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This thesis explores sequential learning, the implicit learning of item sequences 
with a specific statistical structure. Two research questions were investigated. The 
first is whether sequential learning is a domain-general learning mechanism. Both 
8-month-old infants and adults were tested on their sequential-learning capa- 
bilities in more than one domain. The infants were tested in the (auditory)  
language and in the visuospatial domains, the adults also in the visual domain. 
Neither the infant nor the adult experiments provided a conclusive answer to 
this question, because performance on sequential learning did not correlate  
significantly or strongly across domains in either age group. 

The second research question is whether sequential learning is affected in develop- 
mental dyslexia. Both 8-month-old infants at familial risk of dyslexia and adults 
with dyslexia were tested in the same sequential-learning experiments as their 
peers without (a risk of) dyslexia. Results related to this question were mixed. 
The at-risk infants showed an indication of visuospatial sequential learning that 
was not observed in the typically developing infants. More research is needed to 
interpret this outcome. In adults with dyslexia, somewhat poorer performance of 
language sequential learning was found. No clear differences between adults with 
and without dyslexia were found in the visual and visuospatial experiments. 

The question of the domain generality of sequential learning could not be deci-
sively answered, and no support was obtained for a general deficit in sequential 
learning in dyslexia. The results may, however, point to slightly reduced sequen- 
tial-learning capabilities in the language domain in adults with dyslexia.
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 Chapter 1  

 

Introduction 

The world around us would be uninterpretable and unpredictable if we did not learn how 

to handle the vast amount of information we are presented with while listening, 

watching, or feeling. We filter speech sounds from all other sounds that surround us, we 

recognize faces amongst all other visual images that reach our eyes, we know whether 

we feel rough or smooth material; in short, we learn how to interpret the stimuli we 

perceive. We learn to distinguish meaningful, relevant perceptions from irrelevant 

perceptions from infancy onwards. The ability to recognize relevant stimuli is a pre-

requisite for detecting relationships between meaningful elements or events. Some 

perceived elements belong together (a head, arms, and legs belong to a body), other 

elements appear in a certain order (water added to syrup gives lemonade that I can 

drink), and yet others predict each other (if I hear the door, someone may enter the 

room). One mechanism that helps us define patterns, categorize stimuli, and use these to 

make predictions about future events is statistical learning: the implicit identification of 

statistical structures in the information we perceive. 

In this thesis I will investigate implicit statistical learning. Specifically, I will assess 

such learning in infants and adults in the (auditory) language and the visual domain. 

Two questions will be addressed. The first research question is whether the mechanism 

supporting implicit statistical learning is a domain-general learning mechanism, i.e. a 

single statistical-learning mechanism that operates in all domains. If so, this implies that 

the purported statistical-learning mechanism is not restricted to for instance the language 

domain, but operates in all other domains, such as the visual domain. It is then expected 

that performance in a statistical-learning task in the language domain predicts 

performance in the visual domain, i.e. correlations between domains will be present. The 

second question relates to impaired statistical learning. If statistical learning is domain 

general, then a reduced capacity to utilize statistical learning will be reflected in all 

domains. Such a statistical-learning deficit might be present in developmental dyslexia. 
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Developmental dyslexia refers to severe and persistent problems in reading and spelling, 

but many people with dyslexia also experience problems in other domains, e.g. in motor 

skill learning. The second research question addressed in this thesis is whether a 

(domain-general) deficit in statistical learning plays a role in developmental dyslexia.  

In this Introduction, the concept of implicit statistical learning will be explained and 

illustrated. Special attention will be given to the specific form of statistical learning that 

is the topic of investigation in this thesis, namely sequential learning. The characteristics 

of developmental dyslexia will be discussed together with some theories that aim to 

account for this disorder. Further, indications of a potential sequential-learning deficit in 

developmental dyslexia will be discussed, followed by a brief overview of the 

experiments that have been conducted for this thesis. 

STATISTICAL LEARNING 

Statistical learning covers a broad field of research (for a recent review, see Saffran & 

Kirkham, 2018). Statistical learning can be defined as the implicit identification of 

patterned regularities in the information we perceive (e.g. Kim, Seitz, Feenstra, & 

Shams, 2009; for a historical overview, see Christiansen, 2018). The learning is believed 

to be implicit, because it proceeds in the absence of intention to learn (see Reber, 1967, 

from Conway & Christiansen, 2005; Perruchet & Pacton, 2006). Another term for 

statistical learning that is used in the literature is distributional learning (Aslin & 

Newport, 2014). This designation is based on the fact that statistics are drawn from the 

way elements are distributed over time or in space. Statistical learning is also referred to 

as sequence learning or sequential learning. Whereas sequence learning mainly refers to 

studies in which a fixed sequence of items is learned, sequential learning often refers to 

the learning of item sequences with a specific statistical structure (Christiansen, 

Conway, & Onnis, 2012; Conway & Christiansen, 2001). This sequential learning is the 

kind of statistical learning that is investigated in this thesis. 

The various terms that are used for statistical learning illustrate the broad scope of 

this research field: different statistical-learning paradigms and different types of 

statistical measures are sometimes bracketed together in the literature. A large variety of 

statistical measures can be computed: element frequencies, co-occurrence frequencies, 

forward and backward transitional probabilities, joint probabilities, frequency 

distributions, and so on. Whenever necessary, these terms will be described in more 

detail below. Furthermore, various experimental paradigms are available for the study of 
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statistical learning. Before zooming in on the type of statistical learning that is 

investigated in this thesis, sequential learning, various types of statistical-learning 

studies will be described, together with the statistical measures that are investigated. 

Artificial Grammar Learning (AGL, see Reber, 1967) is often considered as a type of 

statistical learning, but opinions diverge on what exactly is learned in an AGL task. In 

AGL, participants are confronted with strings of stimuli (‘sentences’) that are generated 

by a small set of grammatical rules and are built from a small set of primitives (i.e. 

‘words’). The information that is extracted or learned from these strings may be the rules 

of the grammar, the strings themselves, or small fragments or ‘chunks’ from the strings. 

There is evidence that the learning of chunks is crucial for AGL (see Conway & 

Christiansen, 2005). AGL has been used to study statistical learning in the (auditory) 

language domain using spoken nonsense words (Saffran, 2000), but has also been 

applied in the tactile, non-linguistic auditory, and visual domains (Conway & 

Christiansen, 2005; Saffran, 2000). In these studies, adult participants, when tested after 

some exposure to the artificial language, showed learning of the grammar by their ability 

to reliably distinguish sequences that conform to the grammar from sequences that do 

not. AGL has thus been attested in various domains.  

The term ‘statistical learning’ has also been used for studies investigating the 

frequency by which a range of specific features is distributed over a particular kind of 

stimuli. An example is the distribution of phonetic variation in speech sounds. In two 

widely cited studies, infants of 6 and 8 months were exposed to eight (artificially made) 

speech sounds that formed a continuum, e.g. from [da] to [ta] (Maye, Werker, & Gerken, 

2002; Maye, Weiss, & Aslin, 2008). Infants heard all stimuli of the continuum, but the 

‘unimodal’ group heard the stimuli in the middle of the continuum most frequently, 

while the ‘bimodal’ group heard the stimuli at both ends of the continuum more often 

than those in the middle. The idea was that infants in the unimodal condition would form 

a one-category representation of the speech sounds, whereas infants in the bimodal 

condition would form a two-category representation. It was predicted that infants in the 

unimodal condition would subsequently fail to discriminate between two speech sounds 

from either side of the continuum, whereas infants in the bimodal condition would show 

discrimination of these two speech sounds. The expectations were confirmed by the data, 

which suggests that infants can use frequency distribution to create phonetic categories 

in their native language. Distributional learning is therefore a form of statistical learning 

that might play a role in language acquisition. 
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Statistical learning in the above tasks is tested off-line, i.e. after a learning phase. 

Statistical learning can, however, also be tested on-line, during the learning phase, by 

means of the serial reaction time (SRT) task (Nissen & Bullemer, 1987). In a classical 

SRT task, four squares on a computer screen are successively illuminated according to a 

fixed, repeated, pattern. Participants, who are unaware of the pattern, are requested to 

press the button that is contingent on the illuminated square as quickly as possible. 

Reaction times decrease during the fixed sequences, but show a significant increase once 

the sequence changes from a patterned to a random presentation. E. Kidd (2012) used a 

version of the SRT task to investigate if implicit statistical learning is involved in the 

acquisition of syntax. He found that children’s performance on an SRT task was 

significantly associated with their performance in a syntactic priming task. The author 

therefore claimed that implicit statistical learning is implicated in learning of 

grammatical usage patterns of the input language.  

Learning the rules in artificial grammars, detecting differences in frequency 

distributions, and apprehending fixed sequences as described above all fall under the 

umbrella of statistical learning. The above studies suggest that all of these diverse types 

of statistical learning play a role in language acquisition. Sequential learning, the type of 

statistical learning investigated in this thesis, is also suggested to be involved in 

language acquisition. Sequential learning can be defined as the statistical learning of 

regularities between elements in sequences of stimuli. These regularities may refer to 

dependencies that occur either between adjacent elements or between elements that are 

not adjacent. This latter type of sequential learning is non-adjacent dependency learning.  

An example of a non-adjacent dependency learning study is Gómez (2002). Gómez 

investigated learning of verbal non-adjacent dependencies with both adults and 18-

month-old infants. An artificial language was used that contained a limited number of 

words that formed non-adjacent dependencies over an intervening set of different words, 

a-X-b, in which ‘a’ and ‘b’ form the non-adjacent dependency (e.g. pel wadim jic, pel 

nilbo jic). Results showed that both adults and infants acquired non-adjacent 

dependencies when the set of intervening words ‘X’ was relatively large, i.e. when 

adjacent dependencies were no longer reliable. In a study with 24-month-old Dutch 

infants van Heugten and Johnson (2010) found that the non-adjacent dependency 

between the definite article ‘het’ and the diminutive suffix ‘-je’ was more easily learned 

than the non-adjacent dependency between the definite article ‘de’ and the plural suffix 

‘-en’. These results were in line with the distributional properties of those non-adjacent 

dependencies in a corpus of Dutch. For instance, the frequency of the learned 

dependency was higher than that of the not-learned dependency. Opposite to the finding 
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of Gómez, however, a larger set of intervening material did not facilitate learning. Van 

Heugten and Johnson suggest that natural languages contain more variation than 

artificial languages and that too much variation may impede the learning of non-adjacent 

dependencies. Nevertheless, their study shows that distributional statistics in natural 

language may assist infants’ acquisition of non-adjacent dependencies. 

The distributional properties of non-adjacent dependencies that van Heugten and 

Johnson investigated included co-occurrence frequency, distance, and backward and 

forward transitional probabilities (see below). Just like non-adjacent dependencies, 

adjacent-dependency learning may also involve the learning of various statistical 

measures. The key statistic in this thesis is (forward) transitional probability (TP). TP is 

the probability by which one element follows another, normalized for the first element. 

TP is a special type of the more general notion of conditional probability: the probability 

by which one specific element is present provided that another specific element is 

present. Among the first researchers to study learners’ sensitivity to TP in relation to 

language acquisition were Saffran, Newport, and Aslin (1996). Their research was based 

on the idea that experience-dependent mechanisms must also be employed to acquire 

human language. This idea ran counter to the view that was dominant until the mid-

nineties of the previous century, in which experience-independent mechanisms were 

considered to play a dominant role in language acquisition. Saffran and colleagues 

investigated if adults could segment words from a continuous artificial speech stream 

which only contained a single cue to word boundaries, namely the statistical structure of 

the sequence of syllables. As Saffran and colleagues explain, in natural languages word-

internal syllable transitions can be distinguished from between-word syllable transitions 

on the basis of TPs. For example, in the string pretty baby, the probability of the syllable 

‘by’ given ‘ba’ is higher than the probability of the syllable ‘ba’ given ‘ty’. In other 

words, word-internal TPs are higher than between-word TPs, and, consequently, low 

TPs can be used to detect word boundaries.  

To test their hypothesis, Saffran and colleagues exposed adult participants to an 

artificial language that consisted of six three-syllable nonsense words, e.g. pidabu or 

dutaba. The words were concatenated into a continuous stream with no pauses and no 

prosodic or other acoustic cues to discover word boundaries. TPs of word-internal 

syllables were higher than TPs of syllables spanning a word boundary. Participants 

exposed to this artificial speech stream were not only able to distinguish words from 

non-words (syllables that had never followed each other in the speech stream, such as 

butapi), but also words from part-words (a syllable pair from a word in the speech 

stream plus another syllable, such as pidata or bitaba). Apparently, participants had 
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learned to segment the words from the stream, causing the non-words and also the part-

words to be perceived as less familiar. 

In a subsequent study, Saffran, Aslin, and Newport (1996), using virtually the same 

paradigm, investigated whether 8-month-old infants were also able to segment words 

from continuous speech based on TPs between syllables. Like adults, infants were able 

to distinguish words from both non-words and part-words. Part-words consisted of the 

final syllable of a word joined to the first two syllables of another word presented during 

familiarization. However, there was a confound in this study as words not only 

contained higher TP values than part-words, they also occurred more frequently than 

part-words. In a follow-up study, Aslin, Saffran, and Newport (1998) addressed this 

confound: the study ascertained that TP was the only statistical measure available to 8-

month-old infants to distinguish between words and part-words. It appeared that infants 

were able to segment the words from the speech stream based on TP values alone. 

In short, the studies by Saffran and colleagues showed that both adults and infants 

have computational abilities to segment words from continuous speech, solely on the 

basis of TP values. The experiments by Saffran et al. instigated a large body of research, 

extending the research to other domains, such as the non-linguistic auditory domain of 

(musical) tones (Saffran, Johnson, Aslin, & Newport, 1999), or the visual domain, using 

sequences of shapes (Fiser & Aslin, 2002; Kirkham, Slemmer, & Johnson, 2002). TP 

learning was also shown when the spatial dimension was added to the temporal 

dimension in a sequence of locations (Kirkham, Richardson, & Slemmer, 2007). 

Furthermore, the learning of conditional probabilities was also observed in spatial 

configurations of visual scenes (Fiser & Aslin, 2001). 

To summarize, statistical learning covers a broad field of research studying how we 

detect and use the statistical regularities that are present in the world around us. The type 

of statistical learning investigated in this thesis is sequential learning, in particular the 

learning of adjacent dependencies. Both adults and infants have been shown to be 

capable of tracking TPs of adjacent elements in the auditory modality over temporal 

sequences. In the visual modality, sensitivity to TP or (non-sequential) conditional 

probability was observed for spatial scenes, for temporal sequences, and for 

spatiotemporal (here referred to as ‘visuospatial’) sequences. The studies mentioned 

above investigated sequential learning in various domains, and some of these studies 

raised the question whether sequential learning perhaps is a domain-general learning 

mechanism. Evidence for the domain generality of statistical learning, and more 

specifically sequential learning, is, however, mixed, as will be shown in the next section. 
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STATISTICAL LEARNING: DOMAIN GENERAL OR 

DOMAIN SPECIFIC 

Wijnen (2013) formulated a hypothesis on the acquisition of linguistic categories, which 

would be induced by “a particular instantiation of a general system subserving implicit 

statistical learning in various domains” (p. 157), e.g. the language and motor domains. 

Earlier, several authors had also argued that statistical learning is subserved by a single, 

domain-general mechanism (Bulf, Johnson, & Valenza, 2011; Fiser & Aslin, 2002; 

Kirkham et al., 2002; Saffran et al., 1999). This is based on the finding that participants 

of the same age group showed similar performance in statistical learning in different 

domains. Such results are a necessary but not a sufficient prerequisite to prove domain 

generality. Even when, as Saffran and Thiessen (2007) state, learners show equivalent 

performance in learning the same pattern in input from different domains, it is possible 

that this learning represents parallel learning mechanisms instead of a single domain-

general mechanism.  

The above-mentioned papers based their argumentation for domain generality on 

comparisons between quite disparate experiments with participants of different age 

groups. For instance, Fiser and Aslin (2002) compared their results from a visual 

temporal segmentation study with adults to (a) results from a language segmentation 

experiment with infants (Aslin et al., 1998), (b) an adult spatial visual experiment (Fiser 

& Aslin, 2001), and (c) an adult experiment in which participants had to press 

illuminated buttons in an SRT-like experiment (Hunt & Aslin, 2001). In order to be able 

to compare results on the issue of domain generality, at least the same paradigm with the 

same statistical dependencies has to be used with the same age group. 

Apart from these methodological issues, it is also important to note that domains and 

modalities are two different concepts. Domains belong to modalities, for instance: 

speech and music are two domains within the auditory modality. Domain can be defined 

as “a range of stimuli that share physical and structural properties (e.g. spoken words, 

musical tones, or tactile input)”; modality can be defined as “the sensorimotor mode in 

which the stimulus was presented (e.g. vision, audition, or touch) (Frost, Armstrong, 

Siegelman, & Christiansen, 2015, p. 118 and p. 117, respectively). Sometimes, domain 

and modality coincide, for instance if one experiment is conducted in the auditory 

modality and another in the visual modality. In such cases, ‘domain’ and ‘modality’ are 

sometimes used interchangeably.  
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A number of studies used the same paradigm in different domains to investigate if 

the constraints of statistical learning are domain general or domain specific. In an AGL 

study (Saffran, 2002), adults showed learning of predictive dependencies not only in the 

auditory domain, but also in the visual domain. Statistical learning in the visual domain 

was, however, restricted to dependencies between simultaneously presented stimuli, i.e. 

arrayed spatially on the screen (visuo-spatial domain); learning was not observed in 

sequentially presented visual stimuli (visuo-temporal domain). Conway and Christiansen 

(2009) investigated if presentation rate magnified the effect of modality constraints in 

the auditory, the visuo-temporal, and the visuo-spatial domains. Results showed that 

performance in the auditory condition was best, and that fast rates adversely affected 

performance only in the visuo-temporal condition. In addition to the visual and auditory 

domains, Conway and Christiansen (2005) applied AGL also to the tactile domain. 

Performance in the auditory domain turned out to be superior to that of the other two 

domains. The above studies all support the view that statistical learning at least partly 

depends on modality-specific constraints, which may reflect modality- or domain-

specific statistical-learning subsystems (Conway & Christiansen, 2005).  

Although differences between modalities and even between domains (within 

modalities) were found in experiments using the same paradigm, the studies that report 

these differences used between subjects-designs. Since people vary in their statistical-

learning capacities (Misyak & Christiansen, 2012), it is better to compare domains in a 

within-subjects design. For instance, Siegelman and Frost (2015) applied a within-

subjects design and tested participants in one SRT task, two experiments in the auditory 

domain with adjacent dependencies between syllables and between tones, one also in the 

auditory domain, but with non-adjacent dependencies between syllables, and one in the 

visual domain with adjacent dependencies between sequentially presented shapes. The 

authors argued that if statistical learning is a domain-general mechanism, performance in 

one task should predict performance in another task. However, no significant positive 

correlations were found between any of the tasks.
1
 This was even the case for the 

experiments within the auditory modality of which the set-up was virtually identical: the 

experiments with adjacent dependencies between (i) syllables and (ii) tones. Siegelman 

and Frost conclude that statistical learning is not a domain-general mechanism; it is 

                                                 
1 A negative correlation was found between the task with adjacent dependencies between tones 

and the task with nonadjacent dependencies between syllables. The authors dismiss this result as 

presumably incidental.  
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characterized not only by modality specificity, but also by stimulus specificity (i.e. 

domain specificity, see definition of domain by Frost et al., 2015, p. 118).  

An absence of (significant) correlations between statistical-learning tasks suggests, 

according to Siegelman and Frost, that different tasks tap different mechanisms of 

statistical learning, or that performance in a given task is determined by specific 

interactions of domain-general mechanisms with domain-specific stimulus (processing) 

characteristics. This latter possibility is not further discussed in their paper, but is 

elaborated in the theoretical framework for statistical learning that was proposed by 

Frost et al. (2015). Statistical learning would be subserved by a set of domain-general 

computational mechanisms that operate in different domains and are subject to domain-

specific constraints. Frost and colleagues refer to two sources of variance in statistical 

learning: (i) encoding representations, which is domain-specific and (ii) detecting 

distributional properties, which is domain general. They explain low correlations 

between domains by individuals having the same encoding efficacy across domains, but 

different computational efficiency, or vice versa. A recent alternative theory is the 

entrenchment theory by Siegelman, Bogaerts, Elazar, Ariuli, and Frost (2018), which 

claims that statistical-learning tasks with linguistic stimuli not only depend on statistical 

computation, but also on the statistics of participants’ language with which they are 

entrenched. This would explain why no or low correlations exist between tasks that are 

only based on ‘novel’ statistical learning and tasks that are also based on entrenched 

statistics. 

These two theoretical frameworks did not exist at the time this PhD project 

commenced (September 2008). Actually, the debate on domain generality of statistical 

learning had just started. At the time of completion of this dissertation, the debate has 

still not been settled, and only a few studies had looked at the question of domain 

generality by using a within-subjects design (e.g. Misyak & Christiansen, 2012; 

Siegelman & Frost, 2015). In this thesis, the question whether statistical learning, that is, 

sequential learning of adjacent dependencies, is domain general is investigated in both 

infants and in adults in a within-subject design by correlating results between different 

domains. Support for a domain-general sequential-learning system would also be 

provided by a disorder caused by a deficit in such a general system. It is hypothesized 

here that developmental dyslexia is such a disorder. 
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DEVELOPMENTAL DYSLEXIA AS TESTING GROUND FOR 

SEQUENTIAL LEARNING AND DOMAIN GENERALITY 

Developmental dyslexia (henceforth ‘dyslexia’) is a neurodevelopmental disorder that 

primarily affects the development of reading accuracy, fluency and spelling skills 

(International Dyslexia Association, 2002). These reading and spelling problems are 

unexpected in relation to other cognitive abilities and manifest themselves despite 

effective classroom instruction. This implies that the earliest moment that dyslexia can 

be diagnosed is in primary school (SDN, de Jong et al., 2016). In the general population, 

the prevalence of dyslexia is estimated to vary between 2 and 10%; in the Netherlands, 

testing a cohort of more than 150,000 children at primary school (age approx. 12 years 

old) resulted in an estimated prevalence of 3.6% (Blomert, 2002).  

Dyslexia is a heritable disorder. Evidence for heritability stems from family and twin 

studies. Genetic analyses have indicated 14 candidate genes for dyslexia, 10 of which 

are involved in neuronal migration and neurite outgrowth in the brain (Poelmans, 

Buitelaar, Pauls, & Franke, 2011). This means that children from families with a history 

of dyslexia are at risk of having dyslexia themselves. Not all children at familial risk 

(FR) of dyslexia develop literacy difficulties. Based on a meta-analysis of 15 

independent studies, Snowling and Melb-Lervåg (2016) reported that 45% of FR 

children develop literacy difficulties. These affected FR children perform worse on 

word-decoding, non-word decoding and spelling tasks than typically developing (TD) 

children. However, even unaffected FR children perform worse than TD children on 

these tasks. Apparently, FR children form a heterogeneous group. This is in line with 

e.g. Pennington (2006), who argued that the risk of becoming dyslexic is continuous 

rather than discrete.  

There is consensus in dyslexia research that the most significant cognitive problem 

associated with dyslexia is phonological in nature. Learning to read implies that children 

learn to map speech sounds (phonology) to characters (orthography). The phonological 

deficit theory (e.g. Snowling, 2001) states that people with dyslexia have problems in 

encoding, storing, and retrieving phonological information. These problems are related 

to poor phonological awareness, poor verbal short-term memory, and poor lexical 

retrieval (Ramus & Szenkovits, 2008). Poor phonological awareness is for instance 

attested by problems in detecting rhyme oddity (e.g. ‘lip, tip, dig’) and in phoneme 

deletion (leaving one speech sound out of a (non-)word and saying the remaining word 

out loud). This poor phonological awareness may result in a poor mapping of sounds to 
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letters, which probably hinders learning the alphabetical system and also hinders word 

recognition. Additionally, poor verbal short-term memory, attested through poor 

performance on non-word repetition, is seen to be related to literacy difficulties. 

Similarly, lexical (phonological) retrieval is proposed to be poor in dyslexia. This is 

attested by poor performance on the rapid automatized naming task (which, according to 

Norton and Wolf (2012) comprises more than phonological retrieval: it would require 

many of the same processes as reading itself). Although there is support for the 

phonological deficit theory, this theory does not account for all variance observed in 

reading and spelling, the core problems of dyslexia (van den Boer, van Bergen, & de 

Jong, 2015). Additionally, it cannot accommodate other problems often observed in 

dyslexia, and therefore does not seem to be broad enough to cover the whole spectrum of 

the reading disorder. 

Next to the persistent and severe literacy problems that constitute dyslexia, people 

with dyslexia and FR children often also show other language-related difficulties, e.g. in 

the acquisition of morphology (Joanisse, Manis, Keating, & Seidenberg, 2000; van 

Alphen et al., 2004). Also, difficulties in other domains than language may occur, such 

as problems in visual perception (e.g. Mascheretti et al., 2018; Stein & Walsh, 1997; 

Stein, 2014), auditory perception (e.g. Hämäläinen et al., 2013; Leppänen et al., 2010; 

Tallal, 1980; Tallal, 2004; van Leeuwen et al., 2006), and motor problems (e.g. Brookes, 

Tinkler, Nicolson, & Fawcett, 2010; Fawcett & Nicolson, 1995; Chaix et al., 2007; 

Needle, Fawcett, & Nicolson, 2006; Iversen, Berg, Ellertsen, & Tønnessen, 2005; but 

see Brookman, McDonald, McDonald, & Bishop, 2013). The heterogeneity in 

characteristics of dyslexia is typical, and this designates dyslexia as a complex, 

multifactorial developmental disorder (Pennington, 2006). 

A theory that aims to explain more of the difficulties seen in dyslexia is the 

procedural deficit theory (Nicolson & Fawcett, 2007; Nicolson & Fawcett, 2011). This 

framework is based on a neural-systems approach: the neural system involved in 

dyslexia would lie in the procedural memory system of the brain. The procedural 

memory system is critical for learning rule-based procedures, i.e. the learning and 

execution of motor and cognitive skills, especially those involving sequences (Ullman, 

2004). The phonological difficulties in dyslexia are explained by an impaired awareness 

of implicit phonological rules. Together with problems in skill automatization, these 

difficulties may give rise to the core reading and spelling problems of dyslexia. Reduced 

skill automatization may also underlie other, secondary difficulties, such as those 

observed in the motor domain. A procedural-learning deficit may therefore explain (at 

least part of) the variety of difficulties seen in dyslexia.  
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Statistical learning can be viewed as an example of procedural learning, because 

procedural learning involves the learning of relationships between any sort of 

sequentially presented stimuli (Karuza et al., 2013). Indeed, Karuza and colleagues 

found activation in the procedural memory system during a word segmentation task. In 

line with the procedural deficit theory, various studies have found impaired statistical 

learning in individuals with dyslexia. Lum, Ullman, and Conti-Ramsden (2013) 

published a meta-analysis of 14 SRT studies which showed that procedural sequence 

learning is affected in people with dyslexia. Under certain conditions, older participants 

with dyslexia show a smaller procedural-learning deficit than younger participants with 

dyslexia. This can be interpreted either as a delay in the development of procedural 

learning in people with dyslexia that is recovered, or as declarative memory 

compensation that improves with age. Participants with dyslexia also showed poorer 

performance than participants without dyslexia in a meta-analysis of 13 visual AGL 

studies (Van Witteloostuijn, Boersma, Wijnen, & Rispens, 2017). However, an 

additional analysis pointed to a publication bias towards positive effects, which may 

have led to the difference between groups. The authors suggest that more studies need to 

be included in the future to confirm the difference in visual AGL performance between 

participants with and without dyslexia.  

A procedural-learning deficit was not only shown in SRT studies (Lum et al., 2013), 

and possibly, but not definitively, in visual AGL studies (Van Witteloostuijn et al., 2017; 

and see Schmalz, Altoè, & Mulatti, 2017 for a review of SRT and AGL studies), but 

problems have also been demonstrated in segmentation studies, i.e. in sequential 

learning, in the visual and auditory domains. Sigurdardottir et al. (2017) presented adult 

participants with a sequence of pairs of shapes taken from unfamiliar alphabets, and 

tested them on familiar pairs and foil pairs in a two-alternative forced-choice task. 

Participants with dyslexia performed significantly more poorly in this task than 

participants without dyslexia, although there was an overlap in performance between the 

two groups. Gabay, Thiessen, and Holt (2015) tested adults in a within-subjects design 

on segmentation tasks in the auditory domain with both speech stimuli (see Saffran, 

Aslin, & Newport, 1996) and tone stimuli (see Saffran et al., 1999). Their aim was to 

investigate if a general procedural-learning deficit may underlie dyslexia. In each 

experiment, participants were familiarized with a concatenated string of four tri-

syllable/tri-tone ‘words’ and were subsequently tested on words and part-words in a two-

alternative forced-choice task. Performance of both participants with and without 

dyslexia was better than chance in both tasks, but participants without dyslexia 

performed significantly better than participants with dyslexia. As the same effect was 
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found across the linguistic and non-linguistic domains, Gabay and colleagues conclude 

that a phonological processing deficit cannot underlie these results. They conclude that 

people with dyslexia have an impaired, or less efficient, domain-general procedural-

learning system. 

Two other studies investigated statistical learning in dyslexia in more than one 

domain in the same group of adult participants. Kelly et al. (2002) conducted an SRT-

like experiment with two simultaneously presented structured sequences: one sequence 

determined the locations, the other to the objects presented to the participants. No 

differences in learning either of the sequences were, however, observed between adults 

with and without dyslexia. Gabay, Schiff, and Vakil (2012) tested sequences of letter 

names and motor responses in the same experiment in a variation of the SRT task, the 

serial search task (SST, Goschke, Friederici, Kotz, & van Kampen, 2001). Both groups 

learned the motor sequence, but only the participants without dyslexia showed learning 

of the letter names. These results cannot be explained by the phonological deficit theory, 

because letter names had to be processed in both the letter name condition and the motor 

response condition. The authors conclude that the systems underlying the letter and 

motor sequential learning are separable, and that in dyslexia, procedural learning in the 

language domain is affected. The three within-subjects studies described above either 

showed differences between participants with and without dyslexia (Gabay et al., 2012; 

Gabay et al., 2015) or not (Kelly et al., 2002). Furthermore, indications of a domain-

general procedural-learning deficit were found by Gabay et al. (2015), but not by Gabay 

et al. (2012). Thus, evidence for domain generality of statistical (or sequential) learning 

and for a general procedural deficit in dyslexia is still mixed. 

In the study of a possibly domain-general sequential-learning deficit in dyslexia, it is 

also important to include infants. In developmental disorders like dyslexia, it is essential 

to focus on early infancy in at-risk populations and to study the disorder longitudinally 

thereafter (Karmiloff-Smith, 1998). Only one study investigated sequential learning in 

FR infants. Kerkhoff, de Bree, de Klerk, and Wijnen (2013) tested both TD and FR 

infants at the age of 18 months in a linguistic non-adjacent dependency learning task 

based on Gómez (2002). TD infants distinguished ‘grammatical’ from ‘ungrammatical’ 

strings, whereas FR infants did not. These results agree with the hypothesis of impaired 

procedural or implicit sequential learning and could be employed for the development of 

early predictors for dyslexia.  

In summary, several studies using various experimental designs in various domains 

have shown that infants, children, and adults with (a risk of) dyslexia perform more 
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poorly than participants without (a risk of) dyslexia on statistical learning. Except for a 

limited number of studies (Erickson, Kaschak, Thiessen, & Berry, 2016; Gabay et al., 

2012; 2015; Kelly et al., 2002; Misyak & Christiansen, 2012; Siegelman & Frost, 2015), 

no studies are known that tested statistical or sequential learning in more than one 

domain with the same (young) participants. In order to address the question of a domain-

general sequential-learning mechanism it is, however, necessary to conduct experiments 

in different domains in a within-subject design. Further, in order to investigate the 

question whether sequential learning is affected in dyslexia, participants with and 

without (a risk of) dyslexia have to be tested in the same set of experiments. Except for 

the study by Kerkhoff et al. (2013), no other statistical-learning studies with FR infants 

have been conducted. Since sequential learning is likely to play a role in early 

development and since this mechanism might be affected in dyslexia, it is also important 

to test infants with and without a risk of dyslexia in sequential-learning experiments in 

different domains. 

THIS THESIS 

In this thesis, two research questions are investigated. The first main research question 

is: 

(i) Is sequential learning a domain-general learning mechanism? 

In order to address this question, both infants and adults have been tested on their 

sequential-learning capabilities in more than one domain. As with all learning, the 

capacity to utilize sequential learning will vary among people, and some may not even 

show sequential learning at all (see Frost et al., 2015). Since individual differences in 

sequential learning are likely to exist, a within-subjects design is essential. Adult 

participants (18–30 years of age) were tested in three domains: (1) visuospatial: a visual 

stimulus appears in a sequence of locations; (2) language, with sequences of nonsense-

words; and (3) visual, with sequences of coloured geometric shapes. Because of their 

limited attention span, 8-month-old infants were tested in only two domains: the 

visuospatial and the language domains. In all experiments, the manipulated variable was 

the TP value between successive elements in a sequence. If sequential learning is 

observed in all domains, and if individual differences are indeed present, then in case of 

a domain-general mechanism outcomes in one domain are expected to predict outcomes 

in another domain. It is therefore predicted that the sequential-learning results will show 

correlations between domains.  
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To investigate the question of domain generality, it is important to keep 

circumstances of sequential learning across domains as equal as possible. In 

experimental research, it is important that if conditions or groups of participants are 

compared, all other factors remain constant: participants should be of the same age, have 

the same linguistic background, the same experimental design is to be used, etcetera. 

Only the factor of interest should differ per condition or per group. In this thesis, 

domains are compared, so between domains, all other factors should be as identical as 

possible. Therefore, the sequential-learning experiments reported in this dissertation 

have been restricted to one type of implicit SRT-like design, and the statistical structure 

(i.e. TPs) of the repeated sequence has been kept identical across domains per age group. 

For adults, a 10-stimulus sequence has been constructed such that it contains low-, mid-, 

and high-probability transitions. For infants, three pairs of stimuli were used with high 

within-pair and low between-pair TPs. This allows for on-line measurement of TP 

sensitivity in both infants and adults (though not in the infant language experiment, see 

the chapters on infant experiments). After familiarization, additional measures of 

sequential learning were obtained during a test phase.  

The research described in this thesis aims to establish whether performance in 

sequential learning is similar or different across different domains within the same 

participants. Such studies are scarce for adults without dyslexia (Erickson et al., 2016; 

Misyak & Christiansen, 2012; Siegelman & Frost, 2015) and have not yet been 

conducted with infants. In addition, this thesis also contributes to the discussion of the 

etiology of developmental dyslexia. The second main research question is:  

(ii) Is sequential learning affected in developmental dyslexia? 

If sequential learning is domain general, and if sequential learning is affected in 

dyslexia, then adult participants with dyslexia are expected to perform worse than 

participants without dyslexia in all domains tested. In the infant experiment, FR infants 

are expected to perform worse than TD infants, even though the FR group represents a 

heterogeneous sample: some FR infants will develop reading and spelling difficulties, 

some will not. Three studies are known in which adult participants with dyslexia are 

compared to adult participants without dyslexia on statistical learning (sequence and 

sequential learning) in more than one domain in a within-subjects design (Gabay et al., 

2012; Gabay et al., 2015; Kelly et al., 2002, but the latter study does not refer to domain 

generality), but no such studies have been conducted with FR infants. In this thesis, both 

adults with dyslexia and 8-month-old FR infants participated in the sequential-learning 

experiments. 
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To address the two main research questions, infant studies are reported in Chapters 2 

to 4, and adult studies in Chapters 5 and 6. In Chapter 2 of this dissertation, an infant 

study in which TD infants were first tested in the visuospatial and then in the language 

experiment is described. Because no indications of sequential learning were found in the 

language experiment, a new group of TD infants was tested. This time, the language 

experiment preceded the visuospatial experiment (Chapter 3). In order to investigate if 

sequential learning is affected in FR infants, this group was tested in the same order as 

the TD infants of Chapter 2, so that results of these two groups could be compared 

(Chapter 4).  

Domain generality was investigated with adult participants in the language domain, 

the visuospatial domain and the visual domain and the order of experiments was 

counterbalanced across participants. In Chapter 5 results of these experiments with 

adults without dyslexia are presented and findings are discussed. In Chapter 6, these 

same experiments are described for adults with dyslexia, and their results are compared 

to those of the participants without dyslexia from Chapter 5. 

In Chapter 7, both the infant experiments and the adult experiments are briefly 

summarized, and findings are discussed and interpreted in light of the two research 

questions. 
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 Chapter 2  

 

Sequential learning in 8-month-old typically developing 

infants: The visuospatial and the language domains 

INTRODUCTION 

Sequential learning has been observed in several domains, both in adults (e.g. Saffran et 

al., 1999; Saffran, Newport, & Aslin, 1996) and in infants (e.g. Kirkham et al., 2002; 

Kirkham et al., 2007; Saffran, Aslin, & Newport, 1996). It has been argued that 

sequential learning is a domain-general learning mechanism (e.g. Kirkham et al., 2002; 

Saffran et al., 1999; but see Conway & Christiansen, 2002; Conway & Christiansen, 

2005). One view is that such a mechanism is a single learning mechanism operating 

across domains. However, Saffran and Thiessen (2007), argued that even though 

learners may show similar performance in learning the same pattern across different 

domains, it is possible that this learning arises from parallel learning mechanisms instead 

of a single domain-general mechanism. This was elaborated in the theoretical framework 

by Frost et al. (2015). In their view, statistical learning would be subserved by a set of 

domain-general computational mechanisms that operate in different domains and are 

subject to domain-specific constraints. The framework still requires experimental 

evidence though, as despite a lot of research, the issue of domain generality remains 

unclear. In this chapter, domain generality of sequential learning will be investigated in 

both the language and the visuospatial domains. Since sequential learning is likely to 

play a role in early development (e.g. Kirkham et al., 2002; Saffran, Aslin, & Newport, 

1996; Saffran et al., 1999), I tested infants’ ability to detect statistical regularities in 

these domains. 

Infant sequential learning has been examined in a number of studies, each focussing 

on one particular domain. In their seminal studies on speech segmentation, Saffran, 
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Aslin, and Newport (1996) and Aslin et al. (1998) showed that 8-month-old infants can 

pick up statistical information in the auditory language domain. Infants were exposed to 

a continuous stream of four three-syllable nonsense words. The only signal to word 

boundaries was transitional probability (TP: the probability by which one element 

follows another, normalized for the first element), which was lower between words than 

within words. Infants were able to segment words from the stream of syllables and the 

authors concluded that statistical learning could play a role in language acquisition, 

namely in speech segmentation as a preliminary step to building a lexicon.  

Based on the studies by Saffran and colleagues, Kirkham et al. (2002) tested infants 

in the visual domain. Three groups of infants (2, 5, and 8 months old), were habituated 

to a sequence of three randomly-ordered pairs of coloured shapes. Within a pair, TP was 

1.0 and between pairs, TP was .33. After habituation, infants were exposed to familiar 

sequences and to novel sequences, i.e. sequences of the same six coloured shapes, but 

presented in random order, without a statistical pattern. Infants in all three age groups 

looked significantly longer to novel sequences than to familiar sequences. This result 

indicates that infants are able to track statistical regularities in visual sequences. The 

authors conclude that the results are “consistent with the existence of a domain-general 

statistical-learning device” (p. B40). 

In a follow-up study, Kirkham et al. (2007) added a spatial dimension (location) to 

the temporal dimension of a sequence of coloured shapes. The shapes appeared in 

sequence of locations that was identically structured as the one used in Kirkham et al. 

(2002): the sequence consisted of three randomly-ordered pairs of locations. The authors 

investigated 5-, 8-, and 11-month-old infants’ ability to learn the statistical structure of 

this spatiotemporal sequence (in this thesis referred to as visuospatial sequence). 

Whereas the 5-month-olds did not show learning, both the 8- and 11-month-old infants 

did: the 11-month-olds showed learning when the same shape was used in all locations; 

the 8-month-olds only when each location was linked to a different coloured shape. This 

study showed that infants are also capable of learning statistical regularities in 

visuospatial sequences. 

From the small sample of studies mentioned above it is clear that sequential learning 

in infants occurs in various domains. No infant experiments are known that have 

investigated sequential learning in more than one domain with the same individuals. A 

within-subjects design is a prerequisite to draw any firm conclusions about the domain 

generality of sequential learning: an individual who is performing well in one domain is 

also expected to perform well in another domain, i.e. correlations are expected between 
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domains. The present study is the first to investigate infant sequential learning in more 

than one domain using a within-subjects design. Eight-month-old Dutch-learning infants 

were tested first in the visuospatial domain and subsequently in the language domain. 

The research questions are: (i) do 8-month-old Dutch-learning infants show sequential 

learning in the visuospatial domain? (ii) do 8-month-old Dutch-learning infants show 

sequential learning in the language domain? and (iii) are sequential-learning results 

correlated between these domains? 

GENERAL METHOD 

Since the same group of infants was tested in two experiments that were similar in set-

up, methodological information concerning both experiments will be provided first. 

Participants 

A total of 29 typically developing infants (20 female (69%); mean age 8 months 3 days, 

range: 7m14d–8m27d) participated in the experiments. Infants were recruited through 

written requests to parents of newborns, whose addresses had been provided by the local 

municipality (Utrecht, The Netherlands). The infants grew up in monolingual Dutch 

families, were born between 37 and 42 weeks of gestation and had normal birth weight 

(2500–4500 grams), normal hearing and vision, and no known neurological problems. 

None of the parents reported a history of language, speech or literacy disorders. All 

parents provided written informed consent. Infants received a small gift for participation. 

Stimuli sequences 

The sequences of stimuli used in both the language and the visuospatial experiments 

were composed of three different pairs of stimuli: three pairs of colour-shape-location 

combinations in the visuospatial experiment, and three pairs of syllables (two-syllable 

nonsense words) in the language experiment. This statistical structure was based on the 

sequence used by Kirkham et al. (2007): within-pair TP was 1.0 (100%; TP100) and 

between-pair TP was .33 (33%; TP33). In the study by Kirkham et al. (2007) the 

probability of one pair following another was .33 with replacement. This means that the 

actual between-pair TP values may be highly variable: if a pair happens to be followed 

by the same other pair in all instances (i.e. pair X always happens to be followed by pair 

Y, even though the probability of pair Y is only .33), the between-pair TP of that 

transition is 1.0, whereas for another between-pair transition (e.g. pair X is never 

followed by pair Z, whereas the probability of pair Z is .33) it remains 0. Instead of 
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comparing deterministic within-pair transitions (TP100) with highly variable between-

pair transitions, I wanted to compare a stable TP100 with a relatively stable TP33 

transition. Therefore, blocks of 36 stimuli, or 18 pairs, were created and each pair 

occurred 6 times in a semi-random predetermined order. This order ensured that at the 

end of each block of 36 stimuli, each pair was followed (almost) equally often by itself 

and by either of the two other pairs. As the block progressed, the between-pair 

probability without replacement converged to .33 (TP33) by the end of the block, 

ensuring a more or less constant between-pair TP33 during familiarization.
2
 The 

statistical structure of the present sequence therefore consisted of deterministic within-

pair TP100 transitions and, compared to the sequence of Kirkham et al. (2007), 

relatively stable between-pair TP33 transitions. 

Experimental design 

The design of the present experiments is a mixture of two experimental procedures that 

were used by Kirkham et al. (2007). In one of their experiments, infants were exposed to 

a sequence of pairs of colour-shape-location combinations until habituation. Infants were 

subsequently tested on familiar sequences from the habituation phase, and on novel 

sequences that were composed of the same pairs of colour-shape combinations, but with 

a disrupted statistical structure of the locations. In another experiment, the infant’s eye 

movements were tracked while the infant was watching the sequence of colour-shape-

location pairs on an eye-tracker screen. In the present experiments these procedures were 

combined. Each experiment consisted of (i) a familiarization phase, during which, in the 

visuospatial experiment, the infant’s eye movements were tracked, and (ii) a test phase 

during which looking times to familiar and novel sequences were measured. 

In order to maintain the relatively stable TP33 transitions, it is necessary that during 

the learning (familiarization) phase, the statistical structure is not disrupted. In a 

habituation procedure as was used by Kirkham et al. (2007), each presentation of the 

sequence ends when the infant looks away for 2 s. This moment is both different per 

presentation and per infant. In such a design, it is not possible to let the between-pair TP 

                                                 
2 Not all between-pair transitions had a TP value of .33 by the end of one block though. Per block, 

one transition was ‘missing’, because the last pair was not followed by another pair. In, for 

example, the block: E-F – A-B – A-B – C-D – C-D – A-B – E-F – E-F – A-B – A-B – C-D – C-D 

– E-F – C-D – E-F – E-F – C-D – A-B, the pair A-B is followed twice by A-B (TP = .40), twice by 

C-D (TP = .40), but only once by E-F (TP = .20). The other between-pair transitions all had a TP 

value of .33. For each block, a different transition was ‘missing’, rendering overall between-pair 

TPs to range between .31 and .34. 
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converge to a certain value. I therefore chose to use a familiarization phase in which 

presentation of the stimuli was paused whenever tracking loss occurred (the infant was 

looking away, blinked, or the distance between eyes and eye-tracking camera became 

too large). In the visuospatial experiment, the current shape kept looming, and in the 

language experiment, presentation of the language stimuli was paused (while the visual 

stimuli continued) until the eyes could be tracked again. This extended the potential 

familiarization duration, but was done to ensure that no stimuli were skipped, and the 

same TP values for within- and between-pair transitions were maintained for all infants. 

Whenever the eyes could be tracked again (infant looked back at the screen or the 

distance between eyes and tracker was appropriate again), presentation continued.  

Procedure 

All infants first participated in the visuospatial experiment and then, after a short break 

(1–5 min), in the language experiment. The reason for this order was twofold. First, the 

order allowed for a direct comparison between the visuospatial experiments of the 

present study and of the study by Kirkham et al. (2007): in neither of the two studies the 

visuospatial experiment is preceded by any other test or experiment. Second, the 

language experiment was both shorter and likely to be more entertaining: it contained 

both auditory stimuli, the syllables, and visual stimuli. Because of the short attention 

span of infants, it seemed better to conduct the longer, and perhaps less interesting 

visuospatial experiment first. The experiments were conducted during one session, 

which lasted approx. 30 minutes, including a word of welcome and calibration 

procedures. All experiments were programmed in ZEP, the Zep Experiment Control 

Application (version 1.2, Veenker, 2012). 

The experiment was conducted in a sound-attenuated room. A Tobii 1750 Eye 

Tracker was used to register the infant’s eye movements. In an adjacent room, the 

experimenter monitored the infant’s behaviour by means of a closed-circuit television 

system, the image of which was displayed on a computer screen. On that same screen, a 

display of the Tobii screen was projected, and by means of an ‘experiment control 

window’, the experimenter could control the experiment, see Figure 2.1. The gaze of the 

infant was represented by a small green square; if the fixation criterion was met 

(maximum radius 50 pixels, minimum duration 100 ms), the gaze was represented by a 

small red cross. The screen display was recorded using VLC 

(http://www.videolan.org/vlc/), an open source media player.  

Infants were seated in an infant car seat placed on their parent’s lap in front of the 

17″ display of a Tobii 1750 Eye Tracker, which was attached to a desk mount arm. 

http://www.videolan.org/vlc/
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Parents were fitted with stereo headphones through which music was played during the 

entire experiment. This was done to reduce chances of parental interference, and in the 

language experiment also to mask the speech stimuli presented to the infant. Parents 

were instructed not to talk to their infant or point to the screen. They were also informed 

that they could hold their infant’s hands or feet (also to make sure these were not in front 

of the eye-tracker’s camera). Parents were also informed that it was important to return 

smiles whenever the infant would look up at the parent’s face. So-called still-face 

experiments have shown that infants become restless and uncomfortable if their parent 

remains facially unresponsive (Melinder, Forbes, Tronick, Fikke, & Gredebäck, 2010; 

Tronick, Als, Adamson, Wise, & Brazelton, 1978).  

 

 

Figure 2.1. Screenshot of the screen of the experimenter computer. On the left, the image 

of a closed-circuit television system is displayed, by which the experimenter could monitor 

the infant’s behaviour. On the right, the Tobii screen is shown within an ‘experimenter 

control window’. (Reproduced with permission of the parent.)  

The infant was positioned at approximately 60 cm of the eye-tracker screen, the 

recommended distance for accurate eye tracking (Tobii, 2008). After the distance and 

position of the eye tracker had been optimized, a five-point calibration was applied. 
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Calibration was considered sufficient if none of the calibration points had a ‘poor’ result 

(i.e. too few valid gaze samples or the average distance of the gaze samples was too far 

away from the calibration point). If the calibration procedure had taken relatively long 

and the infant had grown restless, but the criterion was not yet met, it was decided to 

continue with the experiment and to determine afterwards whether the infant’s data 

could be included. Immediately after calibration was completed, an attention getter of 2-

s duration was presented: the wobbling picture of a baby that was also used during 

calibration. Next, the actual familiarization phase started. Infants were presented with a 

sequence of stimuli composed as described above. Usually familiarization phases have 

fixed durations, but in the present experiment the experimenter stopped the 

familiarization sequence if the infant (almost) started crying or became very restless; the 

first test trial was then started. The attention getter before each test trial was often 

sufficiently interesting to soothe the child. If this was not the case, the experiment was 

aborted. 

The test phase consisted of six trials: familiar test trials alternated with novel test 

trials, with the first trial type (i.e. the order of trials either started with a familiar or with 

a novel trial) counterbalanced across participants. Each test trial consisted of a sequence 

of maximally 36 stimuli, preceded by an attention getter. The familiar test trials had the 

same statistical structure as the sequence in the familiarization phase. In the novel test 

trials, stimuli were presented in a predetermined pseudo-random order with no repetition 

of the same stimulus. Test trials lasted until the infant looked away for more than 2 s or 

if the maximum number of stimuli was reached (i.e. 36 stimuli). 

After the last test trial, when the experiment was finished, a Dutch children’s song 

was played while various pictures were shown one after the other on the screen as a 

reward to the infant. 

THE VISUOSPATIAL EXPERIMENT 

The first research question, whether 8-month-old Dutch-learning infants show sequential 

learning in the visuospatial domain, would be confirmed if, during familiarization. 

infants showed shorter eye movement (gaze) latencies at within-pair transitions (TP100) 

than at between-pair transitions (TP33). Such a difference was found by Kirkham et al. 

(2007), who argued that this reflected infants’ learning of the statistical structure of the 

visuospatial sequence. A less specific indication of sequential learning during 

familiarization would be a decrease in gaze latencies over time. Such a decrease in 
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latencies can be due to sequential learning, but may also reflect non-specific learning, 

which includes getting accustomed to the experimental procedure. This measure was 

nevertheless also investigated. During test, an indication of visuospatial sequential 

learning would be a difference in infants’ looking times to novel and familiar trials. The 

direction of the difference is not relevant: Kirkham et al. (2007) found a novelty effect in 

their visuospatial experiment, but since the present visuospatial experiment is not an 

exact replication of Kirkham et al.’s experiment (see General method, Experimental 

design, p. 20 and Table_a 2.1 in the Appendix), a familiarity effect cannot be excluded.  

Method 

Participants 

Twenty-six 8-month-old infants (17 female (65%); mean age 8 months 4 days, range: 

7m14d–8m27d) were included in the final sample. Three additional infants were tested, 

but their data were excluded from analyses because of crying or fussiness during the 

experiment (drop-out rate: 10%).  

Stimuli 

The Tobii screen showed a grid of three columns and two rows, dividing the screen 

(33.6 × 27.1 cm (width × height), 31.3° × 25.5° visual angle) into six boxes (each 

11.0 × 13.3 cm (w × h), 10.5° × 12.6° visual angle) with dark grey borders and a light 

grey background. Each box was paired with one of six different coloured geometric 

shapes: a yellow circle, a red octagon, a cyan square, a pink diamond, a green triangle, 

or a blue cross (cf. Kirkham et al., 2007). A stimulus is defined as the presentation of a 

coloured geometric shape in one particular box. The stimuli of the sequence are 

therefore colour-shape-location combinations (e.g. a yellow circle in the top left box). 

Stimulus duration was 1000 ms, including fade-in and fade-out of 20 frames each 

(16.7 ms per frame), with no inter-stimulus interval. The initial size of a shape was half 

its maximum size, increasing to maximum size and thereafter looming between zero mm 

and maximum size. The average maximum size of the shapes was 9.5 × 9.9 cm (width × 

height), 9.0° × 9.4° visual angle, see Figure 2.2 (for comparison with the stimuli of 

Kirkham et al. (2007), see Table_a 2.1 in the Appendix).  

Stimuli appeared in a continuous stream, and the six different colour-shape-location 

stimuli were combined into three pairs (A-B, C-D and E-F) that were consistent 

throughout one infant’s experimental session. Since a visuospatial sequence is tested, 
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location is the pivotal characteristic in the colour-shape-location combination. The 

assignment of locations to letters was dependent on a specific mapping. Four different 

mappings were used in order to counteract the effect of any natural preference for a 

particular transition from one location to the next location, or from one coloured shape 

to the other. Figure 2.3 illustrates that Mappings 1 and 2 and Mappings 3 and 4 are each 

other’s mirror image. 

 

 

Figure 2.2. Example of part of the sequence during the familiarization phase of the 

visuospatial experiment (pairs A-B, C-D, and E-F in Mapping 2). Stimulus duration is 

1000 ms, with no inter-stimulus interval. For colours of the various shapes, see text.  

The purpose of this combination of mappings was to keep the complexity between 

mappings as similar as possible and to counterbalance distances and directions of 

transitions. Transitions were horizontal, vertical, or diagonal. Studies have shown that 

horizontal tracking of a moving target in 5-, 7-, and 9-month-old infants is better than 

vertical tracking (Grönqvist, Gredebäck, & von Hofsten, 2006); in 4-, 6-, and 8-month-

old infants’ reactive saccade latencies were shorter for vertical than for horizontal 

saccades (Gredebäck, Örnkloo, & von Hofsten, 2006; Grönqvist et al., 2006). Gredebäck 

et al. speculate that since vertical tracking lags behind horizontal tracking, more so-

called catch-up saccades are necessary in the vertical direction, and this larger 

experience with vertical saccades might lead to shorter saccade latencies. Van 
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Renswoude, Johnson, Raijmakers, and Visser (2016) showed that 8-month-old infants 

have a horizontal bias (i.e. most saccades were made in a horizontal direction) when 

scanning real-world scenes, just like adults. In order to counteract any effect of 

horizontal or vertical transitions, all movements from the first to the second location of a 

pair (the TP100 transitions) were diagonal, see Figure 2.3. It was also found in 4-month-

olds that saccades to the left are more difficult than to the right (Canfield & Kirkham, 

2001), and by creating ‘mirror’ mappings, this effect was also averaged out. Mappings 

were randomly assigned to participants (6, 7, 5 and 8 infants in Mappings 1, 2, 3, and 4, 

respectively). 

 

 

Figure 2.3. Representation of the four mappings. In each mapping, letters, which represent 

stimuli in the sequence, are coupled to a particular location, or box. Mappings 1 and 2 and 

Mappings 3 and 4 are each other’s mirror image. Arrows indicate the TP100 transitions. 

Procedure 

The procedure was identical for both experiments, see General method, Experimental 

design, p. 20: first a calibration procedure, then a familiarization phase, followed by a 

test phase. For one infant, calibration of both eyes was poor, and for one infant, one eye 

had one poor calibration result. When the recorded movies were examined, however, it 
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was decided to include both infants, because the infants’ gaze representations (green 

square/red cross) were stable within the area of interest, i.e. the box in which the 

stimulus appeared. 

The familiarization duration depended on the infant’s behaviour (see General 

method, Experimental design, p. 20 and Procedure, p. 21): whenever the infant’s eyes 

could not be tracked, presentation of the stimuli was paused, and if an infant grew too 

restless or almost started crying, the familiarization phase was terminated and the test 

phase was started. The familiarization phase consisted of a maximum of 180 stimuli: 

five consecutive blocks of 36 stimuli each. As stimuli were paired, each block was 

composed of 18 pairs. The number of 180 stimuli is based both on an expected 

maximum attention span of approx. 3 min (180 stimuli of 1 s each amount to 3 min) and 

on the eye-tracking experiment by Kirkham et al. 2007. In that study, infants were first 

familiarized with 48 stimuli (duration 1 s/stimulus) after which a mean number of 72 

stimuli (SD = 9.6), was seen, which adds up to 120 stimuli. Since this is an average 

number, and blocks in the present experiment consisted of 36 stimuli, a multiple of 36 

accumulating to more than 120 was chosen, also taking the 3-min attention-span limit 

into account, which led to a number of five blocks, or 180 stimuli. The start of a 

subsequent block was not noticeable to the infant, since stimuli were presented at a 

continuous rate.  

In Kirkham et al. (2007)’s Experiment 4, eye-movement recording began after 48 

stimuli, because a pilot study had suggested that this number might be sufficient 

“perhaps for the infants to learn something of the statistical structure of the sequence” 

(p. 1568). Since the sequence in the present experiment reached a stable statistical 

structure after one block of 36 stimuli, it was decided to exclude the data of those infants 

who were exposed to fewer than 36 stimuli, because these infants might not have had the 

opportunity to implicitly learn the statistical structure of the sequence. This was, 

however, not applicable to any of the infants.  

The test phase consisted of six trials: familiar test trials alternated with novel test 

trials, with the first trial type counterbalanced across participants (novel vs. familiar: 13 

vs. 13 infants). The novel test trials had the same statistical structure for the colour-shape 

combinations (the same pairs). However, these coloured shapes, each of which was 

assigned to one particular location during familiarization, now appeared in new, pseudo-

randomly chosen locations, with no location being used two times in a row. 
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Data pre-processing 

Familiarization phase 

On-line sequential learning was measured by means of eye-tracking data. The 

latency with which the infant’s eyes react to, or anticipate a particular target can be 

calculated in different ways, which leads to different latency variants: saccade latency, 

fixation latency and dwell latency, see Box 1 (p 29). Here, ‘dwell latency’ is used as the 

dependent variable, i.e. the time between stimulus onset and the start of the target dwell. 

Not all transitions had valid target dwells. In 8.5% of all transitions (315 cases), i.e. 

collected from all participants, no target dwell was detected between the start of the 

previous stimulus and the end of the first stimulus after the target stimulus, see Figure 

2.4. This time window was chosen, because target dwells starting before the previous 

stimulus cannot be regarded as reliable anticipations, and target dwells starting after the 

next stimulus can also start in the target box by chance.  

 

 

Figure 2.4. Time window during which valid dwell latencies could start, i.e. between the 

start of the previous stimulus and the end of the stimulus following the target stimulus. 

A criterion for dwell latencies to be excluded was tracking loss. It is possible that 

between stimulus onset and the start of the target dwell, the period that defines a dwell 

latency, interruptions occurred because of tracking loss. Such interruptions often yield 

relatively long dwell latencies that do not represent the time necessary for the eye gaze 

to move to the target. Therefore, dwell latencies with tracking loss of at least 60 ms (4 

gaze samples; 50 Hz) were not included (894 dwell latencies, 24.0%
3
 of the total number  

                                                 
3 This is comparable to the other groups of infants, 25.2% (Chapter 3) and 25.4% (Chapter 4). In 

adults, the same criterion led to much less data loss: 1.3% (Chapter 5) and 1.8% (Chapter 6). It is 

conceivable that this difference is caused by the more lenient calibration criteria for infants: none 

of the five calibration points should result in a ‘poor’ calibration (the other options are ‘fair’ and 

‘good’), but even poor calibration was accepted if the procedure was taking too long. For adults, 

all five points except for one, and then for one eye only, should result in a ‘good’ calibration. 
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Box 1. Latencies 

A dwell is defined as “one visit in an AOI (dc: area of interest), from entry to exit” 

(Holmqvist et al., 2011, p. 190). In the present experiment, the area of interest is the 

target box, and the set of consecutive gaze samples in the target box constitutes a dwell. 

The Tobii 1750 Eye Tracker has a sampling frequency of 50 Hz, i.e. every 20 ms a gaze 

sample is taken, and for each gaze sample the x- and y-coordinates are registered in 

pixels. The minimum duration of a dwell during the target stimulus was set at 4 gaze 

samples, i.e. 3 * 20 ms inter-sample interval = 60 ms. Dwell latency is the time between 

the onset of the target stimulus and the onset of the target dwell, see top of Figure 2.5. 

 

Figure 2.5. Schematic representation of (top) dwell latency: the time between stimulus onset and 

start of the dwell in the target; (bottom) saccade latency: the time between stimulus onset and the 

start of the saccade towards the target (the start of the saccade is taken to coincide with the end of 

the fixation preceding the target fixation); (bottom) fixation latency: the time between stimulus 

onset and start of the fixation in the target (cf. Kirkham et al. (2007)). Time runs from left to right. 

Latencies in eye-tracking research can also refer to ‘saccade latencies’, i.e. the time 

between the onset of the stimulus and the onset of the actual eye movement or saccade 

towards the stimulus. In Kirkham et al. (2007) the interval between stimulus onset and 

fixation onset was used (Natasha Kirkham, pers. commun., 12 August 2013), see bottom 

of Figure 2.5. In that paper, both saccade and fixation latency were used for the same 

construct. The latencies in Kirkham et al. will here be referred to as fixation latencies. 
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Box 2. Dwell latencies compared to fixation latencies 

Compared to fixations, dwells have the advantage that all consecutive gaze samples in the 

area of interest are taken into account. Fixations are defined by a radius (the maximum 

distance between two subsequent gaze samples) and by duration (the minimum time a 

fixation should last, i.e. the minimum number of subsequent gaze samples that each fulfil 

the radius criterion). For example, a fixation can be defined by a radius of 50 pixels and a 

duration of 100 ms. This means that if a gaze sample exceeds the distance of 50 pixels 

from the previous gaze sample, the (potential) fixation is terminated and these gaze 

samples, even though in the area of interest, are not taken into account, see Figure 2.6. 

Since we want to know if and when the infant looked in the area of interest, dwell 

latencies were chosen as the dependent variable during the familiarization phase. 

 

Figure 2.6. The two grids each represent a target box. On the left, gaze samples 2 and 3 are each 

within the defined distance of the previous gaze sample (depicted by the square around that gaze 

point), so gaze samples 1 to 3 would all contribute to a (potential) fixation. The fourth gaze sample, 

however, exceeds the defined distance (see gaze sample 3), and therefore, fixation calculation stops 

and starts afresh from the location of gaze sample 4, which becomes gaze sample 1 in the new 

fixation calculation (see right panel). In contrast, all four gaze samples would be part of a dwell in 

that box, as the grid represents one area of interest. 
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of dwell latencies). The mean dwell latency in this experiment was 388 ms. 

A complicating factor in the present design is that distances between consecutive 

target locations vary. Distance, or amplitude, which is the angular distance that the eye 

gaze travels during movement, affects the duration of the saccade itself: the longer the 

distance, the longer the saccade duration (Baloh, Sills, Kumley, & Honrubia, 1975). But 

distance probably also affects the saccade initiation: Kalesnykas and Hallett (1994) 

found that if a target appears at a larger retinal eccentricity (angular distance from the 

point of fixation) saccade latencies increased, which implies that it took longer to 

program the saccade. So if the distance between subsequent targets is larger (i) saccade 

duration will increase and (ii) programming a saccade will take longer (onset of saccade 

is extended), thereby influencing the timing and duration of the dwell latency. 

In order to remedy the situation of differing distances, the distance between two 

consecutive target locations was entered into the statistical analysis as a fixed factor. 

This is different from the analysis by Kirkham et al. (2007), as they randomized the 

colour-shape-location conjunctions for each infant, thus averaging out the influence of 

distance in the experiment itself. Here, only four mappings were used, which differed for 

the TPs: TP100 transitions were always diagonal, whereas TP33 transitions could also 

be horizontal or vertical between adjacent boxes, rendering a much shorter distance to be 

traversed (see Figure 2.3, p. 26). The mean distance for TP100 transitions was 605 pixels 

(515 and 784 pixels), while the mean distance for TP33 transitions was 492 pixels (342, 

385, 515, 684, and 784 pixels), 23% shorter. If only distance would be affecting dwell 

latency, then on average, dwell latencies for TP100 transitions would be longer than for 

TP33 transitions, whereas Kirkham et al. found shorter latencies for TP100 than for 

TP33 transitions. By including the distance in the statistical analysis, the influence of 

this factor is taken into account. 

Test phase  

In order to investigate whether any sequential learning occurred, looking times to 

novel and familiar test sequences were compared. Looking time is the total duration of 

all intervals that an infant was looking at the screen during a test trial. Trials with 

looking times shorter than the duration of two stimuli (1000 ms + 1000 ms = 2000 ms) 

were excluded from the analysis, because that is the minimum length by which a 

familiar sequence can be distinguished from a novel sequence; this concerned 5.8% (9 

trials) of all test trials. During another 10.3% (16 trials) of all trials, infants were not 

looking at all. An infant’s data were included if the infant had valid looking times for at 

least one trial of either test trial type, familiar and novel, which was the case for all 
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participants (2 valid test trials: 0 infants; 3 valid trials: 1 infant, 4 valid trials: 8 infants; 5 

valid trials: 6 infants; 6 valid trials: 11 infants). A difference in looking times between 

novel and familiar test trials would show sensitivity to the statistical structure of the 

sequence of locations.  

