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PROLOGUE
Imagine you walk into an informal work-related gathering. You arrive alone and at first
you feel a little insecure about how to behave and who to talk to. But luckily you soon
spot a close colleague who just returned from a vacation. You walk towards him, give
him a big hug and comfortably start asking questions about his holiday; who he went
with, what the food and weather was like. You respond to him with joy and interest,
bringing up personal anecdotes from your own holiday adventures. An hour later you
run into your big boss, the one that you don’t see too often. She greets you and you step
forward to shake her hand briefly, after which you take a step back again. You answer her
questions about a current project formally, avoiding the expression any personal feelings
you may have about the project. You happen to know that she also just returned from a
vacation, but it doesn’t feel right to inquire about this. Zooming out of this situation, it
seems that socially you did very well at this party. But how did you develop this social
behavior? Did you consciously decide to hug him, but only to shake hands with her?
And how did you learn to ask personal questions of a friend but not of your boss? You
probably learned much of this automatically or ‘implicitly’, and you may not have been
aware of many crucial aspects of your behavior, such as not standing too close to your
boss.
Given the potentially critical role of implicit learning in social and cognitive development,
the aim of the present thesis is to investigate implicit learning, using behavioral and
electrophysiological measures, in two neurodevelopmental disorders characterized by a
deficit in communication skills: autism and Specific Language Impairment. The findings
will advance our understanding of the underlying mechanisms in the development of
these disorders, which may inform more effective diagnosis and intervention. Before
discussing implicit learning in relation to these disorders, the following sections will
first address the concepts of implicit and explicit learning, and issues related to the
measurement and the ontogenetic trajectory of implicit learning.
1.1 THE IMPLICIT LEARNING CONCEPT
We have all learned an impressive set of skills without parental guidance or an explicit
intention to do so, from the grammar rules of our native language to the use of complex
social skills (e.g., Perruchet, 2008) and we are especially good at this when we are young.
This fundamental learning phenomenon is called ‘implicit learning’, and is believed to
be distinctively different from ‘explicit learning’. Although widely studied in a variety
of research fields, there is no full consensus on the definition of implicit learning. The
pioneer of implicit learning research, Arthur Reber, defined implicit learning as “the
11
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process by which knowledge about the rule-governed complexities of the stimulus
environment are acquired independently of conscious attempts to do so” (A. S. Reber,
1989). Researchers have since adapted the definition, emphasizing concepts as incidental
vs. intentional and automatic vs. controlled rather than consciousness (see Frensch,
1998). As many definitions are currently available (e.g., Frensch & Rünger, 2003) it is
important to first set out the terminology used in the current thesis.
Definitions of implicit learning show overlap on two aspects, namely: (1) that learning
occurs without the intention to learn, and; (2) the resulting product is (relatively)
inaccessible by conscious awareness (Abrahamse, Jiménez, Verwey, & Clegg, 2010). For
example, young children learn grammar rules of their native language without any intent
or desire to do so, and can apply them without being able to explain how exactly they
work. Although the two aspects of incidental learning (process) and knowledge outside
awareness (products) are related, they do not always necessarily co-occur. Someone who
has no intention to learn, can nevertheless become aware of what has been learned.
Conversely, someone may have the intention to learn, but they may not become fully
aware of what has been learned. Most authors therefore use the term incidental learning
to refer to unintentional learning regardless of learning outcome (e.g., Abrahamse et
al., 2010; Haider & Frensch, 2005; Miyawaki, Sato, Yasuda, Kumano, & Kuboki,
2005), although some authors define it as unintentional learning that leads to conscious
knowledge (e.g., Kihlstrom, Dorfman, & Park, 2007).
Figure 1 shows how these definitions lead to an overarching skill learning process
during childhood that is driven by: (1) implicit learning, which includes both incidental
learning and an unconscious product and (2) explicit learning, which includes both
intentional learning and a conscious product. For the current thesis, the terms ‘procedural
learning’ and ‘implicit learning’ are used synonymously, as are ‘declarative learning’ and
‘explicit learning’. This is common in the literature, although it should be noted that
some authors view procedural learning more broadly as learning about series of events,
including both non-declarative and declarative learning systems (Song, 2009). Another
important note is that this division of learning into different systems or mechanisms is
to a certain extent artificial and should be regarded as a helpful tool for research, rather
than a ‘truth’. As will be discussed below, these systems and subsystems show complex
interactions. A final remark is that Figure 1 specifically represents skill learning during
childhood, as this is my main area of interest. However, it is likely that, for adolescents
and older, skill learning relies more on explicit learning (e.g., Janacsek, Fiser, & Németh,
2012), in which case the figure should be adjusted accordingly, with a larger arrow
pointing towards explicit learning.
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Figure 1.
Schematic representation of implicit learning during typical development (childhood) and related
concepts as used in the current dissertation, with skill learning divided into a strong implicit learning
aspect (left) consisting of incidental learning and implicit knowledge, and a weaker explicit learning
aspect (right) consisting of intentional learning and explicit knowledge. The arrows represent underlying
relations, with the thickness of the arrows reflecting the strength of the relations.

1.2 IMPLICIT VERSUS EXPLICIT LEARNING
Historically, an important foundation for claiming a separate implicit and explicit memory
system can be found in the reports from patient H.M. who seemed to be unable to form
new long term memories after brain damage, whilst other cognitive functions seemed to be
intact (Scoville & Milner, 1957). Interestingly, although H.M. was unable to intentionally
remember information, he performed surprisingly well on a motor skill learning task
(Corkin, 1968). Around the same time, other researchers started to describe the surprising
ability of healthy people to learn regularities without awareness (as described in P. J. Reber,
2013). As this line of research developed, most researchers supported the idea of separate
conscious and unconscious learning systems, and showed that these types of learning
could be functionally dissociated on tasks (e.g., Destrebecqz & Cleeremans, 2001; Haider
& Frensch, 2005; but also see Berry, Shanks, & Henson, 2008). Furthermore, implicit
and explicit learning were found to be differentially impacted by factors such as age and
intelligence, with implicit learning abilities believed to be relatively independent of these
factors, whereas explicit learning is not (e.g., A.S. Reber, 1993; Verneau, van der Kamp,
Savelsbergh, & de Looze, 2014; but also see Janacsek et al., 2012).
Empirical evidence for the implicit/explicit learning dissociation has also been found
at a neurobiological level (e.g., Fletcher et al., 2005; Squire, 2004). Explicit learning
relies mainly on the Medial Temporal Lobe (MTL) the brain area that was damaged in
H.M. The MTL memory system includes the hippocampus and surrounding cortical
13
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areas, and has connections to other brain areas such as the prefrontal cortex (as reviewed
by Reber, 2013). Implicit learning is subserved by more widespread brain networks
based on the experience at hand (Reber, 2013). More specifically, implicit skill learning
involves the adjusting of perceptual-motor systems, thus including the cerebellum and
basal ganglia (Janacsek et al., 2012; Krishnan, Watkins, & Bishop, 2016). However, the
neural substrates of these learning systems may be overlapping, particularly with regards
to the role of the hippocampus (e.g., Hannula & Greene, 2012) and have found to be
interacting (e.g., Destrebecqz et al., 2005).
1.3 GENERAL CONCERNS WHEN INVESTIGATING IMPLICIT LEARNING
In accordance with the definition, implicit learning research should take into account
both the intentionality of the process and awareness of the product. Experimentally,
incidental (unintentional) learning is usually assumed when instructions are given
that provide no information about the to-be-learned task characteristics. For example,
participants are often asked to respond as quickly as possible to a stimulus, but are
not informed about a regularity underlying the presentation of the stimuli. Incidental
learning has occurred when the participant learns this regularity, despite not being
instructed to do so. However, even without an instruction to learn, a participant can
have the (intrinsic) intention to learn (e.g., DeKeyser, 2008).
The second aspect states that the learner should have no conscious awareness of the end
product, which presents a major challenge for implicit learning research: it demands a
measure of conscious awareness. The most simple solution would be to ask the participant
to verbally report any knowledge, and this is indeed often applied in the form of a
verbal interview at the end of the learning task. However, this subjective method may
not be very accurate, as participants may under-report due to anxiety. Conversely, the
mere action of asking participants to report on any learned knowledge could trigger an
active search, leading to awareness that was not there before. Additionally, awareness
may have been present during but not after performing the task. More objective
measures are available, with almost all of them involving post-experimental tasks in
which the participant is asked to make decisions about certain stimuli. Although some
of these tasks are ingeniously designed, they all entail methodological problems related
to measuring awareness at a different time point and with a different method than
measuring task performance (see Shanks & John, 1994). Furthermore, findings from
these tests show that a substantial number of participants do gain awareness (Haider &
Rose, 2007), suggesting the learning tasks fail to evoke pure implicit learning at least in
some participants. Usually the participants who show awareness are excluded from data
analyses. However, the absence or presence of awareness can be a topic of interest in
14

itself, for example as a reflection of altered learning mechanisms in clinical populations
as we will discuss later.
1.4 THE SERIAL REACTION TIME TASK
One of the most commonly used paradigms to investigate implicit learning is the Serial
Reaction Time (SRT) task (Nissen & Bullemer, 1987; see Figure 2 for an example of
an SRT task). During this task participants are asked to respond as fast as possible to
stimuli appearing at one of usually four locations on a computer screen by pressing a
corresponding button. Unknown to the participants, the order of the stimuli follow a
certain sequence. Usually, the participants become faster in responding to the stimuli
during the task due to anticipation, but they are often unable to verbally describe the
sequence. This is taken as implicit learning: there was no instruction to learn (intention)
and no (verbally expressed) awareness of what had been learned, yet there is evidence of
learning in the form of faster response times (RTs). Many SRT tasks also include random
stimuli within the sequences, or blocks of random stimuli. Higher RTs for these random
stimuli compared to those for the sequenced stimuli proves sequence-specific learning,
rather than general motor practice. The random stimuli give the sequence a probabilistic
character, as the next stimulus can only be predicted with a certain probability. It has
been argued that the use of probabilistic sequences decreases participants’ awareness
because of increased task complexity (Jiménez, Méndez, & Cleeremans, 1996).
arrow 2
arrow 1
arrow 3
arrow 4
arrow 3
arrow 2
arrow 4
arrow 1

Figure 2.
Serial Reaction Time task: the participant was asked to respond to the direction of the arrow, which –
unknown to the participant – followed a repeating 8-element sequence (e.g., 2-1-3-4-3-2-4-1). (copyright:
Autism: Too eager to learn? Event related potential findings of increased dependency on intentional learning
in a serial reaction time task, F. S. Zwart, C. Th. Vissers, R. Van der Meij, R. P. Kessels, & J. H. Maes,
Autism Research, 10 Copyright © [2017] INSAR/Wiley Periodicals, Inc.)
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The methodological challenge of measuring conscious awareness on the SRT task (and
any other implicit learning task) could potentially be solved by a method based on
RTs as this would bridge the gaps in time and methods between task performance
and awareness measures. An RT-based method has been developed and applied to a
different implicit learning paradigm and to strongly adjusted versions of the SRT task
by Haider and colleagues (e.g., Haider, Eichler, & Lange, 2011; Haider & Rose, 2007).
Their findings suggest that awareness or insight in task regularities is accompanied by
a distinctive drop in RTs and that there is a strong correlation between this RT drop
and the ability to verbally report task regularities (e.g., Rose, Haider, & Büchel, 2010;
Wessel, Haider, & Rose, 2012). Although a RT drop on the classic SRT task may be less
time specific and harder to detect, the authors acknowledge that a RT-based method for
the SRT task would be very interesting, as the task is better suited for certain research
questions (Haider & Rose, 2007).
Another potentially interesting tool to investigate awareness on the SRT task are EventRelated Potentials (ERPs). ERPs have been studied to assess both the intention to
learn and implicit knowledge on the SRT task (e.g., Eimer, Goschke, Schlaghecken, &
Stürmer, 1996; Miyawaki et al., 2005; Rüsseler & Rösler, 2000). Usually, an enhanced
negativity (N2b), followed by an enhanced positivity (P3), is found for random
compared to sequenced trials (see Figure 3 for an example). An N2b is thought to reflect
a more simple mismatch detection, whereas the later P3 is associated with the updating
of working memory (Patel & Azzam, 2005). In the context of the SRT task, it has been
suggested that the early N2b is associated with an incidental learning system, whereas
the P3 component is related to a controlled or intentional way of learning (Ferdinand,
Mecklinger, & Kray, 2008; Fu, Bin, Dienes, Fu, & Gao, 2013; Jost, Conway, Purdy, &
Hendricks, 2011; but also see Miyawaki et al., 2005; Rüsseler & Rösler, 2000).
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Figure 3.
An EEG administration (left) and an example of an N2b and a P3 component during learning on an SRT
task, with the red line reflecting random trials and the blue line reflecting sequenced trials.
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1.5 IMPLICIT LEARNING DURING TYPICAL DEVELOPMENT
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Despite the consensus on the important role of implicit learning during development,
the changes in implicit learning capacity across the lifespan are less clear. Currently, three
dominant models exist that intend to explain this trajectory (see Figure 4 for a schematic
representation of these models). In 1993, Reber proposed the first model based on the
association of implicit learning with evolutionarily old brain regions, such as the basal
ganglia, which mature relatively early in life. The original model therefore states that
implicit learning is invariant over life; it develops early and remains intact across the
lifespan (A. S. Reber, 1993). This model is supported by study findings of young infants
showing adult-like implicit learning abilities (e.g., Saffran, Aslin, & Newport, 1996)
and by studies finding no implicit learning differences between children and adults (e.g.,
Meulemans, Van der Linden, & Perruchet, 1998).
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Figure 4.
Schematic representation of developmental models of procedural learning, with Model1 (left) showing
an age-invariant development, the Model 2a (center) showing a peak in young adulthood, and Model 2b
(right) showing a plateau in childhood followed by a decline from early adolescence. (copyright: Zwart,
F.S., Vissers, C. Th., Kessels, R. P., & Maes, J. H. (in press). Procedural learning across the lifespan: A
systematic review with implications for atypical development, Journal of Neuropsychology. Copyright ©
[2017] INSAR/Wiley Periodicals, Inc.)

Two more recently developed models disagree with Reber’s view and argue that implicit
learning does vary as a function of age. Model ‘2a’ states that implicit learning ability
follows an inverted U-shape trajectory, similar to that observed for other cognitive
functions, including explicit learning. This model links implicit learning to frontostriatal
regions that are known to develop well into adolescence (e.g., Thomas et al., 2004), and
is supported by evidence of superior implicit learning performance in young adults
compared to children and elderly (e.g., Lukács & Kemény, 2015). Model ‘2b’ supposes
that there is a critical period for implicit learning between birth and adolescence and
is based on the idea that we increasingly come to rely on top-down processes to learn.
Such reliance is assumed to be suboptimal for performing (true) implicit learning tasks.
17
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Moreover, the top-down processes become less functional during ageing (Janacsek et al.,
2012). Although the three models would lead to different predictions when studying the
ontogeny of implicit learning, no direct comparison for the empirical evidence for these
three models has yet been made.
1.6 IMPLICIT LEARNING DURING ATYPICAL DEVELOPMENT: ASD AND SLI
Given the importance of implicit learning in the development of social communication
skills and language, it is not surprising that this type of learning has been studied
extensively in two neurodevelopmental disorders characterized by deficits in these areas,
namely, Autism Spectrum Disorder (ASD) and Specific Language Impairment (SLI;
for a meta-analysis on implicit learning in ASD and SLI see Obeid, Brooks, Powers,
Gillespie-Lynch, & Lum, 2016). One of the core symptoms of ASD are deficits in
social communication skills (American Psychiatric Association, 2013), but deficits in
motor skills and language are also common (e.g., Minshew, Goldstein, & Siegel, 1997).
Similarly, although SLI is mainly characterized by severe language deficits in absence
of medical or intellectual deficits (e.g., Bishop, 1992; Tomblin et al., 1997), impaired
social communication and motor skills have also been reported (e.g., Hill, 2001).
Given the overlap in neuropsychological profiles of ASD and SLI, it raises the question
whether one underlying learning mechanism could account for the development of
both disorders.
The SRT task is a popular paradigm for studying implicit learning in ASD and SLI, but
findings are mixed (for meta-analyses see Foti, De Crescenzo, Vivanti, Menghini, &
Vicari, 2015; Lum, Conti-Ramsden, Morgan, & Ullman, 2014; Obeid et al., 2016). In
ASD, the majority of SRT task studies have shown intact implicit learning performance
(Foti et al., 2015; Obeid et al., 2016), but several studies find evidence for (subtle)
impairments (e.g., Gordon & Stark, 2007; Mostofsky, Goldberg, Landa, & Denckla,
2000; Sharer, Mostofsky, Pascual‐Leone, & Oberman, 2016). In contrast, most SRT
task studies in SLI suggest a deficit in implicit learning (Lum et al., 2014; Obeid et al.,
2016), with the exception of a several studies finding intact performance (e.g., Gabriel,
Maillart, Guillaume, Stefaniak, & Meulemans, 2011; Lum & Bleses, 2012). Overall,
then, the evidence is suggestive of intact implicit learning in ASD and impaired implicit
learning in SLI, but the findings are inconsistent.
Potentially contributing to these inconsistent findings is a hypothesized stronger
dependency on explicit learning strategies in neurodevelopmental disorders such as
ASD and SLI, compared to typical development (e.g., Ullman & Pullman, 2015). For
both ASD and SLI, it has been proposed that an over-reliance on explicit strategies
18

