with dyslexia 
has been investigated in a number of studies, which, however, have yielded 
contradictory results, with some studies reporting evidence for an implicit learning 
deficit (Howard Jr, Howard, Japikse, & Eden, 2006; Jimenez-Fernandez, Vaquero, 
Jimenez, & Defior, 2011; Menghini, Hagberg, Caltagirone, Petrosini, & Vicari, 
2006; Pavlidou, Kelly, & Williams, 2010; Pavlidou, Williams, & Kelly, 2009; 
Stoodley, Harrison, & Stein, 2006; Vicari et al., 2005; Vicari, Marotta, Menghini, 
Molinari, & Petrosini, 2003) and some against it (Deroost et al., 2010; Kelly, 
Griffiths, & Frith, 2002; Rüsseler, Gerth, & Münte, 2006). This body of research 
will be discussed in chapter 4 and chapter 5 in more detail.  

We will now take a detour from the theories of dyslexia to discuss implicit learning 
and the methods it is investigated with. Implicit learning is defined as the ability to 
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learn information in an incidental situation without awareness, that is without the 
actual intention to learn and in such a way that the obtained knowledge is difficult to 
express (Cleeremans, Destrebecqz, & Boyer, 1998). It is contrasted with explicit 
learning, which is characterized by explicit intention and by consciously accessible 
knowledge resulting from learning. First language acquisition and learning to ride a 
bicycle are traditionally cited as examples of implicit learning in the literature, 
whereas instructed second language acquisition and learning of a sequence of dance 
movements are typical instances of explicit learning.  

The two learning mechanisms and the memory systems they rely upon have been 
shown to be dissociated from each other. They operate according to qualitatively 
different principles (Berry & Broadbent, 1988; Knowlton & Squire, 1994; P. J. 
Reber & Squire, 1994) and are subserved by different neurological structures 
(Squire & Zola, 1996). In contrast to explicit learning, which is directed at 
processing only those aspects of a stimulus that are relevant to the intention of the 
learner, its implicit counterpart is not selective in discovering patterns in the 
environment. The mechanism of implicit learning is, therefore, considered 
evolutionarily more effective in helping an organism adapt to the global 
environment by acquiring the most basic skills and abilities and in this sense is 
thought to play a more fundamental role in cognition (A. S. Reber, 1992).  

Implicit learning has been studied with the help of, among other tasks, the artificial 
grammar learning task (AGL) and the serial reaction time task (SRT), for the 
language and for the motor domain respectively. In general, the paradigms used to 
explore implicit learning involve exposure to a sequence of stimuli based on 
complex rules, a measure of learning or of the knowledge resulting from learning, 
and a measure of the degree of explicit awareness of the newly acquired knowledge 
(for summary, see Cleeremans et al. (1998). The AGL and the SRT tasks 
methodologically differ from each other to a certain degree, but are essentially 
aimed at testing procedural learning abilities.  

The artificial grammar learning task may differ from study to study. However, the 
main stages of an implicit learning paradigm are in most cases preserved. The 
standard procedure developed by Reber (1967) involves a learning phase and a 
testing phase. During the learning phase participants are asked to memorize strings 
of letters (or other stimuli) generated by a finite-state grammar, without participants 
being aware of the rules underlying the structure of the stimuli strings. Upon 
completion of the learning task participants are informed about the presence of a 
grammar and are asked to judge a set of new strings as grammatical or 
ungrammatical, which comprises the testing phase.  

To assess the degree of implicitness of the acquired knowledge a paradigm relying 
on two criteria, the guessing criterion and the zero-correlation criterion, has been 
employed (Dienes & Berry, 1997). Firstly, if participants’ judgments about the 
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grammaticality of sequences are above chance level, but they believe they are 
guessing (guessing criterion), there is evidence for knowledge without awareness. 
To that end, participants are usually asked to describe in a verbal report if they 
noticed and relied on any rules when giving their grammaticality judgments. 
Secondly, participants are asked to indicate how confident they are about their 
answers. In case learning occurred implicitly, participants’ confidence should not 
relate to their accuracy (zero-correlation criterion). The assumption here is that 
knowledge is conscious if it subjectively seems to people that they know when they 
do know, that is, if people are aware of their knowledge. For example, should 
participants acquire explicit knowledge of the rule, their judgments would tend to be 
more accurate and they would be more likely to be confident about their answers. 
Without explicit awareness, participants’ judgments might be more or less accurate, 
but they would tend to give low confidence ratings, as they would feel they are 
guessing. These two criteria have mostly been used in research employing the AGL 
tasks, but are quite well applicable to the analysis of the level of participants’ 
knowledge awareness in the SRT task. 

The serial reaction time task (Nissen & Bullemer, 1987) unlike the AGL, does not 
test if a complex rule or a grammar is abstracted from the provided input, but is 
designed to trace progress in learning of a single structured sequence. In the learning 
phase of this task participants are presented with a visual cue that can appear at any 
of several positions on a computer screen. Each position corresponds to a key on a 
response box. Participants are instructed to react to every visual cue by pressing the 
corresponding key as fast and as accurately as possible. Unknown to the 
participants, the sequence of visual cues is fixed and is presented repeatedly during 
the first part of the learning phase. In the second part the sequence becomes random. 
A gradual decrease in response times is observed during the part with the structured 
stimulus sequences, usually followed by a drastic increase as the sequence changes 
to random. As learning of a structured sequence progresses, participants are more 
able to predict every next coming stimulus. This knowledge subsequently interferes 
with participants’ performance on random trials directly following the structured 
ones, resulting in slower response latencies. The difference in response latencies 
between the random and the structured parts is, therefore, traditionally taken to be 
the measure of learning.  

It has been argued that due to the presence of a visual cue, the learning that happens 
during an SRT task does not take place purely within the motor domain, but also 
involves the perceptual one. It has been shown in an experiment by Dennis, Howard 
Jr, and Howard (2006) that the learning can be solely perceptual, with participants 
learning a sequence of visual cue positions, if the motor component is removed from 
the task procedure. However, when both the visual and the motor components are 
present, the learning cannot be exclusively perceptual and involves motor learning 
as well, with participants learning both the sequence of visual cues and motor 
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responses (Willingham, 1999).1  

To distinguish the contribution of implicit and explicit memory processes to the 
participants’ performance, among other methods, Jacoby’s process dissociation 
procedure has been used (Jacoby, 1991). Originally employed in the AGL task it 
found its place in the SRT research as well (Buchner, Steffens, Rothkegel, & Rainer, 
1997). The procedure relies on the assumption that explicit knowledge, unlike its 
implicit counterpart, can be intentionally controlled (Arnaud Destrebecqz & 
Cleeremans, 2001). The paradigm essentially consists in reproducing sequences of 
key presses, under so-called inclusion and exclusion instructions. In the inclusion 
condition participants are instructed to reproduce the sequence learnt during the 
exposure phase. In completion of this task both explicit and implicit processes might 
contribute to successful reproduction. In other words, participants’ accurate 
performance might be due to conscious recollection of the training sequence or due 
to implicit knowledge, i.e. when participants feel that they are guessing, but can 
nonetheless reproduce the sequence correctly. In the exclusion condition participants 
are asked to produce a sequence that does not contain the regularities of the training 
sequence. In this case explicit knowledge of the sequential regularities makes it 
possible for participants to suppress the known sequence and to produce a different 
one. However, continued reproduction of the training sequence despite the 
instructions indicates the absence of intentional control and therefore the absence of 
explicit influences. Failure to exclude is thus interpreted to indicate implicit 
knowledge exclusively.  

Both the AGL and the SRT paradigms have been used to investigate the possible 
implicit learning deficit in developmental dyslexia and have been shown to arrive at 
equivocal results that are going to be discussed in subsequent chapters of this book. 
However, since the neurobiological substrates underlying implicit learning have 
been well-studied the procedural deficit theory has logically been developed on the 
neurobiological level where more evidence for or against the theory can be found. 

In the next section of this chapter we will start broad and will briefly cover the 
genetic findings concerning dyslexia, narrowing down to neurological theories and 
eventually returning to the procedural deficit theory to consider its extension on the 
neurological level. 

 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
1 In the literature, the learning occurring during an SRT task is still referred to as motor learning. 
Therefore, this term will be used when describing existing research. Further in this dissertation, when 
referring to our own SRT experiments we will use the term (perceptuo-)motor learning. 
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1.3.2.Biological.Theories..

This section will touch upon the accumulated knowledge from the studies into the 
genetic basis of dyslexia without going into much detail and will mostly focus on the 
neurological theories. Although the genetic and the neurological levels should be 
related to each other, describing and searching for a potentially existing connection 
between them is beyond the scope of this dissertation. 

Evidence for the genetic factors involved in the etiology of dyslexia comes from 
family studies, twin studies, and linkage studies (for a review, see Grigorenko, 
2001). It has been established that a child born to a family with a dyslexic parent has 
a 40-60% chance of developing the disorder, with this risk increasing in cases when 
other family members are affected as well (Schumacher, Hoffmann, Schmäl, 
Schulte-Körne, & Nöthen, 2007). 

Almost twice as high levels of concordance for dyslexia have been found in 
monozygotic twin pairs as compared to dizigotic twin pairs. In a study by DeFries 
and Alarcón (1996) 68% of monozygotic twins shared the disorder, as opposed to 
38% in the dizygotic twin pairs.  

Linkage analyses in family samples have revealed nine chromosome regions in 
which dyslexia susceptibility genes are expected to be located. The identified 
regions are DYX1 (15q21), DYX2 (16p21-p22), DYX6 (18p11), and DYX8 (1p34-
p36), DYX3 (2p15-p16), DYX4 (6q11-q12), DYX5 (3p12-q13), DYX7 (11p15), 
and DYX9 (Xq26-q27). There have been attempts made to establish correlations 
between each of the above mentioned chromosome regions and the phenotypic 
components of dyslexia, such as single-word reading, phonological awareness, 
phonological (de)coding, orthographic processes, spelling, etc. However, the results 
of these studies are inconclusive (for a review, see Schumacher et al., 2007) and 
detailed discussion thereof lies beyond the scope of this dissertation. 

At the neurological level multiple theories have attempted to provide an explanation 
for the symptoms observed in developmental dyslexia. One of the prominent 
theories of dyslexia is the magnocellular theory, which holds that the underlying 
pathology in dyslexia is a specific dysfunction of one particular class of nerve cells, 
so-called magno-cells, which are crucial to both visual and auditory processing 
(Stein & Walsh, 1997). Even though the theory emphasized the visual component of 
dyslexia, in its extended version it posits that the magnocellular dysfunction affects 
many of the modalities known to be impaired in dyslexia, i.e. the visual, the 
auditory, the phonological and even the motor one. Reading problems in this view 
are thought to be partially of visual nature and partially phonological as a result of 
impaired auditory processing. The motor problems are explained through the 
connection existing in the brain between the magnocellular systems and the 
cerebellum, the structure responsible for motor control (Stein et al., 2001).  
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The major evidence taken to support the theory consists in slow visual information 
processing and low contrast sensitivity in children with dyslexia, the findings that 
have been mentioned earlier. Poor binocular control is also attributed to the 
dysfunction of magno-cells (Bucci et al., 2008; Habib, 2000). There also exists 
evidence quite specific to the magnocellular theory, which other hypotheses would 
have difficulty explaining. An example of such evidence is magnocellular 
abnormalities found in the medial and the lateral geniculate nucleus in brains of 
individuals with dyslexia (Galaburda, Menard, & Rosen, 1994; Livingstone, Rosen, 
Drislane, & Galaburda, 1991) as well as the co-occurring visual and auditory deficits 
found in some people with dyslexia (Cestnick, 2001; Witton et al., 1998).  

However, in recent years the theory has faced some extensive criticism (for review, 
see Ramus, Rosen, et al., 2003). Firstly, many of the findings suggesting the visual 
and the auditory processing deficits in dyslexia have been found to be difficult to 
replicate, and at best the problems were observed only in a subset of the dyslexic 
population (Heath, Hogben, & Clark, 1999; Johannes, Kussmaul, Münte, & 
Mangun, 1996; McArthur & Hogben, 2001). Secondly, the visual problems, when 
found, are of a broader scope than is predicted by magnocellular dysfunction, 
including perceptual problems with fine frequency discrimination, for example 
(Amitay, Ben-Yehudah, Banai, & Ahissar, 2002; Skottun, 2000). Thirdly, the causal 
link between the impaired auditory processing and the phonological deficit has been 
questioned (Bishop et al., 1999; Marshall, Snowling, & Bailey, 2001). It is also 
important to emphasize that the theory doesn't predict or explain other problems 
besides reading and phonology that individuals with dyslexia experience in the 
language domain. The theory unifies many, but not all, of the manifestations of 
dyslexia that are of interest to us. We, therefore, proceed to consider other theories 
that have been proposed to explain the origin of dyslexia. 

The cerebellar deficit hypothesis, which is the neurobiological generalization of the 
automatization theory of Nicolson, Fawcett, and Dean (2001), has received much 
attention recently. It has been noticed that, both in the cognitive and the motor 
domain, similarities exist between symptoms of people with developmental dyslexia 
and patients with cerebellar dysfunction. Moreover, such functions as voluntary 
motor control, skill automatization, information processing, language, oculomotor 
control (featuring also as evidence for the magnocellular theory) as well as other 
functions disturbed in people with dyslexia are also thought to a certain extent to 
rely on the cerebellum (Nicolson et al., 2001). Taking the automatization deficit 
theory further to the cerebellar level provided a biological explanation of the many 
impairments previously explained through the automatization deficit. Moreover, it 
allowed Nicolson and colleagues to account for the phonological deficit present in 
dyslexia via dysfunctional speech articulation that is (partially) reliant on the 
cerebellum.  
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The cerebellum is a region of the human brain located in the hindbrain, directly 
inferior to the occipital lobe and superior to the brain stem. The cerebellum contains 
more neurons than the rest of the brain and is connected to the cerebral cortex by 
approximately forty million nerve fibers. It rapidly processes the information that it 
receives from different areas of the cerebral cortex, i.e. motor, cognitive areas, and 
areas involved in emotional functions (Fabbro, 2000). The exact functions of the 
cerebellum are still an unresolved issue in neuroscience. The cerebellum is 
traditionally associated with the coordination of voluntary motor movement, balance 
and equilibrium. Recent studies provide evidence for a cerebellar role in cognition. 
Among the cognitive functions thought to be supported by the cerebellum are timing 
of serial events (Ivry, 1996; Ivry & Diener, 1991; Ivry & Keele, 1989; Mauk, 
Medina, Nores, & Ohyama, 2000), detection and generation of sequences 
(Braitenberg, Heck, & Sultan, 1997), and speech and language (Cook, Murdoch, 
Cahill, & Whelan, 2004; Leggio, Silveri, Petrosini, & Molinari, 2000; Silveri, 
Leggio, & Molinari, 1994). Importantly, the participation of the cerebellum in such 
higher cognitive functions as language opens an opportunity of explaining the oral 
language difficulties experienced by dyslexics in grammar and morphology, for 
example.  

Support for the cerebellar theory comes from evidence on the neuropsychological, 
cognitive and neurophysiological levels. As is mentioned, people with dyslexia 
show impoverished performance on a large number of motor tasks (Fawcett et al., 
1996). They differ from good-readers on, among others, the automatization of 
balance and the time estimation tasks (Nicolson & Fawcett, 1990). Neuroimaging 
studies have shown the cerebellum of people with dyslexia to differ from that of 
controls in its anatomy and activation patterns (Kibby, Fancher, Markanen, & Hynd, 
2008; Leonard & Eckert, 2008; Menghini et al., 2006; Nicolson et al., 1999; Rae et 
al., 2002).  

However, the theory has been argued to be unreasonably broad and narrow at the 
same time. The cerebellum is a large structure of many functions, and its specific 
regions affected in dyslexia have not been clearly identified thus far. Moreover, the 
cerebellum has a multitude of connections with other brain regions and it is not clear 
if it is the origin of dyslexia or its correlate due to a faulty input it receives from 
another brain region (Zeffiro & Eden, 2001). These points of criticism are quite 
generic and could apply to any developing theory, evidence for which is still being 
accumulated. The theory has not been completely abandoned and instead became an 
essential part of the procedural deficit theory. 

The cerebellum is an integral part of the neural network underlying procedural 
learning. Evidence for the cerebellar involvement in implicit learning is provided by 
lesion and neuroimaging studies into sequential motor learning (Desmond & Fiez, 
1998; Doyon et al., 2002; Molinari et al., 1997). Patients with cerebellar lesions 
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have shown to be impaired in implicit motor learning (Doyon et al., 1997; Molinari 
et al., 1997; Pascual-Leone et al., 1993). Neuroimaging studies by Doyon et al. 
(1997); Doyon, Penhune, and Ungerleider (2003) have shown that the cerebellum, 
together with the supplementary motor area, premotor area, primary motor area, and 
striatum, is involved in the five stages of the learning process, i.e. fast learning, slow 
learning, consolidation, automatization and retention. Doyon et al. (2003) identified 
two systems underlying implicit motor learning that the above-mentioned structures 
are organize into, namely the cortico-striatal system and the cortico-cerebellar 
system. Ullman (2004) suggested that in addition to the well-known procedural 
motor learning there also exists a procedural language learning system, which is 
responsible for the acquisition of linguistic knowledge such as knowledge of 
language rules. It includes the basal ganglia, frontal cortex, with Broca’s area and 
pre-motor regions specifically, parietal cortex, superior temporal cortex, and the 
cerebellum.  

Nicolson and Fawcett (2007), therefore, proposed that dyslexia arises due to a 
dysfunctional cortico-cerebellar system for language. There are studies investigating 
the activation of the cerebellum in people with dyslexia (Menghini et al., 2006; 
Nicolson et al., 1999). However, they report different patterns of cerebellar 
activation for dyslexics. Fawcett and Nicolson (1999) discovered a significantly 
reduced activation as compared to non-dyslexic controls, while Menghini et al. 
(2006) have found a sustained high activation of the cerebellum in dyslexics. 
Deviant function of other components of the network involved in dyslexia is mostly 
inferred from behavioral tasks (see Nicolson & Fawcett, 2007) as neuroimaging 
studies are lacking.  

What is important is that the procedural deficit hypothesis provides a testable 
unified explanation for both the reading and the motor symptoms in dyslexia. 
Moreover, the same explanation covers the symptoms neglected by other theories 
such as the language difficulties beyond phonology, namely those in grammar and 
morphology. The theory attempts to bring together the behavioral, the cognitive and 
the neurological levels of expression of dyslexia. However, some of the assumptions 
it is based on and the predictions it generates are yet to be tested. Also the evidence 
found thus far is controversial possibly due to inconsistencies in sampling and 
testing methods used in different studies. Nonetheless, the procedural deficit 
hypothesis remains an attractive theory in terms of its explanatory power.  

Concluding this summary of the issues relating to the definition, symptoms and 
theories of dyslexia, we can point out that even though there is a considerable degree 
of uncertainty involved in defining the disorder, in identifying the symptoms 
specific to it and in finding a plausible cause explaining all of the symptoms, 
indications for further research can still be determined.  
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1.4.The.Study.

1.4.1.Motivation.

The aim of this study was to produce data that would enable us to start answering 
questions concerning associations, dissociations and, eventually, causal relationships 
between reading and motor difficulties, general cognitive learning mechanisms and 
neuroanatomy, associated with developmental dyslexia.  

In formulating our expectations about the questions mentioned above we essentially 
adopted the framework of the procedural learning deficit theory. In this study the 
following research questions were addressed and their predictions were tested. 
Firstly, the issue of the implicit learning deficit in the language and/or in the motor 
domain in dyslexia was investigated. It was expected that due to the deficient 
procedural learning mechanism subserving learning in both the motor and the 
language domain, the performance of participants with dyslexia would be poorer 
than that of their age-matched controls. Moreover, an association between the 
learning performance in the two domains was predicted to be seen within the same 
individuals. Secondly, the question of independence of the implicit learning from 
other learning mechanisms was considered. We expected that – unlike what was 
predicted to be the case with implicit learning - there would be no difference 
between participants with and without dyslexia in their performance on the explicit 
learning task, which would show a single dissociation between the two learning 
mechanisms. In addition to that, an absence of correlation between participants’ 
performance on the explicit and implicit learning tasks was expected to be found. 
Thirdly, the neuroanatomical differences between people with and without dyslexia 
were preliminarily explored. In this study we chose to concentrate our attention on 
the cerebellum alone as a part of the network involved in procedural learning. It was 
expected that the cerebellar characteristics of dyslexics would significantly differ 
from those of their controls. Lastly, the relationship between motor and reading 
abilities of dyslexics, their implicit learning performance in the two domains and 
their cerebellar volume was explored. Associations between the three levels were 
predicted within the same group of individuals. 

 

1.4.2.General.Design.and.Procedure..

In addressing these questions, our approach was that of a within-subject study, 
involving a group of dyslexic young adults and a control group of non-affected age-
matched peers. The study consisted of three major parts, i.e. a neuropsychological 
part, a cognitive part, and a neurological part. Participants were invited to come for 
three separate sessions, the first two of which were conducted in the laboratories of 
the Utrecht institute for Linguistics (UiL-OTS) and the last one in the University 
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Medical Centre Utrecht (UMCU). In the first session we obtained a comprehensive 
neuropsychological profile for the dyslexic and the non-dyslexic groups by 
administering a battery of neuropsychological tests to each participant. The tests 
measured participants’ abilities associated with reading and spelling, phonological 
representations, cerebellar function, general intelligence, attention and executive 
function. In doing so, we selected a number of tasks that have, according to the 
literature, most consistently shown differences between dyslexics and controls as 
well as a number of tasks to control for other cognitive or neurological deficits that 
could potentially explain group differences in implicit learning tasks.  

In the second session we conducted an implicit language learning task employing 
the AGL paradigm as well as an implicit and an explicit version of the motor 
learning task using the SRT paradigm. The explicit learning task was always 
presented last in the order of the three experiments so that the explicit nature of the 
task would not interfere with the completion of the implicit tasks. The order of the 
two implicit tasks was counter-balanced among the participants. 

In the last session the individuals taking part in this study underwent structural MRI 
testing. Volumetric measurements of the participants’ cerebella were performed.  

 

1.4.3.Exposition.

The description of the methods used and the results obtained in the 
neuropsychological part of the study will be reported in chapter 2 in order to provide 
an accurate neuropsychological profile of the participants.   

The prediction of the intact explicit learning abilities in individuals with dyslexia 
tested in the explicit version of the SRT task will be considered in chapter 3. Even 
though this task was the last in the order of the learning experiments administered to 
the participants, it will be reported first for reasons of structural clarity and 
coherence. Its results will further be considered in a tight relation to the results of 
the implicit version of the SRT task in chapter 4. Chapter 4, together with chapter 5 
where the methods and the results of the implicit AGL task will be reported, will 
consider the question of whether the implicit language and (perceptuo-)motor 
learning abilities are impaired in people with dyslexia. 

The issue of differences in the cerebellar volume and the cerebellar asymmetry 
between people with dyslexia and their age-matched controls will only be touched 
upon in chapter 6, where the preliminary results of the VBM study will be 
presented. 

Chapter 7 will cover the associations between the two domains across the three 
levels and will investigate the dissociation between the explicit and the implicit 
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leaning abilities in individuals with dyslexia and their controls. The chapter will 
cover the following questions. Firstly, the association between participants’ 
performance on the reading and phonological tasks and the tasks measuring 
cerebellar functions will be addressed. Secondly, a similar association will be 
considered between the implicit language and (perceptuo-)motor learning abilities. 
Thirdly, the dissociation between participants’ implicit and explicit learning skills 
will be investigated. Lastly, the associations between participants’ performance on 
the reading as well as the cerebellar tasks, the implicit learning performance in the 
two domains and the cerebellar volume characteristics will be tested. 



 
!

.

CHAPTER.2.
 

 

.

The.Neuropsychological.Profile.of.
Participants.with.and.without.Dyslexia.

 

 

 

2.1.Introduction.

In this chapter descriptive profiles of the samples of the dyslexic and the non-
dyslexic populations used in this study is provided together with the investigation of 
the differences between the profiles of the two groups. The descriptive profile was 
composed of the participants’ performance on a group of language tests, tests related 
to cerebellar functions and a number of control tests. Whereas with the language 
tests and the tests of cerebellar function we intended and expected to find group 
differences confirming the presence of the corresponding disorders in the 
participants, with the control tests we hoped to find no conditions co-morbid with 
dyslexia and, therefore, no differences between dyslexic and non-dyslexic 
participants. 

The language tests included reading, spelling, and phonological tests. The reading 
tests were used to assess the degree of severity of the disorder found in the 
participants with dyslexia and were employed as criteria of inclusion into this study 
(see more on this in section 2.2.3 of this chapter). The two reading tests used in this 
study were the One-Minute-Test (Een-Minuut-Test; EMT) and the De Klepel, 
measuring word and pseudoword reading abilities. Even though the present study 
primarily concerned the reading impairment, the participants’ spelling performance 
was also measured. To that end the spelling subtest from the Gl&schr – Test for 
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Advanced Reading and Writing (in Dutch: Gl&schr – Test voor Gevorderd Lezen en 
Schrijven) was used (De Pessemier & Andries, 2009). The following phonological 
tasks testing lexical retrieval and phonological short-term memory were included in 
this subpart of the battery: a rapid automatized naming task (RAN), a nonword 
repetition task (NRT), and digit span (as part of the WAIS-R), both the forward (DS 
FW) and the backward (DS BW) versions. Differences between dyslexics and 
controls on the language tests chosen for this study are the most consistently 
reported ones in the literature for both children and adult populations (Fawcett & 
Nicolson, 1999; Ramus, Pidgeon, et al., 2003; Ramus, Rosen, et al., 2003). 

Two tests related to two distinct functions of the cerebellum, the timing of events 
and motor control, were administered to the participants, namely a bead threading 
task (BT) and a time discrimination task (TD). Impoverished performance on both 
of the tests in children with dyslexia has been reported multiple times (Fawcett & 
Nicolson, 1999; Fawcett et al., 1996). In his study with adults, Ramus, Rosen, et al. 
(2003) found no difference on these tests between participants with and without 
dyslexia. However, in his study some data for dyslexic participants were missing 
and the tasks were performed twice with the best scores reported, which might 
create a training effect leveling out the differences between the two groups. 

The group of control tasks included measures of verbal and performance IQ, 
attention and executive function. Since one of the main diagnostic criteria for 
dyslexia is the discrepancy between reading skills on the one hand and general 
intelligence on the other, a number of the WAIS-R sub-tests was included: verbal 
competence, verbal comprehension (vocabulary), and matrix reasoning. These 
subtests have been shown to highly correlate with the original full-length version of 
the WAIS-R, with values ranging from .92 (Brooker & Cyr, 1986) to .96 (Doppelt, 
1956).  

As has been discussed in the previous chapter, attention deficit disorder has been 
found to be highly co-morbid with dyslexia (Pauc, 2005). The presence of an 
attention deficit in participants taking part in this study could potentially influence 
the scores of the language and the cerebellar tests as well as the performance on the 
experimental tasks described in the next three chapters. In order to control for an 
attention disorder, the Bourdon-Wiersma attention test (BWT) was introduced into 
the testing battery.  

Even though there have been reports of executive function difficulties in subgroups 
of people dyslexia, those must be manifestations of a separate disorder that was co-
morbid with dyslexia in those subgroups of participants. According to Nicolson and 
Fawcett (2007), poor performance on executive function tasks is indicative of 
deficits in the declarative learning system and should, therefore, not be observed in 
people with dyslexia. Therefore, to control for executive function problems the 
Wisconsin Card Sorting Test and the category fluency test (CAT) were also included 
into the battery.  
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The goal of this part of the study was to select as homogeneous a sample of 
dyslexics and as well-matched a sample of controls as possible. We are interested in 
and expect to find statistical differences between the groups of dyslexics and 
controls on the tests associated with the language abilities and the cerebellar 
function as well as a statistical agreement between the two groups on control tests.  

 

2.2..Methods..

2.2.1.Participants..

Eighty adult native speakers of Dutch volunteered to take part in the present study. 
The dyslexic participants were recruited via advertisements placed at Utrecht 
University, the University Medical Center Utrecht and the University of Applied 
Sciences Utrecht, as well as via online calls for dyslexic participants on the websites 
of the Stichting Dyslexie Nederland and of the Faculty of Humanities of Utrecht 
University. The control participants were selected from the participant database of 
the Utrecht Institute of Linguistics OTS and from the Proefbunny online database of 
participants for scientific research. 

The participants in both groups had normal hearing and normal or corrected to 
normal vision. None of the participants reported attention deficit or a diagnosis 
thereof, or a history of neurological or persisting psychiatric conditions. Despite all 
of the thirty-nine dyslexic participants having an official diagnosis of dyslexia, their 
(reduced) reading abilities needed to be confirmed. This was considered necessary 
because, as previously discussed in chapter 1, diagnoses are not always reliable. 
Moreover, even in cases when the diagnosis was assigned correctly in early 
childhood, it might not be representative of the situation present in adulthood due to 
certain compensatory mechanisms that dyslexics might develop. To this end the 
One-Minute-Test word reading test (Brus & Voeten, 1999) and the De Klepel 
pseudo-word reading test (van den Bos, Spelberg, Scheepstra, & de Vries, 1994) as 
well as the verbal competence test from the Dutch version of the Wechsler Adult 
Intelligence Scale (Wechsler, Van der Steene, & Vertommen, 2005) were used.2 The 
dyslexic participants needed to meet one of the three criteria described below, while 
the non-dyslexic participants were not to comply with any of them. The criteria were 
adopted from Kerkhoff, De Bree, De Klerk, and Wijnen (2013) and included the 
following: (1) a score below or equal to the 10th  percentile on either the EMT or the 
De Klepel, (2) a score below or equal to the 20th  percentile on both the EMT and the 
De Klepel, or (3) a discrepancy of at least 60th  percentile between the performance 
on the verbal competence test and the performance on the EMT and the De Klepel, 
with a verbal competence score above the 70th percentile).  
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
2 A detailed description of the tests follows in the materials section of this chapter. 
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According to these criteria, 21 dyslexic participants complied with criterion 1 (as 
well as 2 and/or 3), 5 with criterion 2 (and 3), and 4 only with criterion 3. Nine 
participants with a formal diagnosis of dyslexia did not comply with any of the three 
criteria. They were, therefore, identified as compensated for their reading abilities 
and were consequently excluded from the definitive sample. Three of the control 
participants were found to comply with criterion 2 and criterion 3 and were not 
included in the study. One of the control participants was excluded due to a verbal 
competence score below the 50th percentile. Moreover, two of the control 
participants were precluded from further participation as they reported familiarity 
with a number of the tests (amongst which the WAIS) from the perspective of the 
experimenter.  