Statistical analysis 

Data were analyzed in SPSS 22 for Windows (IBM, 2013), using linear mixed-effects 

modelling (LMM), because this multilevel analysis takes the so-called hierarchy of the 

data into account. The hierarchy is generated by having multiple observations per infant: 

up to 179 dwell latencies during familiarization and up to 6 looking times per test per 

infant. Observations within one infant are more likely to be correlated than observations 

between infants. For instance, some infants will be long lookers, some will on average 

be shorter lookers. This looking behaviour will affect all looking times of one particular 

infant, thereby making looking times dependent on the individual participants. The data 

should thus not be treated as independent data: in this experiment observations are 

nested under the second level variable Participant (infant), which is reflected by 

including a random intercept into the model. 

Mixed model analysis also has the advantage of being robust in the case of missing 

data and unbalanced numbers of observations (Field, 2013, p. 818; Quené & van den 

Bergh, 2004). The present infant experiments contained missing data both during 

familiarization and test. During familiarization dwell latencies were missing because no 

target dwell was detected or dwell latencies had to be excluded (see Data pre-

processing, Familiarization phase, p. 28). Unbalanced numbers of observations were 

also due to the flexible duration of the familiarization phase: not all infants viewed the 

same number of stimuli. During test, looking times were missing for certain trials, since 

not all test trials yielded valid looking times.  

Another advantage of mixed models is that all individual observations are taken into 

account. With more conventional methods like repeated-measures ANOVAs and t-tests, 

data would first have to be aggregated to yield arithmetic means of observations per 

infant, on which the analysis is then conducted. This aggregation reduces the error 

variance, which increases the risk of a Type I error, i.e. the null-hypothesis is rejected 

incorrectly (Quené & van den Bergh, 2008). This is not the case for mixed model 

analyses, since the data are not aggregated. 

The data did not fully comply with the assumptions of LMM (residuals were not 

normally distributed). Transforming the data did not solve the problem. Since no 

alternative solution was available, the analysis was used anyway. It is, however, 



Sequential learning in 8-month-old typically developing infants 33 

 

important to keep in mind that the outcomes may not be 100% reliable. I have therefore 

been very careful in interpreting the outcomes of the statistical analysis. 

Mixed-effect models were built by starting with an intercept-only model, i.e. only a 

random intercept was included. The next model either contained an additional factor or a 

two-way interaction between factors. Two-way interactions were only investigated if the 

interaction was relevant to one of the research questions. In case a factor did not yield a 

significant effect or a significant interaction, it was excluded from the model.  

For each model analyzed with LMM, the −2 log-likelihood (−2LL) is given, which is 

a measure of the amount of unexplained variability in the data. Each time a component 

was added to the model, the −2LL value was compared to the −2LL value of the 

preceding model using a chi-square test. If the difference was significant, it could be 

assumed that the added factor/interaction had improved the model-fit and this 

factor/interaction was therefore included in the next model. Statistics of the best fitted 

model are given for so-called ‘estimated means’; these are the mean values of the 

dependent variable for a significantly contributing factor/interaction as estimated by the 

model. For example, suppose Block is a factor in the model that fits the familiarization 

data best, then the estimated means for Block are the mean dwell latencies for Block 1, 

Block 2, etcetera, given this model.  

Familiarization phase 

Dwell latency is the dependent variable. Participant is the contextual variable, i.e. 

the variable that introduces hierarchy into the data: observations (dwell latencies) are 

nested under the second level variable Participant (infant). TP (TP100 and TP33 

transitions) was included in the models as fixed factor to test the prediction that dwell 

latencies for TP100 will be shorter than for TP33 (based on Kirkham et al. (2007)). 

Block (1 to 5) was included to see whether dwell latencies decrease over time, i.e. over 

blocks. The interaction between TP and Block was included to investigate whether the 

effect of TP on Dwell latency depends on Block: it is expected that TP100 is easier to 

learn, so dwell latencies for these transitions may decrease faster over blocks. At the 

same time, it is expected that dwell latencies will be longer if the eye gaze has to travel a 

longer distance. Since the average Distance for TP100 transitions (605 pixels) is larger 

than for TP33 transitions (492 pixels), the effect of TP may be confounded by Distance, 

and therefore, this factor needs to be controlled for. The fixed factor Distance (342, 385, 

515, 684, and 784 pixels) was therefore included, as was the interaction between 

Distance and TP. By doing so, the potentially confounding influence of Distance on the 

effect of TP on Dwell latency is taken care of. Mapping (1, 2, 3 and 4) was included, 
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because a natural preference for certain transitions, e.g. a horizontal bias (see e.g. van 

Renswoude et al. (2016)), may exist.  

Finally, for both TP, Block and Distance, random slopes were included in the 

investigated models, because visual inspection of Block × Dwell latency, TP × Dwell 

latency, and Distance × Dwell latency graphs with separate lines per participant showed 

that each of these factors had different slopes across participants.  

Test phase 

Looking time is the dependent variable. As in the familiarization phase, Participant 

was included as the contextual variable, because the infant adds hierarchy to the data: 

observations (looking times) are nested under the second level variable Participant 

(infant). The fixed factor Trial type (novel and familiar) was investigated, because if 

learning had occurred during familiarization, a difference in looking times between trial 

types was expected. The following fixed factors were investigated to control for their 

effect on Looking time: First trial type (novel and familiar) and the interaction Trial 

type*First trial type, because the first trial may show relatively long looking times 

compared to subsequent trials. If the first trial is novel, this may result in longer overall 

looking times for novel trials than for familiar trials. In that case, a novelty effect might 

be found, whereas if the first trial is familiar, a familiarity effect is possible. In several 

studies, decreasing looking times over test trials have indeed been observed (e.g. 

Houston, Horn, Qi, Ting, & Gao, 2007; Abboub, Boll-Avetisyan, Bhatara, Höhle, & 

Nazzi, 2016). The factor Mapping (1, 2, 3 and 4) was included, because a natural 

preference for certain transitions may exist. 

If First trial type and/or its interaction with Trial type significantly contributes to the 

best fitted model, it is important to establish if the first trial indeed had the longest 

looking time. An additional analysis was then conducted, with First trial type and Trial 

number as fixed factors. It was not possible to include Trial number in the same analysis 

as First trial type and Trial type: the number of data was not sufficient to estimate the 

number of parameters in an analysis with Trial number, First trial type, and Trial type 

plus any interaction between two of these three factors.  

 

 

 



Sequential learning in 8-month-old typically developing infants 35 

 

Results 

Familiarization phase  

The goal of the visuospatial experiment was to investigate whether infants would detect 

the statistical structure of the sequence, which was built from three pairs of locations. 

Sequential learning is expected to be shown specifically by shorter dwell latencies for 

TP100 transitions than for TP33 transitions. A decrease of dwell latencies over blocks 

may point to sequential learning, but may also reflect general learning. Figure 2.7 shows 

the mean dwell latencies for all transitions per block, but also separately for TP100 and 

TP33 transitions. The mean number of stimuli seen was 144 (SD = 43; range: 43–180). 

Eleven out of 26 infants (42%) watched all 180 stimuli (i.e. their eyes could be tracked).  

Dwell latencies were analyzed using LMM; see Table_a 2.2 in the Appendix for 

details on the investigated models. The model with the best fit is described as: 

 

Dwell latency = aj + b1Blockij + b2jDistanceij + Ɛij
4

 

aj = a + uj
 
 

b2j = b2 + u2j 

 

Contrary to the findings of Kirkham et al. (2007), no specific indication of sequential 

learning was observed during familiarization, because no effect of TP was found. Block, 

on the other hand, significantly contributed to the model (F(4,2440.613) = 4.717, 

p = .001). Bonferroni-adjusted pairwise comparisons showed that dwell latencies in 

Block 4 were significantly shorter than in Block 1 (p < .001). 

 

                                                 
4 a is the regression coefficient representing the intercept and b is the regression coefficient 

representing the slopes in the model. The subscript i in the equation refers to a particular 

observation of Dwell latency and the subscript j reflects the variable over which the intercept or 

slope varies (in this case Participant). Ɛ is the error, i.e. the difference in predicted and actual 

Dwell latency i for Participant j. uj refers to the variability of intercepts. u2j refers to the variability 

in slope b2j. 
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dwell lat. Block 1 Block 2 Block 3 Block 4 Block 5 

overall 403 (114) 403 (114) 385 (159) 368 (160) 387 (145) 

TP100 405 (110) 387 (130) 388 (177) 378 (130) 385 (130) 

TP33 402 (118) 388 (181) 381 (140) 357 (184) 388 (159) 
 

Figure 2.7. Top: Mean dwell latencies per block based on observed values for all transitions 

(overall), and for TP100 and TP33 transitions separately. Since the familiarization phase was 

stopped whenever an infant lost interest, the number of observations decreases over blocks, due to 

the decreasing numbers of infants. Bottom: The table provides mean dwell latencies (SD) for each 

data point in the graph. 

The control factor Distance also explained a significant amount of the variance 

(F(4,77.813) = 6.675, p < .001). Bonferroni-adjusted pairwise comparisons showed that 

increasing distance roughly meant increasing dwell latencies. Inclusion of Distance in 

the analysis means that the influence of this factor on Dwell latency is taken care of. In 

future experiments, it might be better to randomize pairs for each infant, as was done by 

Kirkham et al. 2007, because this will balance out the influence of Distance. Mapping 

did not contribute significantly to the model, meaning that Dwell latency was not 
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dependent on the mapping of letters to locations. No significant contribution was found 

for the interactions between TP and Distance and TP and Block either. 

Test phase 

Learning during the familiarization phase would be expected to lead to a difference in 

looking times between novel and familiar test trials. Figure 2.8 shows that the mean 

looking time is longer for novel test trials than for familiar test trials. 

 

Figure 2.8. Mean looking times for familiar and novel trials during test in the visuospatial 

experiment. Error bars represent ± 1 standard deviation. The asterisk indicates a significant 

difference between novel and familiar test trials. 

Looking times of the test phase were analyzed using LMM; see Table_a 2.3 in the 

Appendix for details on the investigated models. The model that fitted the data best only 

included the fixed factor Trial type. The model is described as:  

Looking time = aj + b1Trial typeij + Ɛij
5

 

aj = a + uj 

                                                 
5 a is the regression coefficient representing the intercept and b is the regression coefficient 

representing the slope in the model. The subscript i in the equation refers to a particular 

observation of Looking time and the subscript j reflects the variable over which the intercept varies 

(in this case Participant). Ɛ is the error, i.e. the difference in predicted and actual Looking time i 

for Participant j. uj refers to the variability of intercepts. 
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A significant novelty effect was shown (F(1,108.408) = 4.265, p = .041): looking 

times to novel test trials were significantly longer than to familiar test trials. 

Numerically, 21 of 26 infants (81%) looked longer to novel than to familiar test trials. 

This result replicates the results from Experiment 2 in Kirkham et al. (2007), even 

though various differences in experimental set-up existed. The factor First Trial Type 

did not significantly contribute to the model, which means that no difference in looking 

times was found whether the first trial was novel or familiar. The interaction between 

Trial type and First Trial Type did not significantly improve the model: whether the first 

trial was novel or familiar did not affect the novelty effect found for Trial type. The 

control factor Mapping did not significantly improve the model-fit either.  

Correlation between familiarization and test measures 

Based on Kirkham et al.’s results (2007), I expected to find two indications of sequential 

learning in the visuospatial experiment: a difference in dwell latencies between TP100 

and TP33 transitions in the familiarization phase, and a novelty effect, or at least a 

difference in looking times between novel and familiar trials during test. If the statistical 

structure is learned during familiarization, sequential learning is expected to show during 

test. Therefore, the familiarization and test measures for sequential learning were 

expected to correlate. A correlational analysis was conducted for the difference in dwell 

latencies between TP100 and TP33 and the difference in looking times between novel 

and familiar trials for all infants. Since the latter measure was not normally distributed, a 

non-parametric test, Spearman’s rho, was conducted. The correlation thus found was 

weak and not significant (Spearman’s rho correlation coefficient = .140, p = .497). 

Discussion 

The present experiment investigated sequential learning in the visuospatial domain. No 

strong indications of sequential learning were found during familiarization, but a novelty 

effect was observed during test, indicating that participants differentiated between 

learned, familiar, sequences and novel sequences. Contrary to what was expected from 

the on-line sequential-learning results of Kirkham et al. (2007), no difference in dwell 

latencies between TP100 and TP33 was found. The lack of an effect of TP cannot be 

attributed to the amount of exposure. Infants viewed even more stimuli (144 (SD = 43), 
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range: 43–180) than in the experiment by Kirkham et al. (estimated to be 120
6
). So even 

with fewer stimuli, infants had shorter fixation latencies for TP100 than for TP33 

transitions in the study by Kirkham et al. (2007). The question therefore is why no 

difference in dwell latencies between TP values was observed in the present experiment.  

A possible explanation might be found in the structure of the sequence, in particular 

the between-pair TPs. In both the Kirkham and the present studies, within-pair TPs were 

1.0 and thus constant. In the Kirkham study, between-pair TPs were potentially highly 

variable. Each between-pair transition had a probability (with replacement) of .33. In the 

present sequence, every possible between-pair TP value converged to .33 towards the 

end of each block of 36 stimuli (probability without replacement). By putting limitations 

on the variation of the between-pair TPs in the present experiment, the difference 

between within-pair TPs and between-pair TPs might have been less prominent than in 

the Kirkham et al. experiment.  

Whereas no difference in dwell latencies between TP values was found, dwell 

latencies did decrease over time. Since a pattern was used in the present experiment, it is 

probable that the decrease in dwell latencies was both due to general learning and to 

sequential learning. Patterned sequences in a serial reaction time (SRT) task showed 

steeper decreases in reaction times than random sequences (Cleeremans & McClelland, 

1991; Nissen & Bullemer, 1987), which is an indication of sequential learning on top of 

general learning. It should be noted that the studies by Nissen and Bullemer and by 

Cleeremans and McClelland are different from the present experiment. First, adults were 

tested, whereas in the present experiment infants were investigated. Second, button 

presses were used to measure reaction times, while in the present experiment, infants 

merely watched the sequence, and their eye movements were tracked to obtain dwell 

latencies. The present experiment is, however, comparable to some previous 

experiments in which participants also just watched the sequence. These studies showed 

decreases in the duration of eye-tracking measures that are comparable to the present 

dwell latencies. Examples are a gaze-contingent SRT task with adults (Kinder, Rolfs, & 

Kliegl, 2008) and an SRT task in which stimuli are presented at a constant rate, also with 

adult participants (Albouy et al., 2006). It is possible that the decrease in dwell latencies 

in the present experiment reflects sequential learning, but since no comparison was made 

with a random sequence, this cannot be determined with certainty. The fact that a 

                                                 
6 In the study by Kirkham et al. (2007), measuring eye movements started after the infants had 

viewed 48 stimuli and thereafter infants saw on average 72 looming shapes (SD = 9.6), which 

results in a total average of 120 stimuli. 
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novelty effect was found in the test phase nevertheless suggests that sequential learning 

had indeed taken place during familiarization. 

Another explanation for the decrease in dwell latencies could be the decreasing 

numbers of participants, and thus decreasing numbers of valid data points, over blocks. 

The decrease in dwell latencies over blocks could be caused by the infants who did not 

complete all familiarization blocks. These infants might have shown relatively long 

dwell latencies during the first blocks. Since their data were not obtained during the last 

blocks, this might have caused the drop in average dwell latencies. In Block 1, 26 infants 

participated, whereas after Block 3, a total of six infants had dropped out. Visual 

inspection of a graph representing the individual mean dwell latencies over blocks 

indicates that three of these six infants had relatively short dwell latencies in Blocks 1 

and 2 (and 3), one infant showed medium dwell latencies, and only two showed longer 

dwell latencies, compared to all other infants. It is therefore unlikely that the absence of 

these six infants’ data is responsible for the decrease in dwell latencies seen in Block 4. 

It can thus be assumed that, similar to what has been reported for adults (Albouy et al., 

2006; Kinder et al., 2008), the decrease in dwell latencies in these 8-month-old infants is 

indicative of sequential learning by merely watching the sequence. 

An unexpected increase in dwell latencies was observed from Block 4 to Block 5. 

The increase was not significant, but it was nevertheless unexpected, since the sequence 

remained the same over blocks. It is conceivable that this effect is related to the drop-out 

of infants after Block 4. Starting off with 26 infants in Block 1, only 20 infants were left 

in Block 4 and the number dropped to only 15 infants in Block 5. Visual inspection of 

individual mean dwell latencies over blocks shows that four of the five infants for which 

familiarization was stopped during Block 4 showed relatively short dwell latencies in 

Block 4. These short dwell latencies contributed to the relatively short mean dwell 

latencies for this Block 4, and these four infants may have had a (depressing) effect on 

the dwell latencies in Block 5 if they had still been included. Of the 15 infants that 

remained in Block 5, the majority, 9 infants, showed an increase from Block 4 to Block 

5. An explanation for the increase in dwell latencies for the 9 infants can only be 

speculated upon: perhaps these infants had grown tired of watching the sequence and 

only paid little attention as to where the next shape appeared, which may have caused 

the longer dwell latencies. 

During the test phase, significantly longer looking times were observed for novel test 

trials than for familiar test trials. This novelty effect is a replication of the novelty effect 

reported by Kirkham et al. (2007) in their Experiment 2. Kirkham et al. found 
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confirmation for sequential learning in the results from their eye-tracking Experiment 4, 

in which shorter latencies were found for within-pair, TP100, transitions than for 

between-pair transitions. This was not found in the present experiment. Apart from 

sequential learning, two alternative explanations for infants’ preference for the random, 

novel sequence are possible.  

One explanation may also clarify the lack of a TP effect during familiarization. 

Kirkham et al. (2007) suggested that during novel trials infants may have reacted to a 

particular shape appearing in a novel location compared to the learning phase. If that is 

the case, then the violation of expected location is the cause of the longer looking times, 

not the statistical pattern in the sequence of locations. In their follow-up experiment, 

Experiment 4, Kirkham et al. found shorter fixation latencies for within- than for 

between-pair transitions, which indicated that infants had learned the statistical structure 

of the sequence. Since no difference in dwell latencies between TP100 and TP33 was 

found in the present experiment, the violation of expected location is a potentially valid 

explanation for the novelty effect found at test. 

Apart from this single-stimulus characteristic, i.e. a coloured shape appearing in a 

novel location, a characteristic of the full novel sequence might (also) be responsible for 

the longer looking times. During a novel test trial, the green triangle, for instance, not 

only appeared in a novel location, but appeared in several novel locations (and possibly 

in the original location), and not in just one of the six possible locations, as in the 

familiar test trial. This made the novel test trials less orderly than the familiar test trials. 

Infants seem to spontaneously prefer more complex, less orderly sequences: 5-month-

olds looked longer to a random sequence of coloured shapes presented in the centre of a 

screen than to sequences built from bigrams (Addyman & Mareschal, 2013). In the 

present experiment it is therefore possible that, even if sequential learning took place 

during familiarization, the mere fact that novel trials were less orderly may have (partly) 

caused the novelty effect. 

No significant correlation was observed between the sequential-learning measures 

during familiarization and test. No clear indication of sequential learning was found 

during familiarization and the novelty effect during test may point to sequential learning, 

but may also result from other causes. The lack of correlation is therefore not surprising. 

Furthermore, it is even possible that the two measures represent different sensitivities to 

the statistical properties of the sequence or perhaps even depend on different cognitive 

processes. For a more extensive discussion of the various measures for sequential 

learning, see General discussion in Chapter 5 (p. 158). Not much is yet known about the 
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process of sequential learning, about what is actually learned at what point in time. More 

research is needed to shed light on this. 

In conclusion, 8-month-old infants showed a significant novelty effect in the test 

phase of the visuospatial experiment, and their eye movements showed decreasing dwell 

latencies over time during familiarization, both of which are consistent with possible 

sequential learning in the visuospatial domain. In order to test a sequence with exactly 

the same statistical structure in another domain, and to examine domain generality of 

sequential learning by investigating whether correlations exist between two domains, the 

same infants subsequently participated in the language experiment. 

THE LANGUAGE EXPERIMENT 

The second research question, whether 8-month-old Dutch-learning infants show 

sequential learning in the language domain, would be confirmed by a difference in 

listening times between novel and familiar test trials. The direction of the difference 

cannot be predicted. In contrast to the visuospatial experiment, no on-line eye-tracking 

measures were obtained during familiarization, because the experiment did not evoke 

meaningful eye movements.  

Method 

Participants 

The data of 25 infants (17 female (68%)) could be included (mean age 8 months 3 days, 

range: 7m14d–8m27d). The data of four additional infants (14%) were excluded from 

the analysis because of crying. Twenty-four out of the 25 infants included in the 

language experiment were also included in the visuospatial experiment: one infant 

included in the language experiment was excluded from the visuospatial experiment. 

Two out of the four excluded infants were included in the visuospatial experiment; the 

other two were also excluded from the visuospatial experiment because of crying or 

fussiness, see Figure 2.9. 
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Figure 2.9. Overview of the number of infants included in or excluded from the visuospatial (vssl) 

and language (lsl) experiments. 

Stimuli 

The set-up of the language experiment was similar to the set-up of the visuospatial 

experiment. The infants heard a sequence of language stimuli that was composed of six 

different syllables in Dutch: /be/, /ky/, /mo/, /ni/, /pu/, and /ʋa/. The syllables were 

consonant-vowel combinations that were clearly distinguishable from each other, had no 

meaning in Dutch (the language environment of the infants), and did not combine into 

existing words or into words similar to existing words. The syllables were produced in a 

monotone by a female Dutch native speaker (the author). From all recordings the tokens 

with the most similar pitch and duration were selected. The average pitch per syllable 

varied between 205.1 Hz and 209.8 Hz. The largest difference in average pitch, 4.7 Hz, 

was fewer than 0.5 semitones, i.e. below the just noticeable difference in speech pitch 

perception (Rietveld & Gussenhoven, 1985). The mean duration of the selected syllables 

was 438 ms (range: 390–484 ms).  

During syllable presentation, infants watched a continuously changing random set of 

three out of a total set of 25 coloured pictures (one set, for instance, consisted of a 

bicycle, a duck, and an airplane), presented on the eye-tracking monitor. These visual 

stimuli were not related to the language stimuli, but were only meant to attract the 

infant’s attention to the direction from which the language stimuli were presented and to 

enable control over the experiment in a similar way as in the visuospatial experiment. 
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The familiarization sequence was built from three different pairs (or two-syllable 

nonsense words): A-B, C-D and E-F, with each letter referring to one of the six different 

syllables. An example of a pair is /ky/–/ʋa/ (pair A-B in Mapping 1, see below). The 

inter-stimulus interval was 200 ms, see Figure 2.10.  

 

 

Figure 2.10. Example of part of the sequence (pairs A-B, C-D, E-F in Mapping 1) during 

the familiarization phase of the language experiment. Stimulus duration is on average 

438 ms, inter-stimulus interval is 200 ms. 

Analogous to the visuospatial experiment, four different mappings were generated in 

order to prevent a possible preference for a particular combination of syllables to play a 

role. A mapping means that each of the letters in the pairs A-B, C-D and E-F is linked to 

a syllable. Two mappings are each other’s mirror image, i.e. a pair /be/-/mo/ in one 

mapping (C-D in Mapping 1) becomes /mo/-/be/ in the mirror mapping (C-D in 

Mapping 2), see Table 2.1. 

 

 A B C D E F 

m1 /ky/ /ʋa/ /be/ /mo/ /pu/ /ni/ 

m2 /ʋa/ /ky/ /mo/ /be/ /ni/ /pu/ 

m3 /pu/ /be/ /ky/ /ni/ /ʋa/ /mo/ 

m4 /be/ /pu/ /ni/ /ky/ /mo/ /ʋa/ 
 

Table 2.1. The four mappings (m1 to m4) of the sequence used in the language experiment.  
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Each time the experiment was started, the number of the mapping for that session 

was the number of the mapping of the former session plus 1. This means that mappings 

were randomly assigned to participants, and mappings were distributed evenly across 

participants (6, 7, 6 and 6 infants for Mappings 1, 2, 3, and 4, respectively). 

Procedure 

As in the visuospatial experiment, the procedure consisted of a calibration procedure 

followed by a familiarization phase and ended with a test phase. Calibration results were 

not always ‘fair’ or ‘good’. For one infant, both eyes each had one ‘failed’ result, and for 

two infants, one eye had one ‘poor’ result. After examination of the recorded videos, it 

was decided to include these infants nevertheless, because their gaze representations 

(green square/red cross) were stable within the bull’s eye during the test phase. The 

language stimuli were presented through two speakers (Fostex PM0.4), one on either 

side of the eye-tracking monitor in front of the infant.  

The familiarization phase consisted of seven consecutive blocks of 36 stimuli each, 

because then the maximum uninterrupted duration (approx. 161 s) approximated the 

maximum uninterrupted duration of the visuospatial experiment (180 s). No 

familiarization contained fewer than 36 stimuli (one block), which otherwise would have 

been a reason for exclusion of the infant’s data. 

The test phase was constructed analogously to the visuospatial experiment and 

included six familiar and novel test trials in alternating order. These trials were 

counterbalanced for first trial type (novel vs. familiar: 13 vs. 12 infants). Looking to the 

eye-tracking screen in front of the infant is looking in the direction from which the 

language stimuli were presented. Looking is therefore taken to represent attention to the 

language stimuli. Since looking times should only reflect sequential learning of the 

auditory stimuli, the visual stimulus during the test trials was not dynamic as during 

familiarization, but consisted of a static colourful bull’s eye.  

Data pre-processing 

Eye-tracking data were only obtained during the test phase, not during the 

familiarization phase. In order to investigate whether any learning of the sequence 

occurred, looking times to novel and familiar test sequences were compared. Looking 

time is the sum of all periods that an infant was looking at the screen during a test trial. 

Looking times shorter than the duration of the two shortest stimuli plus ISI (390 ms + 

412 ms + 200 ms = 1002 ms) were excluded from the analysis because that is the 

minimum length by which a familiar sequence can be distinguished from a novel 

sequence. This concerned 10% (15 trials) of all test trials (150), but in none of these 
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trials the infant was not looking at all. An infant’s data were included only if the infant 

had valid total looking times for at least one trial of both the familiar and the novel type. 

This was the case for all infants (2 valid trials: 0 infants; 3 valid trials: 2 infants; 4 valid 

trials: 1 infant; 5 valid trials: 7 infants; 6 valid trials: 15 infants). A difference in looking 

times between novel and familiar test trials would indicate sensitivity to the statistical 

structure of the sequence of syllables. 

Statistical analysis 

Looking times were analyzed in SPSS 22 for Windows (IBM, 2013), using LMM, as 

was done for the looking times in the visuospatial experiment. As was the case in the 

visuospatial experiment, the data did not fully comply with the assumptions of LMM, so 

outcomes have been interpreted with caution. 

Results 

Infants were tested on their sequential-learning capabilities with a sequence composed of 

three syllable pairs. Sequential learning would be demonstrated by different looking 

times between novel and familiar trials in the test phase. Figure 2.11 displays the mean 

looking times for familiar and novel test trials (Overall). The mean number of stimuli 

heard was 208 (SD = 68, range: 44–252). Fifteen out of 25 infants (60%) heard all 252 

stimuli. 

Looking times were analyzed using LMM; see Table_a 2.4 in the Appendix for 

details on the investigated models. The model that fits the data best is described as: 

Looking time = aj + b1Trial typeij + b2First Trial Typeij +  

   b3(Trial type*First Trial Type)ij + Ɛij
7
 

aj = a + uj 

 

                                                 
7 a is the regression coefficient representing the intercept and b is the regression coefficient 

representing the slopes in the model. The subscript i in the equation refers to a particular 

observation of Looking time and the subscript j reflects the variable over which the intercept or 

slope varies (in this case Participant). Ɛ is the error, i.e. the difference in predicted and actual 

Looking time i for Participant j. uj refers to the variability of intercepts. 
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Figure 2.11. Mean looking times to familiar and novel trials in the language experiment, 

for looking times independent of the type of the first test trial (Overall), and for looking 

times when First Trial Type was familiar (n = 12) and when First Trial Type was novel 

(n = 13). Error bars represent ± 1 standard deviation. The asterisk indicates a significant 

difference in looking times between novel and familiar test trials.  

No significant effect of Trial type was found, which means that there was no 

significant difference in looking times between novel and familiar test trials. This is 

consistent with the preferences for novel or familiar test trials within the group of 

infants, which varied: for 15 out of the 25 infants (60%) mean looking times were longer 

for novel than for familiar test trials. No significant effect of First Trial Type was found, 

which means that looking times were not significantly different when the first trial was 

familiar or when the first trial was novel. The interaction Trial type*First trial type was, 

however, significant (F(1,112.722) = 8.358, p = .005). Pairwise Bonferroni-adjusted 

comparisons revealed that if the first trial was a novel test trial, mean looking times to 

novel test trials were significantly longer than to familiar test trials (p = .002), but no 

such difference was found when the first trial was familiar (p > .05), see Figure 2.11. 

Finally, Mapping did not contribute significantly to the model, meaning that looking 

times did not significantly differ between mappings. 

Because of the significant Trial type*First trial type interaction, it was investigated if 

looking times to the first trial were indeed the longest. An additional LMM analysis was 

run with only the factors First trial type and Trial number, see Table_a 2.5. The model 

that fitted the data best is: 
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Looking time = aj + b1Trial numberij + Ɛij
8
 

aj = a + uj 

Trial number but not First trial type contributed significantly to the model. 

Bonferroni-adjusted pairwise comparisons showed that looking times for Trial 1 were 

significantly longer than for any of the other trials, except for the difference between 

Trial 1 and Trial 5, which was at the level of significance (Trial 1 vs. Trial 2, p = .003; 

vs. Trial 3, p = .006; vs. Trial 4, p = .001; vs. Trial 5, p = .050; vs. Trial 6, p = .004). No 

other significant differences were observed between trials. 

No significant effect was found for the interaction between Trial number and First 

trial type, which means that the effect of Trial number on Looking time was not different 

whether the first trial was novel or if the first trial was familiar. This additional analysis 

indeed showed that the first trial yielded longest looking times compared to all 

subsequent trials. 

Discussion 

The goal of the present study was to determine whether 8-month-old infants can learn 

the sequential structure of a series of syllables. Sequential learning would be indicated 

by a difference in looking times between novel and familiar test trials, but no significant 

difference was observed. A minor indication of sequential learning was found in the 

significant interaction between First Trial Type and Trial type. When the first trial type 

was novel, mean looking times of novel test trials were significantly longer than those of 

familiar test trials. No difference in looking times between novel and familiar test trials 

was observed when the first test trial was familiar. The novelty effect found when the 

first trial was novel suggests that infants did distinguish between novel and familiar test 

trials.  

This novelty effect cannot be attributed to the so-called ‘surprise effect’. The surprise 

effect implicates that longer looking times are observed for the first test trial, because it 

                                                 
8 a is the regression coefficient representing the intercept and b is the regression coefficient 

representing the slope in the model. The subscript i in the equation refers to a particular 

observation of Looking time and the subscript j reflects the variable over which the intercept or 

slope varies (in this case Participant). Ɛ is the error, i.e. the difference in predicted and actual 

Looking time i for Participant j. uj refers to the variability of intercepts. 
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is different from what was perceived during familiarization. As mentioned in Method, 

Statistical analysis, Familiarization phase of the visuospatial experiment (p. 33), 

decreasing looking times over test trials have indeed been observed (e.g. Houston et al., 

2007; Abboub et al., 2016). The first trial in the present experiment was preceded by a 

visual attention getter, and the visual stimulus (a static bull’s eye) was different from the 

visual stimuli seen during familiarization. Such longer looking times on Trial 1, which 

were indeed observed, may have cancelled out an overall novelty or familiarity effect. 

Yet a significant novel–familiar difference was only observed in cases where the first 

trial was novel. This indicates that the novelty of the trial was noticed by the infants and 

led to longer mean looking times for novel test trials. This suggests that infants did learn 

something about the statistical structure of the sequence, though not enough to show an 

overall novelty effect.  

The absence of a significant difference between novel and familiar test trials can be 

explained by a number of factors. One reason could be that the infants’ attention span 

had expired in this secondly conducted experiment. Paying attention to the stimuli 

sequence is a prerequisite for sequential learning, at least in adults. This effect of 

attention was observed in various domains including the language domain (e.g. 

Emberson, Conway, & Christiansen, 2011; Remillard & Gilbert, 2009; Toro, Sinnett, & 

Soto-Faraco, 2005; Turk-Browne, Jungé, & Scholl, 2005). Perhaps conducting these two 

experiments in one session is too much for an 8-month-old infant. Since indications of 

sequential learning were found in the experiment conducted first, the visuospatial 

experiment, investigation of the order of experiments is worthwhile: reversal could yield 

indications of sequential learning in the language experiment when conducted first. 

Another possible explanation for the absence of a significant difference between 

novel and familiar test trials may be found in the amount of exposure. In the experiments 

of for instance Saffran, Aslin, and Newport (1996), a fixed familiarization was used, 

which resulted in a higher total number of ‘words’, 180 vs. 104 ‘words’ in the present 

experiment, and a higher number of tokens per ‘word’ or per ‘syllable’ heard by each 

infant: 45 vs. on average 35 tokens per ‘word’, and 540 vs. on average 208 ‘syllables’ in 

the present experiment. In the study by Aslin et al. (1998), even more stimuli were used: 

270 ‘words’ of which two occurred 45 times and two occurred 90 times. On the other 

hand, in a word-segmentation experiment using natural language (Pelucchi, Hay, & 

Saffran, 2009), only 18 tokens of two-syllable words on which infants were 

subsequently tested were presented in familiarization sentences. It is therefore not clear 

whether the number of stimuli used is the (only) factor affecting sequential learning in 

this experiment.  
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A third possible factor could be the speed of presentation: in both Saffran, Aslin, and 

Newport (1996) and Aslin et al. (1998), the presentation rate was 4.5 syllables/s. In 

Pelucchi et al. (2009), the presentation rate was 6 syllables/s, whereas in the present 

experiment, only 1.6 syllables/s were presented. This rate is comparable to the one used 

by Emberson et al. (2011) in their ‘slow presentation’ experiment with adult participants, 

in which auditory stimuli were presented at a rate of 1.3 syllables/s. No statistical 

learning was observed at this speed of presentation. Performance significantly changed 

when the rate was increased to 2.7 syllables/s in their ‘fast presentation’ experiment. 

Emberson et al. explain this by referring to Gestalt perceptual-grouping principles. The 

‘law of proximity’ predicts that “sounds that are presented closer together in time are 

more likely to form a single perceptual unit or stream (Handel, Weaver, & Lawson, 

1983)” (p. 1023). It is also possible that with higher presentation rates, more stimuli are 

available in working memory, which could enhance the detection of statistical 

regularities. However, too many syllables in working memory, i.e. a too fast presentation 

rate, reduces statistical learning in adults. Palmer and Mattys (2016) found that their 

slow presentation rate, i.e. 2.27 syllables/s, induced better performance in adults than 

their normal (4.17 syllables/s) and fast (7.45 syllables/s) rates. Therefore, perhaps the 

speed of presentation needs to be increased, but care should be taken that the rate of 

presentation is not too fast. 

Apart from the possibly reduced attention, a too low exposure, or a too slow 

presentation rate, the way the stimuli were presented to the infants could also have 

affected the results. In the current experiment, presentation was paused whenever the 

eyes could not be tracked. This discontinuous presentation will sometimes have 

disrupted ‘words’ (if the pause starts after the first syllable of a ‘word’), making it more 

difficult to keep track of transitional probabilities. In the present visuospatial experiment 

and that by Kirkham et al. (2007), the same discontinuous presentation as in the 

language experiment nevertheless led to (indications of) sequential learning. The 

discontinuous presentation in itself may therefore not be sufficient to explain the absence 

of a significant difference in looking times. 

Finally, the visual stimuli used during the familiarization phase of the present 

experiment might also have affected learning, because these might have distracted 

infants. Saffran, Aslin, and Newport (1996) used the Head-turn Preference Procedure 

(HPP), in which green and red lights are used to attract the attention of the infant. In the 

HPP design, the amount of time infants turn their heads towards the light at the side 

where the sound is playing (left or right) is the dependent variable. In the present study, 

colourful pictures of objects served to attract the infant’s attention to the eye-tracker 



Sequential learning in 8-month-old typically developing infants 51 

 

screen in order to be able to measure looking times. These pictures may have been far 

more entertaining than just coloured lights, and perhaps this has diverted the infant’s 

attention from the language stimuli. The same visual stimuli were, however, used in 

another infant experiment as a means of attracting attention during presentation of 

auditory stimuli, and no distracting effect was then observed (Capel, de Bree, de Klerk, 

Kerkhoff, & Wijnen, 2011). 

In conclusion, the present study yielded only a slight indication of sequential learning 

in the language domain by the novelty effect that was found when the first trial was 

novel. However, no overall difference between familiar and novel trials was found. 

Several factors have been discussed that might have played a role. The factor 

investigated in a follow-up study is the order of experiments. Conducting the language 

experiment first may lead to sequential learning indicated by a significant difference in 

looking times between novel and familiar test trials. This new order of experiments will 

be discussed in the next chapter. Prior to this step, performance on the visuospatial and 

language experiments will be compared and the findings of the entire chapter will be 

discussed.  

CORRELATIONS BETWEEN THE VISUOSPATIAL AND LANGUAGE 

DOMAINS 

One of the main research questions of this dissertation is whether sequential learning is a 

domain-general learning mechanism. Conway and Pisoni (2008) refer to two bodies of 

evidence that would support such a claim: (i) similarity of performance across tasks and 

stimulus domains and (ii) transfer of statistical information from one domain to the 

other. Similarity of performance across various statistical-learning tasks was investigated 

by Siegelman and Frost (2015) in a within-subjects design. They examined the claim 

that statistical learning is subserved by a unitary domain-general mechanism, but failed 

to find any meaningful correlations. In the current study, similarity of performance 

would be attested if an infant who performs well in the language experiment also 

performs well in the visuospatial experiment. Therefore, analyses were conducted to 

establish correlations between the two domains investigated here, the visuospatial and 

the language domains.  

Since no on-line measures were available for the language experiment, results from 

both test phases were used to compare the two domains. Test results consisted of looking 
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time per trial for each of six trials, three familiar and three novel trials. Individual trials 

could not be compared, since not all trials had valid looking times. Furthermore, for 

some infants the test started with a novel trial and for others with a familiar trial. For an 

individual infant, the order of test trials (first novel or first familiar) could also differ 

between the two experiments. Therefore, the mean looking time was calculated for both 

novel and familiar trials per individual infant.  

Four measures based on mean looking times to novel and familiar test trials were 

used to assess correlations between the two experiments. (i) Difference scores were 

calculated by subtracting the mean looking time to familiar trials from the mean looking 

time to novel trials per infant. A similar score was used by e.g. Singh, Reznick, and 

Xuehua (2012): they calculated the difference in listening times between passages 

containing novel words and passages containing familiar words. (ii) Absolute difference 

scores were also included: given that learning is attested if either a positive or negative 

difference is found, an alternative analysis is to use only positive scores, reflecting the 

magnitude of the difference regardless of the direction of the difference. (iii) The ratio 

between the difference score and the sum of the mean looking times to novel and 

familiar trials was calculated. By taking a ratio measure, the difference between ‘short 

lookers’ and ‘long lookers’ is taken care of: a difference score of 100 ms results in a 

ratio score of 0.33 if the novel looking time was 200 ms and the familiar looking time 

was 100 ms (100/300), but yields a ratio of 0.09 in the case of 600 ms and 500 ms 

looking times respectively (100/1100). A similar measure was also used by Barry, Graf 

Estes, and Rivera (2015) (“proportional difference score”), who tested 9-month-old 

infants in a visual statistical-learning task. As with the difference scores, the direction of 

the difference is integrated in this measure.
9
 In order to take only the magnitude of the 

difference scores into account also (iv) the absolute ratio was included. 

In total, 24 infants were included in both experiments, see Figure 2.9 on p. 43 (16 

female (67%); mean age 8 months 4 days, range: 7m14d–8m27d). Non-parametric 

                                                 
9 Another possible measure is the novelty or familiarity ratio. This is the mean looking time to the 

novel trials or to the familiar trials, divided by the sum of the mean looking times to novel and 

familiar trials. This measure was also used in infant studies for tasks in the visual domain by e.g. 

Johnson, Slemmer, and Amso (2004) (“preference”) and Rose, Feldman, and Jankowski (2009) 

(“novelty score” in visual memory tasks). In the present study, correlational analyses for novelty 

or familiarity ratio measures yielded the same coefficients and p-values as the difference ratio, 

which is explained by the fact that all three ratios are based on the same information, namely mean 

looking times to novel and to familiar trials per infant. 
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bivariate correlation analyses (Spearman’s rho) were conducted for the difference and 

absolute difference scores, since neither score was normally distributed for the 

visuospatial experiment. A parametric bivariate correlation analysis (Pearson) was 

conducted for the ratio scores. All correlations were weak, and none were significant, 

see Table 2.2.  

The type of the first test trial (novel or familiar) might have affected the correlation 

results. Such an effect of first trial type was observed in the significant interaction 

between trial type and first trial type in the language experiment: if the first trial was 

novel, a significant novelty effect was obtained, meaning that the difference score 

between novel and familiar was relatively high compared to cases were the first trial was 

familiar (and no significant difference was found). Therefore, another correlation was 

conducted with only those infants that had the same type of the first trial, i.e. same order 

of test trials, in both experiments (both novel first or both familiar first). This concerned 

19 of the 24 infants (9 familiar first, 10 novel first; 12 female (63%); mean age 8 months 

6 days, range: 7m14d–8m27d). Again, correlations were weak and not significant, see 

Table 2.2. 

As none of the measures showed a significant correlation between the visuospatial 

and language experiments, it is not possible to draw any firm conclusions about the 

domain generality of the sequential-learning mechanism. The lack of correlations might 

be due to the relatively low number of infants, which reduces statistical power. Another 

explanation might be found in the null results of the language experiment. If the 

experimental task was too difficult to detect sequential learning, then correlations with 

the results of the visuospatial experiment that did indicate sequential learning are highly 

unlikely. Furthermore, there are some issues concerning the correlational measures. 

Some studies correlate difference scores of looking times with language measures and 

seem to interpret higher difference scores as better statistical learning. For instance, 

Culbertson, Koulaguina, Gonzalez-Gomez, Legendre, and Nazzi (2016) correlate 

(un)grammaticality preference (the difference in looking times to grammatical versus 

ungrammatical sentences in a non-adjacent dependency learning (NADL) task) of 

infants between 14 and 24 months with their CDI scores. From the significant 

correlations they found, the authors conclude that a higher preference score correlates 

with higher productive CDI scores. In the present study, difference scores were the only 

measure that could be used to correlate results between the language and the visuospatial 

experiment. The assumption that higher difference scores imply better sequential 

learning should, however, be interpreted with caution, as it is not known whether a 

larger difference score actually reflects better learning. 
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Dependent 

variable 

vssl (mean ± SD) 

[range] 

lsl (mean ± SD) 

[range] 

Spearman’s 

rho correlation 

coefficient 
[95% BCa CI] 

Pearson 

correlation 

coefficient 
[95% BCa CI] 

p-

value 

All infants included in both experiments (n = 24) 

Difference 
score 

3,362 ± 4,752 ms 
[−4,273 to 17,347 

ms] 

1,731 ± 6,092 ms 
[−12,680 to 10,200 ms] 

.225 
[−.173, .596] 

n.a. .290 

Absolute 
difference 

score 

3,907 ± 4,295 ms 
[40 to 17,347 ms] 

5,106 ± 3,611 ms 
[133 to 12,680 ms] 

−.062 
[−.429, .332] 

n.a. .774 

Ratio 0.15 ± 0.19 

[−0.22 to 0.54] 

0.11 ± 0.36 

[−0.63 to 0.67] 

n.a. .230 

[−.170, .613] 

.280 

Absolute 

ratio 

0.19 ± 0.15 

[0 to 0.54] 

0.32 ± 0.20 

[0 to 0.67] 

n.a. −.080 

[−.424, .267] 

.711 

All infants included and with the same order of test trials in both experiments (n = 19) 

Difference 

score  

3,894 ± 4,969 ms 

[−4,273 to 17,347 

ms] 

1,367 ± 6,440 ms 

[−12,680 to 10,200 ms] 

.208 

[−.285, .705] 

n.a. .393 

Absolute 

difference 

score 

4,348 ± 4,554 ms 

[40 to 17,347 ms] 

5,137 ± 3,949 ms 

[133 to 12,680 ms] 

−.146 

[−.579, .307] 

n.a. .552 

Ratio 0.18 ± 0.19 
[−0.22 to 0.54] 

0.85 ± 0.36 
[−0.63 to 0.61] 

n.a. .282 
[−.131, .661] 

.243 

Absolute 

ratio 

0.21 ± 0.16 

[0 to 0.54] 

0.30 ± 0.20 

[0 to 0.63] 

n.a. −.084 

[−.538, .404] 

.731 

 

Table 2.2. Correlation results for all infants that participated in both experiments, and for 

those infants that had the same type of first test trial, i.e. the same order of test trials, in 

both experiments. vssl = visuospatial sequential learning; lsl = language sequential 

learning; BCa CI = bias corrected accelerated confidence interval.  

GENERAL DISCUSSION 

The goal of the present experiments was (i) to investigate whether sequential learning 

was observed in 8-month-old typically developing infants in both the visuospatial and 
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the language domains in a within-subjects design and (ii) to investigate domain 

generality of sequential learning by correlating results of the two experiments.  

In the visuospatial domain, a-specific general learning and possibly sequential 

learning was visible during familiarization by decreasing dwell latencies over blocks. 

Sequential learning was shown in the test phase by a significant novelty effect. This 

novelty effect is a replication of the findings by Kirkham et al. (2007). It indicates that 

sequential learning in the present visuospatial experiment occurred, even though a 

learning phase was used that was different in set-up than that of Kirkham and 

colleagues. It should be noted that alternative explanations for the novelty effect cannot 

be excluded. 

In contrast with the visuospatial experiment, the language experiment did not lead to 

a difference in infants’ looking times between novel and familiar test trials. This was 

unexpected, since language is sequential by nature, and the sequence to be learned was 

simpler than that of Saffran, Aslin, and Newport (1996). In the present study, a novelty 

effect was only found if the first test trial was novel; this suggests that infants had 

learned something about the statistical structure of the sequence, but not enough to show 

an overall effect. Several explanations have been given for the absence of an overall 

indication of sequential learning in the language domain: the order of the experiments 

(language second), the number of stimuli, the discontinuous stimulus presentation, the 

speed of presentation, and the visual stimuli that were used. 

In order to investigate whether sequential learning is a domain-general learning 

mechanism, correlation analyses were conducted on sequential-learning results of both 

experiments. Even though an identical statistical structure of the sequence was used in 

either experiment, no significant correlations were found. Siegelman and Frost (2015) 

did not find correlations between domains either. It should be noted, however, that 

Siegelman and Frost conducted their experiments with adults. This different age group 

was also tested for this thesis, and no correlations between domains were found either, 

see Chapters 5 and 6. Further, the experiments by Siegelman and Frost were not all 

identical in set-up (adjacent and non-adjacent dependencies, different TP values, 

different test trials), whereas in the present infant experiment, experimental designs were 

identical and only differed with respect to the stimuli used. Since it is not clear whether 

the same kind of sequential learning is measured in each of the experiments by 

Siegelman and Frost, this may explain the lack of correlation in their study.  

As is argued by Frost et al. (2015), it is possible that statistical learning (or sequential 

learning) is not a unitary mechanism. If it were a single domain-general mechanism, 
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each person would have her or his own unique statistical-learning capacity, and this 

individual variation would be manifested by correlations between statistical-learning 

tasks in different domains. Not many studies support this idea of domain generality. 

Instead, Frost et al. (2015) propose a theoretical framework in which statistical learning 

consists of a set of domain-general computational principles that operate in different 

modalities and within a modality even over different types of stimuli (in the visual 

modality, for instance, over shape and colour). If statistical learning is constrained by 

domain-specific characteristics, then correlations between domains are unlikely to exist. 

The results from the present study seem to support this view, but firm conclusions 

cannot be drawn. The lack of (strong) indications of sequential learning may indicate 

that no sequential learning occurred in either domain; if that is the case, correlations 

between domains are not to be expected. In short, no conclusions about domain 

generality of sequential learning can be drawn from the results of the present 

experiments. 

The language experiment was conducted as the second experiment in the current 

study. If order plays a role in the ability to learn during a second experiment, indications 

of sequential learning might be found if the language experiment is conducted first. The 

next chapter describes a follow-up study in which the domains were tested in the 

opposite order: first the language experiment was conducted followed by the 

visuospatial experiment. If being the second experiment during one experimental session 

is of significance, then the visuospatial experiment may yield no effect of sequential 

learning either in the familiarization phase, or in the test phase. 
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 Chapter 3  

 

Sequential learning in 8-month-old typically developing 

infants: Testing the effect of the order of experiments  

INTRODUCTION 

In the previous chapter indications of sequential learning by 8-month-old typically 

developing infants were observed in the visuospatial domain. In the language 

experiment, however, only a minor indication of sequential learning was found: a 

novelty effect was observed if the first test trial was novel. Various factors were 

discussed that might have caused the limited finding of sequential learning. One of these 

is the order of the experiments. Since the language experiment was the second 

experiment, it is conceivable that, for instance, fatigue or reduced attention affected 

performance. The present chapter explores the effect of the order of experiments: the 

question is whether reversal of this order yields different results.  

Similar to Chapter 2, the infants took part in two successive experiments. All infants 

participated first in the language experiment, and then in the visuospatial experiment, 

which both were exact replications of those described in Chapter 2. If order plays a role 

in the language experiment, infants are expected to show sequential learning now that 

the experiment is conducted first. On the other hand, the visuospatial experiment is 

expected to show no or limited indications of sequential learning now that it is 

conducted second. The effect of order is investigated by comparing the results of the 

language experiment from Chapter 2 (order: visuospatial-language (vssl-lsl)) with the 

present language experiment (order: language-visuospatial (lsl-vssl)) in one overall 

analysis. The same will be done for the visuospatial experiments. The feasibility of 

conducting two sequential-learning experiments in one session will be discussed.  
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THE LANGUAGE EXPERIMENT 

Method 

Participants 

In the present language experiment, a new group of 25 8-month-old typically developing 

Dutch-learning infants, the lsl-vssl group, was included, see Table 3.1 for more details. 

Eight additional infants (24%) were tested, but their data were excluded because of 

crying (1 infant), too few valid test trials (2 infants), calibration unsuccessful or not 

recorded (3 infants, see below) and experimenter error (2 infants). The number of infants 

dropping out because of behaviour was 3 (crying and too few valid test trials; 9% of 

entire sample). This percentage is comparable to that in the same experiment in Chapter 

2, in which 4 out of 29 infants (14%) dropped out because of their behaviour. In the 

present study, one set of parents only found out later that their child might have had 

hearing problems at the time of testing. The data of this infant were therefore excluded 

from the language experiment, but not from the visuospatial experiment, since no 

auditory stimuli were involved in that experiment. Recruitment and inclusion criteria of 

the infants were the same as described in Chapter 2.  

 

 No. infants 
Mean age 

[range] 

Mapping First test trial 

1 2 3 4 novel familiar 

vssl-lsl 
(Chapter 2) 

25 infants 
(17 F, 68%) 

8 months 3 days 
[7m14d–8m27d] 

6 7 6 6 13 12 

lsl-vssl 

(present 

chapter) 

25 infants 
(10 F, 40%) 

8 months 7 days 
[7m16d–9m0d] 

7 6 7 5 13 12 

Overall 
50 infants 

(27 F, 54%) 

8 months 5 days 

[7m14d–9m0d] 
13 13 13 11 26 24 

 

Table 3.1. Information on the visuospatial-language (vssl-lsl) group (Chapter 2) and the 

language-visuospatial (lsl-vssl) group of infants (present chapter), plus information on the 

two groups combined (Overall) for the language experiment.  

Stimuli and procedure 

The stimuli and procedure are the same as those described in Chapter 2. For the present 

sample (in the lsl-vssl order), not all infants had ‘good’ or ‘fair’ results for all five 
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calibration points, which was the original inclusion criterion. If, however, examination 

of the recorded movies showed stable gaze representations (indicated by a green 

square/red cross) within the area of interest, i.e. the complete screen, infants were 

included; this applied to four infants. The data of three additional infants were excluded 

(see Participants above): for two infants, no video was available due to experimenter 

error, and therefore gaze representations could not be judged; the third infant showed no 

stable gaze representations throughout the entire experiment. For the distribution of 

mappings and test trial orders (i.e. the test phase either starts with a novel or with a 

familiar test trial) across infants, see Table 3.1. 

Data pre-processing 

In order to investigate whether any sequential learning occurred, looking times (as a 

proxy to listening times) to novel and familiar test sequences were compared. Looking 

time is the total duration of all intervals that an infant was looking at the screen during a 

test trial. Exclusion criteria for infants in the lsl-vssl group were based on the criteria 

described in Chapter 2: looking times shorter than the duration of the two shortest 

stimuli plus ISI (390 ms + 412 ms + 200 ms = 1002 ms) were excluded from the 

analysis. In 5.3% (8 trials) of all test trials looking times were too short and during 

another 4 trials (2.7% of all test trials), infants did not look at all. All infants had a 

sufficient number of valid trials (at least one trial of either test trial type, familiar and 

novel): 2 or 3 valid trials: 0 infants; 4 valid trials: 3 infants; 5 valid trials: 6 infants; 6 

valid trials: 16 infants. For further details on data pre-processing, see Chapter 2, p. 45. 

Statistical analysis 

Statistical analysis was conducted on the combined data of the language results from the 

vssl-lsl group of 25 infants (Chapter 2) and the language results of the present lsl-vssl 

group of 25 infants. The dependent variable Looking time was analyzed as described in 

Chapter 2 by using linear mixed-effects modelling (LMM) in SPSS 22 for Windows 

(IBM, 2013). Participant was included as the contextual variable. The following factors 

and interactions were investigated in addition to those mentioned in Chapter 2: Order 

(vssl-lsl and lsl-vssl), to see if the order of experiments affected Looking time, and the 

interaction Order*Trial type, to investigate whether the effect of Trial type on Looking 

time depends on Order. As was the case for the results in Chapter 2, residuals were not 

normally distributed, and the data did therefore not comply with the assumptions of 

LMM, so outcomes have been interpreted with caution. 
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Results 

The purpose of this language experiment was to determine if infants were able to learn 

the statistical structure of the presented sequence now that it was conducted as the first 

experiment. Sequential learning would be attested by a difference in looking times 

between novel and familiar trials. This was, however, not the case; see Figure 3.1, the 

bar chart entitled ‘Overall’. 

 

 

Figure 3.1. Test results of the language experiment as first (lsl -vssl) and second (vssl-lsl) 

experiment. Looking times to novel and familiar test trials are represented for the vssl-lsl 

and lsl-vssl groups together (Overall), for the vssl-lsl and lsl-vssl groups separately, and 

for infants’ whose first test trial was familiar (n = 24) or novel (n = 26). The interaction 

Order*Trial type did not reach significance; bar charts for vssl-lsl and lsl-vssl groups are 

given for illustrative purposes only. Error bars represent ± 1 standard deviation. Asterisks 

indicate significant differences between novel and familiar test trials.  
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Seventeen out of 25 lsl-vssl infants (68%) heard all 252 stimuli. This is comparable 

to the vssl-lsl infants of whom 15 out of the 25 (60%) heard all stimuli. The number of 

stimuli heard during familiarization did not differ between the vssl-lsl group and the lsl-

vssl group: vssl-lsl: mean number of stimuli heard was 208 (SD = 68, range: 44–252); 

lsl-vssl: mean number of stimuli heard was 213 (SD = 65, range: 67–252); Mann-

Whitney U-test: p > .05. All infants met with the inclusion criterion that a minimum of 

one block (36 stimuli) was perceived. 

An LMM analysis was conducted with the main goal to investigate if Order affected 

the effect of Trial type on Looking time (see Table_a 3.1 in the Appendix for details). 

The model that fitted the data best is: 

Looking time = aj + b1Trial typeij + b2First trial typeij +  

  b3(Trial type*First trial type)ij + b4Mappingij + Ɛij
10

 

aj = a + uj 

No effect was found for the factor Order or for the interaction Order*Trial type, 

meaning that an effect of the order of experiments on either looking times or on the 

effect of Trial type on looking times cannot be demonstrated, see Figure 3.1, ‘Overall’, 

‘vssl-lsl’, and ‘lsl-vssl’. Further, no effect of Trial type was observed. This is also clear 

from the inconsistent preferences for novel or familiar test trials within the total group of 

infants: for 25 out of the 50 infants (50%) mean looking times were longer for novel 

than for familiar test trials. First trial type did not contribute significantly to the model, 

but its interaction with Trial type did (F(1,226.506) = 19.365, p < .001). Bonferroni-

adjusted pairwise comparisons indicated that when the first trial was a familiar string, a 

familiarity effect was found (p = .002), and when the first trial was a novel string, a 

novelty effect was found (p = .002); see Figure 3.1, ‘First trial familiar’ and ‘First trial 

novel’.  

Mapping also contributed significantly to the model (F(3,50.938) = 5.082, p = .004). 

Bonferroni-adjusted pairwise comparisons showed that looking times for Mapping 2 

were significantly longer than for both Mapping 3 (p = .020) and Mapping 4 (p = .009). 

                                                 
10 a is the regression coefficient representing the intercept and b is the regression coefficient 

representing the slopes in the model. The subscript i in the equation refers to a particular 

observation of Looking time and the subscript j reflects the variable over which the intercept or 

slope varies (in this case Participant). Ɛ is the error, i.e. the difference in predicted and actual 

Looking time i for Participant j. uj refers to the variability of intercepts. 



62  Chapter 3 

 

No effect of Mapping was observed for the vssl-lsl group alone in Chapter 2. Adding the 

interaction Order*Mapping to the best fitted model did not reach significance, which 

means that the differences between mappings were not significantly different between 

the two orders. The interaction Trial type*Mapping did not reach significance either 

when added to the best fitted model. This means that the effect of Mapping was not 

different between familiar trials (to which the mapping applied) and novel trials. This 

also means that the longer looking times of Mapping 2 cannot be explained by stimuli 

characteristics, such as word-likeness of one or more pairs of syllables during 

familiarization. The sample contained two infants who had looking times that were more 

than two SDs above the mean, and both infants were presented with Mapping 2 (one 

belonging to the vssl-group, the other to the lsl-vssl group). Excluding these infants still 

resulted in a significant effect of Mapping, but now between Mappings 1 and 4. 

Apparently, looking times of individual infants caused the effect of Mapping. In future 

experiments, mapping letters to syllables for each individual infant, as was done by 

Kirkham et al. (2007), probably averages out the potential influence of one particular 

mapping. 

Since the interaction Trial type*First trial type contributed significantly to the best 

fitted model, it is important to establish if the first trial was indeed the longest. An 

additional LMM analysis was run with both Trial number and First trial type and their 

interaction, see Table_a 3.2 in the Appendix. The model that fitted the data best is: 

Looking time = aj + b1Trial numberij + Ɛij
11

 

aj = a + uj 

The only factor that contributed significantly to the model was Trial number. 

Bonferroni-adjusted pairwise comparisons showed that looking times for Trial 1 were 

significantly longer than for any of the other trials (p < .001 for all trials, except for the 

difference between Trial 1 and Trial 3: p = .004). No other significant differences were 

observed between trials.  

                                                 
11 a is the regression coefficient representing the intercept and b is the regression coefficient 

representing the slope in the model. The subscript i in the equation refers to a particular 

observation of Looking time and the subscript j reflects the variable over which the intercept or 

slope varies (in this case Participant). Ɛ is the error, i.e. the difference in predicted and actual 

Looking time i for Participant j. uj refers to the variability of intercepts. 
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A significant difference was not obtained for First trial type, nor for the interaction 

between Trial number and First trial type, which means that there is no evidence that the 

nature of the first trial (novel/familiar) modulated looking times per trial.  

Discussion 

Changing the order of the two experiments did not affect the outcome of the language 

experiment (now conducted first): no difference in looking times between novel and 

familiar test trials was found in the combined results of the vssl-lsl and lsl-vssl groups, 

nor was a significant interaction between Trial type and Order observed. Even now that 

the language experiment was conducted first, no indications of sequential learning were 

found. It is therefore unlikely that a reduced attention span, as suggested in Chapter 2, 

accounts for the absence of a significant effect of Trial type.  

In Chapter 2 and for the present combined results from the vssl-lsl and lsl-vssl 

groups, a significant interaction between Trial type and First trial type was found. In 

Chapter 2, this interaction involved a novelty effect when the first trial was novel. For 

the combined results, the interaction involved both a novelty effect when the first trial 

was novel and a familiarity effect when the first trial was familiar. Apparently, the 

nature of the first trial determined the nature of the observed effect in participants with 

the same order of test trials. The first trial appeared to have the longest looking times, 

irrespective of it being a novel trial or a familiar trial. These relatively long looking 

times might be due to a ‘surprise’ effect, possibly caused by the prior presentation of a 

visual attention getter and by the change in visual stimuli between familiarization (a 

dynamic presentation of changing sets of three colourful pictures) and test (a static bull’s 

eye). It can therefore not be maintained that the significant interaction between Trial 

type and First trial type is an indication of sequential learning, as was suggested in 

Chapter 2.  

To summarize, no indication of sequential learning was found in the language 

experiment, whether it was conducted first or second in a series of two experiments. 

Apparently, the order of experiments did not play a role. Other possible explanations for 

the absence of sequential learning, as discussed in detail in Chapter 2, include: the 

number of stimuli, the discontinuous stimulus presentation, the speed of presentation, 

and the visual stimulus that was used. Whether adaptation of any of these parameters 

will change the pattern of results in the language domain remains to be investigated, but 

is expected based on previous studies (Aslin et al., 1998; Saffran, Aslin, & Newport, 
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1996). In order to test if order had an effect on the outcome of the visuospatial 

experiment, the same infants consecutively participated in that experiment. 

THE VISUOSPATIAL EXPERIMENT 

Method 

The language experiment was followed by the visuospatial experiment with a short 

break (1–5 min) in between. Two infants had to be soothed after the language 

experiment and for these infants, the break lasted 12 and 20 minutes, respectively. They 

subsequently participated in the visuospatial experiment, and their data could be 

included in the analysis. 

Participants 

In the present visuospatial experiment, 28 8-month-old typically developing Dutch-

learning infants, the lsl-vssl group, were included, see Table 3.2 for more details. All 28 

lsl-vssl infants had also participated in the language experiment, but the language results 

of 4 of these infants had to be excluded for various reasons. Five additional lsl-vssl 

infants (15%)
 
were tested in the visuospatial experiment, but their data were excluded 

from analyses, because the infant was too sleepy (1 infant), had too few valid test trials 

(1 infant), was crying (1 infant), or calibration failed or was not recorded (2 infants, see 

below), see Figure 3.2. 

 

 No. infants 
Mean age 

[range] 

Mapping First test trial 

1 2 3 4 novel familiar 

vssl-lsl 

(Chapter 2) 

26 infants 

(17 F, 65%) 

8 months 4 days 

[7m14d–8m27d] 
6 7 5 8 13 13 

lsl-vssl 
(present chapter) 

28 infants 
(11 F, 39%) 

8 months 8 days 
[7m16d–9m0d] 

8 7 8 5 15 13 

Overall 
54 infants 

(28 F, 52%) 
8 months 6 days 
[7m14d–9m0d] 

14 14 13 13 28 26 
 

Table 3.2. Information on the vssl-lsl and the lsl-vssl groups of infants separately, plus 

information on the two groups combined (Overall) for the visuospatial experiment.  
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Figure 3.2. Overview of infants in the lsl-vssl group included in or excluded from the visuospatial 

(vssl) and language (lsl) experiments. 

The drop-out rate based on behaviour during the experiment for this group was 9% 

(3 infants: sleepy, crying, too few valid test trials). This is comparable to the drop-out 

rate of the visuospatial experiment in Chapter 2 (10%).  

Stimuli and procedure 

The stimuli and procedure were exactly as described in Chapter 2. The following 

information only concerns the calibration of infants in the lsl-vssl order. For one infant, 

no video was available and calibration results had not been registered on paper either; 

the data of this infant were excluded. For another six infants, calibration did not result in 

all five calibration points being ‘fair’ or ‘good’ (the original inclusion criterion). Five of 

these infants were nevertheless included: when the recorded movies were examined, the 

infants’ gaze representations (green square/red cross) were stable within the area of 

interest, i.e. the box in which the stimulus appeared. The data of the sixth infant were 

excluded, because no stable gaze representations occurred during the entire experiment. 

For the distribution of mappings and test trial orders (i.e. the test phase either starts with 

a novel or with a familiar test trial) across infants, see Table 3.2. 