serves as a compensatory mechanism for an implicit learning deficit (Klinger, Klinger,
& Pohlig, 2007; Lum et al., 2014). However, it is difficult to answer the question of
how explicit learning may affect task performance in ASD and SLI as it is unclear
whether explicit learning is intact in these disorders (e.g., Hsu & Bishop, 2010; IzadiNajafabadi, Mirzakhani-Araghi, Miri-Lavasani, Nejati, & Pashazadeh-Azari, 2015)
and study outcomes may vary depending on the cognitive demands of the task (e.g.,
Howard & Howard, 2001). An over-reliance on explicit learning in SLI is supported
by findings that grammar abilities are related to implicit learning on the SRT task in
typically developing children but to explicit verbal learning in SLI children (Lum &
Bleses, 2012). Not much is known yet about how learning on the SRT task is associated
with social skills in ASD, with only one study showing no correlation with a social
impairment questionnaire (Travers, Klinger, Mussey, & Klinger, 2010).
1.7 THE OUTLINE OF THIS THESIS
The aim of the present thesis is to further investigate the role of implicit learning in
two neurodevelopmental disorders characterized by deficits in communication skills:
autism and Specific Language Impairment, by using behavioral and electrophysiological
measures on an SRT task.
In chapter 2, the RT-based method to assess awareness is investigated on a SRT task.
This RT drop method could potentially overcome the major methodological challenge
of measuring awareness in implicit learning research. Furthermore, the RT drop measure
could be particularly valuable for research on disorders characterized by communication
difficulties such as ASD and SLI, as it does not draw on verbal abilities.
Chapter 3 provides a systematic literature review on how implicit learning changes across
the lifespan in typical development and in the atypical development of ASD and SLI. The
aims of the review are: 1) to investigate the debate on the three developmental models
by reviewing SRT task studies in typical development, 2) to study implicit learning
in ASD and SLI in consideration of these models. The findings could elucidate how
implicit learning varies as a function of age, and what this means for the interpretation
of findings in ASD and SLI.
Chapter 4 includes an EEG-study investigating learning on the SRT task in autistic
and TD adults, with a focus on the role of explicit learning on this task. The SRT task
therefore includes two conditions: one using a probabilistic sequence and hence evoking
mainly implicit learning, and one using a deterministic sequence which allows for the
use of explicit learning. In addition to conventional measures of learning, RT drop
19
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and ERP measures of explicit learning are investigated. The results of this study could
enhance our understanding of learning strategies applied by autistic adults when faced
with a sequential learning situation.
Chapter 5 describes a similar EEG-study aimed at investigating implicit learning and
the role of explicit learning in typically developing children, autistic children and SLI
children. A similar SRT task with a probabilistic and a deterministic condition is used,
and conventional learning outcomes, as well as RT drops and ERPs, are investigated. The
findings of this study could advance our understanding of the underlying mechanisms
of ASD and SLI, and eventually enhance clinical assessment and treatment.
In chapter 6, the association between learning on the SRT task and social impairments
characterizing ASD is investigated. Although this association is always assumed in SRT
task research in ASD, it has rarely been investigated. The outcome of this study could
clarify whether the assumption of an association between learning on the SRT task and
social learning is indeed justified, or rather presumptuous.
Chapter 7 provides a general discussion on these findings about the role of implicit
learning in ASD and SLI. Clinical implications and direction for future research are
discussed.
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Chapter 2
Aware or not aware?
An investigation into a response-time-based method
to assess awareness in a Serial Reaction Time task.

This chapter is based on:
Zwart, F. S., Maes, J. H., Vissers, C. Th., & Kessels, R. P. (manuscript under review). Aware or not aware?
An investigation into a response-time-based method to assess awareness in a Serial Reaction Time task.

Chapter 2

ABSTRACT
A methodological challenge in implicit learning research is how to measure awareness.
One solution is to decrease the gap between measures of ongoing task performance and
measures of awareness. This study investigated awareness in a Serial Reaction Time task
by analyzing response time (RT) drops, which have been found to reliably characterize
awareness in other tasks. The present task consisted of a probabilistic part, in which
awareness was expected to be low, and a deterministic part, in which awareness was
expected to be high. Only the participants who were able to verbalize at least half of the
learned sequence showed earlier and more RT drops in the deterministic compared to
the probabilistic part. Furthermore, a strong positive correlation was found between RT
drops and ability to verbalize. These findings support previous findings of RT drops as
a reliable indicator of awareness. Future research could answer several methodological
questions in order to increase the reliability and applicability of the method. In
conclusion, the RT drop method is strongly related to verbal reports of awareness,
and a promising method to establish awareness without relying on post-experimental
tests. This could be particularly valuable for studying implicit learning and awareness in
populations with communication difficulties, such as Autism Spectrum Disorder.
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An RT method to investigate awareness

Implicit learning refers to learning that proceeds both unintentionally and unconsciously
(Perruchet, 2008; Reber, 1967; David R. Shanks, Lamberts, & Goldstone, 2005) and
is held to be crucial for the development of important skills, such as language, social
skills and motor skills (Perruchet, 2008). Implicit learning research covers a large field,
and includes the development of implicit learning (e.g., Janacsek, Fiser, & Németh,
2012) and its potential role in altered skill learning in developmental disorders (e.g., in
Autism Spectrum Disorders (ASD; Brown, Aczel, Jiménez, Kaufman, & Grant, 2010;
Németh et al., 2010). Implicit learning is not easy to study because, in order to draw
any conclusions, it should be ensured that the learning really occurred in an unconscious
manner, without the risk of contamination by explicit knowledge.
One common and much investigated form of implicit learning is learning from
environmental regularities or sequences (Amso & Davidow, 2012). The most popular
task to investigate this implicit sequence learning is the Serial Reaction Time (SRT) task
that was originally developed by Nissen and Bullemer in 1987 (Nissen & Bullemer,
1987). In this task, a visual stimulus appears in one of several (typically four) locations
on a computer screen. Participants respond to the stimulus by pressing a button
corresponding to its location. Unknown to the participants, the location of the stimulus
follows a sequence that is repeated during the experiment. Originally, the task was
deterministic in nature, meaning that the stimulus always follows the sequence. Although
the participants are not informed about this sequence, their response times (RTs) to
the stimuli decrease. This is taken as a measure of implicit learning. However, this
interpretation has been criticized because this decrease can also be explained by simple
visuo-motor association learning rather than learning the sequence (e.g., Robertson,
2007). In the Alternating SRT task, ‘deviant’ stimuli (i.e., stimuli that do not follow
the sequence) are inserted in the sequence, giving the task a probabilistic nature. This
makes it possible to contrast RTs for deviant trials against standard trials. Learning is
then confirmed as a difference in RT between these trial types, usually mainly driven
by a decrease in RTs for standard trials, although sometimes driven by an increase in
RTs for deviant trials (e.g., Lungu, Wächter, Liu, Willingham, & Ashe, 2004). The
probabilistic nature of the task also increases task complexity, which makes it harder for
the participant to become consciously aware of the sequence (Cleeremans & Jiménez,
1998; Norman, Price, Duff, & Mentzoni, 2007).
Although learning itself is relatively easy to quantify in the SRT task, the absence of
awareness as proof of the implicit nature of the learning is much harder to ensure.
Hence, the percentage of participants who do not show awareness on the SRT task
is largely dependent on the specific test that is used to measure this awareness (David
25
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R. Shanks et al., 2005). Traditionally, awareness is assessed after the experiment by an
interview (verbal report) in which the participant is asked about his/her knowledge, or
by a recall or recognition test. Findings show that 10% to 70% of the participants are
able to verbally describe their knowledge of regularities used in implicit learning tasks
when asked to do so (Haider & Rose, 2007), after which they are usually excluded
from analyses. Thus, despite the SRT task being designed to evoke and measure implicit
learning, for a substantial part of its participants the learning does not seem to be purely
implicit.
Another problem with implicit learning tasks is that the post-experimental paradigms
used to assess awareness might not be sensitive enough to uncover any potential conscious
knowledge, which could mean that the actual awareness on the SRT task is even higher
than assumed based on such tests. This relative insensitivity could be due to a difference
in nature of the dependent measure used during learning (e.g., RTs) and testing (e.g.,
verbal reports) and/or a delay between task performance and the awareness tests (David
R Shanks & John, 1994). Moreover, the tests might not be exhaustive enough as the
participant might not be willing to express the knowledge, for example due to anxiety
(David R Shanks & John, 1994; Snodgrass, 2004).
The obvious solution to overcome these problems is to measure awareness during task
performance. Haider and colleagues have proposed a method to assess this emergence
of awareness during several implicit learning tasks (Haider, Eichler, & Lange, 2011;
Haider, Frensch, & Joram, 2005; Haider & Rose, 2007; Rose, Haider, & Büchel, 2010;
Wessel, Haider, & Rose, 2012). In a series of studies, the authors showed that awareness
or insight in the task regularities are accompanied by a characteristic steep drop in RTs
and that this RT drop correlates well with the ability to verbally report the regularities.
In most of their studies, the authors have used the Number Reduction Task (NRT). In
this task, the participant has to apply rules to a series of numbers in order to construct
the right response. Without being informed, the responses follow a simple pattern. As
soon as the participant becomes aware of this pattern, the task is suddenly much easier
as it is no longer necessary to apply the rules to the numbers and responses become
much faster. The authors emphasize that the NRT is especially suitable for detecting a
RT drop, and that a RT drop is harder to detect and less time specific in the SRT task,
where participants usually become aware of part of the sequence and then need several
trials to figure out the whole sequence (Haider & Rose, 2007). However, the authors
point out that it is important to investigate the SRT task because the task can be better
suited for certain research questions.
In two later studies, Haider and colleagues investigated RT drops in strongly adjusted
versions of the SRT task (Haider et al., 2011; Wessel et al., 2012). In both studies a
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problem-solving element was added to the task, which leads to a different RT-pattern
than what is usually found for the classical SRT task. In their first study, the SRT task
was embedded in a Stroop color-word interference task in which the to-be-respondedto targets consisted of color words presented in the same (congruent) or a different
(incongruent) color. Participants were asked to press the button that mapped to the
color in which the word was presented. The correct response always followed a 6-element
sequence of which they were not informed. Awareness of this sequence eliminated the
Stroop effect because participants no longer had to attend the stimuli, leading to large
RT-benefits. Similarly, the study of Wessel and colleagues (2012; Wessel et al., 2012)
had a problem-solving element in which the stimuli had to be compared with 6 response
options. Once aware of the sequence in responses, participants no longer had to make
these comparisons, resulting in markedly lower RTs. Another notable feature of both
paradigms is that the regularity was present in the responses rather than in the to-beresponded-to stimuli, which contrasts with the standard SRT task in which usually both
the stimuli and responses are associated with a fixed sequence. Although the results of
both studies are very interesting to the field of implicit learning, these results may not
generalize to the more commonly used SRT paradigm because of these paradigmatic
differences. Specifically, such a large and sudden RT drop may not be present in the
standard SRT task, in which the transition between explicitly knowing and not knowing
the underlying sequence, and associated RT changes, may be less abrupt than is the case
for the other learning tasks.
The aim of the current study was to apply the method of RT drops to a classical SRT
task and to investigate how the RT drop measure of awareness relates to the usual verbal
awareness reports. Although verbal reports have been criticized as potentially being
too insensitive to detecting awareness, we reasoned that, at the very least, these reports
should be correlated with RT drops, if the latter are indeed associated with awareness.
To these ends, we compared these two methods on two task conditions: a probabilistic
part in which awareness was expected to be low, and a deterministic part in which
awareness was expected for a substantial number of the participants. We hypothesized
that the relationship between RT drops and awareness would be evident in the following
relations. A) There should be less and later RT drops in the probabilistic condition than
in the deterministic condition of the task. B) This difference should be modulated by
awareness gained in the deterministic part: we expected verbalizers to show an increase
in the number of RT drops in the deterministic relative to the probabilistic condition,
whereas non-verbalizers were not expected to show a difference between conditions. C)
There should be a positive correlation between RT drops and verbal reports of awareness.
Developing a method to assess awareness that solely relies on RTs would be free of the
methodological issues that are inherent in the verbal report measures. This could be
particularly interesting for research with patient populations for which the ability to
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verbally report conscious knowledge is likely to be weak, for example in individuals with
ASD or Specific Language Impairment.
2.2 METHODS
2.2.1 Participants
Participants were 26 healthy volunteers with no known history of any psychiatric or
major neurological disorders. Data of two participants were excluded due to a high
percentage of errors (> 10% of the trials; similar exclusion criterion as Haider’s studies,
e.g., (Haider & Frensch, 2005, 2009), leading to a final sample of 24 participants (17
women) with a mean age of 28.3 years (SD: 12.4) and a mean IQ of 106.1 (SD: 9.1; 3
missing), estimated based on 5 subtests of the Wechsler Adult Intelligence Scale (WAISIV; i.e., Information, Similarities, Digit Span, Block Design, and Picture Completion).
Data of 20 participants has also been used in a study regarding implicit learning in ASD
(Zwart, Vissers, van der Meij, Kessels, & Maes, 2017). All participants gave written
informed consent before participating. The study had been approved by the local ethical
committee and was in accordance with the guidelines of the Declaration of Helsinki.
2.2.2 Task design and procedure
The stimuli used for this SRT task consisted of an arrow pointing in one of four different
directions: 1) horizontal left, 2) diagonal left, 3) diagonal right or 4) horizontal right
(see Figure 1). The task consisted of two consecutive parts in which a sequence of arrows
was repeated.
Participants were given the instruction to respond as fast as they could to the direction of
the arrow by pressing the corresponding button on a button box. The task consisted of
a practice part (48 trials), followed by the probabilistic condition (576 trials), followed
by the deterministic condition (576 trials). Response-to-stimulus interval (RSI) was set
at 500 (ms). There were no breaks during the experiment. EEG was recorded for other
purposes.
In the first part, the direction of the arrow followed an 8-element sequence 2-1-3-4-3-24-1 (hereafter called Sequence 1). In the second part, the direction of the arrow followed
a different 8-element sequence of 4-3-1-2-1-4-2-3 (hereafter called Sequence 2). Both
sequences were second-order in nature, which means that the direction of the arrow
can be predicted by the two previous directions (for general information of the effect of
sequence structure on learning, see (Howard et al., 2004)). For example, in Sequence 1,
the pair 2-1 is consistently followed by a 3. Therefore, the structure of the sequence can
be divided into ‘triplets’ of stimuli. The first triplet of Sequence 1 is 2-1-3, followed by
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1-3-4, followed by 3-4-3 etc. Thus, each element of the sequence could be considered
as a triplet.
Chapter 2

arrow 2
arrow 1
arrow 3
arrow 4
arrow 3
arrow 2
arrow 4
arrow 1

Figure 1.
Serial Reaction Time task: the participant was asked to respond to the direction of the arrow, which –
unknown to the participant – followed a repeating 8-element sequence (e.g., 2-1-3-4-3-2-4-1)
(copyright: Autism: Too eager to learn? Event related potential findings of increased dependency on
intentional learning in a serial reaction time task, Zwart, F .S. , Vissers, C. Th., Van der Meij, R., Kessels, R.
P. & Maes, J. H. (2017) Autism Research,10 Copyright © [2017] INSAR/Wiley Periodicals, Inc.)