Upon the results of the inclusion testing, 65 participants were included in this part of 
the study. The dyslexic group consisted of 30 participants (11 males) with a mean 
age of 23 years and 3 months (SD= 63 months; range 18;4- 35;10). The performance 
of dyslexic participants was compared to a group of 35 non-dyslexic controls (7 
males) with a mean age of 23 years and 7 months (SD= 64 months; range 18;5-
36;9). The two groups were matched for age (t (63)= .281, p= .78).  

 

2.2.2.General.Procedure..

All subjects were tested in a soundproof cabin in the phonetics lab of the Utrecht 
Institute of Linguistics OTS. The testing session lasted approximately 90 minutes in 
total and consisted of a series of tests presented in the following fixed order: (1) the 
One-Minute-Test, the regular word reading test, (2) the De Klepel, the pseudo-word 
reading test, (3) the nonword repetition test, (4) the rapid automatized naming test, 
(5) the spelling subpart of the Gl&schr – Test for Advanced Reading and Writing, 
(6) the bead threading task, (7) the WAIS III Matrix Reasoning, (8) the WAIS III 
Vocabulary, (9) the categorical verbal fluency test, (10) the WAIS III verbal 
competence test, (11) WAIS III digit span forward and backward, (12) the 
Wisconsin Card Sorting Test, (13) the time discrimination test, (14) the Bourdon-
Wiersma dot cancellation task.  For reasons of clarity, in describing the tasks and in 
reporting their results, the tests will be classified as belonging to one of three 
categories, namely the language tests (the EMT, the De Klepel, spelling 1, spelling2, 
spelling 3, the NWT, the RAN, the WAIS III digit span forward and backward), the 
cerebellar tests (the bead threading task and the time discrimination task) and the 
control tests (the WIAS III verbal competence, the WAIS III vocabulary, the WAIS 
III matrix reasoning, the BWT, and the WCST). 
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2.2.3.Materials.

2.2.3.1.Language.Tests.

The Dutch One-Minute-Test is a standardized technical reading test, consisting of a 
list of 116 semantically unrelated words printed in four columns on a single paper 
sheet (Brus & Voeten, 1999). Participants were instructed to read the words aloud 
one by one, as quickly and as accurately as possible. The participants’ performance 
was measured with the number of words read out correctly within one minute.  

The De Klepel is a standardized Dutch pseudo-word reading test (van den Bos et al., 
1994). Similarly to the One-Minute-Test, this test contains 116 items printed in four 
columns on a single sheet. The time allowed for completing this test, however, 
equals two minutes. Participants were once again instructed to read the words out 
loud as quickly and as accurately as possible. The performance was measured as the 
number of words read out correctly.  

To assess the spelling abilities of the participants, the spelling subtest from the 
Gl&schr – Test for Advanced Reading and Writing (in Dutch: Gl&schr – Test voor 
Gevorderd Lezen en Schrijven) was used (De Pessemier & Andries, 2009). This test 
consists of a dictation of thirty Dutch words, presented to the participants over 
headphones with an inter-stimulus interval of 3000 ms. The participants were 
instructed to write down as many words as possible at the first presentation. After 
having heard all the words, they were given a green pen and were instructed to 
correct their answers, if they found it necessary. Items they missed or wanted to hear 
once again were read aloud by the experimenter. Finally, the participants were asked 
to indicate how confident they were about the spelling of each word on a three-point 
scale, the point being very certain (in Dutch: heel zeker), almost certain (in Dutch: 
bijna zeker), and uncertain (in Dutch: onzeker). Three scores were calculated: (1) 
the number of all words, of which at least half of the letters were written down at the 
first presentation, irrespective of correctness, (2) the number of all correctly spelled 
words and (3) the combined score for correctness and confidence rating of each 
item, as illustrated in Table 1.  

Table 1 

Combined Correctness and Confidence Score.  
 confidence rating score 

very certain 0 
almost certain 1 

incorrect 

uncertain 2 
very certain 3 
almost certain 4 

correct 

uncertain 5 
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Lexical retrieval was measured with the rapid automatized naming test. The 
administered version of the test was based on the task developed by Denckla and 
Rudel (1976). It contained six cards of 50 items, presented in the following order: 
(1) a card with number digits, (2) a card with capital letters, (3) a card with pictures, 
(4) a card with lower-case letters, (5) a card with colors, and (6) a card with object 
icons. The participants were instructed to name the items out loud, as fast and as 
accurately as possible. The time spent per card was measured, as well as the number 
of mistakes produced by the participants.  

Phonological short-term memory (also called verbal short-term memory) was 
measured with the Dutch version of the nonword repetition test developed by de 
Jong and van der Leij (1999) and with the digit span subtest of the Dutch version of 
the Wechsler Adult Intelligence Scale (WAIS-III; Wechsler et al., 2005). In the 
nonword repetition task the participants were presented with a recording of pseudo-
words complying with Dutch phonotactical constraints. Every pseudo-word was 
presented twice and was followed by a pause of 5 seconds. The participants were 
instructed to repeat each word as accurately as possible after the second 
presentation. The participants’ responses were recorded. The correctness of a word 
was scored as 1 - correct or as 0 - incorrect. Words were scored as incorrect when 
one or more phonemes were erroneously repeated, that is to say replaced, deleted or 
inserted. Voicing/devoicing and co-articulation errors were not considered a 
mistake.  

In the digit span task the experimenter first read sequences of digits aloud and the 
participants were instructed to repeat each sequence as accurately as possible. At 
every new trial the sequence increased in length. In the second part of the test, the 
participants were asked to repeat the sequence in a reverse order. The number of 
correctly repeated sequences was taken as the measure of participants’ verbal short-
term memory abilities.  

 

2.2.3.2.Cerebellar.Tests.

The bead-threading task (BT) was borrowed from the Dyslexia Screening Tests 
(Fawcett et al., 1996) and was used as a measure of fine motor control, which is 
generally associated with cerebellar functioning. On the table in front of the 
participant, a box containing 15 round wooden beads (Ø 4 cm, Ø hole 0.5 cm) and a 
string (85 cm long and 3 mm thick) was placed. The participants were instructed, 
upon a sign from the experimenter, to thread the beads onto the string one by one as 
fast as possible, holding the string in their dominant hand. The time taken to thread 
all 15 beads was measured.  

The time discrimination task has been associated with the timing of events function 
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of the cerebellum (Fawcett et al., 1996). The version of the task used for the 
purposes of this study was designed identically to the one described by Fawcett et al. 
(1996). The participants were presented with pairs of tones via headphones, and 
asked to indicate for each pair whether the second tone was shorter or longer than 
the first one by pressing one of two buttons marked as ‘longer’ and ‘shorter’. The 
first stimulus in each pair was always a 1200 ms long pure tone of frequency of 392 
Hz. The comparison tones were either longer than the first tone (1220, 1240, 1260, 
1300, 1350, 1400, 1450, 1500, 1600, 1700, or 2000 ms) or shorter (1180, 1160, 
1140, 1100, 1050, 1000, 950, 900, 850, 800, 700, or 400 ms), but were identical in 
terms of frequencies. The two stimuli were separated by a 1 second silence interval. 
The task consisted of 66 trials, each of the 22 comparison tones presented three 
times in a randomized order. The test block was preceded by a practice block, in 
which feedback was given in order to ensure that the participants understood the 
task. During the test block, there was no feedback provided. D’, a measure of the 
subject’s ability to differentiate between two different stimuli, was calculated. The 
time estimation task was programmed and executed in version 8 of the ZEP 
Experiment Control Application (Veenker, 2012).  

 

2.2.3.3.Control.Tests.

To assess the participants’ performance IQ, the matrix reasoning subtest from the 
Dutch version of the Wechsler Adult Intelligence Scale was used (Wechsler et al., 
2005). In this test, participants were presented with 26 matrices, in each of which a 
piece was missing, and were asked to indicate which out of five possible answers 
was the missing piece in the pattern. Answers were scored as 1 - correct or 0 - 
incorrect.  

For testing the verbal comprehension component of verbal IQ, the vocabulary 
subtest of the WAIS-III was employed (Wechsler et al., 2005). The participants 
were asked to give a definition of 33 words presented on a card and read aloud. The 
answers were scored as 2 - correct, 1 - partially correct/incomplete or 0 - incorrect.  

In the verbal competence subtest of the WAIS-III, the participants were given 20 
word pairs (e.g. ‘poem’ and ‘statue’) and asked to describe what those two items had 
in common. The answers were again scored as 2 - correct, 1 - partially 
correct/incomplete or 0 - incorrect.  

The Bourdon-Wiersma test (BWT) measures sustained visual attention (Bourdon & 
Wiersma, 1998). The test consists of a sheet with 50 rows, each containing 25 
groups of 3, 4, or 5 dots. The participants were instructed to cross out all groups 
consisting of 4 dots, as quickly and as accurately as possible, systematically going 
along each line. The participants were told explicitly not to make any corrections in 
any of completed rows. Misses and false positives as well as the time spent on each 
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row and the total time spent on the task were measured. A score was calculated 
combining misses, false positives, total time and dispersion (the difference between 
the longest and shortest time per row), according to a standardized scoring method.  

A categorical verbal fluency task is a measure of executive functioning and semantic 
memory derived from the Thurstone word fluency test, as first described in 
Thurstone (1938). Participants were instructed to name in a span of one minute as 
many items belonging to the category animals as possible. The number of correct 
answers was measured. 

The Wisconsin Card Sorting Test (WCST; Berg, 1948) is a widely used, 
standardized neuropsychological test, generally employed to assess cognitive 
flexibility (‘set-shifting’) and executive functioning. In this study, a digital version 
of the WCST was employed, using the Psychological Experiment Building 
Language (PEBL; Mueller, 2012). The participants were seated in front of a laptop 
screen, on which 4 stimulus cards and a deck of 64, fixed order response cards, 
appeared. Each card had a certain number (one, two, three or four) of symbols (stars, 
circles, triangles or crosses) of certain colors (red, yellow, green or blue). The 
participants were orally instructed to sort the cards into four piles underneath the 
four stimulus cards, without having any indications as to the classification rules 
according to which the cards had to be sorted. For each sorted card feedback was 
given on the screen indicating correctness of the participants’ choice. The first 
criterion of classification was always the color. After ten consecutive correct 
responses, the criterion automatically changed to the shape, and after another set of 
ten correct responses it altered to the number. The number of categories completed 
(WCST CC), the number of perseverative errors (i.e. continuing to apply the 
previous rule after a change of rules; WCST PE), and the number of non-
perseverative (random) errors (WCST NPE) were used as measures of cognitive 
flexibility and executive functioning.  

.

2.3.Results.

This analysis concerns the differences between the dyslexic participants and the 
controls with respect to their performance on each of the tasks. This will help us 
picture the general cognitive profile of the participant sample we used. The group 
differences were explored with the independent-samples t-test and Mann-Whitney 
test, where appropriate.  

2.3.1.Language.Tests..

The independent-samples Mann-Whitney U test was used to analyze the data for the 
following language tests due to a violation of the assumption of normality: the De 
Klepel (pseudo-word reading), the nonword repetition test, the rapid naming 
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(errors), the rapid naming (time), spelling 3, digit span forward and backward. No 
violations of assumptions for parametric testing were detected in the data of the 
One-Minute-Test (word reading), spelling 1, and spelling 2. Therefore, to investigate 
group differences on these tests the independent-samples t-test was used. Results 
showed that dyslexic individuals performed significantly different from controls on 
all the language tests. Dyslexic participants reached lower performance scores on the 
measures of reading, namely EMT (t(63)= 12.9, p <.000, eta squared= .73) and the 
De Klepel (U= 6, z= -6.83, p=.000, r= -.85), spelling (Sp1 (t(63)= 10.9, p <.000, eta 
squared= .65), Sp2 (t(63)= 10.5, p< .000, eta squared= .64) and Sp3 (U= 141, z= -
5.24, p< .000, r= -.65)), phonological awareness (NRT (U=200.5, z= -4.28, p< .000, 
r= -.53)),  rapid naming (RAN errors (U=721.5, z= 2.95, p< .000, r= .36) and RAN 
time (U=919.5, z= 5.19, p< .000, r= .64)), and verbal short-term memory (digit span 
forward (U=181.5, z= -4.57, p< .000, r= -.56) and digit span backward (U=298, z= -
3.02, p= .003, r= -.37)). All group means and standard deviations can be found in 
Table 2.  

Table 2  

Mean Language Tests Scores and Standard Deviations for Dyslexic (DD) and Non-
Dyslexic Control (C) Participants; Average (Group) Results. 

Test M  SD test  Sig. 

 C DD C DD statistic  
EMT 100.8 67.1 10.8 10.1 t(63)= 12.9 .000 
De Klepel 105.3 59.6 9.31 15.4 U= 6, z= -6.83 .000 
Spelling1 127.7 91.1 11.4 15.6 t(63)= 10.9 .000 
Spelling2 26.0 16.3 2.68 4.52 t(63)= 10.5 .000 
Spelling3 29.2 25.5 1.40 3.88 U= 141, z= -5.24 .000 
NRT 40.5 32.9 3.73 8.65 U=200.5, z= -4.28 .000 
RAN time 133.5 187.4 19.6 48.3 U=919.5, z= 5.19 .000 
RAN errors 0.29 1.20 0.55 1.54 U=721.5, z= 2.95 .000 
DS FW 10.6 8.13 2.00 1.83 U=181.5, z= -4.57 .000 
DS BW 7.91 6.23 2.11 2.06 U=298, z= -3.02 .003 

.
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2.3.2$Cerebellar$Tests!

The group differences for the two cerebellar tests were investigated with the help of 
the independent-samples t-tests. The participants with dyslexia were found to 
perform significantly below the level of controls on the bead threading task (t(63)= -
2.13, p = .037, eta squared= .07) as well as on the time discrimination task (t(63)= 
2.42, p = .018, eta squared= .09). Means and standard deviations are reported in see 
Table 3. 

 

Table 3 

Mean Cerebellar Tests Scores and Standard Deviations for Dyslexic (DD) and Non-
Dyslexic Control (C) Participants; Average (Group) Results. 

Test M  SD test Sig. 

 C DD C DD statistic  

Bead threading 48.0 51.5 5.32 7.61 t(63)= -2.13 .037 

Time 
discrimination 

2.14 1.85 0.37 0.56 t(63)= 2.42 .018 

 

2.3.3 Control Tests 

Of the data of the control tests only those measuring verbal IQ, i.e. the verbal 
competence and the vocabulary, satisfied all the assumptions for parametric testing. 
These data were analyzed with the help of the independent-samples t-test. The data 
for the rest of the tests were analyzed using the independent-samples Mann-Whitney 
tests. The dyslexic participants performed on the same level as controls on the 
Matrix Reasoning task measuring performance IQ. On the verbal competence task, 
their performance was significantly below the level of controls (t(63)= 3.10, p = 
.003, eta squared= .13) as well as on the vocabulary task (t(63)= 3.91, p < .000, eta 
squared= .20). On measures of executive control (WCST and verbal fluency) and 
attention (BWT) dyslexics’ performance was generally lower than that of controls, 
but not significantly so. Means and standard deviations for each test are reported in 
Table 4. 
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Table 4 

Mean IQ, Attention and Executive Function Tests Scores and Standard Deviations 
for Dyslexic (DD) and Non-Dyslexic Control (C) Participants; Average (Group) 
Results. 

Test M   SD  test Sig. 

 C DD C DD statistic  
Verbal IQ WAIS 

verbal 
competence 

21.0 19.4 2.22 1.99 t(63)= 3.10 .003 

 WAIS 
vocabulary 

51.3 44.4 4.89 8.94 t(63)= 3.91 .000 

Performance 
IQ WAIS  MR 21.0 21.5 2.76 2.83 U= 582.5,  

z= .763 
.446 

Attention BWT 65.9 60.8 9.89 7.86 U= 386.5,  
z= -1.83 

.068 

Verbal 
fluency  

25.1 23.5 4.87 5.93 U= 438,     
z= -1.15 

.251 

WCST  CC 3.46 3.17 1.52 1.53 U= 456,     
z= -.934 

.350 

WCST PE 8.77 8.40 5.46 7.40 U= 488,     
z= -.491 

.624 

Executive 
Function 

WCST  NPE 9.17 10.2 10.5 12.2 U= 563,     
z= 502 

.615 

.

2.4.Discussion.and.Conclusion.

One of the goals of this chapter was to give a comprehensive profile of the dyslexic 
and the control group, with the dyslexic group exhibiting strong reading, spelling 
and phonological problems as well as difficulties with the abilities associated with 
the cerebellar function and the control group being well-matched to the dyslexic 
group on the control tests. Even though all of the dyslexic people who volunteered 
to take part in this study had an official diagnosis of developmental dyslexia 
provided by a psychologist, many of them were found to be well-compensated for 
their reading skills. Therefore, a group of non-compensated dyslexics exhibiting 
considerable difficulties with reading, spelling and phonological abilities was 
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selected. This was testified by the results of the group comparisons between 
dyslexics and controls on the language cohort of the tests.  

The analysis of the group comparisons on the cerebellar tests showed that the two 
groups differed significantly from each other on both the motor cerebellar test and 
on the cerebellar test measuring the timing of events.  

The two groups of participants appeared to be well-matched on the performance IQ, 
the measures of executive function and attention. Unexpectedly, differences between 
the two groups were also found on the verbal IQ measures. The differences between 
the dyslexic and the non-dyslexic people on the measures of verbal competence and 
verbal comprehension could be a consequence of reduced reading as a result of 
reading difficulties rather than the cause thereof. The verbal competence task, 
however, was important for the criteria used to select dyslexic participants. For that 
purpose we operated with percentile scores, which on average did not differ between 
dyslexic and non-dyslexic participants (t(63)= 1.65, p= .104). Moreover, there was 
no difference between the two groups on the non-verbal IQ test scores, which 
suggests that the discrepancy between the general IQ and the reading abilities was 
still present, and the sample was not compromised due to the group difference found 
in the verbal IQ raw scores.   

To summarize, in order to address any specific questions concerning potential 
deficits in dyslexia on the cognitive and the neurological levels it is important to 
select a well-controlled sample of dyslexics and a well-matched sample of controls. 
Participants in the sample used in this study exhibited the deficits traditionally 
associated with dyslexia, while showing no signs of other disorders. In the light of 
the fact that the present study is conducted in the framework of the procedural 
deficit theory, which predicts both language problems and difficulties with motor 
(and other cerebellar) functions, it is worth noting that both significant problems 
with language and cerebellar functions were observed in the selected sample. The 
predicted relationship between the reading-related scores and the performance on the 
cerebellar tests will be explored in chapter 7 together with associations between the 
motor and the language domains explored on the cognitive level. However, before 
we start examining associations existing on different levels, we will investigate the 
differences between people with and without dyslexia in their explicit and implicit 
learning abilities as well as in the volumetric characteristics of their cerebella, which 
the following four chapters will be devoted to. 



 
!
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Explicit.Learning.in.Dyslexia.
 

 

 

3.1.Introduction.

This chapter describes the first step in exploring differences in the cognitive level 
abilities between people with and without dyslexia as predicted by the procedural 
deficit hypothesis. According to the theory explored in this dissertation, a deficit in 
implicit learning abilities dissociated from explicit learning abilities is present in 
dyslexia. Therefore, the issue of implicit learning in dyslexia should be examined 
together with that of explicit learning. For practical reasons, which will become 
obvious later, the description and the results of the explicit learning part of the study 
will be considered first, followed by the description of the investigations of the 
implicit learning abilities in the subsequent two chapters.  

The intactness of explicit learning ability in developmental dyslexia has been 
virtually taken for granted in existing research. It has been generally accepted 
following A. S. Reber (1992) that the efficiency of explicit learning, unlike that of 
its implicit counterpart, depends on IQ.  Since dyslexics’ IQ is within the normal 
range by definition, it has been assumed that their explicit learning abilities are 
intact. In fact only two studies, to our knowledge, have addressed this issue.  In 
studies by Vicari et al. (2003) and by  Jimenez-Fernandez et al. (2011) dyslexic 
children were tested on an implicit and an explicit version of the serial reaction time 
task. Vicari and colleagues (2003) used a task and a procedure similar to those they 
employed in the implicit SRT experiment reported in the same study, where 
participants were presented with a series of single colored circles and were asked to 
react to the appearance of a green circle by hitting a response button. To make sure 
the task engaged explicit learning processes, participants were asked to memorize 
the five-color sequence prior to the start of the experiment. From faster reaction 
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times in the patterned blocks of the explicit learning task, as compared to the 
implicit one, it was concluded that the participants successfully used the declarative 
knowledge of the sequence. No direct or indirect measures of explicit awareness 
were used. 

 Jimenez-Fernandez et al. (2011) used a slightly different version of the SRT task 
where an asterisk appeared in one of three positions arranged in a triangular 
configuration on the screen. Participants had to follow the location of the asterisk by 
pressing a corresponding button on a response-box. To promote explicit learning the 
authors of the experiment manipulated the instructions. They informed the 
participants about the presence of a sequence and instructed them to try to find it and 
to exploit it to improve their performance. To measure the knowledge of the 
sequence a version of the generation task was used, where participants were asked to 
generate a sequence of button presses according to the order they believed the 
asterisks mostly appeared in. The number of correctly generated three-element 
fragments served as a measure of the sequence knowledge. Similarly to the study of 
Vicari, conclusions about the explicitness of the knowledge were derived from a 
comparison to the same task performed under implicit instructions. Since the mean 
number of correctly produced three-element chunks of the sequence was higher in 
the explicit condition than in the implicit one, it was concluded that the learning was 
predominantly explicit. 

In both studies no differences between dyslexic and non-dyslexic children in their 
explicit learning abilities were found, while the implicit learning abilities of dyslexic 
children were found to be poorer than in controls. The general results of the two 
studies are, therefore, in accordance with the prediction of dissociation between the 
implicit and the explicit learning mechanisms. 

In the present study we tested explicit learning abilities in a sample of adults with 
dyslexia and a sample of age-matched non-dyslexic controls, in hopes that the 
results would contribute additional evidence to the procedural deficit hypothesis. 
Apart from testing one of the predictions of the procedural deficit theory, this part of 
the study pursued two more practical goals related to the procedures used in the 
implicit version of the task. Firstly, the data produced in this part of the study are 
crucial for the interpretation of the results of the implicit learning task. The result of 
the explicit learning experiment reported in this chapter will serve as a reference 
point, to which the implicit learning data will be compared in the analysis of the 
level of participants’ knowledge awareness discussed in chapter 4. Secondly, it will 
serve as a validation of some of the procedures used to assess the degree of 
knowledge awareness in the implicit task. 
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In the present study a version of the traditional serial reaction time paradigm was 
selected to investigate explicit learning abilities in people with dyslexia3. It 
contained a phase where the online learning of the participants was measured and a 
phase where the knowledge resulting from that learning was considered. In 
investigating the learning a standard setup was used, where the presentation of 
random and structured sequences of visual stimuli was organized into blocks, with a 
random block opening and closing the task and a number of structured blocks 
intervening between them. In addition to that, we included an extra block containing 
a structured sequence that followed the last random block. This minor alteration to 
the general design has been observed in other studies as well (Deroost et al., 2010; 
Rüsseler et al., 2006). In this study, however, it was considered as a means to gauge 
how much of the previously acquired knowledge is restored after the introduction of 
a random block and was to a certain extent considered to be a measure confirming 
the explicitness of the knowledge. The more explicit the knowledge of the sequence, 
the better one is able to manipulate it, i.e. in this case to restore it. To assess the 
knowledge obtained, participants were asked to reproduce the sequence they had 
learnt during exposure. To validate a procedure used to evaluate the level of explicit 
awareness of the knowledge acquired in the implicit version of the SRT task, 
participants were instructed to rate how confident they were about their reproduction 
performance. 

In order to create conditions promoting explicit learning and knowledge resulting 
from it, we relied on the definition of implicit learning adopted from Cleeremans et 
al. (1998) as mentioned in chapter 1. According to the definition, there are two 
parameters that contribute to the implicitness of learning, one concerning the 
learning process itself and the other dealing with the knowledge resulting from that 
learning. The absence of an intention to learn and a lack of explicit awareness of the 
resulting knowledge are, therefore, the two criteria differentiating implicit learning 
from its explicit counterpart. To ensure the explicitness of the learning in this task, 
in a fashion similar to that used in Jimenez-Fernandez et al. (2011), instructions 
were manipulated. Additionally, certain modifications to the general procedure were 
introduced. Firstly, even though the participants knew of the presence of a fixed 
sequence based on their prior experience with the implicit SRT, they were explicitly 
made aware of the fact that in some blocks the sequence was random and in some it 
was structured. Secondly, after each block the participants were asked to identify the 
sequence presented in that block as fixed or random. Thirdly, we instructed the 
participants to discover the exact structure of the fixed sequence and informed them 
that their knowledge of the sequence would be tested at a later stage of the 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
3 An SRT task was chosen over an AGL task, as it is less time and effort consuming for the participants. 
This was important as the explicit learning task was always presented last in the series of the three 
behavioral experiments administered to the participants and fatigue could have had a pronounced effect 
on it should the task have been lengthier and more difficult.  
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experiment, therefore encouraging explicit memorization of the sequence.  

One of the goals of the learning phase in the explicit version of the SRT task 
employed in this study was to determine whether learning occurred and whether 
there was a difference between the two groups in their learning performance. We 
expected there to be sufficient indications of learning as reflected in the participants’ 
reaction time changes during the learning phase. In case, counter to what the 
procedural deficit theory predicts, explicit learning ability is in fact impaired in 
dyslexics, a difference between the participants with and without dyslexia in their 
learning performance, expressed both in the reaction times as well as in the 
performance in identifying blocks as random or structured, was expected. No 
differences between the two groups would allow us to conclude that the explicit 
learning abilities in dyslexics are likely to be intact. 

Another goal consisted in confirming the explicitness of the knowledge that resulted 
from learning. Should the participants not be able to fully restore the acquired 
sequence in the last structured block, a difference in performances in the two groups 
would be expected between the structured block preceding the last random one and 
the structured block following it. Equal performances in the two blocks might 
indicate that the sequence can fully be manipulated and the knowledge of it is, 
therefore, likely to be explicit. 

One of the major questions investigated in the reproduction phase of the explicit 
SRT task is how much knowledge is acquired in the learning phase under explicit 
instruction and whether there is a difference between the two groups in the amount 
of knowledge gained. The amount of knowledge resulting from learning will be used 
as a reference point in further analysis of the implicit version of the SRT task. A 
difference between the participants with and without dyslexia was expected in case 
the explicit learning abilities in the two groups differed. No difference would be 
indicative of intact explicit learning abilities in people with dyslexia. 

Another issue investigated with the help of the reproduction phase is the validation 
of a procedure employed in the implicit SRT to assess the level of explicit awareness 
of the knowledge gained, which will be considered in chapter 4. The paradigm in 
question is that of Dienes and Berry (1997) described in chapter 1. Specifically, we 
are testing the assumption underlying the zero-correlation criterion. The authors 
suggest that when acquired knowledge is implicit there is no association between 
objective measures of participants’ performance (accuracy) and subjective measures 
(confidence about performance), whereas such relationship should exist if the 
knowledge is explicit. For our study this translates into the following: under explicit 
instructions where explicit knowledge of the sequence is supposed to be acquired, 
the more successful a participant’s reproduction performance is, the more confident 
they are about their answers.  

Having outlined the major questions under investigation, we will proceed to a more 
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detailed description of the methods used to investigate them. 

.

3.2.Methods.

3.2.1.Participants.

Fifty-five out of the 65 subjects selected based on the results of the 
neuropsychological part of the study were willing and able to take part in this 
experiment4. Twenty-eight of the participants belonged to the control group, 19 
females and 9 males (mean age: 23 years and 9 months; SD=5 years and months; 
range: 18 years and 4 months – 36 years and 8 months). The dyslexic group 
consisted of 27 participants, out of which 11 were male and 16 were female (mean 
age: 23 years; SD= 5 years and 2 months; range of 18 years and 3 months – 35 years 
and 8 months). According to an independent-samples t-test, the difference in age 
between the two groups was not significant (t(53)= -1.7, p= .87). The two groups 
also matched in their performance IQ as was confirmed by a non-significant result 
of an independent-samples t-test (t(53)=1.24, p= .222). 

Tables 1, 2, and 3 summarize the neuropsychological characteristics of this smaller 
sample. Differences in performance between the two groups on the language, 
cerebellar, IQ, attention and executive function tests were assessed with the help of 
independent-samples t-tests in case the data met all the assumptions for parametric 
testing, i.e. the assumptions of normality, linearity and homogeneity; otherwise 
independent-samples Mann-Whitney U tests were employed5.  