Data pre-processing 

Familiarization phase 

On-line sequential learning was measured by means of eye-tracking data. The 

dependent variable was Dwell latency, which is the time between the onset of the target 

stimulus and the start of the dwell in the target stimulus. The reader is referred to 
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Chapter 2 for a detailed description of exclusion and inclusion criteria for the dwell 

latencies. The following only applies to the lsl-vssl group of infants: for 366 transitions 

(9.4% of all transitions, i.e. collected from all lsl-vssl participants) no target dwell was 

detected between the start of the previous stimulus and the end of the first stimulus after 

the target stimulus. For all other transitions, dwell latencies were excluded if tracking 

loss of at least 60 ms occurred (984 dwell latencies, 25.2% of all transitions). This 

percentage is similar to that in Chapter 2 (vssl-lsl, 24.0%). 

Test phase  

The total duration of all intervals that an infant was looking at the screen during a 

test trial composed the looking time of that trial. Looking times to novel and familiar test 

sequences were compared. Exclusion criteria were identical to those described in 

Chapter 2: looking times shorter than the duration of two stimuli (1000 ms + 1000 ms = 

2000 ms) were excluded from the analysis; this concerned 10.1% (17 trials) of all test 

trials. During an additional 6 trials (3.6% of all trials) no looking times were registered 

at all. An infant was included if she/he had valid looking times for at least one trial of 

either test trial type, familiar and novel (2 valid trials: 1 infant, 3 valid trials: 3 infants; 4 

valid trials: 4 infants; 5 valid trials: 7 infants; 6 valid trials: 13 infants). The data of one 

infant were excluded because of too few valid looking times. 

Statistical analysis 

Statistical analysis was conducted on the combined data of the language experiment 

from the vssl-lsl group of 26 infants (Chapter 2) and the language results of the present 

lsl-vssl group of 28 infants. Data were analyzed as described in Chapter 2, using LMM 

in SPSS 22 for Windows (IBM, 2013). As was the case for the results of the language 

experiment, the data did not fully comply with the assumptions of LMM, so outcomes 

have been interpreted with caution. 

Familiarization phase  

Dwell latency is the dependent variable and Participant is the contextual variable. 

The following factors and interactions were investigated in addition to those mentioned 

in Chapter 2: Order (vssl-lsl and lsl-vssl), to see if the order of experiments affected 

Dwell latency. The interactions Order*TP and Order*Block were investigated to see 

whether the effect of respectively TP and Block on Dwell latency depends on Order.  

Finally, for TP, Block, and Distance, random slopes were included in the investigated 

models, because visual inspection of Block × Dwell latency, TP × Dwell latency, and 
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Distance × Dwell latency graphs with separate lines per participant showed that each of 

these factors had different slopes across participants.  

Test phase  

Looking time is the dependent variable and Participant was the contextual variable. 

The following factors and interactions were investigated in addition to those mentioned 

in Chapter 2: Order (vssl-lsl and lsl-vssl), to investigate if the order of experiments 

affected Looking time, and the interaction Order*Trial type, to see whether the effect of 

Trial type on Looking time depends on Order. 

Results 

Familiarization phase 

The goal of this visuospatial experiment was to determine if infants are able to learn the 

statistical structure of the presented sequence regardless of the order of experiments. 

Sequential learning during the familiarization phase would be shown by a difference in 

dwell latencies between TP100 and TP33 transitions. A decrease in latencies can point to 

sequential learning, but can also reflect increased general practice with the experiment. 

Figure 3.3 shows the mean dwell latencies for all transitions per block, but also 

separately for TP100 and TP33 transitions, for either group of infants. 

The number of stimuli watched did not differ between the visuospatial experiments 

in both groups: vssl-lsl: mean number of stimuli seen was 144 (SD = 43, range: 43–180); 

lsl-vssl: mean number of stimuli seen was 140 (SD = 43, range: 51–180); Mann-Whitney 

U-test: p > .05. Therefore, all infants met with the inclusion criterion that a minimum of 

one block (36 stimuli) was perceived. In the vssl-lsl group, 11 out of 26 (42%) watched 

the total number of stimuli versus 10 out of 28 infants (36%) in the lsl-vssl group.  
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dwell lat. Block 1 Block 2 Block 3 Block 4 Block 5 

v-l 

overall 403 (114) 403 (114) 385 (159) 368 (160) 387 (145) 

TP100 405 (110) 387 (130) 388 (177) 378 (130) 385 (130) 

TP33 402 (118) 388 (181) 381 (140) 357 (184) 388 (159) 

l-v 

overall 380 (113) 370 (133) 366 (154) 352 (164) 345 (191) 

TP100 383 (93) 385 (138) 377 (171) 356 (172) 342 (232) 

TP33 376 (131) 355 (126) 356 (135) 347 (156) 349 (133) 
 

Figure 3.3. Top: Mean dwell latencies per block for all transitions (overall), and TP100 and 

TP33 transitions for vssl-lsl (black lines, v-l) and lsl-vssl (grey lines, l-v) infants. Since 

familiarization was terminated when an infant lost interest, the number of infants, and thus 

the number of observations, decreases over blocks. Numbers in bold: vssl-lsl infants; 

numbers in italic: lsl-vssl infants; numbers in roman: totals. Bottom: Mean dwell latencies 

(SD) for each data point in the graph. 
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Dwell latencies of both groups were combined and analyzed using LMM; see 

Table_a 3.3 in Appendix 2 for details on the investigated models. The model with the 

best fit is described as:  

Dwell latency = aj + b1jTPij + b2jBlock + b3jDistanceij + Ɛij
12

 

aj = a + uj 

b1j = b1 + u1j 

b2j = b2 + u2j 

b3j = b3 + u3j 

No effect was found for the factor Order (vssl-lsl and lsl-vssl), or for the interactions 

Order*TP and Order*Block. This means that the order of the experiments had no effect 

on the dwell latencies (overall), nor did it modulate the effects of TP and Block on dwell 

latencies. Therefore, during familiarization, no effect of the order of experiments was 

found. 

A TP × Dwell latency graph with separate lines per participant indicated that TP had 

different slopes across participants. TP was therefore added as random factor, and as 

such contributed significantly to the model. TP did not contribute significantly as a fixed 

factor though. This means that dwell latencies were not different between TP100 and 

TP33 (no effect of TP as fixed factor), but the effect of TP on dwell latency was 

different per participant (the effect of TP as random factor). Block contributed 

significantly to the model both as fixed factor (F(4,153.769) = 4.374, p = .002) and as 

random factor. Bonferroni-adjusted pairwise comparisons indicated a significant 

decrease between Blocks 1 and 4 (p = .002), see Figure 3.3. The interaction between TP 

and Block did not reach significance, showing that Block did not affect the effect of TP 

on dwell latencies. 

Distance contributed significantly to the model both as random and as fixed factor 

(F(4,209.584) = 13.843, p < .001). Bonferroni-adjusted pairwise comparisons showed 

                                                 
12 a is the regression coefficient representing the intercept and b is the regression coefficient 

representing the slopes in the model. The subscript i in the equation refers to a particular 

observation of Dwell latency and the subscript j reflects the variable over which the intercept or 

slope varies (in this case Participant). Ɛ is the error, i.e. the difference in predicted and actual 

Dwell latency i for Participant j. uj refers to the variability of intercepts. uxj refers to the variability 

in slope bxj. 
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that an increasing distance roughly meant increasing dwell latencies. Including this 

factor in the analysis means that the influence of this factor on Dwell latency is 

controlled for. No significant interaction between Distance and TP was found. Finally, 

the factor Mapping did not significantly contribute to the model either. 

Test phase 

If sequential learning occurs and the order of experiments is irrelevant to their outcomes, 

the expectation is that in both groups (vssl-lsl and lsl-vssl) looking times between novel 

and familiar test trials are different. However, no difference in looking times was 

observed; see Figure 3.4, the bar chart entitled ‘Overall’. This result contrasts with the 

findings in Chapter 2, in which the visuospatial experiment was conducted first and for 

which a novelty effect was observed during test, see Figure 3.4, ‘vssl-lsl’. 

 

 

Figure 3.4. Mean looking times for familiar and novel test trials in the visuospatial 

experiment of both vssl-lsl and lsl-vssl groups combined (Overall) and separately. The 

interaction Order*Trial type did not reach significance; bar charts for vssl-lsl and lsl-vssl 

groups are given for illustrative purposes only. Error bars represent ± 1 standard deviation. 

The asterisk indicates a significant difference between novel and familiar test trials. 
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Looking times were analyzed using LMM; see Table_a 3.4 in the Appendix for 

details on the investigated models. The model that fitted the data best only had Mapping 

as fixed factor (F(3,56.318) = 2.997, p = .038). The model is described as: 

Looking time = aj + b1Mappingij + Ɛij
13

 

aj = a + uj 

Order did not contribute significantly to the model, indicating that, as was found for 

the familiarization phase, the order of experiments did not affect looking times. The 

interaction Order*Trial type did not contribute significantly to the model either, even 

though a significant novelty effect was found in vssl-lsl when analyzed separately. 

Apparently, the difference between novel and familiar trials was not significantly 

different between the two orders. Trial type did not show an effect, meaning that there is 

no evidence of a difference in looking times between novel and familiar trials. First trial 

type and its interaction with Trial type did not contribute significantly either, indicating 

that First trial type was neither affecting Looking Time directly, nor the effect of Trial 

type on Looking Time.  

Although Mapping significantly contributed to the model (F(3,56.318) = 2.997, 

p = .038), Bonferroni-adjusted pairwise comparisons showed no significant differences 

between mappings: no mapping had an effect on Looking Time that was entirely 

different from any of the other three mappings. The effect of Mapping was not found 

when the visuospatial experiment was conducted first and was analyzed separately in 

Chapter 2.  

Correlation between familiarization and test measures 

As argued in Chapter 2, if sequential learning occurs during familiarization, its effect is 

expected to be observed in the test phase: familiarization and test measures for 

sequential learning were expected to correlate. A correlational analysis was conducted 

for the difference in dwell latencies between TP100 and TP33 and the difference in 

looking times between novel and familiar test trials for all infants of both orders 

combined and separately. Since the latter measure was not normally distributed, a non-

                                                 
13 a is the regression coefficient representing the intercept and b is the regression coefficient 

representing the slope in the model. The subscript i in the equation refers to a particular 

observation of Looking time and the subscript j reflects the variable over which the intercept or 

slope varies (in this case Participant). Ɛ is the error, i.e. the difference in predicted and actual 

Looking time i for Participant j. uj refers to the variability of intercepts. 
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parametric test, Spearman’s rho, was conducted in all instances. Correlations were weak 

and not significant (both orders: Spearman’s rho correlation coefficient = .090, p = .516; 

lsl-vssl: Spearman’s rho correlation coefficient = .227, p = .245; vssl-lsl: Spearman’s rho 

correlation coefficient = .140, p = .497). 

Discussion 

The goal of the present experiment was to investigate if 8-month-old infants can learn 

the statistical structure of a visuospatial sequence, also if the experiment is conducted as 

the second in a series of two experiments. If order plays a role, the visuospatial 

experiment would lead to null results, just like the language experiment in Chapter 2. If 

order does not play a role, a replication of the visuospatial experiment results found in 

Chapter 2 was expected: decreasing dwell latencies over time during familiarization, and 

a novelty effect during test.  

An effect of order was, however, not found during familiarization or during test. 

During familiarization, a decrease in dwell latencies was observed in both orders, and no 

difference between TP100 and TP33 was found in either order. As discussed in the 

previous chapter, the absence of a TP effect might be explained by the limitations on the 

variation of the between-pair TPs in the sequence, causing the distinction between 

between-pair TPs and within-pair TPs to be too small to be detectable, at least for 8-

month-old infants. The decrease in dwell latencies might be an indication of sequential 

learning, but may also reflect general learning: merely participating in the experiment 

may have induced the infants to look faster to the stimuli over time. Any conclusions 

about sequential learning on the basis of these results should therefore be drawn with 

care.  

Similar to the familiarization phase, the order of experiments did not affect the 

results from the test phase. With the two experiments combined, no difference between 

novel and familiar trials was found, meaning that overall, no indication of sequential 

learning was observed. Since no significant interaction between Trial type and Order 

was present, it cannot be concluded that the novelty effect that was observed in the vssl-

lsl group was cancelled out by a familiarity effect in the lsl-vssl group. Moreover, the 

results indicate that there was no significant difference between the results of the 

experiment being conducted first as compared to it being conducted second, casting 

doubt on the finding of sequential learning in the previous chapter, the novelty effect in 

the test phase. As was the case for vssl-lsl alone, no significant correlation was observed 
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between the sequential-learning measures during familiarization and test. This may have 

to do with the null results, but no clear explanation can be provided. 

It can be concluded that the order of experiments did not play a role in the 

visuospatial experiment, and that 8-month-old infants do not show clear indications of 

sequential learning in the present visuospatial experiment. In a future study, it would be 

interesting to repeat both the present visuospatial experiment and Experiment 4 of 

Kirkham et al. (2007), with slight adaptations to both experiments to make them more 

comparable. The goal would be to see if the results of either experiment are replicated 

and to compare the current sequence with the sequence by Kirkham and colleagues. A 

future version of the present experiment would need to randomize pairs per infant, and 

not limit the allocation of letters-to-boxes to only four mappings. For a future version of 

the experiment by Kirkham et al., the dependent variable should be dwell latencies, not 

fixation latencies for reasons explained in Chapter 2, Box 2 (p. 30). The only distinction 

between the two future experiments then is the sequence used. In the experiment based 

on Kirkham et al., the between-pair TP has a probability (with replacement) of .33, 

whereas in the experiment that is to be based on the present experiment, the between TP 

converges to an actual value of .33 after 36 stimuli (probability without replacement). If 

both future experiments would confirm the results of Experiment 4 in the Kirkham et al. 

study and the familiarization phase of the present experiment, then the present sequence 

apparently is such that TP100 cannot be distinguished from TP33. 

In both future experiments, a test phase could be added in which the novel test trials 

would contain the same colour-shape pairs as during familiarization, but appearing in a 

disrupted sequence of locations. The recommended key alteration in comparison with 

the present experiment and Experiment 2 of Kirkham et al. (2007) would be that one 

shape not appears in various locations, but is allocated to just one novel location. This 

would rule out one of the alternative explanations for the novelty effect as given in 

Chapter 2: with more locations for one shape in the novel test trials as compared to just 

one location for a particular shape in the familiar test trials, the less orderly novel trials 

could be more attractive to 8-month-old infants just for this reason, not because the 

statistical structure of the sequence has been disrupted. 

In brief, no effect of order was observed in the visuospatial experiment. Both groups, 

vssl-lsl and lsl-vssl, showed decreasing dwell latencies over time, possibly pointing to 

sequential learning, but general learning of the experiment cannot be excluded. For 

neither group, a difference in dwell latencies between TP values was seen, which might 

be due to a less pronounced difference between within- and between-pair TPs. Finally, 
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no difference in looking times was observed between novel and familiar trials. In 

conclusion, no clear indications of sequential learning were observed for 8-month-old 

infants in the visuospatial experiment. 

CORRELATIONS BETWEEN THE VISUOSPATIAL AND LANGUAGE 

DOMAINS 

In order to investigate the research question whether sequential learning is a domain-

general learning mechanism, correlations between results of sequential learning of the 

visuospatial and the language experiments in the combined vssl-lsl and lsl-vssl groups of 

infants were examined. Even though no significant differences were found between 

novel and familiar test trials either in the language or the visuospatial domain, it is still 

possible that some of the infants showed learning while others did not. Significant 

correlations between the results of the two domains would be an indication of domain 

generality. 

In total, 48 infants were included in both experiments (24 lsl-vssl and 24 vssl-lss 

infants; 26 female, 54%; mean age 8 months 5 days, range: 7m14d–9m0d), see Figure 

2.9 on p. 43 and Figure 3.2 on p. 65. The same measures as in Chapter 2 were used to 

investigate if significant correlations between the two experiments exist: (i) difference 

scores (the mean looking time to familiar trials was subtracted from the mean looking 

time to novel trials per infant), (ii) absolute difference scores, (iii) the ratio between the 

difference score and the sum of the mean looking times to novel and familiar trials, and 

(iv) the absolute ratio. 

Non-parametric bivariate correlations (Spearman’s rho) were conducted for 

difference scores and absolute difference scores, since both data for the visuospatial 

experiment and the absolute difference scores for the language experiment were not 

normally distributed (Shapiro-Wilk, p < .05). A parametric bivariate correlation 

(Pearson) was conducted for the ratios, since these were normally distributed. All of the 

correlations were weak and none of them was significant, see Table 3.3. 
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Dependent 
variable 

vssl (mean ± SD) 
[range] 

lsl (mean ± SD) 
[range] 

Spearman’s rho 
correlation 

coefficient 

[95% BCa CI] 

Pearson 
correlation 

coefficient 

[95% BCa CI] 

p-
value 

All infants included in both experiments (n = 48) 

Diffscore 1896 ± 5389 ms 
[−6657 – 17480 ms] 

204 ± 6099 ms 
[−13673 – 13913 ms] 

.055 
[−.262, .367] 

n.a. .712 

Absolute 
diffscore 

3,969 ± 4,077 ms 
[40 – 17480 ms] 

4,794 ± 3,711 ms 
[133 – 13913 ms] 

.056 
[−.221, .335] 

n.a. .704 

Ratio  0.08 ± 0.25 

[−0.35 – 0.65] 

0.03 ± 0.33 

[−0.63 – 0.67] 

n.a. .121 

[−.145, .352] 

.414 

Absolute 
ratio 

 0.21 ± 0.16 
[0 – 0.65] 

0.27 ± 0.18 
[0 – 0.67] 

n.a. .038 
[−.257, .337] 

.799 

All infants included and with the same order of test trials in both experiments (n = 43) 

Diffscore  1,961 ± 5,593 ms 

[−6657 – 17480 ms] 

−135 ± 6,184 ms 

[−13673 – 13913 ms] 

.012 

[−.284, .333] 

n.a. .937 

Absolute 

diffscore 

4,171 ± 4,173 ms 

[40 – 17480 ms] 

4,772 ± 3,867 ms 

[133 – 13913 ms] 

.031 

[−.316, .359] 

n.a. .841 

Ratio 0.09 ± 0.26  
[−0.35 – 0.65] 

0.01 ± 0.31  
[−0.63 – 0.61] 

n.a. .120 
[−.182, .397] 

.443 

Absolute 

ratio 

0.22 ± 0.17 

[0 – 0.65] 

 0.25 ± 0.18 

[0 – 0.63] 

.094 

[−.255, .440] 

n.a. .550 

 

Table 3.3. Correlation results for all infants that participated in both experiments, and for those infants 

that had the same trial type as first test trial, i.e. the same order of test trials, in both experiments. vssl 

= visuospatial sequential learning; lsl = language sequential learning; BCa CI = bias corrected 

accelerated confidence interval. 

Since the interaction between the first trial type and the overall trial type in the 

language experiment significantly contributed to the model of the language test results, 

the first trial type might also have affected the correlation results. If the first trial was 

novel, a significant novelty effect was obtained, meaning that the difference score 

between novel and familiar was relatively high and positive. This is opposite to the cases 

in which the first trial was familiar and a familiarity effect was observed, meaning that 

the difference score was also relatively high, but negative (diffscore = novel − fam). 
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Therefore, a correlational analysis was conducted with only those infants that had the 

same type of the first trial in both experiments (both novel first or both familiar first). 

This concerned 43 out of the 49 infants (21 familiar first, 22 novel first; 22 female 

(51%); mean age 8 months 7 days, range: 7m14d–9m0d). Again, correlations were weak 

and not significant, see Table 3.3.  

The pattern of findings is similar to that of the vssl-lsl group alone (Chapter 2). None 

of the measures showed a significant correlation between the visuospatial and language 

experiments, and therefore, it is not possible to draw any firm conclusions about the 

domain generality of the sequential-learning mechanism. 

GENERAL DISCUSSION 

The present study was conducted to investigate whether the order of experiments is of 

importance to sequential learning in either the visuospatial experiment and/or the 

language experiment. In Chapter 2, no compelling indication of sequential learning was 

found for the language experiment when conducted second. Despite the fact that the 

language experiment was now conducted first, again no indication of sequential learning 

was found. It may be concluded that the order of experiments was not a decisive factor 

for the outcome of the language experiments.  

From previous studies, in particular the seminal study by Saffran, Aslin, and 

Newport (1996), it is known that 8-month-old infants are capable of using transitional 

probabilities to segment ‘words’ from a continuous sequence of syllables. Apparently, 

something in the design of the present language experiment makes it impossible for the 

infants to detect the statistical structure of the sequence. Several explanations are 

possible for the absence of an effect, and recommendations for improvement of the 

experimental design have been made, see Discussion of the language experiment in 

Chapter 2 (p. 48). Future studies with an adapted design may succeed in showing 

sequential learning for 8-month-old Dutch-learning infants in the language domain. 

For the visuospatial experiment, sequential learning was not attested consistently. In 

Chapter 2, decreasing dwell latencies were found during familiarization, and a novelty 

effect was found during the test phase. In the present study, results of the combined 

visuospatial data showed decreasing dwell latencies over blocks, which may be due to 

sequential learning, but which may also (partly) be caused by a general learning effect. 

This decrease is therefore insufficient to draw any firm conclusions about sequential 
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learning. Further, no difference in looking times was observed between novel and 

familiar trials during the test phase, and no effect of order was observed either. The 

novelty effect found in Chapter 2 therefore becomes debatable. If the decrease in dwell 

latencies did reflect sequential learning, its effect was not strong enough to yield 

different looking times between novel and familiar test trials. It is possible that the 

difference between between-pair TPs and within-pair TPs was not distinctive enough to 

induce more robust sequential learning in the visuospatial experiment. 

As was the case for the vssl-lsl infants, no correlations were found between the test 

results of the visuospatial and language experiments. In light of the framework as 

proposed by Frost, Armstrong, Siegelman, and Christiansen (2015), this is not an 

unexpected result. However, as argued in the previous chapter, the lack of (strong) 

indications of sequential learning in either experiment suggests that no sequential 

learning occurred in either domain. If no sequential learning occurred, then correlations 

between the experimental results are highly unlikely. In short, no conclusions about 

domain generality of sequential learning can be drawn from the present experiments. 

More robust results to investigate sequential learning and its hypothesized domain 

generality might be obtained with a different experimental design, for instance when 

both domains are tested in a single experiment. The advantage would be that identical 

measures are obtained for both domains at almost the same point in time. At least for 

adults, it has been shown to be possible to measure sequential learning in two domains 

within one serial reaction time experiment (Gabay et al., 2012). As described in Chapter 

1, Introduction (p. 13), both the motor and the language domain were investigated. A 

letter name was presented auditorily and participants had to press the key that was 

associated with the position of the matching letter character (one of four positions on the 

screen), which changed in every trial. In part of the sequence, the hidden pattern was in 

the auditory letter names (language domain), in part of the sequence the pattern was in 

the key presses (motor domain). Transposed to an infant experiment, it might be possible 

to expose young participants to words of which pictures are shown on the screen. 

Bergelson and Swingley (2012) showed that 6–9-month-old infants already know the 

meaning of concrete words in a particular situation, so it might be possible that 8-month-

old infants will look to pictures of specific objects on a screen when they hear the 

accompanying word. During presentation, their eye movements are measured, presenting 

patterns first in one domain (e.g. language) and then the other (e.g. visuospatial). This 

experiment does not contain a test phase, so even though exposure might take longer 

because of the two domains, the total duration will probably be shorter than two separate 

experiments containing both a learning and a test phase. 
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Sequential learning is a capacity of 8-month-old infants that is present in various 

domains, but the design of infant experiments has to be such that this ability can actually 

be demonstrated. Not much is yet known about the specific features of a successful 

experimental design, and many choices can be made which may eventually turn out to 

preclude a manifestation of sequential learning. Especially the visuospatial experiments 

described in the present and previous chapters show that obtaining similar results in 

different labs with slightly different experimental designs (cf. Kirkham et al., 2007) is 

not easily accomplished. In general, in infant research, replicating findings, which is the 

backbone of scientific research, is not to be taken light-heartedly. As Houston-Price and 

Nakai (2004) already stated (p. 342): “Studying infant perception and cognition is 

notoriously difficult.”  
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Sequential learning in 8-month-old typically developing 

infants and infants at familial risk of dyslexia 

INTRODUCTION 

Developmental dyslexia (henceforth ‘dyslexia’) is characterized by problems in learning 

to read and spell (SDN, de Jong et al., 2016). The earliest moment dyslexia can be 

diagnosed is therefore in primary school after literacy instruction has commenced. 

Children with one or two parents who have dyslexia are at increased risk of dyslexia: 

approximately 45% of family-risk (FR) children develop literacy difficulties (Snowling 

& Melby-Lervåg, 2016). Because this familial risk is known prior to literacy instruction, 

the development and abilities of these children can be assessed preceding diagnosis, 

which enables establishing if particular cognitive skills are precursors to difficulty in 

acquiring literacy skills. In developmental disorders like dyslexia, it is essential to 

include infants (and children) at a familial risk of the disorder in experimental studies in 

order to learn how a disorder manifests itself at an early age and develops over time 

(Karmiloff-Smith, 1998). Therefore, FR infants were tested in the same experiments as 

described in Chapter 2. It should be noted though that the heterogeneity of the FR group 

(not all of them will go on to develop literacy difficulties) requires caution when 

extrapolating findings to dyslexia. In this chapter, results of the FR infants will be 

described and their outcomes will be compared with those of typically developing (TD) 

infants.  

One of the two main research questions of this thesis is whether sequential learning 

is affected in people with (a familial risk of) dyslexia. Sequential learning is a specific 

type of implicit statistical learning. Wijnen (2013) argued that statistical learning is 

subserved by a general system, which finds its neurological basis in the procedural-
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learning circuitry (Nicolson & Fawcett, 2007; Ullman, 2004). This entails that statistical 

learning can be regarded as a form of procedural learning. According to the procedural 

deficit theory of dyslexia (Nicolson & Fawcett, 2007; Nicolson & Fawcett, 2011), the 

deficit finds it origin in the procedural memory system of the brain. The procedural 

memory system underlies the learning of rule-based procedures, i.e. the learning and 

execution of motor and cognitive skills, especially those involving sequences (Ullman, 

2004). Thus, a procedural-learning deficit could account for both the literacy difficulties 

(Nicolson & Fawcett, 2005) and the broader difficulties reported to co-occur with 

dyslexia (Nicolson & Fawcett, 2011). 

Thus far, only one study has investigated statistical learning of novel patterns in FR 

infants. Kerkhoff et al. (2013) tested both TD and FR infants at the age of 18 months in a 

linguistic non-adjacent dependency learning (NADL) task based on Gómez (2002). 

Infants were exposed to ‘sentences’ with an A-x-B structure in either of two artificial 

mini-languages. The x varied, while the non-adjacent dependency between A and B was 

consistent. After familiarization, looking times were measured during presentation of 

familiar strings and of novel strings built from the same words but belonging to the other 

(non-familiar) language. TD infants showed longer looking times to the novel strings, 

whereas FR infants did not show such a difference. Kerkhoff and colleagues conclude 

that these results are compatible with the hypothesis of an impaired procedural or 

implicit sequential-learning mechanism. 

In the present study, 8-month-old FR infants were first tested in a visuospatial 

sequential-learning experiment (vssl) and then in a language sequential-learning (lsl) 

experiment in a within-subjects design. The experiments and their order were identical 

to the experiments conducted with a group of TD infants, described in Chapter 2. For 

each experiment, the results of the FR group of infants will be compared to those of the 

TD group of infants. Correlational analyses between the results of the visuospatial and 

the language domains are conducted to find an answer to the first research question: is 

sequential learning a domain-general mechanism? Significant correlations would be an 

indication of domain generality. The second research question, whether sequential 

learning is affected in people (at risk of) dyslexia, would be affirmatively answered if 

performance of FR infants is found to be poorer than that of TD infants in both domains. 

For the familiarization phase of the visuospatial experiment, a distinction should be 

made between general learning of the experiment and sequential learning, which can 

both be viewed as types of procedural learning. A smaller decrease in dwell latencies 

over time in FR infants would not necessarily point to a sequential-learning deficit, but 

might also be due to a more general procedural-learning deficit. A specific sequential-
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learning deficit would be indicated by a poorer ability to distinguish TPs during 

familiarization in the visuospatial experiment and a lower distinction between novel and 

familiar trials during the test phase of both the visuospatial and the language 

experiments. 

THE VISUOSPATIAL EXPERIMENT 

Method 

Participants 

In the present visuospatial experiment, 17 8-month-old Dutch-learning FR infants were 

included, see Table 4.1. Recruitment and inclusion criteria of the infants were the same 

as described in Chapter 2, except that FR infants were selected based on the fact that one 

of the parents had dyslexia. All parents who upon registration reported to have 

developmental dyslexia were asked if they had been officially diagnosed in the past. If 

not, they participated in two standardized timed word reading tests, the Een-Minuut-Test 

(EMT, Brus & Voeten, 1973), tapping real word reading, and De Klepel (van Bos, Lutje 

Spelberg, Scheepstra, & de Vries, 1994), tapping pseudoword reading, and a verbal 

competence test (Analogies), taken from the Dutch version of the Wechsler Adult 

Intelligence Scale (WAIS, Uterwijk, 2000). In order for the infant to be included in the 

FR group, the parent’s scores on these tests should reach the criteria for dyslexia as 

formulated by Kuijpers et al. (2003): performance on either the EMT or the Klepel had 

to be below or equal to the 10th percentile, or both scores had to be below or equal to the 

25th percentile. Alternatively, there had to be a discrepancy of at least 60 percentile 

points between performance on either the EMT or the Klepel, and the verbal competence 

test. The results of two parents who reported to be dyslexic and had not been diagnosed 

did not comply with these criteria; another parent declined to participate. The data of the 

children of these three parents were excluded from analyses. All other dyslexic parents 

without an official diagnosis complied with the criteria by Kuijpers et al. (2003) and 

their infants were included in the study. 

Four additional FR infants were tested, but their data were excluded from analyses 

because of too few valid test trials (1 infant), crying (1 infant), parental interference (1 

infant), or because their calibration was unsuccessful (1 infant, see Stimuli and 

procedure below). The drop-out rate based on behaviour for this group was 10% (2 
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infants, crying and too few valid test trials). This drop-out rate is comparable to the TD 

groups in the visuospatial experiments of Chapters 2 (vssl-lsl: 10%) and 3 (lsl-vssl: 9%). 

In the statistical analysis (see below) the results of both the present group of infants (FR) 

and the infants described in Chapter 2 (TD) were included. 

Stimuli and procedure  

The stimuli and procedure were the same as in the visuospatial experiment described in 

Chapter 2. For two of the FR infants calibration did not result in all five calibration 

points being ‘fair’ or ‘good’ (the original inclusion criterion). These infants were 

nevertheless included because examination of the recorded movies showed that the 

infants’ gaze representations (green square/red cross) were stable within the area of 

interest, i.e. the box in which the stimulus appeared. For another infant, calibration 

results had not been registered, and gaze representations were unstable. The results of 

this infant were considered unreliable and were therefore discarded. For the distribution 

of mappings and test trial orders (i.e. the test phase either starts with a novel or with a 

familiar test trial) across infants, see Table 4.1. 

 

 No. infants 
Mean age 

[range] 

Mapping First test trial 

1 2 3 4 novel familiar 

TD 

(Chapter 2) 

26 infants 

(17 F, 65%) 

8 months 4 days 

[7m14d–8m27d] 
6 7 5 8 13 13 

FR 

(present chapter) 

17 infants 

(9 F, 53%) 

8 months 10 days 

[7m20d–9m8d] 
4 5 4 4 9 8 

Overall 
43 infants 

(26 F, 60%) 

8 months 7 days 

[7m14d–9m8d] 
10 12 9 12 22 21 

 

Table 4.1. Information on the TD group and the FR group of infants, plus information on 

the two groups combined (Overall) for the visuospatial experiment.  

Data pre-processing  

Familiarization phase  

On-line sequential learning was measured by means of eye-tracking data. The 

dependent variable was Dwell latency, the time between the onset of the stimulus and 

the start of the dwell in the target stimulus. The reader is referred to Chapter 2 for a 

detailed description of the exclusion and inclusion criteria for dwell latencies. The 

following applies only to the FR infants: for 155 transitions (8.2% of all transitions, i.e. 
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collected from all FR infants whose data were included), no target dwell was detected 

between the start of the previous stimulus and the end of the first stimulus after the target 

stimulus. For all other transitions, dwell latencies were excluded if tracking loss of at 

least 60 ms occurred (486 dwell latencies, 25.4% of all transitions). This percentage is 

comparable to those of the TD infants in Chapters 2 (24.0%) and 3 (25.2%).  

Test phase 

The total duration of all intervals that an infant was looking at the screen during a 

test trial composed the looking time of that trial. Looking times to novel and familiar test 

sequences were compared. Exclusion criteria were identical to those described in 

Chapter 2: looking times shorter than the duration of two stimuli (1000 ms + 1000 ms = 

2000 ms) were excluded from the analysis; this concerned 10.2% (11 trials) of all test 

trials of the FR infants. During 2 trials, no looking times were registered at all (1.9% of 

all trials). Data were only included if an infant had valid total looking times for at least 

one trial of both the familiar and the novel type (2 valid trials: 0 infants; 3 valid trials: 1 

infant; 4 valid trials: 3 infants; 5 valid trials: 3 infants; 6 valid trials: 10 infants). The 

data of one infant were excluded because no valid looking times were obtained for any 

of the familiar test trials. 

Statistical analysis  

Statistical analysis was conducted on the combined data of the group of 26 TD infants 

described in Chapter 2 and the present group of 17 FR infants. Data were analyzed as 

described in Chapter 2, using linear mixed-modelling (LMM) in SPSS 22 for Windows 

(IBM, 2013). As was the case for the results in the previous chapters, the data did not 

fully comply with the assumptions of LMM, so outcomes have been interpreted with 

caution. 

Familiarization phase  

Dwell latency is the dependent variable and Participant is the contextual variable. 

The following factors and interactions were investigated in addition to those mentioned 

in Chapter 2: Group (TD and FR) was included in the models as fixed factor, to see if 

the presence or absence of a familial risk of dyslexia affected Dwell latency. The 

interaction Group*TP was included to see if groups differed in their Dwell latency 

values for TP100 and TP33 transitions. The interaction between Group and Block was 

included to see if groups differed in their dwell latencies over blocks.  

Finally, for TP, Block, and Distance, random slopes were included in the investigated 

models, because visual inspection of Block × Dwell latency, TP × Dwell latency, and 
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Distance × Dwell latency graphs with separate lines per participant showed that each of 

these factors had different slopes across participants.  

Test phase  

Looking time is the dependent variable and Participant was included as the 

contextual variable. The following factors and interactions were investigated in addition 

to those mentioned in Chapter 2: Group (TD and FR), to see if the presence or absence 

of a familial risk of dyslexia affected Looking time, and the interaction Group*Trial 

type, to investigate whether the effect of Trial type on Looking time depends on Group.  

Results 

Familiarization phase 

The purpose of the present visuospatial experiment was to investigate whether FR 

infants show impaired sequential learning in this domain as compared to TD infants. 

Sequential learning during the familiarization phase would be attested by a difference in 

dwell latencies between TP100 and TP33 transitions (Kirkham et al., 2007). Further, 

decreasing dwell latencies over time could be indicative of sequential learning, but could 

also reflect general practice with the experiment. Impaired sequential learning would be 

attested when FR infants are not able to distinguish between TP100 and TP33 

transitions.
14

 A general procedural-learning deficit, and possibly a sequential-learning 

deficit, would be indicated if FR infants showed a smaller decrease in dwell latencies 

over time than the TD group. Figure 4.1 shows the mean dwell latencies for both groups 

of infants, for all transitions per block, and also separately for TP100 and TP33 

transitions. 

The number of stimuli seen during the visuospatial experiments showed a significant 

difference between the two groups: for the TD infants, the mean number of stimuli seen 

was 144 (SD = 47, range: 43–180); for the FR infants, the mean number of stimuli seen 

was 113 (SD = 48, range: 49–180); Mann-Whitney U-test: p = .045. Nevertheless, all 

infants met with the inclusion criterion that a minimum of one block (36 stimuli) was 

perceived. In the TD group, 11 out of 26 (42%) watched the total number of stimuli 

versus 4 out of 17 infants (24%) in the FR group.  

                                                 
14 In Chapter 2 and 3, it was shown that TD infants did not distinguish between TPs, but those 

results were not available yet at the start of the present experiment. 
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dwell lat. Block 1 Block 2 Block 3 Block 4 Block 5 

D overall 403 (114) 403 (114) 385 (159) 368 (160) 387 (145) 

 
TP100 405 (110) 387 (130) 388 (177) 378 (130) 385 (130) 

 
TP33 402 (118) 388 (181) 381 (140) 357 (184) 388 (159) 

FR overall 407 (154) 398 (146) 394 (178) 401 (225) 373 (149) 

 
TP100 427 (147) 414 (159) 425 (175) 391 (267) 375 (194) 

 
TP33 387 (158) 384 (132) 367 (177) 409 (181) 370 (97) 

 

Figure 4.1. Top: Mean dwell latencies per block based on observed values for all transitions 

(overall), and TP100 and TP33 transitions separately, for both TD and FR infants. Since the 

familiarization phase was stopped whenever the infant became disinterested, the number of 

observations decreases per block, due to the lower number of infants. TD: numbers in bold; 

FR: in italic; totals: in roman. Note that the TD infants are the  same as the vssl-lsl infants in 

Chapters 2 and 3. Bottom: Mean dwell latencies (SD) for each data point in the graph. 
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Dwell latencies were analyzed using LMM, see Table_a 4.1 in the Appendix for 

details on the investigated models. The model with the best fit is described as: 

Dwell latency = aj + b1TPij + b2Blockij + b3Groupij + b4(Group*TP)ij +  

     b5jDistanceij +Ɛij
15

 

aj = a + uj 

b5j = b5 + u5j 

Group did not show a significant effect, but its interaction with TP did 

(F(1,1407.394) = 6.256, p = .012). Bonferroni-adjusted pairwise comparisons for TP 

showed no significant difference for dwell latencies between TP100 and TP33 in the TD 

group, but a difference was present in the FR group of infants. In the FR group, TP100 

dwell latencies were significantly longer than TP33 dwell latencies (p = .003), which is 

contrary to what was expected: because of its higher predictability, TP100 was expected 

to show shorter dwell latencies. TP by itself also contributed significantly to the model 

(F(1,3757.941) = 5.608, p = .018) with longer dwell latencies for TP100 than for TP33 

transitions. This effect was not found when the results of the TD infants were analyzed 

separately in Chapter 2, but numerically, longer dwell latencies were also found for 

TP100 than for TP33. Bonferroni-adjusted pairwise comparisons for Group did not show 

differences between groups for either the TP100 or the TP33 transitions. 

The interaction between Group and Block was not significant, meaning that the 

prediction that FR infants would show a smaller decrease in dwell latencies over blocks 

than the TD infants was not confirmed. Block by itself showed a significant effect 

(F(4,3692.086) = 5.506, p < .001). Bonferroni-adjusted pairwise comparisons showed 

that dwell latencies in Block 1 were significantly longer than in both Block 4 (p < .001) 

and Block 5 (p = .047).  

Distance also contributed significantly to the model both as random factor and as 

fixed factor (F(4,163.879) = 11.667, p < .001). Bonferroni-adjusted pairwise 

comparisons indicated that dwell latencies were either significantly shorter for shorter 

                                                 
15 a is the regression coefficient representing the intercept and b is the regression coefficient 

representing the slopes in the model. The subscript i in the equation refers to a particular 

observation of Dwell latency and the subscript j reflects the variable over which the intercept or 

slope varies (in this case Participant). Ɛ is the error, i.e. the difference in predicted and actual 

Dwell latency i for Participant j. uj refers to the variability of intercepts. u5j refers to the variability 

in slope b5j. 
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distances than for longer distances, or the difference in dwell latencies was not 

significant. Inclusion of Distance in the analysis means that the influence of this factor 

on Dwell latency is taken care of. 

The interaction between TP and Block was not significant, meaning that the effect of 

TP on Dwell latency was not affected by Block. Further, the interaction between TP and 

Distance was not significant, which indicates that the effect of TP on Dwell latency was 

not affected by Distance. Finally, Mapping did not contribute significantly to the model. 

Test phase 

If sequential learning had occurred during the familiarization phase of the visuospatial 

experiment, the TD group of infants was expected to show different looking times to 

novel and familiar test trials. If sequential learning is affected in FR infants, no 

difference in looking times is expected for this group. However, contrary to this 

prediction, an overall difference between novel and familiar trials was observed; see 

Figure 4.2, the bar chart entitled ‘Overall’.  

 

 

Figure 4.2. Mean looking times for familiar and novel test trials in the visuospatial 

experiment of both TD and FR groups separately and combined (Overall). The interaction 

Group*Trial type did not reach significance; bar charts for TD and FR groups are given for 

illustrative purposes only. Error bars represent ± 1 standard deviation. Asterisks indicate a 

significant difference in looking times between novel and familiar test trials.  
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Looking times were investigated using LMM, see Table_a 4.2 in the Appendix for 

details on the investigated models. The model with the best fit is described as: 

Looking time = aj + b1Trial typeij + Ɛij
16

 

aj = a + uj 

No significant contribution was found for Group, nor for the interaction Group*Trial 

type. This means that overall looking times and looking times for novel and familiar trial 

types were not different between TD and FR infants. The novelty effect that was found 

when the TD group was analyzed separately (Chapter 2) remained after adding the 

results of the FR infants: the effect of Trial type indicates that looking times were overall 

significantly longer for novel trials than for familiar trials (F(1,182.047) = 5.282, 

p = .023), see Figure 4.2. Numerically, 31 of 43 infants (72%) looked longer to novel 

than to familiar test trials (21 out of 26 TD infants (81%) and 10 out of 17 FR infants 

(59%)). The novelty effect points to sequential learning in both groups of infants.  

The factor First trial type did not show a significant effect. This means that the type 

of the first trial, whether it was novel or familiar, did not affect looking times. The 

interaction between First trial type and Trial type was not significant either, which 

indicates that the difference between looking times of novel and familiar test trials was 

not affected by the type of the first trial. Finally, Mapping did not contribute 

significantly to the model, meaning that Mapping did not affect looking times in a 

particular way.  

Correlation between familiarization and test measures 

As argued in Chapter 2, if infants learn about the statistical structure of the sequence 

during familiarization, then they are also expected to show sequential learning during 

test: familiarization and test measures for sequential learning were expected to correlate. 

A correlational analysis was conducted for the difference in dwell latencies between 

TP100 and TP33 and the difference in looking times between novel and familiar trials 

for the infants of both groups combined and for each group separately. Since the latter 

measure was not normally distributed in the two groups combined and the TD group, a 

                                                 
16 a is the regression coefficient representing the intercept and b is the regression coefficient 

representing the slope in the model. The subscript i in the equation refers to a particular 

observation of Looking time and the subscript j reflects the variable over which the intercept or 

slope varies (in this case Participant). Ɛ is the error, i.e. the difference in predicted and actual 

Looking time i for Participant j. uj refers to the variability of intercepts. 
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non-parametric test, Spearman’s rho, was conducted in these instances. For the FR 

group, a Pearson correlation was conducted. Only weak and non-significant correlations 

were observed (both groups: Spearman’s rho correlation coefficient = .114, p = .468; 

FR: Pearson correlation coefficient = .349, p = .170; TD: Spearman’s rho correlation 

coefficient = .140, p = .497). 

Discussion 

A group of FR infants was tested, and their results were analyzed in combination with 

the results of the group of TD infants described in Chapter 2, in order to investigate the 

question whether sequential learning is affected in people with (a familial risk of) 

dyslexia. Sequential learning in the visuospatial experiment was expected to be reflected 

by shorter dwell latencies for TP100 than for TP33 transitions and possibly by 

decreasing dwell latencies over blocks (this might, however, also be caused by general 

learning of the experiment) during the familiarization phase, and during test by a 

difference in looking times between the novel and familiar trials. If sequential learning is 

affected in FR infants, the sequential-learning effects were expected not to be observed 

in this group of infants. It should be noted that the experiment with FR infants had 

already started before the results of all TD infants had been analyzed, so it was unknown 

that TD infants did not distinguish between TP values during familiarization. 

Contrary to expectations, the results yielded indications of sequential learning in both 

groups of infants. Even though FR infants watched significantly fewer stimuli than TD 

infants, they showed (i) decreasing dwell latencies over blocks as did the TD infants, (ii) 

a difference in dwell latencies between TP100 and TP33, and, together with the TD 

infants, (iii) a novelty effect during test, which was also found in 8-month-old TD 

infants by Kirkham et al. (2007). It should be noted that the decrease in dwell latencies 

can also be explained by general learning, and alternative explanations for the novelty 

effect have also been discussed in Chapter 2. Nevertheless, no differences between 

groups were observed for these measures.  

The finding that FR infants showed sequential learning in the visuospatial 

experiment was not anticipated. Moreover, it appeared that FR infants had watched 

significantly fewer stimuli than TD infants, and therefore had had less opportunity to 

learn the statistical structure of the sequence. In another study on statistical learning with 

FR infants (18-month-olds), the FR infants also looked significantly shorter during the 

familiarization phase than TD infants of the same age, but this group of FR infants did 
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not show statistical learning (Kerkhoff et al., 2013). Kerkhoff et al. (2013) suggested 

that the shorter looking times during familiarization might be due to a lack of attention 

in the FR infants. The reduced attention level may have led to reduced learning during 

familiarization, resulting in a failure to distinguish between ‘grammatical’ and 

‘ungrammatical’ test strings, whereas the TD infants did learn this distinction. In the 

present experiment, a similar decrease in dwell latencies and a similar novelty effect was 

observed for both groups of infants. Hence, while FR infants may have been less 

attentive during familiarization, these results suggest that sequential learning in FR 

infants is not significantly different from that of TD infants.  

It can, however, not be concluded that sequential learning of FR infants is identical 

to that of TD infants, because of the different sensitivity to TP values in the 

familiarization sequence. This finding raises two questions: (i) why do FR infants 

distinguish between TP100 and TP33 and TD infants do not? and (ii) why are dwell 

latencies for TP100 longer than for TP33 transitions? To start with the first question, it is 

possible that FR infants are delayed in sequential learning (Kerkhoff et al., 2013). If 

sequential learning is a process of various consecutive stages, in which different aspects 

of the sequence structure are captured, then FR infants may still be sensitive to TP 

values. TD infants may then have passed this stage and all transitions may have become 

of equal complexity or of equal interest to them. With a developmental delay, FR infants 

may show the same insensitivity to the statistical structure of this particular sequence at 

an older age. If such insensitivity was observed, and if the present results were 

replicated, this would provide more insight into (infant) sequential learning in relation to 

dyslexia. 

The second question concerns the finding that dwell latencies for TP100 transitions 

were longer than for TP33 transitions. This is an unexpected result, because the direction 

was opposite to that found by Kirkham et al. (2007) in 8-month-old TD infants: they 

found shorter latencies for TP100 transitions than for TP33 transitions. As was argued 

by Kirkham and colleagues, the higher predictability of the TP100 transitions would 

facilitate gaze shifts, and therefore TP100 transitions were expected to yield shorter 

dwell latencies, not longer, as was found here. Nevertheless, the current results seem to 

indicate that the less predictive transitions, the TP33 transitions, were easier to learn for 

the FR infants. These findings suggest that some aspect of sequential learning is 

different in FR infants.  

Several explanations can be provided for the shorter dwell latencies to TP33 

transitions observed in FR infants. The first may be provided by Tummeltshammer and 



Sequential learning in 8-month-old infants at familial risk of dyslexia 91 

 

Kirkham (2013). The authors found that 8-month-old TD infants showed shorter saccade 

latencies for TP75 transitions than for TP100 (and TP50) transitions in a situation in 

which visuospatial stimuli were presented in a sequence. Tummeltshammer and 

Kirkham interpret the shorter latencies as a preference for the more variable input, i.e. 

the TP75 transitions as compared to the deterministic TP100 transitions. They argue that 

the ‘attraction to variability’, the TP75 transition, might be due to maximizing 

information gathering by using likelihoods to constrain visual search, based on 

probabilistic reasoning and hypothesis testing. This means that in an ambiguous 

situation, in which it is uncertain what will happen next, an indivdual will generate and 

test hypotheses about the possible outcomes, based on the relative likelihood of each 

hypothesis. If a situation presents the infant either with too many or with too few 

hypotheses, the infant may give up trying to gain information. A situation with a limited 

set of hypotheses, however, may offer incentive for further examination. Applied to the 

present results, this would mean that for deterministic transitions (TP100), after a few 

encounters, only one hypothesis is possible which is confirmed each time the transition 

is observed. Tummeltshammer and Kirkham (2013) reason that this may not induce 

short dwell latencies, because no exploration is needed. They refer to e.g. Mackworth 

and Morandi (1967) when mentioning that “eye movements tend to be focused on 

informative visual areas” (p. 10). The TP33 transitions in the present experiment may 

offer the right size of the hypotheses set, providing the infant with an incentive to gain 

information. This may then lead to shorter dwell latencies for the TP33 transitions. 

Such an explanation is, however, not entirely compatible with the findings by 

Tummeltshammer and Kirkham (2013). In their study, TP50 transitions were 

also present, which, just like the TP100 transitions, yielded longer latencies than the 

TP75 transitions. The authors argue that for TP50 transitions, the hypothesis space is too 

large: there are just too many hypotheses to generate and test for an infant with limited 

resources. If this line of reasoning is followed, the present TP33 transitions would offer 

an even larger hypothesis space to an 8-month-old infant. This would predict similar or 

even longer dwell latencies for TP33 than for TP100 transitions, not shorter. However, 

perhaps the absolute TP value is not of importance, but the set of TP values the infant is 

exposed to. In the study of Tummeltshammer and Kirkham, infants were not only 

presented with TP100, TP75, and TP50 transitions, but also with transitions of even 

lower TP value, which were necessary to create the TP75 and TP50 transitions. Under 

those circumstances, TP75 transitions may have provided the optimal hypothesis space. 

In the present experiment, infants were presented with just TP100 and TP33 transitions. 

While the deterministic TP100 transitions only provided one possible hypothesis, the 
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TP33 transitions may have provided the optimal hypothesis space under the 

circumstances, leading to the shorter dwell latencies observed. 

A second explanation for the shorter TP33 dwell latencies is the one proposed by C. 

Kidd, Piantadosi, and Aslin (2012), which is also mentioned by Tummeltshammer and 

Kirkham (2013). Infants would prefer a moderate information rate in order to process 

information optimally. C. Kidd et al. (2012) tested 7- and 8-month-old infants on 

different trials with varying complexity in the appearance of visual stimuli. They found 

that the probability of infants looking away from the screen was highest in low and in 

high complexity scenes, but lower in scenes with an intermediate level of complexity. 

They therefore concluded that infants prefer a moderate level of complexity and called 

this the ‘Goldilocks-effect’. In the present experiment, it seems plausible to state that the 

deterministic, predictable TP100 transitions provide the infant with less complex 

information than the more variable TP33 transitions. It is possible that these TP33 

transitions in the present situation, e.g. set of TP values, age of participants, contained 

just the right level of complexity to induce shorter dwell latencies. In a subset of adult 

participants in the study by Bogaerts, Siegelman, and Frost (2016), performance for 

lower TP values was also better than for higher TP values in a visual sequential-learning 

experiment. The authors also refer to C. Kidd et al. (2012) for a possible explanation of 

these results, but they emphasize that more research is needed. 

The Goldilocks-effect coined by C. Kidd and colleagues refers to the allocation of 

visual attention, not statistical or sequential learning. A third possible explanation for the 

shorter TP33 dwell latencies is that TP sensitivity is not only driven by sequential 

learning, in which the higher, more predictable, TPs yield shorter dwell latencies, but 

also by visual attention, which may favour the less predictable, more complex, TPs. If 

TP sensitivity is driven by two opposite forces, sequential learning and visual attention, 

then the equally long dwell latencies for TP100 and TP33 transitions in TD infants might 

be explained by an equal contribution of each ‘force’. Conversely, in the study by 

Kirkham et al. (2007), TD infants did distinguish between within-pair transitions 

(TP100) and between-pair transitions (TP33). This would mean that visual attention 

plays a smaller role than sequential learning when TP differences are more salient. As 

was argued in Chapter 2, TP100 and TP33 in the present experiment perhaps have a 

similar complexity, i.e. the present sequence may be less variable than was the case in 

the sequence used by Kirkham and colleagues, and therefore visual attention and 

sequential learning might have had equal ‘strengths’. It should be noted that TP 

sensitivity in the present experiment is measured by dwell latencies, which are here 

assumed to be dependent on both visual attention and sequential learning. In 
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Tummeltshammer and Kirkham (2013), visual attention was taken to be represented by 

(proportion of) looking times, not latencies. In their study, longer looking times were 

observed for higher TP values, whereas shorter latencies were found for intermediate TP 

values. Like Tummeltshammer and Kirkham suggest, more research is needed to 

establish the link between visual attention and sequential (statistical) learning. 

If the present experiment is repeated in the future, it is recommended to include a 

larger number of infants. Larger group sizes increase statistical power and therefore 

increase the chance to detect possible differences between TD and FR infants. Another 

recommendation for future studies would be to repeat both the present visuospatial 

experiment and Experiment 4 of Kirkham et al. (2007), with slight adaptations to make 

the experiments more comparable, as suggested in Chapter 3, with both 8-month-old and 

10-month-old FR infants to test the hypothesis of a sequential-learning delay. The only 

difference between the experiments would lie in the statistical structure of the sequence, 

with a between-pairs TP converging to .33 (probability without replacement) in the 

version of the present experiment, and a between-pairs TP (with replacement) of .33 in 

the version based on the Kirkham et al. experiment. If the present TP result is not a 

spurious finding, then 8-month-old FR infants are still expected to show shorter dwell 

latencies for TP33 than for TP100 transitions in the future version of the present 

experiment. Since between-pair transitions are more variable in the version of Kirkham 

et al., it might be the case that these are too complex for either sequential learning or 

visual attention to yield shorter dwell latencies. In case of a delay in sequential learning, 

it is expected that 10-month-old FR infants will not show a difference between TP100 

and TP33 transitions in either experiment, just like the 8-month-old TD infants in the 

present experiment.  

In conclusion, sequential learning in the visuospatial experiment in both the TD and 

the FR groups of infants is attested by a novelty effect in the test phase and possibly by 

decreasing dwell latencies over time in the familiarization phase. Although both groups 

of infants seem to have learned something about the structure of the presented sequence 

of locations, the learning mechanism or the stage of sequential learning might be 

different between the two groups. This is based on the finding that the groups differed in 

their sensitivity to TP values during familiarization. The fact that TD infants do not 

show a difference between TP100 and TP33 transitions needs further examination. This 

also applies to the fact that FR infants do show a difference between TP100 and TP33 

transitions, but opposite to the results found earlier by Kirkham et al. (2007) in TD 

infants of the same age (8 months). Future versions of the studies with TD and FR 

infants may shed more light on this. Although it is unclear whether the present TP results 
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are indicative of a partly impaired sequential-learning mechanism, a developmental 

delay, or rather to a beneficial capacity in FR infants, the results do point to a difference 

in sequential learning between FR and TD infants.  

In order to investigate the question of domain generality of the sequential-learning 

mechanism, the same groups of infants consecutively participated in a language 

sequential-learning experiment. 

THE LANGUAGE EXPERIMENT 

Method 

The visuospatial experiment was followed by the language experiment with a short 

break (1–5 min) in between. 

Participants 

For this experiment 16 8-month-old Dutch-learning FR infants were included, see Table 

4.2 for detailed information. In total, 14 FR infants were included in both the 

visuospatial and the language experiments. Two infants whose data could be included 

for the language experiment were excluded from the visuospatial experiment after 

participating in that experiment; three of the infants whose data were included in the 

visuospatial experiment were excluded from the language experiment after participating 

in that experiment, see Figure 4.3. 

 

 No. infants 
Mean age 

[range] 

Mapping First test trial 

1 2 3 4 novel familiar 

TD 
(Chapter 2) 

25 infants 
(17 F, 68%) 

8 months 3 days 
[7m14d–8m27d] 

6 7 6 6 13 12 

FR 

(present chapter) 

16 infants (9 

F, 56%) 

8 months 10 days 

[7m20d–9m2d] 
2 4 4 6 10 6 

Overall 
41 infants 

(26 F, 63%) 

8 months 6 days 

[7m14d–9m2d] 
8 11 10 12 23 18 

 

Table 4.2. Information on the TD group and the FR group of infants, plus information 

on the two groups combined (Overall) for the language experiment.  
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Apart from the three infants that could not be included because of their parent’s 

(absence of) test results on the reading and verbal competence tasks, the data of five 

additional FR infants were excluded because of too few valid test trials (2 infants), 

crying (2 infants), and parental interference (1 infant). The drop-out rate based on 

behaviour during the experiment (too few valid test trials and crying) was 19% (4/21). 

The drop-out rates for the two TD groups in the language experiments in Chapters 2 and 

3 were: TD vssl-lsl: 14% (4/29) and TD lsl-vssl: 9% (3/33).  

 

 

Figure 4.3. Overview of the number of FR infants included in or excluded from the visuospatial 

(vssl) and language (lsl) experiments. 

Stimuli and procedure 

The stimuli and procedure were the same as in the language experiment described in 

Chapter 2. For two of the FR infants calibration did not result in all five calibration 

points being ‘fair’ or ‘good’ (the original inclusion criterion). Both infants were 

nevertheless included: when the recorded movies were examined, the infants’ gaze 

representations (green square/red cross) were stable within the bull’s eye during the test 

phase. For the distribution of mappings and test trial orders (i.e. the test phase either 

starts with a novel or with a familiar test trial) across infants, see Table 4.2. 

Data pre-processing 

Data pre-processing was the same as for the language experiment described in Chapter 

2. Looking times (as a proxy to listening times) to novel and familiar test sequences 

were compared to investigate whether any sequential learning had occurred. Looking 
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time is the total duration of all intervals that an infant was looking at the screen during a 

test trial. Of all test trials of the FR infants, 5.2% (5 trials) were excluded because 

looking times were too short (< 1002 ms, see Chapter 2), and during one additional trial 

(1.0% of all test trials) no looking times were registered at all. Data were only included 

if an infant had valid total looking times for at least one trial of both the familiar and the 

novel type (2 valid test trials: 0 infants; 3 valid test trials: 1 infant; 4 valid test trials: 0 

infants; 5 valid test trials: 3 infants; 6 valid test trials: 12 infants). The data of one infant 

were excluded because of too few valid looking times. For further details on data pre-

processing, see Chapter 2. 

Statistical analysis 

Statistical analysis was conducted on the combined data of the vssl-lsl group of 25 TD 

infants described in Chapter 2 and of the present group of 16 FR infants. Data were 

analyzed as described in Chapter 2, using LMM in SPSS 22 for Windows (IBM, 2013). 

As was the case for the results in the previous chapters, the data did not fully comply 

with the assumptions of LMM, so outcomes have been interpreted with caution. 

Looking time is the dependent variable and Participant was included as a contextual 

variable. The following factors and interactions were investigated in addition to the 

factors and interactions mentioned in Chapter 2: Group (TD and FR), to see if the 

presence or absence of a familial risk of dyslexia affected Looking time, and the 

interaction Group*Trial type, to investigate whether the effect of Trial type on Looking 

time depends on Group.  

Results 

The goal of this experiment was to investigate if FR infants show impaired sequential 

learning in the language domain as compared to TD infants. Sequential learning would 

be attested by a difference in looking times between novel and familiar trials. However, 

no difference in looking times was observed, see Figure 4.4, bar chart entitled ‘Overall’. 

The number of stimuli heard during familiarization did not differ between the TD 

and FR groups of infants (TD: mean number of stimuli heard was 208 (SD = 68, range: 

44–252); FR: mean number of stimuli heard was 200 (SD = 66, range: 54–252); Mann-

Whitney U-test: p > .05). All infants met with the inclusion criterion that a minimum of 

one block (36 stimuli) was perceived. In the TD group, 15 out of 25 (60%) heard all 252 

stimuli versus 9 out of 16 infants (56%) in the FR group.  
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The results were investigated using LMM; see Table_a 4.3 in the Appendix for 

details on the investigated models. The model with the best fit is described as:  

 

Looking time = aj + b1Trial typeij + b2First trial typeij +  

   b3(Trial type*First trial type)ij + Ɛij
17

 

aj = a + uj 

 

Group and the interaction Group*Trial type did not significantly contribute to the 

model. This means that the overall looking times did not significantly differ between TD 

and FR infants and the difference between novel and familiar test trials was not 

dependent on Group. Overall, no difference in looking times was observed between 

novel and familiar test trials: Trial type did not significantly contribute to the model 

either. There was no effect of First trial type, which means that looking times were not 

different whether the test trials started with a novel or with a familiar trial. Both Trial 

type and First trial type were nevertheless included, because their interaction was 

significant (F(1,186.739) = 9.728, p = .002). Bonferroni-adjusted pairwise comparisons 

indicated that when the first trial was a novel string, a novelty effect was found 

(p = .004), but when the first trial was a familiar string, no difference in looking times 

was found between novel and familiar test trials, see Figure 4.4. Finally, Mapping did 

not significantly contribute to the model, so none of the mappings yielded significantly 

different looking times. 

                                                 
17 a is the regression coefficient representing the intercept and b is the regression coefficient 

representing the slopes in the model. The subscript i in the equation refers to a particular 

observation of Looking time and the subscript j reflects the variable over which the intercept or 

slope varies (in this case Participant). Ɛ is the error, i.e. the difference in predicted and actual 

Looking time i for Participant j. uj refers to the variability of intercepts. 
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Figure 4.4. Mean looking times for familiar and novel test trials in the language experiment of both 

TD and FR groups separately and combined (Overall), and for infants’ whose first test trial was 

familiar (n = 18) or novel (n = 23). The interaction Group*Trial type did not reach significance; 

bar charts for TD and FR groups are given for illustrative purposes only. The asterisk indicates a 

significant difference between novel and familiar test trials. Error bars represent ± 1 standard 

deviation.  

Since First trial type significantly contributed to the best fitted model in interaction 

with Trial Type, it is important to establish if the first trial indeed had the longest 

looking time. An additional LMM analysis was run with First trial type and Trial 

number as fixed factors, see Table_a 4.4. The model that fitted the data best is: 
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Looking time = aj + b1Trial numberij + Ɛij
18

 

aj = a + uj 

The only factor significantly contributing to the model was Trial number. 

Bonferroni-adjusted pairwise comparisons showed that looking times for Trial 1 were 

significantly longer than for any of the other trials (p < .001 in each case). No other 

significant differences were observed between trials.  

The factor First trial type did not show a significant effect, and no significant effect 

was found for the interaction between Trial number and First trial type either, which 

means that looking times per trial were not significantly different whether the first trial 

was novel or whether it was familiar.  

Discussion 

In the present experiment, FR infants were tested in the language domain and their 

results were compared to those of TD infants to examine the question whether sequential 

learning is affected in people with (a familial risk of) dyslexia. If that is the case, FR 

infants were expected to have difficulty distinguishing novel from familiar test trials, 

whereas TD infants were expected to notice the difference between these trial types. 

Looking times to novel and familiar trials did, however, not differ between the two 

groups of infants, and there was no overall novelty or familiarity effect either. On the 

basis of the present results, no conclusion can be drawn about a potential sequential-

learning deficit in the language domain for the FR group, since infants in the TD group 

did not show sequential learning in this particular language experiment either.  

In Chapter 2, the absence of an indication of sequential learning in TD infants was 

explained by a possible order effect. This was investigated in Chapter 3, by reversing the 

order of the experiments, but again, no difference in looking times was observed in the 

language experiment, even though it was now conducted first. As no effect was found 

for the TD infants in Chapters 2 and 3, it may seem redundant to test FR infants in the 

                                                 
18 a is the regression coefficient representing the intercept and b is the regression coefficient 

representing the slope in the model. The subscript i in the equation refers to a particular 

observation of Looking time and the subscript j reflects the variable over which the intercept or 

slope varies (in this case Participant). Ɛ is the error, i.e. the difference in predicted and actual 

Looking time i for Participant j. uj refers to the variability of intercepts. 
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same language experiment, because their performance could not be worse than that of 

the TD infants. In the visuospatial experiment described above, however, FR infants did 

distinguish between TP100 and TP33 transitions, whereas TD infants did not. Therefore, 

it cannot be excluded that performance of FR infants on a language sequential-learning 

task would be the same or even better than that of TD infants. A more practical reason 

for including the language experiment was that the experiment with FR infants had 

already started before the results of all TD infants had been analyzed.  

The results of both groups combined showed a significant interaction between Trial 

type and First trial type, due to the novelty effect that was observed if the first test trial 

was novel. This effect was also found in the TD group when analyzed separately, see 

Chapter 2. Since no familiarity effect occurred when the first trial was familiar, a general 

surprise effect of the first trial could not (only) explain the novelty effect. It was then 

argued that infants had learned something about the sequential structure, but not enough 

to induce an overall novelty effect. In Chapter 3, however, a novelty effect was found 

when the first trial was novel and a familiarity effect when the first trial was familiar. 

This pointed to the surprise effect of the first trial only, rather than sequential learning. 

Why the same result, a novelty effect with a first novel trial but no familiarity effect with 

a first familiar trial, is obtained in both this chapter and Chapter 2 can only be speculated 

upon. 