The two sequences were similarly constructed according to several criteria (similar
to other studies, e.g., Jiménez & Vazquez, 2005). First, each direction of the arrow
occurred twice within a sequence (frequency). There were no repetitions (i.e., 4-4).
Both sequences consisted of one ‘serial’ triplet (i.e., 4-3-2 for Sequence 1 and 2-3-4 for
Sequence 2). Furthermore, both sequences consisted of two alternating triplets (i.e.,
1-2-1 and 3-4-3 for both sequences). However, the predictability of the two sequences
differed: Sequence 1 was probabilistic by including one deviant trial (i.e., an arrow
pointing in a different direction than what would have been predicted by the sequence)
in each sequence repetition, whereas Sequence 2 was deterministic, meaning that the
stimulus always followed the sequence. The stimulus within the probabilistic sequence
that was replaced by a deviant one was semi-randomized in such a way that there was no
repetition of deviating stimulus in two sequence repetitions (i.e., if the second stimulus
within the previous sequence was replaced by a deviant, the deviating stimulus of the
current sequence could be anything but the second). The deviants were constructed
with similar constraints as the original standard stimuli, in that they could not form a
repetition with the previous or next standard stimulus (i.e., the participant never had to
respond to two same stimuli in a row), and that each direction was equally represented.
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As a result of these constraints the deviants followed their own sequence: 4-4-2-2-1-13-3. Thus, if the second element of Sequence 1 (2-1-3-4-3-2-4-1) deviated, the standard
trial ‘1’ was replaced by the deviant trial ‘4’, if the third element deviated, the standard
trial ‘3’ was replaced by the deviant trial ‘2’, etcetera.
After the experimental task, verbal reports of awareness were assessed by a postexperiment interview. This interview (in Dutch) started with the question: ‘Did you
notice anything about the computer task that you just did?. If the participant did not,
the following prompt and question were given: ‘Did you notice that there was a certain
pattern in the succession of the arrows?’. If yes, the participant was asked to describe it.
If no, the participants was told: ‘The arrows appeared in a certain sequence. Could you
guess what this sequence was?’.
2.2.3 Ratings of verbal reports
These verbal reports were rated, based on the number of consecutive elements that the
participant reported and whether or not a prompt was needed. The prompt/no prompt
distinction is important since some authors claim that only participants who are able
to verbalize the sequence without any prompts are the ones that possess conscious
knowledge (Haider & Rose, 2007). The verbal reports of the deterministic condition
were rated based on the number of consecutive elements, leading to the following scale
(‘Verbal Awareness score’): 1) 0 to 2 consecutive elements verbally recalled; 2) verbal
report of ≥ 3 elements after a prompt, 3) 3 elements recalled; 4) 4 elements recalled;
5) 5 elements recalled; 6) 6 elements recalled; 7) 7 elements recalled; 8) 8 elements
recalled (with score 3‒8 all without a prompt). A median split of these ratings showed
that half of the participants (n = 12) had a score of ≥ 4 on the awareness scale (i.e., they
deliberately recalled at least half of the sequence) and they were classified as ‘Verbalizers’.
The other half (n = 11) of the participants had a score of 1 or 2 (i.e., they could not recall
3 or more elements of the sequence deliberately) and were classified as ‘Non-Verbalizers’
(the verbal report of one participant was missing). No one obtained a score of 3.
2.2.4 RT data preparation
Extreme outliers of 3 IQR above or below the median RT for each block of 9 sequences
(72 trials) were removed for the standard trials (similar to procedures of Wessel and
colleagues; Wessel et al., 2012). For the deviant trials in the first, probabilistic condition,
extreme outliers (> or < 3 IQR) were removed over two large blocks (rather than the
8 blocks used for the standard trials) consisting of 36 deviant trials each, because the
number of deviant trials was much smaller than the number of standard trials, and
the variance in RTs was large. On average, 78 of all 1152 trials (6.8%) were identified
as outliers per participant. RTs of erroneous responses and RTs for trials following an
error were removed (similar to other studies, e.g., (Heuer, Schmidtke, & Kleinsorge,
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2001; Weiermann & Meier, 2012). An average of 38 errors (of which 18 errors in
the probabilistic condition and 20 errors in the deterministic condition; in total 3.3%
of trials) were removed per participant. In the probabilistic condition, RTs for trials
occurring after a deviant trial were removed (e.g., seeMiyawaki, Sato, Yasuda, Kumano,
& Kuboki, 2005).
2.2.5 RT block analyses
In order to confirm learning in both task conditions, we applied commonly used
analyses based on mean RTs over blocks. We used 8 blocks of 9 sequences for each
condition. For the probabilistic sequence, an ANOVA was conducted with Trial Type
(Standard vs. Deviant) and Block (1-8) as factors. Learning the probabilistic sequence
would be confirmed by a main or interaction effect concerning the Trial Type factor. For
the deterministic sequence, an ANOVA with Block (8) as single factor was conducted.
Learning the deterministic sequence would be confirmed by a main effect of Block.
Greenhouse-Geisser correction was applied where sphericity assumption was violated.
For the current paper we have focused on RTs rather than errors as the dependent
variable, because the number of errors was low and gives a similar pattern of results as
the RTs (data available upon request).
2.2.6 The detection of RT drops
To investigate if and how explicit knowledge of the sequences used in the current SRT
task occurs, we followed the procedures of previous work of Haider and colleagues
(Haider & Rose, 2007; Wessel et al., 2012). A schematic overview of the procedures is
presented in Figure 2.
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2.2.6.1 Split RTs according to element of the sequence
As illustrated in Figure 2, the first step in the RT drop analyses is to create a pseudo time
series of RTs for each element. Learning a sequential structure is a process that takes
place gradually in which elements of information rather than the sequence as a whole
are learned (Schlaghecken, StÜrmer, & Eimer, 2000).The sequences used for the current
study were split up in 8 elements or – as described above – triplets. Hence, when using
RT drop as an objective indicator of explicit knowledge in the current SRT task, there
was not one potential RT drop for the whole sequence, but rather 8 potential RT drops
for the 8 elements of each sequence. The RT data was therefore split up according to
element.
2.2.6.2 Concatenate RTs into pseudo time series
Subsequently, these RTs were concatenated according to element, resulting in 8 pseudo
time series of RT data in each condition.
2.2.6.3 Smooth RT data by applying a median filter
For each time series of RT data a median filter lag 3 was applied in order to deal with the
noise that is known for raw RT data. The advantage of applying a median filter above
other methods (such as the averaging used in the block approach described above), is
that large RT differences are still observable. Hence, a potential drop in RTs would still
be detectable in median filtered data, where it would not have been in averaged data.
The width of the lag did effect the results. We tried different lags and found lag-3 to be
most effective in dealing with noise without removing the RT drops (see Appendix for
the effect of lag median filter on results).
2.2.6.4 Create declining time series by applying a minimum filter
These smoothed time series were then made monotonically decreasing by applying a
minimum filter, in which each RT is replaced by the minimum RT of all previous RT or
by itself (following procedures of Haider & Rose, 2007). In other words, the new time
series can only decline.
2.2.6.5 Compare element x to all other elements
Subsequently, each data point of that element was compared to a combined minimum
value of the same data points in all other elements. This was done by computing a
confidence interval (CI) of the minimum value of all other elements of that time point,
by using an overall standard deviation computed over all trials (i.e.,, all trials and all
sequence repetitions) and alpha set at 0.99.
2.2.6.6 Detect RT drops
A decrease in RT was considered a RT drop if it dropped below this confidence interval
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of all other elements. In order to confirm that this was not a one-time fast response,
perhaps reflecting something else than explicit knowledge, the next two trials of that
element in the median filtered time series (i.e., the time series resulting from step
described in 2.6.2) had to be below the upper bound of the CI (computed by using
a standard deviation of the median filtered time series, alpha set at 0.99.) of that RT.
In other words, three consecutive trials of that element had to be dropped (similar to
procedures of Haider et al., 2011; Rose et al., 2010).
2.2.7 Statistical analyses RT drops
An ANOVA was conducted with Condition (i.e., probabilistic versus deterministic)
and Verbal Group (Non-Verbalizers versus Verbalizers) as within- and betweensubjects factor, respectively, and number of RT drops as dependent variable. In order
to investigate the time aspect of RT drops, a similar ANOVA was conducted with the
mean trial-number of the first three RT drops (per participant) as dependent variable.
The first three RT drops were deliberately chosen, since all participants had at least three
RT drops in both conditions.
2.3 RESULTS
Inspection of Figure 3 shows that participants responded slower to deviant trials compared
to standard trials in the probabilistic condition, and that they became faster over time in
the deterministic condition. The first observation was confirmed by an analysis of variance
(ANOVA) with Trial Type (Standard vs. Deviant) and Block (1-8) as factors, which
revealed a significant main effect of Trial Type (F(1, 23) = 84.5, p < 0.001, ƞp² = .79), with
higher RTs on deviant trials (M(SD) = 581(118) ms) compared to standard trials (M(SD)
= 513(78) ms). It also revealed a significant main effect of Block (F(3.10, 17) = 2.99, p
= .035, ƞp² = .12) which reflected an increase in overall RTs over time. An interaction
effect of Trial Type * Block at trend level was found (F(3.88, 17) = 2.33, p = .064, ƞp² =
.092). Subsequent analyses per Trial Type showed a main effect of Block for deviant trials
(F(3.60, 17) = 3.18, p = .021, ƞp² = .12). No effect of Block was found for standard trials
(F(2.72, 17) = 1.03, p = .381, ƞp² = .04). Thus, responses for deviant trials became slower,
whereas responses for standard trials did not change over time.
The second observation for the deterministic condition was also statistically confirmed.
An ANOVA with Block (1-8) as single factor, revealed a main effect of Block (F(2.69, 17)
= 10.13, p < .001, ƞp² = .31) with a linear trend (F(1, 17) = 19.35, p < .001, ƞp² = .46).
Neither IQ nor age had a significant effect on the results.
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Fig. 33.Mean RT’s (SE bars) per block for the standard and deviant trials in the probabilisc condion (le)
Figure
and the standard trials in the determinisc condion (right)
Mean RT’s (SE bars) per block for the standard and deviant trials in the probabilistic condition (left) and
the standard trials in the deterministic condition (right)

The 12 participants who were classified as Verbalizers (i.e., recalled 4 or more elements
without any prompt about the sequence) had a mean Verbal Awareness score of 5.75
(SD = 1.82), while the 11 ‘Non-Verbalizers’ had a mean Verbal Awareness score of 1.18
(SD = .41).
RT drops were found for all participants in both conditions. Visual inspection of the
individual data revealed that the RT drop patterns of the Verbalizers differed from the
pattern of the Non-Verbalizers. An illustration of the RT drop data for one representative
participant from the group of Verbalizers and Non-Verbalizers is presented in Figure 4,
although there was some variability in which not all the Verbalizers showed this typical
pattern (data of other participants are available upon request).

35

Chapter 2

Example of a Verbalizer
Probabilisc condion

Determinisc condion
1
2
3
4
5
6
7
8

Minimum RT (ms)

600
500
400
300
200

700

100
0

1
2
3
4
5
6
7
8

600

Minimum RT (ms)

700

500
400
300
200
100

10

20

30

40

50

0

60

10

Sequence repeon

20

30

40

50

60

Sequence repeon

Example of a Non-Verbalizer
Determinisc condion

Probabilisc condion
1
2
3
4
5
6
7
8

Minimum RT (ms)

600
500
400
300
200
100
0

700

1
2
3
4
5
6
7
8

600

Minimum RT (ms)

700

500
400
300
200
100

10

20

30

40

Sequence repeon

50

60

0

10

20

30

40

50

60

Sequence repeon

Figure
4.
Fig. 4 Minimum-funcons for two parcipants classified as Verbalizers (upper) and two parcipants classified as
Minimum-functions
twoeach
participants
classified
as Verbalizers
participants
classified
Non-Verbalizers (lower),for
with
line reflecng
one triplet,
and where(upper)
RT-dropsand
weretwo
found
for the doed
lines
as Non-Verbalizers (lower), with each line reflecting one triplet, and where RT-drops were found for the
dotted lines

Figure 5 illustrates how the Verbalizers and Non-Verbalizers differ in both number and
timing of RT drops (timing defined as mean trial number of the first three RT drops),
and suggests that Verbalizers show more and earlier RT drops in the deterministic
condition compared to the probabilistic condition, whereas the number and the
timing of RT drops for Non-Verbalizers do not seem to change much with condition.
These observations are confirmed by a Condition (probabilistic vs. deterministic) ×
Verbal Group (Verbalizers vs. Non-Verbalizers) ANOVA, which revealed a significant
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Condition × Verbal Group interaction for both number of RT drops (F(1, 19) = 7.19, p
= .014, ƞp² = .26) as well as the timing of RT drops (F(1, 19) = 8.17, p = .009, ƞp² = .28).
No significant main effects of Condition (number of RT drops: F(1, 21) = .87, p = .36,
ƞp² = .040; timing: F(1, 21) = 3.01, p = .097, ƞp² = .13) or Group (number of RT drops:
F(1, 21) = 3.07, p = .094, ƞp² = .13, or timing: F(1, 21) = .10, p = .75, ƞp² = .005) were
found. Neither IQ nor age had a significant effect on the results.
Subsequent t-tests with Condition as single factor were performed for each group
separately, to further examine the source of the significant interaction effect. The
Verbalizers showed a significant increase in number of RT drops from the probabilistic
condition to the deterministic condition (t(11) = 2.46, p = .032). Moreover, for
these participants, the RT drops occurred earlier in the deterministic task than in the
probabilistic condition (t(11) = 3.5, p = .005). Non-Verbalizers showed no significant
change in either number of RT drops (t(10)= -1.31, p = .22) nor in timing of RT drops
(t(10)= -.74, p = .48) across the two task conditions. Within the deterministic condition,
Verbalizers had significantly more RT drops than Non-Verbalizers (t(21)=-3.50, p =
.002), and these RT drops occurred earlier in time (t(11.6) = 2.23, p = .047). On the
other hand, no significant difference between groups was found in the probabilistic
condition, for both number of RT drops (t(21)=-.71, p = .48) and timing of RT drops
(t(21)=-1.8, p = .086).
The verbal reports of the deterministic sequence (i.e., Verbal Awareness Score; see
Methods) were positively correlated to the number of RT drops in this condition (r(22)
= 0.62, p = .002).
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16

Mean trial# of first 3 RT−drops

Mean number of RT−drops

5.5

5

4.5

4

3.5

Verbalizers
Non−Verbalizers

14
12
10
8
6

Probabilisc condion

Determinisc condion

Probabilisc condion

Determinisc condion

Figure 5.
Mean number of RT-drops (left) and the mean trial-number of the first three RT-drops (right) for the
Fig. 5 Mean number of RT-drops (le) and the mean trial-number of the first three RT-drops (right)
probabilistic and the deterministic condition for Verbalizers and Non-Verbalizers
for the probabilisc and the determinisc condion for Verbalizers and Non-Verbalizers
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2.4 DISCUSSION
2.4.1 Main findings
The aim of the current study was to apply the method of RT drops to a classical SRT
task and investigate how this measure of awareness relates to the commonly used verbal
reports of awareness. Establishing a way to assess awareness without reliance on verbal
reports would overcome major potential methodological problems inherent in verbal
reports, specifically related to the implicated time delay between these reports and the
actual task performance. We designed our task in a way that allowed us to compare
a condition in which level of awareness was expected to be low (using a probabilistic
sequence) with a condition in which level of awareness was expected to be high (using
a deterministic sequence).
In line with expectations, more and earlier RT drops were found in the deterministic
task condition compared to the probabilistic condition for participants who were also
able to verbally report more than half of the sequence (i.e., Verbalizers), supporting the
idea that the measure of RT drops potentially is a valid indicator of awareness. This is
further supported by the positive correlation that was found between the number of the
RT drops and the ability to verbally describe the learned sequence. Non-Verbalizers did
not seem to benefit from the change from a probabilistic to a deterministic sequence.
Even though there was no overall effect of task condition, the RT drop findings for the
Verbalizers – who make up half of the participant group – speak against the use of a
deterministic sequence in the SRT task as an implicit learning task. Taken together, the
current findings suggest a strong relationship between RT drops and verbal reports of
awareness, and hence support the idea that RT drops can give a good estimation of levels
of awareness. However, there are some findings that need further investigation.
2.4.2 Low levels of awareness
The presence of RT drops for Non-Verbalizers, albeit low in number, might be somewhat
surprising. This finding suggests that parts of the sequence can be learned with awareness,
while other parts still remain outside conscious awareness. This idea is also supported
by the verbal reports of some participants, which contained simple elements of the
sequence (e.g., 1-2-1), but not other elements (4-3-1). If it is indeed possible to become
aware of part of the sequence, but not of other parts despite very extensive repetition, it
seems that becoming aware of these parts does not necessarily lead to the development
of more awareness. It could be speculated that these levels of awareness are not high
enough to trigger an active search to more explicit knowledge, which would support
the idea that awareness is not an all-or-none phenomenon, in line with the perspective
of the majority of researchers in the field (Cleeremans, 2006; Cleeremans & Jiménez,
2002; Norman et al., 2007; Rose et al., 2010; Seth, Dienes, Cleeremans, Overgaard,
38