 

 

 

 

 

 

 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
4 Participants were made aware during the recruitment stage that the study consisted of three parts and 
that according to their results in the first part they might or might not be invited to further participate in 
one or two other parts. Participants had the right to refuse to participate at any point of the study without 
providing the reasons. 
5 The data of the following tests did not meet the assumption of normality and were, therefore, analyzed 
with the Mann-Whitney U Test: De Klepel, Spelling3, NWT, RAN time, RAN errors, WAIS DS 
Forward, WCST categories completed, WCST perseverative errors, and WCST non-perseverative errors. 
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Table 1 

Mean Language Tests Scores and Standard Deviations for Dyslexic (DD) and Non-
Dyslexic Control (C) Participants; Average (Group) Results. 

Test M SD         test                        Sig. 

 C DD C DD      statistic                       

EMT 101.7 66.7 10.3 9.96 t(53)= -12.8 .000 

De Klepel 106.3 59.8 8.6 16.2 U=4.00, z=-6.30 .000 

Spelling1 128.2 91.8 10.9 15.9 t(53)= -9.95 .000 

Spelling2 26.0 16.3 2.68 4.52 t(53)= -9.70 .000 

Spelling3 29.2 26.0 1.13 2.82 U=111.5, z=-4.61 .000 

NRT 40.2 32.9 4.0 9.1 U=166.5, z=-3.57 .000 

RAN time 132.4 191.9 19.8 49.0 U=671, z= 4.94 .000 

RAN errors 0.32 1.30 0.55 1.6 U=524, z=2.74 .006 

DS FW 10.4 8.19 1.93 1.90 U=145, z=-3.97 .000 

DS BW 7.89 6.30 2.08 2.13 t(53)=-2.82 .007 

 

Table 2  

Mean Cerebellar Tests Scores and Standard Deviations for Dyslexic (DD) and Non-
Dyslexic Control (C) Participants; Average (Group) Results. 

Test M  SD test  Sig. 

 C DD C DD     statistic  

Bead threading 47.8 51.6 5.9 7.7 t(53)=2.05 .045 

Time 
discrimination 

2.08 1.87 0.39 0.52 t(53)=1.71 .09 
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Table 3 

Mean IQ, Attention and Executive Function Tests Scores and Standard Deviations 
for Dyslexic (DD) and Non-Dyslexic Control (C) Participants; Average (Group) 
Results. 

.

3.2.1.Design.and.Procedure.

The testing session took approximately 10 minutes. The participants were seated in 
front of a computer screen in a sound-proof cabin. They were provided with a four-
key response box, a blank sheet of paper and a pen to complete the task. 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
6 One should note that, unlike the larger sample used in the neuropsychological part of the study, this 
sample shows differences between the dyslexic and the control group on the attention test. This might be 
important for general conclusions as group differences in explicit learning ability, if detected, can be 
attributed to the difference in attentional capacities between the two groups. This is less important for the 
interpretation of the implicit learning tasks conducted in the same sample of subjects and described in the 
next two chapters, as implicit learning does not rely on attention as much as explicit learning does. 

Test M SD test Sig. 

 C DD C DD statistic 

Verbal IQ WAIS verbal 
competence 

20.9 19.4 2.39 2.08 t(53)=-2.52 .015 

 WAIS 
vocabulary 

13.1 11.2 1.32 2.61 t(53)=-3.40 .001 

Performance 
IQ 

WAIS  MR  11.2 11.9 1.91 2.34 t(53)=1.24 .222 

Attention BWT 66.3 60.7 10.2 8.23 t(53)=-2.23 .0306 

Verbal fluency  24.8 22.8 4.86 5.88 t(53)=-1.38 .174 

WCST  CC 3.46 3.11 1.37 1.60 U=332, z=-
0.80 

.425 

WCST PE 9.07 8.67 5.6 7.77 U=354.5, 
z=-0.40 

.690 

Executive 
function 

WCST  NPE 

 

8.25 10.8 8.32 12.7 U=416, 
z=0.64 

.521 



CHAPTER!3!
!

 

38!

The experiment, as is mentioned before, consisted of two phases, a learning phase 
and a reproduction phase. In the learning phase the participants were seated in front 
of a computer screen, on which four white square frames located in each corner 
were displayed against a black background. Each frame corresponded to a button on 
a square four-key response box. The participants were instructed to place their index 
fingers of both hands on the lowest keys and their middle fingers on the topmost 
keys. The frames lit up (e.g. filled with white) in a certain order. The visual setup of 
the experiment is depicted in Figure 1. The participants were asked to respond to 
every such visual cue by pressing the corresponding key as quickly and as 
accurately as possible. The cue remained visible until a response was given. After a 
response-stimulus interval of 120 ms the following cue appeared. Sequences of trials 
were organized into 7 blocks. Among the blocks presented, block 1 and block 6 
contained pseudo-randomly generated sequences consisting of 72 elements, while in 
the rest of the blocks 6 iterations of a structured sequence of twelve trials were 
presented. Response latencies were recorded. After each block participants were 
asked to determine if the sequence presented in that block was fixed or random. 
Accuracy of the participants’ responses was measured. 

 

 

!

!

!

!

!

!

 

 

 

 

 

 

 
...Figure!1..The.visual.setup.of.the.SRT.tasks..
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The reproduction phase immediately followed the learning phase. The task used in 
this phase is a form of the generation task, where the participants were asked to 
reproduce the sequence they had learned using the response-box they were provided 
with. They had to do so over three consecutive trials. No feedback was provided as 
to the correctness of the produced sequences. After each of the trials the participants 
were asked to rate on a 7 point-scale, from absolutely uncertain (1) to absolutely 
certain (7), how confident they were that they had correctly generated the sequence. 
In each of the trials the longest fragment of the sequence of key presses produced 
correctly was measured, as well as the overlap between all of the three fragments, 
i.e. the number of elements shared by all three fragments. 

The participants received two different sequences to learn, sequence 1 and sequence 
2, both used for the explicit and the implicit versions of the Serial Reaction Time 
task. In order to exclude the possibility of finding a difference between the learning 
performances in the two tasks due to possible differences in complexity between the 
two sequences, the order of the sequences the participants were exposed to in the 
two tasks was counter-balanced. Therefore, one of the groups was exposed to 
sequence 1 in the implicit version of the SRT task and to sequence 2 in the explicit 
version of it, while the other group received sequence 2 in the implicit Serial 
Reaction Time task and sequence 1 in the explicit Serial Reaction Time task. The 
participants were randomly assigned to two different groups according to the order 
of sequences they were given.  

.

3.2.2.Stimuli.

The sequences the participants received were defined by two finite-state grammars. 
Transitions between states produced a numeral defining the position of the visual 
cue on the screen (1 – top left-hand corner, 2 – top right-hand corner, 3 - bottom 
left-hand corner, and 4 – top right-hand corner). Only sequences consisting of all 
four targets that appear exactly three times in the sequence were adopted as valid. 
Two sequences were selected, i.e. 243132421314 (sequence 1) and 131241234234 
(sequence 2). Sequence 1 was defined by the finite-state grammar presented in 
Figure 2, while sequence 2 was generated according to the rules of the grammar 
presented in Figure 3. 
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out 
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Figure!2..The.state.diagram.of.the.grammar.used.to.generate.sequence.1.for.the.
implicit.and.the.explicit.versions.of.the.SRT.task..

 
 
Figure!3..The.state.diagram.of.the.grammar.used.to.generate.sequence.2.for.the.
implicit.and.the.explicit.versions.of.the.SRT.task..
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3.3.Results.

The main goal of the explicit learning experiment was to investigate the online 
learning performance and the amount of knowledge resulting from it in people with 
and without dyslexia. Additionally, secondary questions related to the general 
experimental design and the design of individual phases were addressed. The results 
concerning each of the major and the minor questions are reported below according 
to the phase they were investigated in.  

 

3.3.1.Learning.Phase.Results.

To measure learning in the two groups reaction times were obtained during the 
learning phase.7 Median reaction times per person per block were calculated and 
further used as the dependent variable in the analysis. A mixed ANOVA was 
conducted to compare average median reaction times in the seven blocks of the 
Serial Reaction Time task, with block (block 1, block 2, block 3, block 4, block 5, 
block 6, block 7) as a within-subjects variable, group (dyslexic, control), sequence 
(sequence1; sequence2) and task order (ISRT-AGL-ESRT, ISRT-AGL-ESRT) as 
the between-subject variables. A plot of averaged median values in each block for 
both groups is provided in Figure 4. 

To find out if learning happened, simple planned contrasts relative to block 5 were 
introduced into the analysis. Firstly, out of the whole range of the comparisons 
produced by SPSS8 we were interested in the comparisons of block 1 against block 5 
(a measure showing the learning progress), block 6 against block 5 (a traditional 
measure showing how much the knowledge of the sequence learnt interferes with 
the performance on a random sequence) as well as block 7 and block 5 (a measure 
showing how much the knowledge of the sequence learnt is restored).  

 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
7 Winsorizing was applied to outlying data.  
8 The built-in simple contrasts were selected, specifying the variables such that block 5 was the last one 
and could therefore be used as a reference category for comparisons. Further on we will focus on and 
discuss only the three comparisons determined by the questions we initially planned to answer. 
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Figure. 4." Average" values" for"median" reaction" times" (+SE)" obtained" from"
dyslexic" (n=27)" and" control" (n=28)" participants" in" each" of" the" seven"
blocks"in"the"learning"phase"of"the"ESRT"task."
 

Preliminary checks were conducted to ensure that there were no violations of 
assumptions of normality, linearity, homogeneity of variance and sphericity. 
Levene’s test (Levene, 1960) showed a significant difference between the variances 
in the two groups. However, with larger sample sizes small differences in group 
variances can produce a significant Levene’s test. Moreover, it is common to ignore 
the Levene’s test with equal sample sizes and to use Hartley’s Fmax instead (Field, 
2013). Fmax showed only a very slight violation of the assumption of equal variances 
for random block 1. Mauchly’s test of sphericity also appeared to be significant. 
Therefore, the adjusted values for degrees of freedom obtained with the Greenhouse-
Geisser correction were used. 

There was a significant effect of block [F(3.2, 151.2)= 6.66, p < .000, multivariate 
partial eta squared= .12] and a significant block by task order interaction [F(3.2, 
151.2)= 28.0, p < .038, multivariate partial eta squared= .06].9 Contrasts of interest 
revealed that there was significant effect of block [F(1, 47)= 26.8, p < .000, partial 
eta squared= .36] and a significant Block x Task Order interaction [F(1, 47)= 8.63, p 
= .005, partial eta squared= .16] when block 1 and block 5  were compared. The 
participants showed faster reaction times in block 5 (M= 351.5; SD= 99.1) as 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
9 All effects are reported as significant at p < .05 unless otherwise stated. 
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compared to block 1 (M= 401.2; SD= 91.9). There was a larger difference between 
block 1 (M= 438.4; SD= 104.8) and block 5 (M= 362.0; SD= 113.3) when the 
explicit version of the SRT directly followed the implicit one as compared to the 
difference between block 1 (M= 362.6; SD= 58.4) and block 5 (M= 341.7; SD= 
84.7) when the AGL task intervened between the two versions of the SRT task (see 
Figure 5). The difference between block 6 (M= 389.8; SD= 66.9) and block 5 was 
significant [F(1, 47)= 15.2, p < .000, partial eta squared= .25], while the difference 
between block 7 (M= 361.5; SD= 122.4) and block 5 was not significant10. 
Importantly, no Group x Block interaction was found in any of the contrasts of 
interest. The effect of group was marginally significant [F(1, 47)= 3.45, p < .070]. 
No significant main effects for sequence or task order or significant interaction 
effects between any of the factors other than the one reported above were found. 

 

 
Figure.5..Average.values. for.median. reaction. times. (+SE). for. the.AGLTISRTTESRT.
task.order.and.the.ISRTTAGLTESRT.task.order.in.block.1.and.block.5.in.the.learning.
phase.of.the.ESRT.task..

Differences in learning performance between the two groups were also investigated 
with the help of the accuracy data produced by the participants when identifying 
each of the blocks as containing a random or a structured sequence. The participants 
reached their learning maximum as indicated by their reaction times in block 5. 
Therefore, a chi-square test was conducted to see if the proportion of dyslexic 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
10 This particular result of the ANOVA pertains to the question of awareness and the participants’ ability 
to manipulate the obtained knowledge. 
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participants differed from that of the control participants in correctly identifying 
block 5 as a block with the fixed sequence. The percentage of participants that 
correctly identified the block as containing a structured sequence did not differ 
between participants with and without dyslexia (74.1% and 82.1% respectively), X2 
(1, N = 55) = .16, p= .691.  

 

3.3.2.Reproduction.Phase.Results.

In order to find out if the dyslexic participants differed from the control ones in the 
amount of knowledge obtained during the learning phase, several measures were 
used for the analysis, participants’ reproduction performance expressed in the 
fragment length matching the actual sequence in each reproduction trial and the 
length of the overlap between the three fragments as well as the confidence ratings 
provided for each of the trials11.  

Firstly, to answer the question of whether there are group differences in the 
knowledge participants gained, a separate ANOVA was conducted with fragment 
overlap and confidence ratings as the dependent-variable. Group (dyslexic, control), 
sequence (sequence 1, sequence 2) and task order (ISRT-AGL-ESRT, AGL-ISRT-
ESRT) were used as the between-subject variables in each of the analyses. 

First the analysis conducted on the reproduction performance data will be 
considered. Preliminary checks were conducted to detect violations of assumptions 
of normality, linearity, and homogeneity of variance. According to the Kolmogorov-
Smirnov test, the assumption of normality was violated. None of the data 
transformations appropriate for this kind of distribution helped to achieve normality. 
However, according to Field (2013), ANOVA remains robust to violations of 
normality with samples of more than 20 participants. None of the main effects or 
interactions in the analysis of the reproduction performance appeared to be 
significant. 

In the analysis conducted on the average confidence ratings, only the effect of task 
order was found to be significant (F(1,47)= 5.2, p= .03, partial eta squared= .1), with 
participants providing higher confidence ratings when the two versions of the SRT 
task followed the AGL task (M= 4.1, SD= 1.4) than when the AGL task intervened 
between the two SRT tasks (M= 3.2, SD= 1.6). Figure 6 shows the average 
confidence ratings of both groups for the two task orders. 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
11 For all of the analyses reported below except for one, the overlap between the longest fragments 
produced in three trials is implied by the reproduction performance and the average confidence ratings 
for the three trials are to be understood under confidence ratings. In the analysis investigating the 
association between the reproduction performance and the confidence ratings, the longest fragment per 
trial and its corresponding confidence rating are meant. 
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Figure!6..Average.values.for.mean.confidence.ratings.(+SE).of.the.two.participant.
groups.obtained.in.three.reproduction.trials.for.each.task.order..

 

To investigate the relationship between reproduction success and confidence, a 
bivariate correlation was conducted for each of the three reproduction trials between 
the length of the fragment matching the actual sequence and the confidence rating 
the participants assigned to it. There was a significant correlation between the 
confidence rating and the correct fragment length produced in trial1 (r= .66, n = 28, 
p < .000) and trial 2 (r= .68, n = 28, p < .000), and for trial 3 in the control group (r= 
.61, n = 28, p = .001). In the dyslexic group correlations were found for trial 2 (r= 
.46, n = 27, p = .02) and trial 3 (r= .5, n = 27, p = .009).  

 

3.4.Discussion.and.Conclusion.

The main issue addressed in this part of the study is that of explicit learning in 
dyslexic and non-dyslexic individuals, which was dealt with using a version of the 
SRT task. In order to pose questions and to derive valid conclusions about the task 
we manipulated the instructions so as to encourage explicit acquisition of sequence.  

The purpose of the task was three-fold. Firstly, we were interested in testing a (part 
of a) prediction born from the procedural deficit hypothesis, i.e. dissociating the 
implicit and the explicit learning abilities in dyslexics by making sure that the 
explicit learning abilities are not compromised. Secondly, this experiment was 
intended to validate a procedure used in the implicit version of the SRT task to 
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preclude explicit awareness of the knowledge obtained under implicit instructions. 
Thirdly, the results of this task were meant to serve as a reference point in assessing 
the level of explicit awareness in the version of the task used to investigate implicit 
learning. 

Our results show that both groups were able to learn the repeating sequence as is 
seen from the significant differences found between block 1 and block 5 and block 5 
and block 6 in both groups. We can also conclude that the knowledge resulting from 
learning was of explicit nature. This follows from the presence of five out of the 6 
tested correlations between the reproduction performance and the confidence ratings 
in both groups. This result serves as a validation of the zero-correlation criterion 
used in the assessment of the level of awareness in the implicit learning task and 
confirms the acquired knowledge was explicit.  

We were unable to detect differences between participants with and without dyslexia 
in either the measures of the online learning performance, or the measures of the 
sequence knowledge resulting from the learning. The results of our experiments 
revealed no differences between the dyslexic and the control participants in their 
online learning of the sequence as expressed in the difference between block 1 and 
block 5, in how much the knowledge of the learned sequence interfered at the switch 
to a random block as reflected by the difference in reaction times between block 5 
and block 6, and in how much they were able to restore the obtained knowledge of 
the sequence in the last structured block, observed in the absence of a difference 
between block 5 and block 7. Moreover, no differences were observed between the 
percentage of dyslexics and controls that were able to correctly identify block 5 as 
structured. Neither were there any differences revealed between the two groups of 
participants in the amount of knowledge resulting from learning as is evidenced by 
the results of the reproduction phase. No differences were also found in the length of 
the sequence fragments correctly reproduced by the dyslexic and the control 
participants or in their level of confidence about the correctness of their reproduction 
performance. The absence of observed differences in the learning and the 
reproduction performance in the two groups means that we cannot conclude that the 
explicit learning abilities in dyslexic participants were impaired. The absence of 
differences could be, of course, observed due to a failure to detect them or due to the 
intact explicit learning abilities in dyslexics. We believe that the group effects were 
not missed, but were in fact absent in the data as the participants in both groups 
showed a good learning curve and, moreover, showed a correlation between their 
confidence ratings and reproduction quality, testifying to the explicitness of their 
knowledge.  

One should note that the participants’ confidence level was influenced by the order 
the tasks were presented in. Their confidence was somewhat undermined by the 
more difficult AGL task when that was intervening between the two SRT tasks. 
Also, the results of both the learning and the reproduction phase showed that the 
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order in which the implicit learning tasks were presented before the explicit learning 
task played a role. Both the Block x Task Order interaction found when comparing 
block 1 and block 5 and the main effect of task order on confidence ratings showed a 
steeper learning curve and higher confidence ratings when two SRT tasks followed 
each other, which might be seen as a result of training effect undisturbed by an 
intervening AGL task. However, one should note that the steeper slope of the curve 
in the learning phase is not created by faster RT’s in block 5, but by slower RT’s in 
block 1, which is not what a task training effect would predict. It might be the case 
that the AGL presented between the two tasks influenced the consolidation of the 
knowledge about the SRT task and the participants would start faster when 
presented with another version of the task for the second time. 

Naturally, the absence of differences between the dyslexic and the control group 
found in the learning and the reproduction phase is only half of the evidence 
necessary to show the dissociation between the explicit and the implicit learning 
abilities in dyslexics. Chapter 4 and 5 will reveal if there is a deficit in implicit 
motor and language learning abilities in people with dyslexia, which is necessary to 
show a single dissociation. Additionally, a relationship (or rather the absence 
thereof) between explicit and implicit abilities will be investigated in chapter 7 of 
this dissertation. 

Importantly, as was mentioned earlier, participants’ results obtained in the explicit 
and the implicit versions of the SRT task will be viewed in tandem to help analyze 
and interpret the implicit task data. The motivation for this idea and the description 
of the methods to implement it will be found in the next chapter. 
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4.1.Introduction.

In this chapter we will move on to the implicit learning abilities in dyslexia, 
focusing on those in the (perceptuo-)motor domain. The issue of implicit motor 
learning in dyslexics is a bit of a murky land. Although it has been explored in a 
number of studies using versions of the original serial reaction time task by Nissen 
and Bullemer (1987), no consistent results and conclusions have been obtained. For 
instance, in some studies it has been found that dyslexics perform poorly on the SRT 
task as compared to people without dyslexia (Howard Jr et al., 2006; Jimenez-
Fernandez et al., 2011; Menghini et al., 2006; Stoodley et al., 2006; Vicari et al., 
2005; Vicari et al., 2003). In contrast, in studies by Rüsseler et al. (2006), by Kelly 
et al. (2002), by Menghini et al. (2010) and by Deroost et al. (2010) implicit learning 
of motor sequences was concluded to remain intact for dyslexics.  

Multiple explanations potentially exist to account for the variability in the findings 
as the mentioned studies differ in many aspects, which substantially clouds the 
picture. In several multiple case studies it has been suggested that sensorimotor and 
procedural impairments may be restricted only to certain subgroups of dyslexic 
individuals tested under certain conditions (Ramus, Rosen, et al., 2003; White et al., 
2006). Therefore, the sampling criteria and the methodologies employed in the 
studies should be carefully considered to understand the heterogeneity of the 
outcomes. The studies indeed vary significantly in the sampling requirements used, 
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such as the number of participants and their age, diagnostic criteria of dyslexia, 
exclusion of co-morbid disorders and matching characteristics of the control group 
as well as in the methodological procedures adopted, such as the length and the type 
of the sequences to be learned and the length of exposure as indicated by the number 
of blocks and the number of sequence iterations within each of them. The variation 
between different studies on these factors has been described in Lum, Ullman, and 
Conti-Ramsden (2013). We will follow a similar description outline and will discuss 
how these factors could have influenced the results obtained in previous studies. 
Afterwards, we will give a brief description of the sample and the methods chosen 
for the study reported in this chapter and will conclude with outlining research 
questions and making predictions about the behavior of dyslexic and control 
participants in our sample on the SRT task used in this study. 

Firstly, as was discussed in the introduction chapter of this book, the absence of a 
uniform definition of dyslexia and of consistent diagnostic criteria result in 
heterogeneity of the samples used in different studies as well as into heterogeneity 
within the samples themselves. For instance, many studies involved participants 
with an official diagnosis of dyslexia provided by a clinical psychologist (Deroost et 
al., 2010; Menghini et al., 2006; Rüsseler et al., 2006). In such cases the diagnosis is 
usually based on the criteria defined by DSM IV, which due to their unspecifity 
leave much room for interpretation. Criterion A of DSM IV reads that “reading 
achievement, as measured by individually administered standardized tests of reading 
accuracy or comprehension, is substantially below than that expected given the 
person's chronological age…” First, the definition leaves the “substantially below” 
part free for interpretation. In the study of Vicari et al. (2005), for example, the 
reading scores of dyslexic participants were two standard deviations below those of 
their chronological age peers. Dyslexic participants in the study of Jimenez-
Fernandez et al. (2011) were below the 25th percentile, which corresponds to .7 
standard deviations below the norm. Menghini et al. (2006) considered a significant 
difference between the control and the dyslexic group on their reading scores to be 
sufficient. Second, the standardized tests used to assess reading abilities and the 
number of those tests differ from study to study. The tests employed naturally 
depend on the native language of participants and the country they are tested in and 
usually include the real word and the pseudo-word reading tests. Menghini et al. 
(2006) used the Italian “Battery for Evaluating Dyslexia and Dysorthography” 
(Sartori, Job, & Tressoldi, 1995), while Howard Jr et al. (2006) used subtests from 
the Woodcock–Johnson Psycho-Educational Battery (Woodcock, Johnson, & 
Battery-Revised, 1989) to assess their English-speaking participants’ real word and 
pseudo-word reading  skills. Some of the studies used their own diagnostic criteria 
for dyslexia and employed reading tests developed by researchers themselves (e.g. 
Rüsseler et al., 2006), which might introduce even more variation within and 
between samples used in different studies. 

Secondly, criterion C of DSM IV states that in case a sensory deficit is present, the 
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reading difficulties would be in excess of those usually associated with that deficit. 
Therefore, when selecting a sample it is important to exclude other neurological and 
behavioral conditions that could potentially explain or influence participants’ 
behavior. In both studies by Menghini et al. (2010) and in that by Deroost et al. 
(2010) presence of ADHD in participants was an explicit exclusion criterion, while 
in the sample of Howard Jr et al. (2006) participants with ADHD were retained. In 
the two studies by Vicari et al. (2005; 2003) unspecified manifest neurobehavioral 
problems were precluded. In addition to those, the study by Rüsseler et al. (2006) 
excluded seizures as well as visual and auditory deficits. There was no information 
about such selection criteria reported in the rest of the studies mentioned (Jimenez-
Fernandez et al., 2011; Kelly et al., 2002; Stoodley et al., 2006). It would be 
somewhat risky to derive conclusions about dyslexia in studies with samples with 
overly generous inclusion criteria, as there is a rather substantial chance that the 
observed differences could occur as a result of co-morbid conditions or could be 
leveled out by factors of behavioral, psychiatric or neurological origin that were not 
controlled for.  

Thirdly, a number of other factors explaining differences in the performance of 
dyslexics and controls should be controlled for while matching the two groups, the 
groups ideally differing in the presence/absence of dyslexic symptoms only. All of 
the studies matched the two groups on age. Most of them had an equal distribution 
of male and female participants within the groups. Different additional factors to 
match the groups on were chosen in each study, namely education (Deroost et al., 
2010; Kelly et al., 2002; Menghini et al., 2006), handedness (Howard Jr et al., 2006; 
Menghini et al., 2006; Rüsseler et al., 2006), non-verbal intelligence (Jimenez-
Fernandez et al., 2011; Menghini et al., 2010; Rüsseler et al., 2006; Stoodley et al., 
2006; Vicari et al., 2003) and socio-economic level (Vicari et al., 2005; Vicari et al., 
2003). As there is no standard set of matching criteria designed specifically for 
studies into dyslexia, researchers are free to compile the criteria sets of theirs own, 
possibly overlooking important factors that could explain the presence or the 
absence of group differences and making it difficult to compare the studies’ 
outcomes.  

Fourthly, and importantly, the studies under discussion differ in the age groups they 
selected for investigation, ranging from as young as 8-9 (Jimenez-Fernandez et al., 
2011) to up to 40 years of age. The studies conducted by Deroost et al. (2010), 
Menghini et al. (2010), Vicari et al. (2005); Vicari et al. (2003) and Jimenez-
Fernandez et al. (2011) involved child participants, while those by Kelly et al. 
(2002), Menghini et al. (2006), Howard Jr et al. (2006), and Rüsseler et al. (2006) 
fall under adult studies. It has been shown that the procedural and the declarative 
memory systems develop according to different schedules, with the procedural 
abilities maturing and reaching adult-like levels at an early stage of development 
(Bauer, 2008) and the declarative abilities still improving from childhood into 
adolescence and early adulthood (Lum, Kidd, Davis, & Conti-Ramsden, 2010). 
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Older participants, thus, might be more able to compensate for procedural memory 
deficits with the contributions of the declarative memory system. Therefore, in such 
tasks as the SRT task, where both the procedural and declarative systems work 
together to a certain extent to ensure learning, differences between dyslexics and 
controls would be more obvious in childhood (Lum et al., 2010; Ofen et al., 2007; 
Ullman & Pierpont, 2005). This would, however, predict that older dyslexic 
participants show more explicit knowledge than controls on tasks measuring the 
level of awareness of the knowledge resulting from learning. In the only study with 
adults that did check for explicit knowledge no such difference was reported 
(Rüsseler et al., 2006). Moreover, there is no obvious pattern in outcomes depending 
on the age of the participants seen in the studies under consideration, with adult and 
child studies showing evidence for both intact and impaired implicit motor learning 
in dyslexic individuals.  

Lastly, variable between studies is also the size of the samples used, ranging from 24 
participants in Rüsseler et al. (2006) to 125 participants in the study of Menghini et 
al. (2010). Sample size is indicative of statistical power and might explain some of 
the null-findings. 

Another group of factors that might account for conflicting findings in the SRT 
studies in dyslexia concerns methodological conditions as different variants of this 
task were used in each study. Firstly, the type of the sequence used might be an 
important factor. For instance, Howard Jr et al. (2006) and Jimenez-Fernandez et al. 
(2011) found that dyslexics, adults and children respectively, were impaired in 
learning so-called higher-order sequences (also known as second-order) where 
dependencies exist across non-adjacent elements in the sequence. An attempt to 
replicate those results was, however, not successful. Deroost et al. (2010) found 
intact second-order learning in secondary-school children with dyslexia. Neither 
were the findings of impaired higher-order sequence learning confirmed in an adult 
study by Rüsseler et al. (2006). The rest of the studies used the first-order 
conditional sequences where learning could be based on knowledge about the 
immediate preceding position in the sequence, but only to dock at the same 
contradicting conclusions. 

Apart from the sequence type, its length also differs from one study to another, 
ranging from 5 elements as in Vicari et al. (2003) to 12 in Deroost et al. (2010) and 
in Rüsseler et al. (2006). It would not be illogical to assume that shorter sequences 
are less difficult to learn than longer ones, which has been confirmed by a study of 
Howard and Howard (1989). One would then expect that it is more likely to observe 
differences between dyslexics and controls in studies employing longer sequences, 
as the shorter ones would be too easy to acquire and the difference between the two 
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groups would therefore be concealed by the floor effect.12 The expectation, however, 
is not confirmed by the studies’ outcomes. 

Another very important methodological factor, on which the studies vary, is the 
exposure length as expressed by the number of blocks multiplied by the number of 
sequence iterations within each fixed block before the introduction of the random 
block. In the study by Stoodley et al. (2006) participants were exposed to a 10-item 
sequence only 10 times throughout the whole learning phase, while Deroost et al. 
(2010) used 108 sequence presentations. A very short exposure might be insufficient 
to pick up a difference between the two groups, while too long an exposure also 
presents risks, as it increases the chance of explicit learning taking over. In the latter 
case, assuming that explicit learning is unimpaired in dyslexics, one would expect a 
smaller difference between the two groups. Another expectation born from this 
scenario is that explicit learning would be detected by the objective or subjective 
measures of explicit awareness. Unfortunately, it is not common to control for 
explicit knowledge in such studies. Only Rüsseler et al. (2006), Vicari et al. (2003), 
and Jimenez-Fernandez et al. (2011) used measures of explicit awareness. Rüsseler 
et al. (2006) used verbal reports and found - according to the authors – an indication 
of no or partial explicit knowledge present. Jimenez-Fernandez et al. (2011) used a 
sequence generation task in an implicit and an explicit version of an SRT task. They 
didn’t rule out the presence of explicit knowledge in their implicit task, but were 
able to conclude that less explicit knowledge was acquired than in the explicit task, 
based on a comparison of the two. Vicari et al. (2003) used verbal reports, which 
indicated no participants’ awareness of the presence of a sequence in the stimuli. 