The familiarity effect when the first trial was familiar was only observed when a 

group of participants was included for whom the language experiment was conducted 

first. A novelty effect when the first trial was novel occurred in all instances in which the 

language experiment was conducted second. This is remarkable, since no significant 

effect of order was found in Chapter 3, though numerically, the TD vssl-lsl group 

showed longer looking times to the novel trials and the TD lsl-vssl group showed longer 

looking times to the familiar trials. The effect of order was not investigated for the 

interaction between the first trial type and trial type, but it is possible that order did have 

an effect here.
19

 As Hunter and Ames (1988) explained, when familiarization proceeds, 

chances for a novelty effect increase. As mentioned above, in Chapter 2 and in the 

                                                 
19 For illustrative purposes only, GLMM models with Trial type, First trial type, and their 

interaction were run separately for the TD vssl-lsl group, the TD lsl-vssl group, and the FR vssl-lsl 

group. Results showed that in the TD vssl-lsl group, a novelty effect occurred when the first test 

trial was novel, and in the TD lsl-vssl group, a familiarity effect occurred when the first test trial 

was familiar, but no difference was observed in the FR vssl-lsl group. It thus seems that the order 

in the TD groups did play a role in the effect of the First trial type*Trial type interaction. 
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present chapter, with the language experiment conducted second, a novelty effect was 

found when the first trial was novel. In Chapter 3, with the language experiment 

conducted both first and second, a novelty effect was found when the first trial was 

novel and a familiarity effect when the first trial was familiar. If the language experiment 

is conducted first, the experience of participating in the experiments and being presented 

with unknown structures is new, and this may induce a familiarity effect on top of the 

surprise effect in the first trial. If the language experiment is conducted second, the 

infants have already had some experience being in the lab, and they have also had some 

experience with the statistical structure of the sequence that was used in the experiments. 

This may have induced a novelty effect on top of the surprise effect when the first trial 

was novel. This suggests that there might have been a slight effect of sequential learning, 

although it should be noted that this is based on an interpretation of the results of the 

three groups of infants, not on a clear statistical effect. It also seems that there was some 

effect of conducting two experiments during one session. It might be better to limit the 

number of experiments to just one per session, or perhaps combine two different 

sequences into a single experiment, as was suggested in the General discussion of 

Chapter 3 (p. 76). 

In conclusion, the language experiment did not yield clear evidence of sequential 

learning in either of the TD and FR groups of infants. Even when the language 

experiment was conducted first in Chapter 3, TD infants did not show sequential 

learning either. As was discussed in Chapter 2, the design of the experiment may need 

adaptation, for instance: (i) by increasing the number of stimuli during familiarization, 

(ii) by increasing the presentation rate, and (iii) by modification of the visual stimulus in 

order to reduce the entertainment level in comparison to the language stimuli. 

Furthermore, it might be better to increase the number of participating infants to improve 

the statistical power. TD infants are then expected to show indications of sequential 

learning, whereas FR infants are expected to perform worse. 

CORRELATIONS BETWEEN THE VISUOSPATIAL AND LANGUAGE 

DOMAINS 

Significant correlations between the visuospatial and the language domains would be an 

indication of domain generality of the sequential-learning mechanism. Even though no 

significant differences were found between novel and familiar test trials in the language 

experiment, and a novelty effect was found in the visuospatial experiment, there is a 
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chance that individual infants will show comparable results in both domains. 

Correlational analyses were therefore conducted on the results of both experiments. 

In total, 38 infants were included in both experiments (14 FR and 24 TD infants; 24 

female (63%); mean age 8 months 4 days, range: 7m9d–9m2d), see Figure 2.9 on p. 43 

and Figure 4.3 on p. 95. The same measures as in Chapter 2 were used: (i) difference 

scores (the mean looking time to familiar trials was subtracted from the mean looking 

time to novel trials per infant), (ii) absolute difference scores, (iii) the ratio between the 

difference score and the sum of the mean looking times to novel and familiar trials, and 

(iv) the absolute ratio. 

The following measures were not normally distributed (Shapiro-Wilk, p < .05): the 

difference scores for vssl, the absolute difference scores for both vssl and lsl, and the 

absolute ratio for vssl. Therefore, non-parametric bivariate correlations (Spearman’s rho) 

were conducted for difference scores, absolute difference scores, and the absolute ratios. 

A parametric bivariate correlation (Pearson) was conducted for the ratios, since these 

were both normally distributed. Correlations for all of the measures were weak and non-

significant, see Table 4.3.  

Since the interaction between the first trial type and trial type significantly 

contributed to the model of the language test results, the first trial type might also have 

affected the correlation results. If the first trial was novel, a significant novelty effect 

was obtained, meaning that the difference score between novel and familiar was 

relatively high compared to cases were the first trial was familiar (and no significant 

difference was found). Therefore, a correlation was conducted with only those infants 

that had the same type of first trial in both experiments (both novel first or both familiar 

first). This concerned 32 out of the 38 infants (14 familiar first, 18 novel first; 13 FR, 19 

TD infants; 19 female (59%); mean age 8 months 5 days, range: 7m14d–9m2d). Again, 

correlations were weak and non-significant, except for the moderate correlation between 

ratios, see Table 4.3 (p = .043). Since no significant correlations were found in Chapters 

2 and 3 (both also including the vssl-lsl TD group of infants), this significant ratio 

correlation seems incidental.  

In summary, no clearly significant correlations were observed, and thus no 

conclusive answer to the question whether sequential learning is a domain-general 

mechanism was found in this study.  
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Dependent 
variable 

vssl (mean ± SD) 
[range] 

lsl (mean ± SD) 
[range] 

Spearman’s rho 
correlation 

coefficient 

[BCa CI] 

Pearson 
correlation 

coefficient 

[BCa CI] 

p-

value 

All infants included in both experiments (n = 38) 

Diffscore 2500 ± 5096 ms 

[−8,120 – 17,347 ms] 

926 ± 5,620 ms 

[−12680 – 10200 ms] 

.304 

[−.041, .599] 
n.a. .064 

Absolute 
diffscore 

3890 ± 4105 ms 
[40 – 17,347 ms] 

4504 ± 3410 ms 
[133 – 12680 ms] 

−.047 
[−.390, .303] 

n.a. .781 

Ratio 0.12 ± 0.22 

[−0.43 – 0.60] 

0.05 ± 0.34 

[−0.63 – 0.67] 
n.a. 

.304 

[.035, .533] 
.063 

Absolute 
ratio 

0.20 ± 0.15 
[0 – 0.60] 

0.28 ± 0.18 
[0 – 0.67] 

−.224 
[−.560, .172] 

n.a. .177 

All infants included and with the same order of test trials in both experiments (n = 32) 

Diffscore 
2614 ± 5388 ms 

[−8120 – 17347 ms] 

643 ± 5803 ms 

[−12680 – 10200 ms] 

.334 
[−.040, .630] 

 

n.a. .061 

Absolute 
diff score 

4125 ± 4304 ms 
[40 – 17347ms] 

4541 ± 3580 ms 
[133 – 12680 ms] 

−.060 
[−.419, .340] 

n.a. .744 

Ratio 0.13 ± 0.23 

[−0.43 – 0.60] 

0.03 ± 0.33 

[−0.63 – 0.61] 
n.a. 

.360 

[.031, .627] 
.043 

Absolute 
ratio 

0.20 ± 0.16 
[0 – 0.60] 

0.28 ± 0.18 
[0 – 0.63] 

−.212 
[−.570, .181] 

 .244 

 

Table 4.3. Correlation results for all infants that participated in both experiments, and for those 

infants that had the same trial type as first test trial, i.e. the same order of test trials, in both 

experiments. vssl = visuospatial sequential learning; lsl = language sequential learning; BCa CI = 

95% bias corrected accelerated confidence interval. 

GENERAL DISCUSSION 

The present experiment investigated whether sequential learning in FR infants was 

different from sequential learning in TD infants. For both the TD and the FR groups, 

indications of sequential learning were found in the visuospatial experiment by 
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decreasing dwell latencies over blocks during familiarization, and by longer looking 

times to novel trials during test.  

In addition to the above two indications of sequential learning, the FR group also 

showed a difference in dwell latencies between TP100 and TP33 transitions during 

familiarization. Such a difference was also found by Kirkham et al. (2007), but their TD 

infant participants showed an effect in the opposite direction: TP100 had shorter 

latencies than TP33 transitions. This was in line with the expectation that better 

predictable transitions would induce faster eye movements. In the present experiment 

with FR infants, however, TP100 dwell latencies were longer than TP33 dwell latencies. 

This can be explained by a preference for more variable transitions than deterministic 

transitions, as proposed by Tummeltshammer and Kirkham (2013). 

Even though the direction was unexpected, a difference between TP100 and TP33 

was observed, and the novelty effect and decreasing dwell latencies also point to 

sequential learning by FR infants in the visuospatial domain. Nevertheless, some 

questions remain unanswered. (i) Why do the TD infants not show a difference in dwell 

latencies between TP100 and TP33, whereas they showed shorter dwell latencies for 

within-pair transitions (TP100) than for between-pair transitions in the study by 

Kirkham et al. (2007)? (ii) Why do FR infants show sensitivity to TP values whereas TD 

infants do not? Does this reflect a (temporary or persistent) delay in sequential learning, 

or does this reflect an increased sensitivity to conditional statistical relations? 

Recommendations for a first step in answering these questions are given in the 

Discussion of the visuospatial experiment (p. 89). 

In the language experiment, no indications of sequential learning were found and no 

differences between FR and TD infants were observed. Since sequential learning was 

observed in the language domain in other studies (e.g. Saffran, Aslin, & Newport, 1996), 

it is possible that the design of the present language experiment is not suitable to detect 

sequential learning. Suggestions for adaptation of the experiment are given in the 

Discussion of the language experiment in Chapter 2 (p. 48). 

Even though no meaningful results were found in the language experiment, it would 

still have been possible to find correlations between the test results of both experiments. 

Correlations were, however, weak and non-significant. In light of the framework on 

statistical learning as proposed by Frost et al. (2015), this is not an unexpected result. 

Frost et al. propose a model in which a domain-general mechanism is responsible for the 

computations or the detection of statistical regularities, but operates on modality-specific 

stimuli. It is then possible that an individual displays relatively decreased sensitivity in 
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encoding sequential visual information, but shows a relative advantage in encoding 

auditory information. In that case, no correlations will be found, even though the 

computational system is domain general. Still, the fact that no clear indications of 

sequential learning in the language domain were found for either group of participants 

prevents drawing any conclusions about sequential learning in this domain. Either 

(some) infants did learn the statistical structure, but the experiment was not sufficiently 

sensitive to detect this, or infants did not learn anything about the statistical structure. 

This lack of evidence for sequential learning also prevents drawing any conclusions 

about the domain generality of the sequential-learning mechanism. 

In conclusion, indications of sequential learning in the visuospatial experiment were 

found for both groups of infants, but FR infants showed a higher sensitivity to 

transitional probabilities, which may either refer to a delay in sequential learning or to a 

retained sensitivity to transitional probabilities. For the language experiment, future 

research should indicate if changes in the design of the experiment will lead to 

observations of sequential learning in both the TD and in the FR group of infants. No 

support was found for domain generality of sequential learning, and no support was 

found for a general deficit of sequential learning in FR infants either.  

In the next two chapters, sequential-learning experiments will be described in which 

adult participants without dyslexia (Chapter 5) and with dyslexia (Chapter 6) 

participated. The adult studies were expected to provide more information on the 

research questions of this thesis, whether sequential learning is domain general, and 

whether this learning mechanism is affected in dyslexia. 
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 Chapter 5  

 

Sequential learning in adults: 

The visuospatial, the language, and the visual domains 

INTRODUCTION  

One of the two main research questions of this thesis is whether the mechanism 

underlying implicit sequential learning is a domain-general learning mechanism. If this 

is the case, sequential learning would be determined by a single mechanism operating 

independently of the domain tested. The capacity to utilize sequential learning varies 

among people (Misyak & Christiansen, 2012), so performance on various sequential-

learning tasks will probably differ between participants. A single domain-general 

learning mechanism would imply that performance in one domain predicts performance 

in another domain for each individual participant, i.e. sequential-learning results are 

expected to correlate across domains (Frost et al., 2015; Siegelman & Frost, 2015). In 

the previous chapters, infant experiments in the visuospatial and language domains were 

described, but no correlations between domains were found. Since for these infants, no 

clear indications of sequential learning were observed in either domain, it has not been 

possible to draw any conclusions about the domain generality of sequential learning. In 

the present chapter, sequential-learning experiments with adults are described. Three 

instead of two domains were investigated, and a statistically more complex sequence 

was tested.  

In addition to the visuospatial and language domains studied with infants, adults 

were also tested in the visual domain. The visual sequential-learning experiment is 

different from the visuospatial experiment in that the visual sequence consists of a (one-

dimensional) series of geometrical shapes presented in the centre of a computer screen. 

The visuospatial experiment is based on a (two-dimensional) sequence of locations. 
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Adult performance has previously been studied in each of the three domains, and 

sequential learning was demonstrated in all of them. The visuospatial domain was 

studied by e.g. Hunt and Aslin (2001). Hunt and Aslin used of a number of buttons that 

had to be pressed when illuminated. Illumination was dependent on a statistically 

structured sequence. As the lights (visual stimuli) were linked to a particular location 

(space), this study is an example of visuospatial sequential learning. In one of their 

experiments, eight lights were structured as four pairs. The sequence of pairs was 

composed such that joint probabilities (the co-occurrence frequency of two elements 

normalized for all co-occurring pairs of elements) differed when transitional 

probabilities (TPs) were held constant and vice versa: TPs differed when joint 

probabilities were equated. During the task, reaction times for the various values of 

either measure were obtained and the learning of both measures could be observed over 

time. The adult participants appeared to be sensitive to both types of probabilities: 

reaction times showed steeper decreases over time for higher joint probabilities and for 

higher conditional probabilities than for lower values of these measures. Both 

observations are indicative of sequential learning. 

In the language domain, sequential learning in adults was observed by e.g. Saffran, 

Newport, and Aslin (1996). Saffran and colleagues exposed their participants to an 

artificial language that consisted of six three-syllable nonsense words. The words were 

concatenated into a continuous stream with no pauses and no prosodic, stress, or other 

acoustic cues to indicate word boundaries. TPs of word-internal syllables were higher 

than TPs of syllables spanning a word boundary. After familiarization, participants were 

tested on words from the stream and, dependent on condition, either non-words (familiar 

syllables but in a novel order) or part-words (i.e. either containing the first two syllables 

of words plus an extra syllable, or the final two syllables of words preceded by an 

additional syllable). Performance was significantly better than chance in both conditions, 

but performance in the condition with part-words was significantly worse than with non-

words. Further, performance was higher for the three words with highest internal TPs. 

These results indicate that statistical information is sufficient to learn to segment words 

from an artificial language. 

Fiser and Aslin (2002) asked whether statistical-learning abilities are specialized for 

the dominant dimensions in different modalities (temporal for the auditory modality and 

spatial for the visual modality), or whether the statistical-learning mechanism also 

operates over temporal visual sequences. They extended the paradigm used in the infant 

study by Saffran, Aslin, and Newport (1996) to the visual domain with adult 

participants. Participants were familiarized with four triplets of (successively occurring) 
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shapes, and they were subsequently tested on triplets and part-triplets. In a part-triplet, 

the TP of the first pair of shapes was .5, whereas it was 1.0 in a familiarization triplet. 

Adults showed a significant preference for the familiarization triplets, even when the 

joint probabilities of the first pair of shapes in triplets and part-triplets were identical. 

Sequential learning in temporal visual sequences was therefore demonstrated. Fiser and 

Aslin pointed to the similarity in results between different modalities and between 

different dimensions and suggested that these similarities may point to a uniform, i.e. 

domain-general, learning mechanism. 

Sequential learning has thus been attested in various domains, but so far, only a few 

studies have tested more than one domain in a within-subjects design with adult 

participants. Misyak and Christiansen (2012) conducted two experiments with non-

words: the first experiment used an artificial grammar that contained adjacent 

dependencies, the other employed a grammar with non-adjacent dependencies (see 

Gómez, 2002). The adult participants showed sequential learning in both tasks, but no 

correlations between the two experiments were observed. This may point to separate 

mechanisms underlying adjacent and non-adjacent dependency learning, but Misyak and 

Christiansen argued that differences in learning strategies or task demands across the 

two tasks may also explain the absence of correlations. 

In order to investigate domain generality of sequential learning, Siegelman and Frost 

(2015) also applied a within-subjects design. Not only were various dependencies tested, 

they also investigated different domains. The authors conducted an auditory verbal 

adjacent task, an auditory non-verbal adjacent task (with tones), an auditory verbal non-

adjacent task, a visual non-verbal adjacent task (with shapes), and a serial reaction time 

(SRT)-like task. Sequential learning was observed in all tasks, but in general, no 

significant correlations between experiments were found, apart from a weak, negative 

correlation between the auditory non-verbal adjacent and auditory verbal non-adjacent 

tasks, which the authors considered incidental. According to Siegelman and Frost, 

statistical learning is not only characterized by modality specificity, but also by stimulus 

specificity. They conclude that statistical learning is not subserved by a unitary domain-

general mechanism.  

In the present study, a within-subjects design was applied to sequential-learning 

experiments in three domains: the visuospatial, the language, and the visual domains. To 

maximize comparability, the same design and the same dependencies were used in all 

three experiments. A classical SRT task was combined with a repeated sequence 

featured by an internal statistical structure that was employed to measure sequential-
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learning capabilities. The fixed sequence consisted of ten stimuli and contained 

transitions of three different TP values: TP100, TP50, and TP33. For instance, a TP33 

transition is a transition with a probability of .33. Presentation of the repeated sequence 

was, unbeknownst to the participants, followed by a random presentation of stimuli 

during the last part of the familiarization phase.  

Reaction times were obtained either by eye tracking (the visuospatial experiment) or 

via button presses (the language and visual experiments). A decrease in reaction times 

over time would be expected based on mere practice both when the stimuli are presented 

in random succession and when the sequence contains a repeated structure. In the latter 

case, the decline is larger and this is attributed to the sequential structure of the sequence 

(Cleeremans & McClelland, 1991; Nissen & Bullemer, 1987). Therefore, if reaction 

times decrease during a statistically structured, repeated sequence of stimuli, the decline 

is due to both practice and sequential learning. If reaction times increase when the 

sequence shifts from a repeated pattern to a random presentation of stimuli, this is taken 

to reflect learning of the repeated sequence. If only practice affected reaction times, then 

a further decrease would be expected during random presentation. 

Sequential learning is also expected to be reflected in different reaction times to 

transitions with different TP values. Kirkham et al. (2007) argued that transitions with a 

higher predictability, thus with a higher TP, would induce shorter reaction times. Indeed, 

in their experiment infants showed significantly shorter fixation latencies for 

deterministic (TP100) transitions than for transitions with a probability of .33. On the 

basis of these findings, it is predicted that the participants in the present study will react 

faster to transitions with a higher TP value than to transitions with a lower TP value in 

all three experiments. Thus, during familiarization sequential learning would be 

indicated by two different measures: (i) by decreasing reaction times during presentation 

of the repeated sequence, followed by an increase in reaction times when the repeated 

sequence is changed to a sequence of randomly presented stimuli, and (ii) by a 

difference in reaction times between different TP values.  

After familiarization, participants were presented with a two-alternative forced-

choice test. In each trial, two pairs were presented: one pair from the repeated 

familiarization sequence and a novel pair built from familiarization stimuli but in a novel 

combination. Participants were asked to indicate which of the two pairs was more 

familiar to them. Selection of the familiarization pair was counted as a correct response. 

Sequential learning would be indicated by a higher than chance performance for all TP 

values. Since a higher TP value means that the predictability of one stimulus following 
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another is higher, it was also expected that transitions with a higher TP value would be 

easier to learn. Sequential learning would also be indicated by a difference in percentage 

correct between different TP values: for higher TP values, a higher percentage correct 

was predicted. 

Domain generality of sequential learning is to be attested by correlations between the 

sequential-learning results of the different domains. For individual participants, both the 

difference in reaction times between the last sequenced block and the last random block 

of the familiarization phase was calculated, and percentage correct over all test trials was 

determined. In case of a domain-general learning mechanism, both sequential-learning 

measures were expected to show strong positive correlations between the three domains 

tested. 

In summary, both on-line (reaction times) and off-line (percentage correct responses) 

data were obtained in each experiment. These data were used to determine sequential 

learning and to correlate results between domains. The order in which the sequential-

learning experiments are described in this chapter is (i) the visuospatial experiment, (ii) 

the language experiment, and (iii) the visual experiment. This order was chosen to bring 

it in line with the order in which the infant visuospatial and language experiments in 

Chapters 2 and 4 have been conducted and described. For the adult participants, 

however, the order in which the experiments are described is not necessarily the order in 

which participants completed the tasks, as the order was balanced across participants. 

GENERAL METHOD 

Participants 

A total of 34 subjects (29 female (85%); mean age 21;2 years;months, range: 18;1–29;7) 

participated in the sequential-learning experiments and a number of literacy and 

language tests. One additional participant was excluded because the literacy and 

language tests indicated poor reading abilities (see Literacy and language tests, p. 115). 

Per experiment, participants were excluded if they showed explicit knowledge of the 

sequence (see Test of explicit knowledge, p. 115 and Figure 5.1). Subjects received 

€12.50 for their participation. 
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Figure 5.1. Overview of adult participants included in or excluded from the visuospati al 

(vssl), language (lsl), and visual (vsl) experiments, based on explicit knowledge.  

Stimuli sequences 

In all three experiments, the basic repeated sequence of 10 stimuli had an identical 

statistical structure: A-B-E-F-D-A-C-A-D-E, see Figure 5.2.  

The six letters in the figure each refer to a particular stimulus, i.e. a location in the 

visuospatial experiment, a syllable in the language experiment, and a coloured shape in 

the visual experiment. The key characteristic of this sequence is transitional probability 

(TP): the probability by which a stimulus Y follows a stimulus X. This probability is 

reflected by the frequency of the bigram X-Y occurring in the sequence divided by the 

frequency of X in that sequence: frequency X-Y/frequency X. For instance, TP100 refers 

to a probability of 1.0 (100%) of stimulus Y following stimulus X, i.e. only bigrams of 

X-Y are present in the sequence. The sequence contains the following TP100 transitions: 

B-E, F-D, and C-A. It also contains TP50 transitions (E-F, E-A, D-A, and D-E) and 

TP33 transitions (A-B, A-C, and A-D).  

The assignment of the six letters to the six stimuli was dependent on a specific 

mapping. Four different mappings were used in order to counteract the effect of any 

natural preference for a particular transition. For each two mappings a relation exists in 

the sense that A-B, C-D, and E-F change stimuli in the second mapping. An example 

taken from the visuospatial experiment is: if A is the top middle box and B the bottom 
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left box in one mapping (Mapping 1), then A is the bottom left box and B the top middle 

box in the other mapping (Mapping 2).  

 

 

Figure 5.2. The 10-item sequence that was presented during the sequenced blocks in the 

familiarization phase. Numbers indicate TPs. For the visual and language experiments, key 

transitions are F-D and A-D, with (forward) TPs of 1.0 (100%, TP100) and 0.33 (33%, TP33) 

respectively, see main text. In the visuospatial sequential-learning experiment no particular key 

transitions were present, since eye movements were continuously measured on-line over all 

transitions. 

Procedure 

All subjects participated in all three sequential-learning experiments (vssl = visuospatial 

sequential learning; vsl = visual sequential learning; lsl = language sequential learning), 

i.e. a within-subjects design was applied. The order of experiments was initially 

counterbalanced across participants, but numbers per order eventually differed because 

of post-hoc exclusion of participants due to explicit knowledge of the sequence used (see 

Test of explicit knowledge, p. 115). The orders were vssl-vsl-lsl, lsl-vssl-vsl, and vsl-lsl-

vssl. All experiments were programmed in ZEP, the Zep Experiment Control 

Application (version 1.2, Veenker, 2012). 

Apart from the three sequential-learning experiments, participants were also 

presented with two standardized technical reading tests, a verbal competence test and a 

spelling test. These tests (see Literacy and language tests, p. 115) were conducted to be 

able to compare this group of participants to the participants with dyslexia in Chapter 6. 

Between the first and second sequential-learning experiments, the two technical reading 

tests and the verbal competence tests were administered; between the second and third 

sequential-learning experiments, the spelling test was conducted. The experiments and 

tests were all run during one session, which lasted approx. 1.5 hours. 

Each sequential-learning experiment consisted of a familiarization phase followed by 

a test phase, and ended with a ‘free generation task’, see below. The familiarization 

phase had an SRT-like structure: it was divided into 6 blocks, with the first and last 
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block containing randomly ordered stimuli. Blocks 2 to 5 contained continuous 

repetitions of the fixed sequence A-B-E-F-D-A-C-A-D-E described above. Following 

common practice (Nissen & Bullemer, 1987), the difference in average RTs between the 

last structured block and the final random sequence block was taken as an indicator of 

implicit sequential learning.  

During familiarization, sensitivity to TP could be measured on-line by means of 

reaction times (cf. Deroost et al., 2010). For the visuospatial experiment, this was done 

by eye tracking, i.e. by measuring how quickly the eye gaze arrived in the target box. 

Eye-tracking measures were obtained for all ten transitions of the repeated sequence 

(three TP100 transitions, four TP50 transitions, and three T33 transitions). In the visual 

and language experiments, eye tracking was not an option, because the presentation of 

stimuli could not be linked to meaningful eye movements. Instead, participants were 

requested to press a button as quickly as possible on the presentation of stimulus D. 

Stimulus D occurred twice in the repeated sequence: after F, a TP100 transition, and 

after A, a TP33 transition. For instance, participants had to press the button on the 

appearance of a yellow circle in the visual experiment (stimulus D in Mapping 3) and on 

hearing the syllable /pu/ in the language experiment (stimulus D in Mapping 4). In short, 

sequential-learning measures were obtained in the visuospatial experiment for all ten 

transitions, with values TP100, TP50, and TP33, and in the language and visual 

experiments for two key transitions, a TP100 and a TP33 transition. 

The test phase consisted of a temporal two-alternative forced choice task 

(2AFC) containing three consecutive sets of 12 test trials, thus a total of 36 test 

trials, preceded by a practice trial, see Table_a 5.7 in the Appendix. In each test 

trial, two pairs were presented: one pair from the familiarized sequence (TP100, 

TP50, or TP33) and one pair that had not occurred during familiarization, i.e. with 

a TP of 0 (TP0). Participants had to choose which of the two pairs was more 

familiar. Selection of the pair from the familiarization phase counted as a correct 

response.  

The pairs used during test were: B-E and C-A (TP100); E-A and E-F (TP50); and A-

B and A-C (TP33). There were six different TP0 pairs. Each TP0 pair was coupled to 

one pair from the sequence (TP33, TP50 or TP100), creating three different trial types. 

The occurrence of TP0 (first or second pair) was counterbalanced within a trial type. It 

should be noted that stimulus D, which required an active response during the 

familiarization phase of both the language and the visual experiments, did not occur in 

any of the test pairs. Each of the three TP values was tested four times per set of trials. 
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With three sets, this accumulates to twelve times in total during test. Per set of twelve 

test trials, trials were first placed in a random order and then both this order of test trials 

per set and the order of sets was kept identical across participants. The interval between 

the two pairs in one trial was 1000 ms. The practice trial consisted of a TP50 vs. a TP0 

pair (D-A – B-C).  

Immediately after completing the test phase, participants conducted a ‘free 

generation task’ to test whether they had acquired explicit knowledge of the sequence, 

see Test of explicit knowledge below. 

Test of explicit knowledge 

As Siegelman and Frost (2015) explain, a within-subjects design runs the risk of 

participants no longer being naive to the statistical structure after administration of the 

first experiment. It has been found that explicit knowledge about the sequence may 

facilitate performance in an SRT task (Willingham, Nissen, & Bullemer, 1989; Zirngibl 

& Koch, 2002). Since the topic of investigation is implicit sequential learning, explicit 

knowledge acquired during the experiment may confound the results either during 

familiarization already, or during test. To exclude participants with explicit knowledge 

of (part of) the sequence, subjects were presented with a ‘free generation task’ 

immediately after each experiment. They were asked whether they remembered any 

(series of) stimuli from the sequence. In contrast to most free generation tasks, prior to 

this task, participants were not informed about the presence of a structure in the series of 

stimuli they had been watching or listening to. This information was omitted to reduce 

the likelihood of obtaining explicit knowledge in subsequent experiments.  

The data of any participant who could reproduce more than four correct stimuli in a 

row was excluded from analyses. This criterion was based on the following studies: 

Willingham et al. (1989) used a 10-item sequence repeated 40 times, and had a criterion 

of more than three correct items; Zirngibl and Koch (2002) and Smith and McDowall 

(2004) used a 12-item sequence repeated 40 times, and had a criterion of more than four 

correct items. The present study used a 10-item sequence repeated 32 times. Given the 

relatively short sequence (easier to learn) but also the lower number of repetitions (more 

difficult to learn), a criterion of more than four correct items was chosen. For more 

details, see the individual sequential-learning experiments. 

Literacy and language tests 

Participants’ performance on a number of literacy and language tests was measured (i) to 

determine whether they showed poor reading capabilities and should be excluded from 
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this group of participants without dyslexia and (ii) to be able to compare this group with 

the group of participants with dyslexia described in Chapter 6.  

The first reading test was the Een-Minuut-Test (EMT, Brus & Voeten, 1973). This 

test consists of a list of existing words that have to be read aloud in the time span of one 

minute. Scores are (i) the number of correctly pronounced words (maximum score is 

116) and (ii) the corresponding percentile score (see Kuijpers et al., 2003). The second 

reading test was De Klepel (van Bos et al., 1994), a pseudo-word reading test with a 2-

minute time limit. Scores are (i) the number of correctly pronounced pseudo-words 

(maximum score is 116) and (ii) the corresponding percentile score (see Kuijpers et al., 

2003). The verbal competence test (Analogies) was taken from the Dutch version of the 

Wechsler Adult Intelligence Scale (WAIS, Uterwijk, 2000). Scores are (i) the number of 

correctly explained analogies, maximum 26, and (ii) the corresponding percentile score 

(see Kuijpers et al., 2003), see Table 5.1. 

Participants were excluded from the group without dyslexia based on the following 

criteria (Kuijpers et al., 2003): a performance below (or equal to) the 25
th

 percentile on 

both the EMT and the De Klepel, or below (or equal to) the 10
th

 percentile on either the 

EMT or the Klepel. If these criteria did not apply, a discrepancy criterion was 

maintained: if there was a difference of at least 60 percentile points between 

performance on a verbal competence test and performance on the EMT or De Klepel, the 

participant was excluded. In total, only one additional participant was excluded because 

her/his scores on EMT were too low compared to the verbal competence test. 

 

 EMT De Klepel VC sp_direct sp_after 

maximum score 116 116 26 30 30 

Raw 108 (8) 105 (9) 22 (3) 24 (3) 26 (3) 

Percentile 92 (14) 89 (16) 98 (7) - - 
 

Table 5.1. Mean raw scores (SD) of participants without dyslexia (n = 34) for the EMT and De 

Klepel reading tests, the Verbal Competence Test (VC), and the Gletschr spelling test. 

In Dutch, dyslexia is characterized by poor word reading and/or spelling (SDN, de 

Jong et al., 2016). The Gletschr spelling test (Depessemier & Andries, 2009) was 

therefore also administered. This test consists of a dictation of 30 words. Two scores 

were noted: the number of correctly spelled words written down during dictation, i.e. 

under time pressure, and the number of correctly spelled words after participants have 
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had the chance to make any corrections (with pen in a different colour) without time 

pressure, see Table 5.1, sp_direct and sp_after respectively.  

The sp_direct score can be taken to reflect automatized spelling skills (procedural 

knowledge). The sp_after score is a score without time pressure, and might be based on 

compensatory declarative knowledge. This is relevant, because in Chapter 6, 

experiments with participants with dyslexia are described, and dyslexia will be discussed 

in view of the procedural deficit theory (Nicolson & Fawcett, 2007; Nicolson & Fawcett, 

2011). 

THE VISUOSPATIAL EXPERIMENT 

Method 

Participants  

Twenty-five subjects (20 female (80%); mean age 21;4 years;months, range: 18;1–29;7) 

participated in the visuospatial experiment. The data of 9 additional adults (26%), who 

also participated, were excluded from analyses. They showed evidence of explicit 

knowledge of the presented visuospatial sequence after the experiment, see General 

method, Test of explicit knowledge, p. 115.
20

 

Stimuli  

A Tobii 1750 Eye Tracker was used to register participants’ eye movements. The Tobii 

screen showed a grid of three columns and two rows, dividing the screen (33.6 cm width 

× 27.1 cm height, 31.3° × 25.5° visual angle) into six boxes (each 11.0 × 13.3 cm (w × 

h), 10.5° × 12.6° visual angle) with dark grey borders and a light grey background. Since 

location is the pivotal feature in the sequence, it was decided to use the same image in 

                                                 
20 In order to illustrate the legitimacy of this explicit-knowledge criterion, the visuospatial 

experiment test results of all participants were analyzed using binomial logistic mixed effect 

modeling (GLMM) with ‘explicit knowledge’ as single factor. Percentage correct was higher for 

the participants with explicit knowledge (84%) than for the participants without such knowledge 

(58%; F(2,1222) = 22.111, p < .001). Even though for this analysis, the number of participants 

with explicit knowledge was low (n = 9), these participants were nevertheless excluded from the 

final analyses to avoid any risk of explicit knowledge confounding the results. 
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each location (box) and not the six different coloured shapes that were used in the infant 

experiments described in Chapters 2 to 4. The image was the photograph of a smiling 

baby depicted on the background of a salmon-coloured circle. 

The presentation of the image in one particular box is defined as a stimulus. Stimulus 

duration was 800 ms, including fade-in and fade-out of 5 frames each (16.7 ms per 

frame; the baby image ranged from being transparent to having a solid colour and vice 

versa); the inter-stimulus interval was 100 ms. The radius of the circle was 122 pixels, 

which is 4.0 cm on the Tobii screen, 3.8° visual angle, see Figure 5.3. 

 

 

Figure 5.3. Example of part of the sequence during the familiarization phase of the 

visuospatial experiment (Mapping 2, E-A-B, see Figure 5.4). Stimulus duration is 800 ms, 

inter-stimulus interval is 100 ms. (Photograph by the author and used with permission of 

the person depicted.) 

The six letters in the basis sequence A-B-E-F-D-A-C-A-D-E were assigned to the six 

locations in four different mappings. As previously mentioned, for each two mappings, 

stimuli A and B, C and D, and E and F change locations, see Figure 5.4. The purpose of 

this combination of mappings was to keep the complexity between mappings as similar 

as possible and to counterbalance directions of transitions. Mappings were randomly 

assigned to participants, and distributed equally over participants, even after post-
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experiment exclusion based on the acquisition of explicit knowledge: Mapping 1: 7 (was 

9); Mapping 2: 7 (was 9), Mapping 3: 5 (was 8); Mapping 4: 6 (was 8).  

 

 

Figure 5.4. Representation of the four mappings used. In each mapping, letters, which represent 

stimuli in the sequence, are coupled to a particular location, or box.  

Procedure 

The visuospatial experiment could be conducted as the first, second, or third experiment, 

depending on the order of experiments. The orders were initially counterbalanced across 

participants, but due to post-experiment exclusion because of explicit knowledge, the 

numbers became: vssl-vsl-lsl: 10 participants (was 11); lsl-vssl-vsl: 9 participants (was 

12); vsl-lsl-vssl: 6 participants (was 11). When the visuospatial experiment was 

conducted second or third in the series, more participants acquired explicit knowledge of 

the sequence. This may have been the result of their experience in the preceding 

sequential-learning experiment(s), which contained an identically structured sequence.  

The visuospatial experiment was conducted in a sound-attenuated cabin. A Tobii 

1750 Eye Tracker was used to register participants’ eye movements. The experimenter 

could monitor the experiment on the screen of a computer outside the cabin. Participants 

were seated approx. 60 cm from the 17″ display of the eye tracker, the recommended 
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distance for accurate eye tracking (Tobii, 2008). After the distance and position of the 

eye tracker were optimized, a five-point calibration was applied. Calibration was 

acceptable if the calibration was ‘good’ for all five points for one of the eyes and for at 

least four points for the other eye.  

The experiment started with written instructions on the screen. Participants were to 

follow the picture of the baby image with their eyes as fast as possible. Participants were 

also informed that at the end of the experiment, a number of questions would be asked 

about what they had seen. When they had read and understood the instructions, 

participants could start the experiment by pressing [Enter] on the keyboard. The 

familiarization phase consisted of 6 blocks of 80 stimuli. During the first and the last 

blocks, a sequence of randomly ordered locations was presented, while in Blocks 2 to 5 

the repeated sequence of locations was presented. Blocks followed each other without 

interruption, so participants saw a continuous sequence of stimuli. Total familiarization 

duration was 7 min 12 s.  

After the familiarization phase, a written instruction for the test phase appeared 

on-screen. The test phase consisted of a temporal 2AFC task containing three 

consecutive sets of 12 test trials, thus a total of 36 test trials, preceded by a 

practice trial, see Table_a 5.7 in the Appendix. 

Immediately following the test phase, a ‘free generation task’ was conducted: 

participants were asked to write down if they remembered any (series of) locations, and 

if so, which one(s). This could also be done by drawing arrows in pre-printed grids of 

two rows, three columns, representing the lay-out of the eye-tracking screen. 

Data pre-processing 

Familiarization phase 

Eye-tracking data were used to measure on-line sequential learning. The dependent 

variable was Dwell latency. A dwell is defined as “one visit in an AOI (dc: area of 

interest), from entry to exit” (Holmqvist et al., 2011, p. 190), see also Chapter 2. A 

‘visit’ is defined as a consecutive set of gaze samples in the area of interest, which in this 

experiment is the box on the screen in which the baby image appeared, the stimulus. 

Dwell latency is the time between the onset of the stimulus and the start of a dwell in the 

stimulus. Dwell latency in this visuospatial experiment can be viewed as the equivalent 

of reaction time in the classical SRT task, and is comparable to the reaction times 

measured during the familiarization phase of the language and the visual experiments. It 

was expected that Dwell latency would decrease over the sequenced blocks, and would 



Adult sequential learning in three different domains 121 

 

be shorter for more predictable transitions, i.e. TP100 was supposed to yield the shortest 

Dwell latency, followed by TP50 and TP30 respectively. 

Not all dwell latencies were included for analysis. Only dwells were included that 

started between the start of the pre-previous stimulus and the end of the first stimulus 

after the target stimulus, see Figure 5.5. The target stimulus in the visuospatial 

experiment is the stimulus presented at which participants are expected to focus, i.e. the 

box in which the baby image appears. The time window used in the adult visuospatial 

experiment is larger than that used in the infant visuospatial experiment. The infants’ 

sequence consisted of three pairs with TP33 between pairs. In such a sequence, a pre-

previous stimulus does not predict the target stimulus with certainty. The sequence used 

in the adult experiment consisted of ten elements and was repeated continuously during 

the sequenced block; this made it possible to predict the target by the pre-previous 

stimulus.
21

 If the target dwell started during the second stimulus after the actual target 

stimulus, the associated dwell latency was considered an outlier, as it is debatable 

whether the participant then actually aimed at the target stimulus or whether the dwell 

happened at chance. 

 

 

Figure 5.5. Time window in the adult visuospatial experiment during which valid dwell 

latencies could start, i.e. between the start of the pre-previous stimulus and the end of the 

stimulus following the target stimulus.  

In 0.2% of all transitions (25 out of 11975 cases, i.e. from all 25 participants), no 

valid dwell latencies were detected during this time frame. Furthermore, it is possible 

that between stimulus onset and the start of the target dwell (the period that defines a 

dwell latency) interruptions occurred because of tracking loss. Such interruptions often 

yield relatively long dwell latencies that do not represent the time necessary for the eye 

gaze to move to the target. Therefore, dwell latencies with tracking loss of at least 60 ms 

                                                 
21 Of all valid dwell latencies, only two (0.02%) occurred during the pre-previous stimulus. 
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(4 gaze samples; 50 Hz) were excluded (158 dwell latencies, 1.3% of the total number of 

dwell latencies).  

Test phase  

The test phase comprised 36 2AFC test trials. Each trial contained a pair from the 

familiarized sequence and a TP0 pair. Selection of the pair from the familiarized 

sequence counted as a correct response. 

Statistical analysis 

Familiarization phase  

Data from the familiarization phase were analyzed as described in Chapter 2, using 

linear mixed-modelling (LMM) in SPSS 22 for Windows (IBM, 2013). As was the case 

for the results in the previous chapters, the data did not fully comply with the 

assumptions of LMM, so outcomes have been interpreted with caution. Participant is the 

contextual variable, i.e. the variable that introduces hierarchy into the data: observations 

(dwell latencies) are nested under the second-level variable Participant (the adult 

participant). This is reflected by the random intercept in the model.  

As Blocks 1 and 6 were random blocks, all TPs for these blocks were set at the same 

value, TP0. Block number and TP therefore coincided in these two blocks in the data set: 

whenever Block number was 1 or 6, TP was 0. The simultaneous inclusion of these 

factors in a model prevented SPSS from estimating their values. Two different analyses 

were therefore conducted: one over all 6 blocks, to test the effect of Block, and one over 

the sequenced Blocks 2 to 5, to test the effect of TP.  

In the analysis over all blocks, Block (1 to 6) was included in the models as a fixed 

factor to test the prediction that dwell latencies will decrease over time, i.e. over the 

sequenced blocks, and that an increase will occur from the last sequenced block, Block 

5, to the random block, Block 6. Three additional fixed factors were investigated to see 

if they had an effect on the dependent variable Dwell latency: Distance, Order, and 

Mapping. Distance refers to the distance from the centre of the previous target box to the 

centre of the current target box (342, 385, 515, 684, or 784 pixels). Dwell latency was 

expected to be larger if the eye gaze needs to traverse a longer distance. Order is the 

ranking of the visuospatial experiment in each set of three experiments (as 1
st
, 2

nd
, or 3

rd
 

experiment). Order may affect Dwell latency, because the same statistical structure 

underlies the sequence in all three experiments, so performance may improve in 

subsequent experiments. The interaction between Block and Order was also 

investigated: if performance improves over consecutive experiments, then the effect of 
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Block on Dwell latency may increase over experiments. Mapping (1, 2, 3 and 4) was 

included, to control for a natural preference for certain transitions. Finally, random 

slopes for Block and Distance were included in the investigated models, because visual 

inspection of a Block × Dwell latency and a Distance × Dwell latency graph with 

separate lines per participant suggested that these factor had different slopes across 

participants.  

In the analysis over Blocks 2 to 5, both Block and TP (TP100, TP50, and TP33 

transitions) were included as fixed factors. TP was included to investigate the prediction 

that dwell latencies will be shorter for higher TP values. The interaction between Block 

and TP was taken into account, to see whether the effect of TP on Dwell latency depends 

on Block.  

The same additional factors as in the analysis over all blocks were investigated: 

Distance, Order, and Mapping. After the mappings had been determined when designing 

the experiment, it appeared that Distance was related to TP: on average, Distance is 

shorter for TP100 transitions (501 pixels) than for TP50 transitions (513 pixels), which 

in its turn is also shorter than for TP33 transitions (555 pixels). Distance therefore 

potentially confounds the effect of TP on Dwell latency, and by including Distance and 

the interaction between TP and Distance into the model, its influence is controlled for. 

Not only the factor Order was considered, but also its interaction with TP, because the 

ranking of the visuospatial experiment might affect the effect of TP on Dwell latency: if 

(implicit) knowledge about the sequence is acquired in previous experiments, then the 

effect of TP on Dwell latency might be different. The same applies to the interaction 

between Block and Order, which was therefore also considered. Finally, for TP and 

Block, random slopes were included in the investigated models, because visual 

inspection of Block × Dwell latency and TP × Dwell latency graphs with separate lines 

per participant suggested these factors had different slopes across participants. A 

Distance × Dwell latency graph also showed separate lines per participant, but when 

Distance was added as random factor, SPSS generated an error message stating that the 

validity of subsequent results could not be ascertained. Therefore, Distance was not 

included in the model as a random factor. 

The construction of models and the procedure to find the model that fitted the data 

best was done as described in the visuospatial experiment of Chapter 2, see Method, 

Statistical analysis, Familiarization phase, p. 33. 
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Test phase  

Reponses from the test phase are dichotomous (correct/incorrect) and were therefore 

analyzed using binomial logistic mixed effect modeling in SPSS 22 for Windows 

(GLMM, IBM, 2013). As in LMM, Participant was added as the contextual variable. 

Each time the analysis was run, a factor was added to the model. Whenever a factor or 

an interaction did not return a significant effect, it was removed from the model. It 

should be noted that the model predicts ‘probability correct’, which is the dependent 

variable. Since ‘percentage correct’ is a more commonly used term, and is in essence the 

same as ‘probability correct’, ‘percentage correct’ will be used in this chapter. 

TP (TP100, TP50, and TP33 transitions) was included to investigate the prediction 

that higher TP values were easier to learn than lower TP values. Set (1 to 3), each 

containing twelve test trials, was included to investigate whether any learning had 

occurred during the test phase itself: this would be shown by either better or worse 

performance over sets. It is possible that a participant had learnt the ‘wrong’ pair during 

the first set(s) of the test phase; she/he would then perform worse in the next set(s) of 

trials. The interaction between TP and Set was added to investigate whether the number 

of Set affected the influence of TP on the percentage correct responses. Order refers to 

the order of experiments, i.e. whether the visuospatial experiment was conducted first, 

second or third. It is possible that participating in one experiment reveals something 

about the pattern of the sequence, which will then potentially facilitate learning during a 

subsequent experiment. The interaction between TP and Order was added to investigate 

whether the order of experiments affected the influence of TP on percentage correct. 

Mapping was added to see if this factor affected the results. The GMML analysis also 

provided information on whether percentage correct, overall and per TP value, was 

significantly higher than chance (50%). 

Results 

Familiarization phase  

Figure 5.6 shows dwell latencies as a function of Block (1–6). Dwell latencies decrease 

from the random Block 1 over the sequenced Blocks 2 to 5, and show a steep increase in 

Block 6 in which another random sequence was presented. During the sequenced Blocks 

2–5, shorter dwell latencies are observed for TP50 transitions than for both TP100 and 

TP33 transitions. 
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 Block 1 Block 2 Block 3 Block 4 Block 5 Block 6 

overall 151 (97) 140 (106) 135 (108) 117 (142) 101 (151) 150 (114) 

TP100 

 

145 (103) 145 (95) 132 (126) 115 (145) 

 
TP50 123 (122) 112 (129) 91 (161) 78 (162) 

TP33 157 (78) 156 (80) 138 (125) 119 (136) 
 

Figure 5.6. Top: Mean dwell latencies per block for all transitions (overall), and for TP100, 

TP50 and TP33 transitions separately. Blocks 1 and 6 only contained random transitions; no 

data are therefore available for TP100, TP50, and TP33. Bottom: The table provides mean 

dwell latencies (in ms (SD)) for each data point in the graph. 

Dwell latencies were analyzed using LMM. First, dwell latencies were investigated 

over all blocks for the effect of Block, see Table_a 5.1 in the Appendix for details on the 

investigated models. The model with the best fit is described as: 
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Dwell latency = aj + b1jBlockij + b2jDistanceij + Ɛij
22

 

aj = a + uj 

b1j = b1 + u1j 

b2j = b2 + u2j 

 

Block contributed significantly to the model both as a random factor and as a fixed 

factor (F(5,125.013) = 13.042, p < .001). Bonferroni-adjusted pairwise comparisons 

showed significantly shorter dwell latencies for Blocks 3 to 5 as compared to Blocks 1 

or 2 (Blocks 1 vs. 4: p = .001, Blocks 1 vs. 5, Blocks 2 vs. 5, and Blocks 3 vs. 5: 

p < .001; Blocks 2 vs. 4: p = .034). Significantly longer dwell latencies were observed 

for Block 6, the random block, when compared to the last two sequenced blocks, Block 

4 (p = .001) and Block 5 (p < .001). This decrease over sequenced blocks followed by a 

steep increase during the random block points to sequential learning. 

The control factor Distance also contributed significantly to the model both as a 

random factor and as a fixed factor (F(4,105.386) = 9.246, p < .001). Bonferroni-

adjusted pairwise comparisons showed that increasing distance roughly means 

increasing dwell latencies. Distance thus plays a role in the duration of dwell latencies, 

but its effect is taken care of by including it in the model. Neither the factors Order and 

Mapping, nor the interaction Block*Order contributed significantly to the model. 

To determine whether TP had an effect on Dwell latency, a second analysis was 

conducted on the data of the sequenced Blocks 2 to 5, see Table_a 5.2 in the Appendix 

for details on the investigated models. The model with the best fit is described as: 

 

 

 

                                                 
22 a is the regression coefficient representing the intercept and b is the regression coefficient 

representing the slopes in the model. The subscript i in the equation refers to a particular 

observation of Dwell latency and the subscript j reflects the variable over which the intercept or 

slope varies (in this case Participant). Ɛ is the error, i.e. the difference in predicted and actual 

Dwell latency i for Participant j. uj refers to the variability of intercepts and u1j and u2j refer to the 

variability of slopes b1j and b2j, respectively. 
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Dwell latency = aj + b1jTPij + b2jBlockij + b3Distanceij + Ɛij
23

 

aj = a + uj 

b1j = b1 + u1j 

b2j = b2 + u2j 

 

TP had a significant effect on Dwell latency (F(2,50.910) = 12.778, p < .001). 

Bonferroni-adjusted pairwise comparisons showed that dwell latencies for both TP100 

and TP33 were significantly longer than for TP50 (p < .001 in both cases). No difference 

was observed between TP100 and TP33. As in the previous analysis, dwell latencies 

were shown to decrease significantly over blocks (F(3,75.168) = 10.471, p < .001).  

The effect of Distance on Dwell latency was significant (F(4,7587.042) = 83.834, 

p < .001). In general, dwell latencies were significantly longer for larger distances. This 

confounding effect of Distance on Dwell latency has been taken care of by including it 

into the model. Neither the factors Order and Mapping, nor the interactions TP*Block, 

TP*Distance, TP*Order, and Block*Order contributed significantly to the model. 

In summary, dwell latencies decreased over sequenced blocks, and showed a 

significant increase in the last, randomly ordered block. Stimulus transitions with TP50 

yielded shorter dwell latencies than both TP100 and TP33 transitions. 

Test phase  

Figure 5.7 shows percentage correct per TP value for the visuospatial experiment. 

 

                                                 
23 a is the regression coefficient representing the intercept and b is the regression coefficient 

representing the slopes in the model. The subscript i in the equation refers to a particular 

observation of Dwell latency and the subscript j reflects the variable over which the intercept or 

slope varies (in this case Participant). Ɛ is the error, i.e. the difference in predicted and actual 

Dwell latency i for Participant j. uj refers to the variability of intercepts and u1j and u2j refer to the 

variability of slopes b1j and b2j, respectively. 
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Figure 5.7. Percentage correct per TP value in the test phase of the visuospatial experiment. 

Solid asterisks indicate significant differences in percentage correct between TP values; the 

open asterisk indicates that percentage correct is significantly higher than chance (50%). 

Error bars represent ± 1 standard deviation. 

The results of the test phase were analyzed using GLMM. The model that fitted the 

data best included both the factor TP (F(2,895) = 13.498, p < .001) and the factor Order 

(F(2,895) = 3.131, p = .044):  

Percentage correct (logit(correct)) = aj + b1TPij + b2Orderij + Ɛij
24

 

aj = a + uj 

Results of Bonferroni-adjusted pairwise comparisons of TP provide information on 

performance per TP value, and compare percentages correct between TP values. 

Percentage correct was only higher than chance for TP100. Overall percentage correct 

                                                 
24 a is the regression coefficient representing the intercept and b is the regression coefficient 

representing the slopes in the model. The subscript i in the equation refers to a particular 

observation of Percentage correct and the subscript j reflects the variable over which the intercept 

or slope varies (in this case Participant). Ɛ is the error, i.e. the difference in predicted and actual 

Percentage correct i for Participant j. uj refers to the variability of intercepts. 
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(the grand mean percentage correct) was also significantly above chance. Percentage 

correct for TP100 trials was higher for both TP50 trials (p < .001) and TP33 trials 

(p = .004), and percentage correct for TP33 trials was higher than for TP50 trials 

(p = .027).  

Bonferroni-adjusted pairwise comparisons of Order showed that percentage correct 

was higher when the visuospatial experiment was conducted first than when the 

visuospatial experiment was conducted third (p = .036). The reason may have to do with 

a higher alertness during the first sequential-learning experiment. No main effect of 

Order was, however, observed during familiarization, nor in either of the other two 

sequential-learning experiments (see below). It is unknown why the factor Order only 

affected the test phase of the visuospatial experiment. The factors Set, TP*Set, 

TP*Order and Mapping did not have a significant effect on the percentage correct 

responses.  

In summary, performance on TP100 trials was higher than chance, and higher than 

on both TP50 and TP33 trials. Further, performance of TP50 was lower than that of 

TP33, but both percentages correct were not different from chance. 

Correlation between familiarization and test measures 

Under the assumption that the measures for sequential learning in the familiarization 

phase and the test phase both reflect sensitivity to the statistical properties of the 

sequence, a significant correlation between these measures is expected. The following 

measures were calculated for each individual participant: (i) the Block difference score 

(mean dwell latency in the random Block 6 minus mean dwell latency in the last 

sequenced Block 5) and (ii) TP difference score (mean dwell latency for lower TP minus 

mean dwell latency for higher TP) for the familiarization phase and (iii) percentage 

correct over all test trials for the test phase. The Block difference score and the 

difference score between TP50 and TP100 (TP50-100 diff) were not normally 

distributed (Shapiro-Wilk, p < .05). For correlations with these measures, non-

parametric bivariate correlations (Spearman’s rho) were used. In all other cases, a 

parametric bivariate correlation (Pearson Correlation) was conducted. 

If sequential learning occurs, it is expected that all sequential-learning measures are 

positively related, i.e. the larger the Block difference score, the larger the TP difference 

scores, and the larger the Block and TP difference scores, the higher overall percentage 

correct. This was attested by a moderate correlation between the Block difference score 

and percentage correct (rs = .508, p = .010), see Table 5.2. 
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 TP50-100 diff TP33-100 diff TP33-50 diff percentage correct 

Block diff .025 .434* .251 .508* 

TP50-100 diff  .192 −.342 .388 

TP33-100 diff   .741*** −.010 

TP33-50 diff    −.333 
 

Table 5.2. Spearman’s rho (roman) or Pearson’s (bold) coefficients for correlations 

between sequential-learning measures of the familiarization and test phase. n = 25; 
*p < .05; ***p < .001. 

The TP difference scores demonstrated, however, a divergent pattern. None of the TP 

difference scores showed a significant correlation with percentage correct, and only the 

TP33-TP100 difference score significantly correlated with the other familiarization 

measure, the Block difference score (rs = .434, p = .30). Further, a strong correlation was 

found between the TP33-TP100 and the TP33-TP50 difference scores (r =.741, 

p < .001), but not between any of the other TP difference scores. The difference between 

TP33 and TP100 was not significant at the group level, but apparently, this difference 

correlated with the difference between TP33 and TP50 at the individual level. It is not 

known why correlations between other TP difference scores did not reach significance. 

In summary, the Block difference score correlated with percentage correct, but the 

TP difference scores did not. The two measures of sequential learning during 

familiarization, i.e. the TP difference scores and the Block difference score, did not 

correlate either, except for the TP33-TP100 difference score. Further, a significant 

correlation was found between two TP difference scores: TP33-TP100 and TP33-TP50. 

Discussion 

The main purpose of this experiment was to investigate sequential learning in the 

visuospatial domain with adult participants, thereby obtaining data that can be correlated 

with those yielded by similar experiments in two other domains. Sequential learning was 

attested during familiarization by an increase in dwell latencies from the last sequenced 

block to the random block, and during test by a higher than chance performance on 

TP100 trials. Also, percentage correct for TP100 trials was higher than for both TP50 
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and TP33 trials. These results indicate that sequential learning occurred during the 

visuospatial experiment. Unexpected results were also obtained: TP50 transitions 

yielded shorter dwell latencies than TP100 transitions, and dwell latencies did not differ 

between TP100 and TP33 transitions. 

Sequential learning resulted from merely watching the stimuli of the visuospatial 

sequence. Such perceptual learning has been the topic of a number of SRT studies (e.g. 

Song, Howard, & Howard, 2008). In these studies the classical motor learning (by 

pressing keys that are associated with visual stimuli that appear on-screen in a structured 

order) is compared to perceptual sequence learning. Performance on motor learning 

tasks appears to be more robust than on perceptual learning tasks, i.e. the expression of 

motor learning is less vulnerable to variations of stimuli, task demands and sequence 

complexity (Deroost & Soetens, 2006; Song et al., 2008). The present experiment, 

however, provides further evidence that visuospatial sequences can be learned without a 

manual motor response. 

It was also expected that sequential learning would be attested by shorter dwell 

latencies for higher TP values, as was found for 8-month-old infants in a visuospatial 

experiment (Kirkham et al., 2007). As argued by Kirkham and colleagues, higher TP 

values would be better predictable and thus facilitate gaze shifts. Indeed, dwell latencies 

for TP50 were significantly shorter than for TP33, which fits with this prediction. 

However, dwell latencies for TP100 were not significantly shorter than for TP50. On the 

contrary, dwell latencies for TP100 were significantly longer than for TP50. 

Furthermore, dwell latencies for TP33 and TP100 were not significantly different.  

The shorter dwell latencies of TP50 transitions cannot be explained by shorter 

average distances for these transitions, as TP100 transitions had the shortest average 

distance. Furthermore, the effect of Distance was controlled for by including this factor 

into the model. Individual transitions were examined to check if a particular feature was 

shared by the transitions with the shortest dwell latencies. For instance, it has been 

suggested that a bias may exist for the top-left part of a visual display and that reading 

direction influences visuospatial behaviour (Abed, 1991; Rinaldi, Di Luca, Henik, & 

Girelli, 2014). However, the ten transitions with shortest dwell latencies had different 

directions and were located both on the left and right sides as well as in the middle of the 

grid. Amongst these ten were five TP50 transitions, four TP100 transitions, and one 

TP33 transition. Direction or position of the transitions can therefore not explain the 

results for TP50 either. 
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From other studies it is known that more than one statistical measure can be learned 

at the same time (Hunt & Aslin, 2001) or that a switch is made from one (simpler) 

measure to the other if the former does not provide reliable information (Gómez, 2002). 

It is therefore also possible that the adult participants did not use TP, but either focused 

on or had switched to another measure, such as for instance backward TP or joint 

probability. A variety of other statistical regularities were determined for the present 

sequence, see Table_a 5.8 in the Appendix. It seems unlikely that any other measure (as 

far as investigated here) has caused the shorter latencies for TP50 transitions. All 

transitions have a joint probability
25

 of .1. TP backwards
26

 is on average .54 for the TP50 

transitions, whereas it is .44 for TP100 and .83 for TP33 transitions. Second-order 

forward or backward
27

 is always 1. The final measure investigated is 2-lag.
28

 For triplets 

that happen to end with a TP50 pair, the average 2-lag value is higher (.79) than for 

triplets ending in a TP100 pair (.5) or in a TP33 pair (.67). For the 2-lag back
29

 values, 

the highest value is for the triplet that starts with a TP33 pair. All in all, the measure that 

would be most plausible to predict the current TP50 results is 2-lag. However, this 

statistical measure does not explain why no difference in dwell latencies was observed 

between TP100 and TP33 transitions. 

Another explanation might be found in the Discussion of the infant visuospatial 

experiment reported in Chapter 4 (p. 89). In that experiment, unexpected TP results were 

also obtained: shorter dwell latencies were found for TP33 than for TP100 transitions in 

infants at risk of dyslexia. It was suggested that perhaps a Goldilocks-effect, i.e. the 

preference for a moderate information rate (C. Kidd et al., 2012) had played a role. Such 

                                                 
25 Joint probability is the co-occurrence frequency of two elements normalized for all co-occurring 

pairs of elements. 

26 TP backwards is the probability by which a stimulus X precedes a stimulus Y, whereas TP 

forwards is the probability by which a stimulus Y follows a stimulus X. In TP backwards, the 

frequency of XY is normalized for Y, whereas in TP forwards, the frequency of XY is normalized 

for X. 

27 Second order forward is the probability by which a stimulus Z follows stimuli XY. Second order 

backward is the probability by which a stimulus X precedes stimuli YZ. 

28 2-lag forward is the probability by which the third element in a triplet follows the first element, 

with any possible element intervening, i.e. for the triplet A-x-B, it is the probability by which A-x 

is followed by B. 

29 2-lag back is the probability by which B is preceded by A-x. 
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an optimal degree of regularity was also mentioned as a possible explanation for the 

results of a subset of adults in a visual sequential-learning experiment (Bogaerts et al., 

2016), whose performance for lower TP values was also better than for higher TP 

values.  

As argued in Chapter 4, however, the Goldilocks-effect was described for the 

allocation of visual attention, not sequential learning. TP sensitivity may not only be 

driven by sequential learning, in which the higher, more predictable, TPs yield shorter 

dwell latencies, but also by visual attention, which may favour the moderately complex 

TPs. It is possible that a complex interplay of visual attention and sequential learning 

determined the outcomes of the present visuospatial experiment: shorter dwell latencies 

for TP50 than for TP100 and TP33 transitions, and no difference between TP100 and 

TP33 transitions. Future experiments will need to address the effect of both visuospatial 

sequential learning and visual attention on dwell latencies for transitions with different 

TP values. 

Sequential learning during the familiarization phase was expected to affect results in 

the test phase. If participants had learned something about the statistical structure of the 

sequence, not only would they select the observed transition (irrespective of its TP 

value) more often than the non-observed transition (TP0), but they would also show 

differences between TP values, with higher percentages correct for the higher TP values. 

Results showed that percentage correct was higher than chance for TP100 pairs, but not 

for TP50 and TP33 pairs. This suggests that only TP100 transitions had been learned 

during familiarization. When percentages correct were compared between TP values, 

performance on TP100 trials was higher than on both TP50 and TP33 trials. 

Performance on TP50 and TP33 trials was at chance level; the finding that performance 

on TP50 trials was lower than on TP33 trials is therefore not meaningful: in both 

instances participants were guessing. 

Assuming that TP50 transitions during familiarization yielded shorter dwell latencies 

because of a larger effect of visual attention than sequential learning, the test results are 

consistent with the familiarization results for TP. Performance on TP50 test trials was 

not above chance level, indicating that this transition was not sufficiently learned during 

familiarization to distinguish it from a non-observed TP0 pair during test. At the same 

time, performance on TP100 trials was above chance, and dwell latencies for TP100 

transitions were longer than for TP50 transitions. Following the above line of reasoning, 

sequential learning must have had a larger effect on TP100 transitions than visual 

attention. The longer dwell latencies may be explained by the fact that TP100 was 
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learned and was not of sufficient interest anymore to induce fast gaze shifts. Since dwell 

latencies for TP33 transitions were not different from TP100 transitions, a similar 

performance on trials for both TP values would also be expected during test, but instead, 

a significant difference in performance was found: percentage correct for TP100 trials 

was above chance, while percentage correct for TP33 trials was at chance. The reason 

for these unexpected results is unknown. 

The unexpected TP results from the familiarization phase may also be reflected in the 

results from the correlational analyses between familiarization and test results. The TP 

difference scores from familiarization and percentage correct from test did not correlate 

with each other, whereas the Block difference score and percentage correct did. No 

correlation was found between the Block difference score and two of the TP difference 

scores; only the TP100-TP33 difference score showed a significant correlation with the 

Block difference score. Furthermore, a significant correlation was observed between the 

TP100-TP33 and TP50-TP33 difference scores. These findings suggest that the various 

measures of sequential learning represent different sensitivities to the statistical 

properties of the sequence or perhaps even depend on different cognitive processes (e.g. 

sequential learning and visual attention). This will be discussed in detail in the General 

discussion of this chapter (p. 158). 

In order to obtain data to assess whether sequential learning is attested in yet another 

domain, and to correlate results between domains to investigate domain generality, the 

adults also participated in a language sequential-learning experiment. 

THE LANGUAGE EXPERIMENT 

Method 

Participants  

Twenty-eight subjects participated in the language experiment (24 female (86%); mean 

age 21;2 years;months, range: 18;1–29;7). The data of 6 other adults (18%), who also 

participated in the experiment, were excluded from analyses, because of explicit 
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knowledge of the presented language sequence, see General method, Test of explicit 

knowledge, p. 115.
30

  

Stimuli  

Stimuli are identical to those used in the infant experiments; for details, see Chapter 2. In 

short: the stimuli consisted of six different syllables in Dutch: /be/, /ky/, /mo/, /ni/, /pu/, 

and /ʋa/, recorded by a female Dutch native speaker in a monotone voice. On average, 

stimulus duration was 438 ms, inter-stimulus interval was 200 ms, see Figure 5.8. No 

visual stimulus accompanied the language stimuli in the adult experiment; participants 

were presented with a grey screen after written instructions had been read. 