& Pessoa, 2008). However, it contradicts the conclusion of one of Haider’s SRT task
studies (Haider et al., 2011) that conscious awareness does develop in an all-or-none
manner. This contradiction is likely to be the result of differences in their task compared
to the task used in our study. Their SRT task was embedded within a Stroop task and
awareness of the sequence underlying the responses took the form of a sudden insight,
after which solving the task became significantly easier. In turn, our task allowed for
awareness of a part of the sequence and from there to other parts of the sequence, until
for some – but not all – participants awareness of the full sequence evolved.
The presence of RT drops in the probabilistic (low-awareness) condition could also be
interpreted as the result of a form of partial awareness. The fact that there are RT drops
in this condition, and that the amount of these drops is lower than in the deterministic
condition, does not seem to be in line with Haider and French’s ‘Unexpected Event
Hypothesis’. According to the ‘Unexpected Event Hypothesis’ unexpected events in
the flow of learning trigger controlled search for regularities that will lead to explicit
knowledge (Frensch & Rünger, 2003; Haider & Frensch, 2005, 2009). The deviant
trials in the probabilistic condition disrupted the flow of sequence learning and may
therefore have triggered this search. According to the Unexpected Event Hypothesis this
would then lead to explicit knowledge, and our results do not seem to confirm this. It
could be argued that there was active search in the probabilistic sequence, but that the
complex structure of the sequence prevented explicit knowledge to develop. Thus, there
might have been the intention to learn, without it affecting the results (knowledge).
An alternative explanation for RT drop indicators of low levels of awareness amongst
Non-Verbalizers as well as in the probabilistic condition, is the possibility that the
current RT drop method was too sensitive. Hence it could have falsely detected RT
drops that do not reflect actual awareness. However, not only the RT drop data, but
also the verbal reports indicate that partial awareness did exist in some Non-Verbalizers
reporting only parts of the sequence, speaking against awareness as a pure all-or-none
phenomenon in the current SRT task.
2.4.3 Limitations
A limitation of the current study is the fixed order of the conditions, although deliberately
chosen. The reason that we had designed our study this way was that we expected higher
levels of awareness in the deterministic condition (based on previous literature, e.g.,
(Cleeremans & Jiménez, 1998; Norman et al., 2007) that would likely prompt active
searching for regularities. If this deterministic condition would then be followed by the
probabilistic condition, this active search would take away the unintentional nature. It
could be argued, of course, that learning in the probabilistic condition has enhanced
learning in the deterministic condition. For example, according to the Unexpected Event
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Hypothesis, the transition between conditions can serve as a trigger to actively search for
regularities, and this has indeed been found in a study using two deterministic sequences
(Schwager, Rünger, Gaschler, & Frensch, 2012). However, this (or other explanations)
would lead to the expectation of some increase of awareness between conditions for all
participants even if not all of them would be able to gain full explicit knowledge, and
this is not what we found. Our results clearly show that half of the participants did not
show any signs of a change over the conditions (as suggested by Figure 5). Furthermore,
a substantial part of the participants did not verbally report any explicit knowledge of
the sequence, not even after a prompt, suggesting that they were not actively searching
for regularities. However, to really control for this order of task condition, it would
be interesting to investigate the same paradigm in a cross-sectional design in which
the order of the conditions is reversed for half of the participants, starting with the
deterministic condition.
Another limitation of the current study is that in further developing this RT drop method
to be used in the SRT task, we made several post-hoc decisions that have influenced the
findings. The challenge of further developing this method for the SRT task was to find
a measure of decreasing RTs related to awareness that is not sensitive to decreasing RTs
related to implicit skill learning, and this led to several post-hoc decisions. We noticed
that certain parameters of this method, such as the definition and removal of outliers and
the width of the median lag, did influence the results. When exploring these parameters,
we attempted to stay close to the original methods suggested by Haider and colleagues,
while at the same time not ignoring the differences between their tasks and ours. For
example, not using a median filter at all for our data led to more favorable results (i.e., an
additional significant effect of task condition), but visual inspection showed that these
were small drops at the beginning of the experiment and not the RT drops that we were
really interested in. Furthermore, because we were looking at the data in a trial-by-trial
manner, we felt that it was more appropriate to apply a median filter (similar to Haider’s
studies), rather than not using a median filter at all. In order to gain more insight in the
RT drop method, it would be important to carefully evaluate the effect of manipulating
different parameter values when applying the RT drop methods to different tasks.
2.4.4 Future directions
It would be interesting to develop this method further and to apply it to other versions
of the SRT task and perhaps even to different tasks. Some researchers use more complex
probabilities in their SRT task, in which some of the triplets occur at a high probability
rate while other triplets occur at a low probability rate (e.g., Janacsek et al., 2012; Németh
et al., 2010). Comparing awareness on these different probabilities that are embedded
in the same sequence could further inform us on how awareness develops. Furthermore,
it would be interesting to follow up on the work of Wessel and colleagues (Wessel et
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al., 2012) who used EEG to study the neural correlates of the emergence of awareness
as an ‘insight-moment’, and develop a method to look at awareness on a classical SRT
task. The authors investigated these neural correlates based on a specific moment in time
when insight occurs. Although we did record EEG for other purposes (i.e., comparing
a group of participants with ASD to a group of typically developing controls), we did
not look at potential neural correlates of RT drops, because our data suggests that such a
specific moment of insight is not present in the more classical task. The next step would
be to further develop the RT drop method and the meaning of these RT drops in terms
of awareness, and from there start to investigate the neural correlates. Our version of the
SRT task would be very suitable for EEG-recordings, because the arrows have a fixed
position on the screen instead of the commonly used moving stimuli, which precludes
problems related to horizontal eye movement artifacts in the EEG signals.
2.4.5 Conclusion
In conclusion, patterns of drops in response times may be a valid indicator of levels
of awareness during sequence learning. The method still needs to be further studied
and developed, to deal with technical and theoretical questions, such as the influence
of specific parameters of the method and the meaning of low numbers of RT drops.
A direction for future research would be to compare probabilistic and deterministic
sequence learning on a SRT task in a cross-sectional design. The value of establishing
this RT drop method is that awareness can be assessed without having to rely on verbal
reports, which are criticized on methodological grounds. This can be specifically valuable
for the research area of neurodevelopmental disorders, in which verbal report measures
are especially unreliable. For example, in disorders such as ASD and Specific Language
Impairment language and communication skills are often heavily affected, and verbal
reports are likely to be even less reliable than in a normal population. As implicit
learning is often studied in these disorders, it is crucial to find a way to verify levels of
awareness before drawing any conclusions. The RT drop method could contribute to
assessing these levels of awareness, especially when current methodological questions are
adequately dealt with.
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Effect of applied median filter on results of interest
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Interaction effect Task
Condition x Verbal Group
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This table shows the effect of different median filters on the effects of interest: the main
effect of Task Condition (Probabilistic vs. Deterministic), the main effect of Verbal
Group (Verbalizers vs. Non-Verbalizers), the interaction effect Task Condition x Verbal
Group and the correlation between number of RT drops and scores on Verbal Reports.
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ABSTRACT
The current systematic review aimed to investigate procedural learning across the lifespan
in typical and atypical development. Procedural learning is essential for the development
of everyday skills, including language and communication skills. Although procedural
learning efficiency has been extensively studied, there is no consensus yet on potential
procedural learning changes during development and ageing. Currently, 3 conflicting
models regarding this trajectory exist: 1) a model of age invariance; 2a) a model with a
peak in young adulthood; 2b) a model with a plateau in childhood followed by a decline.
The aims of the present paper are: 1) to investigate this debate on procedural learning
across the lifespan by systematically reviewing evidence for each model from studies
using the Serial Reaction Time (SRT) task; 2) to review procedural learning in Autism
Spectrum Disorder (ASD) and Specific Language Impairment (SLI), 2 developmental
disorders characterized by deficits in communication skills, in light of these models. Our
findings on typical development strongly support a model of age-related changes (Model
2a or 2b), and show that mixed findings regarding the developmental trajectory during
childhood can be explained by methodological differences across studies. Applying these
conclusions to systematic reviews of studies of ASD and SLI makes it clear that there
is a strong need for the inclusion of multiple age groups in these clinical studies in
order to model procedural learning in atypical development. Clinical implications of the
findings are discussed. Future research should focus on the role of declarative learning
both in typical and atypical development.
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We are able to acquire a variety of skills during our lives, from riding a bike to
communicating our needs, and we are especially good at learning these skills when we are
young. Motor skills, social skills and language are all thought to develop largely through
‘procedural’ learning mechanisms (e.g., Lieberman et al., 2000). Procedural learning
refers to learning that occurs unintentionally and (relatively) outside awareness (Reber,
1967). An astonishing example of procedural learning is that of grammar learning in
young children, whereby children quickly and unintentionally acquire complex grammar
rules they are completely unaware of. During normal development, this process seems
to occur naturally and without much effort. However, if an adult tries to learn a second
language intentionally, a fair amount of effort is involved and conscious awareness of the
learned grammar rules is required, often making language learning a struggle. This type
of intentional, effortful learning is often referred to as ‘declarative learning’.
Empirical evidence (arguably) supports a distinction between procedural and declarative
learning, not only at a functional level (e.g., Destrebecqz & Cleeremans, 2001; Haider &
Frensch, 2005) but also at a neurobiological level (e.g., Fletcher et al., 2005; Squire, 2004).
Declarative learning relies mainly on the medial-temporal lobe (MTL) memory system,
including the hippocampus and surrounding cortical areas, with critical connections
to other areas of the brain such as the prefrontal cortex (as reviewed by Reber, 2013).
Procedural learning on the other hand, is subserved by larger brain networks depending
on the nature of experience (Reber, 2013). More specifically, procedural skill learning
involves the fine-tuning of perceptual-motor systems, thus including the cerebellum and
basal ganglia (Janacsek, Fiser, & Németh, 2012; Krishnan, Watkins, & Bishop, 2016).
However, overlap between neural substrates of these learning mechanisms has also been
reported, particularly regarding the role of the hippocampus (e.g., Hannula & Greene,
2012) and a minority of authors argue that the procedural and declarative learning can
in fact be explained by a unitary learning mechanism (e.g., Berry, Shanks, & Henson,
2008).
The most commonly used paradigm to study procedural learning during typical and
atypical development is the Serial Reaction Time (SRT) task (Nissen and Bullemer,
1967). In this task, a participant is asked to respond to stimuli shown at one of four
locations on a computer screen by pressing a corresponding button. Unknown to the
participant, the stimuli are presented in a repeating sequence. Sequence learning is
reflected in a decrease in reaction times (RTs) for sequenced stimuli and an increase
in RTs for random stimuli. The procedural nature of the learning is confirmed by the
unintentional nature of the learning (i.e., there is no instruction to learn) and the absence
of (full) awareness of the sequence. Being relatively easy to administer and analyze, the
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SRT task is a widely used task in research on procedural learning during typical and
atypical development (Abrahamse, Jiménez, Verwey, & Clegg, 2010).
Given that communication skills are thought to develop largely through procedural
learning, this type of learning has been studied extensively in Autism Spectrum Disorder
(ASD) and Specific Language Impairment (SLI), two neurodevelopmental disorders
that are both characterized by deficits in language and social and communication
skills (Geurts & Embrechts, 2008; Vissers & Koolen, 2016). Most studies examining
procedural learning in ASD and SLI have used the SRT task (Foti, De Crescenzo,
Vivanti, Menghini, & Vicari 2015; Lum, Conti-Ramsden, Morgan, & Ullman, 2014),
and procedural learning on the SRT task has indeed been associated with language
impairments in SLI (e.g., Ullman & Pierpont, 2005) and with social communication
skills in general (Liebermann, 2000). However, findings on procedural learning in ASD
and SLI are mixed (for a meta-analysis see Obeid, Brooks, Powers, Gillespie-Lynch,
& Lum, 2016). This might be related to a potential compensatory role of declarative
learning suggested in both disorders (e.g., Ullmann & Pullman, 2015), which could
affect task performance in different ways, depending on task characteristics. An
additional potential factor is age-related changes in procedural learning in ASD and
SLI, of which little is yet known.
Despite the consensus that procedural learning is crucial for skill development, the
changes in procedural learning capacities across the lifespan are less clear. Currently, three
dominant models exist that aim to explain this trajectory (see Figure 1 for a schematic
representation of these models). The original model proposed by Reber (1993) states
that procedural learning is invariant over life; it develops relatively early and remains
intact across the remainder of the lifespan. This age invariance is explained by the
association of procedural learning with evolutionary old brain regions (such as the basal
ganglia and the cerebellum), which mature early in life and are relatively unaffected
by neurological impairment (Reber, 1993). Support for this model is found in study
findings of adult-like procedural learning abilities in young infants (e.g., Saffran, Aslin,
& Newport, 1996) and in studies failing to find significant differences in procedural
learning between children and adults (e.g., Meulemans, van der Linden, & Perruchet,
1998). Given its position that procedural learning does not vary with age, the model
thus gives rise to the prediction that children, adolescents, younger and older adults
would all show similar procedural learning capacities.
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Schematic representation of developmental models of procedural learning, with Model 1 (left) showing
Figure 1. Schema�c representa�on of developmental models of procedural learning, with Model1 (le�) showing an
an age-invariant development, the Model 2a (center) showing a peak in young adulthood, and Model 2b
age-invariant development, the Model 2a (center) showing a peak in young adulthood, and Model 2b (right) showing
a plateau
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However, in contrast to the Reber (1993) model, two more recently developed
modelscontend that procedural learning does indeed vary as a function of age. The
first of these models supposes that procedural learning follows an inverted U-shape
trajectory, similar to that observed for declarative learning and other cognitive functions
(referred to as ‘Model 2a’). According to this model, procedural learning depends on
frontostriatal regions that show developmental changes well into adolescence (e.g.,
Thomas et al., 2004), a claim supported by evidence from studies demonstrating
enhanced performance in young adults compared to children and older adults (e.g.,
Lukács & Kemény, 2015). However, another contrasting model developed by Janacsek
et al. (2012) considers the period between birth and adolescence as critical to procedural
learning (referred to as Model ‘2b). Model 2b is based on evidence for two distinct,
competing learning mechanisms: a ‘model-free’ learning mechanism that detects raw
probabilities and relies on the basal ganglia and a ‘model-based’ learning mechanism
that is based on internal models and relies on the prefrontal cortex and MTL (Daw,
Niv, Dayan, 2005). The model-free learning mechanism is assumed to result in a better
utilization of raw probabilities in relatively simple skill learning paradigms such as the
SRT task. Engaging this mechanism would therefore lead to better task performance
compared to the model-based learning mechanism. Janacsek and colleagues (2012)
have suggested that model-free learning is predominant in procedural learning before
adolescence and model-based learning is predominant from adolescence onward, with a
decline in learning during old age caused by increased rigidity of these internal models.
Thus, according to Model 2b, children up until the age of 12 years would perform best,
followed by younger adults and then older adults, whereas Model 2a predicts that young
adults outperform both children and older adults.
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Taken together, there are currently three dominant models explaining procedural
learning across the lifespan, each theoretically founded and supported by empirical
evidence. However, it is not clear yet which model is most strongly supported as there
is as yet, to the best of our knowledge, no full overview of the relevant literature.
Establishing how procedural learning changes across the lifespan would not only
contribute to understanding typical development (TD), but would also provide a
framework to interpret findings in atypical development. This framework would help
to explain whether findings of altered procedural learning in atypical development
are due to a delay, a deficit, or a different trajectory, yielding different scientific and
clinical implications. The aims of the current review are: 1) identifying which model of
procedural learning in TD is the most accurate based on the current literature, and 2)
exploring how procedural learning in ASD and SLI varies as a function of this model.
To achieve this, we will systematically review empirical findings of procedural learning
across the lifespan from studies using the SRT task in TD, ASD, and SLI, respectively.
3.2 PROCEDURE
The search terms and study selection criteria were based on those used for previous
meta-analyses on the topic (i.e., Foti et al., 2015; Lum et al., 2014; Obeid et al.,
2016). All searches were conducted in PubMed and PsycInfo (Ovid) using key words
for procedural learning and the SRT task (see Appendix). Regarding the searches for
typical development, additional search terms regarding the developmental aspect were
included whilst studies with a patient population were excluded. For the ASD and SLI
searches, additional specific medical subject headings (MeSH) for the disorders were
used. Searches had no beginning date and were updated until January 2017. Common
inclusion criteria for typical and atypical development included that the paper: 1) had an
experimental design (i.e., no meta-analysis, review or case study); 2) studied procedural
learning; 3) by using a visuo-motor version of the SRT task (i.e., no auditory SRT
tasks were included, to minimize between-study differences). For typical development,
additional inclusion criteria were: 1) the comparison of multiple age groups; 2) no
clinical populations included. For atypical development, this second inclusion criterion
was replaced by the inclusion of the clinical population (i.e., ASD or SLI). The screenings
of titles and abstracts were conducted by two authors independently (FZ and either CV
or JM). Any disagreements were discussed until consensus was reached. To extend our
search, the retrieved papers were screened for additional studies.
Once all studies were selected, the outcome measures of each one were evaluated in terms
of effects of interest and dependent variables. These measures were found to be highly
heterogeneous: learning effects were sometimes defined as changes over time, and at
other times as a difference between sequenced and random stimuli; some studies focused
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3.3 TYPICAL DEVELOPMENT
Fifty studies, all focusing on age differences in procedural learning on the SRT task, were
included as a result of the systematic database search. Figure 2 summarizes the selection
of studies in line with the PRISMA guidelines (Moher, Liberati, Tetzlaff, Altman,
Prisma Group, 2009). Figure 3 gives a graphic illustration of all study conclusions on
learning during the task. A minority of these studies (n = 17) support a model of age
invariance (see Table 1), with the majority of studies (n = 33) supporting a model of
age variance (either Model 2a or Model 2b; see Table 2). We will discuss the empirical
evidence from studies on procedural learning during childhood and ageing, and how
the methodological differences between studies might have contributed to the different
conclusions.
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on performance improvements during the task, whereas other studies were interested
in improvements at a later time point; the dependent variable varied between raw RTs,
normalized RTs, raw accuracy and normalized accuracy. To give an overview of the
conclusions of each study, the findings are summarized in Table 1,2,3 and 4 according
to the authors’ conclusions, with a focus on learning effects as measured during the task.
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PRISMA ﬂowchart Typical Development