On the one hand it could be the case that the inconsistent findings might reflect an 
absence of differences between dyslexics and controls, with positive outcomes 
happening by mere chance.  On the other hand, the variability in all of the above-
mentioned factors could create a lot of noise and obscure the existing differences. 
One way to make sense of heterogeneous results and sail through to a uniform 
conclusion is meta-analysis. The great endeavor of meta-studies comes with its 
practical advantages that are difficult to overestimate and its limitations that are 
often underestimated (see the discussion in Walker, Hernandez, & Kattan, 2008). 
For instance, by pooling results of individual studies, differences in results among 
those studies can be analyzed, the problem of sample sizes that are too small to find 
the effects of interest can be overcome, and the precision in estimating effects can be 
increased. However, conclusions of meta-studies cannot be fully warranted unless 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

12 One could, of course, also reason the other way around and expect longer sequences 
(combined with other experimental design factors) to appear too difficult to learn for both groups, in 
which case the group difference would not be observed either. We, however, do not consider this 
scenario, as it would mean that no learning would be seen in the two groups. In all the studies under 
consideration learning was shown to take place. 
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they adequately deal with the selection of studies, heterogeneity of their results, 
identification of major factors causing the variation and the analysis of the data. 
Fortunately for many researchers conducting studies into implicit motor learning in 
dyslexia, a meta-analysis has been performed by Lum et al. (2013). Fourteen studies 
were combined for this meta-study.  The weighted average effect size showed that 
the control group learnt better than the dyslexic one on the SRT task as reflected by 
larger differences in reaction times between structured and random blocks. The 
random-effect regression analysis revealed that the difference between the two 
groups becomes smaller with longer exposures to the sequence and with second-
order sequences, in both cases when participants are of an older age. The authors 
concluded that the study provides evidence for an implicit learning deficit in 
dyslexics. However, as it is usually the case with meta-studies, the results of this 
analysis should be considered with caution, as the dissimilarities in the sampling and 
the methodologies used in the studies analyzed were quite large. Moreover, among 
the properties of the samples that were taken into consideration in the regression 
analysis only participants’ age was included as a factor. Should other factors relating 
to characteristics such as inclusion and exclusion criteria, for example, have been 
included into the analysis, its outcome might have changed. 

Another way to untangle the knot of heterogeneous factors present in available 
studies is to conduct a study where each parameter is carefully manipulated while 
others remain constant. To our knowledge such studies into implicit motor learning 
abilities in dyslexia do not exist. So far the choice left to researchers working on the 
question of whether implicit motor learning in dyslexics is impaired or intact is to 
take an educated guess relying on the previous studies.  

Although conjectures based on contradicting information are not particularly reliable 
when it comes to research design, they might seem quite a luxury in situations when 
previous findings into a certain question are scarce or absent. This appears to be the 
case with assessing the nature of the learning obtained by dyslexics and controls in 
an SRT task, i.e. if the learning was actually implicit. As has previously been 
mentioned only three studies made an attempt to investigate the level of participants’ 
awareness of the knowledge obtained during learning. 

Rüsseler et al. (2006) reported that all of their 12 control participants and six out of 
12 dyslexics were aware of the presence of a sequence, with none of the participants 
having been able to reproduce more than 6 consecutive correct elements in a pencil 
and paper free recall task. No group difference between the two groups in the 
longest chunk produced correctly was found. The authors took this as evidence for 
“no or only partial explicit sequence knowledge”. However, the paper does not give 
an indication of how long the average sequence recalled by the participants was. 
Neither does it provide an explanation of why the sequence was considered to be 
short enough to exclude explicit knowledge. To make a valid conclusion like that 
one would need to compare the length of the produced sequence to a chance level or 
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any other measure or score that would serve as a reference point to indicate some 
degree of explicit or implicit awareness. Unfortunately, no such comparison was 
reported.  The way these results were presented makes it difficult to allow a sound 
conclusion pertaining to the level of participants’ awareness. 

In Vicari et al. (2003) verbal reports showed that none of the children participating 
in the experiments noted any regularity in the sequence they were presented with. 
The authors also mention that the participants were asked to reproduce the sequence. 
However, the results of this task were not reported. 

A version of the generation task was used in the study of Jimenez-Fernandez et al. 
(2011) where participants were given 9 trials to produce 3-item fragments of the 6-
item sequence used in the learning part of the experiment that they believed to have 
been more often presented during learning. There was no group difference in the 
number of fragments produced correctly. However, this score was later compared to 
the same score obtained in an explicit version of the SRT task, with explicit 
generation being more successful in both groups. The general idea of comparing the 
generation performance in the implicit version of the SRT task to that of the explicit 
version allows drawing somewhat more reliable conclusions about the nature of the 
learning. It’s not quite possible to conclude that the knowledge obtained was purely 
implicit, but it is conceivable that it was less explicit than that obtained in a more 
explicit task. Comparisons to the results obtained in our version of the explicit SRT 
task will also be something we will often resort to in this chapter in order to reach a 
conclusion. To this end, the reader will often be referred to chapter 3, where the 
study of explicit learning abilities in dyslexics and their controls was described. 

All in all, in designing the present study it was difficult to fully rely on existing 
literature, due to inconsistent outcomes as well as a large variability in the sample 
characteristics and methodologies. In planning our attempt to investigate the 
differences in implicit (perceptuo-)motor learning between dyslexic and normally 
reading controls, some of our choices concerning all the factors mentioned above 
were motivated by existing research, some were dictated by issues of practicality 
and some by mere intuition. In this study age differences in procedural learning in 
dyslexia were far beyond the scope of the main question investigated, and the adult 
population was, therefore, selected due to easier practical accessibility.  

In selecting dyslexic participants for the study we relied on both the official 
diagnosis provided, and our own inclusion criteria, resulting in a sample size of 55 
participants, 27 participants with dyslexia and 28 controls. Two of the studies 
discussed in the introduction involved a larger number of participants, i.e. Deroost et 
al. (2010) had 28 dyslexic and 28 controls in their sample and Menghini et al. (2010) 
analyzed the data of 60 dyslexics and 65 control subjects, both of the studies 
reporting no difference between the groups. In the rest of the studies sample sizes 
used were significantly smaller than the one selected for this study.  
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The sample was controlled for co-morbid conditions with strict inclusion criteria and 
additional testing directed at detecting co-occurring deficits of no interest, as 
described in chapter 2.  As for the methodology used, we selected a version of a 
first-order sequence as it needed to be relatively easily learnable in the explicit 
learning task. However, the relative simplicity of the sequence structure was 
compensated by its length of 12 items, the largest length found in the literature, and 
a limited exposure expressed in only 6 sequence iterations. The effects of length of 
the sequence and that of the exposure had been extensively piloted. In choosing the 
paradigm for assessing the degree of sequence awareness we adopted the logics 
similar to that in Jimenez-Fernandez et al. (2011), adding original measures of 
awareness that, to our knowledge,  have not been employed before. 

A modified version of the experiment reported in the previous chapter was used to 
investigate differences in implicit learning between people with and without 
dyslexia. The task, naturally, was stripped of the factors promoting explicit learning, 
such as instructions promoting explicit learning and identification of blocks as 
random or structured. Similarly to the explicit learning task, however, the implicit 
version consisted of two phases, the learning and the reproduction phase. Unlike the 
explicit version of the experiment, where the main goal consisted in determining if 
learning occurred and how much knowledge resulted from it in dyslexics and 
controls, its implicit counterpart pursued an additional crucial purpose of 
determining the degree of awareness of the learned sequence in the two groups. The 
two goals were realized in both the learning and the reproduction phase.  

In the learning phase participants were presented with blocks of sequences where 2 
out of 7 blocks, namely block 1 and block 6, contained a random sequence, while 
the rest of the blocks comprised a structured sequence. Three measures are of 
interest here. The first measure was meant to determine if learning occurred in the 
two groups. The second measure reflected both learning and the level of awareness. 
The third measure pertained only to the question of participants’ awareness of the 
learned sequence. 

Firstly, the difference in reaction times between the first random block (block 1) and 
the last structured block (block 5) before the presentation of the second random 
block (block 6) gives an indication of online learning happening whilst the sequence 
is repeated. This difference has been partially attributed to nonspecific learning, i.e. 
increasing proficiency at responding to a visual stimulus. However, it has also been 
shown that this gradual improvement in performance is evidence for encoding of the 
sequential structure of the stimulus (Cleeremans, 1993). The faster the participants 
learn, the steeper a learning curve is predicted to show between these blocks, which 
we expect to be supported by a significant difference between these blocks, with 
participants being faster in block 5.  

Secondly, the difference in reaction times between the last random block (block 6) 
and the structured block directly preceding it (block 5), the traditional measure of 
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learning, will be considered. It is expected that, similarly to findings obtained in 
previous research, learning will be evidenced by significantly slower reaction times 
in block6 as compared to those in block5. Moreover, if learning that occurred in this 
task is of implicit nature, the learned sequence would be more impervious to 
conscious control, and, thus, would be more difficult to suppress than in the explicit 
version of the task. It is, therefore, predicted that the difference between the two 
blocks is larger in the implicit version of the task as compared to the explicit one. 

Thirdly, the difference between the structured blocks presented before and after the 
last random block, that is between block 5 and block 7, will be considered as a 
measure of the level of awareness of the sequence learnt. Even though a rebound 
block has been used in a number of studies, the proposed difference has not been 
used as a measure of participants’ awareness. However, to our mind it reflects how 
well the learned sequence can be manipulated. Explicit knowledge is known to be 
more easily manipulated than implicit knowledge (Stadler, 1997). The higher the 
level of participants’ awareness of the sequence they are exposed to during learning 
and its structure, the better they are predicted to be able to restore it after the 
introduction of the random block. This scenario was already observed in the explicit 
version of our task where no difference between the two blocks was found despite 
the intervening random block. It is, therefore, expected that in this, implicit version 
of the task, the reaction times for block 7 will be significantly slower than those in 
block 5. 

In the reproduction phase the amount of acquired knowledge and confidence levels 
are the two measures of interest. The participants were asked to reproduce over three 
trials the sequence they thought they had been exposed to in the learning phase. No 
feedback was provided as to the correctness of the produced sequences. The length 
of the longest fragment matching the actual sequence in the three trials, as well as 
the length of the overlap between the three fragments, were measured (the measure 
will further be referred to as the reproduction performance measure). Participants’ 
confidence ratings for each of the reproduction trials were collected.  

The amount of acquired knowledge is an indirect measure of learning success. At 
the same time it also functions as a measure of participants’ awareness. Due to the 
non-selective nature of implicit learning, as opposed to its explicit counterpart, 
where learning is focused on determining regularities in the stimulus, one would 
expect that less knowledge would be acquired in the implicit version of the task as 
compared to the explicit one. Confidence ratings are considered as a subjective 
measure of awareness. The less participants are aware of their knowledge, the lower 
their confidence ratings would be. 

Firstly, if the learning did not proceed in a completely explicit way we would expect 
there to be a significant difference on both of the measures between the implicit and 
explicit versions of the task, with participants performing more poorly on the 
implicit SRT. Secondly, we expect the zero-correlation criterion to be satisfied here. 
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In this case we would observe no correlation between the reproduction performance 
in each of the three trials and confidence ratings assigned to them by the 
participants.  

Group differences between the dyslexic and the control participants will be 
investigated for all of the learning and awareness measures described above. The 
procedural deficit hypothesis would predict that the dyslexic participants show a 
poorer performance on the measures of learning and of the knowledge resulting 
from that learning. In case learning proceeded implicitly in both of the groups, no 
group differences are expected on the measures of awareness. 

On this note we will pass on to the methods section of this chapter to give more 
detail on how the above-mentioned research questions were investigated.  

 

4.2.Methods.

4.2.1.Participants..

The same 55 participants tested in the explicit version of the serial reaction time task 
took part in this experiment. Twenty-eight of the participants belonged to the control 
group, 20 females and 9 males. The dyslexic group consisted of 27 participants, 
among which 16 females and 11 males. Detailed descriptions of the two samples, 
including their neuropsychological characteristics, can be found in chapter 3.  

 

4.2.2.Design.and.Procedure.

The testing session lasted approximately 10 minutes. The participants were seated in 
front of a computer screen in a sound-proof cabin in the phonetics lab of the Utrecht 
Institute of Linguistics OTS. They were provided with a four-button response box to 
complete the task. 

An adapted version of a traditional Serial Reaction Time task was used in the 
experiment. Structurally the procedure was similar to that described in chapter 3 
with two differences. Firstly, in this version of the task participants were not asked 
to identify each block as random or structured. Secondly, the learning phase this 
time was preceded by a short training phase consisting of one sequence. In terms of 
instructions, participants were told that their only task consisted in following the 
visual cue as fast and as accurately as possible. Response latencies were measured in 
this phase of the task.  
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4.2.3.Stimuli.

The two sequences used are described in chapter 3.  

4.3.Results.

In the implicit serial reaction time task differences in implicit (perceptuo-)motor 
learning in dyslexics and controls were investigated. This main issue was addressed 
in two phases of the experiment, in which it was broken down into the following 
major sub-questions. Firstly, the question of whether the learning was successful and 
whether it was successful to the same degree in the two groups was investigated in 
the learning phase. Secondly, the issue of the degree of awareness of the learned 
sequence in the two groups was explored in the learning phase and in the 
reproduction phase. Thirdly, the issue of whether the amount of the acquired 
knowledge differed in the two groups as well as the participants’ level of awareness 
of that knowledge was considered in the reproduction phase. Additionally, minor 
questions related to the general experimental design and the design of individual 
phases were addressed. The results concerning each of the major and the minor 
questions are reported below according to the phase they were investigated in.  

 

4.3.1.Learning.Phase.Results.

To measure learning in the two groups, reaction times were obtained during the 
learning phase.13 Median reaction times per person per block were calculated and 
further used as the dependent variable in the analysis. A mixed ANOVA was 
conducted to compare average median reaction times in the seven blocks of the 
Serial Reaction Time task, with block (block 1, block 2, block 3, block 4, block 5, 
block 6, block 7) as a within subjects variable, group (dyslexic, control), sequence 
(sequence 1, sequence 2) and task order (ISRT-AGL-ESRT, AGL-ISRT-ESRT) as 
the between-subject variables. A plot of averaged median values in each block for 
both groups is provided in Figure 1. 

To find out if learning occurred and whether it occurred implicitly, simple planned 
comparisons relative to block 5 were introduced into the analysis. Firstly, out of the 
whole range of the comparisons produced by SPSS14 we were interested in the 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
13 One most extreme outlier (possibly due to undiagnosed motor coordination disorder) was excluded 
from the analysis, leaving the sample of dyslexics with 26 participants. Winsorizing was applied to the 
rest of the extremely outlying data. As a mixed ANOVA assumes equal variances in groups and therefore 
equal sample sizes are preferred, random sampling was applied to select 26 control participants from the 
initial group of 28. 
14 The SPSS protocol for the repeated measures ANOVA provides no facility to customize contrasts by 
selecting the comparisons of interest and instead offers to use the built-in contrasts that might be 
superfluous for the a priori hypotheses testing. Therefore, we chose the built-in simple contrasts and 
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differences between block 1 and block 5 as well as between block 6 and block 5 to 
establish if learning occurred. Secondly, to obtain an indirect measure of how aware 
the participants were about the learned sequences we focused on the differences 
between block 7 and block 5.  

Preliminary checks were conducted to ensure that there were no violations of 
assumptions of normality, linearity, homogeneity of variance and sphericity. The 
Levene’s test showed a significant difference between the variances in two groups. 
However, with larger sample sizes small differences in group variances can produce 
a significant Levene’s test. Moreover, it is common to ignore the Levene’s test with 
equal sample sizes and to use Hartley’s Fmax instead (Field, 2013). Fmax showed only 
a very slight violation of the assumption of equal variances for random block1. 
Mauchly’s test of sphericity also appeared to be significant. Therefore, the adjusted 
values obtained with the Greenhouse-Geisser correction were used.  

There was a significant effect of group [F(1, 44)= 5.9, p = .02, partial eta squared= 
.12], with dyslexics producing slower reaction times than controls. The effect of 
block was also found to be significant [F(3.5, 152.7)= 30.7, p < .000, multivariate 
partial eta squared= .8].15 Contrasts of interest revealed that there were significant 
differences between block 1 and block 5 [F(1, 44)= 5.6, p = .02, partial eta squared= 
.11] as well as between block 6 and block 5 [F(1, 44)= 103, p = .000, partial eta 
squared= .7], with faster reaction times in block 5 than in block 1 and block 6. The 
difference between block 7 and block 5 was also significant [F(1, 44)= 16, p = .000, 
partial eta squared= .28], with the participants showing slower reaction times in 
block 7. No significant main effects for sequence or task order or significant 
interaction effects between any of the factors were found.16 Means and standard 
deviations can be found in Table 1. 

To investigate the differences in the learning curve between the two groups in more 
detail, a mixed ANOVA was conducted with reaction times as the dependent 
variable, block (block 1, block 3) as the within-subjects independent variable and 
group (dyslexic, control) as the between-subjects independent variable. There were 
significant main effects of block [F(1,50)= 15.4, p< 000, multivariate eta squared= 
.24] and group [F(1,50)= 5.3, p= .03, partial eta squared= .10] found. The 
participants produced faster reaction times in block 3 than in block 1, with dyslexics 
being on average slower than controls. Importantly, a significant Block x Group 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
specified the variables such that block 5 was the last one and could therefore be used as a reference 
category for comparisons. Further on we will focus on and discuss only the three comparisons determined 
by the questions we initially planned to answer. 
15 All effects are reported as significant at p < .05 unless otherwise stated. 
16 Since the order of the tasks and the sequence used did not show a significant main effect, the two 
factors are not going to be taken into consideration in further analyses performed on reaction times in this 
part of the task. 
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interaction was revealed [F(1,50)= 4.9, p= .03, multivariate eta squared= .09], 
dyslexics showing less of a difference between the two blocks as compared to 
controls. The relevant means and standard deviations can be found in Table 1. 

In order to provide evidence for implicitness of the learning, a mixed ANOVA was 
conducted. In this analysis, in addition to the data from the implicit version of the 
task, those obtained in the explicit version were used. The averaged median reaction 
times served as the dependent variable, plicitness17 (implicit, explicit) and block 
(block 5, block 6) as within-subject variables and group (dyslexic, control) as a 
between-subjects variable18. As was already shown in the previous analyses, the 
effect of block was found to be significant [F(1, 50)= 53.0, p< .000, multivariate 
partial eta squared= .52], with participants showing larger reaction times in block 6 
than in block 5. The effect of group was also significant [F(1, 50)= 5.63, p = .022, 
partial eta squared= .10], the dyslexic participants showing slower RT’s than 
controls. The effect of plicitness was not statistically significant. Importantly, a 
significant interaction between block and plicitness was found [F(1, 50)= 5.63, p = 
.022, partial eta squared= .10], with the participants showing a larger difference 
between the two blocks in the implicit version of the task than in the explicit 
version. For means and standard deviations, see Table 1. 

 
Figure.1..Average.values.for.median.reaction.times.(+SE).obtained.from.dyslexic.
(n=26).and.control.(n=26).participants.in.each.of.the.seven.blocks.in.the.learning.
phase.of.the.implicit.serial.reaction.time.task...

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
17 We are aware that there are terms appropriate to name this factor that are actual words, like level of 
awareness, for example. However, those are cumbersome and might have unwanted connotations. We are 
convinced that the field of implicit/explicit learning has been missing and needing the term plicitness. By 
this we take the liberty of introducing it and anyone should feel free to use it. 
18 Sequence order and task order were excluded from this analysis, since they produced no main effects 
neither in the previous analysis of RT’s in the implicit task nor in a similar analysis of the explicit 
learning task. 
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Table 1 

Means and Standard Deviations of Reaction Times for Dyslexic (DD) and Non-
Dyslexic Control (C) Participants in Five Blocks of Interest  (B1, B3, B5, B6, B7) of 
the Implicit SRT Task (ISRTT) and Two Blocks (B5, B6) of the Explicit SRT Task 
(ESRTT). 

 ISRT ESRT 

 B1 B3 B5 B6 B7 B5 B6 

 M SD M SD M SD M SD M SD M SD M SD 

DD 363 59. 354 64 359 73 416 66 383 81 368 97 400 78 

C 340 38 310 48 310 63 368 45 339 57 335 98 375 43 

Total 352 51 332 60 334 72 392 61 361 72 351 98 388 64 

 

4.3.2.Reproduction.Phase.Results.

The results presented in this section of the chapter pertain to the questions of group 
differences in the amount of knowledge resulting from learning and of the level of 
explicit awareness of the learned sequence. Two measures were used for analysis, 
participants’ reproduction performance and the confidence ratings19.  

Firstly, to answer the questions of differences in the amount of acquired knowledge 
and in the level of participants’ awareness of the knowledge, participants’ 
reproduction performance and confidence ratings are compared to those obtained in 
the explicit version of the SRT task, where learning was concluded to occur in an 
explicit way. Secondly, the relationship between the reproduction performance and 
the confidence ratings in the two groups is investigated.  

The differences between reproduction performance in the implicit and the explicit 
SRT in the two groups were explored with the help of a separate mixed ANOVA 
performed for each of the two awareness measures (fragment overlap and average 
confidence ratings) as the dependent variable. In each of the analyses plicitness 
(implicit, explicit) was used as the within-subject variable and group (dyslexic, 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
19 For all of the analyses reported below except one, the overlap between the longest fragments produced 
in three trials is implied by the reproduction performance and the average confidence ratings for the three 
trials are to be understood under confidence ratings. In the analysis investigating the association between 
the reproduction performance and the confidence ratings, the longest fragment per trial and its 
corresponding confidence rating are meant. 
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control), sequence order (sequence1 in ILSRT followed by sequence2 in ELSRT; 
sequence1 in ILSRT preceded by sequence2 in ELSRT) and task order (ISRT-AGL-
ESRT, AGL-ISRT-ESRT) as the between-subject variables.  

We will first consider the analysis conducted on the reproduction performance. 
Preliminary checks were conducted to detect violations of assumptions of normality, 
linearity, and homogeneity of variance. According to the Kolmogorov-Smirnov test 
the assumption of normality was violated. There were two outliers who reached 
perfect performance that positively skewed the distribution to a large extent. None 
of the data transformations appropriate for this kind of distribution helped to achieve 
normality. However, according to Field (2013) ANOVA remains robust to violations 
of normality with samples of more than 20 participants. There was a significant 
effect of plicitness [F(1, 47)= 14.7, p < .000, partial eta squared= .24], with 
participants performing better on the explicit condition (M= 5.0, SD= 3.1)  than on 
the implicit one (M= 3.2, SD= 2.0). A bar graph of average overlap length for the 
implicit and the explicit condition is provided in Figure 2. 

 

 
 
Figure! 2.. Average. length. of. correct. fragment. overlap. (+SE). obtained. in. the.
implicit.and.the.explicit.version.of.the.serial.reaction.time.task..

 

Similarly to the above-mentioned analysis of fragment overlap, the preliminary 
checks for the average confidence ratings showed violations of normality. 
Importantly for answering the question we posed, the effect of plicitness was found 
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significant [F(1, 47)= 25.9, p< .000, multivariate partial eta squared= .36]. The 
participants provided higher confidence ratings in the explicit condition (M= 3.7, 
SD= 1.6) than in the implicit condition (M= 2.6, SD= 1.5). A bar graph showing 
averaged means of confidence ratings for the implicit and the explicit condition is 
provided in Figure 3. The main effect of the order of the tasks was significant [F(1, 
47)= 4.3, p < .04, partial eta squared= .08], with participants providing higher scores 
when the two SRT tasks were presented after the AGL task (M= 3.5, SD= .29) than 
when the AGL task was administered in between (M= 2.8, SD= .29). A plot of 
average confidence ratings for the two task orders for the implicit and the explicit 
version of the tasks can be found in Figure 4. A significant interaction was found 
between plicitness and sequence [F(1, 47)= 7.0, p < .01, partial eta squared= .13] as 
well as between the task order and the sequence [F(1, 47)= 5.7, p < .02, partial eta 
squared= .11].  

 

 
 
Figure!3..Averaged.means.of.confidence.ratings.(+SE).in.three.reproduction.trials.
in.the.explicit.and.implicit.SRT.tasks..

!
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Figure!4..Averaged.means.of.confidence.ratings. (+SE). for. the.two.task.orders. in.
the.explicit.and.implicit.SRT.tasks..

To investigate the relationship between the reproduction performance and the 
participants’ confidence levels, a bivariate correlation was computed for each of the 
three trials with confidence rating as the predictor and the longest chunk produced as 
the outcome. A significant correlation was found between the confidence rating and 
the longest chunk produced for trial 1 [r= .39, n = 56, p = .003] and trial 2 [r= .27, n 
= 56, p = .04], but not for trial 3. Once the data were split in groups of dyslexics and 
controls, the correlations were observed only in the control group for trial 1 [r= .47, 
n = 29, p = .01] and trial 3 [r= .6, n = 29, p = .001].  

 

4.4.Discussion.and.Conclusion.

In pursuit of an answer to this chapter’s main question of whether dyslexic 
participants have intact or impaired implicit learning in the (perceptuo-)motor 
domain, we conducted a version of the SRT task, which allowed us to see the 
learning in both groups and to determine how implicit the learning was. Before 
dropping our anchor at one of the two sides we will discuss the results obtained in 
the experiment. The success of learning will be considered first, followed a 
discussion of the results concerning the level of participants’ knowledge awareness. 

We can conclude with some certainty that learning has occurred in this experiment. 
This is evidenced by the two measures of learning employed in this experiment, 
namely the RT differences between the last random block and the structured block 
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immediately preceding it as well as between the first block and the structured block 
before the last random block.  

Prima facie the learning proceeded with the same success for both groups. The two 
groups did not differ in terms of the amount of knowledge acquired during exposure 
as is seen in the absence of group effects or Group x Plicitness interactions in the 
analysis of the participants’ reproduction performance. Dyslexics were found to be 
slower than controls in pressing the button, a result that corroborates previous 
findings reported in the literature (Kelly et al., 2002; Rüsseler et al., 2006) and is 
attributed to dyslexics’ impoverished fine motor skills. The absence of interaction 
between the blocks of interest and group can also be interpreted as evidence for 
equal learning abilities in the two groups.  

Nonetheless, a closer look at the line chart in Figure 1 suggested that the control 
group reached the floor performance in block 3 already whereas dyslexics seemed to 
continue to learn after block 3, as was seen by a continued decrease in their reaction 
times. The significant interaction effect found between the block and the group 
factors indicated that dyslexics were somewhat delayed in learning of the sequence 
(or the task) as compared to controls. 

There has been much evidence obtained in favor of reduced explicit awareness of 
the knowledge the participants acquired. Firstly, we can conclude that the 
knowledge was not as explicit as that in the explicit version of the task. This was 
shown by a significant plicitness effect found when comparing both the participants’ 
reproduction performance and the confidence ratings in the two versions of the SRT 
task. One should note here that the confidence ratings were affected by several 
factors in addition to the task order (that was found to be significant also in the 
analysis of the explicit version of the task). The main effects of sequence order and 
its interactions with plicitness and task order are puzzling, but might in the end 
reflect implicitness of the knowledge, as confidence ratings might be more sensitive 
to extraneous factors when a person is unsure about his knowledge. Additionally, we 
should mention that, since the explicit learning task was always presented second in 
this within-subject design, there might be an effect of practice present, resulting in 
an improved performance on the task. 

More evidence for reduced contributions of explicit processes is provided by the 
participants’ reduced ability to manipulate the sequence in the implicit leaning task, 
i.e. to suppress and to restore it. Firstly, this is supported by the interaction found 
between block and plicitness when the participants’ reaction times in block 5 and 
block6 were compared across the two versions of the SRT task employed in this 
study, the implicit and the explicit ones. Secondly, we saw proof in the significant 
difference found in the participants’ reaction times between the structured block 
preceding the last random block and the structured restoration block. 

The answer to the question of whether both of the groups attained the same level of 
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their knowledge awareness is slightly ambiguous. Firstly, the correlation analysis 
between the reproduction performance and the confidence ratings has shown 
associations between the two measures in two of the three reproduction trials. This 
might be indicative of a higher degree of explicit awareness in the group of control 
participants. However, this finding has not been corroborated by direct group 
comparisons on the two measures. 

The presence of a group difference only in one learning measure, a hint of explicit 
awareness in the control group, and the possible task order factor, which might 
endanger the derived conclusions about the level of awareness, may serve as an 
encouragement to consider some improvements in procedure of the task. Firstly, we 
propose that the exposure phase be reduced to two or even to one structured block 
intervening between the two random ones. If the learning delay is indeed present in 
dyslexics, they would not be able to acquire as much knowledge as the controls 
before the second random block is introduced. In this scenario, a difference between 
the two groups should also be observed in how much slower they become as the 
random block is introduced as well as in the amount of knowledge that results from 
learning as expressed by participants’ reproduction performance. Secondly, to 
exclude explicit awareness in any of the groups, it may be necessary to reduce the 
response-stimulus intervals in the learning phase, which was shown to promote 
implicit learning (A. Destrebecqz et al., 2005). Lastly, to find out if task order had 
an effect, a control experiment might be necessary, investigating differences 
between the explicit task performance when the task is presented alone and when it 
is preceded by an implicit task. Otherwise, one might consider testing participants 
on the two tasks on two different days. Studies with children (Meulemans, Van der 
Linden, & Perruchet, 1998) and with adults (Nissen, Willingham, & Hartman, 1989) 
undertaken to investigate the effects of re-testing participants on the SRT tasks 
within a 7-day period showed that procedural learning performance neither 
improved nor deteriorated over this time.  