 

 

Figure 5.8. Example of part of the sequence during the familiarization phase of the language 

experiment (Mapping 2, A-D-E, see Table 5.3). Stimulus duration was on average 438 ms, inter-

stimulus interval was 200 ms. 

Each of the six syllables was allocated to one of the letters A to F. Syllables in the 

patterned blocks were presented in a repeated sequence of ten syllables, A-B-E-F-D-A-

C-A-D-E, the statistically structured sequence that also underlies the stimulus 

presentation in the other two experiments, see Figure 5.2 on p. 113. Four different 

                                                 
30 In order to illustrate the legitimacy of this explicit-knowledge criterion, the language experiment 

test results of all participants were analyzed using GLMM with ‘explicit knowledge’ as single 

factor. The participants with explicit knowledge had a significantly higher percentage correct 

(84%) than the participants without such knowledge (57%; F(2,1222 = 24.727), p < .001). The low 

number of participants with explicit knowledge (n = 6) in this analysis requires caution drawing 

any firm conclusions. Nevertheless, to avoid any risk of explicit knowledge confounding the 

results, these participants were excluded from the final analyses. 
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mappings were used to counteract the effect of any natural preference for a particular 

transition, see Table 5.3. 

 

 A B E F D A C A D E 

m1 /be/ /mo/ /ni/ /pu/ /ʋa/ /be/ /ky/ /be/ /ʋa/ /ni/ 

m2 /mo/ /be/ /pu/ /ni/ /ky/ /mo/ /ʋa/ /mo/ /ky/ /pu/ 

m3 /ni/ /ky/ /mo/ /ʋa/ /be/ /ni/ /pu/ /ni/ /be/ /mo/ 

m4 /ky/ /ni/ /ʋa/ /mo/ /pu/ /ky/ /be/ /ky/ /pu/ /ʋa/ 
 

Table 5.3. The four mappings (m1 to m4) of the sequence used in the language experiment. 

No two consecutive syllables resembled or formed an existing Dutch word in any of 

the mappings. At first, mappings were evenly distributed over participants. However, 

post-experiment exclusion based on the acquisition of explicit knowledge led to the 

following distribution: Mapping 1: 9 (was 9); Mapping 2: 7 (was 7); Mapping 3: 7 (was 

9); Mapping 4: 5 (was 9). 

Procedure 

Due to post-experiment exclusion based on the acquisition of explicit knowledge, the 

order of experiments was not counterbalanced across participants. For the language 

experiment the distribution was: lsl-vssl-vsl: 12 participants (was 12); vsl-lsl-vssl: 10 

participants (was 11); vssl-vsl-lsl: 6 participants (was 11). This resembles the pattern 

observed in the visuospatial experiment: when the language experiment was conducted 

later, more participants gained explicit knowledge, probably because of experience in 

the other (two) sequential-learning experiment(s), which contained an identically 

structured sequence. 

The language experiment was conducted in a sound-attenuated cabin. The 

experimenter could monitor the experiment on a computer screen outside the cabin. 

Participants were seated in front of a computer screen wearing Beyerdynamic DT250 

headphones. The experiment started with written instructions on the screen: participants 

were informed that they would hear a series of syllables. The repeated sequence was 

composed in such a way that one particular stimulus, stimulus D, occurred after a TP100 

transition (F-D) and also after a TP33 transition (A-D), see Figure 5.2 on p. 113. 

Participants were instructed to press the button on a button box as quickly as possible 

when they heard stimulus D. Participants were also asked to pay attention to all 

syllables, since questions would be asked about the syllables at the end of the 
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experiment. When they had read and understood the instructions, participants could start 

the experiment by pressing the button. 

Familiarization consisted of 6 blocks of 80 stimuli. During the first and the last 

blocks, stimuli were presented in random order and during the intervening blocks, 

stimuli were presented in the repeated A-B-E-F-D-A-C-A-D-E sequence. Blocks 

followed each other without interruption, so participants heard a continuous sequence of 

syllables. The total familiarization duration was on average (dependent on Mapping) 5 

min 6 s (range: 5 min 4 s to 5 min 7 s).  

After familiarization, participants were tested on their knowledge of the sequence in 

a 2AFC task, see Table_a 5.7 in the Appendix. Composition of the test trials was the 

same as in the visuospatial experiment, but trials were presented in a different random 

order per set. This order of test trials per set and the order of sets was kept identical 

across participants. It should be noted that stimulus D, at which participants were 

instructed to press the button as quickly as possible, was not included in any of the test 

pairs.  

Immediately after completing the test phase, participants conducted a ‘free 

generation task’ to test whether they had acquired explicit knowledge of the sequence. 

Participants were asked to write down if they remembered any (series of) syllables, and 

if so, which one(s). 

Data pre-processing 

Familiarization phase  

On-line sequential learning was measured by means of button presses. The 

dependent variable was reaction time (RT), which is the time between the onset of the 

stimulus and the time the button was pressed by the participant. Not all RTs were 

included for analysis. As was the case for Dwell latency in the visuospatial experiment, 

only button presses that started between the start of the pre-previous stimulus and the 

start of the second stimulus after the target stimulus were included, see Figure 5.5 on 

p. 121 (read ‘valid button presses’ for ‘valid dwell latencies’). Of all 2520 transitions 

(from all participants), 111 (4.4%) did not have a valid reaction time.
31

 A button press 

before the pre-previous stimulus could also be a late press to the previous target 

stimulus. Further, if the button was pressed during the second stimulus after the actual 

                                                 
31 For comparison: in the visuospatial experiment with dwell latencies this concerned 0.2% of all 

transitions. 
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target stimulus or even later, the resulting reaction time was also excluded from the 

analysis. It cannot be determined whether the participant actually still aimed at the target 

stimulus at this point in time, or whether the press happened accidentally. If two or more 

button presses were made during the valid time window, the one yielding the shortest RT 

was taken, also for the random blocks. Subsequent button presses were then ignored.  

Test phase  

As in the visuospatial experiment, the test phase consisted of three consecutive sets 

of twelve 2AFC test trials. Selection of the pair from the familiarized sequence (i.e. not 

the TP0 pair) counted as correct response. 

Statistical analysis  

Familiarization phase 

Data from the familiarization phase (RT, reaction time) were analyzed as described 

for the visuospatial experiment (p. 122) using LMM in SPSS 22 for Windows (IBM, 

2013). Two different analyses were conducted: one over all 6 blocks, to test the effect of 

Block, and one over the sequenced Blocks 2 to 5, to test the effect of TP. In the analysis 

over all blocks, random slopes for Block were included in the investigated models, 

because visual inspection of a Block × RT graph with separate lines per participant 

suggested that this factor had different slopes across participants. For the analysis over 

Blocks 2 to 5, random slopes were included for both Block and TP. All other factors 

investigated are identical to the statistical analysis of the visuospatial experiment, except 

for Distance and TP*Distance, which are not applicable to the language experiment. 

Test phase  

Results from the test phase are dichotomous (correct/incorrect) and therefore GLMM 

in SPSS 22 was used to analyze the data. The test phase of the language experiment was 

similar to the test phase of the visuospatial experiment; see p. 124 for more details on the 

statistical analysis of the test results.  

Results 

Familiarization phase  

As can be seen in Figure 5.9, RT decreased over the sequenced Blocks 2 to 5 and 

increased in Block 6, in which stimuli were presented in random order. RTs for TP100 
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targets were consistently shorter than for TP33 targets. Both findings are indications of 

sequential learning in the language domain. 

 

 

 Block 1 Block 2 Block 3 Block 4 Block 5 Block 6 

overall 351 (263) 366 (226) 347 (191) 299 (185) 199 (251) 385 (333) 

TP100 
 

319 (206) 308 (195) 282 (178) 164 (269) 
 

TP33 
 

413 (235) 387 (178) 316 (190) 236 (226) 
  

Figure 5.9. Top: Mean reaction times of button presses in response to the target stimulus in the 

familiarization phase of the language experiment, per block for all transitions (overall), and for 

TP100 and TP33 transitions separately. Blocks 1 and 6 only contained randomly ordered 

transitions, therefore no data for TP100 and TP33 are available. Bottom: The table provides 

mean reaction times (in ms (SD)) for each data point in the graph. 

RTs were first analyzed over all blocks to test the effect of Block on RT, see Table_a 

5.3 in the Appendix. The model with the best fit is described as: 
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RT = aj + b1jBlockij +Ɛij
32

 

aj = a + uj 

b1j = b1 + u1j 

Only Block had a significant effect on RT (F(5,138.571) = 16.366, p < .001). 

Bonferroni-adjusted pairwise comparisons showed that RT decreased significantly over 

blocks: RT in Block 5 was significantly shorter than in both Blocks 1–3 (p < .001) and 

Block 4 (p = .001). Conversely, RT in the random Block 6 was significantly longer than 

in the penultimate sequenced block, Block 4 (p = .007) and the last sequenced block, 

Block 5 (p < .001). Neither the factors Order and Mapping nor the interaction 

Block*Order significantly contributed to the model.  

In order to determine whether TP had an effect on RT, a second LMM analysis was 

conducted on the data of Blocks 2 to 5, the sequenced blocks with meaningful TP 

values. See Table_a 5.4 in the Appendix for details on the investigated models. The 

model with the best fit is described as:  

RT = aj + b1jTPij + b2jBlockij + Ɛij
32

 

aj = a + uj 

b1j = b1 + u1j 

b2j = b2 + u2j 

RT was significantly shorter for TP100 than for TP33 (F(1,27.862) = 24.217, 

p < .001) and RT significantly decreased over blocks (F(3,84.258) = 23.433, p < .001). 

Neither the factors Order and Mapping, nor the interactions TP*Block, TP*Order, or 

Block*Order contributed significantly to the model. 

In summary, RT in the language experiment decreased over sequenced blocks and 

increased in the last, random block, which is an indication of sequential learning. Also, 

                                                 
32 a is the regression coefficient representing the intercept and b is the regression coefficient 

representing the slope(s) in the model. The subscript i in the equation refers to a particular 

observation of RT and the subscript j reflects the variable over which the intercept or slope varies 

(in this case Participant). Ɛ is the error, i.e. the difference in predicted and actual RT i for 

Participant j. uj refers to the variability of intercepts and u1j refers to the variability in slope b1j, 

and u2j refers to the variability in slope b2j. 



Adult sequential learning in three different domains 141 

 

RT was significantly shorter for TP100 than for TP33 transitions. This conforms to the 

prediction that more predictable transitions will yield shorter RTs.  

Test phase  

Figure 5.10 shows percentage correct per TP value in the language experiment. 

 

 

Figure 5.10. Percentage correct per TP value in the test phase of the language experiment. 

Open asterisks indicate that percentage correct is significantly higher than chance (50%). 

Error bars represent ± 1 standard deviation. 

The results of the test phase were analyzed using GLMM in SPSS. The model that 

fitted the data best only includes the factor Mapping (F(4,1004) = 6.449, p < .001): 

Percentage correct (logit(correct)) = aj + b1Mappingij + Ɛij
33

 

aj = a + uj 

                                                 
33 a is the regression coefficient representing the intercept and b is the regression coefficient 

representing the slope in the model. The subscript i in the equation refers to a particular 

observation of Percentage correct and the subscript j reflects the variable over which the intercept 

or slope varies (in this case Participant). Ɛ is the error, i.e. the difference in predicted and actual 

Percentage correct i for Participant j. uj refers to the variability of intercepts. 
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Bonferroni-adjusted pairwise comparisons showed that the percentage correct was 

significantly higher in Mapping 1 than in Mapping 2 (p = .013) and also higher in 

Mapping 3 than in both Mapping 2 (p < .001) and Mapping 4 (p = .005). The model did 

not contain TP, which means that no significant differences in percentage correct existed 

between the three TP values. At the same time, percentage correct was only higher than 

chance for TP100 and TP50. Overall percentage correct (the grand mean percentage 

correct) was significantly higher than chance. In addition to TP, neither the factors Set 

and Order, nor the interactions TP*Set and TP*Order had a significant effect on 

percentage correct. 

In summary, above-chance performance was observed on both TP100 and TP50 

trials, but no difference in percentage correct was found between TP values. 

Correlation between familiarization and test measures 

Assuming that the measures for sequential learning in the familiarization phase and the 

test phase both reflect sensitivity to the statistical properties of the sequence, correlations 

between the measures are expected. Two measures were used for sequential learning 

during familiarization: the Block difference score and the TP difference score. For the 

test phase, percentage correct was used. All measures were normally distributed 

(Shapiro-Wilk, p > .05), so in all cases a parametric bivariate correlation (Pearson 

Correlation) was conducted. 

The difference scores per participant were obtained by subtracting the mean reaction 

time in Block 5, the last sequenced block, from the mean reaction time in Block 6, the 

random block. The correlation between the Block difference score and percentage 

correct was positive and significant (r = .392, p = .039), i.e. the larger the Block 

difference score, the higher overall percentage correct. The second measure for 

sequential learning during familiarization was the difference in RT between TP100 and 

TP33 transitions. This TP difference score (TP33 − TP100) did not show significant 

correlations with either the Block difference score or percentage correct (r = .130, 

p = .511 and r = −.163, p = .408). 

In summary, the Block difference score did correlate with percentage correct, but the 

TP difference score did not. The two measures of sequential learning during the 

familiarization phase, i.e. the TP difference score and the Block difference score, did not 

correlate either. 
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Discussion  

This experiment investigated adult sequential learning in the language domain. 

Indications of sequential learning were obtained during familiarization by the increase in 

reaction times from the last sequenced block to the random block, and by shorter 

reaction times for TP100 than for TP33 transitions. This latter finding concurs with the 

finding in the visuospatial experiment with 8-month-old infants by Kirkham et al. 

(2007). 

Performance during test was significantly above chance for both TP100 and TP50 

trials, but not for TP33 trials. The difference between TP values was, however, not 

significant, meaning that performance on TP100 and TP50 apparently was just above 

chance: indeed, percentages correct did not exceed 60%. This may seem surprising at 

first, because language is sequential in itself and therefore, sequential learning was 

expected to be relatively easy. The results are nevertheless in line with other studies 

using syllable sequences, given token frequency and exposure duration. In the present 

experiment, exposure lasted 5 min 6 s and each 10-syllable sequence was presented 48 

times. In for instance the study by McNealy, Mazziotta, and Dapretto (2006), each of 

four three-syllable words was presented 45 times and exposure time was 2 min 24 s. 

During test, performance was not significantly different from chance. In the study by 

Saffran, Newport, and Aslin (1996), adults were exposed for 21 min to 266 tokens of all 

six three-syllable words. The adult participants obtained 76% correct in the word/non-

word condition and 65% in the part-word/non-word condition. Using a similar design, 

Batterink, Reber, Neville, and Paller (2015) reported percentages correct of 61% and 

59% in two experiments. They also mention that such relatively low levels of 

recognition are not unusual in the literature. In the present experiment, exposure and 

number of repetitions was at least sufficient to obtain above-chance performance on 

TP100 and TP50 trials. 

One factor that may also have affected performance is the rate of presentation. In the 

present experiment, this was 1.57 syllables/s, whereas in the experiment by McNealy et 

al. (2006), it was 3.75 syllables/s and in Saffran, Newport, and Aslin (1996) presentation 

rate was 3.6 syllables/s. The average speech rate in Dutch is 4.23 syllables per minute 

(Verhoeven, De Pauw, & Kloots, 2004), nearly three times faster than the current 

presentation rate. The slow rate may not have been a problem for the button presses 

during familiarization, since participants only needed to attend to one particular 

stimulus. The slow presentation rate may, however, have hampered learning about the 
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various other transitions. As discussed in Chapter 2 for the infants, in the study by 

Emberson et al. (2011) with adults, statistical learning was only observed when auditory 

stimuli were presented at a rate of 2.7 syllables/s, but not when the rate was 1.3 

syllables/s. On the other hand, Palmer and Mattys (2016) found that their slow 

presentation rate, i.e. 2.27 syllables/s, induced better performance in adults than their 

normal (4.17 syllables/s) and fast (7.45 syllables/s) rates. Therefore, perhaps the speed of 

presentation needs to be increased, but care should be taken that the rate of presentation 

is not too fast. 

The only factor that contributed significantly to the model for the test results was 

Mapping: percentage correct in Mapping 1 was higher than in Mapping 2 and percentage 

correct in Mapping 3 was higher than in both Mapping 2 and Mapping 4. It appeared 

that in both Mapping 1 and Mapping 3 a combination of syllables, /mo-ni/, occurred that 

appears relatively frequently as part of Dutch words, but not as a word by itself.
34

 In 

Mapping 1 this was the pair B-E, a TP100 pair; in Mapping 3, /mo-ni/ was the pair E-A, 

a TP50 pair. The syllable pair /mo-ni/ was also used during test in Mappings 2 and 4 as a 

TP0 pair against a TP100 pair. Especially in Mapping 2, this TP0 pair was more often 

selected than the TP100 pair. It is therefore possible that the syllable pair /mo-ni/ at least 

partly caused the effect of Mapping. In future experiments, syllable combinations should 

be selected based on their frequency of occurrence in the mother tongue of the 

participants.  

In summary, evidence of sequential learning was found in the language experiment 

by (i) a significant difference in reaction times between the last random and the last 

sequenced block, (ii) shorter reaction times for TP100 than for TP33, and (iii) 

percentage correct that was significantly higher than chance for both TP100 and TP50 

trials. Whether these outcomes are measures of the same sensitivities to the statistical 

properties of the sequence or the same cognitive processes is uncertain: whereas the 

Block difference score significantly correlated with overall percentage correct in the test 

phase, the TP difference score neither correlated with the Block difference score, nor 

with percentage correct. Similar results were found for the visuospatial experiment: the 

                                                 
34 In order to investigate the effect of Mapping, for each familiar syllable pair, the frequency of 

occurrence in the CELEX-DPW database (Baayen, Piepenbrock, & Gulikers, 1995) was calculated 

using the software Phonotactools (Adriaans, 2006). The syllable combination /mo-ni/ had a 

frequency of 66, which was much higher than any of the other syllable combinations (minimum 0, 

maximum 4). Examples of Dutch words containing /moni/ are: ‘monitor’, ‘ceremonie’, and 

‘ammonia’. The name ‘Monique’ also contains the phoneme sequence /moni/. 
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Block difference score significantly correlated with percentage correct, but the TP 

difference scores (except for TP100-TP33) did not. The results will be discussed in more 

detail in the General discussion of this chapter (p. 158). 

The next experiment tested sequential learning in yet another domain, the visual 

domain. Data were obtained to assess whether adults also show sequential learning in 

this domain and to investigate domain generality of sequential learning by correlating 

the results with the results of the visuospatial and language experiments.  

THE VISUAL EXPERIMENT 

Method 

Participants 

Twenty-one subjects (19 female (90%); mean age 21;7 years;months, range: 18;1–29;7) 

participated in the visual experiment. The data of 13 other adults (38%) were excluded 

from analyses, because they showed evidence of explicit knowledge of the presented 

visual sequence after the experiment, see General method, Test of explicit knowledge, 

p. 115.
35

  

Stimuli  

Visual stimuli consisted of six different geometric shapes: a yellow circle, a pink 

diamond, a blue pentagon, a cyan square, a red octagon and a green triangle (cf. 

Kirkham et al., 2002).
36

 Each shape appeared, one at a time, on a grey background in the 

                                                 
35 In order to illustrate the legitimacy of the explicit-knowledge criterion, the visual experiment 

test results of all participants were investigated using GLMM with ‘explicit knowledge’ as single 

factor. The participants with explicit knowledge (n = 13 (38%)) had a significantly higher 

percentage correct (86%) than the participants without such knowledge (68%, F(2,1222) = 28.976, 

p < .001). These participants were excluded from the final analyses to avoid any risk of explicit 

knowledge confounding the results. 

36 The blue cross in Kirkham et al. (2002) was replaced by a blue pentagon, to create a set of 

shapes all having salient angles, whereas a cross has re-entrant angles. It should be noted that the 

blue cross was retained in the infant visuospatial experiment to resemble the set of stimuli used in 

the infant experiment of Kirkham et al. (2007).  
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centre of the screen. Stimulus duration was 800 ms, including fade-in (i.e. from being 

transparent to having a solid colour) and fade-out of 5 frames each (16.7 ms per frame), 

with no inter-stimulus interval, see Figure 5.11. The average size of the shapes was 9.8 × 

10.0 cm (width × height), 9.4° × 9.5° visual angle. 

 

 

Figure 5.11. Example of part of the sequence during the familiarization phase of the 

visual experiment (Mapping 2, B-E-F, see Table 5.4). Stimulus duration is 800 ms, with 

no inter-stimulus interval. 

 

 

 

Table 5.4. Representation of the four mappings (m1 to m4) for the sequence used in the visual 

experiment. Stimuli consisted of a yellow circle, a pink diamond, a blue pentagon, a cyan 

square, a red octagon and a green triangle. 
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Each of these geometric shapes refers to one particular letter in the sequence A-B-E-

F-D-A-C-A-D-E that also underlies the stimulus presentation in the other two 

experiments. Four different mappings were used in order to counteract the effect of any 

natural preference for a particular transition, see Table 5.4. 

Mappings were randomly assigned to participants, and were initially distributed 

evenly over participants. However, due to post-experiment exclusion based on the 

acquisition of explicit knowledge, the distribution became: Mapping 1: 3 (was 9), 

Mapping 2: 6 (was 8); Mapping 3: 6 (was 10); Mapping 4: 6 (was 7). 

Procedure 

The order of experiments was initially counterbalanced across participants, but due to 

post-experiment exclusion based on the acquisition of explicit knowledge this became: 

vsl-lsl-vssl: 10 participants (was 11); vssl-vsl-lsl: 5 participants(was 11); lsl-vssl-vsl: 6 

participants (was 12). A similar pattern was seen in the previous two experiments: if the 

visual experiment was conducted later, more participants obtained explicit knowledge, 

probably because of experience in the other (two) sequential-learning experiment(s), 

which contained an identically structured sequence. 

Participants were seated in front of a computer screen that was located in a sound-

attenuated cabin. The experimenter could monitor the experiment on the screen of a 

computer outside the cabin. The visual experiment started with written instructions on 

the screen. Participants would see coloured shapes in a row. As in the visuospatial and 

the language experiments, 6 blocks of stimuli were presented. Stimuli were randomly 

presented during the first and the last blocks, and stimuli were presented in the repeated 

A-B-E-F-D-A-C-A-D-E sequence during the intervening blocks. Results of a pilot study 

pointed out that a number of 80 stimuli per block, the number that was used in the 

visuospatial and language experiments, was not sufficient to find indications of 

sequential learning. Higher numbers were tested, and a number of 150 stimuli proved 

sufficient to yield (implicit) learning. Blocks followed each other without interruption, 

so participants saw a continuous sequence of stimuli.  

Participants were asked to press the button on a button box as quickly as possible 

whenever the target stimulus, stimulus D, appeared. As in the language experiment, 

target stimulus D appeared twice within the basic sequence: in the bigram F-D (TP100) 

and in the bigram A-D (TP33), see Figure 5.2 on p. 113. Participants were also asked to 

pay attention to all other shapes, since questions would be asked about the shapes at the 

end of the experiment. When they had read and understood the instructions, participants 
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could start the experiment by pressing the button. The total familiarization duration was 

exactly 12 min.  

After the familiarization phase, a 2AFC test phase started, see Table_a 5.7. 

Composition of the test trials was the same as in the visuospatial and language 

experiments, but trials were presented in a different random order per set. This order of 

test trials per set and the order of sets was kept identical across participants. It should be 

noted that stimulus D, at which participants were requested to press the button as quickly 

as possible, was not included in any of the test pairs.  

After the test phase, a ‘free generation task’ was conducted: participants were asked 

to write down if they remembered any (series of) coloured geometric shapes, and if so, 

which one(s).  

Data pre-processing 

Familiarization phase 

As in the language experiment, on-line sequential learning was measured by RTs of 

participants’ button presses. RT is the time between the onset of the target stimulus and 

the time that the button was pressed by the participant. The same criteria for in- or 

exclusion of RTs applied as in the language experiment. Only button presses that started 

between the start of the pre-previous stimulus and the start of the second stimulus after 

the target stimulus were included, see Figure 5.5 on p. 121 (read ‘valid button presses’ 

for ‘valid dwell latencies’). Fifty-two (1.5%) out of 3570 transitions from all participants 

did not have a valid reaction time.
37

  

Test phase 

As in the visuospatial and language experiments, the test phase comprised 36 2AFC 

test trials. The selection of the pair from the familiarized sequence (not the TP0 pair) 

counted as a correct response. 

Statistical analysis  

Familiarization phase  

RTs were analyzed as described for the visuospatial and language experiments (see 

p. 122) using LMM in SPSS 22 for Windows (IBM, 2013). Two different analyses were 

conducted: one over all 6 blocks, to test the effect of Block, and one over the sequenced 

                                                 
37 For comparison, in the visuospatial experiment, no valid dwell latencies were found in 0.2% of 

all cases; in the language experiment, no valid reaction times were obtained in 4.4% of all cases. 
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Blocks 2 to 5, to test the effect of TP. In the analysis over all blocks, random slopes for 

Block were included in the investigated models, because visual inspection of a Block × 

RT graph with separate lines per participant suggested that this factor had different 

slopes across participants. For the analysis over Blocks 2 to 6, random slopes were 

included for both Block and TP. Except for Distance and TP*Distance, which are not 

applicable to the visual experiment, all other factors investigated are identical to the 

statistical analysis of the visuospatial experiment. 

Test phase  

Responses from the test phase are dichotomous (correct/incorrect) and therefore 

GLMM was used to analyze the data, again in SPSS 22. The test phase of the visual 

experiment was similar to the test phase of the visuospatial and language experiments; 

see p. 124 for more details on the statistical analysis of the test results.  

Results  

Familiarization phase  

As can be seen in Figure 5.12, RT decreased per block over the sequenced Blocks 2 to 5. 

In Block 6, in which stimuli were presented in random order, RT increased. Also, RTs 

for TP100 targets were consistently shorter than for TP33 targets. These findings both 

point to sequential learning. 

Reaction times were first analyzed over all blocks, see Table_a 5.5 in the Appendix 

for details on the investigated models. The model with the best fit is described as: 

RT = aj + b1jBlockij + b2Orderij + b3(Block*Order)ij +b4Mappingij +Ɛij
38

 

aj = a + uj 

b1j = b1 + u1j 

 

                                                 
38 a is the regression coefficient representing the intercept and b is the regression coefficient 

representing the slopes in the model. The subscript i in the equation refers to a particular 

observation of RT and the subscript j reflects the variable over which the intercept or slope varies 

(in this case Participant). Ɛ is the error, i.e. the difference in predicted and actual RT i for 

Participant j. uj refers to the variability of intercepts and u1j refers to the variability in slope b1j. 
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 Block 1 Block 2 Block 3 Block 4 Block 5 Block 6 

overall 360 (210) 338 (256) 308 (215) 256 (268) 212 (245) 343 (167) 

TP100 
 

308 (294) 284 (246) 233 (269) 189 (271) 
 

TP33 
 

367 (209) 332 (176) 279 (265) 235 (213) 
  

Figure 5.12. Top: Mean reaction times of button presses in response to target stimulus in the 

familiarization phase of the visual experiment, per block for all transitions (overall), and for 

TP100 and TP33 transitions separately. Blocks 1 and 6 only contained random transitions, 

therefore no data for TP100 and TP33 are available for these blocks. Bottom: The table provides 

mean reaction times (in ms (SD)) for each data point in the graph. 

Block had a significant effect on RT (F(5,105.973) = 30.462, p < .001). Bonferroni-

adjusted pairwise comparisons showed that RT significantly decreased between Blocks 1 

and 3 (p = .014), between Block 1 and both Blocks 4 and 5 (p < .001), between Block 2 

and both Blocks 4 and 5 (p < .001), between Block 3 and each of Blocks 4 (p = .007) 

and 5 (p < .001), and between Block 4 and Block 5 (p = .022). Conversely, RT was 

significantly longer in the random Block 6 than in both the penultimate and last 

sequenced Blocks 4 and 5 (both p < .001).  

Order did not significantly affect RT, but its interaction with Block did 

(F(10,106.042) = 3.551, p < .001). Bonferroni-adjusted pairwise comparisons showed 

that only in Block 5, RT was longer when the visual experiment was conducted first than 
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when it was conducted as the third experiment (p = .001). This result suggests that prior 

experience with sequential-learning experiments reduced RT in Block 5. However, since 

there was no main effect of Order and the interaction was based on just one block, this 

result is a minor indication of Order affecting RT. 

Finally, Mapping also had a significant effect on RT (F(3,20.956) = 5.845, p = .005). 

Bonferroni-adjusted pairwise comparisons showed that RT was significantly longer in 

Mapping 2 than in both Mapping 3 (p = .010) and Mapping 4 (p = .016). When the 

average RT per participant was calculated, it turned out that four out of the five 

participants with longest RT had Mapping 2. (In each of these three mappings, 6 adults 

participated.) It is not known why Mapping 2 yielded the longest RTs. Perhaps it was 

just by chance that participants with the longest RTs had been allocated to this mapping. 

Inclusion of Mapping into the model cancels out the effect of this control factor. 

To determine whether TP had an effect on RT, a second LMM analysis was 

conducted on the data of Blocks 2 to 5, the sequenced blocks with meaningful TP 

values, see Table_a 5.6 in the Appendix. The model with the best fit is described as:  

RT = aj + b1TPij + b2jBlockij + b3Orderij + b4(Block*Order)ij + b5Mappingij 

 + Ɛij
39

 

aj = a + uj 

b2j = b2 + u2j 

RT was significantly shorter for TP100 than for TP33 transitions (F(1,2402.422) = 

29.613, p < .001). As shown in the previous analysis, RT significantly decreased over 

blocks (F(3,61.826) = 26.552, p < .001).  

Order did not have a significant effect on RT, but its interaction with Block did 

(F(6,61.850) = 3.447, p = .005). As described in the analysis over all blocks, only in 

Block 5 was RT significantly shorter when the visual experiment was conducted third 

than when it was conducted first. Mapping, as a second control factor, also significantly 

affected RT (F(3,20.968) = 5.141, p = .008). Nevertheless, by including Mapping into 

                                                 
39 a is the regression coefficient representing the intercept and b is the regression coefficient 

representing the slopes in the model. The subscript i in the equation refers to a particular 

observation of RT and the subscript j reflects the variable over which the intercept or slope varies 

(in this case Participant). Ɛ is the error, i.e. the difference in predicted and actual RT i for 

Participant j. uj refers to the variability of intercepts and u2j refers to the variability in slope b2j. 
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the model, the effect of this control factor has been taken care of. Neither of the 

interactions TP*Block and TP*Order contributed significantly to the model.  

In summary, RT decreased over time during presentation of the repeated sequence, 

and increased when stimuli were randomly presented, which is an indication of 

sequential learning. Furthermore, RTs for TP100 transitions were significantly shorter 

than for TP33 transitions. This is in line with the prediction that higher TP values will 

yield shorter reaction times. 

Test phase  

Figure 5.13 shows percentage correct per TP value for the visual experiment. 

 

 

Figure 5.13. Percentage correct per TP value in the test phase of the visual experiment. Solid 

asterisks indicate significant differences in percentage correct between TP values; open asterisks 

indicate that percentage correct is significantly higher than chance (50%). Error bars represent ± 1 

standard deviation. 

Results of the test phase were analyzed using GLMM. The model that fitted the data 

best only included the factor TP (F(3,753) = 10.370, p < .001): 
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Percentage correct (logit(correct)) = aj + b1TPij + Ɛij
40

 

aj = a + uj 

Percentages correct for TP100, TP50, and TP33 trials were all higher than chance. 

Bonferroni-adjusted pairwise comparisons of TP showed that percentage correct was 

significantly higher for TP100 trials than for both TP50 trials (p = .006) and TP33 trials 

(p = .002). The factors Set, TP*Set, Order, TP*Order and Mapping did not have a 

significant effect on percentage correct.  

In summary, performance was above chance for all TP values, and percentage 

correct was significantly higher for TP100 trials than for TP50 and TP33 trials. 

Correlation between familiarization and test measures 

Under the assumption that the measures for sequential learning in the familiarization 

phase and the test phase both represent sensitivity to the statistical properties of the 

sequence, correlations between the measures are expected. The same measures were 

used as for the language experiment: the Block difference score and the TP difference 

score for the familiarization phase, and percentage correct for the test phase. All 

measures were normally distributed (Shapiro-Wilk, p > .05), therefore in all instances, a 

parametric bivariate correlation (Pearson Correlation) was conducted. 

The correlation between the Block difference score and percentage correct was strong 

and significant (r = .717, p < .001), indicating that both sequential-learning measures are 

positively related, i.e. the larger the Block difference score, the higher overall percentage 

correct. No significant correlations were found when the TP difference score was 

correlated with either the Block difference score or percentage correct (r = −.277, 

p = .225 and r = −.192, p = .405, respectively). 

 

 

                                                 
40 a is the regression coefficient representing the intercept and b is the regression coefficient 

representing the slope in the model. The subscript i in the equation refers to a particular 

observation of Percentage correct and the subscript j reflects the variable over which the intercept 

or slope varies (in this case Participant). Ɛ is the error, i.e. the difference in predicted and actual 

Percentage correct i for Participant j. uj refers to the variability of intercepts. 
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Discussion  

The present experiment was conducted to examine sequential learning by adult 

participants in the visual domain. Several indications of sequential learning were found. 

First, over sequenced blocks, reaction times progressively decreased, followed by an 

increase during the last, random, block. The abrupt increase is an indication that 

sequential learning took place during the preceding blocks. Second, significantly shorter 

reaction times for TP100 than for TP33 transitions were observed, which concurs with 

the finding in the language experiment, see above. Finally, test results showed that 

percentage correct was significantly higher than chance for each individual TP value. 

Also, a higher percentage correct was found for TP100 than for both TP50 and TP33 

trials, but no difference was observed between TP50 and TP33 trials. In conclusion, 

sequential learning has been observed in adults during both familiarization and test in 

the visual experiment. 

The shorter reaction times for TP100 than for TP33 are in line with the results of 

another visual sequential-learning study (Daltrozzo et al., 2017). In that experiment, 

adult participants were also requested to press a button as quickly as possible upon 

presentation of a visual target stimulus. This target either appeared after a ‘low-

probability’ stimulus (TP20) or after a ‘high-probability’ stimulus (TP90). As in the 

present experiment, reaction times were shorter for the high- than for the low-probability 

stimulus. Since Daltrozzo and colleagues did not use an SRT-like task, and did not 

investigate the development of reaction times over time, only reaction time differences 

between high- and low predictable transitions could be compared. The decreasing 

reaction times over sequenced blocks and the subsequent increase in reaction times when 

stimuli were presented randomly is comparable to what is observed in classical SRT 

tasks (Nissen & Bullemer, 1987). 

The test results are comparable with the results from a visual experiment that also 

tested different TP values (Bogaerts et al., 2016). As in the present experiment, Bogaerts 

and colleagues found a significant main effect of TP. Adults were tested in a within-

subjects design, modifying TP in three separate conditions: TP60, TP80, and TP100. 

Stimulus duration was also manipulated: 200 ms, 600 ms, and 1000 ms (with an inter-

stimulus interval of 100 ms in all conditions), creating a total of nine experiments. For 

comparison, stimulus duration in the present experiment was 800 ms with no inter-

stimulus interval. In all nine experiments, percentages correct were significantly higher 

than chance. This is comparable to the present findings for TP33, TP50, and TP100. A 
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graph in their study showed that performance for higher TP values was better, but no 

statistical differences between individual TP values were reported. In the present 

experiment, significant differences were found between TP100 and TP50 trials, and 

between TP100 and TP33 trials. The results of both studies show that adult participants 

are sensitive to TP manipulation in the visual domain. 

It was assumed that the measures for sequential learning in the familiarization phase 

and the test phase both reflect sensitivity to the statistical properties of the sequence and 

would therefore show correlations. The Block but not the TP difference score correlated 

with percentage correct. The Block and TP difference scores did not correlate either. 

Similar results were found for both the visuospatial and the language experiments. It is 

therefore uncertain if all measures depend on the same sensitivities to the statistical 

properties of the sequence or the same cognitive processes. This will be discussed in 

more detail in the General discussion (p. 158) of this chapter.  

The present visual experiment differed from both the visuospatial and the language 

experiments in the number of stimuli presented during familiarization. A pilot study had 

shown that 150 instead of 80 stimuli would be necessary for implicit sequential learning, 

but this extended exposure may have had a beneficial effect on the results, as compared 

to the language and visual experiments. First, the visual experiment was the only 

experiment in which performance was higher than chance for all TP values. In the 

visuospatial experiment, performance was only higher than chance for TP100 trials, and 

in the language experiment, this was true for both TP100 and TP50 trials. The test phase 

was identical in all experiments, so this cannot explain the difference in percentages 

correct for the various TP values. The fact that the visual experiment presented the 

largest number of stimuli during familiarization might have improved performance in 

the test phase. 

On the other hand, a relatively high number of participants was excluded because of 

explicit knowledge (13 participants, 38%), while this was lower in both the visuospatial 

experiment (9 participants, 26%) and the language experiment (6 participants, 18%). The 

aim was to test implicit sequential learning. Even though explicit learning may occur 

next to implicit learning, performance is probably affected by explicit knowledge 

(Willingham et al., 1989; Zirngibl & Koch, 2002) and therefore, participants who 

showed explicit knowledge about the sequence were excluded from analyses. In order to 

be able to include more participants, the trade-off between improved (implicit) 

sequential learning and an increase of explicit knowledge should be carefully considered 

when deciding upon the number of stimuli.  
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In conclusion, all measures showed that sequential learning occurred in this 

experiment: (i) a significant difference in reaction times was present between the last 

random and the last sequenced block during familiarization, (ii) significantly shorter 

reaction times were found for TP100 than for TP33 transitions, (iii) percentage correct 

was higher than chance for all three TP values, and (iv) a significant difference in 

percentage correct was observed between TP100 trials and both TP50 and TP33 trials. 

However, the lack of correlation between the TP difference score and both the Block 

difference score and percentage correct calls for more research into the underlying 

process(es) of sequential learning, to determine whether these measures all represent the 

same construct. Since correlations between sequential-learning measures showed similar 

findings across experiments, these will be discussed in more detail in the General 

discussion of this chapter (p. 158). 

CORRELATIONS BETWEEN THE VISUOSPATIAL, VISUAL, AND 

LANGUAGE DOMAINS  

The experiments reported thus far show that sequential learning occurs in the visual, 

visuospatial and language domains. A strong indication of domain generality would be 

present if the results of sequential learning in the three domains correlated. It is likely 

that people differ in their sequential-learning abilities (Misyak & Christiansen, 2012). If 

an individual’s sequential-learning capacity is well developed, the scores in all three 

experiments will be relatively high, that is, scores in one domain are expected to predict 

scores in another domain. Over a group of participants, results between domains are 

expected to be positively correlated. For each participant, the Block difference score 

(from the familiarization phase) and overall percentage correct (test) were determined. 

First-order partial correlation analyses were conducted, i.e. controlling for one factor, in 

this case the third sequential-learning experiment. See Table 5.5 for group mean values 

of Block difference scores and percentages correct. 

The data of only those participants whose data were included for all three 

experiments (language, visual and visuospatial) were taken into account. This implies 

that no indication of explicit knowledge was found for any of these participants in any of 

the three experiments. In total, the data of 15 participants could be included (13 female 

(87%); mean age 21;8 years;months, range: 18;1–29;7). This a relatively low number, 

and the outcomes therefore have to be interpreted with caution, because the influence of 

one participant is relatively large. 
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 vssl lsl vsl 

Block difference scores (ms) 
33 (49) 

[−19 to 176] 

167 (86) 

[31 to 302] 

166 (106) 

[−23 to 324] 

Percentage correct (%) 
58.3 (15.4) 

[25 to 92] 

53.7 (11.9) 

[39 to 81] 

72.6 (17.2) 

[44 to 97] 
 

Table 5.5. The Block difference scores from the familiarization phase and overall percentages 

correct from the test phase of the visuospatial (vssl), language (lsl), and visual (vsl) 

experiments (mean (SD) and [range]).  

Analyses of neither the difference scores nor percentages correct showed any 

significant correlations between two experiments, see Table 5.6. Positive correlations 

were expected, for instance: if a larger Block difference score was found for the 

visuospatial experiment, then a larger Block difference score was expected for both the 

language and the visual experiments. Except for percentage correct between the 

language and visual experiments, only negative correlations were observed: for instance, 

the larger the Block difference score for the visuospatial experiment, the smaller the 

Block difference score for the language and visual experiments. None of the correlations 

was, however, significant. 

 

 vssl-lsl vssl-vsl lsl-vsl 

Block difference scores (ms) −.432 n −.244 n −.457 

Percentage correct (%) −.403 −.116 .001 
 

Table 5.6. Partial correlation coefficients (n non-parametric partial correlation) for the Block 

difference scores and percentages correct of all three experiments. No significant correlations 

were found (p > .05). 

The absence of significant correlations between the three experiments does not 

provide a conclusive answer to the question whether sequential learning is a domain-

general learning mechanism. 
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GENERAL DISCUSSION 

The present experiments were conducted to investigate the question whether sequential 

learning is a domain-general learning mechanism. The adult participants showed 

sequential learning in all three domains tested: the visuospatial, the language, and the 

visual domains. In all three experiments, reaction times (dwell latencies in the 

visuospatial experiment) decreased over sequenced blocks, to show an abrupt and 

significant increase towards the last, random, block. Further, in both the visual and the 

language experiments, reaction times for TP100 transitions were shorter than for TP33 

transitions. At test, percentage correct was higher than chance for TP100 trials in all 

experiments, for TP50 trials in the visuospatial and visual experiments, and for TP33 

trials in the visual experiment.  

Even though sequential learning was observed in all three domains, no significant 

correlations were found between any two domains. It is possible that statistical power 

was too low to find significant correlations. The data of only 15 participants could be 

included, whereas as a guiding-line usually a minimum of 30 cases is aimed for to yield 

meaningful results. In the present experiments, more participants were excluded because 

of explicit knowledge than initially anticipated. Furthermore, because correlations 

between two sequential-learning experiments needed to be controlled for by the third, 

only those participants could be included that had not acquired explicit knowledge in 

any of the experiments. If correlations had occurred, it was expected that coefficients 

would have been positive: for each participant, the level of performance in one domain 

was predicted to correspond with the level of performance in another domain. A 

negative correlation for instance means that as the Block difference score increases in 

one experiment, it decreases in another experiment. Why negative coefficients were 

found for all but one correlation is unknown. If future research would confirm these 

negative correlations between domains, this would point to domain specificity, not 

domain generality. Given the present results, the only possible conclusion is that no 

decisive answer was found for the question whether sequential learning is a domain-

general learning mechanism.  

For the two measures used to investigate correlations between domains, the Block 

difference from familiarization and percentage correct from test, significant results were 

found in all three sequential-learning experiments. The question is, however, whether 

these measures both depend on the same mechanism or process. It was assumed that 

each of the two measures reflects sensitivity to the statistical properties of the sequence, 
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and it was expected that these measures would correlate with each other in all 

experiments. Significant correlations were indeed found in each of the three 

experiments. According to Siegelman, Bogaerts, Kronenfeld, and Frost (2018), such a 

correlation shows the validity of the measures, i.e. they would both correspond to the 

same construct. Both measures, the Block difference score and percentage correct, have 

also been used as measures for sequential learning in various other studies: the Block 

difference scores in SRT studies (e.g. Nissen & Bullemer, 1987); percentage correct in 

for instance segmentation studies (e.g. Saffran, Newport, & Aslin, 1996). It therefore 

seems plausible to presume that both measures reflect sequential learning.  

Percentage correct, however, being an off-line measure, has been questioned to 

reflect the same construct as on-line measures, such as the present reaction times/dwell 

latencies, on which the Block difference score was based (Siegelman, Bogaerts, 

Christiansen, & Frost, 2017; Siegelman, Bogaerts, Kronenfeld, & Frost, 2018). 

Siegelman and colleagues argued against the use of off-line data, since no information is 

then available about the learning dynamics, i.e. how fast someone learns and what 

trajectory this learning takes. Another disadvantage of off-line data would be the 

repetition of test items, which potentially obscures what is learned during familiarization 

by what is learned during test. The present study relied on both off- and on-line 

measures in all three experiments to obtain a more complete picture of learning. 

Furthermore, no indications of learning during the off-line task in the test phase were 

found. The test phase consisted of three consecutive sets of trials: performance did not 

differ between these sets. If a difference between sets had been observed, then learning 

might have occurred during the test phase. Additionally, there was no interaction 

between set and TP, indicating that responses were not different from set to set for the 

three TP values. Finally, given the fact that percentage correct correlated with the Block 

difference score in all three experiments, it may be concluded that the use of off-line 

data to represent sequential learning in the present experiments was valid. 

Nevertheless, when correlating on- and off-line measures per experiment, the TP 

difference score showed unexpected results: this measure did not correlate with the 

Block difference score (except in the visuospatial experiment for the TP33-TP100 

difference score), nor did it correlate with percentage correct in any of the experiments. 

This is surprising, since both the TP difference score and percentage correct were 

assumed to be based on the learning of transitional probabilities. In the visual sequential-

learning experiments by Siegelman, Bogaerts, Kronenfeld, and Frost (2018), significant 

correlations were observed for comparable measures: differences in reaction times to 

higher and lower TP transitions (on-line) and the number of correct responses in a 2AFC 
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task (off-line). The main difference with the present experiments relates to the on-line 

measure: Siegelman and colleagues obtained reaction times for all stimuli and they log-

transformed the differences in reaction times in order to account for potentially different 

base-line reaction times between participants. It remains to be investigated if these 

differences account for the divergent results of the correlation analyses in the present 

study and in the study by Siegelman et al.
41

  

Apart from the unexpected results for the TP difference scores in all experiments, 

divergent TP results were also observed between the visuospatial experiment on the one 

hand and the language and visual experiments on the other hand. As described in the 

Discussion of the visuospatial experiment (p. 130), the unexpectedly short dwell 

latencies for TP50 transitions as compared to those of TP100 (and TP33) transitions 

might be due to a complex interplay between sequential learning and visual attention. In 

the visuospatial experiment, participants had to pay attention to a two-dimensional 

sequence of locations, whereas in the language and visual experiments, the sequence was 

one-dimensional. Another difference between the visuospatial experiment and the two 

other sequential-learning experiments was the task during familiarization. In the 

visuospatial experiment, participants were instructed to follow a picture with their eyes 

as fast as possible, whereas in the language and visual experiments, participants were 

instructed to press a button at the presentation of a target stimulus. In all experiments, 

shorter dwell latencies or reaction times were expected for the higher TP values. Such a 

difference was indeed observed in the language and visual experiments. In the 

visuospatial experiment, however, dwell latencies for TP50 transitions were significantly 

shorter than for both TP100 and TP33 transitions and no difference was observed 

between TP100 and TP33 transitions. It has been suggested that performance on motor 

learning tasks, e.g. pressing a button in the language and visual experiments, is more 

robust than performance on perceptual learning tasks, which applies to the visuospatial 

experiment (Deroost & Soetens, 2006; Song et al., 2008). In addition to the interplay 

between visual attention and sequential learning, this may explain why a clear TP effect 

was obtained in the case of button presses, but was not observed when stimuli only had 

to be watched. 

                                                 
41 As a first step, the TP difference scores of both groups of participants with and without dyslexia 

(see Chapter 6) from the visual and the language experiments were taken to increase statistical 

power. The TP difference scores were both log-transformed, but still no significant correlations 

with percentage correct were found for either experiment. 
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As yet, no clear link can be established between sequential-learning measures and 

sequential learning. This is because it is still largely unknown what exactly comprises 

sequential learning, or more generally, statistical learning. What is the nature of the 

processes underlying statistical learning, what components does it have? In a recent 

paper, Thiessen (2017) phrases this as follows: “The fact that we have no settled answers 

for these questions suggests that our understanding of statistical learning is less clear 

than our ability to demonstrate its existence.” (p. 7). Thiessen argues that statistical 

learning shares processes that are based in memory, such as activation, decay, 

interference and prototype formation. Alternatively, Arciuli (2017) proposes that 

statistical learning is a multi-component ability, with components including, but not 

limited to, attention, processing speed, and memory. Some components may operate 

differently across modalities or even within a modality. She contends that statistical 

learning may be compatible with the idea that sensitivity to statistical regularities is 

“domain-general, but not necessarily uniform across modalities” (p. 5). The study of the 

exact nature of statistical learning is clearly still in its infancy, and more insight into the 

underlying processes of statistical learning may help explaining the observed results 

from statistical-learning experiments in more detail. 

Returning to the present experiments, when these are repeated in the future, some 

adaptions in the experimental set-up are recommended. First, in order to make 

familiarization results more comparable, button presses instead of just tracking eye 

movements might be introduced in the visuospatial experiment. Using button presses, 

the risk is that participants will restrict their focus to only the target location, as this is 

one location in the sequence. This risk might be reduced when participants are instructed 

to watch all stimuli and (i) know that questions will be asked about all stimuli (locations) 

at a later stage and (ii) realize that their eye movements are being tracked. In order to 

investigate TP50 transitions in such a set-up, it would be necessary to change the 

instructions for a separate group of participants, e.g. press the button at stimulus E 

instead of stimulus D: E occurs in a TP100 transition (B-E) and in a TP50 transition 

(D-E). Those TP50 transitions should then also be investigated in the language and the 

visual domains. Instead, participants could also be requested to advance all the stimuli at 

their own pace by pressing a button, as in the self-paced familiarization task of 

Siegelman, Bogaerts, Kronenfeld, and Frost (2018). Since gaze shifts are also assumed 

to be affected by transitional probabilities, concurrently tracking participants’ eye 

movements is expected to yield similar results as button presses. Eye tracking is 

therefore not necessary, but it might be interesting to collect gaze samples as well to 

investigate if dwell latencies and manual reaction times indeed correlate.  
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Second, the 2AFC task could be replaced by an alternative task in the test phase. 

Even though it was argued above that the current 2AFC test yielded valid results, it 

cannot be excluded that this task taps different cognitive processes than an on-line task 

(Siegelman et al., 2017). Further, Turk-Browne et al. (2005) also cast their doubts on the 

validity of a 2AFC test in measuring implicit statistical learning. They argued that 

participants are required to make an explicit judgement (‘what is more familiar to you?’) 

about something they have learned implicitly. Instead of a 2AFC task, Turk-Browne and 

colleagues used a rapid serial presentation paradigm (Kim et al., 2009) in a visual 

statistical-learning experiment. At the beginning of each test trial, a stimulus from the 

familiarization phase is shown that now serves as the target stimulus. This target is then 

followed by part of the familiarization sequence. Participants have to press a button as 

soon as they detect the target in that sequence. The implicit statistical learning that may 

have occurred during familiarization is now also implicitly tested. Batterink, Reber, 

Neville, and Paller (2015) compared performance on a similar task, the target detection 

task, to performance on a 2AFC task in a within-subjects design in an auditory 

statistical-learning experiment. Batterink and colleagues did not find significant 

correlations between their 2AFC and target detection tasks, and neither did they find 

correlations between the 2AFC results and an on-line measure (ERP) that also detects 

implicit learning. They argue that accuracy in the 2AFC test was supported by explicit 

memory, whereas the target detection task relied on implicit knowledge. In sum, using a 

target detection task instead of a 2AFC task might be preferable if implicit sequential 

learning is to be determined.  

In summary, sequential learning was observed in all three experiments by the 

trajectories of dwell latencies/reaction times over time, by shorter reaction times to the 

higher TP transitions in the language and visual experiments, and by a higher than 

chance performance during test in all three experiments. Some unexpected results 

concerned the TP findings in the visuospatial familiarization phase, possibly due to a 

complex interplay between visual attention and sequential learning, and perhaps due to 

perceptual instead of motor learning. Another unexpected result was the lack of 

correlations between the TP difference score and the other two measures of sequential 

learning, the Block difference score and percentage correct, in any of the experiments. 

Since significant correlations between a TP difference score and the number of correct 

responses was found in another study (Siegelman, Bogaerts, Kronenfeld, & Frost, 2018), 

more research is needed to shed light on the validity of the various sequential-learning 

measures. In order to investigate the research question whether sequential learning is a 

domain-general learning mechanism, correlational analyses were conducted between the 
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Block difference scores and percentages correct obtained in all three experiments. No 

significant correlations were observed between any two domains despite clear evidence 

of sequential learning in all three experiments. The answer to the research question 

therefore remains inconclusive. 
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Sequential learning in adults with dyslexia: 

The visuospatial, the language, and the visual domains 

INTRODUCTION 

Developmental dyslexia (henceforth ‘dyslexia’) is a neurodevelopmental disorder that 

primarily affects the development of reading accuracy, reading fluency and spelling 

skills (International Dyslexia Association, 2002). Apart from the persistent and severe 

literacy problems that characterize dyslexia, problems in other domains have also been 

reported. These comprise difficulties in the spoken language domain (Joanisse et al., 

2000; Rispens, Been, & Zwarts, 2006), problems in visual perception (Mascheretti et al., 

2018; Stein & Walsh, 1997; Stein, 2014), auditory perception (Hornickel, Zecker, 

Bradlow, & Kraus, 2012; Leppänen et al., 2010; Tallal, 1980), and motor problems 

(Brookes et al., 2010; Fawcett & Nicolson, 1995; Chaix et al., 2007; Needle et al., 2006; 

Iversen et al., 2005; but see Brookman et al., 2013). This diversity of problems has led to 

the interpretation that dyslexia is not restricted to literacy problems, but is a more 

complex disorder. 

One of the theories trying to explain the various difficulties observed in dyslexia is 

the procedural deficit theory (Nicolson & Fawcett, 2007). Nicolson and Fawcett 

postulate that the deficit finds it origin in the procedural memory system of the brain. 

This procedural memory system is implicated in the learning and execution of motor and 

cognitive skills and habits, especially those involving sequences (Ullman, 2004). Wijnen 

(2013) also links sequential pattern recognition, hypothesized to play a role in the 

acquisition of linguistic categories, to neural structures that are thought to comprise the 

procedural-learning system. In an fMRI study using a word-segmentation task, Karuza 

and colleagues (2013) indeed connected activation patterns of sequential learning to 
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structures of the procedural memory system. Sequential learning can thus be viewed as a 

form of procedural learning. Based on the procedural deficit theory, one of the main 

research questions in this thesis is whether implicit sequential learning is affected in 

people with dyslexia, and specifically, whether this sequential learning is domain 

general.  

Evidence of poorer performance of people with dyslexia in sequential learning as 

compared to people without dyslexia has been found in various tasks and in various 

domains (see also Chapter 1). Based on a meta-analysis of studies using the serial 

reaction time (SRT) task (Nissen & Bullemer, 1987), Lum et al. (2013) concluded that 

people with dyslexia are impaired in their procedural-learning abilities. A procedural-

learning deficit was also possibly, but not definitively, shown in visual artificial 

grammar learning (AGL) studies (Van Witteloostuijn et al., 2017; and see Schmalz et 

al., 2017 for a review of SRT and AGL studies), but problems have also been shown in 

segmentation studies in the visual (Sigurdardottir et al., 2017) and auditory domains 

(Gabay et al., 2015).  

The fact that sequential learning seems to be affected in people with dyslexia in 

various domains does not by itself support the hypothesized domain generality of the 

system. Since people vary in their statistical-learning capacities (Misyak & Christiansen, 

2012), the investigation of domain generality requires a within-subjects design. A few 

studies have investigated sequential learning in dyslexia in more than one domain with 

the same participants. Gabay et al. (2015) examined segmentation of tones and speech 

sounds in a within-subjects design, to see if a more general procedural-learning deficit 

underlies dyslexia. Since performance of participants with dyslexia was poorer than that 

of participants without dyslexia in both tasks, the authors argue that their results are 

indicative of a domain-general learning process. Also Kelly et al. (2002) tested groups of 

participants with and without dyslexia on two different sequences (objects and 

locations). They found no difference between the two groups in the learning of either 

sequence. In yet another within-subjects study, Gabay and colleagues (2012) tested 

adults with and without dyslexia on motor sequences and letter name sequences in a 

single task. A difference was only observed in the language condition. The authors argue 

that the dissociation between motor and language learning in participants with dyslexia 

implies that the learning mechanisms underlying the two tasks are not identical. Hence, 

indications of a domain-general sequential-learning deficit in dyslexia are mixed. 

The above-mentioned studies applied a within-subjects design to study sequential 

learning in more than one domain in people with and without dyslexia, but none of them 
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conducted correlation analyses between the various domains. Indications of domain 

generality of sequential learning would be obtained if performance on a sequential-

learning task in one domain would predict performance on a similar task in a different 

domain. In that case, correlations between different domains are expected. In the 

previous chapter, people without dyslexia demonstrated sequential learning in the 

visuospatial, language, and visual domains, but no significant correlations between 

domains were found. Since the lack of correlations might have been due to a low number 

of participants, and thus a lack of statistical power, these results remain inconclusive.  

The present experiments were conducted at the same time as the experiments with 

adults without dyslexia in Chapter 5. The focus of the study in this chapter was the 

assessment of sequential learning in adults with dyslexia in the same three domains: the 

visuospatial, language, and visual domains. The experiments were identical to those 

described in Chapter 5, and a within-subjects design was applied. The expectations were 

that if sequential learning is a domain-general learning mechanism and people with 

dyslexia are impaired in their sequential learning, (i) their performance would be 

significantly worse than that of people without dyslexia in all three experiments and (ii) 

sequential-learning results would correlate between domains.  

GENERAL METHOD 

Participants 

In total 37 adults with dyslexia (20 female (54%); mean age 22;9 years;months, range: 

18;1–30;6) participated in the sequential-learning experiments. One additional 

participant was excluded because this person did not meet with the criteria for dyslexia 

as put forward by Kuijpers et al. (2003), nor was this person officially diagnosed with 

dyslexia. Overall, the participants with dyslexia showed significantly poorer results on 

literacy tests than the participants without dyslexia, see Literacy and language tests 

below. Per experiment, participants were excluded if they showed explicit knowledge of 

the sequence, see Test of explicit knowledge in Chapter 5 (p. 115) and Figure 6.1. None 

of the participants reported to have an attentional disorder (e.g. ADHD). Subjects 

received €12.50 for participation. 
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Figure 6.1. Overview of adult participants with dyslexia included in or excluded from the 

visuospatial (vssl), language (lsl), and visual (vsl) experiments, based on explicit 

knowledge. 

Stimuli sequences 

In all three experiments, the basic repeated sequence of 10 stimuli had an identical 

statistical structure: A-B-E-F-D-A-C-A-D-E. For a detailed description, see Stimuli 

sequences in Chapter 5 (p. 112).  

Procedure 

All subjects participated in all three sequential-learning experiments (vssl = visuospatial 

sequential learning; vsl = visual sequential learning; lsl = language sequential learning) 

and in a number of literacy and language tests. For 15 out of 37 participants scores for 

the two technical reading tests and the verbal competence tests were already available 

from other experiments in the UiL OTS lab at Utrecht University. The general procedure 

for the present group of participants was therefore slightly different from the procedure 

described for the typically reading/spelling participants in Chapter 5. Between the first 

and second sequential-learning experiments, a receptive vocabulary test was conducted 

instead of the reading and verbal competence tests; between the second and third 

sequential-learning experiments, the spelling test was conducted as was the case for 

participants without dyslexia in Chapter 5; after the third sequential-learning experiment, 
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the two technical reading tests and the verbal competence tests were conducted only 

with those participants for whom no scores were available yet.  

The order of experiments was initially counterbalanced across participants, but 

numbers per order eventually differed because of post-hoc exclusion of participants due 

to explicit knowledge of the sequence used. The orders were vssl-vsl-lsl, lsl-vssl-vsl, and 

vsl-lsl-vssl. The order in which the sequential-learning experiments are described is 

identical to that in Chapter 5: (i) the visuospatial experiment, (ii) the language 

experiment, and (iii) the visual experiment. For each experiment, the group with 

dyslexia is compared to the group without dyslexia from Chapter 5. 

Literacy and language tests 

For a detailed description of the literacy and language tests and the exclusion criteria, 

see Literacy and language tests in Chapter 5 (p. 115). The tests involved the timed 

reading tests EMT (Brus & Voeten, 1973) and the De Klepel (van Bos et al., 1994), a 

verbal competence (VC) test (Analogies, WAIS, Uterwijk, 2000), and a spelling test 

(Depessemier & Andries, 2009). The Peabody Picture Vocabulary Test (Dunn & Dunn, 

2007) was only administered to the participants with dyslexia, see below. 

 

 EMT De Klepel VC sp_direct sp_after 

 n maximum score 116 116 26 30 30 

without dyslexia 34 
raw 108 (8) 105 (9) 22 (3) 24 (3) 26 (3) 

percentile 92 (14) 89 (16) 98 (7) - - 

with dyslexia 37 
raw 79 (14) 66 (17) 20 (3) 17 (4) 19 (4) 

percentile 32 (25) 26 (19) 95 (9) - - 

Mann-Whitney U raw p < .001 p < .001 p = .002 p < .001 p < .001 
 

Table 6.1. Mean raw scores (SDs) of the timed reading tests EMT and De Klepel, the verbal 

competence test (VC), and the Gletschr spelling test (sp_direct and sp_after) for participants with 

and without dyslexia, plus p-values of the Mann–Whitney U tests comparing raw scores between 

groups of participants. 

Scores on the timed reading tests and the verbal competence test were used as an 

exclusion criterion, i.e. if the scores did not indicate poor reading in the participants with 

dyslexia, and if they did indicate poor reading in the participants without dyslexia in 

Chapter 5. They were also used to compare the group without dyslexia with the group 

with dyslexia. For six participants described in this chapter, the scores did not comply 
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with the Kuijpers et al. (2003) criteria. Five of these participants were, however, 

officially diagnosed with dyslexia, and therefore only one participant was excluded.  

   

   

   

Figure 6.2. Scatterplots of timed reading (EMT and De Klepel), verbal competence (VC), and 

spelling scores (sp_direct and sp_after) for participants without dyslexia (nD) and with dyslexia 

(D). Group differences were significant on all measures, see main text. 

For the scores on the EMT, De Klepel, and VC in the groups with and without 

dyslexia, see Table 6.1 and Figure 6.2. The scores between groups were compared in a 

Mann-Whitney U test. Since the tests are related, the significance value (p = .05) had to 

be adjusted for the number of tests and thus became p = .05/5 = .01. Group differences 
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were significant at this level for all measures, with participants without dyslexia having 

consistently higher scores as a group than participants without dyslexia.  

For the spelling test, two scores were considered: one that reflected the number of 

words that were spelled correctly at the first attempt, i.e. during dictation, i.e. under time 

pressure (sp_direct), and one that reflected the number of words that were spelled 

correctly after the second attempt, i.e. after participants had been given the opportunity 

to make corrections after dictation (sp_after). On both measures, the group with dyslexia 

performed significantly worse than the group without dyslexia, see Table 6.1. 

Notwithstanding the fact that group differences on all literacy and language tests 

were significant, it is clear from Figure 6.2 that all scores show a considerable overlap 

between the two groups. Nevertheless, all participants with dyslexia either complied 

with the criteria of Kuijpers et al., i.e. based on EMT, De Klepel, and VC (32 out of 37) 

or had officially been diagnosed with dyslexia (5 out of 37).  

Scores of the literacy tests are expected to correlate. Since reading speed increases 

with age (Kuijpers et al., 2003), partial correlations controlling for age were investigated 

for both groups of participants together. All reading and spelling scores correlated 

significantly, see Table 6.2. 

 

n = 71 EMT Klepel sp_direct sp_after 

EMT  .788*** .590*** .590*** 

Klepel   .727a*** .768*** 

sp_direct    .937*** 
 

Table 6.2. Coefficients for (non-parametric) partial correlations controlling for age 

between reading scores (EMT, Klepel), and spelling scores (sp_direct, sp_after). 
*p < .05; **p < .01; ***p < .001. 

The Peabody Picture Vocabulary Test (Dunn & Dunn, 2007) was only administered 

to the participants with dyslexia in order to fill the break between the first two 

sequential-learning experiments. Participants indicated which of four pictures 

represented the auditorily presented word. The raw score for this test is the number of 

correct responses, maximum is 204, which is converted to a WBQ (word comprehension 

quotient). The WBQ has an average score of 100 in the general population. The mean 

raw score was 175 (range: 155–192), and the mean WBQ was 101.2 (range: 82–118). 
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For four participants a mistake in the scoring notation was made, causing a possibly 

inflated score for these participants. Their mean raw score was 165, WBQ: 93, which is 

lower than the group average. If their results are omitted, the mean raw score became 

176 (range: 155–192), WBQ: 102.2 (range: 82–118). This means that as a group, the 

participants with dyslexia had an average receptive vocabulary. Since the Peabody test 

was not administered to participants without dyslexia, no comparison between groups 

could be made. 

THE VISUOSPATIAL EXPERIMENT 

Method 

Participants 

Thirty-three adults with dyslexia (19 female (58%); mean age 22;9 years;months, range: 

18;1–29;10) participated in the visuospatial experiment. Four additional participants 

(11%) showed evidence of explicit knowledge of the presented visuospatial sequence 

after the experiment, see Test of explicit knowledge in Chapter 5 (p. 115) and Figure 6.1 

on p. 168. Their results were excluded from analyses.
42

 

Statistical analysis was conducted on the combined data from the visuospatial 

experiment of both the group of 25 adults without dyslexia described in Chapter 5 and 

the present group of 33 adults with dyslexia. The two groups of participants differed 

significantly on their scores on the literacy tests (EMT, De Klepel, sp_direct, and 

sp_after: Mann–Whitney U test, p < .001). For additional information on all participants, 

see Table 6.3 

. 