Screening

Identification

Records identified through
database searching
(Pubmed: n = 1.278
PsycInfo: n = 232)

Included

Eligibility

Additional records identified
through other sources
(n = 7)
1. De Guise & Lassonde (2001;
through Weiermann & Meier, 2012)
2. Dennis & Cabeza (2011; through
Janacsek et al., 2012)
3. Feeney et al. (2002; through
How ard et al., 2004b)
4. Frensch & Miner (1994; through
Janacsek et al., 2012)
5.How ard & How ard (2001; through
How ard et al., 2004b)
6. Salthouse, McGuthry, &
Hambrick (1999; through
Weiermann & Meier, 2012)
7. Spencer et al. (2007; through
Meissner et al., 2016)

Records screened
(Pubmed: n = 123
PsycInfo: n = 36)

Records excluded
(Pubmed: n = 75
PsycInfo: n = 19)

Records screened for
duplicates
(n = 65)

Duplicate records
excluded
(n = 10)

Full-text articles assessed
for eligibility
(n = 62)

Studies included in
qualitative synthesis
(n = 50)

Full-text articles excluded,
with reasons
(n = 12)
No English full text available
1. Breitenstein, Daum, &
Schugens (1996)
2. Guolai, Deli, & Xuejun (2006)
3. Kurganskiĭ, & Grigal, (2009)
Paradigm/outcome measure is
different
4. Dennis, How ard, & How ard
(2006)
5. Hoff et al., 2015
6. How ard, How ard, Dennis, &
Kelly (2008)
7. Lin et al., 2012
8. Lin et al., 2016
9. Lin, Wu, Udompholkul, &
Know lton (2015)
10. Woods, Wyma, Yund,
Herron, & Reed (2015)
No comparison betw een age
groups w ithin same study
11. How ard, How ard, Dennis, &
Yankovich (2007)
11. Romano, How ard, & How ard
(2010)

Figure 2.
PRISMA flowchart for the systematic literature search for procedural learning across a typically developing
lifespan.
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Bhakuni & Mutha (2015)
Bennett et al. (2007)
Bennett et al. (2011)
Bo et al. (2011)
Bo et al. (2012)
Bo & Seidler (2010)
Brown et al. (2009)
Cherry & Stadler (1995)
Daselaar et al. (2003)
De Guise & Lassonde (2001)
Dennis & Cabeza (2011)
Ehsani et al. (2015)
Feeney et al. (2002)
Foster & Giovanello (2017)
Fraser et al. (2009)
Frensch & Miner (1994)
Gaillard et al. (2009)
Harrington & Haaland (1992)
Hodel et al. (2014)
Howard & Howard (1989)
Howard & Howard (1992)
Howard & Howard (1997)
Howard & Howard (2001)
Howard et al. (2004a)
Howard et al. (2004b)
Janacsek et al. (2012)
Karatekin et al. (2007)
Lukács & Kemény (2015)
Lum et al. (2010b)
Mayor-Dubois et al. (2016)
Meissner et al. (2016)
Meulemans et al. (1998)
Nejati et al. (2008)
Németh & Janacsek (2011)
Németh et al. (2013)
Németh et al. (2010)
Rieckmann et al. (2010)
Salthouse et al. (1999)
Savion-Lemieux et al. (2009)
Schuck et al. (2013)
Shin (2011)
Spencer et al. (2007)
Thomas et al. (2004)
Thomas & Nelson (2001)
Vandenbossche et al. (2014)
Verneau et al. (2014)
Verwey et al. (2011)
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Figure 3.
Graphical illustration of the direction of age effects in online procedural learning during the lifespan
found in typical development, with age (years) on the x-axis and procedural learning with a fictive value
on the y-axis. The direction of the lines reflect the study outcome, e.g., a downward line reflects a decline.
Each study is represented only once, with each data point reflecting the mean age or weighted mean age
in case of multiple experiments. One study (Curran, 1997) did not report the mean age of one age group
and hence could not be included in the illustration.
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3.3.1 Empirical evidence for the model of age invariance (Model 1)
Evidence for age invariance in procedural learning through childhood comes from five
studies (see Table 1), although developmental differences have been reported for accuracy
and (baseline) RTs within these studies. One longitudinal study over a 12-month period
showed that the procedural learning effect is similar in 5½ - and 6½ -year olds (Lum,
Kidd, Davis, & Conti-Ramsden, 2010b). Two studies have reported greater gains in RT
measures during initial learning for younger compared to older children (i.e., Karatekin,
Marcus, & White, 2007; Mayor-Dubois, Zesiger, Van der Linden, & Roulet-Perez,
2016), which could be interpreted as stronger learning and hence evidence for Model
2b. However, the authors of both studies argued that higher baseline RTs in the younger
groups allow for more RT gains, and hence a difference in baseline speed, rather than in
learning, caused the findings. This is not fully agreed upon, with other authors arguing
that these baseline differences are part of the developmental trajectory and should
therefore not be corrected for (Janacsek et al., 2012). A lower overall accuracy in younger
compared to older children has also been reported (Karatekin et al., 2007; Meulemans
et al., 1998), with one study showing a proportionally higher error rate for random
trials compared to sequenced (learned) trials for the youngest group (Meulemans et al.,
1998), suggesting a stronger learning effect. The two other studies did not find accuracy
differences between age groups (Mayor-Dubois et al., 2016; Thomas & Nelson, 2001).
Table 1.
Overview of studies on procedural learning using the SRT task in typical development supporting models
of age invariance
Studies supporting model of age invariance (n = 17)
Study
Bhakuni & Mutha (2015)

Children ages

Adults ages

Model

M(SD) = 22.7(-) yrs (n = 15)

1

M(SD) = 63.7(-) yrs (n = 15)
Bo et al. (2012)

M(SD) = 20.1(3.2) yrs (n = 21)

1

M(SD) = 71.9(4.5) yrs (n = 19)
Daselaar et al. (2003)

M(SD) = 32.4(1.8) yrs (n = 26)

1

M(SD) = 66.4(2.0) yrs (n = 40)
Foster & Giovanello (2017)

Experiment 1
M(SD) =20.3(2.1) yrs (n = 29)
M(SD) = 73.9(5.7) yrs (n = 29)
Experiment 2
M(SD) = 18.7(.9) yrs (n = 30)
M(SD) = 66.0(4.8) yrs (n = 28)
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Fraser et al. (2009)

M(range) = 24(18-35) yrs (n = 18)

1

M(range) = 65(60-78) yrs (n = 15)
Frensch & Miner (1994)

Experiment 1, 2

1

No focus on age groups
Experiment 3
M(SD) = 18.8(1.3) yrs (n = 55)
Gaillard,
Michiels,

&

Destrebecqz,

M(SD) = 22.7(2.7) yrs (n = 40)

Cleermeans

M(SD) = 45.5(3.4) yrs (n = 37)

(2009)

M(SD) = 71.3(7.0) yrs (n = 37)

Howard & Howard (1989)

M(SD) = 22.2(4.9) yrs (n = 20)
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M(SD) = 73.7(7.3) yrs (n = 54)
1

1

M(SD) = 71.3(3.1) yrs (n = 20)
Howard & Howard (1992)

Experiment 1

1, but age differences

M(SD) = 19.4(1.2) yrs (n = 20)

were found in post-

M(SD) = 73.4(3.8) yrs (n = 20)

experimental task

Experiment 2
M(SD) = 20.6(2.4) yrs (n = 20)
M(SD) = 72.3(3.8) yrs (n = 20)
Karatekin et al. (2007)

M(SD) = 9.9(0.5) M(SD) = 20.3(2.2) yrs (n = 24)

1

yrs (n = 35)
M(SD) = 12.7(1.0)
yrs (n = 28)
M(SD) = 15.4(1.0)
yrs (n = 13)
Lum et al. (2010b)

Longitudinal

1, longitudinal study

groups
M(SD) = 5.5(0.4)
yrs (n = 40)
M(SD) = 6.5(0.5)
yrs (n = 40)
TD group for retest
M(SD) = 6.5(0.3)
yrs (n = 27)
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Mayor-Dubois et al. (2016)

M(range) =

1

8.5(7.8-8.9) yrs (n
= 24)
M(range) =
10.3(9.8-10.8) yrs
(n = 24)
M(range) =
12.5(11.7-12.9)
yrs (n = 21)
Meulemans et al. (1998)

M(range) = -(6-7)

M(range) = -(18-27) yrs (n = 32)

1

M(SD) = 24.7(3.1) yrs (n = 14)

1, relatively spared

yrs (n = 32)
M(range) = -(1011) yrs (n = 32)
Rieckmann,

Fischer,

&

Bäckman (2010)
Salthouse,

McGuthry,

M(SD) = 68.1(2.9) yrs (n = 13)
&

M(SD) = 30.3(5.7) yrs (n = 67)

Hambrick (1999)

1

M(SD) = 49.6(5.3) yrs (n = 71)
M(SD) = 68.0(6.2) yrs (n = 45)

Thomas & Nelson (2001)

Experiment 1

.

1

M(SD) = 22.5(2.7) yrs (n = 20)

1

M(range)
=7.8(7.3-7.9) yrs
(n = 22)
M(range) = 10.6
(10.2-10.9) yrs
(n = 20)
Experiment 2
M(range)
=4.8(4.1-4.9) yrs
(n = 46)
Verneau et al. (2014)

M(SD) = 58.6(3.6) yrs (n = 18)
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The remaining 12 studies support the model of age invariance with findings of relatively
spared procedural learning in ageing. In line with the baseline speed problem evident in
the studies with children, one study has found that initial greater learning-related gains
in raw RTs in older adults disappeared after normalizing the RT data (i.e., Bhakuni &
Mutha, 2015). Two studies have reported that although learning is evident later in the
task, older adults need more practice in order to show sequence-specific learning in RT
measures compared to young adults (Daselaar, Rombouts, Veltman, Raaijmakers, &
Jonker, 2003; Fraser, Li, & Penhune, 2009). Importantly, this was true despite higher
baseline RTs in the older adults in both studies, which makes correcting for baseline
speed arguable. The findings regarding accuracy are mixed, with one study reporting
no age differences (Bhakuni & Mutha, 2015), four studies reporting higher accuracies
for younger adults (i.e., Daselaar et al., 2003; Foster & Giovanelli, 2017; Fraser et
al., 2009; Verneau, van der Kamp, Savelsbergh, & de Looze, 2014) and three studies
reporting higher accuracies for older adults (i.e., Bo, Jennett, & Seidler, 2012; Howard
& Howard, 1989; Howard & Howard, 1992).
In summary, 17 out of 50 studies have concluded that procedural learning measured by
the SRT task is relatively stable across lifespan. However, subtle age differences in raw
RTs and accuracy have been reported too, which might imply age-related changes in
procedural learning.
3.3.2 Empirical evidence for models of age-related changes (models 2a and 2b)
Thirty-three studies have reported age-related changes in procedural learning (see Table
2), 10 of which included children which were particularly interesting given Model 2a
and Model 2b only differ with regards to the developmental trajectory during childhood
(and not during advanced ageing). Specifically, Model 2a predicts an increase in
procedural learning during childhood, whereas Model 2b predicts a strong procedural
learning system present from early childhood on. Relating the findings to these models
is, however, not that straightforward. Whether findings support Model 2a or Model 2b
depends largely on whether or not authors corrected for baseline RT when interpreting
their results.
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Table 2.
Overview of studies on procedural learning using the SRT task in typical development supporting age
variance models
Studies supporting models of age variance (n = 33)
Study

Children ages

Adults ages

Model

Bennett et al.

M(SD) = 20.0(1.5) yrs (n = 12)

2a or 2b

(2007)

M(SD) = 71.9(6.0) yrs (n = 12)

Bennett et al.

M(SD) = 18.9(.7) yrs (n = 14)

(2011)

M(SD) = 67.6(3.1) yrs (n =14)

Bo & Seidler

Experiment 1

Task

(2010)

M(SD) = 20.7(1.6) yrs (n = 48)

characteristics

M(SD) =73.9(5.4) yrs (n = 48)

interact with

2a or 2b

age
Experiment 2
M(SD) = 22.9(2.0) yrs (n = 12)
M(SD) =73.7(3.8) yrs (n = 12)
Experiment 3
M(SD) =22.4(3.8) yrs (n = 12)
M(SD) = 70.9(3.5) yrs (n = 12)
Bo et al.

M(SD) = 21.4(2.5) yrs (n = 14)

(2011)

M(SD) = 72.7(4.0) yrs (n = 14)

Brown et al.

M(SD) = 20.4(1.6) yrs (n = 14)

(2009)

M(SD) = 58.3(3.8) yrs (n = 12)

Cherry &

Experiment 1

Stadler

M(SD) = 22.9(5.1) yrs (n = 66)

(1995)

M(SD) = 67.2(5.7) yrs (n = 22)
M(SD) = 67.9(4.5) yrs (n = 22)
Experiment 2
M(SD) = 21.5(2.0) yrs (n = 40)
M(SD) = 68.1(5.8) yrs (n = 40)
M(SD) = 69.6(4.4) yrs (n = 40)
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Curran

Experiment 1

(1997)

M(range) = “undergraduates” (n = 32)

2a or 2b

M(range) = 67.3(60-79) yrs (n = 39)
Experiment 2

De Guise &

M(range) = 7.2(6-8) yrs (n = 10)

2a for

Lassonde (2001) M(range) = 10.1(9-11) yrs (n = 10)

bimanual task

M(range) = 12.8(12-14) yrs (n = 10)
M(range) = 15.3(15-16) yrs (n = 10)
Dennis &

M(SD) = 22.2(3.5) yrs (n = 12)

Different

Cabeza

M(SD) = 67.4(6.7) yrs (n = 12)

neural

(2011)

substrates
between age
groups

Ehsani et al.

M(SD) = 29.2(3.5) yrs (n = 30)

(2015)

M(SD) =64.8 (4.0) yrs (n = 30)

Feeney, Howard,

M(SD) = 41.4(3.0) yrs (n = 23)

& Howard

M(SD) = 49.4(2.5) yrs (n = 22)

2a or 2b
2a or 2b

(2002)
Fischer et al.

M(SD) = 9.4(1.4) yrs (n = 14)

M(SD) = 24.3(3.1) yrs (n = 12)

2a or 2b

Harrington &

M(SD) = 20.9(3.3) yrs (n = 15)

2a or 2b

Haaland (1992)

M(SD) = 20.4(2.7) yrs (n = 31)

(2007)

M(SD) = 76.3(4.8) yrs (n = 15)
M(SD) =77.2(5.8) yrs (n=30)
Hodel et al.