In conclusion, we wish to state that we have an indication of an implicit learning 
deficit in dyslexics as expressed by a slight delay in implicit (perceptual-)motor 
sequence acquisition. We will continue to look for more evidence for the deficit and 
will consider implicit language learning in dyslexia in the next chapter. 



CHAPTER!4!
!

 

68!

 

  



 
!

!

CHAPTER.5..
 

 

.

Implicit.Language.Learning.in.Dyslexia.
 

 

 

5.1.Introduction.

This chapter takes over from the previous one in the discussion of implicit learning 
abilities in dyslexia and brings the issue from the (perceptuo-)motor to the language 
domain. It has been suggested by Ullman (2004) that the procedural system supports 
both the learning of motor and cognitive sequences, including sequences of a 
linguistic nature. Specifically, Ullman's declarative/procedural model posits that the 
mental grammar that supports the rule-governed combination of items of the mental 
lexicon into complex structures is based on the procedural system. The procedural 
(language) learning system is thought to include the basal ganglia, frontal cortex, 
with Broca’s area and pre-motor regions, in particular, parietal cortex, superior 
temporal cortex, and the cerebellum.  

As has been mentioned before, the AGL paradigm used to explore implicit learning 
in the language domain is to a certain degree methodologically similar to the SRT 
task. Although, in its traditional version, the AGL task does not measure online 
learning, but uses the amount of knowledge acquired as an indirect measure of 
learning, it still involves exposure to a sequence of stimuli based on complex rules, 
and a measure of the degree of explicit awareness of the knowledge resulting from 
that exposure. However, unlike the SRT task that measures progress in learning of a 
single structured sequence via repetition, to succeed on an AGL task one needs to 
generalize over a set of similar stimuli and form a more abstract and conceptual 
representation of a rule underlying them (Dienes, 1992).  



CHAPTER!5!
!

 

70!

More often than not, the rule used to produce stimulus sequences, ranging from 
letter strings to strings of geometrical shapes or colors, is based on a finite-state 
grammar in a fashion similar to that proposed by A. S. Reber (1967) (for the 
grammar used in the original study, see Figure 1). Such grammars are based on 
transitions between items, where every next item is predicted by the previous one 
resulting in a string of symbols, and constitute the lowest step in Chomsky's 
hierarchy of formal languages consisting of finite state languages, context-free 
languages, context-sensitive languages and recursively enumerable languages. It has 
been argued that finite state grammars are not sufficiently representative of 
characteristics intrinsic to human language as they are unable to capture syntactic 
recursion and hierarchical organization of phrases (Chomsky 1956, 1957).  

 

 

Figure!1..The.finite.state.artificial.grammar.machine.proposed.by.Reber.(1967)."

 

Grammars employing features of hierarchical organization, recursive embedding 
and long-distance dependencies were initially employed in studies using the explicit 
learning paradigm. For example, a number of investigations, compared simple 
hierarchical structures of the AnBn type to structures with adjacent dependencies of 
the (AB)n type, where A and B are different lexical categories and n represents the 
dependency between them (Bahlmann, Schubotz, & Friederici, 2008; Friederici, 
Bahlmann, Heim, Schubotz, & Anwander, 2006).  The categories and the 
dependencies were encoded phonologically in a sequence of consonant-vowel 
syllables (CV syllables). The vowel quality defined the categories, with syllables 
that contained front vowels (/i/ and /e/) belonging to category A, and syllables that 
contained back vowels (/u/ and /o/) to category B. The feature voice also defined the 
categories, with syllables with a voiced consonant forming category A and those 
with a voiceless consonant forming category B. Dependencies between the 
categories were encoded by the phonological feature place of articulation (A1 –B1 = 
/b/–/p/; A2 –B2 = /d/–/t/; A3–B3 = /g/–/k/). Phonological features of consonants 
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defining both the categories and the dependencies did not seem to play a role in 
these studies due to an explicit nature of learning, but could potentially be confusing 
for the implicit learning of the rule.  

Ungrammatical sequences were constructed to either violate a category or a 
dependency. For instance, in the sequence of A1A2B2A1 a category is violated, while 
in the sequence of A1A2B2B3 a dependency between the outer two elements does not 
hold. Participants’ accuracy at differentiating between grammatical and 
ungrammatical sequences was measured. Figure 2 shows the general structure of the 
two rules and examples of grammatical and ungrammatical sequences. The authors 
found that hierarchical structures were more difficult to learn and involved brain 
areas different from those engaged in learning of adjacent dependencies. The 
participation of Broca’s area in learning of the hierarchical rule was specifically 
emphasized, which is more in line with the areas predicted by Ullman (2004) to 
underlie procedural (language) learning. The learnability of recursive context-free 
grammars involving structures with center-embeddings was also shown for implicit 
learning paradigms (Rohrmeier, Fu, & Dienes, 2012). 

 
!
Figure!2..The.structure.of. the.two.rule.types.used. in.Friederici.et.al.. (2006).and.
Bahlmann.et.al..(2008).(adapted.from.Bahlmann.et.al.,.2008)..

 

Studies investigating the implicit language learning deficit in dyslexia with the help 
of the AGL task are not as abundant as studies employing the SRT task. The two 
most cited studies used finite-state grammars to explore the implicit learning deficit 
in school-aged children and in adults with dyslexia (Pavlidou et al., 2010; Rüsseler 
et al., 2006). The studies do not agree in their results and conclusions. Based on their 
results, Rüsseler et al. (2006) concluded that dyslexics were unimpaired on the 
implicit AGL task, while Pavlidou et al. (2010) reported a difference between 
dyslexics and controls. In Rüsseler et al. (2006) a traditional procedure and a finite-
state grammar, as proposed by A. S. Reber (1967), were used. Participants were 
instructed to memorize 20 strings of letters of varying length and to freely reproduce 

counting strategy cannot be excluded for the particular grammar
realizations used in this study. Moreover, as no direct comparison
of the hierarchical versus adjacent dependency rule was possible
due to the fact that the different artificial grammars were learned
by different groups of participants, the activation observed in this
study may reflect aspects of processing ungrammaticality in the
two types of sequences.

In the present fMRI study, a hierarchical AnBn grammar type
which necessarily required hierarchical processing was compared
to an artificial grammar that generates adjacent dependencies (AB)
n. Mathematically, the generation of category sequences according
to the expression AnBn engages a recursive/hierarchical procedure,
which produces center-embeddings. A production rule like S !
ASB and S! AB (while S could be seen as a “sentence”) generates
the following examples (1) S ! AB; (2) S ! AABB; and (3) S !
AAABBB. This routine calls itself recursively. A and B are attached
adjacent to the S symbol in the middle, every time the procedure
starts. The processing of items following the structure AABB can
easily be accomplished by counting the A's and matching the
number with the amount of B's. Hence, if the positions in a
sequence (S!A1B1, S!A2A1B1B2, etc.) are not explicitly definedas
a dependency relation, the processing of this structure can be
accomplished via counting.

In order to prevent such counting strategies each rule type
used in the present study formulated a further requirement. The
adjacent dependency rule included the requirement that each
pair of adjacent A, B required amatchwith respect to the phonetic
features [voice] and [place of articulation]. Similarly, the hier-
archical dependency rule included the requirement that elements
that represent one S, i.e. AB have to match with respect to [voice]
and [place of articulation]. We will henceforth indicate this
relation by the insertion of an index parameter (AxBx). This
additional rule describing the relationship between elements in a
sequence, ensures that in the hierarchical dependency condition
sequences are processed by participants in an embeddedmanner.

The processing of hierarchical dependency structures:
(A2A1B1B2) and adjacent dependency structures (A1B1A2B2) to
our knowledge has not yet compared directly. The present study
uses a within-subject design making such a direct comparison
possible. The main question was, whether Broca's area would be
engaged by the processing of hierarchical structures with rule
guided dependencies between corresponding categories as
compared to structuresnot comprisinghierarchical dependencies.
If so, wewould be able to corroborate that the activation in Broca's
area is indeed due to the processing of hierarchical dependencies,
and not to amore simple processing strategy. A direct comparison
of the two different grammar types for the correct sequences,

moreover, will allow to determine whether the expected activa-
tion in Broca's area is independent from any aspect of processing
ungrammaticality which could be strategic in nature.

Materials and methods

Participants

Sixteen native German speaking subjects participated in this
study (9 male, mean age 25.5 years, SD = 3.7 years). They were
right-handed and had a normal or corrected to normal vision. No
participant had a known history of neurological, major medical,
or psychiatric disorder. Prior to scanning, participants were
informed about the potential risks and gave a declaration of
consent. Due to technical problems, two of the 16 participants
had to be excluded from the analysis.

Stimuli

Sequences of consonant-vowel syllables were visually pre-
sented with one syllable at the time. Two types of categorizations
of the syllables were applied. First, the syllables were assigned to
two classes (A and B), whichwere coded by different vowels. Class
A syllables ended with /e/ or /i/ [be, bi, de, di, ge, gi] and class B
syllables endedwith /o/ or /u/ [po, pu, to, tu, ko, ku]. The two types
of vowels (/e/ or /i/ within the A-category and /o/ or /u/ within the
B-category) could occur randomly. Second, dependencies
between pairs of A's and B's were coded by the phonetic features
[voice] and [place of articulation]: A1 – B1 = b – p; A2 – B2 = d – t;
A3 – B3 = g – k (see Fig. 1). The same syllables were used for both
types of rules. The probability of occurrence of the syllable
frequencies was balanced across positions in a sequence in order
to prevent pattern learning. If one syllable occurred by chance
more frequently in a certain position of one sequence, the
participant could assume a rule behind this chunk. Hence, all
syllables appeared with equal frequency in the experiment.

Using this stimulus material, a 2!2!2 factorial design was
applied with the within-subject factors RULE TYPE (adjacent
dependency rule, hierarchical dependency rule), LENGTH (short
sequences, long sequences) and GRAMMATICALITY (gramma-
tical sequences, ungrammatical sequences).

In the hierarchical rule, the structure of the syllable sequence
followed the rule AnBn, the adjacent dependency rule was
generated via the formula (AB)n with the relation between
dependent elements coded by phonetic features [voice] and
[place of articulation]. For both types of rules the same syllables
were selected, short (4 syllables) and long (6 syllables)

Fig.1. General structure and examples of the two rule types. The adjacent dependency rule was generated by simple transitions between categories of consonant-vowel syllables. The
hierarchical rule was produced by embeddings between the two syllable categories. Short and long sequences were applied. Violations of the structure were situated at the last 3 or 4
positions (short sequences) and at the last 4, 5, or 6 positions (long sequences). In the given example, the violations are placed at the fourths position for short sequences and at the
sixths position for long sequences (bold letters).

526 J. Bahlmann et al. / NeuroImage 42 (2008) 525–534
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them right after the presentation. The exposure continued until perfect recall was 
achieved. Subsequently the amount of knowledge participants acquired was tested in 
a grammaticality judgment task. The dyslexic group appeared to not differ from 
controls on either the free recall task or the grammaticality judgment task, which 
was interpreted as a sign of intact implicit language learning abilities. Using 
essentially the same procedure with slight modifications, Pavlidou et al. (2010) 
found that both children with and without dyslexia were equally good at memorizing 
strings of geometric shapes, but differed in their performance on the grammaticality 
judgment task, with dyslexics showing lower success rates. This was taken to 
indicate the impoverished ability of children with dyslexia to generalize rules from 
the input stimuli.  

The two studies differed in age of the participants and the discrepancy in their 
findings could, in principle, be explained in terms of different maturation timing of 
the implicit and the explicit memory systems. However, the conclusions derived in 
these studies should be treated with caution as the free recall task has normally been 
used to test explicit memory in much memory research (Schacter, 1992). Moreover, 
in order to memorize the sequences, participants might develop explicit strategies. 
Indeed, from the 24 participants in Rüsseler’s study, 9 have reported to identify part 
of the rule and 12 to rely on a strategy. This indicates that to a large degree explicit 
knowledge was acquired, which weakens the derived inferences about participants’ 
implicit learning abilities. 

In a recent study by Kerkhoff et al. (2013) implicit learning abilities of infants at 
familial risk of dyslexia were tested on an AGL task, involving non-adjacent 
dependencies. Infants were exposed to strings of pseudo-words that contained 
dependencies of the type a-X-c, b-X-d or a-X-d, b-X-c, where first and third 
elements were fixed and the middle element existed in 24 variants. This structure is 
thought to represent the dependencies found in natural language (e.g. the 
dependency between is and –ing in ‘He is happily singing’). When tested in a head-
turn procedure, infants at risk of dyslexia showed a poorer performance than 
typically developing infants in how accurately they could discriminate between 
grammatical and ungrammatical sequences. 

We sympathize with the methods used in the above-mentioned study and chose to 
investigate implicit learning of hierarchical structures (and, therefore, involving non-
adjacent dependencies) in adults with dyslexia. In doing so, we used a modified 
version of the hierarchical rule employed in Bahlmann et al. (2008). Similarly to the 
questions posed in the previous chapter, here we are interested in seeing whether 
there are differences between the dyslexic and the control participants in their 
implicit language learning performances. The procedural deficit hypothesis predicts 
that the dyslexic participants as compared to the control ones would show a poorer 
learning ability, expressed by how accurately they can discriminate between 
grammatical and ungrammatical sequences. 
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To be able to draw conclusions about implicit language learning abilities in the two 
groups, we would need to establish that learning occurred and that it occurred 
implicitly. If the participants have learnt the rule, their performance is expected to be 
higher than what chance would predict. The level of participants’ awareness about 
the acquired rule will be assessed with the help of the two criteria proposed by 
Arnaud Destrebecqz and Cleeremans (2001), the guessing criterion and the zero-
correlation criterion. In case knowledge is implicit, we expect the participants to 
report they were guessing when performing the grammaticality task. We also expect 
to find no association between participants’ performance on the grammaticality 
judgment task and their confidence ratings.   

Moreover, we are interested not only in how much knowledge participants were able 
to acquire, but also in the character of that knowledge, i.e. if it resulted in a full 
representation of the hierarchical rule, i.e. if both the categories and the 
dependencies were acquired, or only categories were abstracted from the input, or if 
no rule was generalized and participants relied on memorizing sequences or their 
parts. In case the hierarchical rule was fully acquired, we expected to find no 
difference in how accurately participants react to violations of categories and 
violations of dependencies. In a scenario where participants acquired only the 
categories, they would more readily accept sequences with dependency violations as 
grammatical. If participants relied on memorization they would more often accept 
the sequences that they received during exposure than the novel grammatical 
sentences they encounter for the first time in the testing phase. 

 

5.2.Methods.

5.2.1.Participants..

The same 55 participants tested in the explicit and implicit motor learning 
experiments participated in this part of the study. Twenty-eight of the participants 
belonged to the control group, of which 19 were females and 9 males. Twenty-seven 
participants, among which 16 females and 11 males, constituted the dyslexic group. 
Detailed description of the two samples, including their neuropsychological 
characteristics, can be found in chapter 3.  

 

5.2.2.Design.and.Procedure.

The experiment consisted of four phases, viz. (1) a lexical training phase, (2) a 
learning phase, (3) a testing phase, and (4) a confidence rating phase. The lexical 
training phase was introduced to ensure that participants learn to correctly perceive 
the acoustic stimuli (pseudo-words). The participants were presented with a list of 8 
pseudo-words from an invented lexicon on a sheet of paper. They were then 
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auditorily exposed to 4 variants of each of these pseudo-words, the variants differing 
in pitch. The pseudo-words appeared in a pseudo-random order with the restriction 
that no two variants of the same pseudo-word could follow each other. After each 
presentation the participants were asked to type down on a keyboard what they 
thought they had heard. A feedback message was given on the screen, indicating if 
the answer was correct or incorrect. In case an incorrect answer was produced, the 
pseudo-word was presented immediately again. After three successive incorrect 
attempts, the right answer was shown in a written form on the screen and the 
pseudo-word was presented later during the phase again. The phase was finished 
when perfect performance was reached. Participants’ responses to every stimulus 
presentation were recorded. The number of attempts taken to reach the perfect 
performance as well as the number of critical mistakes produced, i.e. mistakes that 
distorted the phonological cues important for the acquisition of the grammar, were 
measured. 

During the learning phase all of the participants were passively exposed via 
headphones to a set of 384 4-pseudo-word strings from an artificial language. To 
divert the participants’ attention from explicit extraction of the rules of the grammar, 
they were told that for the duration of the auditory fragment their only task consisted 
in coloring as many mandala coloring pages as they could, using all color crayons 
they were provided with.  

The exposure stream was structurally organized into 8 blocks of 48 sequences 
recurring in each of the blocks. Within the blocks the sequences were randomized 
with a restriction that none of the sequences could follow itself. An inter-stimulus 
interval of 700 ms between the sequences was implemented. Along with strings 
containing four different pseudo-words, strings with pseudo-word repetitions could 
occur due to the grammar allowing for self-embeddings. As strings with repetitions 
could appear to be perceptually more salient to the participants, their number was 
balanced with that of the strings containing four different pseudo-words in order for 
us to be able to control for this factor in further analyses. Therefore, among the 48 
sequences half contained repetitions of pseudo-words and half included pseudo-
words that occurred only once within a given sequence.  

In the testing phase the participants were informed that they had listened to a 
science-fiction language and that they would be presented with sentences belonging 
and not belonging to it. They were instructed to judge 48 such sentences presented 
auditorily by pressing a yes-button (in Dutch: wel), when they thought the sentence 
belonged to the language, or a no-button (in Dutch: niet), when they thought it did 
not. In doing so, they were asked to rely on their intuition. No feedback about the 
correctness of the participants’ choices was provided. The participants could see a 
counter on the screen that indicated how many sentences to judge there were left. 
Accuracy was taken as a measure of learning. 

All of the participants received the same set of testing sentences. The set consisted 
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of 24 grammatical sentences and 24 ungrammatical ones. Among the grammatical 
sequences, 12 had occurred in the learning phase and 12 were new to the 
participants. The structure of the grammatical and the ungrammatical sentences was 
(partially) borrowed from Bahlmann et al. (2008) and will be discussed in more 
detail in the grammar subsection. The grammatical sentences were composed of 
pseudo-words belonging to two different categories; dependencies existed between 
the two outer elements of the sentence and between the two inner ones. Of the 
ungrammatical sentences presented, 12 sentences contained a category violation, 6 
sentences contained the inside dependency violation and 6 sentences had a broken 
outside dependency in them.  

Since during the testing phase participants were exposed to more sentences (half of 
them in disagreement with the grammar), those could also be mentally incorporated 
into the participants’ representation of the grammar as additional evidence. 
Incorporation of sentences not belonging to the grammar might distort its 
representation. In that case participants who received more ungrammatical sentences 
in the beginning of the testing phase would perform on average worse than those 
who were presented with more ungrammatical sentences towards the end of the 
testing phase. To examine if this scenario took place, half of the participants 
received 18 grammatical sentences and 6 ungrammatical ones in the first half and of 
the phase, and 6 grammatical and 18 ungrammatical ones in the second half 
(distribution A). The other half of the participants received the opposite distribution 
in the two halves of the phase (distribution B).  

In the confidence rating phase participants were asked to indicate on a 7 point-scale 
how confident in general they were about the correctness of the answers they had 
provided in the testing phase. The scale corresponded to the following levels of 
confidence: 1- absolutely uncertain (in Dutch: volstrekt onzeker), 2- fairly uncertain 
(in Dutch: redelijk onzeker), 3- somewhat uncertain (in Dutch: enigszins onzeker), 
4- neutral (in Dutch: neutraal), 5- somewhat certain (in Dutch: enigszins zeker), 6- 
fairly certain (in Dutch: redelijk zeker), 7- absolutely certain (in Dutch: volstrekt 
zeker).  

Verbal reports were also collected from the participants. They were asked if they felt 
like they were guessing during the testing phase or had noticed some regularity in 
the stimuli stream and relied on those when giving their judgments. If the latter was 
true, they were asked to report what the regularities were.  

.

5.2.3.Stimuli.

5.2.3.1.Grammar.

Even though much of the design of the grammatical and ungrammatical sequences 
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in this study relied on the study of Bahlmann et al. (2008), it could not be fully 
adopted due to constraints an implicit learning study with dyslexic participants 
imposes. In their explicit learning task Bahlmann et al. used sequences with one or 
two embeddings. Longer structures could be challenging to learn in an implicit 
learning paradigm. In order to ensure the learnability of the rule in this implicit task 
it was necessary to simplify the input sequences without changing the hierarchical 
nature of the rule. Therefore, the number of embeddings was reduced to allow only 
one embedding, which could be a different phrase or the same phrase. The 
grammatical sequences were, therefore, generated according to the A2B2 rule that 
also allowed self-embeddings. The rule produced sequences of the type A1A2B2B1, 
A2A1B1B2, A1A1B1B1 and A2A2B2B2. Sixty-four of such sequences were used in the 
present study. 

In the study by Bahlmann et al. (2008) CV syllables presented visually were used. 
Although this structure of a word is sufficient for encoding categories and 
dependencies between them, the stimuli might appear problematic, if presented 
auditorily, like in the present study. For instance, this structure might cause a low 
discriminability between items in the lexicon. Discriminating between the items is 
important as it also means distinguishing between categories and dependencies. 
However, discriminating between be and de might be difficult, especially for 
dyslexics due to their difficulties with categorical perception (Serniclaes, Sprenger-
Charolles, Carre, & Demonet, 2001). Therefore, sequences consisting of four CCVC 
pseudo-words that conformed to the phonotactic constraints of the Dutch language 
were constructed.  

Unlike in the studies of Bahlmann et al. (2008) and Friederici et al. (2006) where 
vowels defined the categories and consonants defined both the categories and the 
dependencies, in this study the vowel quality determined the dependencies and the 
phonological features of consonants determined the category membership. 
According to Bonatti, Peña, Nespor, and Mehler (2007), consonants carry important 
information for word identification (lexical categorization), while vowels have a 
prominent role in determining grammatical relationships. Therefore, the category 
membership of the pseudo-words in the present study was assigned according to the 
voicing of the first consonant in the onset consonant cluster. Pseudo-words 
belonging to category A started with a voiceless consonant /p/ or /t/, while those 
belonging to category B began with a voiced consonant /b/ or /d/. Dependencies 
between the pairs of A's and B's were defined by the vowel quality. The pair of A1–
B1 contained the back vowel /o/, while the pair A2–B2 contained the front vowel 
/e/. The second, prevocalic, consonant was always the liquid /r/ or the glide /w/. The 
final consonant was not fixed, but always formed a phonotactically legal coda. For 
example, pseudo-words like prot and twel belonged to classes A1 and A2, while 
brong and dres to classes B1 and B2. The phonological neighborhood density as 
well as the frequencies of biphone occurrences within items was kept equal for all 
classes.  
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 In this manner 8 candidate pseudo-words per class were created (appendix I). The 
pseudo-words were pre-tested as to how well they were perceived and recognized in 
a procedure identical to the one used in the lexical training phase. The number of 
critical mistakes, those that were distorting the phonological cues the grammar relied 
upon, produced per pseudo-word was taken as the measure of perceivability. 
Eventually, two pseudo-words per class were selected, resulting in a set of 8 pseudo-
words. The full list of pseudo-words and the number of critical mistakes produced 
per pseudo-word can be found in appendix II.  

Ungrammatical sequences of two kinds were generated, sequences where the 
category rule was violated and sequences where the dependency rule was violated, 
the latter falling into sequences where the dependency in the main clause was 
violated (outside dependency) and sequences with a violation of the dependency in 
the embedded clause (inside dependency). The category violations were produced 
by replacing any of the four pseudo-words in a sequence by an item of a different 
category, which resulted into 256 ungrammatical sequences of this kind.  For 
example, in sequences of the types B1A2B2B1 (e.g. brong prel breg dwot), A1B2B2B1 
(e.g. twok breg dres brong), A1A2A2B1 (e.g. prot twel prel brong), and A1A2B2A1 
(e.g. prot twel dres twok), category violations were applied to the first, the second, 
the third and the last item in the sequence correspondingly. The dependency 
violations were generated by replacing any of the pseudo-words in a sequence with a 
pseudo-word belonging to the same category, but violating the dependency between 
the elements of either the main or the embedded clause. For instance, in sequences 
of the types A2A2B2B1 (e.g. prel twel dres brong) and A1A2B2B2 (e.g. twok twel 
dres breg), the dependency between the outside elements is broken, while in such 
sequences as A1A1B2B1 (e.g. prot twok breg brong), and A1A2B1B1 (e.g. twok prel 
dwot brong) the dependency between the inside elements is faulty. There were 64 
sequences with the inside violations produced and 64 sequences with the outside 
violations.  

.

5.2.3.2.Prosody.

Prosodic cues were implemented in the experiment in order to mark the hierarchical 
structure of the artificial sequences as well as the phrase boundaries within them. 
Firstly, with the help of the PRAAT software for acoustic analysis (Boersma & 
Weenink, 2013), the pitch contour was averaged out from a sample of ten sentences 
with center-embedded clauses produced by five Dutch native speakers (for the list of 
the sentences used see appendix III). The pitch contour was essentially reduced to a 
falling tone on the pseudo-word in the first position in the sequence, a flat tone on 
the second, a rising tone on the third and a falling tone on the pseudo-word in the 
last position. Secondly, pauses between the pseudo-words in every sequence 
reflecting the phrase boundaries were implemented. Pauses of the following lengths 
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were introduced within each sequence: pause 1 (before the beginning of the 
embedded clause) of 175 ms, pause 2 (between the constituents of the embedded 
clause) of 12 ms and pause 3 (after the embedded clause) of 163 ms. 

.

5.2.3.3!Acoustic.Stimuli.Generation!

The auditory stimuli were generated with the help of the Fluency text-to-speech 
software (Dirksen, 2008) and the MBROLA artificial speech synthesizer (Dutoit, 
1997). The durations of sounds within the pseudo-words was determined according 
to Waals (1999) with minor adjustments towards naturalness as assessed by Dutch 
native speakers. The length of the consonant phoneme in the coda was varied 
depending on the position of the pseudo-word in the sequence in order to suggest the 
phrase boundaries within the sequences. The four pitch variants of each pseudo-
word were implemented in Fluency, 115-125 Hz for variants used in the first 
position in the sequence, 95-85 Hz for variants in the second position, 95-115 Hz for 
variants in the third position and 136-76 Hz for those in the last position. The pauses 
between the pseudo-words in a sequence were implemented as part of the script 
generating the 4-item sequences online. The experiment was programmed in the 
ZEP software for psycholinguistic experiments (Veenker, 2012).  

.

5.3.Results.

Not unlike in the previous chapter, the main questions under investigation were if 
learning occurred and if it occurred implicitly as well as if there were differences 
between the learning performances of dyslexic participants and their matched 
controls. Apart from these issues, more practical questions related to the factors that 
might influence the learning were considered. The present section of this chapter 
will be organized into three subsections corresponding to the three of the four phases 
where behavioral measures were obtained, namely the lexical training, the testing 
and the confidence ratings phases. In the first subsection results investigating group 
differences in participants’ abilities to discriminate between the critical phonological 
features of the pseudo-words and to attain perfect performance on the lexical 
training phase will be reported. The second subsection will be devoted to the 
analysis and the results of the acquired knowledge in the two groups. The third part 
will deal with the question of the level of awareness of the obtained knowledge in 
the dyslexic and the control groups. 
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.

5.3.1.Lexical.Training.Results.

To examine if the participants with dyslexia had more difficulty in discriminating 
the critical phonetic features of the lexical items, we investigated the number of 
attempts it took the participants to reach perfect performance of each lexical item as 
well as the number of critical mistakes produced in the lexical training phase. To 
this end, we performed a separate independent-samples t-test for the average number 
of attempts and the average number of critical mistakes as the dependent variables.  
There was no difference between the two groups in either of the two measures of 
lexical training performance, i.e. the number of attempts (t(48)= -1.10, p= .272) and 
the number of critical mistakes (t(48)= 0, p= 1).  

.

5.3.2.Testing.Phase.Results.

In order to investigate the question of the language learning performances in the two 
groups, the data obtained in the testing phase of the experiment were used. In this 
phase participants had to discriminate, by pressing a yes or a no button, between 
sequences belonging to the language they had been exposed to during the learning 
phase and those not belonging to the language. Signal detection theory is well-suited 
for analysis of such data as it provides a measure of the ability to discriminate 
between two different stimuli (d') that remains invariant even if a response bias is 
present. The sensitivity (d') represents the difference between z- scores of hits and 
false alarms, that is signal-plus-noise trials and noise-alone trials. In this experiment 
hits correspond to events when participants answered yes to a grammatical sequence, 
whereas false alarms correspond to situations when a yes button was pressed as a 
reaction to an ungrammatical sequence. A higher value of d’ means a better ability 
to discriminate between the trials. A value close to zero indicates chance 
performance (Macmillan & Creelman, 2005). Below the analyses conducted to 
answer each question related to the participants’ learning performance are reported.20  

To answer the question of how much knowledge resulted from learning during 
exposure and if there is a difference between the two groups in the amount of 
knowledge obtained, an ANOVA was conducted, with d’ as the dependent variable 
and with group (dyslexic, control), task order (ISRT-AGL-ESRT, AGL-ISRT-
ESRT), retest (tested once, tested twice)21, and distribution22 (distribution A; 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
20 Five of the participants were excluded from the analysis as their answers indicated a strategy of always 
answering ‘yes’.  
21 Due to a technical error the testing phase data were not recorded for 36 participants. They were 
subsequently retested in a separate session that took place in several days. After the error was discovered 
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distribution B) as the fixed factor. Preliminary checks were conducted to ensure that 
there were no violations of assumptions of normality, linearity, and homogeneity of 
variance23. The difference between the dyslexic group (M= 0.07, SD= 0.26) and the 
control group (M= 0.17, SD= 0.26) did not reach significance.  No other significant 
main effects or interactions were found.24 

The magnitude of the learning that has occurred in the two groups was estimated by 
performing a one-sample t-test, with d’ used as the test variable and the test value 
equaling zero, which indicates chance performance. The mean d’ value for the 
control group was significantly different from zero (t(24)= 3.35, p= .003), while in 
the dyslexic group it did not differ from chance (t(24)= 1.33, p= .196). 