                                                 
42 A binomial logistic mixed effect modeling (GLMM) with ‘explicit knowledge’ as single factor 

showed that the participants with explicit knowledge had a higher percentage correct (87%) than 

the participants without such knowledge (64%, F(2,2554) = 36.979, p < .001). No significant 

effects were found for Group or the interaction Group*Explicit knowledge when added to the 

model. The low number of participants with explicit knowledge (n = 13 (18%), i.e. 9 (26%) 

without dyslexia, 4 (11%) with dyslexia) in this analysis requires caution drawing any firm 

conclusions. In order to avoid any risk of explicit knowledge confounding the results, these 

participants were nevertheless excluded from the final analyses. 
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 No. adults 
Mean age [range] 

(years;months) 

Mapping Order 

1 2 3 4 vssl-vsl-lsl lsl-vssl-vsl vsl-lsl-vssl 

nD 
25  

(20 F, 80%) 

21;4 

[18;1–29;7] 
7 7 5 6 10 9 6 

D 
33  

(19 F, 58%) 
22;9 

[18;1–29;10] 
8 8 9 8 11 11 11 

Overall 
58  

(39 F, 67%) 
22;1 

[18;1–29;10] 
15 15 14 14 21 20 17 

 

Table 6.3. Information on the adult groups without (nD) and with dyslexia (D), plus 

information on the two groups combined (Overall) for the visuospatial experiment. 

Stimuli and procedure 

Stimuli and procedure were the same as described for the visuospatial experiment in 

Chapter 5. The following information only concerns the participants with dyslexia (for 

the participants without dyslexia, see Chapter 5). The four mappings, i.e. the 

associations between letters of the sequence and locations in the grid, were randomly 

assigned and were distributed evenly over participants, also after exclusion because of 

explicit knowledge: Mapping 1: 8 (was 10); Mapping 2: 8 (was 9); Mapping 3: 9 (was 

9); Mapping 4: 8 (was 9). The order of experiments was counterbalanced across 

participants: in each order of the experiments 11 participants were included, see Table 

6.3. Before the exclusion of participants with explicit knowledge this was: vssl-vsl-lsl: 

12; lsl-vssl-vsl: 12, vsl-lsl-vssl: 13 participants. This means that in each order, a similar 

number of participants was excluded, whereas for the participants without dyslexia, this 

number increased when the visuospatial experiment was conducted at a later stage.  

Data pre-processing 

Familiarization phase 

The dependent variable was Dwell latency, which is the time between the onset of 

the stimulus and the start of the dwell in the stimulus, i.e. the box in which the baby 

image appeared. Only dwells that started between the onset of the pre-previous stimulus 

and the end of the first stimulus after the target stimulus were included. In 0.7% of all 

transitions (110 out of 15808 cases, i.e. from all participants with dyslexia), no valid 

dwell latencies were detected during this time frame. Furthermore, dwell latencies with 
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tracking loss of at least 60 ms (4 gaze samples; 50 Hz) were excluded (291 dwell 

latencies (1.8%)).
43

 

Test phase  

The test phase comprised 36 2AFC test trials, divided into three sets of 12 trials each. 

A correct response was the selection of the pair from the familiarization sequence (not 

the pair that had not occurred during familiarization, i.e. with a transitional probability 

(TP) of 0 (the TP0 pair). 

Statistical analysis 

Familiarization phase  

Data were analyzed as described in Chapter 5, using linear mixed-modelling (LMM) 

in SPSS 22 for Windows (IBM, 2013). As was the case for the results in the previous 

chapters, the data did not fully comply with the assumptions of LMM, so outcomes have 

been interpreted with caution. Two analyses were conducted: one over all six blocks, to 

test the effect of Block; and one over the sequenced Blocks 2 to 5, to test the effect of 

TP. In addition to the factors mentioned in Chapter 5, Group was investigated to see if 

participants with dyslexia perform differently on visuospatial sequential learning than 

participants without dyslexia. In the analysis over all blocks, the interaction between 

Group and Block was included to check if the effect of Block depends on Group. In the 

analysis over Blocks 2 to 5, Group*TP was also investigated to see if the effect of TP 

depends on Group. Finally, random slopes for Block, TP, and Distance were included in 

the investigated models, because visual inspection of a Block × Dwell latency graph, a 

TP × Dwell latency graph, and a Distance × Dwell latency graph with separate lines per 

participant suggested that these factors had different slopes across participants.  

Test phase 

Data from the visuospatial test phase are dichotomous (correct/incorrect responses) 

and were therefore analyzed using binomial logistic mixed effect modeling (GLMM) 

also in SPSS 22. In addition to the factors and interactions mentioned in Chapter 5, 

Group was investigated to see whether performance of participants with dyslexia 

differed from performance of participants without dyslexia. In addition, the interaction 

Group*TP was investigated, to see if the effect of TP on percentage correct was 

different per group. It should be noted that the model predicts ‘probability correct’. 

                                                 
43 For comparison, in adults without dyslexia, no valid dwell latency was found in 0.2% of all 

transitions and in 1.3% of all transitions dwell latencies were excluded because of tracking loss. 
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Since ‘percentage correct’ is a more commonly used term, and is in essence the same as 

‘probability correct’, ‘percentage correct’ will be used in this chapter. 

Results 

Familiarization phase  

Figure 6.3 shows dwell latencies as a function of Block (1–6) separately for the 

participants with and without dyslexia. For both participants with and without dyslexia, 

dwell latencies decreased, apparently linearly, from the first sequenced Block 2 to the 

last sequenced Block 5, and showed a steep increase in Block 6 in which a new, random, 

sequence was presented. For both groups of participants, TP50 transitions showed 

shorter dwell latencies than both TP100 and TP33 transitions during the sequenced 

Blocks 2–5. 

Dwell latencies were analyzed using LMM. See Table_a 6.1 in the Appendix for 

details on the investigated models. The model with the best fit is described as: 

 

Dwell latency = aj + b1jBlockij + b2jDistanceij + b3Mappingij + Ɛij
44

 

aj = a + uj 

b1j = b1 + u1j 

b2j = b2 + u2j 

 

Neither Group nor the interaction Group*Block significantly contributed to the 

model, which means that no difference in dwell latencies (over time) was observed 

between the participants with and without dyslexia. This also means that no difference  

                                                 
44 a is the regression coefficient representing the intercept and b is the regression coefficient 

representing the slopes in the model. The subscript i in the equation refers to a particular 

observation of Dwell latency and the subscript j reflects the variable over which the intercept or 

slope varies (in this case Participant). Ɛ is the error, i.e. the difference in predicted and actual 

Dwell latency i for Participant j. uj refers to the variability of intercepts. uxj refers to the variability 

in slope bxj. 
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 Block 1 Block 2 Block 3 Block 4 Block 5 Block 6 

no D 

overall 151 (97) 140 (106) 135 (108) 117 (142) 101 (151) 150 (114) 

TP100 

 

145 (103) 145 (95) 132 (126) 115 (145) 

 
TP50 123 (122) 112 (129) 91 (161) 78 (162) 

TP33 157 (78) 156 (80) 138 (125) 119 (136) 

D 

overall 151 (105) 135 (115) 116 (145) 98 (168) 80 (178) 146 (118) 

TP100 

 

141 (106) 121 (144) 107 (165) 85 (167) 

 
TP50 120 (121) 100 (147) 79 (180) 61 (190) 

TP33 148 (113) 133 (143) 116 (150) 102 (170) 
 

Figure 6.3. Top: Mean dwell latencies per block for all transitions (overall), and for 

TP100, TP50 and TP33 transitions separately for participants with (D) and without 

dyslexia (no D). Blocks 1 and 6 only contained randomly ordered transitions, therefore no 

data for TP100, TP50, and TP33 are available. Bottom: The table provides mean dwell 

latencies (in ms (SD)) for each data point in the graph. 
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between groups was observed from Block 5, the last sequenced block, to Block 6, the 

random block, indicating that sequential learning was similar for both groups. Overall, 

Block had a significant effect on Dwell latency (F(5,287.732) = 27.916, p < .001). 

Bonferroni-adjusted pairwise comparisons showed decreasing dwell latencies over time 

(p < .001 for the difference in Dwell latency between Block 1 and both Blocks 4 and 5; 

Block 2 and both Blocks 4 and 5; and Blocks 3 and 5; p = .002 between Blocks 1 and 3). 

Significantly longer dwell latencies were observed for Block 6, the random block, as 

compared to the last three sequenced blocks, Block 3 (p = .014), and Blocks 4 and 5 

(p < .001). This pattern is similar to that observed in classical SRT tasks and indicates 

sequential learning in both groups of participants. 

Distance, a factor that need to be controlled for, also had a significant effect on 

Dwell latency both as random factor and as fixed factor (F(4,238.114) = 14.541, 

p < .001). Bonferroni-adjusted pairwise comparisons showed that increasing distance 

roughly means increasing dwell latencies. Distance thus plays a role in the duration of 

dwell latencies, but its effect is taken care of by including it in the model. Another 

control factor, Mapping, also significantly contributed to the model (F(3,57.265) = 

5.445, p = .002). Bonferroni-adjusted pairwise comparisons showed that Mapping 4 had 

significantly shorter average dwell latencies than Mapping 2: p = .008 and Mapping 3: 

p = .003. Looking at average dwell latencies per mapping per transition shows that of the 

ten shortest average latencies, six belong to Mapping 4, and four of those were realized 

by participants with dyslexia. Because no effect of Mapping was observed for the 

participants without dyslexia (see Chapter 5), the effect of Group on Mapping was 

further investigated by adding the factor Group and the interaction Group*Mapping to 

the best fit model. No significant difference between groups was, however, observed. No 

explanation is known for the effect of Mapping. By including both Distance and 

Mapping into the model, their effect on Dwell latency is controlled for. Neither the 

factor Order, nor the interaction Block*Order contributed significantly to the model. 

To determine whether TP had an effect on Dwell latency, an analysis was conducted 

on the data of Blocks 2 to 5, which are the sequenced blocks with meaningful TP values. 

See Table_a 6.2 in the Appendix for details on the investigated models. The model with 

the best fit is described as: 
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Dwell latency = aj + b1jTPij + b2jBlockij + b3jDistanceij + b4(TP*Distance)ij  

    + b7Mappingij + Ɛij
45

 

aj = a + uj 

b1j = b1 + u1j 

b2j = b2 + u2j 

b3j = b3 + u3j 

The factor Group did not reach significance, which was also the case in the analysis 

over all blocks. Group*TP and Group*Block interactions did not contribute significantly 

to the model either. In short, no difference was observed between participants with and 

without dyslexia. 

TP had a significant effect on Dwell latency (F(2,111.868) = 28.019, p < .001). 

Bonferroni-adjusted pairwise comparisons showed that dwell latencies for TP50 were 

significantly shorter than for both TP100 and TP33 (p < .001). No difference was 

observed between TP100 and TP33. This result is unexpected, since transitions with a 

higher predictability were assumed to show shorter dwell latencies. At the same time, a 

similar result was observed for participants without dyslexia when analyzed separately, 

see Chapter 5. The effect of Block showed that dwell latencies significantly decreased 

over blocks (F(3,173.781) = 23.016, p < .001). The interaction TP*Block was not 

significant, meaning that over blocks the difference in dwell latencies between TPs was 

not different. 

As in the analysis over all blocks, the effect of the control factor Distance on Dwell 

latency was significant, both as a random factor and as a fixed factor (F(4,169.318) = 

13.022, p < .001). The interaction between TP and Distance also reached significance 

(F(6,910.565) = 72.110, p < .001). Bonferroni-adjusted pairwise comparisons showed 

that for each of the TP values, shorter distances generally yielded shorter or no different 

                                                 
45 a is the regression coefficient representing the intercept and b is the regression coefficient 

representing the slopes in the model. The subscript i in the equation refers to a particular 

observation of Dwell latency and the subscript j reflects the variable over which the intercept or 

slope varies (in this case Participant). Ɛ is the error, i.e. the difference in predicted and actual 

Dwell latency i for Participant j. uj refers to the variability of intercepts. uxj refers to the variability 

in slope bxj. 
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dwell latencies than longer distances.
46

 Nevertheless, the confound that the factor 

Distance introduces (it explains a significant part of the variance of Dwell latency) has 

been accounted for by including it into the model. This means that the effects of Block 

and TP remain despite the effect of Distance on Dwell latency. 

The control factor Order did not contribute significantly to the model, and neither 

did its interactions with Block or TP. Finally, the control factor Mapping significantly 

contributed to the model (F(3,60.833) = 5.623, p = .002). Bonferroni-adjusted pairwise 

comparisons showed, as was found in the analysis over all blocks, shorter dwell 

latencies in Mapping 4 than in both Mapping 2 (p = .005) and Mapping 3 (p = .002). 

Similarly to the analysis over all blocks, since no effect of Mapping was found for 

participants without dyslexia in Chapter 5, Group and Group*Mapping were added to 

the best fit model to investigate the effect of Group. However, addition of Group and 

Group*Mapping yielded an error in SPSS, see Table_a 6.2, so no conclusions can be 

drawn on the effect of Group on Mapping. To investigate this effect further, the 

interaction TP*Mapping was added to the best fitted model. The interaction was 

significant, and post-hoc analyses showed that dwell latencies for TP100 were 

significantly shorter in Mappings 1 and 4 than in Mappings 2 and 3, dwell latencies for 

TP50 were significantly shorter in Mapping 4 than in Mapping 2, and dwell latencies for 

TP33 were longer in Mapping 1 than in all other mappings. As mentioned for the 

analysis over all blocks, no explanation is known for the effect of Mapping, but 

inclusion of this factor in the model cancels out the effect of this control factor.  

In summary, both groups of participants showed decreasing dwell latencies over 

blocks and an increase from the last sequenced block to the last random block, indicating 

sequential learning. Also, both groups showed shorter dwell latencies for TP50 than for 

both TP33 and TP100.  

Test phase  

Figure 6.4 shows percentage correct per TP value for participants with and without 

dyslexia combined (‘overall’) and for each group separately. 

 

                                                 
46 The following cases were an exception to the rule: TP50: dwell latencies for Distance 342 were 

longer than for Distance 515 (p = .006); TP33: dwell latencies for Distance 684 were shorter than 

for both Distance 385 (p < .001) and Distance 515 (p = .009). It is not known why in these few 

instances longer dwell latencies were observed for shorter distances. 
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Figure 6.4. Percentage correct per TP value in the test phase of the visuospatial experiment 

for adults with and without dyslexia combined (overall) and for each group separately. The 

interaction Group*TP did not reach significance; bar charts for groups with and without 

dyslexia are given for illustrative purposes only. Solid asterisks indicate significant 

differences in percentage correct between TP values; the open asterisk indicates that 

percentage correct is significantly higher than chance (50%). Error bars represent ± 1 

standard deviation. 

The results of the test phase were analyzed using GLMM. The model that fitted the 

data best was:  



Sequential learning in adults with dyslexia  181 

 

Percentage correct (logit(correct)) = aj + b1TPij + Ɛij
47

 

aj = a + uj 

Group did not significantly contribute to the model, and no significant interaction 

between Group and TP was observed. This means that performance during test did not 

differ between groups. Only the factor TP (F(2,2080) = 19.143, p < .001) significantly 

affected percentage correct. Results of Bonferroni-adjusted pairwise comparisons of TP 

provide information on performance per TP value, and compare percentages correct 

between TP values. Percentage correct was higher than chance for TP100 and TP33. 

Results showed that overall percentage correct (the grand mean percentage correct) was 

also significantly higher than chance. Percentage correct was higher for TP100 than for 

both TP50 (p < .001) and TP33 (p = .011), and percentage correct was higher for TP33 

than for TP50 (p = .001). None of the factors Set, TP*Set, TP*Order and Mapping had a 

significant effect on the percentage correct responses either. 

In summary, no differences between participants with and without dyslexia were 

observed. The entire sample of participants showed a higher than chance performance on 

TP100 and TP33 trials. They also performed significantly better on TP100 trials than on 

TP50 and TP33 trials, but performed significantly more poorly on TP50 trials than on 

TP33 trials. 

Correlation between familiarization and test measures 

Under the assumption that the measures for sequential learning in the familiarization 

phase and the test phase represent the same aspect of sequential learning (see the 

General discussion in Chapter 5, p. 158), correlations between these measures are 

expected. The following measures were calculated for each individual participant: (i) the 

Block difference score (mean dwell latency in the random Block 6 minus mean dwell 

latency in the last sequenced Block 5) and (ii) TP difference score (mean dwell latency 

for lower TP minus mean dwell latency for higher TP) for the familiarization phase and 

(iii) percentage correct over all test trials for the test phase. The Block difference score 

and the difference score between TP50 and TP100 (TP50-100 diff) were not normally 

distributed (Shapiro-Wilk, p < .05) in both groups of participants combined and in each 

                                                 
47 a is the regression coefficient representing the intercept and b is the regression coefficient 

representing the slope in the model. The subscript i in the equation refers to a particular 

observation of Percentage correct and the subscript j reflects the variable over which the intercept 

or slope varies (in this case Participant). Ɛ is the error, i.e. the difference in predicted and actual 

Percentage correct i for Participant j. uj refers to the variability of intercepts. 
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group separately. For correlations with these measures, non-parametric bivariate 

correlations (Spearman’s rho) were used. In all other cases, a parametric bivariate 

correlation (Pearson Correlation) was conducted. 

It is expected that all sequential-learning measures are positively related, i.e. the 

larger the Block difference score, the larger the TP difference scores, and the larger the 

Block and TP difference scores, the higher overall percentage correct. For both groups 

together, this was attested by a moderate correlation between the Block difference score 

and percentage correct (rs = .475, p < .001), see Table 6.4. The TP50-TP100 difference 

score showed a moderate but negative correlation with the TP33-TP50 difference score: 

the larger the difference between TP50 and TP100, the smaller the difference between 

TP33 and TP50 (rs = −.498, p < .001). Further, a strong positive correlation was found 

for the TP33-TP100 and the TP33-TP50 difference scores (r = .696, p < .001). No 

significant correlations were found between the two different measures for sequential 

learning during familiarization, the Block difference scores and any of the TP difference 

scores. 

 

 TP50-100 diff TP33-100 diff TP33-50 diff percentage correct 

Overall 

(n = 58) 

Block diff .035 .254 .195 .475*** 

TP50-100 diff  .167 −.498*** .096 

TP33-100 diff   .696*** −.130 

TP33-50 diff    −.134 

nD 
(n = 25) 

Block diff .025 .434* .251 .508* 

TP50-100 diff  .192 −.342 .388 

TP33-100 diff   .741*** −.010 

TP33-50 diff    −.333 

D 

(n = 33) 

Block diff .037 .168 .155 .423* 

TP50-100 diff  .168 −.549** −.124 

TP33-100 diff   .673*** −.207 

TP33-50 diff    .001 
 

Table 6.4. Spearman’s rho (roman) or Pearson’s (bold) coefficients for correlations between 

sequential-learning measures from familiarization and test for the groups with and without 

dyslexia together (Overall), the group without dyslexia (nD), and the group with dyslexia (D). 
*p < .05; **p < .01; ***p < .001. 

The pattern of findings of both groups combined was similar for the group with 

dyslexia when analyzed separately. For the participants without dyslexia, two exceptions 
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were present: first, this group showed a significant correlation between the Block 

difference score and the difference between TP33 and TP100; and second, no significant 

correlation between the difference between TP50 and TP100 and the difference between 

TP33 and TP50 was observed (see Chapter 5). 

In summary, while the Block difference score correlated with percentage correct, the 

TP difference scores did not. The two measures of sequential learning obtained during 

familiarization, i.e. the TP difference scores and the Block difference score, did not 

correlate either. The only exception was the TP33-TP100 difference score and the Block 

difference score that showed a significant correlation in the group without dyslexia. For 

the TP difference scores, significant correlations were found between the TP33-TP50 

difference score and both the TP33-TP100 and TP50-TP100 difference scores in both 

groups together and the group with dyslexia, but the correlation between the TP50-

TP100 and TP33-TP50 difference scores was not significant in the group without 

dyslexia. 

Discussion 

The main research question of this experiment was whether adults with dyslexia show 

impaired sequential learning in the visuospatial domain in comparison to the group of 

adults without dyslexia described in Chapter 5. No differences between groups were 

observed and indications of sequential learning were found for both groups of 

participants during familiarization and during test. 

The difference in dwell latencies between the last sequenced Block 5 and the last 

random Block 6 did not differ between groups, although this was expected based on the 

findings of the meta-analysis by Lum et al. (2013): they found that the Block difference 

score was smaller for participants with dyslexia than for participants without dyslexia. 

Lum and colleagues also found that differences between groups were smaller for older 

age groups if exposure to the repeated sequence was longer. Compared to the five adult 

studies discussed in their meta-analysis, our participants were both younger (22 years vs. 

on average 28 years) and were exposed to a relatively low number of sequence 

repetitions (32 vs. on average 54 times). A larger group difference therefore seemed 

likely, but no significant difference was found. However, in the five experiments 

included in the meta-analysis, button presses were required, which was not the case in 

the present experiment. Participants only watched the sequence, so instead of motor 

learning, perceptual learning would be involved. In studies that investigated these two 
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types of learning in an SRT task, the expression of perceptual learning, but not of motor 

learning, was shown to be more vulnerable to variations of stimuli, task demands and 

sequence complexity (Deroost & Soetens, 2006; Song et al., 2008). As motor learning 

appears to be more robust than perceptual learning, it is possible that if button presses 

are required, sequential-learning effects are more prominent. A difference between 

groups may then have been observed. Based on the present results, however, sequential 

learning does not seem to be affected in adults with dyslexia. 

For the entire sample of participants (with and without dyslexia), dwell latencies for 

TP50 transitions were found to be significantly shorter than for both TP100 and TP33 

transitions. No difference was present between TP100 and TP33 transitions. These 

results suggest that the intermediate TP value, TP50, was easiest to learn. The absence of 

a group effect indicates that performance of the participants with dyslexia was the same 

as that of those without dyslexia. The same line of reasoning provided in Chapter 5 on 

these TP50 findings thus holds: the shorter dwell latencies for TP50 transitions might be 

due to a complex interplay of sequential learning and visual attention. As was previously 

argued, the short dwell latencies for TP50 cannot be due to shorter average distances for 

these transitions, nor are they likely caused by the learning of another statistical measure 

that also applies to these transitions. In order to exclude the possibility that a particular 

characteristic of the transitions had played a role, individual transitions were examined 

to see if a common feature was shared by the transitions with the shortest dwell 

latencies. Of the ten fastest transitions, six were TP50 transitions, three TP100, and one 

TP33. For all ten transitions, and also when restricted to the six TP50 transitions, 

directions to the left and right were equally distributed and also both horizontal and 

diagonal transitions were included in addition to one vertical transition. Furthermore, the 

position on the grid varied between the left, the middle, and the right. It therefore seems 

unlikely that the direction or the position of particular transitions has played a role. To 

sum up, it is speculated here that the short TP50 latencies are caused by opposing effects 

of visual attention and sequential learning. More research into these processes is 

required before any firm conclusions can be drawn.  

Results of the test phase showed that performance on both TP100 and TP33 pairs 

was higher than chance, whereas TP50 was not different from chance. As for the 

familiarization results, no effect of group was present, which indicates that the 

performance of the participants with dyslexia was the same as the performance of those 

without dyslexia. When percentages correct were compared between TP values, 

performance on TP100 trials was significantly better than on both TP50 and TP33 trials. 

This is in accordance with the prediction that higher TPs will be easier to learn. Contrary 
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to expectations, performance on TP50 trials was significantly lower than on TP33 trials. 

Both during familiarization and during test the TP50 transitions yielded results that are 

not in agreement with the predictions. This issue was also raised and discussed in 

Chapter 5 as well as the suggestion that future research should shed more light on this. 

It was expected that the two measures for sequential learning from the familiarization 

phase would correlate with each other and with the percentage correct score from the test 

phase. For both groups separately and for the two groups together, the Block difference 

score correlated significantly with percentage correct. A plausible interpretation is that 

better sequential learning during familiarization leads to better pattern recognition during 

test. Conversely, no significant correlations were observed between any of the TP 

difference scores and percentage correct. The two measures for sequential learning 

during the familiarization phase, the TP difference scores and the Block difference 

scores, did not correlate either. As discussed in Chapter 5, these findings suggest that the 

two familiarization measures reflect two different aspects of sequential learning or even 

different cognitive processes (e.g. sequential learning and visual attention). Future 

research is necessary to elucidate the exact nature of these measures. 

In summary, no differences in sequential learning were observed between 

participants with and without dyslexia in the visuospatial experiment. Sequential 

learning was attested both on-line (during familiarization) and off-line (during test), and 

correlations were found between sequential-learning measures from the familiarization 

and the test phase. Thus, it can be concluded that learning effects (test) are related to the 

learning process (familiarization). The TP results were, however, unexpected, especially 

with regard to the TP50 transitions. Furthermore, none of the TP difference scores 

correlated with either the Block difference score or percentage correct (except for the 

TP33-TP100 difference score and the Block difference score in participants without 

dyslexia). Future research into the underlying processes of sequential learning are 

necessary to shed light on this. 

Next to visuospatial learning, adults with dyslexia were also tested on sequential 

learning in the language domain. Data were obtained (i) to assess whether language 

sequential learning is affected in this group of participants and (ii) to correlate the results 

with the results from the two other domains to investigate domain generality. 
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THE LANGUAGE EXPERIMENT 

Method 

Participants 

Thirty-five subjects with dyslexia participated in the language experiment (19 female 

(54%); mean age 22;10 years;months, range: 18;1–30;6). Two additional participants 

(5%) showed evidence of explicit knowledge of the presented language sequence after 

the experiment, see Test of explicit knowledge in Chapter 5 (p. 115) and Figure 6.1 on 

p. 168.
 
Their data were excluded from analyses.

48
 

Statistical analysis was conducted on the combined data of the group of 28 adults 

without dyslexia described in Chapter 5 and the present group of 35 adults with dyslexia. 

The two groups differed significantly on their literacy-test scores (EMT and De Klepel: 

Mann–Whitney U test, p < .001; sp_direct: t(59.007) = 8.274, p < .001; sp_after: 

t(57.847) = 8.276, p < .001). For information on all participants, see Table 6.5. 

 

 No. adults 
Mean age [range] 

(years;months) 

Mapping Order 

1 2 3 4 vssl-vsl-lsl lsl-vssl-vsl vsl-lsl-vssl 

nD 
28 

(24 F, 86%) 

21;2 

[18;1–29;7] 
9 7 7 5 6 12 10 

D 
35 

(19 F, 54%) 
22;1 

[18;1–30;6] 
10 11 7 7 11 12 12 

Overall 
63 

(43 F, 68%) 
22;1 

[18;1–30;6] 
19 18 14 12 17 24 22 

 

Table 6.5. Information on the adult groups without (nD) and with dyslexia (D), plus information 

on the two groups combined (Overall) for the language experiment. 

                                                 
48 A GLMM analysis with ‘explicit knowledge’ as single factor showed that the participants with 

explicit knowledge had a higher percentage correct (81%) than the participants without such 

knowledge (55%; F(2,2554) = 25.507, p < .001). No significant effects were found for Group or 

the interaction Group*Explicit knowledge when added to the model. The low number of 

participants with explicit knowledge (n = 8 (11%), i.e. 6 (18%) without dyslexia, 2 (5%) with 

dyslexia) in this analysis requires caution drawing any firm conclusions. In order to avoid any risk 

of explicit knowledge confounding the results, these participants were nevertheless excluded from 

the final analyses. 
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Stimuli and procedure 

Stimuli and procedure were the same as described for the language experiment in 

Chapter 5. The following information only concerns the participants with dyslexia; see 

Chapter 5 for the participants without dyslexia. Due to post-experiment exclusion based 

on the acquisition of explicit knowledge, the distribution of Mappings 1-4 was 10, 11, 

7, and 7 participants respectively (the two participants excluded because of explicit 

knowledge each had Mapping 3). The order of experiments was counterbalanced across 

participants even after post-experiment exclusion of two participants based on the 

acquisition of explicit knowledge: lsl-vssl-vsl: 12 out of 12 participants; vsl-lsl-vssl: 12 

out of 13 participants; vssl-vsl-lsl: 11 out of 12 participants. For the participants with 

dyslexia, the number of excluded participants did not increase with a later position of the 

language experiment in the session, whereas an increase was observed for the 

participants without dyslexia.  

Data pre-processing 

Familiarization phase 

The dependent variable was reaction time (RT), which is the time between the onset 

of the stimulus and the time the button was pressed by the participant. Only button 

presses between the start of the pre-previous stimulus and the start of the second 

stimulus after the target stimulus were included for analysis, see Chapter 5 for more 

details. In 177 (5.6%) of all transitions (3150 cases, i.e. from all participants with 

dyslexia), no valid button presses were detected (for the participants without dyslexia, 

this was 4.4%).
49

 

Test phase 

As in the visuospatial experiment, the test phase consisted of three consecutive sets 

of 2AFC trials. The selection of the familiar pair in a test trial (not the TP0 pair) counted 

as a correct response. 

  

                                                 
49 For comparison: in the visuospatial experiment with dwell latencies this concerned 0.7% of all 

transitions. 
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Statistical analysis 

Familiarization phase 

Data were analyzed as described in Chapter 5, using LMM in SPSS 22 for Windows 

(IBM, 2013). Two analyses were conducted: one over all six blocks, to test if RT 

decreases over blocks and increases from Block 5 to Block 6; and one over the 

sequenced Blocks 2 to 5 only, to test if RT was different for different TP values. In 

addition to the factors mentioned in Chapter 5, Group was investigated to see if the 

participants with dyslexia perform differently on language sequential learning than the 

participants without dyslexia. The interaction between Group and Block was included to 

check if the effect of Block depends on Group. For Block, random slopes were included 

in the investigated models, because visual inspection of a Block × RT graph with 

separate lines per participant suggested this factor had different slopes across 

participants. In the analysis over Blocks 2 to 5, also Group*TP was investigated to see if 

the effect of TP depends on Group. Further, random slopes for TP were included in the 

analysis as well, because visual inspection of a TP × RT graph with separate lines per 

participant suggested this factor had different slopes across participants. 

Test phase  

The test phase is a 2AFC task, and responses are therefore dichotomous and were 

analyzed using GLMM in SPSS 22. In addition to the factors and interactions mentioned 

in Chapter 5, Group was investigated to see whether performance of the participants 

with dyslexia differed from performance of the participants without dyslexia. The 

interaction Group*TP was investigated to see if the effect of TP differed per group. 

Results 

Familiarization phase  

Both participants with and without dyslexia showed a significant decrease in RT over the 

sequenced Blocks 2 to 5, and a significant increase from the last sequenced Block 5 to 

the random Block 6, see Figure 6.5. This indicates sequential learning for both groups of 

participants. RTs for TP100 targets were also consistently shorter than for TP33 targets. 

This is in accordance with the prediction that higher TP values are easier to learn. 
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Block 1 Block 2 Block 3 Block 4 Block 5 Block 6 

no D 

overall 351 (263) 366 (226) 347 (191) 299 (185) 199 (251) 385 (333) 

TP100 
 

319 (206) 308 (195) 282 (178) 164 (269) 
 

TP33 
 

413 (235) 387 (178) 316 (190) 236 (226) 
 

D 

overall 389 (262) 334 (263) 298 (275) 280 (258) 267 (244) 369 (324) 

TP100 
 

283 (298) 225 (294) 235 (257) 226 (249) 
 

TP33 
 

388 (206) 374 (230) 328 (250) 309 (231) 
  

Figure 6.5. Top: Mean reaction times of button presses in response to the target stimulus in the 

familiarization phase of the language experiment, per group of adults without (no D) and with 

(D) dyslexia. Blocks 1 and 6 only contained randomly ordered transitions, therefore no data for 

TP100 and TP33 are available. Bottom: The table provides mean reaction times (in ms (SD)) for 

each data point in the graph. 

RTs were analyzed using LMM, see Table_a 6.3 in the Appendix for details on the 

investigated models. The model with the best fit is described as:  
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RT = aj + b1Groupij + b2jBlockij + b3(Group*Block)ij + Ɛij
50

 

aj = a + uj 

b2j = b2 + u2j 

Group did not contribute significantly to the model, but its interaction with Block did 

(F(3,305.563) = 4.425, p = .001), see below. Irrespective of Group, Block had a 

significant effect on RTs (F(5,305.563) = 25.738, p < .001). Bonferroni-adjusted 

pairwise comparisons showed decreasing RT over Blocks 1 to 5: between Block 1 and 

both Blocks 4 and 5 (p < .001); between both Blocks 2 and 3 and Block 5 (p < .001); 

between Blocks 1 and 3 (p = .040); between Blocks 2 and 4 (p = .001); and between 

Blocks 4 and 5 (p = .003). Conversely, RT in the random Block 6 was significantly 

longer than in the last three sequenced blocks (Block 3: p = .011, Blocks 4 and 5: 

p < .001). This pattern is similar to that observed in classical SRT tasks, as well as in the 

visuospatial experiment reported above; it indicates sequential learning in both groups of 

participants.  

The interaction Group*Block, however, points to a difference between groups for 

Block: RT for Block 5 was significantly shorter for the participants without dyslexia than 

for the participants with dyslexia (Bonferroni-adjusted pair-wise comparisons: p = .011). 

Since RT did not differ between groups in any of the other blocks, the difference 

between the first and last sequenced Blocks 2 and 5 is larger for the participants without 

dyslexia than for the participants with dyslexia. Figure 6.5 shows a steeper decrease 

from Block 2 to Block 5 for the participants without dyslexia than for the participants 

with dyslexia. A Mann–Whitney U test on individual mean difference scores (RT Block 

2 minus RT Block 5) per group confirmed that the difference was significantly larger for 

the participants without dyslexia than for the participants with dyslexia (without 

dyslexia: mean = 166 ms (SD = 142 ms); with dyslexia: mean = 67 ms (SD = 119 ms); 

p = .002). 

Also, since RT did not differ between groups for Block 6 either, the difference score 

between Blocks 5 and 6 (an indication of sequential learning) is larger for the 

participants without dyslexia than for those with dyslexia (participants without dyslexia: 

                                                 
50 a is the regression coefficient representing the intercept and b is the regression coefficient 

representing the slopes in the model. The subscript i in the equation refers to a particular 

observation of RT and the subscript j reflects the variable over which the intercept or slope varies 

(in this case Participant). Ɛ is the error, i.e. the difference in predicted and actual RT i for 

Participant j. uj refers to the variability of intercepts and u2j refers to the variability in slope b2j. 
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mean = 185 ms (SD = 123 ms); participants with dyslexia: mean = 99 ms (SD = 120 ms); 

t(61) = 2.793, p = .007). With respect to the control factors: neither Order or Mapping, 

nor the interaction Block*Order significantly contributed to the model.  

To determine whether TP had an effect on RT, an analysis was conducted on the data 

of Blocks 2 to 5, the sequenced blocks with meaningful TP values. See Table_a 6.4 in 

the Appendix for details on the investigated models. The model with the best fit is 

described as: 

RT = aj + b1Groupij + b2jTPij + b3jBlockij + b4(Group*Block)ij + b5(TP*Block)ij + Ɛij
51

 

aj = a + uj 

b2j = b2 + u2j 

b3j = b3 + u3j 

TP significantly affected RT: RT for TP100 was shorter than for TP33 (F(1,62.481) = 

58.195, p < .001). TP also showed a significant interaction with Block (F(3,3567.135) = 

2.706, p = .044). Bonferroni-adjusted pairwise comparisons for TP showed significant 

decreases for both TP100 and TP33 transitions over Blocks 2-4, 2-5, 3-5, and 4-5, but 

for TP33 transitions a significant decrease from Blocks 3 to 4 was also observed. The 

interaction Group*TP was not significant. 

As in the analysis over all blocks above, Group did not contribute significantly to the 

model, but its interaction with Block did (F(3,186.577) = 7.138, p < .001). Bonferroni-

adjusted pairwise comparisons for Group again showed that RT in Block 5 was 

significantly shorter for the participants without dyslexia than for the participants with 

dyslexia (p = .013). As found in the previous analysis, RT significantly decreased over 

blocks (F(3,186.672) = 27.038, p < .001). Neither the factors Order and Mapping nor the 

interactions TP*Order or Block*Order contributed significantly to the model. 

In summary, both groups of participants showed a decline in RTs over sequenced 

blocks and an increase in the last, random, block. Also, for both participants with and 

without dyslexia, significantly shorter RTs were observed for TP100 transitions than for 

                                                 
51 a is the regression coefficient representing the intercept and b is the regression coefficient 

representing the slopes in the model. The subscript i in the equation refers to a particular 

observation of RT and the subscript j reflects the variable over which the intercept or slope varies 

(in this case Participant). Ɛ is the error, i.e. the difference in predicted and actual RT i for 

Participant j. uj refers to the variability of intercepts. uxj refers to the variability in slope bxj. 
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TP33 transitions. Both results indicate that adults with and without dyslexia show 

sequential learning. An important difference between groups was, however, visible in 

Block 5, where RT was significantly shorter for the participants without dyslexia than for 

the participants with dyslexia.  

Test phase  

Figure 6.6 shows percentage correct per TP value for the entire sample and for both 

groups separately. Results of the test phase were analyzed using GLMM. The model that 

fitted the data best was: 

Percentage correct (logit(correct)) = aj + b1Groupij + b2TPij + b3(Group*TP)ij  

 + b4Mappingij + Ɛij
52

 

aj = a + uj 

As was the case in the familiarization phase, Group did not contribute significantly 

to the model. Its interaction with TP, however, did (F(2,2259) = 3.144, p = .043). 

Results of Bonferroni-adjusted pairwise comparisons of TP provide information per 

group on percentages correct between TP values. Results showed that only for the 

participants with dyslexia, performance on TP50 trials was better than on both TP100 

trials (p < .001) and TP33 trials (p = .021). No differences between TP values were 

present in participants without dyslexia. When pairwise comparisons were made for 

Group, information per TP value on percentages correct between groups is given. A 

difference was only observed for TP100 trials: percentage correct was significantly 

lower for the participants with dyslexia than for those without dyslexia (p = .023). 

Further, the participants without dyslexia showed a higher than chance performance on 

both TP100 and TP50 trials, whereas the participants with dyslexia only scored higher 

than chance on TP50 trials. 

TP had a significant main effect on percentage correct (F(2,2259) = 6.027, p = .002). 

Bonferroni-adjusted pairwise comparisons showed that only performance on TP50 trials 

was higher than chance. Performance on TP50 trials was also significantly better than on 

                                                 
52 a is the regression coefficient representing the intercept and b is the regression coefficient 

representing the slopes in the model. The subscript i in the equation refers to a particular 

observation of Percentage correct and the subscript j reflects the variable over which the intercept 

or slope varies (in this case Participant). Ɛ is the error, i.e. the difference in predicted and actual 

Percentage correct i for Participant j. uj refers to the variability of intercepts. 
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Figure 6.6. Percentage correct per TP value in the test phase of the language experiment for the 

two groups of participants together (overall), and separately for the adults with and without 

dyslexia. Solid asterisks indicate significant differences in percentage correct between TP values; 

the open asterisks indicate that percentage correct is significantly higher than chance (50%). Error 

bars represent ± 1 standard deviation. 

both TP100 trials (p = .003) and on TP33 trials (p = .014). Overall percentage correct 

(the grand mean percentage correct) was also significantly higher than chance. 

The control factor Mapping also showed a significant effect (F(3,2259) = 3.987, 

p = .008). Post-hoc Bonferroni-adjusted pairwise comparisons demonstrated that 

percentage correct was significantly higher in Mapping 3 than in Mapping 2 (p = .006). 

The interaction Group*Mapping was not significant, so this effect of Mapping is 

observed in both groups. Neither the other control factors Set and Order, nor the 

interactions TP*Set and TP*Order had a significant effect on percentage correct. 

In summary, a group difference was observed: only the participants with dyslexia 

showed a significantly higher percentage correct for TP50 than for TP100 and TP33 

trials; for the participants without dyslexia, no difference between TP values was 

observed. For these participants, percentage correct was higher than chance for both 
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TP100 and TP50 trials. For the participants with dyslexia, this was only the case for 

TP50 trials, and percentage correct for TP100 was significantly lower than that of the 

participants without dyslexia. 

Correlation between familiarization and test measures 

It is assumed that the measures for sequential learning in the familiarization phase and 

the test phase represent the same aspect of sequential learning. Therefore, positive 

correlations between these measures are expected. For familiarization, the Block 

difference score and the TP difference score were used. For the test measure, percentage 

correct over all test trials was used. These measures were calculated for each individual 

participant. In both groups of participants combined and in the participants with 

dyslexia, percentage correct was not normally distributed (Shapiro-Wilk, p < .05), which 

required the use of non-parametric bivariate correlations (Spearman’s rho). In all other 

cases, a parametric bivariate correlation (Pearson Correlation) was conducted. 

 

 TP diff percentage correct 

Overall (n = 63) 
Block diff −.150 .253* 

TP diff  −.224 

nD (n = 28) 
Block diff .130 .392* 

TP diff  −.163 

D (n = 35) 
Block diff −.216 .129 

TP diff  −.158 
 

Table 6.6. Spearman’s rho (roman) or Pearson’s (bold) coefficients for correlations between 

sequential-learning measures from familiarization and test for the groups with and without 

dyslexia together (Overall), the group without dyslexia (nD), and the group with dyslexia (D). 
*p < .05; **p < .01; ***p < .001. 

The only significant correlations were those between the Block difference score and 

percentage correct for all participants together (rs = .253, p = .046) and for the 

participants without dyslexia (r = .392, p = .039), indicating that both sequential-learning 

measures are positively related, i.e. the larger the Block difference score, the higher 

overall percentage correct, see Table 6.6. It should be noted that no such correlation was 

found for the group with dyslexia. This result cannot be due to the number of 

participants, which was even higher than in the group without dyslexia. This is another 

indication that sequential learning for participants with dyslexia is different in the 

language domain. The TP difference score did not show any significant correlations with 

either the Block difference score or with percentage correct for any group.  
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Discussion  

The purpose of this experiment was to establish if sequential learning in the language 

domain is affected in adults with dyslexia. In the familiarization phase, no overall 

difference between groups with and without dyslexia was observed, except for a steeper 

decrease in reaction times over the sequenced blocks in the participants without dyslexia 

than in the participants with dyslexia. Relatedly, the increase in reaction times from the 

last sequenced Block 5 to the final random Block 6 was larger for the participants 

without dyslexia than for the participants with dyslexia. Since no difference was 

observed between reaction times in the first and the last random blocks, the decrease in 

reaction times over the intervening sequenced blocks must have been due to sequential 

learning. The difference in learning curves between participants with and without 

dyslexia is therefore likely attributable to a reduced sequential-learning capacity in 

participants with dyslexia, at least in the language domain. 

An alternative explanation for the more gradual decline in reaction times over blocks 

and the smaller Block difference score in the participants with dyslexia might be sought 

in the phonological deficit theory. This theory is most consistently connected with 

dyslexia (e.g. Ramus et al., 2003). If phonological information is processed more slowly 

in the participants with dyslexia, it will probably have taken them more time to process 

the phonological information of the target syllable. This would then cause a delay in 

starting to prepare pressing the button, which would cause longer reaction times. 

Nevertheless, such longer reactions times were only observed in Block 5. In Blocks 1 

and 6, when sequential learning cannot have had an effect because stimuli were 

presented randomly, reaction times did not differ between groups. It is therefore unlikely 

that a phonological deficit underlies the slower reaction times seen in Block 5.  

A second alternative explanation might be found in the motor component of the task. 

It is possible that participants with dyslexia are not able to press the response button 

faster than they did in Block 5, irrespective of the sequence presented. It might be the 

case that participants with dyslexia are not necessarily overall slower than participants 

without dyslexia (see their reaction times in all other blocks than Block 5, which are not 

different from participants without dyslexia), but their shortest reaction times might be 

higher than in participants without dyslexia. Indeed, various problems in motor skills 

have been reported in the literature (Brookes et al., 2010; Fawcett & Nicolson, 1995; 

Chaix et al., 2007; Iversen et al., 2005; but see Brookman et al., 2013) and some studies 

point to slower motor performance (Stoodley & Stein, 2006; Velay, Daffaure, Giraud, & 
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Habib, 2002). Most studies, however, only tested school-aged children, and indications 

were found that motor deficits rapidly decrease after adolescence (Fawcett, Nicolson, & 

Dean, 1996). Furthermore, it seems that motor problems occur in only a subset of people 

with dyslexia (Ramus et al., 2003). Finally, in the visual experiment, in which 

participants also had to press a button in reaction to a target stimulus (see p. 201), no 

differences were observed between (largely the same) participants with and without 

dyslexia. It therefore seems unlikely that a motor deficit may explain the longer reaction 

times of the participants with dyslexia observed in Block 5.  

Furthermore, neither the phonological deficit nor a motor deficit can account for the 

significantly shorter reaction times for TP100 transitions than for TP33 transitions. This 

difference was observed in both groups of participants. The fact that the participants 

with dyslexia also distinguish transitions on the basis of transitional probabilities is an 

indication that they do show sequential learning in the language domain. On the other 

hand, the longer reaction times during the last sequenced block and the relatedly smaller 

difference score between the last sequenced and random blocks nonetheless point to a 

reduced capacity of sequential learning in the language domain in participants with 

dyslexia.  

In the test phase, not only TP100 and TP33 trials were tested, but also TP50 trials. 

The relatively high scores for TP50 in both groups of participants is not in agreement 

with the prediction that higher TP values will yield higher percentages correct. This 

TP50 effect might be related to the effect of Mapping. Percentages correct were higher 

for Mapping 3 than for Mapping 2. As explained in Chapter 5, one of the pairs used in 

the test phase is /mo-ni/. In Mapping 3, this is a TP50 pair that yielded relatively high 

percentages correct (85% and 72% when /mo-ni/ was respectively presented as the first 

and second pair in a trial). In Mapping 2, /mo-ni/ was used as a TP0 pair in a TP100 

trial, and these trials yielded relatively low percentages correct (19% as first pair and 

26% as second pair), which means that /mo-ni/ as TP0 pair was more often selected than 

the joint TP100 pair. The range in percentage correct for all trials was 19% to 85%. The 

pair /mo-ni/ may have increased percentage correct in TP50 trials, and decreased 

percentage correct in TP100 trials. When all test trials including /mo-ni/ were 

disregarded, performance on TP50 trials was still higher than chance in each group of 

participants (next to performance on TP100 trials which was also higher than chance in 

the group without dyslexia). However, no differences between TP50 trials and either 

TP100 or TP33 trials were observed anymore, and no differences between mappings 
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were found, so /mo-ni/ probably has had at least some effect.
53

 As suggested in Chapter 

5, in future experiments, the selection of syllable combinations should be based on their 

frequency of occurrence in the mother tongue of the participants. 

For TP100 trials, the participants without dyslexia (above chance) outperformed the 

participants with dyslexia (at chance). Performance for TP50 and TP33 did not differ 

between groups. In addition to the shallower decrease in reaction times observed during 

familiarization, the TP100 result from the test phase forms another indication that 

sequential learning in the language domain is mildly affected in participants with 

dyslexia. The results are consistent with one of the findings by Gabay et al. (2012): in a 

serial-search task, participants with dyslexia did not show learning in the language 

condition, while participants without dyslexia did. The authors concluded that dyslexia 

is largely based on a dysfunction of the procedural-learning system of language. The 

present results are also in line with those of Gabay et al. (2015), who found that 

participants with dyslexia showed poorer performance in segmentation studies with both 

speech and tone stimuli. Given the results of Gabay et al. (2012; 2015) and the present 

experiment, it seems reasonable to conclude that adults with dyslexia show poorer 

performance of sequential learning in the language domain, and perhaps even in the 

auditory modality in general. 

The various measures of sequential learning from familiarization and test were 

expected to correlate. A significant correlation was found between the Block difference 

score and percentage correct. This was found for the two groups of participants 

combined and for the participants without dyslexia, but not for the participants with 

dyslexia. The TP difference score did not correlate with either the Block difference score 

or with percentage correct, which is in line with the findings of the visuospatial 

experiment. It should be noted though that during the familiarization phase of the 

visuospatial experiment TP showed unexpected results (dwell latencies for TP50 

transitions shorter than for TP100 and TP33 transitions), and in the language experiment 

the test phase might have been confounded by the syllable pair /mo-ni/. Any conclusions 

from these correlation analyses therefore have to be drawn with care. In general, the 

exact links between measures of sequential learning and the corresponding component 

of sequential learning are still to be established (see the General discussion in Chapter 5, 

p. 158).  

                                                 
53 The pair /mo-ni/ was part of the familiarization sequence in Mapping 3, but neither /mo/ nor /ni/ 

was the target stimulus at which a button press was required. The pair /mo-ni/ can therefore not 

have affected the results in the familiarization phase. 
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In conclusion, since the test phase was probably confounded by the syllable 

combination /mo-ni/, it is unclear whether the test results and the correlation between the 

Block difference score and percentage correct actually reflect sequential learning. 

Nonetheless, the difference in reaction times between TP values shows that participants 

with and without dyslexia are capable of sequential learning in the language domain. 

The slower decrease in reaction times and the subsequent smaller difference score 

between the last sequenced and random blocks in the participants with dyslexia point to 

mildly reduced sequential-learning capabilities in the language domain.  

The next experiment tested sequential learning in yet another domain, the visual 

domain. Data were obtained (i) to assess whether adults with dyslexia also show 

impaired sequential learning in this domain as compared to adults without dyslexia and 

(ii) to investigate if these correlated with sequential-learning results of the visuospatial 

and language experiments. Significant correlations would point to domain generality of 

sequential learning. 

THE VISUAL EXPERIMENT 

Method 

Participants 

Twenty-six subjects (14 female (54%); mean age 23;3 years;months, range: 18;7–30;6) 

participated in the visual experiment. Eleven other participants (30%) showed evidence 

of explicit knowledge of the presented visual sequence after the experiment, see Test of 

explicit knowledge in Chapter 5 (p. 115) and Figure 6.1 on p. 168. Their data were 

excluded from analyses.
54

 

                                                 
54 A GLMM analysis with ‘explicit knowledge’ as single factor showed that the participants with 

explicit knowledge had a higher percentage correct (86%) than the participants without such 

knowledge (66%, F(2,2554 = 64.733), p < .001). No significant effects were found for Group or 

the interaction Group*Explicit knowledge when added to the model. The number of participants 

with explicit knowledge is 24 (34%), i.e. n = 13 (38%) without dyslexia, n = 11 (30%) with 

dyslexia). In order to avoid any risk of explicit knowledge confounding the results, these 

participants were excluded from the final analyses. 
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Statistical analysis was conducted on the combined data from both the group of 21 

adults without dyslexia described in Chapter 5 and the present group of 26 adults with 

dyslexia. The two groups differed significantly on their scores of the literacy tests (EMT: 

t(45) = 8.423, p < .001; De Klepel: t(41.273) = 9.882, p < .001; sp_direct: t(42.101) = 

7.669, p < .001; sp_after: Mann–Whitney U test, p < .001). For information on all 

participants, see Table 6.7. 

 

 No. adults 
Mean age [range] 

(years;months) 

Mapping Order 

1 2 3 4 vssl-vsl-lsl lsl-vssl-vsl vsl-lsl-vssl 

nD 
21 

(19 F, 90%) 

21;7 

[18;1–29;7] 
3 6 6 6 5 6 10 

D 
26 

(14 F, 54%) 

23;3 

[18;7–30;6] 
7 6 8 5 8 6 12 

Overall 
47 

(33 F, 70%) 

22;6 

[18;1–30;6] 
10 12 12 11 13 12 22 

 

Table 6.7. Information on the adult groups without (nD) and with dyslexia (D), plus information 

on the two groups combined (Overall) for the visual experiment. 

Stimuli and procedure 

Stimuli and procedure were the same as described for the visual experiment in Chapter 

5. For the participants without dyslexia, see also Chapter 5. The following information 

only concerns the participants with dyslexia. The distribution of mappings after 

exclusion because of explicit knowledge was: Mapping 1: 7 (was 9); Mapping 2: 6 (was 

10); Mapping 3: 8 (was 10); and Mapping 4: 5 (was 8). Due to post-experiment 

exclusion based on the acquisition of explicit knowledge, the distribution of orders 

became: vsl-lsl-vssl: 12 (out of 13) participants; vssl-vsl-lsl: 8 (out of 12) participants; 

lsl-vssl-vsl: 6 (out of 12) participants. As was observed in all experiments for the 

participants without dyslexia, more participants were found to gain explicit knowledge 

as the experiment was conducted later during the session. For the participants with 

dyslexia this effect of order was only observed in the visual experiment, not in the 

visuospatial and language experiments. 

Data pre-processing 

Familiarization phase  

Reaction time (RT) is the time between the onset of the target stimulus and the time 

that the button was pressed by the participant. Only button presses that started between 

the start of the pre-previous stimulus and the end of the second stimulus after the target 
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stimulus were included. In 66 (1.5%) of all transitions (4354 cases, i.e. from all 

participants with dyslexia), no valid button presses were detected (for the participants 

without dyslexia, this was also 1.5%).
55

 

Test phase 

Similar to the visuospatial and the language experiments, the test phase consisted of 

three consecutive sets of twelve 2AFC test trials each. The selection of the familiar pair 

in a test trial (not the TP0 pair) counted as a correct response. 

Statistical analysis  

Familiarization phase  

Data were analyzed as described for the language experiment, using LMM in SPSS 

22 for Windows (IBM, 2013). Two analyses were conducted: one over all six blocks to 

test the effect of Block, and one over the sequenced Blocks 2 to 5 to test the effect of TP. 

In addition to the factors mentioned in Chapter 5, Group was investigated to see if 

participants with dyslexia perform differently on visual sequential learning than 

participants without dyslexia. The interaction between Group and Block was included to 

check if the effect of Block depends on Group. For Block, random slopes were included 

in the investigated models, because visual inspection of a Block × RT graph with 

separate lines per participant suggested this factor had different slopes across 

participants. In the analysis over Blocks 2 to 5, the interaction between Group and TP 

was investigated to see if the effect of TP depends on Group. Further, random slopes for 

TP were included in the analysis as well, because visual inspection of a TP × RT graph 

with separate lines per participant suggested that this factor had different slopes across 

participants.  

Test phase  

Responses from the 2AFC test phase are dichotomous (correct/incorrect responses) 

and were therefore analyzed using GLMM in SPSS 22. In addition to the factors and 

interactions mentioned in Chapter 5, Group was investigated to see whether performance 

of participants with dyslexia differed from performance of participants without dyslexia. 

In addition, the interaction Group*TP was investigated to see if the effect of TP on 

percentage correct differed per group.  

                                                 
55 For comparison, in the visuospatial experiment, no valid dwell latencies were found in 0.7% of 

all cases; in the language experiment, no valid reaction times were obtained in 5.6% of all cases. 
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Results 

Familiarization phase  

Figure 6.7 shows that RT decreased over the sequenced Blocks 2 to 5 for both groups of 

participants. In Block 6, in which stimuli were presented in random order, RT increased. 

Also, for both groups of participants, RTs for TP100 targets were consistently shorter 

than for TP33 targets. Both findings are indicative of sequential learning. 

RTs were analyzed using LMM, see Table_a 6.5 in the Appendix for details on the 

investigated models. The model with the best fit is described as: 

RT = aj + b1jBlockij + b2Orderij + b3(Block*Order)ij +b4Mappingij +Ɛij
56

 

aj = a + uj 

b1j = b1 + u1j 

This model is identical to the best fit model of the visual experiment when the 

participants without dyslexia were analyzed separately, see Chapter 5. Group and the 

interaction Group*Block did not have a significant effect on RT, indicating that no 

differences between participants with and without dyslexia were found.  

Block had a significant effect on RT (F(5,233.399) = 33.253, p < .001). Bonferroni-

adjusted pairwise comparisons showed that RT decreased significantly over blocks from 

Block 1 to Block 5: between Block 1 and both Blocks 4 and 5, Block 2 and both Blocks 

4 and 5, and between Block 3 and Block 5 (p < .001); between Block 1 and Block 3 

(p = .004); between Block 2 and Block 3 (p = .040); and between Block 3 and Block 5 

(p = .005). Conversely, RT in the random Block 6 was significantly longer than in the 

last three sequenced blocks (Block 3: p = .006, Blocks 4 and 5: p < .001). These results 

show that RT decreased over the sequenced blocks, and increased in the last, random, 

block. This pattern is similar to that observed in classical SRT tasks, and was also 

observed in the two sequential-learning experiments above.  

                                                 
56 a is the regression coefficient representing the intercept and b is the regression coefficient 

representing the slopes in the model. The subscript i in the equation refers to a particular 

observation of RT and the subscript j reflects the variable over which the intercept or slope varies 

(in this case Participant). Ɛ is the error, i.e. the difference in predicted and actual RT i for 

Participant j. uj refers to the variability of intercepts. u1j refers to the variability in slope b1j. 
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Block 1 Block 2 Block 3 Block 4 Block 5 Block 6 

no 
D 

overall 360 (210) 338 (256) 308 (215) 256 (268) 212 (245) 343 (167) 

TP100 
 

308 (294) 284 (246) 233 (269) 189 (271) 
 

TP33 
 

367 (209) 332 (176) 279 (265) 235 (213) 
 

D 

overall 353 (243) 358 (159) 319 (215) 303 (201) 266 (252) 365 (203) 

TP100 
 

348 (148) 287 (241) 276 (219) 246 (249) 
 

TP33 
 

368 (170) 350 (180) 330 (178) 287 (254) 
  

Figure 6.7. Top: Mean reaction times (in ms (SD)) of button presses in response to the target 

stimulus in the familiarization phase of the visual experiment, per group of adults without (no 

D) and with (D) dyslexia. Blocks 1 and 6 only contained randomly ordered transitions, 

therefore no data for TP100 and TP33 are available. Bottom: The table provides mean 

reaction times (in ms (SD)) for each data point in the graph. 

The control factor Order did not affect RT, but its interaction with Block did 

(F(10,233.405) = 2.305, p = .013). Bonferroni-adjusted pairwise comparisons showed 

that only in Block 5, RT was longer when the visual experiment was conducted first or 

second than when it was conducted as the third sequential-learning experiment (p = .001 
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and p = .004, respectively). As there was no main effect of Order, and the difference in 

RT was only found for one block, this is only a minor indication that Order affected RT. 

Finally, the control factor Mapping also had a significant effect on RT (F(3,46.956) = 

4.951, p = .005). Bonferroni-adjusted pairwise comparisons showed that RT was 

significantly longer in Mapping 2 than in both Mapping 3 (p = .012) and Mapping 4 

(p = .013). Again, this finding was similar for the participants without dyslexia when 

analyzed separately. If the average RT per participant was calculated, 4 out of the 10 

participants with longest RT had Mapping 2 and these were all participants without 

dyslexia. The interaction Group*Mapping did, however, not contribute significantly to 

the model, suggesting that there was no significant difference between groups for any of 

the mappings. In other words, it was not the case that the group without dyslexia was 

responsible for the effect of Mapping 2. It is not known whether the visual experiment 

contained an analogous problem as occurred in the language experiment with the 

possible confound of the syllable combination /mo-ni/. Nevertheless, by including 

Mapping into the model, the effect of this control factor has been taken care of. 

To determine whether TP had an effect on RT, an analysis was conducted on the data 

of Blocks 2 to 5, the sequenced blocks with meaningful TP values. See Table_a 6.6 in 

the Appendix for details on the investigated models. The model with the best fit is 

identical to the best fit model of the participants without dyslexia (Chapter 5) and is 

described as:  

RT = aj + b1jTPij + b2jBlockij + b3Orderij + b4(Block*Order)ij + b5Mappingij + Ɛij
57

 

aj = a + uj 

b1j = b1 + u1j 

b2j = b2 + u2j 

As was found in the analysis over all blocks, Group did not have a significant effect 

on RT, nor did its interactions with Block and TP, indicating that no differences between 

participants with and without dyslexia were found. The effect of TP showed that RT was 

significantly shorter for TP100 than for TP33 transitions (F(1,47.078) = 42.453, 

                                                 
57 a is the regression coefficient representing the intercept and b is the regression coefficient 

representing the slopes in the model. The subscript i in the equation refers to a particular 

observation of RT and the subscript j reflects the variable over which the intercept or slope varies 

(in this case Participant). Ɛ is the error, i.e. the difference in predicted and actual RT i for 

Participant j. uj refers to the variability of intercepts and uxj refers to the variability in slope bxj. 
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p < .001). As in the analysis over all blocks, Block had a significant effect on RT 

(F(3,139.824) = 35.505, p < .001). The interaction TP*Block was not significant, 

indicating that the effect of Block was not different between TP100 and TP33 transitions. 

The control factor Order did not have a significant effect on RT, but its interaction 

with Block was significant (F(6,139.823) = 2.786, p = .014). As was described in the 

analysis over all blocks, RT was only significantly shorter in Block 5 when the visual 

experiment was conducted third than when it was conducted first or second. The 

interaction TP*Order was not significant. Mapping, as a second control factor, 

significantly affected RT (F(3,46.955) = 4.243, p = .010). Bonferroni-adjusted pairwise 

comparisons showed that RT was significantly longer in Mapping 2 than in either 

Mapping 3 or Mapping 4, which was also found in the analysis over all blocks. No 

difference was observed between groups: the interaction Group*Mapping was not 

significant. It is not known why Mapping 2 yielded the longest RTs. 

In summary, for both participants with and without dyslexia, RT decreased over the 

sequenced blocks, and increased in the last, random, block. Both groups also showed 

significantly shorter RTs for TP100 than for TP33 transitions. 

Test phase  

Figure 6.8 shows percentage correct per TP value for all participants (Overall), and for 

each group separately. 

The results of the test phase were analyzed using GLMM. The model that fitted the 

data best was: 

Percentage correct (logit(correct)) = aj + b1Groupij + b2TPij + b3(Group*TP)ij + Ɛij
58

 

aj = a + uj 

Group did not have a significant main effect, but its interaction with TP did 

(F(2,1686) = 4.337, p = .013). Bonferroni-adjusted pairwise comparisons for Group 

showed no differences between groups for any of the TP values. Bonferroni-adjusted  

 

                                                 
58 a is the regression coefficient representing the intercept and b is the regression coefficient 

representing the slopes in the model. The subscript i in the equation refers to a particular 

observation of Percentage correct and the subscript j reflects the variable over which the intercept 

or slope varies (in this case Participant). Ɛ is the error, i.e. the difference in predicted and actual 

Percentage correct i for Participant j. uj refers to the variability of intercepts. 
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Figure 6.8. Percentage correct per TP value in the test phase of the visual experiment for the two 

groups of participants together (overall), and separately for the adults with and without dyslexia. 

Solid asterisks indicate significant differences in percentage correct between TP values; the open 

asterisks indicate that percentage correct is significantly higher than chance (50%). Error bars 

represent ± 1 standard deviation. 

pairwise comparisons for TP showed that the participants with dyslexia had a 

significantly better performance on TP50 than on TP33 trials (p < .001), whereas the 

participants without dyslexia did not show such a difference. Reversely, the participants 

without dyslexia showed a significantly better performance on TP100 than TP50 trials 

(p = .005), while the participants with dyslexia did not. Performance was higher than 

chance for each TP value, except for TP33 trials in the group with dyslexia. 

The factor TP also significantly contributed to the model (F(2,1686) = 13.546, 

p < .001). Results of Bonferroni-adjusted pairwise comparisons of TP provide 

information on performance per TP value, and compare percentages correct between TP 

values. Percentage correct was higher than chance for TP100 and TP50 trials. Percentage 

correct for TP100 trials was significantly higher than for both TP50 trials (p = .041) and 

TP33 trials (p < .001). Percentage correct for TP50 trials was also significantly higher 
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than for TP33 trials (p = .003). Overall percentage correct (the grand mean percentage 

correct) was also significantly higher than chance. 

None of the factors Set, TP*Set, Order, TP*Order, and Mapping had a significant 

effect on percentage correct.  

In summary, only in the participants without dyslexia, performance on TP100 trials 

was higher than on TP50 trials, whereas only in the participants with dyslexia, 

performance on TP50 trials was higher than on TP33 trials. However, for none of the TP 

values was percentage correct significantly different between the two groups of 

participants. 

Correlations between familiarization and test measures 

Under the assumption that the measures for sequential learning in the familiarization 

phase and the test phase represent the same aspect of sequential learning, correlations 

between the measures are expected. The following measures were calculated for each 

individual participant: the Block difference score and the TP difference score for the 

familiarization phase, and percentage correct over all test trials for the test phase. All 

measures were normally distributed (Shapiro-Wilk, p > .05), therefore in all instances, a 

parametric bivariate correlation (Pearson Correlation) was conducted, see Table 6.8. 