Experiment 1

Experiment 1

(2014)

M(range) = 4.7(4.1-5.0) yrs (n = 60)

M(SD) = 23.1yrs (n = 60)

Experiment 2

Experiment 2

M(SD) = 4.7(-) yrs(n = 30)

No adult comparison group

2a
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Howard &

Experiment 1

Howard (1997)

M(range) = 20.3(19-22) yrs (n = 6)

2a or 2b

M(range) = 71.2(65-87) yrs (n = 6)
Experiment 2
M(range) = 21.0(20-23) yrs (n = 6)
M(range) = 69.0(65-73) yrs (n = 6)
M(range) = 77.7(76-80) yrs (n = 6)
Experiment 3
M(range) = 20.3(19-22) yrs (n = 6)
Howard &

Incidental learning group:

Howard (2001)

M(range) = 21.0(20-23) yrs (n = 6)

2a or 2b

M(range) = 73.3(65-80) yrs (n = 12)
Howard et al.

M(SD) = 19.9 (1.6) yrs (n = 36)

(2004a)

M(SD) = 71.9(4.5) yrs (n = 36)

Howard et al.

M(SD) = 19.8(1.0) yrs (n = 24)

(2004b)

M(SD) = 71.0(5.0) yrs (n = 24)

Janacsek et al.

M(SD) = 5.3(1.0) yrs (n = 30)

M(SD) = 23.1(3.7) yrs (n = 63)

(2012)

M(SD) = 7.1(0.6) yrs (n = 55)

M(SD) = 35.0(4.2) yrs (n = 59)

M(SD) = 9.9(0.6) yrs (n = 35)

M(SD) = 50.8(5.1) yrs (n = 36)

M(SD) = 11.5(0.5) yrs (n = 29)

M(SD) = 69.9(6.2) yrs (n = 52)

2a or 2b
2a or 2b
2b

M(SD) = 14.9(1.1) yrs (n = 62)
Lukács &

M(range) =7.9(7-9) yrs (n = 64)

M(range) = 20.6(18-25) yrs (n = 37)

Kemény

M(range) =9.8(9-11) yrs (n = 63)

M(range) = 29.4(25-35) yrs (n = 37)

(2015)

M(range) =11.9(11-14) yrs (n = 63)

M(range) = 40.8(35-45) yrs (n = 28)

M(range) = 15.5(14-18) yrs (n = 57)

M(range) = 49.8(45-55) yrs (n = 45)

2a

M(range) = 60.0(55-65) yrs (n = 43)
M(range) = 72.1(65+) yrs (n = 43)
Meissner et al.

M(SD) = 23.7(0.6) yrs (n = 20)

(2016)

M(SD) = 36.3(1.4) yrs (n = 20)

Different

M(SD) = 60.2(1.5) yrs (n = 20)
Nejati et al.

M(SD) = 23.2(6.2) yrs (n = 15)

(2008)

M(SD) = 64.4(4.5) yrs (n = 15)
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Németh &

3 conditions

Janacsek (2010)

1. M(SD) = 20.8(1.1) yrs (n = 23)

2a or 2b

2. M(SD) = 21.7(4.2) yrs (n = 31)
3. M(SD) = 19.9 1.3) yrs (n = 17)
1. M(SD) = 66.4(6.2) yrs (n = 23)
2. M(SD) = 67.4(5.3) yrs (n = 22)
M(SD) = 11.6(0.7) yrs (n = 24)

M(SD) = 21.7(3.0) yrs (n = 45)

(2013)

M(SD) = 14.7(0.5) yrs (n = 21)

M(SD) = 34.8(2.2) yrs (n = 27)
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3. M(SD) = 65.2(4.1) yrs (n = 13)
Németh et al.

2b

M(SD) = 17.0(0.4) yrs (n = 24)

Németh et al.

M(SD) = 21.0(1.2) yrs (n = 11)

(2010a)

2a or 2b

M(SD) = 69.8(7.3) yrs (n = 13)

Savion-Lemieux

M(range) = 6.4 (6.0-6.8) yrs (n = 13)

M(range) =24.4(20-34) yrs (n = 15)

2a

et al. (2009)

M(range) = 8.6(8.3-8.7) yrs (n = 12)
M(SD) = 20.4(1.2) yrs (n = 26)

2a

Schuck et al.

M(range) = 25.1(20-30) yrs (n = 80)

2a or 2b

(2013)

M(range) = 65.8(60-71) yrs (n = 70)

Spencer et al.

M(SD) = 20.8(2.1) yrs (n = 38)

(2007)

M(SD) = 59.0(11.1) yrs (n = 32)

M(range) =10.3(10.2-10.8) yrs (n = 13)
Shin

M(SD) = 9.3(2.0) yrs (n = 26)

(2011)

Thomas, et al.

M(range) = 9.6(7-11) yrs (n = 9)

M(range) = 27.9(23-33) yrs (n = 10)

2a or 2b
2a

(2004)
Vandenbossche

M(range) = 19.8(18-25) yrs (n = 45; 2a or 2b

et al. (2014)

divided over 3 conditions)
M(range) = 65.4(55-75) yrs (n = 45;
divided over 3 conditions)

Verwey

et

al.

(2011)
Weiermann
Meier (2012)

M(range) = 22(18-28) yrs (n = 24)

2a or 2b

M(range) = 58(55-62) yrs (n =24)
& M(SD) = 11.6(4.1) yrs (n = 50)

M(SD) = 23.2(2.3) yrs (n = 50)

2a or 2b

M(SD) = 72.9(2.3) yrs (n =50)
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Several studies with child groups support Model 2a, with normalized (i.e., baseline
corrected) RT data and accuracy measures of procedural learning strengthening from
childhood to young adulthood (i.e., Hodel, Markant, van den Heuvel, Cirilli-Raether,
& Thomas, 2014; Lukács & Kemény, 2015; Thomas et al., 2004), extended by similar
findings in raw RT data of one study (Savion-Lemieux, Bailey, & Penhune, 2009). Two
studies have reported age-related changes depending on task characteristics (De Guise
& Lassonde, 2001; Shin, 2011). In the largest study (N = 247), Lukács and Kemény
(2015) have investigated age-related changes in skill learning on three different tasks,
including the SRT task. Although the raw RT data showed a pattern in line with Model
2b, the normalized RT data showed that the adolescents and young adults performed
best on all three tasks, with a peak in performance between 18 and 35 years old. The
authors argue that the normalized data give the best reflection of the procedural learning
abilities.
Model 2b was originally developed based on the raw RT data of the study conducted by
Janacsek, Fiser and Németh (2012). In their large study (N = 421) five child age groups
and four adult age groups were compared. Findings suggested a stronger learning effect
in the young groups (4 to 12-year-olds) which gradually declined over the older groups
(14- to 85-year-olds). These findings were confirmed by a second paper of the same
group, using partly the same group of participants (Németh, Janacsek, & Fiser, 2013),
and are in line with a previous study (Fischer, Wilhelm, & Born, 2007). Janacsek and
colleagues (2012) have also shown that normalizing their RT data revealed the bellshaped pattern in accordance with Model 2a. However, these authors argued that the
differences in processing speed are inherent aspects of development and that normalized
data would therefore be difficult to interpret. In summary, it seems that the two larger
studies both support Model 2a when the RT data is normalized and Model 2b when
raw RTs are used.
In the reviewed studies regarding cognitive ageing (n = 23), baseline speed differences
also seem to influence the interpretation of findings, and there is an additional focus
on accuracy data and consolidation (rather than online learning) findings. The effect of
baseline speed is reflected by the differential findings for raw compared to normalized
RT data. Several studies (n = 8) have concluded an ageing deficit on other measures than
RTs during the task, and reported equal performance in younger and older adults in
raw RT data (Bennett, Howard, & Howard, 2007; Bennett, Madden, Vaidya, Howard,
& Howard, 2011; Dennis & Cabeza, 2011; Németh & Janacsek, 2010; Spencer,
Gouw, & Ivry, 2007; Weiermann & Meier, 2012) or even stronger learning effects in
older adults (Bo & Seidler, 2010; Brown, Robertson, & Press, 2009), whereas other
studies have shown an age deficit in normalized RT findings (Lukács & Kemény, 2015;
Vandenbossche, Coomans, Homblé, & Deroost, 2014). However, a large number
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of studies (n = 12) using raw RT measure have reported ageing deficits too (Feeney,
Howard, & Howard, 2002;Howard & Howard, 2001) and most of them even despite
baseline speed differences (Bo, Peltier, Noll, & Seidler, 2011; Ehsani, Abdollahi,
Bandpei, Zahiri, & Jaberzadeh, 2015; Harrington & Haaland, 1992; Howard,
Howard, Dennis, & Vaidya, 2004a; Howard, Howard, Japikse, DiYanni, Thompson,
& Somberg, 2004b; Janacsek et al., 2012; Nejati, Garusi Farshi, Ashayeri, & Aghdasi,
2008; Németh, Janacsek, Londe, Ullman, Howard, & Howard, 2010a; Schuck, Frensch,
Schjeide, Schröder, Bertram, & Li, 2013; Verwey, Abrahamse, Ruitenberg, Jiménez,
& de Kleine, 2011). Impaired accuracy in older adults has led to conclusions of agerelated deficits in procedural learning despite intact raw RT improvements (Bennett et
al., 2007; Bennett et al., 2011). Other studies have concluded specific impairments in
consolidation in older adults, while online learning is intact or even stronger (Ehsani
et al., 2015; Németh & Janacsek, 2010; Spencer et al., 2007). One study has found
intact RT performance, but differences in brain activity between younger and older
adults (Dennis & Cabeza, 2011). Finally, one study using yet a different measure of RT
improvements (percentages) has concluded that there are procedural learning deficits in
middle-aged adults compared to younger and older adults (Meissner, Keitel, Südmeyer,
& Pollok, 2016).
3.3.3 Summary of findings in typical development
In summary, the majority of empirical evidence is in favor of an age variance model of
procedural learning across the lifespan. Inconsistencies in findings can be largely explained
by how procedural learning is measured. The use of raw RT data predominantly supports
Model 2b, whereas the use of normalized RT data supports Model 2a. A substantial
number of studies on ageing have shown that raw RT data can be sensitive for detecting
ageing-related decrements even when baseline speed differences are present, supporting
the use of raw RT data rather than normalized RT data.
3.4 ATYPICAL DEVELOPMENT
It has been suggested that a deficit in procedural learning could account for the core
deficits in social and communication skills characterizing ASD (e.g., Mostofsky,
Goldberg, Landa, & Denckla, 2000), and for the grammar deficits found in SLI (e.g.,
Ullman & Pierpont, 2005) and that perhaps such a deficit could be compensated for
by declarative mechanisms during development (Klinger, Klinger, & Pohlig, 2007; Lum
et al., 2014; Ullman & Pullman, 2015). However, findings of a recent meta-analysis
suggest that a procedural learning deficit underlies the deficits in SLI, but not in ASD
(Obeid et al., 2016).
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3.4.1 Empirical evidence: ASD
Our systematic literature search regarding procedural learning in ASD led to 11 studies
using the SRT task (see Figure 4 for PRISMA flowchart and Table 3). None of the studies
included different age groups, making direct comparisons between age groups across the
lifespan impossible. Claims on a developmental trajectory are further hampered by the
very broad age ranges and similarity in mean ages (10- to 11-year-olds) in most ASD
studies. However, there are a few adult studies and between-study differences that might
be informative.
The majority of the reviewed studies have found that procedural learning is intact in
ASD, with only four studies supporting a deficit (Gordon & Stark, 2007; Mostofsky
et al., 2000; Sharer et al., 2016; Travers et al., 2015). However, in the study of Sharer
and colleagues (2016), this deficit was only related to the use of visual feedback in
a generalization task, not to overall learning. Although one study has found a deficit
in young adults (Travers et al., 2015), a previous study with young adults revealed
intact procedural learning (Travers et al., 2010). One of the older studies supporting
a procedural learning deficit in ASD (Mostofsky et al., 2000) has been criticized for
using a slow repetition of sequences, which makes it more likely that a person develops
declarative knowledge during the task (Brown, Aczel, Jiménez, Kaufman, & Grant,
2010; Destrebecqz, & Cleeremans, 2003). Declarative strategies can increase or decrease
performance, depending on the cognitive demands of a task (e.g., Howard & Howard,
2001) and hence, enhanced declarative strategies in the ASD participants could have
hindered their performance on complex tasks.
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PRISMA ﬂowchart ASD

Screening
Eligibility

Additional records identified
through other sources
(n = 1)
1. Müller et al., 2004 (through Foti
et al., 2015)

Records screened
(Pubmed: n = 23
PsycInfo: n = 16)

Records excluded
(Pubmed: n = 11
PsycInfo: n = 4)

Records screened for
duplicates
(n = 24)

Duplicate records excluded
(n = 9)

Full-text articles assessed
for eligibility
(n = 16)

Full-text articles excluded,
with reasons
(n = 5)

Chapter 3

Identification

Records identified through
database searching
(Pubmed: n = 115
PsycInfo: n = 35)

Included

No English full text available
1. Desmottes, Meulemans, &
Maillart (2015

Studies included in
qualitative synthesis
(n = 11)

Paradigm/outcome measure is
different
2. D’cruz et al. (2009)
3. Inui & Suzuki (1998)
4. Keehn, Nair, Lincoln,
Tow nsend, & Müller (2016)
5. Misyak, Christiansen, & Bruce
Tomblin (2010)

Figure 4.
PRISMA flowchart for the systematic literature search for procedural learning in ASD.
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M(SD) = 11.6(1.1) yrs (n = 31)

M(range) = 10.9(6-14) yrs (n = 7)

M(SD) = 8.6(1.4) yrs (n = 15)
M(SD) = 8.7(1.4) yrs (n = 15)
M(range) = 13.3(6.8-17.8) yrs (n = 11)

M(SD) = 28.4(8.9) yrs (n = 8)

M(SD) = 11.8(3.1)³ yrs (n = 13)

M(SD) = 10.5(1.4) yrs (n = 17)

M(SD) = 38.7(18.4) yrs (n = 18)

M(SD) = 20.8(4.0) yrs (n = 15)

M(SD) = 19.0(2.9) yrs (n = 15)

Barnes et al. (2008)

Brown et al. (2010)

Gordon & Stark (2007)

Izadi-Najafabadi et al. (2015)

Müller et al. (2004)

Németh et al. (2010b)

Sharer et al. (2015)

Sharer et al. (2016)

Travers et al. (2015)

Travers et al. (2010)

Mostofsky et al. (2000)

Group
ASD ages
M(SD) = 11.6(1.7) yrs (n = 14)

Study

M(SD) = 19.0(2.1) yrs (n = 18)

M(SD) = 21.4(2.9) yrs (n = 15)

M(SD) = 36.4(17.4) yrs (n = 11)

M(SD) = 10.6(1.3) yrs (n = 36)

M(SD): 11.6(3.3) yrs (n = 14)

M(SD) = 28.1(8.3) yrs (n = 8)

M(SD) = 8.7(1.6) yrs (n = 16)
M(SD) = 9.2(1.6) yrs (n = 16)
M(range) = 12.5(8.3-16.7) yrs (n = 17)

M(range) = 12.3(9-14) (n = 9)

M(SD) = 11.7(1.5) yrs (n = 31)

TD ages
M(SD) = 11.0(1.8) yrs (n = 14)

No

Yes, subtle group differences; no overall
learning differences
Yes

No, but neural correlates seem to differ

No

No

Yes

No

Yes

No

No

Procedural learning deficit?