To determine if in the two groups among the sequences correctly identified as 
grammatical there was a preference for the old sequences (those participants had 
been exposed to in the learning phase) over the completely novel ones, a mixed 
between-within ANOVA was performed. In this analysis, the proportion of 
sequences correctly identified as grammatical was used as the dependent variable. 
Novelty (old, novel) was the within-subjects independent variable and group 
(dyslexic, control) was the between-subjects variable. The main effect for novelty 
didn’t reach significance (Wilks’ Lambda = .93, F(1,48)= 4.13, p= .057, multivariate 
partial eta squared= .07). The main effect for group was significant  ([F(1,48)= 6.66, 
p= .013, partial eta squared = .12). The proportion of hits produced by dyslexics 
(M= .58, SD= .03) was smaller than that produced by controls (M= .65, SD=  .02). 
The interaction effect was not significant.  

To investigate the question of whether the grammar was learnt hierarchically, a 
mixed between-within ANOVA with violation type (category, dependency) as the 
within-subjects factor and group (dyslexic, control) as the between-subjects factor 
was conducted. To this end, the proportion of ungrammatical sequences falsely 
identified as grammatical was used as the dependent variable. The main effect for 
violation type was found to be significant (Wilks’ Lambda = .73, F(1,48)= 17.4, p < 
.000, multivariate partial eta squared= .27), with the proportion of sentences with 
dependency violations falsely accepted as grammatical (M = .60, SD= .15) being 
higher than that of sentences with category violations (M = .47, SD= .17). The main 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
all participants, those tested a second time and those tested once, received a set of sequences in the 
learning and in the testing phase different from those used initially. The retest factor was introduced into 
the analysis to make sure post hoc that retesting did not affect participants’ performance. 
22 For the description of the distribution of grammatical and ungrammatical sentences within the testing 
phase see the design and procedure section above. 
23 All data used for ANOVAs used to analyze the learning performance in this section of the chapter were 
checked for violations of assumptions of normality, linearity, homogeneity of variance and/or sphericity.  
From now on the checks will only be mentioned in case violations were found. 
24 As the task order, the retest and the distribution factors didn’t have any effect on the dependent 
variable, we will omit these factors from further analyses of the participants’ learning performance. 



Implicit!Language!Learning!in!Dyslexia!
!

 

81!

effect of group as well as the interaction effect was not significant.  

In order to examine if participants had a preference in accepting sentences as 
grammatical for either sentences with lexical repetitions or without those, a mixed 
between-within ANOVA with repetition (repetition, no repetition) as the within-
subjects factor and group (dyslexic, control) as the between-subjects factor was 
performed. The proportion of hits was used as the dependent variable in this 
analysis. Neither of the two main effects proved to be significant. The interaction 
effect was not significant either. 

.

5.3.3.Confidence.Rating.Phase.Results.

While the analysis of the data obtained in the testing phase revealed if any 
knowledge was acquired during the exposure, the level of awareness of this 
knowledge was assessed with the help of the verbal reports and confidence ratings 
the participants provided.  

All of the participants reported that they were guessing when they were giving their 
judgments to the sentences used in the testing phase, therefore satisfying the 
guessing criterion. To ensure that the zero-correlation criterion also be met, we 
investigated the relationship between the measure of learning as represented by d-
prime and the confidence ratings participants provided to their judgments. The 
relationship was investigated with the help of the Pearson product-moment 
correlation coefficient. There was no correlation found in either the dyslexic group 
or the control group between the d-prime scores and the confidence ratings. 
Confidence ratings of the participants corresponded to ‘somewhat unsure’ and were 
statistically not different between dyslexics (M= 3.43, SD= 1.53) and controls (M= 
3.48, SD= 1.34), as revealed by a non-significant result of the independent –samples 
t-test.  

.

5.4.Discussion.and.Conclusion..

This part of the study dealt with implicit language learning abilities in 
developmental dyslexia. The major question of implicit learning was broken down 
into several sub-questions. Firstly, the difference between dyslexics and controls in 
the amount of knowledge obtained during exposure was assessed. Secondly, the 
issue of the level of participants’ awareness of the knowledge in the two groups was 
of interest. Thirdly, the structure of the acquired knowledge was considered. Lastly, 
the question of whether the participants relied on memorization or were able to 
abstract the rule and apply it to new sequences was addressed. 
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Although no statistically significant difference between the groups in their learning 
performance was found, the results showed that the control group acquired some 
knowledge, while the dyslexic group did not. In general, low learning performance 
is quite typical of AGL studies, where it usually ranges between 50 and 65% (Pothos 
& Kirk, 2004). Moreover, sentences with center-embeddings, especially those 
containing more than one embedded clause, are known to be notoriously challenging 
to process in natural languages due to an increased working memory load (Bach, 
Brown, & Marslen-Wilson, 1986; Blaubergs & Braine, 1974; Gordon, Hendrick, & 
Johnson, 2001). It has also been shown in several AGL studies that acquiring 
hierarchical grammars with center-embeddings is more difficult as compared to 
learning adjacent dependencies (Bahlmann et al., 2008; Friederici et al., 2006).  In 
fact our results suggest that the participants learnt the categories only, but not the 
dependencies between them in a sequence. This was evidenced from the fact that 
they more readily accepted sequences with dependency violations as grammatical as 
compared to sequences with category violations.  

It could be the case that the acquisition of the whole rule was clouded by the 
presentation of ungrammatical sequences during the testing phase. Presumably, 
learning does not stop with the completion of the exposure phase and every new 
sequence, also those presented in the testing phase, can become incorporated into 
the formation of the rule. However, we cannot conclude that this factor had an effect 
on learning as was reflected by the absence a difference between two types of 
distributions of grammatical and ungrammatical sequences within the testing phase. 

Importantly, however, the learning that occurred could not be attributed to mere 
memorization strategies or to the possible saliency of sequences with self-
embeddings. There were no differences found between the percentage of sequences 
with and without repetitions successfully accepted as grammatical.  No significant 
differences were also detected when comparing the number of hits on the familiar 
and the novel sequences. It is, therefore, a possible scenario that the participants 
were able to abstract (part of) the rule and to apply it to new sequences when 
judging them as grammatical or ungrammatical.  

No evidence for explicit knowledge was found according to the guessing and the 
zero-correlation criterion validated in chapter 3. We can, therefore, conclude that the 
learning and the knowledge resulting from it are likely to be of implicit nature. 

As for the dyslexics’ null-performance on this task, one might suspect that it was 
due to the task’s auditory nature. The task very much relied on the phonological 
processing of pseudo-words and must have been particularly challenging for 
dyslexics. Even though we made sure in the lexical training phase that all the 
participants trained until they were able to recognize all of the pseudo-words 
correctly, dyslexics might have still had more difficulty in discriminating the critical 
phonetic features of the lexical items in the lexical training phase and the subsequent 
phases of the experiment. Should this be the case we would be able to observe these 
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difficulties expressed in the number of attempts it took the participants to reach 
perfect performance of each lexical item and in the number of critical mistakes 
produced. To this end, we compared dyslexics and controls with the help of an 
independent-samples t-test, with the average number of attempts and the average 
number of critical mistakes as the dependent variables.  There was no difference 
between the two groups on either of the two measures of lexical recognition 
performance. Therefore, we cannot conclude that the participants with dyslexia 
showed a chance performance due to their problems in phonological processing of 
the pseudo-words used in the experiment. One might also hypothesize that the poor 
working memory in dyslexics, as shown in the neuropsychological part of this study, 
is to blame for this result. However, the acquisition of hierarchical dependencies is 
more demanding for short-memory than the acquisition of categories. Should 
working memory be the main factor influencing the learning, dyslexics would still 
be able to acquire the categories, which was not the case in this study. 

It is obvious that the task was difficult for the participants, especially for those 
belonging to the dyslexic group. Should the task have been less demanding the 
dyslexic group might show some learning. To encourage and ensure learning in both 
groups, avoiding self-embeddings and increasing the exposure length and the 
number of sentence repetitions within it should be considered in future studies.  

To summarize, the absence of learning in the dyslexic group could not be explained 
by either dyslexics’ problems with phonological processing or working memory. 
We, therefore, cannot preclude a deficit in implicit language learning abilities. Even 
though our data do not allow us to conclude with full confidence that dyslexics have 
a clear implicit language learning deficit. However, there is definitely a trend in that 
direction seen in the data. Possibly, more evidence for or against the implicit 
learning deficit will be seen on the neurological level that the next chapter will deal 
with.  
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CHAPTER.6.
 

 

.

Cerebellar.Volume.in.Dyslexia.
 

 

 

6.1.Introduction.

In this chapter we will step up from implicit learning in dyslexia to a structure 
possibly underlying it on the neurological level. According to Nicolson and Fawcett 
(2011), procedural learning deficit in both the language and the motor domain could 
result from malfunctions in cortico-cerebellar loops. These malfunctions could have 
different manifestations, including the structure, the function and the connectivity 
between the components of the network. One such component that has been 
extensively investigated and found to most consistently show differences in dyslexic 
brains is the cerebellum (Eckert, 2004). In the previous chapters of this dissertation 
we found differences between participants with dyslexia and controls on the tasks 
investigating the motor and the event timing functions of the cerebellum in chapter 2 
and indications of differences on the implicit learning tasks in chapters 4 and 5. Our 
findings might be more or less convincing. Nonetheless, they can be taken as 
indicative of the cerebellar involvement in dyslexia. In this chapter we will proceed 
to search for further evidence and will report preliminary results of a neuroimaging 
study into possible differences in cerebella of people with and without dyslexia by 
examining their cerebellar volume, i.e. size and hemispheric asymmetry.  

To investigate cerebellar dysfunction in developmental dyslexia, a number of 
neuroimaging studies, both structural and functional, have been conducted. The 
structural studies aim at exploring possible differences between dyslexics and 
controls in the cerebellar structure, their exact localization and their relationship to 
behavioral manifestations of dyslexia. The functional studies investigate differences 
in cerebellar activation during behavioral tasks, in which the cerebellum is thought 
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to be involved. The findings of the studies are disparate and do not allow a clear 
consensus as to any of the aforementioned questions. In reviewing the existing 
literature we will focus on the findings concerning differences between dyslexics 
and controls in cerebellar structure, only touching upon differences in function. We 
will consider the findings related to the relationship of structure and function to such 
behavioral symptoms of dyslexia as reading-related impairments and difficulties 
with motor control in the chapter 7. 

Functional studies, PET and fMRI studies alike, report significant differences in 
cerebellar activation between participants with and without dyslexia during a variety 
of literacy-related tasks. In a PET study by Brunswick, McCrory, Price, Frith, and 
Frith (1999) that involved phonological word and pseudoword tasks, less activation 
in a network of brain regions, including the right cerebellum, was detected. Two 
fMRI studies employing a version of the SRT task have found differences in 
activation in right lobule VI of the cerebellum (Menghini et al., 2006; Nicolson et 
al., 1999). Interestingly, Nicolson and colleagues (1999) report a significantly 
reduced activation in the right lobule VI in dyslexics as compared to controls, while 
Menghini et al. (2006) observed a continued high activation in lobule VI bilaterally 
in dyslexics, whereas in controls the activation declined towards the end of the task. 
Despite differences in specific outcomes, both of the findings were interpreted as 
evidence for abnormal functioning of the cerebellum in dyslexics. However, the 
assessment of group differences in a meta-study by Richlan, Kronbichler, and 
Wimmer (2009) investigating functional abnormalities in dyslexic brains failed to 
detect functional aberrations in the right or the left hemisphere of the cerebellum. 
This, however, could be explained by the fact that not all of the studies included into 
the quantitative meta-analysis contained data pertaining to the cerebellum. 

Structural studies are more plentiful and more diverse in their outcomes. While 
some of the existing VBM studies did not find deviations in cerebellar structure in 
people with dyslexia (Hoeft et al., 2007; Silani et al., 2005), other studies report 
significant anatomical differences between the cerebella of people with a without 
dyslexia (Brambati et al., 2004; Brown et al., 2001). However, the regional 
distribution of findings within the cerebellum differs from study to study and can 
depend on the specific dyslexic samples (whether participants had orthographic, 
phonological, or reading fluency impairments) and methods used in the studies 
(Eckert, 2004). For example, the study of Brambati et al. (2004) used a sample of 
adults with familial dyslexia and revealed bilaterally reduced gray matter volume in 
the cerebellar nuclei. Brown et al. (2001) found reduced gray matter in the right and 
left hemispheric regions of lobule VII in their sporadic sample of exclusively male 
dyslexics. In a study by Kronbichler et al. (2008) the most significant differences 
were observed in the anterior cerebellum extending into lobule VI in both cerebellar 
hemispheres. Eckert et al. (2005) and Leonard et al. (2001) found a unilateral 
differences in the right cerebellar anterior lobe. In the study by Finch, Nicolson, and 
Fawcett (2002) significant differences between dyslexics and controls in the medial 
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posterior cerebellar cortex, the anterior lobe and the inferior olive are reported. A 
meta-study of structural aberrations in dyslexia found evidence for consistent grey 
matter reductions bilaterally in the dyslexic cerebellum and an overlap of these 
structural variations with functional overactivations in a large area of 99 voxels in 
the left cerebellum (Linkersdörfer, Lonnemann, Lindberg, Hasselhorn, & Fiebach, 
2012). 

Studies involving measurements of the cerebellar volume have also shown 
differences in its anatomy between individuals with and without dyslexia. In a study 
comparing gray matter volume of the left and right cerebellar hemispheres in 
dyslexic and non-dyslexic adults, Rae et al. (2002) found that while controls showed 
significant rightward gray matter asymmetry, there was no difference between the 
two cerebellar hemispheres in dyslexic brains. Similarly, a child study by Kibby et 
al. (2008) also reports a greater rightward asymmetry in the cerebella of control 
children and children with both dyslexia and ADHD as compared to children with 
dyslexia only. Reduced asymmetry in the cerebella of dyslexics as well as 
schizophrenics were also found in Leonard and Eckert (2008). 

Based on the finding that the same morphological differences are seen in dyslexics 
and schizophrenics, the authors concluded that these cerebellar differences are not 
specific for dyslexia, but are a sign of a broad spectrum of developmental disorders. 
However, an association between the morphological properties of the cerebellum 
and phonological processing and rapid automatized naming tasks was observed in 
Kibby et al. (2008). The degree of cerebellar (a)symmetry also correlated with the 
performance of the dyslexic participants on a pseudoword reading task, with those 
with less expressed asymmetry showing slower reading times (Rae et al., 2002). 
These findings could, therefore, be supportive of the hypothesis that the cerebellum 
is involved in dyslexia. 

Even though the studies into the functional and morphological differences in the 
dyslexic cerebellum are somewhat contradicting, the cerebellum remains one of the 
regions to be most consistently associated with dyslexia and deviations in the 
anatomy of the cerebellum could be a potential neurobiological marker of dyslexia 
(Vlachos et al., 2007). The studies are not uniform as to the exact localization of the 
structural cerebellar deviations, but they seem to agree on the presence of reduced 
asymmetry in the dyslexic cerebellum.  

For this reason and also because at the present point in time only the volumetric data 
are available, the present study will be focused on the questions of the cerebellar 
size and hemispheric asymmetry. Based on existing findings, we expect there to be a 
reduced asymmetry in dyslexic cerebella as compared to control cerebella. Even 
though the reports of cerebellar hypo- or hyperplasia exist for other developmental 
disorders, such as ADHD and autism (Castellanos, Giedd, Marsh, & Hamburger, 
1996), no such reports, to our knowledge, exist for people with dyslexia. However, it 
would not be illogical to propose that local differences between cerebella of people 
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with and without dyslexia could result into differences in the total volume. To this 
end, we will examine the differences between the two cerebellar hemispheres and in 
their sum volume in the two groups. 

.

6.2.Methods.

6.2.1.Participants.

Fifty-one subjects took part in this experiment. Twenty-six of the participating 
individuals belonged to the dyslexic group, 17 females and 9 males (mean age: 23 
years and 10 months; SD: 5 years and 8 months; range: 18 years and 5 months – 36 
years and 9 months), while 25 comprised the control group, out of which 16 females 
and 9 males (mean age: 23 years and 9 months; SD: 5 years and 8 months; range: 18 
years and 8 months – 35 years and 7 months). According to an independent-samples 
t-test, the difference in age between the two groups was not significant (t(48)= - 1.7, 
p= .87). The two groups also matched in their performance IQ as was indicated by a 
non-significant result of an independent-samples Mann-Whitney U test (U=338, 
z=0.52, p= .605). All participants met the MRI-compatibility criteria and were right-
handed. The participants signed an informed consent form prior to their participation 
in this part of the study.  

Tables 1, 2, and 3 summarize the neuropsychological characteristics of this sample. 
Differences in performance between the two groups on the language, cerebellar, IQ, 
attention and executive function tests were assessed with the help of independent-
samples t-tests in case the data met all the assumptions for parametric testing, i.e. the 
assumptions of normality, linearity and homogeneity; otherwise independent-
samples Mann-Whitney U tests were employed25.   

 

 

 

 

 

 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
25 The following data did not meet the assumption of normality and were, therefore, analyzed with the 
Mann-Whitney U Test: De Klepel, Spelling3, NWT, RAN time, RAN errors, WAIS DS Backward, bead 
threading, WAIS matrix reasoning, WCST categories completed, WCST perseverative errors, and WCST 
non-perseverative errors. 
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Table 1 

Mean Language Tests Scores and Standard Deviations for Dyslexic (DD) and Non-
Dyslexic Control (C) Participants; Average (Group) Results. 
Test M  SD         test                       Sig. 

 C DD C DD      statistic                         

EMT 101.4 65.6 11.2 9.86 t(48)= 12.0 .000 

De Klepel 106.3 59.8 8.6 16.2 U=3.00, z=-6.00 .000 

Spelling1 128.7 90.9 11.7 16.7 t(48)= 9.17 .000 

Spelling2 25.8 16.1 2.81 4.93 t(48)= 8.64 .000 

Spelling3 29.2 25.4 1.41 3.86 U=73.5, z=-4.74 .000 

NRT 40.4 32.6 3.91 9.20 U=129.5, z=-3.55 .000 

RAN time 131.3 192.6 20.8 49.8 U=551.5, z= 4.65 .000 

RAN errors 0.29 1.31 0.55 1.59 U=444, z=2.86 .004 

DS FW 10.3 8.19 2.01 2.00 t(48)=3.81  .000 

DS BW 7.67 6.35 2.14 2.10 U=204, z=-2.13 .034 

 

Table 2  

Mean Cerebellar Tests Scores and Standard Deviations for Dyslexic (DD) and Non-
Dyslexic Control (C) Participants; Average (Group) Results. 

Test M  SD test  Sig. 

 C DD C DD statistic  

Bead threading 47.7 51.8 6.02 7.81 U=418, z=2.06 .039 

Time discrimination 2.10 1.77 0.08 0.11 t(48)=2.39 .021 
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Table 3 

Mean IQ, Attention and Executive Function Tests Scores and Standard Deviations 
for Dyslexic (DD) and Non-Dyslexic Control (C) Participants; Average (Group) 
Results. 

Test M  SD test Sig. 

 C DD C DD statistic 

Verbal IQ WAIS verbal 
competence 

20.9 19.4 2.39 2.08 t(48)=2.53 .015 

 WAIS 
vocabulary 

13.1 11.2 1.32 2.61 t(48)=3.39 .002 

Performan
ce IQ 

WAIS  matrix 
reasoning 

11.4 11.9 1.79 2.09 U=338, 
z=0.52 

.605 

Attention BWT 66.4 60.2 10.1 7.03 t(48)=2.51 .015 

Verbal fluency  24.8 23.5 5.08 6.17 t(48)= .81 .174 

WCST  CC 3.58 3.04 1.35 1.59 U=250, 
z=-1.24 

.215 

WCST PE 8.79 8.15 5.95  7.69 U=296.5, 
z=-0.30 

.761 

Executive 
function 

WCST   

NPE 

7.79 11.2 8.75 12.8 U=381, 
z=1.36 

.175 

 

6.2.2.Procedure..

Participants were invited to come to the University Medical Center Utrecht for a 26 
minute scanning session. The scanning was performed on a 3.0 T Philips Achieva 
scanner. A 3D T1 weighted turbo-field echo was acquired with 192 slices, with a 
resolution of 1.0 x 1.0 x 1.0 mm3, flip angle 8°, TR=7.9 ms, TE = 4.5 ms, TI=955 
ms, TR of the inversion pulses 3,000 ms, matrix size 256 x 232.  

.

6.2.3.Preliminary.Analysis.

In order to detect structural differences of the cerebellum, voxel-based morphometry 
(VBM) will be used. Voxel-based morphometry of MRI data involves the following 
essential steps: normalization of the scan images to the same stereotactic space, 
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extraction of the gray matter from the normalized images, smoothing, and statistical 
analysis aimed at localizing group differences. These steps, therefore, produce a 
statistical parametric map of regions where gray matter concentration is significantly 
different between the groups of interest (for discussion of more complex VBM 
procedures, see Ashburner & Friston, 2000). 

For the image analysis in the present study SPM8 was used (available from 
http://www.fil.ion.ucl.ac.uk/spm/). For the spatial normalization of images, instead 
of the frequently used MNI template, a spatially unbiased template specifically 
designed for the cerebellum and brainstem was employed (SUIT; available from 
http://www.icn.ucl.ac.uk/motorcontrol/imaging/suit.htm). The SUIT template allows 
for accurate cerebellar and brain stem image alignment, preserving the anatomical 
detail to a higher degree than the MNI whole-brain template. To this end, all 
structural images were manually aligned to the anterior commissure in order to 
isolate the cerebellum and the brainstem. Resulting images were visually controlled 
for obvious inconsistencies in accuracy and manually corrected in case some areas 
of grey matter remained unincluded. Afterwards, the cropped segmented images of 
the cerebellar grey matter were normalized to the SUIT template.   

Due to the optimized alignment ensured by the SUIT atlas specifically developed for 
the cerebellum and the brainstem and the smaller inter-individual variability of the 
cerebellar cortex as compared to the cerebral cortex that the MNI atlas relies on, 
smoothing was performed using a Gaussian kernel of 2mm. Implicit masking was 
applied to remove voxels of no interest.  

Gray matter and white matter volumes of the segmented and modulated images were 
calculated for the left and the right cerebellar hemispheres, by counting the number 
of voxels in each image.  

The statistical analysis of the local maxima of each gray or white matter cluster that 
differed between the participants with dyslexia and controls is currently in progress 
as new techniques are being applied to the image analysis26. The preliminary results 
of the volumetric measures are reported in the following section. 

.

6.3.Preliminary.Results.

To investigate the questions of differences in the volumes of the two cerebellar 
hemispheres and in hemispheric (a)symmetry between the dyslexic and the control 
group, a mixed ANOVA was conducted. The volume of the cerebellar grey matter 
(relative to total intracranial volume) was used as the dependent variable, 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
26 The analysis of the neurological data is carried out by our collaborators at the University Medical 
Center Utrecht. 
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hemisphere (left, right) as the independent within-subject variable, and group 
(dyslexic, control) and gender (male, female) as the between-subjects variables. No 
significant main effects or interactions were found. Importantly, no interaction 
between group and hemisphere was found. 

To investigate the differences in the sum volume of the two hemispheres, an 
independent-samples Mann-Whitney U test was conducted with the sum volume as 
the dependent variable and group (dyslexic, control) as the independent variable. A 
non-parametric test was chosen, as the data for sum volume in the control group 
were not normally distributed. No significant effect of group was found. 

.

6.4.Discussion.and.Conclusion.

The preliminary findings presented in this study indicate that there were no easily 
detectable differences between the control and dyslexic groups with respect to the 
volume of the two cerebellar hemispheres, as reflected by the insignificant main 
effect of group, and the hemispheric (a)symmetry, as expressed by the insignificant 
Hemisphere x Group interaction.  

On the one hand, volume could be too crude a measure to find any group 
differences. On the other hand, the possibly existing difference could be obscured by 
many factors related to the selected sample and the methods used for image analysis. 
For example, since we dealt with dyslexic adults in this study, it could be the case 
that their brains in general and their cerebella in particular underwent significant 
compensatory reorganization that leveled out the initially present differences. In this 
respect a younger population might be more favorable for this sort of investigations. 
A methodologically more detailed investigation of differences in grey matter density 
in dyslexic cerebella is beyond the scope of this dissertation.  However, the analysis 
is still in progress and new methods applied to the obtained data might reveal 
clusters showing grey matter differences between dyslexic and control cerebella. 
These clusters might in their turn be associated with reading abilities and implicit 
learning abilities, therefore providing evidence for the procedural deficit hypothesis.    

Based on this finding alone, it would be too instantaneous to reject or to accept the 
procedural deficit hypothesis of dyslexia. Firstly, the procedural deficit hypothesis 
does not make any direct and specific predictions about the function and the 
structure of the cerebellum in general and about the volume of the cerebellum in 
particular. Secondly, the absence of macroscopic differences in the cerebellum does 
not preclude microstructural deviations. Abnormal processing within gray matter of 
the cerebellum may still be present, caused by different intra-area connectivity. 
Indeed, functional imaging studies show altered activation in relevant cognitive 
tasks as has been discussed before (Menghini et al., 2006; Nicolson et al., 1999). 
Long-range connectivity to cortical areas through brainstem nuclei and thalamus 
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could also be responsible. Thirdly, the cerebellum comprises only a part of the 
network underlying implicit learning. The structure or the function of its other 
components as well as the connections between them could be at stake. Therefore, 
more research investigating the whole network is necessary. 

In the framework of this study we will continue to assess the procedural deficit 
hypothesis. In the next chapter we will investigate, among others, relationships 
between the cerebellar volume, implicit learning abilities, reading and phonological 
abilities, and fine motor skills. 
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CHAPTER.7.
  

 

 

IntraT.and.InterTLevel.Associations:.

Brain,.Cognition,.and.Behavior   
  

 

7.1..Introduction.

In the previous chapters of this dissertation we examined differences between 
individuals with and without dyslexia on the levels of behavior, cognition and brain 
in order to evaluate the procedural deficit hypothesis. With differences observed in 
phonological, reading, spelling, fine motor, and event-timing abilities, indications of 
differences in implicit (perceptuo-)motor and language learning, and no detected 
differences in cerebellar volume, our findings so far have not provided clear-cut 
evidence for or against the hypothesis. In this chapter we continue to assess the 
theory by testing more predictions born from it. The procedural deficit hypothesis 
posits that a dysfunction in the cerebellum, as part of a larger cortico-cerebellar 
network responsible for procedural learning in both the motor and the language 
domains, results in impoverished implicit motor and language learning abilities and 
eventually in impairments in language (including reading and phonological abilities) 
and motor skills. The hypothesized causal link between the neurological, cognitive 
and behavioral levels as well as the link between the motor and the language 
domains predict intra-individual associations within and between the levels. In 
addition, since according to the theory the procedural and the declarative systems 
are distinct from each other and only the procedural system is affected in dyslexia, 
no relationship between participants’ explicit and implicit learning abilities is 
expected. In the overview of the existing studies into these relationships as well as in 
the exposition of the results obtained in our study, we will first discuss the within-
level associations and afterwards the between-level ones.  

There have been attempts in the literature to investigate intra-individual associations 
between the language and the motor domain on the behavioral and the cognitive 
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levels. An association between reading, spelling and phonological abilities, on the 
one hand, and the motor ability, on the other hand, has been assumed, due to a high 
co-existence of language and motor difficulties in dyslexic individuals, reaching as 
high as 80% according to various studies (Nicolson et al., 2001; Pauc, 2005). 
Nonetheless, in one study with dyslexic children the focus has been extended from 
group differences to also include associations between participants’ performance on 
cerebellar tasks and phonological, reading and spelling tasks by means of a 
correlation analysis (Ramus, Pidgeon, et al., 2003). Significant correlations were 
found between cerebellar function, on the one hand, and phonological, reading and 
spelling abilities, on the other. However, the data of the variables can co-vary and a 
lower performance on one task can be associated with a lower performance on 
another task merely due to dyslexics performing poorer than controls on both tasks. 
A monotonically changing relationship would need to be observed to conclude there 
is a true link between two variables, which would predict the correlations to hold 
within the two groups.  The correlations were not found for the dyslexic and the 
control group separately in that study. The authors, therefore, considered the 
relationship found in the data for both groups together to be spurious.  

As for associations within the cognitive level, only one study investigated implicit 
language and implicit motor learning abilities in the same dyslexic individuals so 
far, namely that of Rüsseler et al. (2006). Dyslexic participants did not differ from 
controls in their performance on either the SRT task or the AGL task. Even though 
similar performance (impaired or intact) on the two tasks might suggest an 
association between implicit learning abilities in the two domains, it could be a 
result of a mere co-occurrence. Therefore, a correlation analysis would carry more 
weight in establishing whether there is a relationship between the two abilities. 
Much to our regret, the authors report no such analysis.  

The question of the relative autonomy of implicit and explicit learning abilities in 
dyslexic individuals has been looked at in the existing literature from the point of 
view of single dissociations. In a study by Vicari et al. (2003) and in that by 
Jimenez-Fernandez et al. (2011), dyslexic participants were found to be impaired in 
their implicit learning abilities, but not in their explicit learning ones. The 
correlational approach has not been used as an additional source of evidence in these 
studies. 