 

 TP diff percentage correct 

Overall (n = 47) 
Block diff −.196 .433** 

TP diff  −.030 

nD (n = 21) 
Block diff −.277 .717*** 

TP diff  −.192 

D (n = 26) 
Block diff −.144 .131 

TP diff  .101 
 

Table 6.8. Pearson’s coefficients for correlations between sequential-learning measures from 

familiarization and test for the groups with and without dyslexia together (Overall), the group 

without dyslexia (nD), and the group with dyslexia (D). *p < .05; **p < .01; ***p < .001. 

A significant correlation was only found in two instances. The correlation between 

the Block difference score and percentage correct was moderate and significant (r =.433, 

p = .002) for all participants together, and for the group of participants without dyslexia 

this correlation was strong and significant (r =.717, p < .001, resp.): the larger the Block 
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difference score, the higher overall percentage correct. No such correlation was found 

for the group with dyslexia. No significant correlations were found for any of the groups 

when the TP difference score was involved.  

Discussion 

The main research question of this experiment was whether adults with dyslexia would 

show poorer sequential learning in the visual domain as compared to adults without 

dyslexia. No clear indications of a difference between the two groups were observed. 

For both groups, reaction times decreased over sequenced blocks, and increased from the 

last sequenced block to the random block. The significantly shorter reaction times for 

TP100 transitions than for TP33 transitions provided another indication of sequential 

learning. This concurs with the findings in the language experiment of the present study. 

During familiarization, no difference in sequential learning was observed between 

participants with and without dyslexia. 

In the test phase, both above-chance percentages correct for all TP values, and higher 

percentages correct for higher TP values were observed in the entire sample. No 

differences between the groups with and without dyslexia were observed for the 

different TP values, not even for TP33 for which the participants with dyslexia showed 

at-chance performance. These results contrast with the findings from another recent 

study on visual sequential learning by adults with and without dyslexia (Sigurdardottir et 

al., 2017). Sigurdardottir and colleagues exposed participants to a sequence of shapes 

combined into pairs and subsequently tested them in a 2AFC test on pairs from the 

familiarization phase and on novel pairs. Percentage correct (choosing the familiar pair) 

was higher for adults without dyslexia than for adults with dyslexia. These dissimilar 

outcomes cannot be due to amount of exposure, as the number of stimuli in the study by 

Sigurdardottir et al. (864) was in the same order of magnitude as the number used in the 

present experiment (900). 

A difference between the study by Sigurdardottir et al. and the present study pertains 

to the stimuli that were used. First, the complexity of the shapes was different. In the 

present study simple geometric shapes were used, which are easily recognizable. 

Sigurdardottir et al. made use of shapes taken from unfamiliar alphabets that were 

presumably novel to all participants. In an earlier paper, Sigurdardottir, Ívarsson, 

Kristinsdóttir, and Kristjánsson (2015) concluded that participants with dyslexia are 

impaired in recognizing faces and other complex shapes, but are not impaired in 
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recognizing colours. Sigurdardottir et al. (2017) therefore included shape recognition in 

their analysis. Although a mildly reduced recognition of complex shapes was observed 

in participants with dyslexia, this had not played a role in the impaired visual statistical 

(sequential) learning. The use of simple geometric shapes may, however, have facilitated 

sequential learning in the present group of participants with dyslexia. Second, the colour 

of the shapes was different. In the present experiment, each object had a different colour, 

whereas the uncommon letters in the study by Sigurdardottir and colleagues were of the 

same colour, at least the ones that belonged to the same sequence: all were either red or 

green. It is possible that the more complex shapes of just one colour in the study by 

Sigurdardottir et al. made sequential learning for people with dyslexia more complex 

than the simple shapes of different colours in the present study.  

A few (quantitative) differences between the present experiment and that of 

Sigurdardottir et al. may also have contributed to the difference in outcomes, notably the 

number of participants (respectively 21 vs. 37 participants without dyslexia and 26 vs. 

37 participants with dyslexia), and numbers and distributions of trial types (respectively 

36 trials (12 TP100 trials, 33%) vs. 72 test trials (72 TP100 trials, 100%)). Clearly these 

factors matter, and it would be worth its while to study their effects in a parametric 

approach. In general, this would help us understand why results of highly similar studies 

often diverge. 

The on-line (familiarization) and off-line (test) measures of sequential learning were 

expected to correlate, and this was the case for the Block difference score and percentage 

correct for the participants without dyslexia. This correlation was, however, not found 

for the participants with dyslexia. This is similar to what was observed for the language 

experiment. Why participants with dyslexia did show a significant correlation between 

the Block difference score and percentage correct in the visuospatial experiment but not 

in the language and the visual experiments is unclear. As in the visuospatial and 

language experiments, no significant correlations were found between the TP difference 

score and either the Block difference score or percentage correct. No explanation for 

these findings can be given at this time, other than the speculation that the measures are 

dependent on different aspects of sequential learning or depend even on different 

cognitive processes (see the General discussion in Chapter 5, p. 158).  

In conclusion, except for some minor discrepancies, no significant differences in 

visual sequential learning were observed between adults with and without dyslexia.  
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CORRELATIONS BETWEEN SEQUENTIAL LEARNING AND 

LITERACY 

Sequential learning is considered to play a role in language acquisition (Saffran, Aslin, 

& Newport, 1996). The relationship between the two has been investigated in various 

age groups and with a wide variety of measures both for sequential learning and for 

language skills. For example, for infants, significant correlations were found between 

8.5 month olds’ visual statistical learning and their word comprehension at 13.5 months 

(Shafto, Conway, Field, & Houston, 2012). For children, visual statistical learning has 

been found to be correlated with the production (E. Kidd, 2012) and comprehension (E. 

Kidd & Arciuli, 2016) of certain syntactic structures. Further, children’s performance on 

word-segmentation tasks, which is a sequential-learning task, significantly correlated 

with expressive and receptive vocabulary (Evans, Saffran, & Robe-Torres, 2009), and 

with oral language skills, vocabulary knowledge, and phonological processing (Spencer, 

Kaschak, Jones, & Lonigan, 2015). For adults, correlations have been reported between 

performance on a visual sequence-learning task and sentence perception (Conway, 

Karpicke, & Pisoni, 2007), between auditory statistical learning and language 

comprehension (Misyak & Christiansen, 2012), and between visual statistical learning 

and grammaticality judgements (Daltrozzo et al., 2017).  

Correlational analyses between sequential-learning capabilities and proficiency in 

natural language has not only been studied in oral language, but also for written 

language. Arciuli and Simpson (2012) found significant correlations between a visual 

sequential-learning task and a reading task for both children and adults (without 

dyslexia). Studies including adults with and without dyslexia found correlations between 

performance on a linguistic non-adjacent dependency learning (NADL) task and 

pseudoword-reading scores (Kerkhoff, de Bree, & Wijnen, 2017), between accuracy in 

an alternating SRT task and word and pseudo-word reading scores (Howard Jr, Howard, 

Japikse, & Eden, 2006), between accuracy in a triplet frequency learning task (TRIP) 

and pseudo-word reading (Bennett, Romano, Howard Jr, & Howard, 2008), between 

accuracy (percentage correct) of auditory sequential learning and word and pseudo-word 

reading (Gabay et al., 2015), and between visual sequential learning and reading speed 

(Sigurdardottir et al., 2017). 

In the present study, correlational analyses were conducted on data from the entire 

sample, i.e. the two groups of participants combined. A possible relationship between 

sequential learning and literacy skills can then be examined independent of diagnostic 
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category (Howard Jr et al., 2006). The purpose was to determine whether poor sequential 

learning is associated with poor literacy skills. Correlations were analyzed between on 

the one hand two measures for sequential learning, the Block difference score and 

percentage correct, and on the other hand word and pseudo-word reading scores and 

spelling scores. Because reading and spelling generally improve with more experience, 

i.e. with age (SDN, de Jong et al., 2016; Kuijpers et al., 2003), partial correlations were 

analyzed controlling for age, see Table 6.9. 

Significant correlations were observed between the language Block difference score 

and both sp_direct, the number of correctly spelled words under time pressure (rn = .263, 

p = .039), and sp_after, the number of correctly spelled words after a correction round 

(rn = .276, p = .030). These findings can be regarded as possible indications that 

sequential learning in the language domain is related to spelling. Indeed, in the language 

experiment, the Block difference scores were smaller, and spelling scores were lower in 

the participants with dyslexia. A significant correlation was also found for the visual 

Block difference score and EMT (r = .328, p = .026). However, the groups of 

participants showed no difference in reaction times over blocks, while the difference in 

EMT scores was significant. Since correlations were only weak, further research is 

necessary to confirm the presents results. 

 

 EMT Klepel sp_direct sp_after 

vssl 
(n = 58) 

Block diff −.023 .022 .011 .067 

perc. correct −.119 −.066 −.102 −.119 

lsl 

(n = 63) 

Block diff .182 .186 .263* .276* 

perc. correct .071 .139 .105 .105 

vsl 

(n = 47) 

Block diff .328* .173 .217 .104 

perc. correct .220 .059 .162 .157 
 

Table 6.9. Non-parametric partial coefficients (roman) and partial Pearson’s coefficients (bold) 

controlling for age for correlations between sequential-learning measures and reading/spelling 

scores for all participants (Overall). *p < .05; **p < .01; ***p < .001.  

No study is known in which the same indices of sequential learning were correlated 

with the same literacy measures as in the present study. With respect to language 

sequential-learning, the study that resembles the current experiment most is the speech 

segmentation study of Gabay et al. (2015). They found significant correlations between 

percentage correct and reading scores for both real words and pseudowords. Regarding 

the visual sequential-learning experiment, the studies by Arciuli and Simpson (2012) and 
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Sigurdardottir et al. (2017) are most similar. They both found significant correlations 

between percentage correct and reading scores.  

In the present study, only reaction time difference scores were found to correlate 

with either reading or spelling scores. Percentage correct did not correlate with either 

reading or spelling scores, though correlations between percentage correct and reading 

scores were found in the above-mentioned studies (Arciuli & Simpson, 2012; Gabay et 

al., 2015; Sigurdardottir et al., 2017), and percentage correct and Block difference score 

significantly correlated in all three experiments for the entire sample of participants. So 

far, evidence for a link between statistical or sequential learning and linguistic capacities 

relies on a wide range of measures (both statistical and linguistic measures). 

Furthermore, no studies are known that have replicated any of the correlations 

mentioned above. Both further insight into the specific components of sequential 

learning that are being tapped by a given task (see Siegelman et al., 2017) and a better 

understanding of the relationship between sequential learning in the various tasks and 

domains is needed before any firm conclusions about the connection between sequential 

learning and literacy skills can be drawn. In the next section, correlations between 

sequential-learning measures between the three domains are investigated.  

CORRELATIONS BETWEEN THE VISUOSPATIAL, VISUAL, AND 

LANGUAGE DOMAINS 

If sequential learning is a domain-general learning mechanism, then the results of 

sequential learning in the three domains are expected to correlate. This also applies to 

the situation in which sequential learning is hampered, as is presumed to be the case for 

dyslexia in this thesis. In an individual with poor domain-general sequential-learning 

capacities, scores are expected to be relatively low in all three experiments. Two 

measures for sequential learning were investigated: the Block difference score and the 

overall percentage correct, see Table 6.10.  

Only the data of those participants whose data were included for all three 

experiments (language, visual and visuospatial) were taken into account. This implies 

that in none of the three experiments an indication of explicit knowledge was found for 

any of these participants. The data of 15 participants without dyslexia could be included 

(13 female (87%); mean age 21;8 years;months, range: 18;1–29;7), see also Chapter 5. 

Of the participants with dyslexia, 23 participants could be included (13 female (57%);  
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 vssl lsl vsl 

Block difference score (ms) 

overall 
48 (67) 

[−19 to 274] 

123 (95) 

[−117 to 302] 

122 (102) 

[−66 to 324] 

nD 
33 (49) 

[−19 to 176] 
167 (86)  

[31 to 302] 
166 (106) 

[−23 to 324] 

D 
57 (76) 

[−16 to 274] 
95 (92) 

[−117 to 249] 
93 (90) 

[−66 to 309] 

Percentage correct (%) 

overall 
62.1 (18.1) 
[25 to 97] 

 

51.8 (11.4) 

[25 to 81] 

66.7 (16.3) 

[31 to 97] 

nD 
58.3 (15.4) 

[25 to 92] 

53.7 (11.9) 

[39 to 81] 

72.6 (17.2) 

[44 to 97] 

D 
64.6 (19.5) 

[31 to 97] 

50.6 (11.1) 

[25 to 72] 

62.9 (14.7) 

[31 to 83] 
 

Table 6.10. The Block difference scores between dwell latencies/reaction times of the last 

sequenced block and the last random block of all three experiments, and overall percentages 

correct for all three experiments (mean (SD), [range]). The sequential-learning measures are 

given for the entire sample (overall) and for the groups without dyslexia (nD) and with 

dyslexia (D). 

 

 

 vssl-lsl vssl-vsl lsl-vsl 

Block difference scores (ms) 

overall −.027 n .139 n .059 

nD −.432 n −.244 n −.457 

D .268 n .365 n .116 

Percentage correct (%) 

overall −.017 −.145 .219 

nD −.403 −.116 .001 

D .219 −.165 .333 
 

Table 6.11. Partial correlation coefficients (nnon-parametric partial correlation) for the Block 

difference scores of all three experiments, vssl, lsl, and vsl, given for the entire sample 

(overall), and for the groups without dyslexia (nD) and with dyslexia (D). No significant 

correlations were found. 

mean age 23;3 years;months, range: 18;7–29;5). In total, 38 participants were included 

(26 female (68%); mean age 22;7 years;months, range: 18;1–29;7). 
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First-order partial correlation analyses (i.e. controlling for one variable) were 

conducted, correlating the results from two domains while controlling for the third 

domain. The difference scores for the visuospatial experiment were not normally 

distributed in either group of participants (Shapiro-Wilk, p < .05). Therefore a non-

parametric partial correlation analysis was conducted when the visuospatial experiment 

was compared with the language and with the visual experiments. No significant 

correlations were observed between any of the experiments, see Table 6.11.  

Percentages correct were all normally distributed (Shapiro-Wilk, p > .05), and 

therefore parametric partial correlation analyses were conducted. No significant 

correlations were found, see Table 6.11. With the lack of significant correlations 

between the three experiments for both the Block difference score and percentage 

correct, no conclusive answer was obtained for the question whether sequential learning 

is a domain-general learning mechanism. 

GENERAL DISCUSSION 

The primary objective of the experiments reported in this chapter was to investigate 

whether adults with dyslexia have a reduced capacity for sequential learning as 

compared to adults without dyslexia. Sequential learning was tested in three different 

domains: the visuospatial, language, and visual domains. Indications of sequential 

learning were found for both groups in all three domains. Participants showed 

decreasing reaction times (dwell latencies in the visuospatial experiment) over 

sequenced blocks, and an abrupt increase in reaction times/dwell latencies in the last, 

random, block. Further, in both the visual and the language experiments, reaction times 

for TP100 transitions were shorter than for TP33 transitions. At test, overall percentage 

correct was higher than chance for TP100 and TP33 trials in the visuospatial and visual 

experiments, and higher than chance for TP50 trials in the language and visual 

experiments. 

Even though no major differences in sequential learning were found between the 

participants with and without dyslexia in any of the domains tested, the two groups did 

differ in some respects, especially in the language experiment. During familiarization, 

reaction times showed a shallower decrease over time for the participants with dyslexia 

than for the participants without dyslexia. At the end of the structured presentation of 

stimuli, during the last sequenced block, the participants with dyslexia were significantly 

slower in responding to the target stimulus than the participants without dyslexia. 
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Relatedly, the difference score between this last sequenced block and the last random 

block was significantly smaller for the participants with than without dyslexia. During 

test, performance on TP100 trials was at chance for the participants with dyslexia, 

whereas the participants without dyslexia showed above-chance performance.  

It appears unlikely that these differences are attributable to a phonological deficit or a 

motor deficit. Irrespective of the structure of the sequence, i.e. both during the 

sequenced blocks and during the random blocks, participants had to react to an auditorily 

presented target non-word. Slower speech processing due to a phonological deficit 

would have led to longer reaction times in all blocks, not just in the last sequenced block 

as was found here. The same applies to a possible motor deficit. Participants had to react 

to the target non-word with a button press in all blocks. A slower motor performance 

would have resulted in longer reaction times in all blocks, not just in the last sequenced 

block. The difference in reaction times might be explained by a slightly reduced capacity 

of sequential learning in the language domain. This would be in line with the results 

from Gabay et al. (2012), who found poorer performance of participants with dyslexia 

on letter name sequences in a serial search task. The result also resembles that of Gabay 

et al. (2015), who found poorer performance in participants with dyslexia for both 

speech and tone stimuli in a segmentation task. The fact that the Block difference score 

from the language experiment significantly correlated with the spelling scores forms an 

indication that sequential learning in the language domain is related to literacy skills. On 

average, Block difference scores were smaller, and spelling scores were lower in the 

participants with dyslexia. 

No differences between participants with and without dyslexia were observed in the 

visuospatial and visual experiments. No clear explanation was found for the unexpected 

TP results in the visuospatial experiment, which were similar in both groups of 

participants. Kelly et al. (2002) did not find differences between participants with and 

without dyslexia either in an SRT task testing sequential learning with both sequences of 

locations, as in the present visuospatial experiment, and sequences of shapes. 

Nevertheless, various other SRT(-like) studies did find differences between groups (Lum 

et al., 2013). Results in SRT-(like) visuospatial studies are mixed, but experimental 

designs are also diverse. As suggested in Chapter 5, it would be interesting to investigate 

the visuospatial experiment again, using button presses during familiarization, since the 

expression of motor learning seems to be more robust than that of perceptual learning 

(Deroost & Soetens, 2006; Song et al., 2008).  
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Results from the visual experiment, in which no differences were observed between 

the two groups of participants, also resemble those of Kelly et al. (2002). Apart from a 

sequence of locations, Kelly and colleagues also tested a sequence of complex shapes in 

an SRT task, and no differences between adults with and without dyslexia were 

observed. In a visual segmentation study, however, Sigurdardottir et al. (2017) found 

that participants with dyslexia performed significantly more poorly than participants 

without dyslexia. Given the differences in experimental designs between the present 

study and the studies by Kelly et al. and Sigurdardottir et al., future research should 

determine what factors affect sequential learning in the visual domain. It should be noted 

that even while no differences between groups were observed for the visual experiment, 

a weak correlation was found between visual sequential learning and a reading task. 

Further research is needed to see if this result can be replicated. From the present results, 

it can only be concluded that participants with and without dyslexia do not show a 

difference in visual sequential learning. 

The fact that reduced sequential learning was only observed for the participants with 

dyslexia in the language domain points to a domain-specific learning mechanism. No 

support for a domain-general learning mechanism was found by correlational analyses 

either: no significant correlations were found between any of the three domains for any 

of the measures of sequential learning. This is in line with the results from another 

within-subject study with participants with dyslexia (Gabay et al., 2012; but see Gabay 

et al., 2015). Gabay et al. (2012) studied adults with and without dyslexia on their 

learning of motor sequences and letter name sequences in a single serial-search task. 

Participants without dyslexia showed a significant increase in reaction times from a 

sequenced block to a random block in both conditions, but participants with dyslexia 

only showed this learning effect in the motor condition, not in the language condition. 

The authors argue that the dissociation between motor and language learning in 

participants with dyslexia implies that the learning mechanisms underlying the two tasks 

are not identical. On the other hand, Gabay et al. (2015) tested adults with and without 

dyslexia on ‘words’ and ‘part-words’ after familiarization with sequences of syllables 

and sequences of tones. Although percentages correct were higher than chance for both 

participants with and without dyslexia, these were significantly lower for the participants 

with dyslexia than for those without dyslexia in both conditions. Gabay and colleagues 

(2015) concluded that this is due to a less efficient, domain-general procedural-learning 

system. Whether poorer sequential learning in dyslexia is limited to the auditory 

modality remains to be determined. 
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The lack of evidence for domain generality and the absence of differences between 

groups in the visual and visuospatial experiments also have their repercussions on the 

hypothesis of a general procedural-learning deficit in dyslexia. As suggested above, a 

language-specific or maybe auditory-specific procedural deficit seems to provide a more 

plausible explanation for the present findings than a general procedural-learning deficit. 

Since only speech sounds an no other sounds were used in the present experiment, it is 

not possible to distinguish between a general auditory procedural-learning deficit and a 

more specific language procedural-learning deficit. A language sequential-learning 

deficit would be in accordance with Nicolson and Fawcett’s explanation of the 

procedural deficit theory (2007; 2011). They proposed that dyslexia arises specifically 

from poorer performance in the procedural-learning system for language: the 

phonological difficulties in dyslexia would reflect an impaired awareness of implicit 

phonological rules. According to Nicolson and Fawcett, these phonological difficulties, 

in combination with poorer automatization skills that also stem from a procedural-

learning deficit, give rise to the core reading and spelling problems of dyslexia. 

In conclusion, the participants with dyslexia did not differ from the participants 

without dyslexia in their sequential-learning capacities in the visuospatial and visual 

experiments, but they showed some reduced sequential learning in the language 

experiment. This difference was not attributable to a phonological deficit, a motor 

deficit, or a general procedural deficit. Since no indications of domain generality were 

found, it is possible that the sequential-learning mechanism is domain specific and that 

people with dyslexia show a mild deficit in the procedural-learning system for language. 
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Discussion and conclusion 

In this thesis, implicit sequential learning was investigated along two lines of research to 

seek an answer to the question whether sequential learning is subserved by a domain-

general learning mechanism. As a first approach all participants were tested in more than 

one domain. In case of a domain-general learning mechanism, results in one domain are 

expected to predict results in another domain. This means that correlations between 

domains are expected; their presence would be an indication of a domain-general 

sequential-learning mechanism. Participants included two age groups: typically 

developing (TD) 8-month-old infants and 18–30-year-old adults.  

Another approach to the question of domain generality was to investigate a disorder 

in which sequential learning is hypothesized to be affected: developmental dyslexia. 

Dyslexia is characterized by problems in learning to read and spell (International 

Dyslexia Association, 2002), but problems in other language tasks and in other domains 

have also been observed (e.g. Brookes et al., 2010; Hämäläinen et al., 2013; Mascheretti 

et al., 2018; Rispens et al., 2006). If sequential learning is a domain-general learning 

mechanism, and if this mechanism is affected in dyslexia, then relatively low sequential-

learning capabilities would be predicted in individuals with (manifest) dyslexia in every 

domain investigated. In addition, since dyslexia is a highly heritable disorder (Poelmans 

et al., 2011) and a deficit in sequential learning is presumed to be causally related to 

dyslexia, difficulties in sequential learning are expected in infants at familial risk of 

dyslexia (FR). 

In this chapter, the observed indications of sequential learning in the infant and adult 

experiments will be summarized. The findings will be discussed in light of the first 

research question, whether sequential learning is a domain-general learning mechanism. 

Next, a summary of the sequential-learning results of participants including those at risk 

of/with dyslexia will be presented. These results will be interpreted in relation to the 
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second research question, whether sequential learning is affected in dyslexia, and are 

also relevant to the first question of domain generality. The discussion of the two 

research questions will be followed by suggestions for future directions of sequential-

learning research. This chapter will end with the conclusions that can be drawn from the 

research that was conducted for this thesis. 

RESEARCH QUESTION 1: IS SEQUENTIAL LEARNING 

DOMAIN GENERAL? 

Sequential learning was investigated in two age groups, in 8-month-old infants and in 

adults. The first two chapters of this thesis describe sequential-learning experiments with 

8-month-old TD infants. Sequential learning was investigated in both the visuospatial 

domain and the language domain, using sequences that were composed of three different 

pairs with a transitional probability (TP) of 1.0 within pairs (TP100) and a TP of .33 

between pairs (TP33). Chapter 2 describes the outcomes of a study in which infants first 

participated in the visuospatial experiment and then in the language experiment in one 

session. Two possible indications of sequential learning were observed in the 

visuospatial experiment: decreasing dwell latencies over familiarization blocks and a 

novelty effect during test. For the language experiment no such indications were found. 

Because the order of experiments might possibly provide an explanation for this null 

effect, the order was reversed in a subsequent set of experiments. 

In Chapter 3, the data of both orders were pooled in one analysis. No effect of order 

was obtained in the visuospatial experiment, nor in the language experiment. For the 

language experiment this means that still no indications of sequential learning were 

observed. Apparently, the order of experiments in Chapter 2 cannot explain the null 

results. With respect to the visuospatial experiment, only decreasing latencies remained 

as a possible, but not indisputable indication of sequential learning. Apart from 

sequential learning, general practice learning can also explain the decrease in dwell 

latencies. The novelty effect found in Chapter 2 had disappeared, and no interaction 

between order and trial type was found either. This means that the difference between 

novel and familiar trials was not significantly different between the two orders, which 

also shows that the novelty effect in Chapter 2 was not a very robust effect.  

The pooled results of the TD infants of both orders therefore showed no indications 

of sequential learning in the language experiment, and no clear indications of sequential 
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learning in the visuospatial experiment. These findings run counter to other studies that 

showed sequential learning in 8-month-old infants in the language domain (Saffran, 

Aslin, & Newport, 1996) and in the visuospatial domain (Kirkham et al., 2007). It is 

possible that sequential learning is difficult to detect in this age group. Unfortunately, 

studies without significant results are often not published (see below). It is therefore 

unknown whether 8-month-olds fail to show sequential learning more often under 

experimental conditions. It is possible that the design of the present experiments was 

such that it precluded the detection of sequential learning. Suggestions for improvement 

of the experimental design of each experiment are described in Chapters 2 and 3.  

Adults (without dyslexia) were also tested in a visuospatial and in a language 

experiment, and they were additionally exposed to a visual sequential-learning 

experiment (Chapter 5). The patterned sequences were composed of repetitions of a 10-

stimulus basic sequence, A-B-E-F-D-A-C-A-D-E, that comprised TP100, TP50, and 

TP33 transitions. In each experiment, sequential learning could be indicated in four 

different ways: (i) by decreasing dwell latencies/reaction times over time during the 

patterned sequence followed by an increase in dwell latencies/reaction times if the 

patterned sequence was changed to a random sequence; (ii) by a difference in dwell 

latencies/reaction times between transitions with different TP values; (iii) by a higher 

than chance percentage correct at test; and (iv) by a higher percentage correct for higher 

TP values.  

Indeed, participants showed decreasing dwell latencies/reaction times over time as 

long as the sequence was based on a repeated, statistical structure. Once the statistical 

structure of the sequence was disrupted, a sharp increase in dwell latencies/reaction 

times was observed in all experiments. This finding is similar to the results found in 

classical serial reaction time (SRT) task studies (Nissen & Bullemer, 1987). The 

difference in reaction times between patterned and random sequences indicates that 

something is learned about the statistically structured sequence. In classical SRT tasks, 

reaction times are also measured by way of button or key presses, as was the case in the 

present language and visual experiments. In the visuospatial experiment, however, dwell 

latencies were obtained while participants were merely watching the sequence. This 

experiment therefore provides further evidence that sequences can be learned without a 

motor response (see e.g. Song et al., 2008). 

The shorter reaction times for TP100 transitions than for TP33 transitions presented 

another indication of adult sequential learning in the visual and language experiments. 

These results suggest that highly predictable transitions are easier to learn than low-
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predictable transitions. In the visuospatial experiment, in which eye movements were 

tracked over all transitions, dwell latencies for TP50 transitions were significantly 

shorter than for TP100 and TP33 transitions. This result comprises two unexpected 

findings: (i) TP50 yielded shorter dwell latencies than TP100 transitions and (ii) dwell 

latencies for TP100 and TP33 transitions were not significantly different. Two 

explanations were proposed in Chapter 5. First, dwell latencies for the different TP 

values are possibly determined by a complex interplay between sequential learning and 

visual attention. Second, instead of motor learning as in the language and visual 

experiments, participants only watched the sequence in the visuospatial experiment. This 

perceptual learning might be less robust than motor learning (Deroost & Soetens, 2006; 

Song et al., 2008). This may explain why the predicted TP effect was present in the 

language and visual experiments, but was absent in the visuospatial experiment. How 

perceptual learning is related to statistical sensitivity needs further investigation. 

The third and fourth indications of sequential learning stem from the test phase. 

Percentages correct for TP100 trials were higher than chance in all domains. Moreover, 

in the visuospatial and visual experiments, percentages correct for TP100 trials were also 

higher than for TP50 and TP33 trials. In contrast, no significant differences were found 

between TP100 and TP50 or TP33 trials in the language experiment. Nevertheless, 

performance on both TP100 and TP50 trials was above chance, indicating that 

participants had learned something about the statistical structure of the language 

sequence. As discussed in Chapter 5, the speed of presentation in the language 

experiment was low compared to normal speech, and this may have affected statistical 

learning to some extent. 

In summary, no clear indications of sequential learning were observed for 8-month-

old infants in either the visuospatial or the language experiment. For adults, sequential 

learning was observed in all three experiments, but some unexpected results were 

obtained in the visuospatial experiment for TP transitions during familiarization, and no 

differences were observed between TP values during test in the language experiment. 

Based on these results correlation analyses were conducted to address the first research 

question, whether sequential learning is a domain-general learning mechanism. 

It was assumed that if sequential learning is subserved by one domain-general 

mechanism, results of an individual participant in one domain would predict her or his 

sequential-learning outcomes in another domain. No such associations were, however, 

observed between any of the domains investigated, neither for the infants, nor for the 

adult participants. Nevertheless, both the infant and the adult experiments complied with 
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a number of prerequisites to find correlations. First, all experiments were conducted in a 

within-subjects design, which has the advantage that the error variance associated with 

individual differences is reduced when compared to a between-subjects design. Second, 

the sequences presented during the familiarization phase of each experiment had the 

same statistical structure, and the test trials were identical across all three experiments 

(except for their order). 

Another requirement for correlations to be detected is that a sufficient number of 

participants showed sequential learning in both domains. Even in the case of null results 

at the group level, it is possible that a number of individuals did show sequential 

learning. The lack of correlations in the infant experiments could therefore be due to two 

factors: (i) too few or no infants showed sequential learning in either domain, and (ii) the 

experiments were insufficiently sensitive. In the adult experiments (Chapter 5, adults 

without dyslexia), no significant correlations were found either, even though sequential 

learning was observed in all three experiments. It is possible that the low number of 

participants, i.e. a lack of statistical power, precluded finding correlations. However, 

other studies also failed to find correlations, whereas these studies included data of a 

larger number of participants (between 60 and 100 students) (Erickson et al., 2016; 

Siegelman & Frost, 2015).  

Since sequential learning was observed in the three adult experiments, it is 

worthwhile to zoom into other possible explanations for the lack of correlations, which 

might be found in the set-up of the experiments. Some differences between the adult 

experiments were present: (i) the number of stimuli during familiarization was higher in 

the visual experiment than in the visuospatial and language experiments; (ii) the task 

during familiarization consisted of merely watching all stimuli in the visuospatial 

experiment and pressing a button at a target stimulus in the language and visual 

experiments; and (iii) the dimensions of the sequence being one-dimensional in the 

language and visual experiments and two-dimensional in the visuospatial experiment. 

Because in all cases only one experiment deviates from the other two, and even these 

two do not show correlations, it seems unlikely that any of the differences has played a 

decisive role. 

Another point of discussion with respect to the lack of correlations is the measures 

that have been used. It remains undetermined if continuous variables like the Block 

difference score and percentage correct may also be interpreted continuously, i.e. if 

larger difference scores or higher percentages correct actually reflect better sequential 

learning. Since no measure is known that has been demonstrated to represent sequential 
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learning in a continuous manner, it was decided to use these measures nevertheless. The 

same decision was apparently taken by Siegelman and Frost (2015), who used 

percentage correct and the difference in reaction times between probable and improbable 

transitions to investigate correlations between various statistical-learning experiments. 

Erickson et al. (2016) used percentages correct to investigate correlations between word 

segmentation tasks. As mentioned above, neither Siegelman and Frost nor Erickson and 

colleagues found any significant correlations. 

Some recent theoretical models of sequential learning may also provide explanations 

for the lack of correlations observed in this thesis and in previous studies (Erickson et 

al., 2016; Siegelman & Frost, 2015). One of these is the framework for statistical 

learning proposed by Frost et al. (2015). Frost and colleagues attempt to reconcile the 

hypothesis of domain-general statistical computation with the findings of modality- and 

domain- (i.e. stimulus)-specific properties of statistical learning. Statistical learning 

would be subserved by a set of domain-general computational mechanisms that operate 

in different domains and are subject to domain-specific constraints. In their approach 

Frost and colleagues distinguish between (i) encoding representations, which is domain 

specific and (ii) detecting distributional properties by statistical computation, which is 

domain general. First, representations are encoded based on sensory input, e.g. detecting 

lines and edges (vision), which are the low-level features of the input, after which 

shapes, the higher-level features of the input, are encoded. This stage is modality, and 

even domain specific. Second, the distributional properties over (series/compositions of) 

shapes are detected. This statistical learning would be based on domain-general 

computational principles.  

Low correlations of statistical-learning outcomes between domains could be due to 

varying encoding efficacies per domain per participant (e.g. one person is good in 

encoding auditory stimuli and poor in visual stimuli, the other person vice versa, 

etcetera), while computational efficiency is similar across domains and participants. 

Conversely, if participants have similar encoding efficiencies across domains, but differ 

in their computational efficiencies in various domains, correlations will also be low. 

Based on to this framework, correlations will only be found under very specific 

conditions.
59

 Since participants are likely to differ in their learning capacities (see the 

variation in the sequential-learning results of the present experiments), these conditions 

                                                 
59 Either (a) encoding efficacy and computational efficiency are equal across participants and 

across or per domain(s), or (b) encoding efficacy and computational efficiency are equal across 

domains per participant. 
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are all unlikely to be encountered. The framework was therefore initially thought to 

provide an explanation for the lack of correlations between the sequential-learning tasks 

described in this thesis.  

The results by Bogaerts et al. (2016) altered this view. Bogaerts and colleagues were 

the first to empirically test the predictions of the theoretical framework by Frost et al. 

(2015). They investigated the impact of TP and stimulus duration and their possible 

interaction on statistical learning. TP values would be a measure for computational 

efficiency, and stimulus duration would be a measure for encoding efficacy. In a within-

subjects factorial design the effect of three different TP values and three different 

stimulus durations on visual statistical learning was examined in nine experiments. 

Bogaerts and colleagues found a main effect for both factors: longer duration and higher 

TP both led to higher performance in a two-alternative forced choice task. Furthermore, 

they found a significant interaction: no difference between TPs was observed for the 

shortest duration, but higher performance on TP100 trials than on both TP80 and TP60 

trials was observed for the longer durations. The authors conclude that encoding and 

computation are not independent and additive processes, but interact with each other. In 

other words, rather than an initial stage of encoding shapes, whose representations are 

subsequently fed into a second computational stage, it seems that there is an interplay 

between the two processes. In my view, this complicates the framework by Frost and 

colleagues, and makes it impossible to formulate clear predictions about the contribution 

of both encoding and computation to statistical learning. It now seems that the 

framework cannot provide a straightforward explanation for the lack of correlations in 

the present experiments. 

In a recent paper, Siegelman, Bogaerts, Elazar, et al. (2018) presented an alternative 

theory to explain the lack of correlations between particular statistical-learning tasks. 

The ‘entrenchment theory’ states that prior linguistic knowledge affects statistical 

learning in the language domain, i.e. in verbal auditory experiments. Their claim is that 

such experiments do not exclusively reflect statistical learning, but may also reflect an 

individual’s entrenchment in the statistics of their language. This implies that statistical-

learning tasks that use stimuli that are not entrenched in a priori knowledge reflect plain 

statistical learning, and will likely show correlations. This prediction of the 

entrenchment theory was supported by one of their findings. Siegelman and colleagues 

observed a significant correlation between the results of a visual and a non-linguistic 
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auditory statistical-learning experiment.
60

 The stimuli used in these experiments, e.g. 

coloured shapes and familiar non-linguistic sounds like dog barking and breaking glass, 

are normally not encountered in sequences in daily life. Therefore no a priori knowledge 

was present in either of these experiments, and correlations were expected and observed. 

The results of the present adult experiments do, however, not agree with the 

entrenchment theory. Following the line of reasoning of the entrenchment hypothesis, 

the stimuli of the language sequential-learning experiment correspond with the 

description of entrenched stimuli, and no correlations are predicted to exist between this 

language experiment and either the visuospatial or the visual experiment. This was 

indeed the case. On the other hand, in the visuospatial and visual experiments, stimuli 

were used for which no a priori statistical knowledge could have been obtained from 

experience in daily life. Thus, the entrenchment theory would predict correlations 

between these two experiments. Nevertheless, no such correlations were found, even 

though a similar measure (percentage correct from a 2AFC task) was used as in the 

experiments by Siegelman, Bogaerts, Elazar, et al. (2018) (number of correct trials from 

a combined 2-, 3-, and 4AFC task). The present results can therefore not be explained by 

the entrenchment theory of Siegelman et al. either. 

In conclusion, results from the experiments described in this thesis do not 

conclusively answer the question whether sequential learning is subserved by a domain-

general mechanism. It is possible that the null results of the infant experiments (Chapters 

2 and 3) and the lack of statistical power in the adult study (Chapter 5) prevented the 

detection of significant correlations. Apart from correlations between domains, an 

alternative approach to the question of domain generality is to investigate a disorder in 

which sequential learning is affected, which is hypothesized to be dyslexia.  

RESEARCH QUESTION 2: IS SEQUENTIAL LEARNING AFFECTED 

IN DEVELOPMENTAL DYSLEXIA? 

The second research question investigated in this thesis was whether sequential learning 

is affected in people with dyslexia. If sequential learning is subserved by a domain-

general mechanism, then performance was expected to be poorer in participants with 

                                                 
60 It should be noted that this correlation does not follow naturally from the theoretical framework 

by Frost et al. (2015), which aims to explain why no or low correlations are to be expected 

between domains. 
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dyslexia than in participants without dyslexia in all domains tested. Since dyslexia is a 

developmental disorder, it is important to include infants at family risk of dyslexia (FR) 

(Karmiloff-Smith, 1998). FR infants form a heterogeneous group: about 45% of FR 

children develop literacy difficulties (Snowling & Melby-Lervåg, 2016). The 

heterogeneity of the FR group requires caution when extrapolating findings to dyslexia. 

Both 8-month-old FR infants (Chapter 4) and adults with dyslexia (Chapter 6) were 

tested in various domains.  

The pooled results of the FR and TD infants did not yield indications of sequential 

learning in the language experiment. This was also the case for TD infants when 

analyzed separately (Chapters 2 and 3). In the visuospatial experiment, however, some 

indications of sequential learning were observed. First, the FR infants showed shorter 

dwell latencies for TP33 transitions than for TP100 transitions, whereas no such 

difference was found in the TD infants. This was an unexpected result for two reasons: 

(i) FR infants were expected to be less sensitive to TP than TD infants, not more; (ii) 

since TP100 transitions are more predictable than TP33 transitions, shorter dwell 

latencies were expected for TP100 transitions, not for TP33 transitions. The reason for 

these findings can only be speculated upon (see Chapter 4): perhaps FR infants are more 

sensitive to the differences in TP values, or perhaps FR infants are delayed in sequential 

learning (Kerkhoff et al., 2013). In the latter case, TD infants might show the same TP 

sensitivity at a younger age, whereas at 8 months, all transitions may have become of 

equal complexity or of equal interest to them. The shorter dwell latencies for TP33 

transitions than for TP100 transitions were attributed to a complex interplay between 

visual attention and sequential learning, as was proposed for the finding that TP50 

transitions yielded shorter latencies than TP100 and TP33 transitions in the adult 

experiments (Chapters 5 and 6). Before any conclusions can be drawn, replicating the 

results is required first, since the present results may turn out to be spurious. No other 

differences between the two groups of participants were found. 

Another notable finding in the visuospatial experiment was the novelty effect in the 

test results observed after analysis of the pooled FR and TD results. Such a novelty 

effect was also found when the results of the TD infants were analyzed separately in 

Chapter 2. In Chapter 3, when the order of experiments was investigated and the data of 

both orders were pooled, no difference between novel and familiar test trials was 

observed. Even though no significant effect of order was found, it is remarkable that a 

novelty effect was seen when the visuospatial experiment was conducted first (Chapters 

2 and 4), but not when the visuospatial experiment was conducted second (Chapter 3). 

These findings suggest that a second sequential-learning experiment during one session 
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with 8-month-old infants may not provide ideal testing circumstances. Time and 

resources permitting, it seems advisable not to conduct more than one experiment per 

session in the future. In conclusion, evidence for sequential learning in both the language 

and the visuospatial experiments remains inconclusive for FR infants, as was the case for 

TD infants. 

In the experiments with adults, no differences between participants with and without 

dyslexia were observed in the visuospatial and visual experiments. The only difference 

in sequential learning was found in the language experiment. During familiarization, 

reaction times showed a shallower decrease over time for the participants with, than for 

the participants without dyslexia. Further, performance on TP100 test trials was at 

chance for the participants with dyslexia, whereas the participants without dyslexia 

showed above-chance performance. It seems unlikely that these differences can be 

attributed to a phonological deficit or to a motor deficit. Such difficulties should also 

yield a difference in reaction times between groups for the random blocks, but no such 

difference was observed. Since differences in results were found during the last 

statistically structured block and during test for TP100 trials, it seems legitimate to 

conclude that sequential learning is poorer in the language domain for adults with 

dyslexia, at least to some extent. 

The results of the adult experiments do not conclusively answer the question whether 

a domain-general sequential-learning deficit is present in dyslexia. Only slightly reduced 

sequential learning was observed in participants with dyslexia in the language 

experiment. Furthermore, no correlations between domains were found despite 

indications of sequential learning in all three domains and despite the increased 

statistical power due to inclusion of both groups of participants, with and without 

dyslexia.  

The poorer sequential learning in the language experiment is in line with the 

procedural deficit theory (Nicolson and Fawcett 2007; Nicolson and Fawcett 2011). This 

theory is based on a neural-systems approach and aims to explain the heterogeneity of, 

and comorbidities seen between a variety of developmental disorders, including 

dyslexia. Difficulties in procedural language skills, such as learning the phonological 

rules of one’s native language, may underlie the core reading and, in combination with 

poorer automatization skills that also stem from a procedural-learning deficit, the core 

spelling problems that characterize dyslexia. 

It is nevertheless possible that the poorer sequential learning observed in the 

language domain is one of the multiple risk factors assumed to play a role in a complex 
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developmental disorder such as dyslexia (Pennington, 2006). The exact link between 

sequential learning in the language domain and the core reading/spelling problems of 

dyslexia and the link between sequential learning in the language domain and other risk 

factors of dyslexia both remain to be elucidated, along with the point in development at 

which language sequential learning might play a role in the ontogeny of dyslexia. 

In conclusion, the results of my experiments do not provide evidence for a general 

sequential-learning deficit associated with dyslexia. Some differences were observed 

between participants with and without (a risk) of dyslexia, but not in all domains. FR 

infants but not TD infants appeared to distinguish between TP100 and TP33 transitions 

during familiarization of the visuospatial experiment, with shorter dwell latencies for 

TP33 transitions. Both the direction of the effect and the lack of effect in TD infants 

were unexpected, and future experiments are needed to interpret these findings. Adults 

with dyslexia showed slightly impaired sequential learning in the language experiment, 

but no impaired sequential learning in the visuospatial and visual experiments. No 

support was obtained for a general sequential-learning deficit in dyslexia, and, since no 

significant correlations were observed between domains, no support was obtained either 

for a domain-general sequential-learning mechanism.  

FUTURE DIRECTIONS  

The results of the experiments conducted for this thesis are not always significant, and 

effects are sometimes completely unexpected and difficult to interpret. This applies for 

instance to the adult visuospatial experiment in which shorter dwell latencies were 

observed for TP50 than for TP100 and TP33 transitions, and to the infant visuospatial 

experiment, with FR infants showing shorter dwell latencies for TP33 than for TP100 

transitions. The aim of the present experiments was to help unravelling the working of a 

particular learning mechanism. Such mechanisms operate independent of time and place. 

If identical conditions are applied, any experimental result should be reproducible. 

Instead of replicating the present experiments as they are, several potential 

improvements for follow-up experiments have been recommended for both age groups. 

These follow-up experiments will then need to be replicated exactly in order to validate 

the findings. Only after replication will it be possible to draw any firm conclusions and 

reject or accept any hypothesis on sequential learning. In this respect, initiatives such as 

the ManyBabies project, i.e. multi-laboratory efforts to assess and promote replicability 

in infancy research deserve attention (Bergmann et al., 2018; Frank et al., 2017). 
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Except for replication, I would also like to advocate publishing null results. The 

present infant experiments either showed null results (the language experiment), or 

results that are inconclusive (the visuospatial experiment: the disappearing novelty effect 

in the two TD groups combined in Chapter 3; the shorter dwell latencies for TP33 than 

for TP100 transitions in FR infants in Chapter 4). Such patterns of results are probably 

not uncommon in infant research, but because of publication bias and the so-called file-

drawer problem, i.e. in general only significant results are published and null results may 

not even be written up, not much is known about non-significant results (see e.g. 

Schmalz et al., 2017; van Witteloostuijn et al., 2017). These phenomena prevent other 

researchers from having access to potentially valuable information on experimental 

methods. For instance, it might have influenced the set-up of the present experiments in 

the language domain if more had been known about which rates of presentation are 

likely to lead to interpretable results and which do not (see Chapters 2 and 5). In recent 

years, some scientific journals have adopted acceptance policies based on scientific 

rigor, not novelty, in the form of so-called Registered Reports.
61

 This will support the 

advancement of science, because methods can then be improved, and novel findings can 

be put in perspective (what does it mean if one study shows significant results, but 99 

others do not?). 

Both thorough replication studies and making studies with null results available to a 

broad audience will also support the development of theories about statistical learning. 

Such a theoretical framework should enable the interpretation of results as those found 

in the present experiments (provided these do not turn out to be spurious). The ultimate 

goal of research on statistical learning is to unravel the mechanisms underlying the 

different forms of statistical learning mentioned in the Introduction (Chapter 1) and to do 

so for statistical learning in the various domains, thereby describing the presence or 

absence of the relations between domains. In order to examine statistical learning 

systematically, a concise but specific theoretical framework is required. To paraphrase 

Nicolson and Fawcett (2008, p. 5), who proposed something similar for a theoretical 

framework on dyslexia: one of the greatest challenges for theoretical research in 

statistical learning is to find an explanatory framework sufficiently general to 

accommodate the diversity of statistical learning while sufficiently specific to generate 

testable predictions for future statistical-learning experiments. 

                                                 
61 See the Registered Reports website (https://cos.io/rr) for up to date information about this 

publishing format. 

https://cos.io/rr


Discussion and conclusion  229 

 

In this thesis, the experiments were based on previous studies (Kirkham et al., 2002; 

Kirkham et al., 2007; Saffran, Aslin, & Newport, 1996) in which no reference was made 

to a particular theoretical framework. For the experiments investigating sequential 

learning in relation to dyslexia, predictions were formulated based on a broad 

interpretation of the procedural deficit theory (Nicolson & Fawcett, 2007; Nicolson & 

Fawcett, 2011). The poorer performance of participants with dyslexia in the language 

experiment agrees with the original procedural deficit theory. This theory explains the 

core deficits of dyslexia (and some other learning disabilities), but also aims to explain 

problems in the motor domain that are also seen in people with dyslexia. As stated by 

Lum and Conti-Ramsden (2013), the procedural memory system also permits implicit 

learning of visual information. As such, a general procedural deficit should also show up 

in the visual and visuospatial domains. Therefore, the procedural deficit theory in this 

thesis is interpreted not only to refer to the language and motor domains, but also to the 

visual and visuospatial domains, while these domains were not explicitly mentioned by 

Nicolson and Fawcett. Nevertheless, the formulation of empirically testable predictions 

about statistical learning and its domain specificity or generality and its possible relation 

with disorders such as dyslexia requires a more detailed theoretical framework. 

The need for detailed theories and the related formulation of specific testable 

predictions is not only expressed by Nicolson and Fawcett (2008) for the case of 

dyslexia, but also by for instance Protopapas (2014). Protopapas claims that some 

theories for dyslexia are underspecified (he refers to the rapid temporal processing 

theory (Tallal, 1980) and the temporal sampling framework (Goswami et al., 2002)): 

such theories fail to provide a specific description of the causal pathway from the 

underlying deficit to the observed performance in a task that is taken to be indicative of 

the underlying deficit. Further, Protopapas states that in empirical research, tasks are 

being used that may represent only part of the construct being tested, or the tasks involve 

more than only testing the construct of interest. For instance, if the construct 

‘phonology’ is tested by a rhyme-detection task, not only phonological skills are 

necessary to perform the task, but also memory and verbal processes. Protopapas 

therefore recommends defining specific tasks with their underlying cognitive 

mechanisms to measure performance of a particular construct. In addition, he concludes 

that the causal chain between a presumed deficit (in his paper an auditory processing 

deficit) and the behavioural manifestation of dyslexia is far from clear. Protopapas also 

notes that a theory of impairment cannot be formulated without specifying a theory of 

unimpaired performance. This emphasizes the need for a detailed, specific theory of 

sequential learning before we define a theory of impaired sequential learning in dyslexia.  
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Presently, two different types of theoretical frameworks for statistical learning are 

known: one type describes various kinds of statistical learning (Thiessen, Kronstein, & 

Hufnagle, 2013), and the other describes statistical learning in various domains and 

focusses on the question of domain generality or domain specificity (Frost et al., 2015; 

Siegelman, Bogaerts, Elazar, et al., 2018). The theoretical framework by Frost et al. 

(2015) and the ‘entrenchment theory’ by Siegelman, Bogaerts, Elazar, et al. (2018) have 

been discussed above. These theories do not focus on one particular kind of statistical 

learning, but only mention statistical-learning mechanisms in general, that either 

underlie domain-general or domain-specific computations. Neither of the proposed 

theories describes or even mentions the various forms of statistical learning, although 

Siegelman and colleagues admit that a full theory of entrenchment should map all 

statistical cues and their interactions that possibly affect speech segmentation.  

In their ‘extraction and integration framework’, Thiessen et al. (2013) put the various 

forms of statistical learning on the forefront. Statistical learning is divided into three 

categories: conditional, distributional, and cue-based statistical learning. Conditional 

statistical learning would serve to extract chunks from the environment (e.g. words from 

continuous speech), which are then fed into the distributional-learning system. This 

distributional-learning system then uses similarity to integrate across exemplars in order 

to identify the central tendency of the input and to generalize to novel instances. The 

interaction between extraction and integration would include cue-based learning. Still, 

even conditional statistical learning comprises many forms of statistical computations, 

for instance adjacent and non-adjacent dependency learning. Also, the ‘extraction and 

integration framework’ focuses on language, though examples from other domains are 

also mentioned. The link between the domains is, however, not discussed. 

A theory of statistical learning should address both the various types of statistical 

learning (Thiessen et al., 2013) and the domain(s) in which these operate (Frost et al., 

2015; Siegelman, Bogaerts, Elazar, et al., 2018). Besides, I think that all of the above 

frameworks are still too wide-ranging to make specific testable predictions. A telling 

example of how specific a theoretical framework should be is the study by Erickson et 

al. (2016). Their goal was to assess the reliability of various measures of auditory 

statistical segmentation. In four segmentation experiments either tones, or syllables from 

synthesized speech, or syllables from natural speech were used. No correlations were 

found between percentages correct resulting from these experiments, even though all 

were conducted in the auditory domain with adjacent statistical dependencies. When the 

comparison was limited to two experiments using synthesized speech, still no 

correlations were observed. Erickson et al. consider that either statistical learning is a 
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highly fragmented construct, or measurement issues underlie the lack of correlations. 

They propose investigating the latter hypothesis first. In order to do so, however, some 

clear predictions should be made about the learning of adjacent statistical dependencies 

in the auditory language domain. This requires a framework that focusses on this 

particular kind of statistical learning in this particular domain. Perhaps following the 

example of the ManyBabies project referred to above, more labs could work on different 

‘part-frameworks’ using similar experimental designs, which would facilitate integration 

of the part-frameworks into a framework that covers more forms of statistical learning at 

a later stage. 

This touches upon another important direction for future research that is gaining 

more and more support: multidisciplinary research. In case of a complex disorder like 

dyslexia, this seems a promising, and even an inevitable, approach. Pennington (2006) 

argues that the etiology of complex disorders like dyslexia is multifactorial. A range of 

risk and protective factors, that can be either genetic or environmental, need to be 

considered when attempting to account for the problems observed. Further, the pathway 

from genes to behaviour comprises different levels at which dyslexia is being studied. 

For instance, a number of candidate genes have been reported of which at least some 

play a role in brain development (e.g. Carrion-Castillo, Franke, & Fisher, 2013). At the 

brain level, various structures have been found to deviate from what is observed in 

people without dyslexia (for a critical review, see Ramus, Altarelli, Jednoróg, Zhao, & 

Scotto di Covella, 2018). Various cognitive deficits have been observed in dyslexia as 

well, such as a visual deficit (Stein & Walsh, 1997), an auditory deficit (Goswami et al., 

2002; Tallal, 1980), a phonological deficit (Snowling, 2001), and problems in the motor 

domain (e.g. Fawcett & Nicolson, 1995). Given this large variety in characteristics of 

dyslexia, Mascheretti and colleagues (2017) also advocated for reproducibility of 

findings, for multi-centre studies that should make use of harmonized data analysis and 

meta-analysis protocols, and for setting up multidisciplinary teams to address the 

different levels of investigation of a complex disorder like dyslexia (for comparable 

recommendations, see Schmalz et al., 2017). 

Finally, the question what implications the current findings may have for the early 

identification and interventions for dyslexia should be addressed. The research proposal 

for this PhD project stated that the results of the present experiments would “enlarge our 

knowledge of the mechanism underlying developmental dyslexia” and would “possibly 

contribute to providing tools for the development of early diagnostic criteria”. 

Unfortunately, it must be concluded that no clear answers have been found. Also, at 

present, no theoretical framework is available that provides a possible explanation for 
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each link in the causal chain from sequential learning to the observed difficulties in 

reading and writing in dyslexia. Even if clear indications of a sequential-learning deficit 

had been observed, especially in infants, it would still be impossible to make any 

valuable suggestions for specific intervention studies. First, more insight into sequential 

learning itself, and subsequently a better understanding of the possible link between 

sequential learning and dyslexia should be obtained by a common effort of various labs 

investigating dyslexia. 

CONCLUSIONS 

In this thesis two research questions were investigated. The first question was whether 

sequential learning is a domain-general learning mechanism. The outcomes of neither 

the infant nor the adult experiments provided a conclusive answer, because no 

significant or strong correlations were observed between any of the domains in either 

age group. The results related to the second research question, whether sequential 

learning is affected in dyslexia, were mixed. In 8-month-old infants, the FR group 

showed shorter dwell latencies for TP33 than for TP100 transitions. This possible 

indication of visuospatial sequential learning was not observed in the TD infants and ran 

counter to the expectation that the more predictable TP100 transitions would yield 

shorter dwell latencies. More research is needed to interpret this outcome. In adults with 

dyslexia, somewhat poorer performance of sequential learning was found in the 

language experiment. No clear differences between adults with and without dyslexia 

were found in the visual and visuospatial experiments. These findings do not support a 

general procedural-learning deficit hypothesis, according to which sequential learning is 

affected in dyslexia in general. The results may point to slightly reduced sequential-

learning capabilities in the language domain in adults with dyslexia. 
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  Appendix to Chapter 2

Difference Kirkham Exp. 2 Kirkham Exp. 4 Present study Advantage of the present 

study  

2
5

0
 

Learning phase Habituation  Familiarization Familiarization Each habituation trial may 

end at a different moment for 

each infant, which makes it 
impossible to let the 

between-pair TP converge to 

a certain value. 

Auditory attention 

getter 

present not present not present An attention getter during 

familiarization possibly 
confounds looking behaviour 

of the infant and was 

therefore omitted.  

Structure sequence Between pairs TP (with 

replacement) of .33 

id. After 36 stimuli, TP (without 

replacement) was .33 

More control over the 

between-pair TP, so that 
TP100 and TP33 can be more 

robustly compared. 

Randomization 

locations 

Random per infant id. Four mappings More control over directions, 

but distance now becomes a 

factor. 

Size screen 53 cm diagonal; 3 × 2 grid  

(38.5 × 25.8 cm, 
22.9° × 15.5° visual angle) 

152 cm diagonal; 

“Stimulus dimensions were 
the same as in Experiments 

1–3.” 

17 inch (42 cm) diagonal;  

3 × 2 grid (33.6 × 27.1 cm, 
31.3° × 25.5° visual angle) 

unknown 

Grid colour white lines on a black 

background 

id. dark grey lines on a light 

grey background 

A different background was 

chosen to reduce the (sharp) 

contrast between the colour 
of the shapes and the 

background. 



 

 

 

Size and visual 

angle box 

estimated w=38.5/3=12.8 

cm h=25.8/2=12.9 cm 

(7.7° × 7.8° visual angle) 

“Stimulus dimensions were 

the same as in Experiments 

1–3.”; then 4.1° × 4.1° 
visual angle 

11.0 × 13.3 cm (w × h),  

10.5° × 12.6° visual angle 

unknown 

A
p

p
en

d
ix

 to
 C

h
ap

ter 2
                                                                             2

5
1
 

Minimum size shape 
(while looming) 

4 cm in height (visual 
angle 2.4°) 

“Stimulus dimensions were 
the same as in Experiments 

1–3.”; then 1.3° visual 

angle 

0 cm unknown 

Maximum size 

shape (while 
looming) 

24 cm in height (14.6° 

visual angle, but shape 
never loomed outside of its 

box and was probably not 

entirely visible at max. 
size) 

“Stimulus dimensions were 

the same as in Experiments 
1–3.”; then 7.6° visual 

angle 

9.5 × 9.9 cm (w × h), 9.0° × 

9.4° visual angle. Shape 
always remains within the 

box’s boundaries 

If infant pays attention to the 

stimulus, it will see the full-
size shape at all times within 

the target box. 

Shape presentation 1000 ms; 
fading (if at all) unknown 

id. 1000 ms of which (20*16.7=) 
334 ms fade-in and 334 ms 

fade-out 

Fading in and out prevented 
the occurrence of 

afterimages. 

Table_a 2.1. Differences between the designs of the present visuospatial experiment and of Experiments 2 and 4 in Kirkham et al. 

(2007). 
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  Appendix to Chapter 2

Visuospatial experiment, familiarization phase: Overview of mixed models  

Building the mixed model Comparing the models 

 fixed factors random 
factors 

−2LL df models diff(−2LL) diff(df) 

Model 0 - - 32285.073 3    

Model 1 TP - 32284.102 4 m0 vs. m1 0.97 1 

Model 2 TP TP 32282.620 5 m1 vs. m2 1.48 1 

Model 3 TP Block - 32264.855 8 m1 vs. m3  19.25** 4 

Model 4 TP Block Block 32263.13 9 m3 vs. m4 1.72 1 

Model 5 TP Block 
TP*Block - 

32262.787 12 m3 vs. m5 2.07 4 

Model 6 TP Block 

Distance - 

32206.425 12 m3 vs. m6 58.43*** 4 

Model 7 TP Block 

Distance 

TP*Distance - 

32206.352 13 m6 vs. m7 0.07 1 

Model 8 Block - 32265.812 7 m0 vs. m8 19.26** 4 

Model 9 Block Block 32264.095 8 m8 vs. m9 1.72 1 

Model 10 Block Distance - 32206.485 11 m8 vs. m10 59.33*** 4 

Model 11 Block Distance 

Mapping - 

32204.3 14 m10 vs. m11 2.18 3 

Model 12 Block Distance Distance 32175.311 12 m10 vs. m12 31.17*** 1 
 

Table_a 2.2. Overview of the set of mixed models that was investigated with Dwell 

latency as the dependent variable. The covariance structure is Variance Components for 

all models. Model 12 is the model with the best fit. **p < .01; ***p < .001. 

Visuospatial experiment, test phase: Overview of mixed models 

Building the mixed model Comparing the models 

 Fixed factors −2LL df Models diff(−2LL) diff(df) 

Model 0 - 2733.467 3    

Model 1 Trial type 2729.327 4 m0 vs. m1 4.14* 1 

Model 2 Trial type First Trial Type 2728.687 5 m1 vs. m2 0.64 1 

Model 3 Trial type First Trial Type 
Trial type*First Trial Type 

2728.684 6 m2 vs. m3 0.00 1 

Model 4 Trial type Mapping 2723.316 7 m1 vs. m4 6.01 3 
 

Table_a 2.3. Overview of the set of mixed models that was investigated with Looking 

time as dependent variable. The covariance structure is Variance Components for all 

models. Model 1 is the model with the best fit and Trial type as fixed factor. *p < .05. 
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Language experiment, test phase: Overview of mixed models 
 

Building the mixed model Comparing the models 

 Fixed factors −2LL df Models diff(−2LL) diff(df) 

Model 0 - 2743.740 3    

Model 1 Trial type 2741.725 4 m0 vs. m1 2.01 1 

Model 2 Trial type First Trial Type 2741.719 5 m1 vs. m2 0.01 1 

Model 3 Trial type First Trial Type 

Trial type*First Trial Type 

2733.665 6 m2 vs. m3 8.05** 1 

Model 4 Trial type First Trial Type 

Trial type*First Trial Type 
Mapping 

2726.987 9 m3 vs. m4 6.68 3 

Table_a 2.4. Overview of the set of mixed models that was investigated with Looking 

time as dependent variable. The covariance structure is Variance Components for all 

models. Model 3 is the model with the best fit. **p < .01. 

Language experiment, test trials: Overview of mixed models 
 

Building the mixed model Comparing the models 

 Fixed factors −2LL df Models diff(−2LL) diff(df) 

Model 0 - 2743.740 3    

Model 1 Trial number 2721.433 8 m0 vs. m1 22.31*** 5 

Model 2 Trial number  

First trial type 

2721.424 9 m1 vs. m2 0.01 1 

Model 3 Trial number  

First Trial Type  

Trial number*First 
                  Trial Type 

2715.316 14 m2 vs. m3 6.11 5 

Table_a 2.5. Overview of the set of mixed models that was investigated for the 

language experiment to see if the first test trial had the longest looking times. The 

covariance structure is Variance Components for all models. Model 1 is the model 

with the best fit. ***p < .001. 
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  Appendix to Chapter 3

Language experiment, test phase: Overview of mixed models  

Building the mixed model Comparing the models 

 
Fixed factors −2LL df Models diff(−2LL) diff(df) 

Model 0 - 5594.673 3    

Model 1 Trial type 5594.673 4 m0 vs. m1 0.00 1 

Model 2 Trial type, Order 5593.103 5 m1 vs. m2 1.57 1 

Model 3 
Trial type, Order 

Order*Trial type 

5589.535 6 m2 vs. m3 3.57 1 

Model 4 Trial type, First trial type 
5594.631 5 m1 vs. m4 0.04 1 

Model 5 
Trial type, First trial type 
Trial type*First trial type 

5576.185 6 m4 vs. m5 18.45*** 1 

Model 6 
Trial type, First trial type 
Trial type* First trial type 

Mapping 

5562.898 9 m5 vs. m6 13.29** 3 

Model 7 

Trial type, First trial type 

Trial type*First trial type 
Mapping Order*Mapping 

5558.369 13 m6 vs. m7 4.53 4 

Model 8 

Trial type, First trial type 

Trial type*First trial type 

Mapping  
Trial type*Mapping 

5559.106 12 m6 vs. m8 3.79 3 

 

Table_a 3.1. Overview of the set of mixed models that was investigated for the 

language experiment in both orders, with Looking Time as the dependent variable. The 

covariance structure is Variance Components for all  models. Model 6 is the model 

with the best fit. Note that Models 7 and 8 were added to investigate the effect of 

Mapping. **p < .01; ***p < .001. 
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Language experiment, test trials: Overview of mixed models  

Building the mixed model Comparing the models 

 
Fixed factors −2LL df Models diff(−2LL) diff(df) 

Model 0 - 5594.673 3    

Model 1 Trial number 5551.815 8 m0 vs. m1 42.86*** 5 

Model 2 
Trial number  

First trial type 

5551.750 9 m1 vs. m2 0.06 1 

Model 3 

Trial number  

First trial type 

Trial number*First Trial Type 

5547.829 14 m2 vs. m3 3.92 5 

 

Table_a 3.2. Overview of the set of mixed models that was investigated for the language 

experiment to see if the first test trial had longest looking times. The covariance structure 

is Variance Components for all models. Model 1 is the model with the best fit. 
***p < .001. 
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Visuospatial experiment, familiarization phase: Overview of mixed models  

Building the mixed model Comparing the models 

 fixed factor random 
factor 

−2LL df models diff(−2LL) diff(df) 

Model 0 - - 65230.23 3    

Model 1 TP - 65224.47 4 m0 vs. m1 5.76* 1 

Model 2 TP TP 65216.73 5 m1 vs. m2 7.74** 1 

Model 3 TP Block TP 65192.12 9 m2 vs. m3 24.61*** 4 

Model 4 TP Block TP Block 65188 10 m3 vs. m4 4.12* 1 

Model 5 TP Block 

TP*Block 

TP Block 65185.91 14 m4 vs. m5 2.09 4 

Model 6 TP Block Order TP Block 65185.87 11 m4 vs. m6 2.13 1 

Model 7 TP Block Order 

Order*TP 

TP Block 65185.3 12 m6 vs. m7 0.57 1 

Model 8 TP Block Order 

Order*Block 

TP Block 65183.17 15 m6 vs. m8 2.70 4 

Model 9 TP Block 

Distance 

TP Block 65094.21 14 m4 vs. m9 93.79*** 4 

Model 10 TP Block 

Distance 
TP*Distance 

TP Block 65093.9 15 m9 vs. m10 0.31 1 

Model 11 TP Block 

Distance 

Mapping 

TP Block 65092.7 17 m10 vs. m11 1.20 2 

Model 12 TP Block 

Distance 

TP Block 

Distance 

65069.25 15 m9 vs. m12 24.96*** 1 

 

Table_a 3.3. Overview of the set of mixed models that was investigated for the 

combined visuospatial experiments with Dwell latency as dependent variable. The 

covariance structure is Variance Components for all models. Model 12 is the 

model with the best fit. *p < .05; **p < .01; ***p < .001. 
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Visuospatial experiment, test phase: Overview of mixed models  

Building the mixed model Comparing the models 

 Fixed factors −2LL df Models diff (−2LL) diff (df) 

Model 0 - 5628.066 3    

Model 1 Trial type 5626.060 4 m0 vs. m1 2.01 1 

Model 2 Trial type Order 5625.877 5 m1 vs. m2 0.18 1 

Model 3 Trial type Order  

Order*Trial type 

5622.768 6 m2 vs. m3 3.11 1 

Model 4 Trial type First 

trial type 

5625.660 5 m1 vs. m4 0.40 1 

Model 5 Trial type First 

trial type 
Trial type*First 

trial type 

5625.307 6 m4 vs. m5 0.35 1 

Model 6 Trial type Mapping 5617.606 7 m1 vs. m6 8.45* 3 

Model 7 Mapping 5619.726 6 m0 vs. m7 8.34* 3 
 

Table_a 3.4. Overview of the set of mixed models that was investigated with 

Looking time as the dependent variable for the combined visuospatial test results. 