Table 3.
Overview of studies on procedural learning using the SRT task in ASD and whether the findings suggest a procedural learning deficit
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The issue of baseline speed is also critical in ASD studies, with baseline speed often
reported to be slower in ASD (e.g., Barnes et al., 2008; Travers et al., 2010; Németh
et al., 2010b), although not in all studies (i.e., Sharer et al., 2015; Sharer et al., 2016).
However, all but one study have reported raw RT results (with the exception of the
study by Izadi-Najafabadi, Mirzakhani-Araghi, Miri-Lavasani, Nejati, & PashadehAzari, 2015, in which it is unclear if and how RT data was normalized). Interestingly,
two studies examined normalized data as well as raw RT data and found similar results
(Barnes et al., 2008; Brown et al., 2010). Accuracy has also been analyzed in most
studies and has consistently confirmed the intact learning found using RT data (Barnes
et al., 2008; Brown et al., 2010; Müller et al., 2004; Németh et al., 2010b; Sharer et al.,
2015; Sharer et al., 2016; Travers et al., 2010).
3.4.2 Empirical evidence: SLI
A systematic search for literature regarding procedural learning in SLI led to the
inclusion of 18 studies (see Figure 5 for PRISMA flowchart and Table 4). Similar to the
ASD literature, no studies have included multiple age groups and most studies focused
on children in the age of 9 to 11 years, making interpretations of the developmental
trajectory difficult.
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PRISMA ﬂowchart SLI

Screening

Identification

Records identified through
database searching
(Pubmed: n = 350
PsycInfo: n = 38)

Eligibility

Additional records identified
through other sources
(n = 1)
1. Gabriel, Maillart, Stefaniak,
Lejeune, Desmottes, & Meulemans
(2013; through Lum et al., 2014)

Records screened
(Pubmed: n = 21
PsycInfo: n = 24)

Records excluded
(Pubmed: n = 6
PsycInfo: n = 7)

Records screened for
duplicates
(n =32)

Duplicate records
excluded
(n = 14)

Full-text articles assessed
for eligibility
(n = 19)

Full-text articles
excluded, with reasons
(n = 1)

Included

Paradigm/outcome measure is
different
1. Desmottes, Meulemans, &
Maillart (2016c)

Studies included in
qualitative synthesis
(n = 18)

Figure 5.
PRISMA flowchart for the systematic literature search for procedural learning in SLI.
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Group
SLI ages
M(SD) = 9.8(1.7) yrs (n = 25)
M(SD) = 9.8(0.8) yrs (n = 45)
M(SD) = 10.2(1.6) yrs (n = 18)
M(SD) = 10.2(1.5) yrs (n = 21)
M(SD) = 10.2 yrs (1.5) (n = 16)
M(SD) = 9.6(1.6) yrs (n = 23)
M(SD) = 9.9(1.9) yrs (n = 15)
M(SD) = 10.3(1.6) yrs (n = 15)
M(SD) = 10.1(1.1) yrs (n = 21)
M(SD) = 8.7(1.3) yrs (n = 48)

M(SD) = 9.1(1.3) yrs (n = 29)
M(SD) = 7.7(0.8) yrs (n = 13)
M(SD) = 7.1(0.9) yrs (n = 14)
M(SD) = 9.8(0.7) yrs (n = 51)
M(SD) = 10.1(1.8) yrs (n = 18)
M(SD) = 10.1(1.8) yrs (n = 17)
M(SD) = 9.8(1.7) yrs (n = 22)
M(SD) = 15.0(.60) yrs (n = 38)

Study

Clark & Lum (2016)

Conti-Ramsden, Ullman & Lum (2015)

Desmottes et al. (2016b)

Desmottes et al. (2016c)

Gabriel et al. (2011)

Gabriel et al. (2013)

Gabriel et al. (2015)

Gabriel et al. (2012)

Hedenius et al. (2011)

Hsu & Bishop (2014)

Lukács & Kemény (2014)

Lum & Bleses (2012)

Lum et al. (2010a)

Lum et al. (2012)

Mayor-Dubois et al. (2014)

Sengottuvel & Rao (2013)

Sengottuvel & Rao (2014)

Tomblin et al. (2007)
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M(SD) = 14.76(.64) yrs (n = 47)

M(SD) = 10.4(2.0) yrs (n = 34)

M(SD) = 9.5(1.2) yrs (n = 23)

M(SD) = 10.0(1.6) yrs (n = 65)

M(SD) = 9.9(0.7) yrs (n = 51)

M(SD) = 7.0(0.8) yrs (n = 15)

Yes

Yes

Yes

Yes

Yes

Yes

No

Yes

Grammar-matched
M(SD) = 5.7(.9) yrs (n = 28)
M(SD) = 9.1(1.3) yrs (n = 87)
M(SD) = 7.9(0.7) yrs (n = 20)

Yes for age-matched,
no for grammar-matched

Yes

No

No

Yes

No

Yes

Yes

Yes

Yes

Procedural learning deficit?

Age-matched
M(SD) = 8.8(.9) yrs (n = 20)

M(SD) = 9.9(1.1) yrs (n = 27)

M(SD) = 10.4(1.6) yrs (n = 15)

M(SD) = 9.8(1.8) yrs (n = 15)

M(SD) = 9.6(1.5) yrs (n = 23)

M(SD) = 10.2 (1.5) yrs (n = 16)

M(SD) = 10.5(1.8) yrs (n = 21)

M(SD) = 10.1(1.7) yrs (n = 17)

M(SD) = 9.8(0.7) yrs (n = 46)

M(SD) = 9.7(1.4) yrs (n = 27)

TD ages

Table 4.
Overview of studies on procedural learning using the SRT task in SLI and whether the findings suggest a procedural learning deficit
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Overall, the majority of the reviewed studies (n = 14) have reported a procedural learning
deficit in SLI, although several individual studies concluded that procedural learning is
intact. Comparable procedural learning capacities for children with SLI and a TD group
were found in three studies by Gabriel and colleagues and one other study (Gabriel,
Maillart, Guillaume, Stefaniak, & Meulemans, 2011; Gabriel, Meulemans, Parisse, &
Maillart, 2015; Gabriel, Stefaniak, Maillart, Schmitz, & Meulemans, 2012; Lum &
Bleses, 2012), although one other study by the same group using a more complex task
did reveal deficits (Gabriel, Maillart, Stefaniak, Lejeune, Desmottes, & Meulemans,
2013). Relatively intact learning during the initial task has also been found in two other
studies, where impaired performance was found only in later tasks that were intended to
assess consolidation (Desmottes, Maillart & Meulemans, 2016b; Hedenius et al., 2011).
The variation in the specific measures employed can only partially account for the
inconsistent findings. Baseline speed differences have also been reported in SLI
literature, with some studies showing slower baseline speed in SLI compared to TD
children (Desmottes, Maillart, & Meulemans, 2016c; Gabriel et al., 2012; Gabriel et al.,
2013; Hsu & Bishop, 2014; Lukács & Kemény, 2014; Mayor-Dubois, Zesiger, Van der
Linden, & Roulet-Perez, 2014; Tomblin, Mainela-Arnold, & Zhang, 2007), whereas
other studies did not find a difference (Gabriel et al., 2011; 2015; Sengottuvel & Rao,
2013). Two studies have found intact procedural learning when using raw RT data
but a deficit when employing normalized RT data (Gabriel 2013; Lukács & Kemény,
2014), but one other study reported intact procedural learning for both raw as well
as normalized RTs (Gabriel et al., 2015). Furthermore, several studies that analyzed
raw RTs only also reported deficits (Hsu & Bishop, 2014; Mayor-Dubois et al., 2014;
Tomblin et al., 2007; Sengottuvel & Rao, 2013; 2014). Higher error rates in SLI have
been reported in some (Gabriel et al., 2012; 2015; Lum, Gelgic, & Conti-Ramsden,
2010a) but not all studies (Desmottes et al., 2016c; Gabriel et al., 2011; Hsu & Bishop,
2014; Lum & Bleses, 2012; Lum, Conti-Ramsden, Page, & Ullman, 2012).
3.4.3 Summary of findings in atypical development
In summary, the majority of the reviewed studies on ASD do not seem to find evidence
for a procedural learning deficit, even when differences in baseline speed are accounted
for. The reviewed studies on SLI however, do suggest a procedural learning deficit, which
seems more pronounced in younger than older children. However, the ASD and SLI
studies so far are very limited in terms of age groups. As a result, the findings could not
be interpreted in terms of a developmental trajectory.
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3.5.1 Procedural learning in typical development: age-related changes
The overall findings of this systematic review support age-related changes in procedural
learning across the lifespan in typical development. Findings of age-related changes in
learning effects are very similar across two large studies (i.e., Janacsek et al., 2012; Lukács
& Kemény, 2015). However, the authors’ interpretation of these findings in terms of
the developmental trajectory differs, due to a lack of consensus on how to deal with
age-dependent differences in baseline motor speed. While some authors adjust for these
differences by normalizing the data, for example by applying a z-transformation (Lukács
& Kemény, 2015), others argue that the raw data is the best reflection of learning
(Janacsek et al., 2012). The latter view is supported by findings of age deficits in raw
RT data in young children and older adults despite the presence of slower baseline RTs.
Overall, the raw RT data seem to show a pattern in line with Model 2b, whereas the
z-transformed data reveal a bell-shaped pattern in line with Model 2a. Thus, although
there is clear evidence for age-related changes in procedural learning, the exact trajectory
during childhood seems to depend on how this learning is measured.
3.5.2 Procedural learning in atypical development: intact in ASD, impaired in SLI
We aimed to extend these findings of age-related changes in typical development to
findings of procedural learning in atypical development in ASD and SLI. Overall,
studies support intact procedural learning in ASD and a deficit in SLI. A few
inconsistencies between studies were found for both disorders, with 4 out of 11 studies
showing impaired procedural learning in ASD, and 4 out of 18 studies showing intact
procedural learning in SLI. These inconsistencies could not be explained by differences
in age groups across these studies. Differences in outcome measures, such as raw versus
normalized RT data, could also not fully account for these inconsistencies, since these
differences were not consistently linked to the different conclusions. Furthermore, any
modeling of the developmental trajectory of procedural learning in these disorders was
severely hindered by the lack of variety in age groups included in the studies, with most
studies focusing on 9 and 10-year olds. Taken together, these findings call for more
studies including young children, adolescents and adults with ASD and SLI, preferably
including multiple age groups within the same study design.
These findings of intact procedural learning in ASD and impaired procedural learning in
SLI are in line with the three meta-analyses on these topics (Foti et al., 2015; Obeid et
al., 2016; Lum et al., 2014). The role of age in inconsistent study findings has also been
brought forward in Lum’s meta-analyses on SLI (Lum et al., 2014). The authors have
found that between-study differences in effect sizes are caused by variation in the age of
participants and characteristics of the SRT task. More specifically, the effect sizes related
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to the difference in task performance between SLI and TD participants were smaller
for older than for younger children. This strongly supports an age variance model of
procedural learning (Model 2a or 2b). However, Obeid and colleagues (2016) failed to
replicate this age effect in their meta-analyses on SLI and ASD. Furthermore, Lum and
colleagues (2014) suggested that the age effects they found might result from the older
children being better than the younger children at compensating for the procedural
learning deficit by using declarative mechanisms.
3.5.3 The role of declarative learning on the SRT task
A factor that may influence findings in both typical and atypical development is declarative
(or intentional) learning. Learning on the SRT task – as well as on other procedural
learning paradigms – is not always purely procedural in nature, but can be ‘contaminated’
by declarative learning, as indicated by the substantial number of participants that can
verbally describe what they have learnt after the task (e.g., Haider & Rose, 2007).
Declarative learning strategies might affect learning performance differently, depending
on cognitive capacity. For example, in the cognitive ageing literature evidence has been
found that young adults benefit from declarative learning strategies whereas older adults
are actually hindered by these strategies (Howard & Howard, 2001). Here, young
adults were instructed to learn on an SRT task (i.e., declarative learning) performed
better than their peers who did not receive this instruction (i.e., procedural learning).
However, this pattern was reversed in older adults with those instructed performing
worse than those who were not. In children, it is believed that the declarative learning
system becomes more efficient and more prominent during development (e.g., Janacsek
et al., 2012; Mayor-Dubois et al., 2015). Hence, older children may rely more on this
declarative system, which could lead to better performance when task demands are low,
but to worse performance when task demands are high, irrespective of their procedural
learning ability.
Similarly, in ASD and SLI it has been suggested that the declarative system is more easily
triggered, perhaps as a compensatory mechanism for procedural learning deficits (e.g.,
Klinger et al., 2007; Lum et al., 2014; Romero-Munguía, 2008; Ullman & Pullman,
2015). This could lead to increased performance on simple tasks, and decreased
performance on more complex tasks (e.g., Howard & Howard, 2001). In ASD, one
study found intact performance in ASD on a common (uninstructed) SRT task, but
worse performance than TD when information about the sequence was given, hence
suggesting impaired declarative rather than procedural learning (Izadi-Najafabadi et
al., 2015). Similarly, (subtle) impairments in explicit learning performance in ASD
compared to TD were found in the study of Brown and colleagues (2010). In SLI, Lum
and colleagues (2014) have suggested that a more developed compensatory mechanism
in older children might account for the smaller effect sizes of a procedural learning
72

Procedural learning across the lifespan (review)

3.5.4 Heterogeneity in study characteristics
A limitation of the current systematic reviews is that only qualitative reviews were
conducted. Our first aim was to establish which model in typical development
is most accurate by giving a full overview of the existing literature. This could also
have been done by carrying out a quantitative meta-analysis, but this would not
have been straightforward, because the reviewed studies showed large heterogeneity
in methods. Sources of heterogeneity included which effect was studied and which
dependent variable was examined. For example, some studies based their conclusions
on performance changes over time (e.g., an effect of trial block), other studies focused
on an effect of type of stimulus (e.g., low vs. high probability stimuli), and yet other
studies were primarily directed at assessing performance during a later stage, examining
consolidation or retrieval rather than online learning. Dependent variables to measure
learning included raw RTs, normalized RTs, and accuracy. Currently, it seems that the
choice of dependent variable (particularly raw vs. normalized RTs) largely determines
which model is most supported (see Janacsek et al., 2012; Lukàcs & Kemèny, 2015).
Although a meta-analysis could at least partially deal with this complexity by, for example,
adding dependent variables as a moderator, it would not be a straightforward procedure
and interpreting the findings would be complicated. However, we do encourage future
studies to conduct this type of research, and we hope that the current paper can serve as
a source of information regarding the current heterogeneous state of the literature. With
regards to atypical development, we have added to the existing meta-analyses regarding
ASD and SLI data (i.e., Foti et al., 2015; Obeid et al., 2016; Lum et al., 2014) by taking
into account studies that were previously not included.
3.5.5 Conclusions and scientific and clinical implications
In conclusion, age-related changes are found in procedural learning during typical
development. Overall, findings in ASD suggest intact procedural learning, whereas
findings in SLI suggest a deficit. Inconsistent findings across studies can only be
partly explained by the use of different outcome measures. The compensatory role of a
declarative learning mechanism has also been suggested to influence findings, both in
typical and atypical development (e.g., Howard & Howard, 2001; Lum et al., 2014;
Klinger et al., 2007). Future research should address the role of declarative learning
on SRT task performance. Furthermore, there is a need for studies involving and
comparing young children, adolescents and adults in atypical development, because
these groups are currently underrepresented. Combined with our knowledge concerning
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deficit compared to younger children. However, another plausible explanation for
a more pronounced deficit in younger compared to older children with SLI is that
procedural learning efficiency follows a developmental trajectory similar to that in
typical development (Model 2a).
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the developmental trajectory of procedural learning in typical development, future
studies including multiple age groups could clarify, for example, whether the current
findings regarding procedural learning in SLI reflect a deficit or a delay. The answer to
this question would have specific clinical implications.
A severe procedural learning deficit would call for compensation by the declarative
learning mechanism. In grammar learning, for example, this could mean teaching
grammar rules explicitly, rather than expecting a child to pick up certain rules implicitly
by reading a book. Similarly, social rules can be taught explicitly. If, on the other hand,
procedural learning is intact (such as most likely in ASD) or present but delayed (perhaps
in SLI), the preferable approach could be to stimulate this procedural learning system.
Such an approach may be found in errorless learning, referring to training a skill while
minimalizing error making by adjusting the task (e.g., Terrace, 1963). This is often
done by creating a desired situation, followed by gradually removing prompts or cues
from the situation (e.g., Mueller, Palkovic, & Maynard, 2007). In ASD, this approach
has been successfully applied to improve engagement in social interaction, by using
fading prompts of a scripted social interaction (Stevenson, Krantz, & McClannahan,
2000). Errorless learning has also been applied to school interventions in ASD (Mueller
et al., 2007) and to the language domain in aphasia (Fillingham, Hodgson, Sage, &
Lambon Ralph, 2003). Thus, a severe procedural learning deficit could be compensated
for by declarative learning, whereas a less severe deficit or an underused procedural
learning mechanism would call for stimulation, for example through errorless learning
techniques.
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APPENDIX
Search terms used for a systematic search of literature on procedural learning in
TD, ASD and SLI

PUBMED/PSYCINFO ASD: ((procedural learning OR serial reaction time OR
alternating serial reaction time) AND (autism OR autism spectrum disorder OR
autistic disorder OR child development disorder OR pervasive developmental disorder
OR Asperger Syndrome))
PUBMED/PSYCINFO SLI: ((procedural learning OR serial reaction time OR
alternating serial reaction time) AND (specific language impairment OR primary
language impairment OR language impairment OR developmental language impairment
OR speech impairment OR communication impairment OR verbal impairment OR
language delay OR developmental language delay OR communication delay OR speech
delay OR verbal delay OR language disorder OR expressive language disorder OR
receptive language disorder OR mixed language disorder OR communication disorder
OR speech disorder OR verbal disorder))
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PUBMED/PSYCINFO TD: ((procedural learning OR serial reaction time OR
alternating serial reaction time) AND (development or lifespan or ageing))