Links between abilities on different levels have been also explored in a number of 
other studies. Some studies have found a relationship between anatomical and 
functional characteristics of certain regions of the cerebellum, on the one hand, and 
literacy-related and phonological abilities, on the other (Brunswick et al., 1999; 
Eckert et al., 2003; Kibby et al., 2008; Kronbichler et al., 2008; Rae et al., 2002). 
Speed of reading aloud, spelling, rhyme detection and digit naming mapped onto the 
anterior cerebellum bilaterally in a study by Kronbichler et al. (2008), with 
performance on the behavioral tasks correlating with the grey matter volume in this 
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region. The size of the right anterior cerebellum was also found to be correlated with 
reading, spelling and language measures in a study by Eckert et al. (2003). However, 
the correlations didn’t hold within groups in the study by Kronbichler et al. (2008) 
and were not reported in that of Eckert et al. (2003). Operating with more crude 
measures, Kibby et al. (2008) found that the volume of the left cerebellar 
hemisphere moderately correlated with accuracy in the rapid naming task in 
dyslexics. Furthermore, the severity of the phonological decoding deficit in 
dyslexics was shown to be correlated with the degree of cerebellar (a)symmetry in a 
study by Rae et al. (2002). The relationship between cerebellar characteristics and 
literacy-related abilities was also studied in functional research using PET. For 
instance, the left cerebellum was less activated in dyslexics than in controls when 
reading aloud words and pseudowords (Brunswick et al., 1999).  

Functional studies have also shown changes in the cerebellar activation to be 
associated with changes in an implicit motor learning task.  Different versions of an 
SRT task were used in the study of Nicolson et al. (1999) and that of Menghini et al. 
(2006) to find that differences in activation between dyslexic and control 
participants were restricted to the right cerebellar lobule VI. However, as has been 
discussed earlier in chapter 6, Nicolson et al. (1999) found a lower activation in 
dyslexics as compared to controls, while Menghini et al. (2006) reported a sustained 
high activation in dyslexics, while that in controls was decreasing during the task. 

The link between the implicit motor learning ability in dyslexic individuals and their 
reading ability was studied in a version of a SRT task (Howard Jr et al., 2006). Both 
random and structured sequences were presented to the participants over 8 blocks. 
Learning was observed in increasing differences in reaction times and accuracy 
between the structured and random sequences over the blocks. Averaged accuracy 
for random and fixed sequences in the last block was reported to positively correlate 
with measures of reading ability.  

As one can observe, disparate links between dyslexics’ abilities on the behavioral, 
cognitive and neurological levels have been found. However, research investigating 
associations between all three levels in the same individuals is absent. Therefore, 
this chapter will address the associations between the neurological, cognitive and 
behavioral levels as well as associations between abilities in the language and the 
motor domain in individuals with and without dyslexia. Firstly, the question of the 
association between participants’ performance on the reading and phonological tests 
and the tests measuring cerebellar functions will be addressed. Secondly, a similar 
association will be considered between the implicit language and (perceptuo-)motor 
learning abilities. Thirdly, the dissociation between participants’ implicit and 
explicit learning abilities will be investigated. Fourthly, the associations between 
participants’ performance on the reading and phonological tests, on the one hand, 
and the cerebellar tests, on the other, will be assessed. Lastly, the relation between 
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implicit learning abilities in the (perceptuo-)motor and the language domains and the 
cerebellar volume will be tested. 

.

7.2.Methods.

7.2.1.Participants.

Since the number of participants taking part in the neuropsychological, cognitive 
and neurological parts varied, with 65, 55 and 51 participants for each part 
respectively, each overlapping set used for the correlation analyses described below 
included a different number of participants. Moreover, for the analyses involving the 
data of the implicit SRT task, a trimmed sample of 54 participants (28 controls) 
excluding one outlier to ensure normality was used. For the analyses involving the 
AGL experiment data, a set of 50 participants (25 controls) that excluded people 
with a strategy of always saying yes was employed. Therefore, the following subsets 
of participants were used for the analyses described in the results section of this 
chapter (for a summary, see Table 1).  

For the analysis of the within-level associations, data of 65 (35 control) participants 
were used to investigate correlations between the scores on the language tests and 
tests of the cerebellar function, while associations between implicit language and 
implicit as well as explicit motor abilities were examined with the help of data of 54 
participants (28 controls).  

For the between-levels associations, data of 47 participants (23 controls) were used 
to study correlations between the cerebellar volume measures and the measure of 
implicit language learning ability. Data of 46 participants (23 controls) were used to 
examine relationships between the cerebellar measures and implicit motor learning 
abilities. Data of 51 participants (25 controls) were employed to explore the 
relationship between the cerebellar motor function, the cerebellar event timing 
function, the reading and phonological ability on the one hand and cerebellar 
volume on the other. Data of 55 participants (28 controls) were used to assess the 
relation between the scores of the aforementioned neuropsychological tests and the 
implicit language learning abilities. Data of 54 participants (28 controls) were used 
to assess the relation between the neuropsychological tests scores and the implicit 
(perceptuo-)motor learning abilities. 
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Table 1 

Summary of sample sizes used for correlation analyses between the scores of 
neuropsychological tests of reading and phonological abilities and cerebellar motor 
and event-timing function (RPCF), measures of implicit motor learning (IML), 
implicit language learning (ILL), explicit learning (EL) and cerebellar volume (CV). 

.

7.3.Results.

.7.3.1.IntraTLevel.Associations..

This part of the analysis focuses on the relation between the measures of the reading 
and phonological abilities and the measures of the cerebellar motor and event-timing 
functions as well as on the relation between implicit learning in the (perceptuo-
)motor and in the language domains. In addition the dissociation between implicit 
and explicit learning abilities will be considered. 

    RPCF IML ILL 

behavioral 

level 

RPCF N total 

N control 

N dyslexic 

65 

35 

30 

65 

35 

30 

54 

28 

26 

50 

25 

25 

IML N total 

N control 

N dyslexic 

54 

28 

26 

  49 

25 

24 

ILL N total 

N control 

N dyslexic 

50 

25 

25 

   

cognitive 
level 

EL N total 

N control 

N dyslexic 

55 

28 

27 

 54 

28 

26 

50 

25 

25 

neurological 
level 

CV N total 

N control 

N dyslexic 

51 

25 

26 

51 

25 

26 

46 

23 

23 

43 

20 

23 
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In order to investigate the relationship on the behavioral level, we created two 
cumulative measures for the reading and phonological abilities. The cumulative 
reading score (CRS) was calculated as the average of z-scores for the EMT, the de 
Klepel. The cumulative phonological score (CPS) embraced the lexical retrieval and 
phonological short-term memory and was calculated as the average of z-scores for 
RAN time, the NRT, and the digit span forward. The scores on all of tests included 
to represent each measure significantly correlated with each other. Since the bead 
threading task (BT) and the time discrimination task (TD) represent quite distinct 
functions of the cerebellum and were not correlated with each other, it was decided 
not to collapse the two scores into one cumulative. 

As the data were not normally distributed, a Spearman’s rank correlation coefficient 
was calculated to explore the relationship between the CRS and the CPS and the 
participants’ performance on the BT task and on the TD task. There was a weak 
negative correlation between the CRS and the BT scores (r= -.26, n= 65, p= .036) as 
well as a weak positive one between the CPS and the TD scores (r= .25, n= 65, p= 
.046). Higher reading scores were associated with a faster performance of the 
participants on the BD task (shorter times taken to thread the beads) (see Figure 1). 
Higher phonological skills were associated with a higher ability to discriminate 
between longer and shorter tones on the TD task (a higher d-prime values) (see 
Figure 2). However, the correlations did not hold when investigated separately for 
the control and the dyslexic group. 

 
Figure!1..A. scatter.plot.of. the. relation.
between. the. cumulative. reading. score.
(CRS). and. the. bead. threading. score.
(BT). in. a. sample. of. 65. dyslexic. and.
control.participants..

 
Figure! 2.. A. scatter. plot. of. the. relation.
between. the. cumulative. phonological.
score. (CRS). and. the. performance. on.
the. time. discrimination. task. (TD). in. a.
sample. of. 65. dyslexic. and. control.
participants..
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To investigate the associations between the participants’ implicit learning abilities in 
the language and in the (perceptuo-)motor domain, we used d-prime as a measure 
for implicit language learning and the difference in reaction times between block 1 
and block 3 of the implicit SRT task as the measure for implicit (perceptuo-)motor 
learning (B1B3). The reaction times difference between block 1 and block 3 was 
preferred over the traditional measure for implicit motor learning, as expressed by a 
difference in reaction times between block 6 and block 5 (B6B5), for the two 
following reasons. Firstly, B1B3 was more sensitive in detecting differences 
between the dyslexic and the control participants. Secondly, as was discussed in 
chapter 5, B6B5 is not a pure measure of learning. Apart from measuring how well 
the participants learned the sequence, it is also influenced by how able or unable the 
participants are to suppress the learned sequence. In order to achieve normal 
distribution of the data, winsorising was applied to one outlying data point in the d-
prime data and to two data points in the data for the difference between block 1 and 
block 3. A Pearson product-moment correlation coefficient was calculated. D-prime 
only marginally correlated with B1B3 (r= .26, n= 49, p= .074), with higher abilities 
to discriminate between grammatical and ungrammatical sentences in the AGL task 
being associated with larger differences between the two SRT blocks (see Figure 3). 
When the data set was split into two groups, the correlations appeared to be non-
significant.  

 

 
Figure!3..A.scatter.plot.of.the.relation.between.implicit.language.learning.ability.
as.expressed.by.dTprime.and. implicit.motor. learning.ability.as.expressed.by.the.
difference.in.reaction.times.between.block.1.and.block.3.of.the.implicit.SRTT..
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To examine the hypothesized absence of a correlation between the measures of 
implicit and explicit learning, the d-prime and the difference between block 1 and 
block 3 of the implicit SRT task were used as measures of implicit learning and the 
difference between block 1 and block 5 of the explicit SRT task was used as a 
measure of explicit learning (B1B5). A Pearson product-moment correlation 
coefficient was used for the analysis. There were no correlations observed between 
the AGL and the explicit SRT learning performance, when the data for two groups 
were collapsed (r= .17, n= 50, p= .23), however, there was a moderate positive 
correlation found in the control (r= .43, n= 25, p= .03) (see Figure 4). No 
associations between the implicit and the explicit SRT learning performance were 
found in the data for the two groups together (r= .15, n= 54, p= .24) or for the 
control (r= .12, n= 28, p= .55) and the dyslexic group (r= .17, n= 26, p= .40) 
separately. 

 

 
 
Figure!4..A.scatter.plot.showing.the.relation.between.participants.dTprime.scores.
obtained.in.the.AGL.task.and.the.difference.in.reaction.times.between.block1.and.
block5.of.the.explicit.SRT.task.in.the.control.group.(N=25)..

!

.7.3.2.InterTLevel.Associations..

In this section associations between behavioral, cognitive and neurological measures 
will be dealt with. In order to investigate the relationship between measures of the 
cerebellar volume and implicit learning abilities, in an exploratory fashion we 
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examined correlations between the implicit language learning (d-prime) and the 
implicit (perceptuo-)motor learning (B1B3), on the one hand, and the volume of the 
left and the right cerebellar hemisphere corrected for the whole brain volume as well 
as the sum and the difference of the two hemisphere volumes, on the other. A 
Pearson product-moment correlation coefficient was calculated for the cerebellar 
volume measures and the measure of implicit language learning abilities. No 
significant correlations were observed. 

A Spearman’s rank correlation coefficient was used for the analysis of the 
volumetric measures and the measure of implicit (perceptuo-)motor learning as 
some of the data belonging to this data subset were not normally distributed. No 
significant correlations were observed. 

In a similar fashion the relationship between measures of the cerebellar volume and 
the reading (CRS) and phonological abilities (CPS), and the skills related to the 
cerebellar motor (BD) and event-timing (TD) cerebellar functions were investigated. 
Pearson product-moment correlation coefficients were calculated. No significant 
correlations were found in the data collapsed for the two groups. However, when the 
dataset was split into the control and the dyslexic group, there was a medium 
positive correlation found (r= .42, n= 25, p= .039) between the CRS and the left 
hemisphere volume in the control group (see Figure 5), the larger the CRS, the 
larger the volume. Moreover, moderate negative correlations were observed in the 
dyslexic group between the CRS and the left (r= -.47, n= 26, p= .015) and the right 
hemisphere volume (r= -.39, n= 26, p= .047) as well as between the CRS and the 
sum volumes of the left and the right cerebellar hemispheres (r= -.48, n= 26, p= 
.013). The larger the volume in the dyslexic participants, the lower was the 
cumulative reading score tests (see Figures 6, 7 and 8).  
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Figure! 5.. A. scatter. plot. showing. the.
relation. between. the. cumulative.
reading.score.(CRS).and.the.volume.of.
the. left. cerebellar. hemisphere. in. the.
control.group.(N=25)..

 

 
Figure! 6.. A. scatter. plot. showing. the.
relation. between. the. cumulative.
reading.score.(CRS).and.the.volume.of.
the. left. cerebellar. hemisphere. in. the.
dyslexic.group.(N=26)..

 
 
Figure! 7.. A. scatter. plot. showing. the.
relation. between. the. cumulative.
reading. score. (CRS).and. the.volume.of.
the. left. cerebellar. hemisphere. in. the.
dyslexic.group.(N=26)..

 

 
 
Figure! 8.. A. scatter. plot. showing. the.
relation. between. the. cumulative.
reading. score. (CRS). and. the. sum.
volume. of. the. left. and. the. right.
cerebellar.hemispheres.in.the.dyslexic.
group.(N=26)..
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A Pearson product-moment correlation coefficient was calculated to investigate the 
relationships between the participants’ implicit language learning abilities (d-prime) 
and their performance on the cerebellar function tests (BD and TD) and their reading 
(CRS) and phonological abilities (CPS). No significant correlations were found, 
neither when the data for the two groups were analyzed together, nor when they 
were analyzed separately. Similarly, the relationships between the participants’ 
implicit (perceptuo-)motor learning abilities (B1B3) and their performance on the 
reading and phonological tests (CRS and CPS) and the cerebellar function tests (BD 
and TD) were assessed. Using a Pearson product-moment correlation coefficient, a 
moderate positive correlation was found between the CRS and the measure of 
implicit (perceptuo-) motor learning, when the data for the two groups were 
analyzed together (r= .31, n= 54, p= .021) (see Figure 9). In addition to that, using a 
Spearman’s rank correlation coefficient, a moderate correlation was observed 
between the CPS and B1B3 (r= .30, n= 54, p= .026) (see Figure 10). However, 
when the data for the two groups were analyzed separately, no significant 
correlations remained. All the significant intra- and inter-level correlations are 
summarized in Table 2. 

 
Figure! 9.. A. scatter. plot. showing. the.
relation. between. the. cumulative.
reading. scores. (CRS). and. the. implicit.
motor. learning. score.expressed.by. the.
difference. in. reaction. times. between.
block.1.and.block.3.of.the.implicit.SRTT.
for. dyslexic. and. control. participants.
(N=54)..

 

 
Figure! 10.. A. scatter. plot. showing. the.
relation. between. the. cumulative.
phonological. scores. (CRS). and. the.
implicit.motor.earning.score.expressed.
by. the. difference. in. reaction. times.
between. block. 1. and. block. 3. of. the.
implicit.SRTT.for.both.groups.(N=54)..
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Table 2 

Summary of results of correlation analyses between the scores of 
neuropsychological tests of reading and phonological abilities and cerebellar 
function (CRS, CPS, BT, TD), measures of implicit motor learning (ISRT B1B3), 
implicit language learning (d-prime), explicit learning (ESRT B1B5) and cerebellar 
volume (left CV, right CV and sum CV). 

 
   CRS CPS BT TD ISRT 

B1B3 
d’ 

behavioral 
level 

CRS total 
C 
DD 

      

 CPS total 
C 
DD 

      

 BT total 
C 
DD 

r= -.26*      

 TD total 
C 
DD 

 r= .25*     

ISRT
B1B3 

total 
C 
DD 

r= .31* r= .30* 
 
 

   r= .26 
(marg.) 

d’ total 
C 
DD 

      

cognitive 
level 

ESRT
B1B5 

total 
C 
DD 

    r= .15 
r= .12 
r= .17 

r= .17 
r= .43* 
r=-.13 

neurological 
level 

left 
CV 

total 
C 
DD 

 
r= .42* 
r= -.47* 

 
 
 

    

 right 
CV 

total 
C 
DD 

 
 

r= -.39* 

     

 sum 
CV 

total 
C 
DD 

 
 

r= -.48* 

     



IntraP!and!InterPLevel!Associations!
!

 

107!

7.4.Discussion.and.Conclusions.

In this chapter we assessed correlations on the behavioral, cognitive and 
neurological levels. Unlike existing research that investigated only separate links, 
this study stitched together all three levels, investigating dyslexics’ abilities between 
and within them. Some of the findings confirm those obtained in other studies, and 
some are new.  

Similarly to the finding of Ramus, Pidgeon, et al. (2003) only overall associations 
for the two groups together were found between the measures on the behavioral 
level. The negative correlation observed between reading scores and bead threading 
performance as well as a positive one between phonological scores and time 
discrimination performance did not hold for two groups separately. Figure 1 shows 
that the reading ability does not systematically change for both groups in reverse 
proportion to the time it takes to thread all beads. The figure suggests that the 
overall correlation was likely to be caused by the group differences found in the 
behavioral measures. However, the relationship between the phonological ability 
and the d-prime score of the time discrimination task looks to follow a similar 
pattern for the two groups, as is seen from Figure 2.  It is plausible that in this case 
correlations within groups were not observed due to insufficient power.  

An analogous scenario was observed on the cognitive level. Only a marginally 
significant positive correlation was observed between the implicit (perceptuo-) 
motor and implicit language learning abilities. This might be due to very low d-
prime values in both groups not providing enough variance for the correlation to be 
detected. 

According to the predictions born from the theory, no associations were found 
between implicit (perceptuo-)motor learning and explicit learning abilities neither in 
the overall analysis nor in the analyses performed per group. However, 
unexpectedly, a positive correlation was found between implicit language learning 
and explicit learning abilities in the control group, with no correlations observed in 
the overall analysis or in the analysis for the dyslexic group. This is interpreted as an 
accidental correlation. Should there be a relationship between explicit and implicit 
learning abilities it would be more likely to surface between the scores of the 
implicit and the explicit SRT tasks as those were methodologically similar and both 
dealt with learning in the (perceptuo-)motor domain. The absence of a correlation 
means that we cannot conclude that the implicit and the explicit learning abilities are 
related to each other. We believe that a relevant correlation was not overlooked in 
the data as other evidence in favor of a single dissociation reflected in differences in 
the implicit learning performance, but not in the explicit learning one, between the 
two groups was found and described in previous chapters. 

Partially echoing the results of Howard Jr et al. (2006), overall correlations were 
found between the reading and phonological abilities, on the one hand, and implicit 



CHAPTER!7!
!

 

108!

(perceptuo-)motor learning, on the other. The patterns of these two correlations 
mimicked those between reading and phonological abilities and cerebellar tests 
scores. Judging from Figure 9, the relation between the reading abilities and the 
implicit motor learning abilities is likely to be explained by the differences found 
between dyslexics and controls in the two correlated variables. Apart from several 
outliers, the relation between the phonological abilities and the implicit motor 
learning abilities in the two groups seems to follow the same linear pattern. The 
absence of correlations within groups might, therefore, be explained by insufficient 
power caused by the somewhat small sample sizes of dyslexic and control 
participants. 

Interestingly, correlations with opposite directions were found for the two groups 
between reading abilities and the left cerebellar volume, which cancelled out an 
overall correlation. Kibby et al. (2008) found that the volume of the left cerebellum 
negatively correlated with number of errors on a RAN task in children with 
dyslexia. In our study we find an asymmetry between dyslexics and controls in the 
direction of the relationship between reading abilities and left cerebellar volume. 
While in the control group larger volume entails higher reading abilities, in the 
dyslexic group higher reading abilities are associated with smaller volumes. In 
addition, in the dyslexic group the reading ability correlated in the same way with 
the right cerebellar volume and the total volume of the two cerebellar hemispheres. 
This result is challenging to interpret in the absence of similar findings in the 
literature. A possible interpretation could be outlined in terms of compensatory 
structural reorganization of the dyslexic brain as a failed attempt to compensate for 
microscopic abnormalities by volume increase. This is, however, a vague conjecture 
and should be interpreted with much caution as very little is known about the 
patterns of cerebral compensatory reorganization, let alone the cerebellar 
reorganization.  

In several instances our results have confirmed existing findings, however, mostly 
those implying no relationship within and between the behavioral, cognitive and 
neurological levels. These findings should be interpreted with caution as indications 
of such associations were found, with these associations possibly not reaching 
significance due to power issues. However, dyslexia’s most obvious manifestation 
concerns the reading-related abilities, while other deficits are not so apparent and 
require very sensitive measures to be detected, especially in adults that might have 
developed compensating mechanisms for their deficits. Therefore, in general, very 
strong correlations cannot be expected to be found in the adult population using the 
known tests and tasks. The finding showing the asymmetry in how reading ability 
and the left cerebellar volume relate to each other in dyslexics and controls is, in 
principle, in line with the procedural deficit hypothesis. However, further attempts 
to explore the intra- and inter-level associations with larger samples, more sensitive 
tasks measuring implicit learning, especially in the language domain, ensuring a 
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larger range of scores, as well as more localized measures of cerebellar volume are 
needed.  
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General.Conclusions..
 

 

 

8.1.Introduction.

This dissertation aimed at assessing the manifestations of dyslexia in behavior, 
cognition and neuroanatomy as predicted by the procedural deficit hypothesis.   

The procedural deficit hypothesis of dyslexia proposed by Nicolson and Fawcett 
(2007) stems from Ullman’s (2004) procedural/declarative model for language 
learning, which in its turn is based on the dichotomy of the procedural and the 
declarative memory systems (Squire & Zola, 1996). The procedural deficit 
hypothesis posits that the symptoms people with dyslexia exhibit are explained by a 
deficit in their procedural/implicit learning abilities. According to the authors of the 
theory, a dysfunction in the cortico-cerebellar network responsible for procedural 
learning in both the motor and the language domain, causes impoverished implicit 
motor and language learning abilities and eventually difficulties with language 
(including reading and phonological abilities) and motor skills in dyslexics. 
Therefore, the theory predicts differences between people with and without dyslexia 
on the neurological, cognitive and behavioral levels as well as associations within 
and between the levels. In addition, since the procedural and the declarative systems 
in general have been shown to be distinct from each other and since according to the 
theory only the procedural learning system is affected in dyslexia, a dissociation 
between participants’ explicit and implicit learning abilities is predicted by the 
theory.  

In this chapter we will firstly return to the research questions we initially posed, 
briefly describing how they were approached methodologically and summarizing the 
answers found. Secondly, we will consider the value of the major findings for the 
general understanding of dyslexia and its causes as well as for the general theories 
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of memory and learning. Together with the contributions, the limitations of the 
present study will be discussed. Finally, possible directions for future research will 
be outlined. 

.

8.2.Summary..

By extensive neuropsychological testing, experiments in implicit and explicit 
learning as well as structural neuroimaging conducted with a group of dyslexics and 
a group of age- and IQ-matched controls, a set of data was created that allowed us to 
explore a number of questions prompted by the procedural deficit hypothesis. 
Firstly, differences between individuals with and without dyslexia on the levels of 
behavior, cognition and brain were investigated. Secondly, relationships between 
and within the levels were explored.  

The neuropsychological testing part of this study described in chapter 2 was 
conducted with the aim of selecting a well-controlled sample of dyslexics and a 
well-matched sample of controls. In addition, we were interested if participants with 
dyslexia also show problems with their motor abilities. A battery of tests measuring 
the participants' reading, spelling, and phonological abilities, as well as the 
cerebellar motor and event timing function, general intelligence, attention and 
executive function was administered. Based on the test results, a group of non-
compensated dyslexics exhibiting significant difficulties with reading, spelling and 
phonological abilities was selected as well as a control group matching the dyslexic 
one in age, IQ, and executive function.  

Importantly for the evaluation of the procedural deficit hypothesis, apart from the 
differences between the participants with and without dyslexia on the tests 
associated with language abilities, group comparisons also revealed differences in 
the abilities related to the cerebellar motor and event-timing functions. This finding 
is in line with the hypothesis as it posits that a deficit in the same neurological 
structures and cognitive mechanisms surfaces as impairments in reading and 
phonological abilities on the one hand and in motor function on the other.  

In addition, in chapter 7 it was investigated if a deficit in reading or phonological 
ability predicts the abilities associated with the aforementioned cerebellar functions. 
Even though correlations were found between the reading scores and the fine motor 
skills as measured by the bead threading test as well as between phonological scores 
and the event timing function as expressed by the performance on the time 
discrimination task, we cannot fully accept them as evidence in support of the 
theory. If a true monotonically changing relationship between the two variables 
existed, the correlations would hold within the two groups. The correlations were 
not found within the two groups separately. The association between the reading and 
bead threading scores could be explained merely by group differences present in the 
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two correlated variables. The relation between the phonological and the time 
discrimination scores, however, seemed to follow the same linear pattern in both 
groups, but is likely not to have reached significance due to power issues. 

Stepping up on the level of cognition, in our investigation of group differences in 
explicit and implicit learning abilities, two major questions were of interest: 1) 
whether any learning occurred as a result of exposure to a structured stimulus, and 
2) what the level of awareness of the gained knowledge was. Chapter 3 describes 
our investigation of the explicit learning abilities in people with and without 
dyslexia. The explicit learning ability is thought to be dissociated from implicit 
learning and is predicted by the procedural deficit hypothesis to be intact in people 
with developmental dyslexia. An experiment employing a version of the serial 
reaction time task containing a learning, a reproduction, and a confidence rating 
phase and accompanied by instructions promoting explicit learning was carried out 
in an attempt to disprove the hypothesis of no differences between the two groups.  

The results showed that learning occurred in both groups as was seen from 
significant differences between blocks. The learning was concluded to be explicit as 
was evidenced by significant correlations between how well the participants could 
reproduce the learnt sequence and their level of confidence about the correctness of 
the reproduced sequence. Another evidence to support the explicitness of the 
knowledge was the participants’ ability to fully restore the learnt sequence after the 
introduction of a block with a random sequence. No sufficient evidence was found 
to reject the null hypothesis. We were unable to detect differences between dyslexics 
and controls either in the learning curve they exposed or in the amount of 
knowledge that resulted from learning, or in the confidence ratings. However, since 
the learning and the awareness data produced significant results, we can conclude 
that it was not very likely that the possibly existing differences between the two 
groups were overlooked. Therefore, we believe that the explicit learning abilities in 
people with dyslexia were intact. 

Whereas in explicit learning abilities no difference between dyslexics and controls 
were found, in the two tasks measuring implicit learning abilities some indications 
of group differences were observed. Experiments into implicit learning abilities in 
the (perceptuo-)motor and the language domains in dyslexics and controls were 
described in chapter 4 and chapter 5. Chapter 4 dealt with implicit (perceptual-
)motor learning abilities that were examined with a version of the serial reaction 
time task with instructions promoting implicit learning. The results make it possible 
to conclude with some confidence that the participants in the control group as well 
as those in the dyslexic group were able to learn the sequence they were exposed to. 
This was evident from the two measures of learning employed in the learning phase 
of this experiment, as well as from the amount of knowledge that resulted from that 
learning as measured by the participants’ performance in the reproduction phase of 
the experiment.  
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The acquired knowledge was concluded to be more implicit than explicit in general, 
with control participants possibly being slightly more explicitly aware than 
dyslexics. This was followed from the comparison between the measures taken in all 
the three phases of the task and the same measures in the explicit version of the task. 
Moreover, a reduced ability to manipulate the sequence, i.e. to suppress and to 
restore it, was observed in the learning phase of the experiment. The participants’ 
reproduction performance and their confidence ratings were also found to be lower 
in the implicit version of the task than in the explicit one. Since the reproduction 
performance was associated with confidence in the control group, we concluded that 
it was indicative of a higher degree of explicit awareness in this group of 
participants.  

Importantly for the assessment of the procedural deficit hypothesis, on closer 
inspection of the learning curve in the two groups, we found that the dyslexic 
participants were to a certain extent delayed in their learning as was seen from a less 
steep curve in the dyslexic group as compared to the control group.  

In chapter 5 an experiment investigating implicit language learning was described 
and analyzed. The experiment included a learning phase, a testing phase and a 
confidence rating phase. In the learning phase the participants were familiarized 
with a set of sentences in which pseudo-words belonging to two different lexical 
categories were organized in a hierarchical structure. Subsequently, in the testing 
phase, they were asked to judge whether a new set of sentences complied with the 
rule or not. The set included both grammatical and ungrammatical sentences. 
Among the ungrammatical sentences there were those with a lexical category 
misused or a violated hierarchical dependency. Among the grammatical sentences 
there were those the participants had been exposed to and the novel ones.  
Afterwards, they were asked to indicate how confident they were about the 
correctness of their answers. 