The covariance structure is Variance Components for all models. Only the factor 

Mapping contributed significantly to the model. *p < .05. 
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Visuospatial experiment, familiarization phase: Overview of mixed models  

Building the mixed model Comparing the models 

 fixed factors random 

factors 

−2LL df models diff(−2LL) diff(df) 

Model 0 - - 48801.95 3    

Model 1 TP - 48792.5 4 m0 vs. m1 9.45** 1 

Model 2 TP TP 48786.35 5 m1 vs. m2 6.15* 1 

Model 3 TP & Block TP 48762.75 9 m2 vs. m3 23.60*** 4 

Model 4 TP & Block TP Block 48762.22 10 m3 vs. m4 0.54 1 

Model 5 TP & Block 

TP*Block 

TP 48761.32 13 m3 vs. m5 1.43 4 

Model 6 TP & Block 

Group 

TP 48762.65 10 m3 vs. m6 0.10 1 

Model 7 TP & Block 

Group 
Group*TP 

TP 48758.36 11 m6 vs. m7 4.29* 1 

Model 8 TP & Block 

Group 

Group*TP 
Group*Block 

TP 48756.02 15 m7 vs. m8 2.34 4 

Model 9 TP & Block 

Group 

Group*TP 
Distance 

TP 48675.58 15 m7 vs. m9 82.78*** 4 

Model 10 TP & Block 

Group 

Group*TP 
Distance 

TP*Distance 

TP 48675.58 16 m9 vs. m10 0.00 1 

Model 11 TP & Block 

Group 
Group*TP 

Distance 

Mapping 

TP 48674.4 18 m9 vs. m11 1.18 3 

Model 9a TP & Block 

Group 
Group*TP 

Distance 

- 48678.96 14 m9a vs. m9 3.38 1 

Model 12 TP & Block 

Group 
Group*TP 

Distance 

Distance 48678.96 14 m12 vs. m9a 23.98*** 1 

Continued on next page. 
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Continued from previous page. 

Model 13 TP & Block 

Group 

Group*TP 
Distance 

Distance 

TP 

48653.717 16 m12 vs. m13 1.36 1 

Model 14 TP & Block 

Group 

Group*TP 
Distance 

Distance 

Block 

48653.756 16 m12 vs. m14 1.32 1 

 

Table_a 4.1. Overview of the set of mixed models that was investigated for the combined 

results of the TD and FR group of infants, with Dwell latency as dependent variable. The 

covariance structure is Variance Components for all models. Model 12 is the model with 

the best fit. *p < 05; **p < .01; ***p < .001. 

Visuospatial experiment, test phase: Overview of mixed models  

Building the mixed model Comparing the models 

 fixed factors −2LL df models diff(−2LL) diff(df) 

Model 0 - 4589.862 3    

Model 1 Trial type 4584.663 4 m0 vs. m1 5.20* 1 

Model 2 Trial type Group 4583.772 5 m1 vs. m2 0.89 1 

Model 3 Trial type Group  

Group*Trial type 

4583.347 6 m2 vs. m3 0.43 1 

Model 4 Trial type First trial type 4584.563 5 m1 vs. m4 0.10 1 

Model 5 Trial type First trial type 

Trial type*First trial type 

4584.448 6 m4 vs. m5 0.11 1 

Model 6 Trial type Mapping 4577.753 7 m1 vs. m6 6.91 3 
 

Table_a 4.2. Overview of the set of mixed models that was investigated with 

Looking time as the dependent variable. The covariance structure is Variance 

Components for all models. The best model for the looking times in the test phase 

is Model 1, which contains the fixed factor Trial type. *p < .05. 
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Language experiment, test phase: Overview of mixed models  

Building the mixed model Comparing the models 

 
fixed factors −2LL df models diff(−2LL) diff(df) 

Model 0 - 4596.105 3    

Model 1 Trial type 4594.885 4 m0 vs. m1 1.22 1 

Model 2 Trial type Group 4594.813 5 m1 vs. m2 0.07 1 

Model 3 Trial type Group  

Group*Trial type 

4594.160 6 m2 vs. m3 0.65 1 

Model 4 Trial type First trial type 4594.220 5 m1 vs. m4 0.66 1 

Model 5 Trial type First trial type 

Trial type* 

       First trial type 

4584.752 6 m4 vs. m5 9.47** 1 

Model 6 Trial type First trial type 
Trial type* 

       First trial type 

Mapping 

4577.221 9 m5 vs. m6 7.53 3 

 

Table_a 4.3. Overview of the set of mixed models that was investigated for the 

language experiment in both groups of infants, with Looking time as the dependent 

variable. The covariance structure is Variance Components for all models. Model 5 

is the model with the best fit.  **p < .01. 

Language experiment, test trials: Overview of mixed models  

Building the mixed model Comparing the models 

 fixed factors −2LL df models diff(−2LL) diff(df) 

Model 0 - 4596.105 3    

Model 1 Trial number 4541.729 8 m0 vs. m1 54.38*** 5 

Model 2 Trial number 
First trial type 

4541.235 9 m1 vs. m2 0.49 1 

Model 3 Trial number 

First trial type 

Trial number*First trial type 

4535.168 14 m2 vs. m3 6.07 5 

 

Table_a 4.4. Overview of the set of mixed models that was investigated for the 

language experiment to see if the first trial had the longest looking times. The 

covariance structure is Variance Components for all models. Model 1 is the model 

with the best fit, with Trial number as fixed factor. ***p < .001. 
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Visuospatial experiment, familiarization phase, Blocks 1 to 6: 

Overview of mixed models  

Building the mixed model Comparing the models 

 fixed factors random 
factors 

−2LL df models diff(−2LL) diff(df) 

Model 0 - - 146697.086 3    

Model 1 Block - 146427.569 8 m0 vs. m1 269.52*** 5 

Model 2 Block Block 146218.733 9 m1 vs. m2 208.84*** 1 

Model 3 Block Distance Block 145996.666 13 m2 vs. m3 222.07*** 4 

Model 4 Block Distance Block 

Distance 

145604.036 14 m3 vs. m4 392.63*** 1 

Model 5 Block Distance 
Order 

Block 
Distance 

145601.034 16 m4 vs. m5 3.00 2 

Model 6 Block Distance 

Order 

Block*Order 

Block 

Distance 

145586.11 26 m5 vs. m6 14.92 10 

Model 7 Block Distance 

Mapping 

Block 

Distance 

145598.588 17 m4 vs. m7 5.45 3 

Model 4a Block Distance Distance 145809.014 13 m4a vs. m4 204.98*** 1 
 

Table_a 5.1. Overview of the set of mixed models that was investigated for dwell 

latencies of the visuospatial experiment. The covariance structure is Variance 

Components for all models. Model 4 is the model with the best fit. Model 4a was 

added to verify if Block should be added to the model as random factor. ***p < .001. 
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Visuospatial experiment, familiarization phase, Blocks 2 to 5: 

Overview of mixed models  

Building the mixed model Comparing the models 

 fixed factors random 

factors 

−2LL df models diff(−2LL) diff(df) 

Model 0 - - 98429.516 3    

Model 1 TP - 98253.370 5 m0 vs. m1 176.15*** 2 

Model 2 TP TP 97979.697 6 m1 vs. m2 273.67*** 1 

Model 3 TP Block TP 97851.376 9 m2 vs. m3 128.32*** 3 

Model 4 TP Block TP Block 97719.717 10 m3 vs. m4 131.66*** 1 

Model 5 TP Block 

TP*Block 

TP Block 97714.139 16 m4 vs. m5 5.58 6 

Model 6 TP Block 
Distance 

TP Block 97393.948 14 m4 vs. m6 325.77*** 4 

Model 7a TP Block 

Distance 

TP*Distance 

TP Block - - - - - 

Model 8 TP Block 
Distance Order 

TP Block 97391.812 16 m6 vs. m7 2.14 2 

Model 9 TP Block 

Distance Order 

TP*Order 

TP Block 97387.986 20 m7 vs. m8 3.83 4 

Model 10 TP Block 
Distance Order 

Block*Order 

TP Block 97383.698 22 m7 vs. m9 8.11 6 

Model 11 TP Block 

Distance 
Mapping 

TP Block 97390.52 17 m6 vs. m10 3.43 3 

Model 6a TP Block 

Distance 

TP  97536.611 13 m6a vs. m6 142.66*** 1 

Model 6b TP Block 
Distance 

Block 97773.615 13 m6b vs. m6 379.67*** 1 

 

Table_a 5.2. Overview of the set of mixed models that was investigated for dwell latencies 

of the visuospatial experiment. The covariance structure is Variance Components for all 

models. Model 6 is the model with the best fit. aWhen the interaction between TP and 

Distance was added, SPSS generated an error message stating that the validity of 

subsequent results could not be ascertained. Therefore, TP*Distance was not included in 

the model. Models 6a and 6b were added to verify if TP and Block should be added to the 

model as random factors. ***p < .001. 
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Language experiment, familiarization phase, Blocks 1 to 6: 

Overview of mixed models  

Building the mixed model Comparing the models 

 fixed factors random 

factors 

−2LL df models diff(−2LL) diff(df) 

Model 0 - - 33314.539 3    

Model 1 Block - 33143.683 8 m0 vs. m1 170.86*** 5 

Model 2 Block Block 33088.066 9 m1 vs. m2 55.62*** 1 

Model 3 Block Order Block 33088.014 11 m2 vs. m3 0.05 2 

Model 4 Block Order 

Block*Order 

Block 33079.122 21 m3 vs. m4 8.89 10 

Model 5 Block Mapping Block 33080.282 12 m2 vs. m5 7.78 3 
 

Table_a 5.3. Overview of the set of mixed models that was investigated for the 

reaction times of the language experiment. The covariance structure is Variance 

Components for all models. Model 2 is the model with the best fit. ***p < .001. 
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Language experiment, familiarization phase, Blocks 2 to 5: 

Overview of mixed models  

Building the mixed model Comparing the models 

 fixed factors random 

factors 

−2LL df models diff(−2LL) diff(df) 

Model 0 - - 23535.812 3    

Model 1 TP - 23487.399 4 m0 vs. m1 48.41*** 1 

Model 2 TP TP 23478.522 5 m1 vs. m2 8.88** 1 

Model 3 TP Block TP 23299.420 8 m2 vs. m3 179.10*** 3 

Model 4 TP Block TP Block 23234.880 9 m3 vs. m4 64.54*** 1 

Model 5 TP Block 

TP*Block 

TP Block 23228.716 12 m4 vs. m5 6.16 3 

Model 6 TP Block Order TP Block 23234.825 11 m4 vs. m6 0.06 2 

Model 7 TP Block Order 
TP*Order 

TP Block 23232.727 13 m6 vs. m7 2.10 2 

Model 8 TP Block Order 

Block*Order 

TP Block 23225.36 17 m7 vs. m8 7.37 4 

Model 9 TP Block 

Mapping 

TP Block 23231.815 12 m4 vs. m9 3.07 3 

Model 4a TP Block Block 23250.878 8 m4a vs. m4 16.00*** 1 

 

Table_a 5.4. Overview of the set of mixed models that was investigated for the reaction 

times of the language experiment. The covariance structure is Variance Components for 

all models. Model 4 is the model with the best fit. Model 4a was added to verify if TP 

should be added to the model as random factor. This was already checked for Block in 

Models 3 and 4. *p < .05; **p < .01; ***p < .001. 
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Visual experiment, familiarization phase, Blocks 1 to 6: 

Overview of mixed models  

Building the mixed model Comparing the models 

 fixed factors random 

factors 

−2LL df models diff(−2LL) diff(df) 

Model 0 - - 48206.270 3    

Model 1 Block - 48010.793 8 m0 vs. m1 195.48*** 5 

Model 2 Block Block 47977.071 9 m1 vs. m2 33.72*** 1 

Model 3 Block Order Block 47975.267 11 m2 vs. m3 1.80 2 

Model 4 Block Order 

Block*Order 

Block 47944.682 21 m3 vs. m4 30.58** 10 

Model 5 Block Order 
Block*Order 

Mapping 

Block 47931.933 24 m4 vs. m5 12.75*** 3 

Model 5a Block Order 

Block*Order 
Mapping 

- 47942.728 23 m5a vs. m5 10.80** 1 

 

Table_a 5.5. Overview of the set of mixed models that was investigated for the 

reaction times of the visual experiment. The covariance structure is Variance 

Components for all models. Model 5 is the model with the best fit. Model 5a was 

added to verify if Block should be added to the model as random factor. **p < .01; 
***p < .001. 
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Visual experiment, familiarization phase, Blocks 2 to 5: 

Overview of mixed models  

Building the mixed model Comparing the models 

 fixed factors random 

factors 

−2LL df models diff(−2LL) diff(df) 

Model 0 - - 34326.040 3    

Model 1 TP - 34298.540 4 m0 vs. m1 27.50*** 1 

Model 2 TP TP 34297.734 5 m1 vs. m2 0.81 1 

Model 3 TP Block - 34195.188 7 m1 vs. m3 103.35*** 3 

Model 4 TP Block Block 34172.881 8 m3 vs. m4 22.31*** 1 

Model 5 TP Block 

TP*Block 

Block 34172.474 11 m4 vs. m5 0.41 3 

Model 6 TP Block Order Block 34170.123 10 m4 vs. m6 2.76 2 

Model 7 TP Block Order 
TP*Order 

Block 34169.446 12 m6 vs. m7 0.68 2 

Model 8 TP Block Order 

Block*Order 

Block 34152.281 16 m6 vs. m8 17.84** 6 

Model 9 TP Block Order 

Block*Order 
Mapping 

Block 34140.715 19 m8 vs. m9 11.57** 3 

Model 9a TP Block Order 

Block*Order 

Mapping 

- 34148.369 18 m9a vs. m9 7.65** 1 

 

Table_a 5.6. Overview of the set of mixed models that was investigated for the 

reaction times of the visual experiment. The covariance structure is Variance 

Components for all models. Model 9 is the model with the best fit. Model 9a was 

added to verify if Block should be added to the model as random factor.  *p < .05; 
**p < .01; ***p < .001. 

  



Appendix to Chapter 5 267 

 

Test phase composition 

Visuospatial experiment Language experiment Visual experiment 
  

Set 1 
EA – CF TP50 – TP0 

FB – CA TP0 – TP100 

AC – BF TP33 – TP0 
EC – AB TP0 – TP33 

AF – BE TP0 – TP100 

EF – BC TP50 – TP0 
BF – AC TP0 – TP33 

BE – AF TP100 – TP0 

CF – EA TP0 – TP50 
AB – EC TP33 – TP0 

BC – EF TP0 – TP50 

CA – FB TP100 – TP0 
  

Set 2 

CF – EA TP0 – TP50 
AB – EC TP33 – TP0 

BE – AF TP100 – TP0 

EC – AB TP0 – TP33 
EA – CF TP50 – TP0 

FB – CA TP0 – TP100 

EF – BC TP50 – TP0 
AF – BE TP0 – TP100 

CA – FB TP100 – TP0 

BF – AC TP0 – TP33 
BC – EF TP0 – TP50 

AC – BF TP33 – TP0 

  
Set 3 

BF – AC TP0 – TP33 

CF – EA TP0 – TP50 
CA – FB TP100 – TP0 

BE – AF TP100 – TP0 
AB – EC TP33 – TP0 

AF – BE TP0 – TP100 

EF – BC TP50 – TP0 
EC – AB TP0 – TP33 

AC – BF TP33 – TP0 

BC – EF TP0 – TP50 
FB – CA TP0 – TP100 

EA – CF TP50 – TP0 

  
 

  

Set 1 
EC – AB TP0 – TP33 

AF – BE TP0 – TP100 

EA – CF TP50 – TP0 
AC – BF TP33 – TP0 

FB – CA TP0 – TP100 

CF – EA TP0 – TP50 
CA – FB TP100 – TP0 

AB – EC TP33 – TP0 

BE – AF TP100 – TP0 
BC – EF TP0 – TP50 

BF – AC TP0 – TP33 

EF – BC TP50 – TP0 
  

Set 2 

AF – BE TP0 – TP100 
EA – CF TP50 – TP0 

AB – EC TP33 – TP0 

BC – EF TP0 – TP50 
BE – AF TP100 – TP0 

CF – EA TP0 – TP50 

AC – BF TP33 – TP0 
CA – FB TP100 – TP0 

BF – AC TP0 – TP33 

EF – BC TP50 – TP0 
FB – CA TP0 – TP100 

EC – AB TP0 – TP33 

  
Set 3 

AB – EC TP33 – TP0 

BE – AF TP100 – TP0 
EA – CF TP50 – TP0 

BF – AC TP0 – TP33 
AF – BE TP0 – TP100 

EF – BC TP50 – TP0 

EC – AB TP0 – TP33 
BC – EF TP0 – TP50 

FB – CA TP0 – TP100 

AC – BF TP33 – TP0 
CA – FB TP100 – TP0 

CF – EA TP0 – TP50 

  
 

  

Set 1 
AF – BE TP0 – TP100 

EC – AB TP0 – TP33 

CA – FB TP100 – TP0 
EF – BC TP50 – TP0 

FB – CA TP0 – TP100 

CF – EA TP0 – TP50 
AB – EC TP33 – TP0 

EA – CF TP50 – TP0 

AC – BF TP33 – TP0 
BC – EF TP0 – TP50 

BF – AC TP0 – TP33 

BE – AF TP100 – TP0 
  

Set 2 

CF – EA TP0 – TP50 
BE – AF TP100 – TP0 

EA – CF TP50 – TP0 

AC – BF TP33 – TP0 
BC – EF TP0 – TP50 

FB – CA TP0 – TP100 

EF – BC TP50 – TP0 
EC – AB TP0 – TP33 

CA – FB TP100 – TP0 

AB – EC TP33 – TP0 
AF – BE TP0 – TP100 

BF – AC TP0 – TP33 

  
Set 3 

AB – EC TP33 – TP0 

BC – EF TP0 – TP50 
FB – CA TP0 – TP100 

EC – AB TP0 – TP33 
CA – FB TP100 – TP0 

EA – CF TP50 – TP0 

AF – BE TP0 – TP100 
EF – BC TP50 – TP0 

BF – AC TP0 – TP33 

BE – AF TP100 – TP0 
CF – EA TP0 – TP50 

AC – BF TP33 – TP0 

 
 

Table_a 5.7. The composition of the test phase of the sequential-learning experiments. 

Thirty-six test trials were arranged in three sets, each set containing the same trials but in a 

different fixed order. The practice trial in each experiment was DA – BC (TP50 – TP0). 
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Statistical measures of the sequence 

stim stim freq pair TP TP back pair freq joint freq joint prob 

B 1 A-B .33 1 3-1 1 .1 

E 2 B-E .1 .5 1-2 1 .1 

F 1 E-F .50 1 2-1 1 .1 

D 2 F-D 1– .5 1-2 1 .1 

A 3 D-A .50 .33 2-3 1 .1 

C 1 A-C .33 1 3-1 1 .1 

A 3 C-A 1 .33 1-3 1 .1 

D 2 A-D .33 .5 3-2 1 .1 

E 2 D-E .50 .5 2-2 1 .1 

A 3 E-A .50 .33 2-3 1 .1 
 

        

stim triplet 2
nd

 order 
forward 

2
nd

 order 
back 

lag freq 2-lag 2-lag back 

B EAB 1 1 E-x-B 1 .5 1 

E ABE 1 1 A-x-E 2 .67 1 

F BEF 1 1 B-x-F 1 1 1 

D EFD 1 1 E-x-D 1 .5 .5 

A FDA 1 1 F-x-A 1 1 .33 

C DAC 1 1 D-x-C 1 .5 1 

A ACA 1 1 A-x-A 1 .33 .33 

D CAD 1 1 C-x-D 1 1 .5 

E ADE 1 1 A-x-E 2 .67 1 

A DEA 1 1 D-x-A 1 .5 .33 
 

Table_a 5.8. The sequence used in all three experiments is A-B-E-F-D-A-C-A-D-

E (see first column top and bottom tables). The tables show values for various 

statistical measures, per stimulus and, per pair of stimuli (top), and for sub-

sequences of three stimuli (bottom). Grey scale: light = TP33 (A-B; A-C; A-D), 

middle = TP50 (E-F; E-A; D-A; D-E), dark = TP100 (B-E; F-D; C-A). 
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  Appendix to Chapter 6

Visuospatial experiment, familiarization phase, Blocks 1 to 6: 

Overview of mixed models 

Building the mixed model Comparing the models 

 fixed factors random 
factors 

−2LL df models diff(−2LL) diff(df) 

Model 0 - - 342918.371 3    

Model 1 Block - 342108.864 8 m0 vs. m1 809.51*** 5 

Model 2 Block Block 341253.895 9 m1 vs. m2 854.97*** 1 

Model 3 Block Distance Block 340912.853 13 m2 vs. m3 341.04*** 4 

Model 4 Block Distance Block 

Distance 

340145.411 14 m3 vs. m4 767.44 m4 

Model 5 Block Distance Order Block 

Distance 

340143.372 16 m4 vs. m5 2.04 m5 

Model 6 Block Distance Order 

Block*Order 

Block 

Distance 

340135.875 26 m5 vs. m6 7.50 m6 

Model 7 Block Distance 
Mapping 

Block 
Distance 

340131.018 17 m4 vs. m7 14.39** m7 

Model 8 Block Distance 
Mapping Group 

Block 
Distance 

340128.659 18 m7 vs. m8 2.36 m8 

Model 9 Block Distance 

Mapping Group 

Group*Block 

Block 

Distance 

340123.54 23 m8 vs. m9 5.12 m9 

Model 7a Block Distance 

Mapping 

Block 340898.627 16 m7a vs. m7 767.61*** m7a 

Model 7b Block Distance 
Mapping 

Distance 340963.08 16 m7b vs. m7 832.06*** m7b 

Model 8a Block Distance 

Mapping Group 

Group*Mapping 

Block 

Distance 

340125.474 21 m8 vs. m8a 3.18 3 

 

Table_a 6.1. Overview of the set of mixed models that was investigated for dwell 

latencies of the visuospatial experiment for adults with and without dyslexia. The 

covariance structure is Variance Components for all models. Model 7 is the model with 

the best fit. Models 7a and 7b were added to check if  Block and Distance should be 

added to the model as random factor. Model 8a was added to investigate if Group 

affected the effect of Mapping on Dwell latency. **p < .01; ***p < .001. 
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Visuospatial experiment, familiarization phase, Blocks 2 to 5: 

Overview of mixed models  

Building the mixed model Comparing the models 

Model fixed factors random 

fact. 

−2LL df models diff(−2LL) diff(df) 

m0 - - 230243.619 3    

m1 Group - 230242.036 4 m0 vs. m1 1.58 1 

m2 Group TP - 229968.598 6 m1 vs. m2 273.44*** 2 

m3 Group TP TP 229379.241 7 m2 vs. m3 589.36*** 1 

m4 Group TP 
Group*TP 

TP 229378.826 9 m3 vs. m4 0.42 2 

m5 Group TP Block TP 229039.928 10 m3 vs. m5 339.31*** 3 

m6 Group TP Block TP Block 228613.454 11 m5 vs. m6 426.47*** 1 

m7 Group TP Block 
Group*Block 

TP Block 228611.338 14 m6 vs. m7 2.12 3 

m8 TP - 229970.18 5 m0 vs. m8 273.44*** 2 

m9 TP TP 229380.907 6 m8 vs. m9 589.27*** 1 

m10 TP Block TP 229041.599 9 m9 vs. m10 339.31*** 3 

m11 TP Block TP Block 228615.107 10 m10 vs. m11 426.49*** 1 

m12 TP Block TP*Block TP Block 228609.458 16 m11 vs. m12 5.65 6 

m13 TP Block Dist. TP Block 228115.356 14 m11 vs. m13 499.75*** 4 

m14 TP Block Dist. TP Block 
Dist. 

227181.48 15 m13 vs. m14 933.88*** 1 

m15 TP Block Dist. 

TP*Dist. 

TP Block 

Dist. 

226757.717 21 m14 vs. m15 423.76*** 6 

m16 TP Block Dist. 

TP*Dist. Order 

TP Block 

Dist. 

226755.857 23 m15 vs. m16 1.86 2 

m17 TP Block Dist. 

TP*Dist. Order 
TP*Order 

TP Block 

Dist. 

226748.371 27 m16 vs. m17 7.49 4 

m18 TP Block Dist. 

TP*Dist. Order 

Block*Order 

TP Block 

Dist. 

226751.051 29 m16 vs. m18 4.81 6 

m19 TP Block Dist. 

TP*Dist. Mapping 

TP Block 

Dist. 

226742.658 24 m15 vs. m19 15.06** 3 

m19a TP Block Dist. 
TP*Dist. Mapping 

TP Block 227480.654 23 m19a vs. m19 738.00*** 1 

m19b TP Block Dist. 
TP*Dist. Mapping 

TP Dist. 227261.016 23 m19b vs. m19 518.36*** 1 

m19c TP Block Dist. 

TP*Dist. Mapping 

Block Dist. 227408.494 23 m19c vs. m19 665.84*** 1 

Continued on next page. 



Appendix to Chapter 6 271 

 

Continued from previous page. 

m19d TP Block Dist. 

TP*Dist. Mapping 

TP*Mapping 

TP Block 

Dist. 

226647.58 30 m19 vs. m19d 95.08*** 6 

m19e TP Block Dist. 

TP*Dist. Mapping 
Group 

TP Block 

Dist. 

226740.05 25 m19 vs. m19e 2.61 1 

m19fa TP Block Dist. 

TP*Dist. Mapping 

Group 
Group*Mapping 

TP Block 

Dist. 

- - - - - 

 

Table_a 6.2. Overview of the set of mixed models that was investigated for dwell 

latencies of the visuospatial experiment for adults with and without dyslexia. The 

covariance structure is Variance Components for all models. Model 19 is the model with 

the best fit. Models 19a to 19c were added to verify if TP, Block, and Distance should be 

added to the model as random factors. Models 19d to 19f were only added to investigate 

the effect of Mapping. aWhen the interaction between Group and Mapping was added, 

SPSS generated an error message stating that the validity of subsequent results could not 

be ascertained. Therefore, the effect of Group on Mapping could not be estimated. 
**p < .01; ***p < .001; Dist. = Distance. 
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Language experiment, familiarization phase, Blocks 1 to 6: 

Overview of mixed models  

Building the mixed model Comparing the models 

 fixed factors random 

factors 

−2LL df models diff(−2LL) diff(df) 

Model 0 - - 74977.474 3    

Model 1 Group - 74977.465 4 m0 vs. m1 0.01 1 

Model 2 Group Block - 74774.146 9 m1 vs. m2 203.32*** 5 

Model 3 Group Block Block 74705.64 10 m2 vs. m3 68.51*** 1 

Model 4 Group Block 
Group*Block 

Block 74684.325 15 m3 vs. m4 21.32** 5 

Model 5 Group Block 

Group*Block Order 

Block 74683.846 17 m4 vs. m5 0.48 2 

Model 6 Group Block 

Group*Block Order 

Block*Order 

Block 74680.125 27 m5 vs. m6 3.72 10 

Model 7 Group Block 
Group*Block 

Mapping 

Block 74680.294 18 m4 vs. m7 4.03 3 

Model 4a Group Block 

Group*Block 

- 74736.407 14 m4 vs. m4a 52.08*** 1 

 

Table_a 6.3. Overview of the set of mixed models that was investigated for reaction 

times of the language experiment conducted with adults with and without dyslexia. The 

covariance structure is Variance Components for all models. Model  4 is the model with 

the best fit. Model 4a was added to verify if Block should be added to the model as 

random factor. **p < .01; ***p < .001. 
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Language experiment, familiarization phase, Blocks 2 to 5: 

Overview of mixed models  

Building the mixed model Comparing the models 

 fixed factors random 

factors 

−2LL df models diff(−2LL) diff(

df) 

Model 0 - - 53273.262 3    

Model 1 Group - 53273.170 4 m0 vs. m1 0.09 1 

Model 2 Group TP - 53119.593 5 m1 vs. m2 153.58*** 1 

Model 3 Group TP TP 53072.287 6 m2 vs. m3 47.31*** 1 

Model 4 Group TP Group*TP TP 53069.669 7 m3 vs. m4 2.62 1 

Model 5 Group TP Block TP 52936.265 9 m3 vs. m5 136.02*** 3 

Model 6 Group TP Block TP Block 52865.263 10 m5 vs. m6 71.00*** 1 

Model 7 Group TP Block 

Group*Block 

TP Block 52844.98 13 m6 vs. m7 20.28*** 3 

Model 8 Group TP Block 

Group*Block 
TP*Block 

TP Block 52836.872 16 m7 vs. m8 8.11* 3 

Model 9 Group TP Block 

Group*Block 

TP*Block Order 

TP Block 52836.381 18 m8 vs. m9 0.49 2 

Model 10 Group TP Block 

Group*Block 
TP*Block Order 

TP*Order 

TP Block 52831.774 20 m9 vs. m10 4.61 2 

Model 11 Group TP Block 

Group*Block 
TP*Block Order 

Block*Order 

TP Block 52833.938 24 m9 vs. m11 2.44 6 

Model 12 Group TP Block 

Group*Block 
TP*Block Mapping 

TP Block 52834.919 19 m8 vs. m12 1.95 3 

Model 8a Group TP Block 
Group*Block 

TP*Block 

TP 52888.295 15 m8 vs. m8a 51.42*** 1 

Model 8b Group TP Block 

Group*Block 
TP*Block 

Block 52896.133 15 m8 vs. m8b 59.26*** 1 

 

Table_a 6.4. Overview of the set of mixed models that was investigated for reaction 

times of the language experiment with adults with and without dyslexia. The covariance 

structure is Variance Components for all models. Model 8 is the model with the best fit. 

Models 8a and 8b were added to verify if TP and Block should be added to the model as 

random factors. *p < .05; ***p < .001. 
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Visual experiment, familiarization phase, Blocks 1 to 6: 

Overview of mixed models  

Building the mixed model Comparing the models 

 fixed factors random 

factors 

−2LL df models diff(−2LL) diff(df) 

Model 0 - - 107202.829 3    

Model 1 Group - 107200.936 4 m0 vs. m1 1.89 1 

Model 2 Group Block Block 106890.120 9 m1 vs. m2 310.82*** 5 

Model 3 Group Block Block 106788.432 10 m2 vs. m3 101.69*** 1 

Model 4 Group Block 
Group*Block 

Block 106779.857 15 m3 vs. m4 8.57 5 

Model 5 Group Block 

Order 

Block 106784.910 12 m3 vs. m5 3.52 2 

Model 6 Block - 106891.99 8 m0 vs. m6 310.84*** 5 

Model 7 Block Block 106790.276 9 m6 vs. m7 101.71*** 1 

Model 8 Block Order Block 106786.861 11 m7 vs. m8 3.41 2 

Model 9 Block Order 
Block*Order 

Block 106764.916 21 m8 vs. m9 21.95* 10 

Model 10 Block Order 
Block*Order 

Mapping 

Block 106752.009 24 m9 vs. m10 12.91** 3 

Model 10a Block Order 

Block*Order 
Mapping 

- 106828.935 23 m10a vs. m10 76.93*** 1 

Model 10b Block Order 
Block*Order 

Mapping Group 

Block 106749.915 25 m11 vs. m11b 2.09 1 

Model 10b Block Order 

Block*Order 
Mapping Group 

Group*Mapping 

Block 106744.515 28 m11b vs. m11c 5.40 3 

 

Table_a 6.5. Overview of the set of mixed models that was investigated for reaction 

times of the visual experiment conducted with adult participants with and without 

dyslexia. The covariance structure is Variance Components for all models. Model 10 is 

the model with the best fit. Model 10a was added to verify if  Block should be added to 

the model as random factor. Models 10b and 10c were only added to investigate the 

effect of Mapping. *p < .05; **p < .01; ***p < .001. 
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Visual experiment, familiarization phase, Blocks 2 to 5: 

Overview of mixed models  

Building the mixed model Comparing the models 

 fixed factors random 

factors 

−2LL df models diff(−2LL) diff(

df) 

Model 0 - - 75893.973 3    

Model 1 Group - 75891.677 4 m0 vs. m1 2.30 1 

Model 2 Group TP - 75826.765 5 m1 vs. m2 64.91*** 1 

Model 3 Group TP TP 75821.240 6 m2 vs. m3 5.52* 1 

Model 4 Group TP Group*TP TP 75821.110 7 m3 vs. m4 0.13 1 

Model 5 Group TP Block TP 75635.192 9 m3 vs. m5 186.05*** 3 

Model 6 Group TP Block TP Block 75582.604 10 m5 vs. m6 52.59*** 1 

Model 7 Group TP Block 

Group*Block 

TP Block 75577.938 13 m6 vs. m7 4.67 3 

Model 8 Group TP Block 

TP*Block 

TP Block 75581.001 13 m6 vs. m8 1.60 3 

Model 9 Group TP Block 
TP*Block Order 

TP Block 75576.15 15 m8 vs. m9 4.85 2 

Model 10 TP - 75829.065 4 m0 vs. m10 64.91*** 1 

Model 11 TP TP 75823.545 5 m10 vs. m11 5.52* 1 

Model 12 TP Block TP 75637.467 8 m11 vs. m12 186.08*** 3 

Model 13 TP Block TP Block 75584.88 9 m12 vs. m13 52.59*** 1 

Model 14 TP Block TP*Block TP Block 75583.277 12 m13 vs. m14 1.60 3 

Model 15 TP Block Order TP Block 75580.297 11 m13 vs. m15 4.58 2 

Model 16 TP Block Order 
TP*Order 

TP Block 75580.21 13 m15 vs. m16 0.09 2 

Model 17 TP Block Order 

Block*Order 

TP Block 75564.535 17 m15 vs. m17 15.76* 6 

Model 18 TP Block Order 

Block*Order 
Mapping 

TP Block 75553.269 20 m17 vs. m18 11.27* 3 

Model 18a TP Block Order 
Block*Order 

Mapping 

TP 75590.042 19 m18a vs. m18 36.77*** 1 

Model 18b TP Block Order 

Block*Order 
Mapping 

Block 75560.189 19 m18b vs. m18 6.92** 1 

Model 18c TP Block Order 
Block*Order 

Mapping Group 

TP Block 75550.204 21 m19 vs. m19c 3.07 1 

Continued on next page. 
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Continued from previous page. 

Model 18d TP Block Order 

Block*Order 

Mapping Group 
Group*Mapping 

TP Block 75546.757 24 m19c vs. m19d 3.45 3 

 

Table_a 6.6. Overview of the set of mixed models for the reaction times of the visual 

experiment with adults with and without dyslexia. The covariance structure is Variance 

Components for all models. Model 18 is the model with the best fit. Models 18a and 18b 

were added to verify if TP and Block should be added to the model also as random factors. 

Models 18c and 18d were added to investigate the effect of Mapping. *p < .05; **p < .01; 
***p < .001. 



 277 

 

Samenvatting (Summary in Dutch)  

INTRODUCTIE 

De wereld om ons heen zou onbegrijpelijk en onvoorspelbaar zijn wanneer we niet 

geleerd hadden om om te gaan met de enorme hoeveelheid informatie die op ons afkomt 

wanneer we luisteren, kijken of voelen. We filteren spraakklanken uit alle geluiden om 

ons heen, we herkennen gezichten uit alle visuele stimuli die onze ogen bereiken, we 

weten wanneer iets ruw of glad aanvoelt; kortom, we leren alles wat we waarnemen te 

interpreteren. Vanaf onze geboorte, en voor geluiden zelfs al in de baarmoeder, leren we 

onderscheid te maken tussen relevante en irrelevante informatie. Het vermogen om 

relevante zaken te onderscheiden is noodzakelijk om verbanden te kunnen leggen tussen 

betekenisvolle zaken of gebeurtenissen. Sommige zaken horen bij elkaar (een hoofd, 

armen en benen horen bij een lichaam), andere zaken gebeuren in een bepaalde volgorde 

(siroop in een glas waaraan water wordt toegevoegd wordt de limonade die ik drink), en 

weer andere zaken voorspellen elkaar (als ik de deur open hoor gaan, dan komt er vast 

iemand binnen). Een leermechanisme dat ons helpt om patronen te herkennen, stimuli te 

categoriseren, en gebruik te maken van patronen en categorieën om voorspellingen te 

doen over de toekomst is statistisch leren.  

Statistisch leren kan gedefinieerd worden als de impliciete (onbewuste) identificatie 

van regelmatige patronen die te vinden zijn in de informatie die wij waarnemen. Er 

wordt aangenomen dat dit leren impliciet verloopt, omdat het ook gebeurt terwijl er geen 

intentie is om te leren. Er bestaan veel verschillende vormen van statistisch leren. De 

vorm van statistisch leren die in dit proefschrift besproken wordt is sequentieel leren. Dit 

is het leren (het impliciet berekenen) van de statistische relaties tussen elementen in een 

reeks. Ik heb sequentieel leren onderzocht bij baby’s en bij volwassenen in zowel het 

(auditieve) taaldomein als het visuele domein. Twee onderzoeksvragen stonden hierbij 

centraal.  

De eerste onderzoeksvraag betreft de vraag of sequentieel leren domeinonafhankelijk 

is: berust sequentieel leren in alle domeinen op één algemeen werkend mechanisme, of 

heeft elk domein zijn eigen specifieke leermechanisme? In het eerste geval zou het 
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statistisch leermechanisme niet alleen werken in bijvoorbeeld het taaldomein, maar ook 

in het visuele domein. In dat geval zou je, wanneer je in het ene domein goed presteert, 

ook goed moeten presteren in het andere domein. In dit proefschrift wordt gekeken of er 

inderdaad correlaties te vinden zijn tussen taakresultaten in de verschillende domeinen.  

De tweede onderzoeksvraag betreft de situatie waarin statistisch leren is aangedaan. 

Als statistisch leren domeinonafhankelijk is, dan zou een beperkt vermogen tot 

statistisch leren zichtbaar moeten zijn in alle domeinen. Van zo’n algemeen gereduceerd 

vermogen tot statistisch leren zou sprake kunnen zijn bij ontwikkelingsdyslexie (hierna: 

dyslexie). Dyslexie wordt gekenmerkt door ernstige en hardnekkige problemen met 

lezen en spellen, maar veel mensen met dyslexie ervaren ook problemen in andere 

domeinen, zoals bijvoorbeeld het motorisch leren. De tweede onderzoeksvraag van dit 

proefschrift is of een (domeinonafhankelijke) beperking in het statistisch leren een rol 

speelt bij dyslexie. 

ONDERZOEKSVRAAG 1: IS SEQUENTIEEL LEREN 

DOMEINONAFHANKELIJK? 

De eerste vraag die in dit proefschrift is onderzocht is het al dan niet 

domeinonafhankelijk zijn van sequentieel leren. Voorbeelden van domeinen zijn het 

auditieve taaldomein (spraak), het visuele domein (objecten of afbeeldingen daarvan), 

het muzikale domein (tonen), het visuospatiële domein (locaties) en het tactiele domein 

(trillingen). Domeinonafhankelijkheid kan onderzocht worden door resultaten van 

sequentieel leren in verschillende domeinen met elkaar te vergelijken om te zien of er 

correlaties bestaan tussen die domeinen. Voorwaarden voor zulk onderzoek zijn (i) dat 

hetzelfde type experiment uitgevoerd wordt in de verschillende domeinen, (ii) dat de 

reeks stimuli die gebruikt wordt in ieder experiment dezelfde statistische structuur heeft, 

(iii) dat verschillende domeinen getest worden met dezelfde groep proefpersonen; dit is 

een zogenaamd ‘within-subjects design’. Met name dit laatste is tot nog toe nauwelijks 

gedaan. 

In dit proefschrift is sequentieel leren zowel bij zowel 8 maanden oude baby’s als bij 

volwassenen onderzocht met behulp van een within-subjects design. Vervolgens zijn er 

correlatie-analyses uitgevoerd op de resultaten van de verschillende domeinen. Ik heb 

baby’s getest, omdat sequentieel leren bij deze leeftijdsgroep weliswaar in verschillende 

domeinen is aangetoond, maar er is nog geen within-subjects design gebruikt om te 
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kijken naar de domeinonafhankelijkheid van sequentieel leren. Aan het begin van mijn 

promotie-onderzoek was dat ook nauwelijks gedaan voor volwassenen. Ik heb daarom 

behalve baby’s ook volwassen proefpersonen getest. Met deze leeftijdsgroep was het 

bovendien mogelijk om drie domeinen te testen; bij de baby’s was dit, vanwege hun 

relatief korte aandachtsspanne, beperkt tot twee domeinen. Als er correlaties gevonden 

zouden worden tussen drie in plaats van twee domeinen, dan zou dat de ondersteuning 

voor domeinonafhankelijkheid van sequentieel leren meer gewicht geven. 

De statistische maat die in mijn onderzoek centraal stond is de 

overgangswaarschijnlijkheid tussen achter elkaar voorkomende elementen in een reeks 

(transitional probabiliy, TP): als een element X altijd gevolgd wordt door element Y, dan 

is de TP van X naar Y 1.0 (100%, TP100). Als element X echter in één derde van de 

gevallen gevolgd wordt door A en in twee derde door B, dan is in het eerste geval de TP 

.33 (33%, TP33) en in het tweede geval .66 (66%, TP66). 

De Hoofdstukken 2 en 3 van dit proefschrift gaan over sequentieel-leerexperimenten 

met 8 maanden oude baby’s in het visuospatiële domein en in het taaldomein. In beide 

experimenten werd gebruik gemaakt van een eye-tracker, waarmee oogbewegingen 

geregistreerd worden. Deze metingen werden onder andere gebruikt om kijktijden 

tijdens de testfase te berekenen. De reeks die in beide experimenten gebruikt werd was 

opgebouwd uit drie verschillende paren, A-B, C-D en E-F. Binnen een paar was de 

overgangswaarschijnlijkheid 1.0 (TP100) en tussen de paren .33 (TP33, bijvoorbeeld F-

C of D-A). Na vertrouwd te zijn gemaakt met deze reeks tijdens de zogenaamde 

familiarisatiefase werd er gekeken of de baby’s langer keken naar de net geleerde reeks 

of naar een reeks met dezelfde elementen maar nu in een willekeurige volgorde, waarin 

dus geen statistisch structuur aanwezig was. Een verschil in kijktijden tussen de bekende 

en onbekende reeks is een indicatie dat de baby’s iets geleerd hebben over de statistische 

structuur van de aangeboden reeks. In het visuospatiële experiment kon sequentieel leren 

ook al tijdens de familiarisatiefase worden aangetoond door (i) snellere reactietijden van 

de ogen voor de beter voorspelbare overgangen (dus sneller voor TP100 dan voor TP33) 

en (ii) voortdurend afnemende reactietijden tijdens de familiarisatiefase door het steeds 

beter leren van de statistische structuur van de reeks. Opgemerkt moet worden dat 

afnemende reactietijden ook veroorzaakt kunnen worden door een algemeen leereffect: 

door simpelweg mee te doen kunnen de oogbewegingen door oefening ook sneller 

worden. 

Hoofdstuk 2 behandelt een studie waarin de baby’s tijdens één sessie eerst 

deelnamen aan het visuospatiële experiment en daarna aan het taalexperiment. De 
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visuospatiële reeks bestond uit drie paren locaties op een scherm dat verdeeld was in 

twee rijen en drie kolommen. In ieder van de zes vakjes verscheen een bepaald gekleurd 

geometrisch figuurtje. Een paar uit de reeks was bijvoorbeeld een roze ruit in het vakje 

midden boven gevolgd door een groene driehoek in het vakje rechtsonder. Er werden 

twee mogelijke indicaties voor sequentieel leren gevonden. Ten eerste namen gedurende 

de familiarisatiefase de reactietijden van de ogen af, maar dit kan dus ook door een 

algemeen leereffect komen. Ten tweede werd er een ‘nieuwheidseffect’ gevonden tijdens 

de testfase: de baby’s keken langer naar een onbekende (nieuwe) reeks met een 

willekeurige volgorde dan naar de bekende reeks die was opgebouwd uit de drie paren. 

Dit betekent dat de baby’s iets van de statistische structuur van de bekende reeks moeten 

hebben geleerd.  

De taalreeks bestond uit drie paren lettergrepen, die geen van allen een bestaand 

Nederlands woord opleverden. Tijdens de presentatie van de taalstimuli via kleine 

luidsprekers verschenen er op het eye-tracking scherm plaatjes om de aandacht van de 

baby’s vast te houden. Het kijken naar het scherm werd verondersteld gelijk te staan aan 

het luisteren naar de taalstimuli. In tegenstelling tot het visuospatiële experiment werden 

er in het taalexperiment geen indicaties voor sequentieel leren gevonden. Omdat de 

volgorde van de experimenten hierbij een rol kon hebben gespeeld, bijvoorbeeld omdat 

de baby’s moe waren geworden, werd in een volgende studie (Hoofdstuk 3) de volgorde 

omgedraaid. 

In Hoofdstuk 3 werden de resultaten van dezelfde experimenten uit beide volgorden 

met elkaar vergeleken. In geen van beide experimenten werd een effect van volgorde 

gevonden. Dit betekent voor het taalexperiment dat de volgorde geen invloed heeft 

gehad op het uitblijven van indicaties voor sequentieel leren. In het visuospatiële 

experiment werd het nieuwheidseffect van de testfase uit Hoofdstuk 2 (langere kijktijden 

naar de onbekende reeks) niet opnieuw gevonden: in de samengenomen resultaten van 

beide volgorden was er geen verschil tussen de kijktijden naar de bekende en de 

onbekende reeksen. Omdat er ook nu geen effect van volgorde werd gevonden, betekent 

dat dat het nieuwheidseffect uit Hoofdstuk 2 niet erg robuust was. In het visuospatiële 

experiment bleven de indicaties beperkt tot afnemende reactietijden. Omdat dit, zoals 

gezegd, ook veroorzaakt kan zijn door een algemeen leereffect, zijn hieruit geen 

duidelijke conclusies te trekken. 

Op basis van de gevonden resultaten werden tot slot correlatie-analyses uitgevoerd 

om de eerste onderzoeksvraag te beantwoorden: is sequentieel leren een 

domeinonafhankelijk leermechanisme? Hoewel er op groepsniveau geen sequentieel 
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leren aangetoond kon worden, is het nog mogelijk dat een aantal individuele deelnemers 

wel sequentieel leren vertoonde. Er werden echter geen correlaties tussen de domeinen 

gevonden. Dit kan verklaard worden door (i) domeinspecifieke invloeden op sequentieel 

leren; (ii) een te klein aantal baby’s dat sequentieel leren vertoonde in elk van beide 

domeinen; (iii) een te lage gevoeligheid van de experimenten om sequentieel leren vast 

te kunnen stellen. Suggesties voor verbetering van de experimenten zijn beschreven in 

Hoofdstuk 2.  

Net als bij de baby’s is ook bij volwassenen onderzocht of er sprake is van een 

domeinonafhankelijk sequentieel leervermogen (Hoofdstuk 5). Dat is gedaan door 

volwassenen (zonder dyslexie) te testen in een visuospatieel en in een taalexperiment, en 

daarnaast ook nog in een visueel sequentieel-leerexperiment. Bij het laatstgenoemde 

experiment bestond de reeks uit gekleurde geometrische figuurtjes die achter elkaar in 

het midden van het scherm verschenen. In het visuospatiële experiment werd in alle 

vakjes dezelfde afbeelding gebruikt, en niet zoals bij de baby’s voor elk vakje een andere 

gekleurd geometrisch figuurtje. De stimulusreeks voor de volwassenen was 

samengesteld uit herhalingen van een basisreeks van 10 elementen, A-B-E-F-D-A-C-A-

D-E, die TP100, TP50 en TP33 overgangen bevat.  

De opzet van de experimenten met volwassenen verschilde ook op een aantal andere 

punten van die van de baby’s. Bij de volwassen deelnemers kon sequentieel leren in het 

visuele experiment en in het taalexperiment ook tijdens de familiarisatiefase onderzocht 

worden. De deelnemers moesten zo snel mogelijk op een knop drukken als stimulus ‘D’ 

gepresenteerd werd. Dit leverde reactietijden op voor twee overgangen in de basisreeks, 

want stimulus ‘D’ kwam voor na een TP100 overgang (F-D) en na een TP33 overgang 

(A-D). Tijdens de familiarisatiefase van het visuospatiële experiment werden, net als bij 

de baby’s, de oogbewegingen gemeten. Dit leverde reactietijden van de ogen op voor 

alle tien overgangen uit de basisreeks. In alle experimenten werd aan het eind van de 

familiarisatiefase, zonder dat de volwassen deelnemers het wisten, de gestructureerde 

reeks vervangen door een ongeordende reeks. Wanneer op dat moment de reactietijden 

plotseling zouden toenemen zou dat een indicatie voor sequentieel leren zijn. Een andere 

indicatie zou een verschil in reactietijden tussen de verschillende TP overgangen zijn. 

Na de familiarisatiefase volgde een testfase waarin de deelnemers in elk van de 36 

‘trials’ steeds moesten kiezen welke van twee paren hen het meest bekend voorkwam. 

Steeds werd een paar uit de basisreeks (TP100, TP50, of TP33) gekoppeld aan een paar 

bekende elementen die in een volkomen nieuwe volgorde verschenen (TP0). De keuze 

voor het paar uit de basisreeks werd gezien als het correcte antwoord. Als het percentage 
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correcte test-antwoorden hoger was dan kans en/of als er een hoger percentage correct 

voor hogere TP waarden dan voor lagere TP waarden werd gevonden, dan zouden dat 

indicaties voor sequentieel leren zijn. 

De volwassen deelnemers lieten in alle experimenten afnemende reactietijden zien 

tijdens de gestructureerde reeks en een scherpe toename tijdens de daaropvolgende 

ongestructureerde reeks. In tegenstelling tot het visuele en het taalexperiment werd in 

het visuospatiële experiment alleen gekeken naar de reeks. De resultaten van dit 

experiment laten dus zien dat sequentieel leren ook mogelijk is zonder motorische 

reactie (perceptueel leren). 

In het visuele experiment en in het taalexperiment duidden de kortere reactietijden 

voor TP100 dan voor TP33 overgangen ook op sequentieel leren. Dit resultaat 

suggereert dat goed voorspelbare overgangen gemakkelijker te leren zijn dan minder 

goed voorspelbare overgangen. Echter, in het visuospatiële experiment, waarin 

resultaten verkregen werden voor alle overgangen, bleken reactietijden voor TP50 

overgangen tegen verwachting significant korter te zijn dan die voor zowel TP100 als 

TP33 overgangen. Hiervoor zijn twee verklaringen mogelijk: ten eerste kan het zijn dat 

reactietijden voor de verschillende TP waarden niet alleen bepaald worden door 

sequentieel leren, maar door een complex samenspel van sequentieel leren en visuele 

aandacht. Ten tweede was er in het visuele experiment en in het taalexperiment sprake 

van motorisch leren door het indrukken van een knop, en in het visuospatiële experiment 

van perceptueel leren door te kijken naar de stimuli. Perceptueel leren zou minder 

robuust zijn dan motorisch leren, maar hoe perceptueel leren precies gerelateerd is aan 

statistische gevoeligheid moet nog nader onderzocht worden. 

In de testfase werden ook indicaties voor sequentieel leren gevonden. In elk van de 

drie domeinen was het percentage correcte antwoorden voor TP100 trials hoger dan 

kans. Bovendien waren in zowel het visuospatiële als het visuele experiment de 

percentages correct voor TP100 trials hoger dan de percentages correct voor TP50 en 

TP33 trials. Dit in tegenstelling tot het taalexperiment waarin geen verschillen werden 

gevonden tussen TP100 trials aan de ene kant en TP50 en TP33 trials aan de andere 

kant. Desondanks waren de percentages correct voor TP100 en TP50 trials in het 

taalexperiment hoger dan kans, wat aangeeft dat de deelnemers wel iets geleerd hadden 

over de statistische structuur van de taalreeks.  

Hoewel bij de volwassen deelnemers in elk domein sequentieel leren werd 

aangetoond, werden er ook nu geen correlaties gevonden tussen de domeinen. Dit zou 

kunnen wijzen op domeinspecifieke invloeden op sequentieel leren. Het is ook mogelijk 
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dat het statistisch onderscheidingsvermogen van de experimenten te laag was, doordat er 

relatief weinig proefpersonen deelnamen. Andere factoren die een rol kunnen hebben 

gespeeld zijn (i) het aantal stimuli tijdens de familiarisatiefase (meer in het visuele 

experiment dan in het visuospatiële experiment en het taalexperiment); (ii) het verschil 

in familiarisatietaak: ofwel perceptueel leren, kijken in het visuospatiële experiment, 

ofwel motorisch leren, op een knop drukken in het visuele experiment en het 

taalexperiment; (iii) het aantal dimensies van de reeks: één-dimensionaal in het visuele 

experiment en het taalexperiment, twee-dimensionaal in het visuospatiële experiment. 

Echter, ook tussen de experimenten waarin één van bovengenoemde factoren gelijk was 

werden geen correlaties gevonden. 

Kort samengevat: voor 8 maanden oude baby’s zijn er geen duidelijke indicaties voor 

sequentieel leren gevonden, noch in het visuospatiële domein, noch in het taaldomein. 

Bij volwassenen werd sequentieel leren aangetoond in elk van de drie geteste domeinen. 

Onverwachte resultaten werden echter verkregen in het visuospatiële experiment voor 

TP overgangen tijdens de familiarisatiefase, en in het taalexperiment werden in de 

testfase geen verschillen gevonden tussen de verschillende TP waarden. Er werden geen 

correlaties gevonden tussen de resultaten van de verschillende experimenten, noch voor 

de baby’s, noch voor de volwassenen. Er is op basis van de verkregen resultaten geen 

uitsluitsel te geven over de onderzoeksvraag of sequentieel leren gebaseerd is op één 

domeinonafhankelijk leermechanisme. 

ONDERZOEKSVRAAG 2: IS SEQUENTIEEL LEREN AANGEDAAN IN 

ONTWIKKELINGSDYSLEXIE? 

Ondersteuning voor een domeinonafhankelijk leermechanisme zou behalve door 

correlaties tussen domeinen ook verkregen kunnen worden door een stoornis die (mede) 

veroorzaakt wordt door een beperkt vermogen van zo’n algemeen leermechanisme. De 

tweede onderzoekvraag van dit proefschrift is of dyslexie een dergelijke stoornis is. Als 

sequentieel leren domeinonafhankelijk èn aangedaan is in dyslexie, dan zouden 

deelnemers met (een risico op) dyslexie in alle geteste domeinen minder goed moeten 

presteren dan de deelnemers zonder dyslexie. Dyslexie is een ontwikkelingsstoornis, en 

daarom is het belangrijk dat niet alleen volwassenen, maar juist ook baby’s met een 

familiair risico op dyslexie onderzocht worden. Deze baby’s vormen een heterogene 

groep: ongeveer 45% van hen ontwikkelt lees- en spellingsproblemen. Door deze 

heterogeniteit moeten resultaten van risicokinderen wel met zorg geïnterpreteerd 
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worden: ze kunnen niet zonder meer geëxtrapoleerd worden naar dyslexie in zijn 

algemeenheid. Sequentieel leren is zowel bij 8 maanden oude baby’s met een familiair 

risico op dyslexie getest (Hoofdstuk 4) als bij volwassenen met dyslexie (Hoofdstuk 6) 

in dezelfde experimenten als baby’s en volwassenen zonder (risico op) dyslexie.  

De samengenomen resultaten van risico- en controlebaby’s (Hoofdstuk 4) leverden 

in het taalexperiment geen indicaties op voor sequentieel leren. Eenzelfde resultaat werd 

gevonden voor de controlebaby’s in de Hoofdstukken 2 en 3. In het visuospatiële 

experiment werden voor de risicobaby’s kortere reactietijden gevonden voor TP33 dan 

voor TP100 overgangen, terwijl zo’n verschil niet werd gevonden bij de controlebaby’s. 

Om twee redenen was dit een onverwacht resultaat: (i) de verwachting was dat 

risicobaby’s juist minder gevoelig zouden zijn voor TP dan controlebaby’s en (ii) omdat 

TP100 overgangen beter voorspelbaar zijn dan TP33 overgangen werden juist kortere 

reactietijden verwacht voor de TP100 overgangen. Over de reden voor deze bevindingen 

kan alleen gespeculeerd worden: misschien zijn risicobaby’s wel gevoeliger voor 

verschillen in TP waarden, of misschien is het sequentieel leren bij risicobaby’s 

vertraagd. In dat laatste geval zouden controlebaby’s eenzelfde TP-gevoeligheid moeten 

laten zien op jongere leeftijd. Voor controlebaby’s van 8 maanden zouden alle 

overgangen dan even complex en/of even interessant zijn geworden. De kortere 

reactietijden voor TP33 overgangen kunnen veroorzaakt zijn door een complex 

samenspel van sequentieel leren en visuele aandacht. Dit werd ook als verklaring 

voorgesteld voor de bevinding bij de volwassenen dat reactietijden voor TP50 

overgangen korter waren dan voor zowel TP33 als TP100 overgangen (Hoofdstukken 5 

en 6). Voordat er definitieve conclusies kunnen worden getrokken zouden de resultaten 

eerst gerepliceerd moeten worden. Er werden in het visuospatiële experiment geen 

andere verschillen gevonden tussen de twee groepen baby’s. 

Een ander opvallend resultaat in het visuospatiële experiment was het 

nieuwheidseffect dat gevonden werd in de samengenomen testresultaten van de risico- 

en controlebaby’s. Zo’n nieuwheidseffect was ook gevonden voor de controlebaby’s in 

Hoofdstuk 2, maar in Hoofdstuk 3, waarin de volgorde van de experimenten onderzocht 

werd en de data van beide volgorden samengenomen waren, was dat effect afwezig. Ook 

al werd er geen effect van volgorde gevonden, het is wel opmerkelijk dat er wel een 

nieuwheidseffect optrad toen het visuospatiële experiment als eerste werd aangeboden 

(Hoofdstukken 2 en 4), maar niet toen het visuospatiële experiment als tweede werd 

uitgevoerd (Hoofdstuk 3). Deze bevindingen suggereren dat een tweede sequentieel-

leerexperiment in één sessie wellicht niet de ideale testsituatie is voor 8 maanden oude 

baby’s. Als tijd en geld het toestaan lijkt het raadzaam te zijn om in de toekomst niet 
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meer dan één experiment per sessie uit te voeren. Samenvattend kan gezegd worden dat 

de huidige experimenten net als bij de controlebaby’s ook voor de risicobaby’s geen 

onomstotelijk, ondubbelzinnig bewijs leveren voor sequentieel leren, noch in het 

taaldomein, noch in het visuospatiële domein. 

In de visuospatiële en visuele experimenten met volwassenen werden geen 

verschillen gevonden tussen deelnemers met en zonder dyslexie. De volwassenen met 

dyslexie hadden wel iets meer moeite met het sequentieel leren in het taalexperiment. 

Tijdens de familiarisatiefase namen de reactietijden voor deelnemers met dyslexie 

minder snel af dan voor mensen zonder dyslexie. Daarnaast bleven de resultaten in de 

testfase voor de TP100 trials voor de deelnemers met dyslexie op kansniveau, terwijl die 

voor de deelnemers zonder dyslexie significant hoger waren dan kans. Het lijkt er dus op 

dat sequentieel leren in het taaldomein enigszins aangedaan is bij volwassenen met 

dyslexie. Het exacte verband tussen sequentieel leren in het taaldomein en de lees- en 

spellingsproblemen van dyslexie, en het verband tussen sequentieel leren in het 

taaldomein en andere risicofactoren voor dyslexie moeten opgehelderd worden. Dit geldt 

ook voor de fase in de ontwikkeling waarop het sequentieel leren in het taaldomein een 

rol zou spelen in de ontwikkeling van dyslexie. 

Net als de resultaten van de risicobaby’s geven ook de resultaten van de 

experimenten met volwassenen met dyslexie geen eenduidig antwoord op de vraag of er 

sprake is van een domeinonafhankelijk sequentieel leermechanisme. Immers, bij de 

volwassenen werd alleen een enigszins gereduceerd vermogen tot sequentieel leren 

aangetoond in het taalexperiment. Bovendien werden er geen correlaties gevonden 

tussen de verschillende domeinen, ondanks het feit dat sequentieel leren in elk van de 

drie domeinen was aangetoond en ondanks een vergroot statistisch 

onderscheidingsvermogen door het samennemen van de groepen deelnemers met en 

zonder dyslexie. 

Samenvattend kan gesteld worden dat de resultaten van mijn experimenten geen 

bewijs aandragen voor een algemeen sequentieel-leertekort in dyslexie. Er werden een 

paar verschillen tussen deelnemers met en zonder (risico op) dyslexie in sequentieel 

leren gevonden, maar niet in alle domeinen. Risicobaby’s bleken onderscheid te maken 

tussen TP100 en TP33 overgangen tijdens de familiarisatiefase van het visuospatiële 

experiment, met kortere reactietijden voor de TP33 overgangen. Zowel de richting van 

dit effect als het ontbreken van een dergelijk effect in controlebaby’s waren onverwacht, 

en toekomstige experimenten zijn nodig om de resultaten goed te kunnen interpreteren. 

Volwassenen met dyslexie vertoonden een lichte beperking in het sequentieel leren in 
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het taalexperiment, maar er was geen verschil met volwassenen zonder dyslexie in het 

visuospatiële en visuele experiment. Er is geen ondersteuning gevonden voor een 

algemeen sequentieel-leertekort in dyslexie, en aangezien er geen significante correlaties 

tussen domeinen zijn gevonden, is er ook geen ondersteuning verkregen voor een 

domeinonafhankelijk sequentieel leermechanisme.  

CONCLUSIES 

In dit proefschrift is op twee manieren onderzocht of sequentieel leren een 

domeinonafhankelijk leermechanisme is. Allereerst is gekeken of de resultaten van de 

verschillende sequentieel-leerexperimenten met elkaar correleerden. De uitkomsten van 

de experimenten met 8 maanden oude baby’s en met volwassenen lieten echter in geen 

van beide leeftijdsgroepen significante correlaties zien tussen de onderzochte domeinen. 

Dit kan duiden op domeinspecifieke sequentieel leermechanismen of domeinspecifieke 

invloeden op sequentieel leren, maar andere verklaringen zijn ook mogelijk, waardoor er 

geen eenduidige conclusie kan worden getrokken over de domeinonafhankelijkheid van 

sequentieel leren. Ten tweede is bekeken of sequentieel leren is aangedaan bij mensen 

met dyslexie. Zowel de resultaten van de experimenten met 8 maanden oude 

risicobaby’s als die met volwassenen met dyslexie vertoonden een gemengd beeld. Bij 

de risicobaby’s werden mogelijk aanwijzingen gevonden voor sequentieel leren in het 

visuospatiële domein. Deze resultaten waren onverwacht, omdat er geen sequentieel 

leren gevonden werd bij de controlebaby’s, en omdat er kortere reactietijden gevonden 

werden voor de minder goed voorspelbare TP33 overgangen dan voor de goed 

voorspelbare TP100 overgangen. Meer onderzoek is nodig om deze bevindingen op 

waarde te kunnen toetsen. Bij de volwassenen met dyslexie werden in het visuele en 

visuospatiële experiment geen duidelijke verschillen gevonden tussen de deelnemers met 

en zonder dyslexie. De iets zwakkere resultaten in het taalexperiment kunnen duiden op 

een lichte beperking in sequentieel leren in het taaldomein bij volwassenen met dyslexie. 
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