Interestingly, the results didn’t allow us to conclude that participants were relying 
only on memory in their grammaticality judgments, as no difference was found 
between how well they performed on the novel sentences and on the familiar 
sequences they were presented with during exposure. This, of course, could be due 
to the insufficient power caused by a rather small number of sentences in each 
group. In another scenario this could be an indication of the participants’ ability to 
form an abstract rule (or a part thereof), which could be applied to new sentences. 
Nonetheless, the rule appeared to be difficult to learn: the participants were able to 
form categories, but did not establish the hierarchical dependencies between them. 
This was seen in the participants’ sensitivity to sentences with violations of 
categories, but not to those with violations of hierarchical structure. Moreover, only 
the participants in the control group were able to discriminate between grammatical 
and ungrammatical sentences more than chance would predict, while the dyslexic 
participants were at chance.  
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According to the guessing and the zero-correlation criteria, those who learnt (part of 
the) the rule, learnt it in an implicit manner, as the participants reported that they 
were guessing and no association between their grammaticality judgment 
performance and their confidence ratings were observed. The difficulty of the rule 
might have also affected the correlation between the participants’ learning abilities 
in the motor and in the language domain. As is reported in chapter 7, the correlation 
between the implicit learning abilities in the two domains did not reach significance, 
with data showing only a trend towards an association. This result could possibly be 
due to an insufficient range of scores obtained in the implicit language learning 
experiment. 

All in all, the results of the two implicit learning tasks do not provide firm evidence 
for the procedural deficit hypothesis, but they give some indications of the presence 
of such a deficit. When the result of the explicit and the implicit learning tasks are 
viewed together, a sketch of a single dissociation between explicit and implicit 
learning abilities can be presented. Moreover, the dissociation can be supported by 
the absence of a significant correlation between the implicit and the explicit 
(perceptuo-)motor learning tasks, which is reported in chapter 7. 

In chapter 6 the study moved onto the neuroanatomical level and preliminarily 
examined differences in cerebellar volume and asymmetry between the cerebellar 
hemispheres in the dyslexic and the control group. No differences in the volume of 
the two hemispheres or in the asymmetry between the two hemispheres in the two 
groups were detected. However, another sort of asymmetry was seen when the 
volume of the left hemisphere was correlated to the reading ability. A larger volume 
in the control group translated into a better reading ability, while in the dyslexic 
group it was associated with a poorer reading ability. This was interpreted along the 
lines of a compensatory reorganization in dyslexic brains as an unsuccessful volume 
increase in order to compensate for microscopic structural and functional 
aberrations. Obviously, the results presented here are only a preliminary outcome of 
an analysis in progress and should be interpreted with extreme caution. Importantly, 
they somewhat echo findings from previous studies, which suggest that the left 
cerebellar volume is playing a differentiating role between people with and without 
dyslexia. However, a deeper and a more localized analysis of the neurological data 
is needed. 

.

8.3.Contributions.and.Limitations.

Several of the predictions of the procedural deficit hypothesis that were tested in this 
study were also considered in previous research. However, they were all 
investigated in different samples and with different methodological approaches, 
which resulted in a lot of contradicting findings. Attempts to prove or disprove a 
theory by means of findings based on different samples and using different methods 
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is akin to trying to fit pieces of different puzzles into one – they will never fit. That 
is why it is crucial to investigate the differences and the correlations on all the three 
levels predicted to be deficient by the hypothesis in the same individuals. In this 
sense the reported study has an advantage over the already existing ones.  

We were able to confirm certain existing findings or obtain indications that are in 
line with some of the previous findings. For instance, our results concur with the 
presence of motor difficulties in dyslexics as has been reported in several studies 
already (Fawcett & Nicolson, 1999; Ramus, Pidgeon, et al., 2003). Hints suggesting 
affected implicit learning abilities in both the language and the motor domains have 
been revealed as well as those suggesting differences in how the cerebellar structure 
relates to reading abilities. Faint links between measures of reading-related and 
motor behavior as well as between implicit language and motor learning were found. 
Some relationships between the levels of behavior, cognition and brain were 
observed. 

Apart from the findings pertaining to causes of dyslexia, some methodological 
contributions to the implicit learning research were made. Firstly, the zero-
correlation criterion used to establish the level of knowledge awareness was 
validated. Secondly, a new interpretation of the restoration block of the serial 
reaction time task as a measure of awareness was suggested and validated. This was 
made possible by introducing an explicit version of the serial reaction time task. 

Several of the findings concerning the procedural deficit hypothesis that are reported 
in this dissertation are not particularly strong and are compromised by insufficient 
power. However, if we think of dyslexia, especially in adults, we might not observe 
any noticeable differences in the motor functioning and even in the reading 
expression on the surface. The fact that dyslexics can partially or fully compensate 
for their initial difficulties with reading means that the original imprints left by 
dyslexia can be leveled out and, therefore, be quite difficult to detect. In this sense, 
the suggestive findings obtained in this study are a success and do contribute to our 
understanding of the deficits present in dyslexia. Possibly, a larger sample and more 
sensitive measures would be more revealing. 

.

8.4.Future.Research.

This study was about assessing a hypothesis by testing predictions born from it.  
What the study was not about is explaining the deficits on the neuroanatomical, 
cognitive and behavioral levels and finding causal links between them. 
Unfortunately, many studies into the origins of dyslexia remain on the level of 
correlations, not causation, by suggesting deficits associated with dyslexia. Studies 
manipulating variables to create a change in the outcome would further advance our 
understanding of causes of dyslexia. One way to do this would be transcranial 
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magnetic stimulation (TMS), in which magnetic fields are used to actively interfere 
(transitorily) with brain function/processes. By stimulating a particular neurological 
structure a virtual lesion is created. This makes it possible to investigate the 
relationship between focal brain activity and behavior, to detect when exactly during 
a given task a particular brain region participates, and to trace the functional 
connectivity between regions. For instance it would be useful to see if the reading 
and motor skills associated with dyslexia as well as the implicit learning abilities are 
affected in people without dyslexia if a certain region of their cerebellum is 
stimulated by TMS. 

However, before TMS could be applied, it is necessary to narrow down the regions 
we would like to apply it to. Defining such regions in dyslexics might be very 
challenging as the structural aberrations might be very elusive. In this sense it might 
be reasonable to look at populations that exhibit problems similar to dyslexics, in 
which problems that are not so overt in dyslexics are more pronounced. A 
population most appropriate for this purpose would be patients to have survived a 
cerebellar infarction. They have been found to show mild symptoms similar to 
dyslexia in the language domain, but much more pronounced motor difficulties 
(Fabbro, Moretti, & Bava, 2000; Molinari et al., 1997; Silveri et al., 1994). Studying 
the exact regions of the cerebellum affected in this population might help suggest 
the target areas for dyslexia as well.  

Apart from localizing the regions of the cerebellum, the same should be done with 
the other components of the cortico-cerebellar network involved in dyslexia. The 
connections between the regions involved in the network should be studied.  In a 
recent study by Boets et al. (2013) investigating the intactness of phonological 
representations in dyslexia, significant deficiencies in functional and structural 
connectivity between the auditory cortices bilaterally and the left inferior frontal 
gyrus (a region involved also in phonological processing) were found in people with 
dyslexia. As has been discussed in chapter 1, Broca’s area is considered to be part of 
the cortico-cerebellar network responsible for implicit learning. It is, therefore, not 
unlikely that diffuse white matter connection could be present between Broca’s area 
and other members of the network, including the cerebellum.  

Another line of research concerning implicit learning in dyslexics should include 
comparisons between individuals with dyslexia and with other developmental 
disorders. Many of the symptoms found in dyslexia, including motor control, are 
considered to be not specific to dyslexia by some researchers (Ramus, Rosen, et al., 
2003). An affected cerebellum has also been observed in other developmental 
disorders, such as autism and ADHD (Berquin et al., 1998; Courchesne, Yeung-
Courchesne, Hesselink, & Jernigan, 1988). It is possible that the same region and 
networks of region are (partially) involved in other disorders; eventually we only 
have a finite set of neurological structures that cause the whole variety of 
developmental disorders. It could be that the same regions are affected in different 
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disorders, but in a different way, both structurally and functionally. Therefore, to 
better understand the causes specific to dyslexia, comparisons with other 
developmental disorders are necessary. 

Both finding the exact brain regions involved in dyslexia and understanding how 
they are affected can eventually offer remediation possibilities for people with 
dyslexia. For instance, using transcranial magnetic stimulation, many neurological 
and psychiatric disorders, such as depression, schizophrenia and other conditions, 
are treated nowadays. Employing similar therapeutic procedures in individuals with 
dyslexia can help them even out the imprints left by their disorder. 
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Class Pseudo-word 

A1 

 

prot 

twok 

A2 

 

prel 

twel 

B1 

 

brong 

dwot 

B2 

 

breg 

dres 
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The.Full.List.of.the.PseudoTwords.Tested.
and.the.Critical.Mistakes.Produced..
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$

Pseudo-word Number of critical 
mistakes 

Mistakes 

blen 4 plem, plen, plen, plem 

breg 0  

blim 5 plim, plim, plim plim, din 

blong 13 plom, blam, blang, blan, ban, blam, 
plong, lom, plong, plong, plong, plon, 
blan 

blum 15 pnum, pnung, plum, plun, plung, plum, 
plum, plum, plung, plun, plun, plum, 
plun, plun, plum 

brig 2 brieg, wrig 

brong 4 plon, ron, dron, wron 

brup 4 trinrup, tirnrup, rup, rup 

dron 4 trong, dram, drang, dran 

dwis 5 dries, drie, tris, dries, tris 

dres 0  

drit 0  
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dweng 0  

dwot 4 twot, dwad, dwab, dwat 

dwul 7 dweel, dwil, treel, dril, treel, dril, twil, 
dwil, twil 

drus 0  

plem 5 blen, len, blem, blem, blen 

plis 12 bwis, blis, blis, blis, lif, liz, blif, lis, liz, 
lis, lis, lis, blis 

prin 0  

plong 6 lan, long, long, plan, blong, long 

prot 0  

plun 5 plung, pnum, blum, blung, plung 

prus 0  

prel 4 pril, preew, preel, pruil 

treng 1 trrng 

trig 2 trieg, triech 

twel 0  

tron 3 tran, tram, tran 

trul 16 ral, drul, drul, dwul, tril, tril, tro, tro, 
dro, tril, twril, twrel, twil, tro, trow, trou 

twik 1 twiek 

twuk 4 truuk, twuuk, truuk, fruk 

twok 0  
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The.Sentences.with.CenterTEmbeddings.
Used.to.Extract.the.Prosody."

..

 

1. De man die de hond likt lacht. 

2. Het dak dat de vrouw fikst lekt. 

3. De kat die de man kocht loopt. 

4. De sok die de man heeft stinkt. 

5. De mus die het kind ziet vliegt. 

6. De tafel die de man boent kruipt. 

7. De koe die het kind aait slaapt. 

8. De munt die de man vond glanst. 

9. De man die het raam brak viel. 

10.  De soep die de vrouw kookt rookt. 
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Deze dissertatie beoogde de verschijningsvormen van dyslexie in het gedrag, de 
cognitie en neuroanatomie te evalueren vanuit het oogpunt van de procedural 
deficithypothese. 

Dyslexie wordt traditioneel gedefinieerd als een leerafwijking die het lezen en 
spellen aantast, ondanks de normale intelligentie en adequate socioculturele en 
opleidingsmogelijkheden van de mensen die eraan lijden (Habib, 2000). 
Moeilijkheden met geschreven taal vormen zonder twijfel het onderscheidende 
kenmerk van dyslexie. Echter, problemen die geassocieerd worden met deze 
aandoening reiken verder dan moeilijkheden met de geschreven taal tot in de 
gesproken taal, en visuele, auditieve, motorische en andere domeinen. In deze 
dissertatie richtten we ons op de taalvaardigheden en de motorische vaardigheden in 
dyslexie. 

De procedural deficithypothese stelt dat de symptomen die dyslectici vertonen 
verklaard worden door een deficit in hun procedurele/ impliciete leervaardigheden 
(Nicolson & Fawcett, 2007). Impliciet leren wordt gedefinieerd de vaardigheid om 
informatie in een incidentele situatie te leren zonder bewustzijn, d.w.z. zonder de 
werkelijke intentie om te leren en op zo’n manier dat de verkregen kennis moeilijk 
is om uit te drukken. Impliciet leren wordt regelmatig gecontrasteerd met expliciet 
leren, dat wordt gekenmerkt door de expliciete intentie van de leerder en door de 
bewust toegankelijke kennis die het resultaat van het leren is (Cleeremans et al., 
1998). Volgens de procedural deficithypothese veroorzaakt een stoornis in het 
cortico-cerebellaire netwerk dat verantwoordelijk is voor procedureel/ impliciet 
leren in zowel de motorische domein als de taaldomein bij dyslectici een verzwakte 
impliciete motorische leervaardigheid en taalleervaardigheid en eventueel 
problemen met taal en motorische vaardigheden.  

Door middel van uitgebreide neuropsychologische tests, experimenten naar impliciet 
en expliciet leren, en structurele neuroimaging bij een groep dyslectici en een 
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controlegroep van dezelfde leeftijd en hetzelfde IQ werd een dataset samengesteld 
die het mogelijk maakte een aantal vragen te onderzoeken die de hypothese opriep. 
Ten eerste, verschillen tussen individuen met en individuen zonder dyslexie, op het 
niveau van gedrag, cognitie en de hersenen werden onderzocht. Ten tweede, relaties 
tussen en binnen de niveaus werden verkend. 

Het neuropsychologische testgedeelte van deze studie, dat in hoofdstuk 2 wordt 
beschreven, werd uitgevoerd met als doel een steekproef van mensen met duidelijke 
tekenen van dyslexie en een goed matchende controlegroep te selecteren. Daarnaast 
waren we geïnteresseerd of de proefpersonen met dyslexie ook problemen met hun 
motorische vaardigheden vertonen. Een batterij aan testen was uitgevoerd, waarbij 
de lees-, spel- en fonologische vaardigheden van proefpersonen gemeten werden, en 
ook de cerebellaire motorische en event timingfuncties, de algemene intelligentie, 
aandacht en executieve functie. Op basis van de testresultaten werden een groep 
niet-gecompenseerde dyslectici met substantiële moeilijkheden met lezen, spellen en 
fonologische vaardigheden en een controlegroep die matchte qua leeftijd, IQ en 
uitvoerende functie geselecteerd. 

Een belangrijk resultaat voor de evaluatie van de procedural deficithypothese, 
behalve de verschillen tussen de proefpersonen met en die zonder dyslexie in de met 
taalvaardigheid geassocieerde tests, is dat groepsvergelijkingen ook verschillen in de 
vaardigheden gerelateerd aan de cerebellaire motorische en event timingfunctie 
onthulden. Dit resultaat komt overeen met de hypothese die stelt dat een deficit in 
dezelfde neurologische structuren en cognitieve mechanismen aan de oppervlakte 
komt als aan de ene kant een zwakkere lees- en fonologische vaardigheid en aan de 
andere kant een zwakkere cerebellaire motorische en event timingfunctie. 

Bovendien werd in hoofdstuk 7 onderzocht of een deficit in de lees- of fonologische 
vaardigheid de vaardigheden geassocieerd met de hiervoorgenoemde cerebellaire 
functies voorspelt. Hoewel correlaties werden gevonden tussen de leesscores en de 
fijne motoriek, en ook tussen de fonologische scores en de event 
timingvaardigheden, konden we deze niet ten volle accepteren als ondersteunend 
bewijs voor de theorie. De correlaties werden niet binnen de twee groepen apart 
gevonden. Het verband tussen de leesvaardigheid en de fijne motoriek zou verklaard 
kunnen worden door de groepsverschillen alleen die aanwezig zijn in de twee 
gecorreleerde variabelen. De relatie tussen de fonologische en de event 
timingvaardigheden, echter, lijken hetzelfde patroon in beide groepen te volgen, 
maar deze heeft waarschijnlijk geen statistische significantie door aan power 
gerelateerde problemen. 

Op het niveau van de cognitie werden de impliciete en expliciete leervaardigheden 
bij dyslectici onderzocht. In ons onderzoek naar de groepsverschillen in deze 
leervaardigheden waren twee grote vragen van belang: 1) of er enige vorm van leren 
plaatsvond als gevolg van blootstelling aan een gestructureerde stimulus, en 2) van 
welk bewustzijnsniveau de verworven kennis was.  
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Hoofdstuk 3 beschrijft ons onderzoek naar de expliciete leervaardigheden bij 
mensen met en zonder dyslexie. De expliciete leervaardigheid wordt verondersteld 
ongerelateerd te zijn aan de impliciete leervaardigheid. Bovendien wordt door de 
procedural deficithypothese voorspeld dat de eerstgenoemde intact is bij mensen 
met dyslexie. Een experiment met een versie van de seriële reactietijdtaak werd 
uitgevoerd. De taak bevatte een leerfase, een reproductiefase, en een 
zekerheidsbeoordelingsfase, gepaard met instructies die expliciet leren 
aanmoedigden. 

In de leerfase van de taak werd aan de proefpersonen een visuele cue gepresenteerd 
die op elk van vier posities op een computerscherm kon verschijnen. Elke positie 
correspondeerde met een knop op een knoppenkast. Proefpersonen werden 
geïnstrueerd op elke visuele cue te reageren door zo snel en accuraat mogelijk op de 
corresponderende knoop op de knoppenkast te drukken. Opeenvolgingen van zulke 
trials waren georganiseerd in 7 blokken. Wat de proefpersonen niet wisten, was dat 
de volgorde van visuele cues vastlag en in de blokken 2-5 en 7 herhaaldelijk 
getoond werd, terwijl in de blokken 1 en 6 een pseudo-willekeurige volgorde werd 
getoond.  Een geleidelijke afname in de reactietijden in de blokken 2 tot en met 5 en 
een drastische toename wanneer de volgorde willekeurig wordt in blok 6 worden 
gewoonlijk gezien als de maatstaven voor leren.  

Om te onderzoeken hoe bewust de proefpersonen waren van de volgorde die ze 
geleerd hadden, werd ze gevraagd de volgorde te reproduceren in de 
reproductiefase. Dit moesten ze bij drie opeenvolgende trials doen. Na elk van de 
trials werd de proefpersonen gevraagd op een zevenpuntschaal aan te geven hoe 
zeker ze waren dat ze de juiste volgorde hadden gereproduceerd. 

De resultaten van het expliciete leerexperiment tonen dat er in beide groepen sprake 
was van leren. Dit was te zien aan de verschillen in reactietijd tussen blok 2 en blok 
5, en tussen blok 5 en blok 6. Volgens de literatuur is het zo dat als iemand  zich niet 
bewust is van zijn kennis en denkt dat hij aan het gokken is, dan zou hij onzeker zijn 
van zijn kennis, onafhankelijk van hoe goed hij de volgorde heeft geleerd. Dit 
verschijnsel staat bekend als het zero-correlationcriterion (Dienes & Berry, 1997). 
Er waren significante correlaties tussen hoe goed de proefpersonen de geleerde 
volgorde konden reproduceren en hun mate van zekerheid over de correctheid van 
de reproductie. Er werd dus geconcludeerd dat er sprake was van expliciet leren. 
Een ander bewijs om de explicietheid van de kennis te ondersteunen was dat de 
proefpersonen in blok 7, het reconstructieblok, in staat waren de geleerde volgorde 
volledig te reconstrueren.  

We hebben geen verschillen tussen dyslectici en de controlegroep gedetecteerd in 
zowel de leercurve die ze lieten zien als in de hoeveelheid kennis die het resultaat 
was van het leren, of in hun zekerheidsscores. Echter, omdat de leer- en 
bewustzijnsdata significante resultaten opleverden, kunnen we concluderen dat het 
niet waarschijnlijk was dat de mogelijk bestaande verschillen tussen de twee 
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groepen over het hoofd zijn gezien. Daarom geloven we dat geconcludeerd kan 
worden dat de expliciete taalleervaardigheden in dyslectici intact zijn. 

Terwijl er voor de expliciete leervaardigheden geen verschil tussen dyslectici en de 
controlegroep werd gevonden, werden er in de twee taken die de impliciete 
leervaardigheden maten indicaties van groepsverschillen geobserveerd. De 
experimenten naar impliciete leervaardigheden in de (perceptuele) motorische en 
taaldomeinen bij dyslectici en de controlegroep werden in hoofdstuk 4 en 5 
beschreven.  

Hoofdstuk 4 behandelt de impliciete (perceptuele) motorische leervaardigheden die 
werden bestudeerd door middel van een vergelijkbare versie van de hierboven 
beschreven seriële reactietijdtaak, inclusief een leerfase, een reproductiefase, een 
zekerheidsbeoordelingsfase. In dit geval werden instructies die impliciet leren 
aanmoedigden gebruikt. De verkregen resultaten maakten het mogelijk om met 
enige zekerheid te concluderen dat de proefpersonen uit beide groepen in staat 
waren de volgorde waaraan ze waren blootgesteld te leren. Dit werd duidelijk door 
de twee maten voor leren die in de leerfase van dit experiment werden gebruikt, 
alsook de hoeveelheid kennis die dat leren opleverde, zoals gemeten aan de hand 
van de prestatie van de proefpersonen in de reproductiefase van het experiment.  

Er werd geconcludeerd dat de verworven kennis in het algemeen meer impliciet dan 
expliciet was, waarbij de controlegroep mogelijk ietwat meer expliciet bewust was 
dan de dyslectici. Dit volgde uit de vergelijking tussen de maten die genomen 
werden in alle drie de fases van deze impliciete taak en dezelfde maten in de 
expliciete versie daarvan. Een verminderde vaardigheid om de volgorde te 
manipuleren, d.i. om het te onderdrukken en te reconstrueren, werd geobserveerd in 
de leerfase van het experiment. Bovendien waren  de reproductieprestatie van de 
proefpersonen en hun zekerheidsscores ook lager in de impliciete taak dan in de 
expliciete taak. Omdat de reproductieprestatie in de controlegroep met zekerheid 
geassocieerd werd, concludeerden we dat dit een hogere mate van expliciet 
bewustzijn aanduidde in deze groep proefpersonen. Belangrijk voor de evaluatie van 
de procedural deficithypothese is dat we, bij nadere bestudering van de leercurve in 
de twee groepen, vonden dat de groep dyslectici tot een bepaalde hoogte vertraagd 
was in het leren. Dit bleek uit de minder steile curve in deze groep dan in de 
controlegroep. 

In hoofdstuk 5 werd een experiment naar het impliciet taalleren beschreven en 
geanalyseerd. Een versie van de artificiële grammaticaleertaak werd hiervoor 
gebruikt, die bestond uit een leerfase, een toetsfase en een 
zekerheidsbeoordelingsfase. In de leerfase werden de proefpersonen eerst vertrouwd 
gemaakt met een set zinnen waarin pseudo-woorden uit twee verschillende lexicale 
categorieën in een hiërarchische grammaticastructuur waren georganiseerd. 
Vervolgens werd hun gevraagd in de toetsfase te beoordelen of een nieuwe set 
zinnen, aan de regel voldeed of niet. Daarbij waren er ongrammaticale zinnen en 
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ook grammaticale zinnen, waarvan sommige nieuw waren en andere al in de leerfase 
gezien waren. 

Het is interessant dat de resultaten ons niet toestonden te concluderen dat de 
proefpersonen hun grammatica-oordelen alleen lieten afhangen van hun geheugen, 
omdat er geen verschil werd gevonden tussen hoe ze presteerden met nieuwe zinnen, 
d.i. zinnen die ze niet tijdens de leerfase hadden gezien, en met de bekende zinnen 
die al eerder aan ze getoond waren. Dit kan een indicatie zijn van de vaardigheid 
van de proefpersonen om een abstracte regel (of een deel ervan) te vormen, die op 
nieuwe zinnen toegepast zou kunnen worden. Desalniettemin bleek de regel moeilijk 
om te leren: de proefpersonen waren in staat om categorieën te vormen, maar 
stelden de hiërarchische afhankelijkheden tussen hen niet vast. Bovendien waren 
alleen proefpersonen uit de controlegroep, boven kansniveau, in staat de 
grammaticale zinnen van de ongrammaticale zinnen te onderscheiden. De dyslectici 
waren hier dus niet toe in staat.  

Diegenen die (een deel van) de regel geleerd hebben, hebben deze op een impliciete 
manier geleerd, omdat de proefpersonen aangaven dat ze gokten en omdat er geen 
verband tussen hun prestatie bij de grammaticaliteitsoordelen en hun 
zekerheidsscores werd geobserveerd.  

De moeilijkheid van de regel heeft mogelijk ook de correlatie tussen de 
leervaardigheden van de proefpersonen in het motorische en het taaldomein 
beïnvloed. Zoals is gerapporteerd in hoofdstuk 7, was de correlatie tussen de 
impliciete leervaardigheden in de twee domeinen niet significant, waarbij de data 
slechts een trend in de richting van een verband vertoonden. Dit resultaat kan 
mogelijk verklaard worden door een te laag bereik van scores, die verkregen zijn in 
het impliciete taalleerexperiment. 

Al met al leveren de resultaten van de twee impliciete leertaken geen ferm bewijs 
voor de procedural deficithypothese, maar geven ze enkele indicaties voor de 
aanwezigheid van zo’n deficit. Als het resultaat van de expliciet en impliciete 
leertaken samen worden bekeken, kan een schets van een enkele scheiding tussen 
expliciete en impliciete leervaardigheden gepresenteerd worden. Bovendien kan de 
scheiding ondersteund worden door de afwezigheid van een significante correlatie 
tussen de impliciete en de expliciete (perceptuele) motorische leertaken, die in 
hoofdstuk 7 besproken worden. 

In hoofdstuk 6 verplaatste het onderzoek zich naar het neurologische niveau, waarbij 
verschillen in het cerebellaire volume en de asymmetrie tussen de cerebellaire 
hemisferen in dyslectici en de controlegroep vooronderzocht werden. Er werden 
noch verschillen in het cerebellaire volume, noch in de asymmetrie tussen de twee 
hemisferen in de twee groepen gedetecteerd. Er werd echter wel een ander type 
asymmetrie geobserveerd wanneer het volume van de linkerhemisfeer werd 
gecorreleerd met de leesvaardigheid. Een groter volume in de controlegroep 
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vertaalde zich in een betere leesvaardigheid, terwijl dat onder de dyslectici verband 
had met een lagere leesvaardigheid. Dit werd geïnterpreteerd in termen van een 
compenserende reorganisatie in het dyslectische brein als een niet succesvolle 
volumevergroting om te compenseren voor microscopische structurele en 
functionele afwijkingen. Vanzelfsprekend zijn de resultaten die hier gepresenteerd 
worden een voorlopige uitkomst van een analyse in uitvoering en moet deze met 
grote voorzichtigheid geïnterpreteerd worden. Het is belangrijk dat ze in enige mate 
bevindingen van eerdere studies herhalen, wat suggereert dat het linker cerebellaire 
volume een onderscheidende rol speelt tussen mensen met en mensen zonder 
dyslexie. Een diepere en meer gelokaliseerde analyse van neurologische data is 
echter nodig. 

Een aantal van de voorspellingen van de procedural deficithypothese die in deze 
studie werden getest, zijn ook in eerdere studies onder de loep genomen. Ze werden 
echter allemaal aan de hand van verschillende steekproeven en verschillende 
methodologische aanpakken onderzocht, wat resulteerde in een groot aantal elkaar 
tegensprekende bevindingen. Pogingen om een theorie te bewijzen of te ontkrachten 
door middel van bevindingen die gebaseerd zijn op verschillende steekproeven en 
het verschillende methodes is vergelijkbaar met proberen stukjes van verschillende 
puzzels in elkaar te passen – ze zullen nooit passen. Om die reden is het cruciaal om 
de verschillen en verbanden op alle drie de niveaus, waarvan de hypothese voorspelt 
dat ze afwijken, in dezelfde individuen te onderzoeken. In die zin kent de hier 
gerapporteerde studie een voordeel ten opzichte van de al bestaande onderzoeken. 

We waren in staat een aantal bestaande bevindingen te bevestigen en indicaties te 
verkrijgen die overeenkomen met een aantal van de eerdere bevindingen. Onze 
resultaten stemmen bijvoorbeeld overeen met de aanwezigheid van motorische 
moeilijkheden bij dyslectici zoals al gerapporteerd in verschillende onderzoeken 
(Fawcett & Nicolson, 1999; Ramus, Pidgeon & Frith, 2003). Aanwijzingen die 
aangetaste impliciete leervaardigheden suggereren, in zowel het domein van de 
motoriek als die van taal zijn eerder gevonden, net als aanwijzingen die verschillen 
suggereren in hoe de cerebellaire structuur verbonden is tot leesvaardigheid. Zwakke 
verbanden tussen de maten voor leesgerelateerd gedrag en motorisch gedrag, net als 
tussen impliciete taalleervaardigheid en motorische leervaardigheid werden ook 
gevonden. Sommige verbanden tussen de niveaus van gedrag, cognitie en het brein 
werden geobserveerd. 

Behalve de bevindingen die betrekking hebben op de in dyslexie aanwezige 
afwijkingen, werden een aantal bijdragen aan onderzoek naar impliciet leren 
gemaakt. Ten eerste werd het zero-correlationcriterion, dat gebruikt wordt om de 
mate van kennisbewustzijn vast te stellen, gevalideerd. Ten tweede werd een nieuwe 
interpretatie van het reconstructieblok van de seriële reactietijdtaak als maat voor 
bewustzijn voorgesteld en gevalideerd. Dit werd mogelijk gemaakt door het 
introduceren van een expliciete versie van de seriële reactietijdtaak. 
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Een aantal van de bevindingen met betrekking tot de procedural deficithypothese die 
in deze dissertatie gerapporteerd worden zijn niet bepaald sterk en aangetast door 
onvoldoende power. Echter, in een aandoening als dyslexie, met name bij 
volwassenen, is het mogelijk dat er geen duidelijke verschillen in de motorische 
werking en zelfs in lezen aan de oppervlakte te observeren zijn. Het feit dat 
dyslectici deels of volledig kunnen compenseren voor hun initiële moeilijkheden 
met lezen betekent dat de originele indrukken die door dyslexie worden 
achtergelaten, kunnen worden weggenomen, waardoor ze behoorlijk moeilijk te 
detecteren zijn. In deze zin zijn de suggestieve bevindingen in deze studie een 
succes en dragen ze bij tot ons begrip van de aandoeningen die aanwezig zijn bij 
dyslexie. 
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