Chapter 4
Autism: too eager to learn? Event Related Potential findings of
increased dependency on intentional learning in a Serial
Reaction Time task

This chapter is based on:
Zwart, F. S., Vissers, C. Th., van der Meij, R., Kessels, R. P. & Maes, J. H. (2017). Autism: Too eager to
learn? Event related potential findings of increased dependency on intentional learning in a serial reaction
time task. Autism Research, 10, 1533-1543. DOI: 10.1002/aur.1802
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ABSTRACT
It has been suggested that people with Autism Spectrum Disorder (ASD) have an increased
tendency to use explicit (or intentional) learning strategies. This altered learning may
play a role in the development of the social communication difficulties characterizing
ASD. In the current study, we investigated incidental and intentional sequence learning
using a Serial Reaction Time (SRT) task in an adult ASD population. Response times and
ERP components (N2b and P3) were assessed as indicators of learning and knowledge.
Findings showed that behaviorally, sequence learning and ensuing explicit knowledge
were similar in ASD and typically developing (TD) controls. However, ERP findings
showed that learning in the TD group was characterized by an enhanced N2b, while
learning in the ASD group was characterized by an enhanced P3. These findings suggest
that learning in the TD group might be more incidental in nature, whereas learning in
the ASD group is more intentional or effortful. Increased intentional learning might
serve as a strategy for individuals with ASD to control an overwhelming environment.
Although this led to similar behavioral performances on the SRT task, it is very plausible
that this intentional learning has adverse effects in more complex social situations, and
hence contributes to the social impairments found in ASD.
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Core social and communication skills are thought to develop primarily through implicit,
or ‘automatic’ learning processes (e.g., Lieberman, 2000). Hence, it has been posited
that deficits in implicit learning play a major role in the development of the social
communication difficulties well-known to characterize those with autism spectrum
disorder (ASD; American Psychiatric Association, 2013). However, the vast majority of
findings have shown that implicit learning is intact in ASD (Foti et al., 2015), with only
very few studies concluding that implicit learning may be impaired (e.g., Mostofsky et
al., 2000). Interestingly, it has been suggested that people with ASD have a stronger
tendency to employ more effortful, explicit learning strategies in situations which would
be solved implicitly by non-autistic people (Klinger et al., 2007), perhaps as a way to
control an overwhelming environment. As the efficacy of explicit strategies varies as a
function of the cognitive task at hand (e.g., Howard & Howard, 2001), it is possible that
it is a propensity towards over-using explicit strategies, rather than an intrinsic implicit
learning deficit per se, that impairs social communication skill development in ASD.
The extent to which the use of explicit learning strategies underlies the inconsistent ASD
findings in implicit learning paradigms is yet to be investigated.
Investigating implicit learning entails the fundamental challenge of guaranteeing
the implicit nature of learning in a paradigm. Implicit learning is usually defined as
learning that occurs without the intention to learn and results in knowledge that is
relatively inaccessible to conscious awareness (Abrahamse et al., 2010; Perruchet, 2008;
Reber, 1967). Although often regarded as one concept, this definition actually entails
two different aspects: the unintentional nature of the learning (the process) and the
unconscious nature of the ensuing knowledge (the product). These two aspects may
be related, but do not necessarily co-occur. For example, one could have no intention
to learn something, but nevertheless become aware of what has been learned. Implicit
learning paradigms are usually aimed at incidental learning (i.e., no instruction to learn)
that leads to unconscious knowledge, knowledge which is typically confirmed by postexperimental tasks or interviews. However, these tasks show that a substantial number of
participants still gain explicit knowledge in implicit learning paradigms (e.g., Haider &
Rose, 2007). Contamination with explicit knowledge is problematic, given that explicit
learning, but not implicit learning, is thought to be strongly related to factors such as
age and IQ (Reber, 1993, but also see Janacsek, Fiser, & Németh, 2012) and could,
therefore, confound any conclusions if these factors are not accounted for. Conventional
post-experimental awareness checks have been criticized for not being sensitive enough
to pick up all explicit knowledge (Shanks & St. John, 1994; Snodgrass, 2004). To
overcome this problem, Haider and Rose (2007) developed an alternative method to
measure awareness by using characteristic drops in reaction times (‘RT-drops’; see also
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Zwart et al., submitted). This measure might be more accurate because it assesses explicit
knowledge during the task and is not dependent on verbal abilities.
The most commonly used implicit learning paradigm is the ‘Serial Reaction Time Task’
(SRT task; Nissen & Bullemer, 1987), which is often used in studies focusing on ASD.
In this task, the participant is asked to respond via button press to a stimulus that
appears on one of several locations on a computer screen. Unknown to the participant,
the location is predicted by a sequence. Learning is reflected by decreased reaction times
(RTs), sometimes in contrast to RTs for deviant (i.e., random) stimuli. The employment
of a probabilistic sequence (with deviant trials) increases task complexity and decreases
explicit knowledge as opposed to a fixed, deterministic sequence (e.g., Jiménez et al.,
1996). A recent meta-analysis on the topic of implicit learning in ASD shows that the
majority of SRT studies report similar RT benefits in ASD and typically developing
(TD) controls (Foti et al., 2015). However, it remains unclear how confounding
factors such as age and IQ have influenced these findings (e.g., Brown et al., 2010).
Furthermore, even in the absence of performance differences, there are studies showing
that the underlying neural processing may still be different for ASD and TD individuals
(Müller et al., 2004; Travers et al., 2015). Two fMRI studies using the SRT task report
intact behavioral learning (i.e., RT benefits) in ASD, but abnormal activations in (pre) motor areas during learning (Müller et al., 2004; Travers et al., 2015). Alternatively,
Event Related Potentials (ERPs) are an interesting method to investigate the process of
learning, because of their high temporal resolution. To our knowledge, no studies to
date have examined ERPs during learning on the SRT task in ASD yet.
ERPs have been studied extensively in healthy populations to assess the specific aspects
of implicit learning on SRT tasks: intention to learn and knowledge (e.g., Eimer et al.,
1996; Rüsseler & Rösler, 2000; Miyawaki et al., 2005). Usually, an enhanced negativity
(N2b) followed by an enhanced positivity (P3) is found for deviant trials compared
to standard (i.e., sequenced) trials. A N2b is thought to reflect a mismatch, e.g., in
oddball paradigms, whereas the later P3 is associated with updating of working memory
(e.g., Patel & Azzam, 2005). In the SRT tasks, it has recently been suggested that the
early N2b is associated with an automatic (incidental) learning system, while the later
P3 component is more related to a controlled way of learning, or intentional learning
(Ferdinand et al., 2008; Fu et al., 2013; Jost et al., 2011; but see Miyawaki et al., 2005;
Rüsseler & Rösler, 2000).
The aim of the current study was to investigate learning on an SRT task in adults with
ASD, with a focus on intentional learning and explicit knowledge, by using ERPs and
RT measures. We hypothesized that participants with ASD would show more evidence
of intentional learning, as reflected in P3 ERPs, while TD participants would show
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more incidental learning, as reflected in N2b ERPs. We expected that these different
learning styles would lead to similar behavioral performance on a probabilistic part of
the SRT task, for which we assumed that incidental learning processes would dominate,
but to enhanced performance in ASD on a deterministic part of the task, for which we
assumed that intentional learning would play a more dominant role.

4.2.1 Participants
Twenty participants with an ASD diagnosis and 20 age- and IQ-matched TD participants
without a history of psychiatric disorder were recruited (see Table 1 for the demographic
characteristics). The behavioral data of 19 TD participants was also used in a different
study (Zwart et al., submitted). All participants were free of major neurological disorders
and had (corrected-to) normal vision. For all participants, an abbreviated Wechsler
Adult Intelligence Scale (WAIS-IV; Wechsler, 2008) was administered to estimate IQ,
the Social Responsiveness Scale (SRS; Constantino & Todd, 2005) to assess levels of
social impairment and the Autism Quotient (AQ; Baron-Cohen et al., 2001) to assess
autism traits. All participants gave written informed consent before participating. The
study was approved by local ethical committee and was in line with the guidelines of the
Declaration of Helsinki.
Table 1.
Demographic characteristics of groups
ASD group

TD group

(n = 20)

(n = 20)

p-value

M (SD)

M (SD)

Age

38.28(12.69)

30.53(12.65)

.061

Full-Scale IQ¹

110.95(9.92)

109.40(12.84)

.672

ADOS²

9.79 (2.69)³

-

-

SRS

68.37(11.96)⁴

46.95(7.21)

< .001

AQ

29.65(8.21)

12.35(5.28)

< .001

¹ Based full WAIS-III (n = 7), 4 subtests of WAIS- IV (n = 1), 6 subtests of WAIS-IV (n = 32).
² Autism Diagnostic Observation Schedule (ADOS; Lord, Rutter, DiLavore, & Risi, 2000) administered
< 12 months before participation. Cut-off for ASD diagnoses = 7.
³ ADOS missing for 6 ASD participants.
⁴ SRS missing for 1 ASD participant.
ASD, autism spectrum disorder; AQ, Autism Quotient; SRS, Social Responsiveness Scale; TD, typically developing;
WAIS, Wechsler Adult Intelligence Scale.
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4.2.2 Procedures
4.2.2.1 SRT task
The SRT task was adjusted by centering the stimuli in order to reduce eye movements
in EEG recordings. The participants were asked to respond by button press to an arrow
pointing in one of four directions. Unknown to the participant, these arrows followed
a sequence.

arrow 2
arrow 1
arrow 3
arrow 4
arrow 3
arrow 2
arrow 4
arrow 1

Figure 1.
In the current SRT task, the participant is asked to give a motor response to an arrow pointing in one
of four directions. Unknown to the participant, the direction of the arrow is determined by a repeating
8-element sequence (i.e., 2-1-3-4-3-2-4-1)

The SRT task consisted of two sets of sequences, a probabilistic and a deterministic
one. After practice (48 trials), the task started with 72 repetitions of the probabilistic
sequence ‘2-1-3-4-3-2-4-1’, directly followed by the second part of 72 repetitions of the
deterministic sequence ‘4-3-1-2-1-4-2-3’ (without any breaks). Both sequences were
second-order in nature, in which each element is always predicted by the two elements
before. For example, in the probabilistic sequence, the combination 2-1 predicts 3. We
ensured both sequences contained (1) no repeating elements; (2) only one ‘serial’ triplet
(e.g., 1-2-3); and (3) only two ‘alternating’ triplets (i.e., 1-2-1, 3-4-3). The first sequence
was probabilistic because every sequence repetition included a ‘deviant’ trial, which was
inserted at semi-randomized positions to minimize its predictability. Deviant trials had
a random direction under the constraints that it did not repeat the direction of adjacent
stimuli and that each stimulus was equally represented. Response-to-stimulus interval
was set at 500 ms.
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4.2.2.3 EEG recordings
EEG was recorded using 64 active electrodes (10-20 arrangement), referenced online
to the left mastoid. Data was rereferenced offline to both mastoids. To control for
horizontal and vertical eye movements, electrooculogram (EOG) was recorded from the
outer ocular canthi and the left sub- and supraorbital ridges. EEG and EOG signals were
sampled at 5000 Hz, filtered online between 0.016 Hz and 1000 Hz, and subsequently
down sampled to 500 Hz.
4.2.3 Statistical analyses
For all analyses, the alpha level was set at 0.05. Greenhouse Geisser correction was
applied where the sphericity assumption was violated. EEG data analyses were
performed using the FieldTrip MATLAB toolbox developed at the Donders Institute
for Brain, Cognition, and Behavior, Nijmegen (Oostenveld et al., 2011; http://www.
fieldtriptoolbox.org).
4.2.3.1 Age effects
The effects of explicit learning strategies have previously been found to differentially
impact learning performance in younger and older TD adults (Howard & Howard,
2001). In order to explore the possible effects of age, all analyses were first conducted
with Age added as a covariate. If Age did not interact with the learning effects of interest,
ANOVAs without Age as a covariate were reported.
4.2.3.2 Data preparation
The trials in both conditions were split into 8 blocks of 9 sequences (72 trials) in order
to assess learning over time. Extreme outliers were determined for standard trials as
RTs 3×IQR +/- the median RT of each block, and for deviant trials as +/-3×IQR over
2 blocks. Trials with erroneous responses and the subsequent trial as well as trials after a
deviant trial were removed.
EEG artifacts were detected by visual inspection; electrodes with artifacts in more
than 25 trials in the probabilistic condition were discarded entirely. Subsequently, eye
movement artifacts were removed using Independent Component Analyses (ICA). After
ICA, further outliers were removed using a semi-automatic procedure. On average 64.8
trials (out of 1152) were removed per participant.
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After the experiment, a short verbal interview was administered with the participants
to assess the subjective explicit knowledge of the deterministic sequence. This started
with: ‘Did you notice anything about the experiment?’. If the answer was negative,
participants were told that stimuli followed a sequence, and they were asked to describe
this sequence and encouraged to guess.
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4.2.3.3 Behavioral probabilistic and deterministic learning performance
A Group (ASD, TD) × Trial Type (Standard, Deviant) × Block (8) repeated measures
ANOVA was conducted for the probabilistic condition, and a Group (ASD, TD) ×
Block (8) ANOVA for the deterministic condition, with mean RT as dependent variable.
Similar ANOVAs were conducted on mean number of (normalized) errors. Because
there were seven times more standard than deviant trials in the probabilistic condition,
the number of errors on standard trials was divided by seven.
4.2.3.4 Explicit knowledge: RT-drops and verbal reports
Explicit knowledge was assessed by number of RT-drops (similar statistical procedures
as in Zwart et al., submitted) in both conditions.
Investigating awareness using RT data is premised on the notion that as soon as a
participant develops awareness of learned information, RTs will drop steeply and abruptly
(i.e., RT-drop), which is not seen in implicit knowledge. Learning a sequential structure
is a gradual process, in which elements rather than the whole sequence are learned (e.g.,
Schlaghecken et al., 2000). In the current task, the sequence can be split into 8 elements,
or triplets. RT-drops can be determined by comparing these 8 triplets. For each of the
8 triplets, we first concatenated the RTs of all their member trials into a single pseudo
time series, which was subsequently smoothed by applying a median filter of lag 3.
Afterwards, this time series was made monotonically decreasing by replacing every RT
by the minimum of itself and all preceding RTs, starting from the first RT. These new
pseudo time series of each of the 8 triplets were then aligned for the purpose of finding
RT-drops. RT-drops occurred when (1) the lowest RT (of 8 RTs) at each aligned pseudo
time point was smaller than the 99% confidence interval (99%CI) calculated using the
median and standard deviation of the other RTs, and (2) when the subsequent two RTs
of the pseudo time series of this triplet were below the upper bound of the CI of the
current RT (using a standard deviation of the median filtered data of that triplet).
The verbal reports of the deterministic condition were rated based on the number of
elements, leading to the following scale: 1) 0 to 2 elements verbally recalled; 2) verbal
report of ≥ 3 elements after a prompt, 3) 3 elements recalled; 4) 4 elements recalled; 5)
5 elements recalled; 6) 6 elements recalled; 7) 7 elements recalled; 8) 8 elements recalled
(with score 3‒8 all without a prompt).
4.2.3.5 N2b and P3
A baseline of -100 ms up to stimulus presentation was used for ERPs. N2b and P3
enhancements for deviant trials compared to standard trials in the probabilistic condition
were investigated over two halves of the probabilistic condition. No ERPs were analyzed
for the deterministic condition, because this condition did not include deviant trials.
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N2b was defined as mean amplitude in the time window of 250-350 ms post stimulus
presentation. P3 was defined as the peak amplitude of 350-550 ms post stimulus (similar
to Eimer et al., 1996; Miyawaki et al., 2005), with mean peaks calculated over a time
window of 20 ms before to 20 ms after the peak for each individual subject. We focused
on six electrodes at midline: Fz, FCz, Cz, CPz, Pz and POz (similar to Ferdinand et al.,
2008; Rüsseler & Rösler, 2000). First, group differences in ERPs were analyzed by Group
(ASD, TD) × Trial Type (Standard, Deviant) × Half (First Half, Second Half ) ANOVAs
for each electrode separately with mean (N2b) or peak (P3) amplitude as dependent
variable to justify analyses at group level (i.e., Group × Trial Type and Group × Trial
Type × Half interactions were of interest; other effects are not reported). Subsequently,
for each group separately, Trial Type × Half ANOVAs were conducted.
4.2.3.6 Relation between ERPs and RT-drops
The association between the ERP findings (i.e., results from above explained analyses)
and RT-drops was examined by comparing subgroups of participants using independent
sample t-tests. The subgroups were formed based on number of RT-drops: ‘Low explicit
knowledge’ (≤4 RT-drops) and ‘High explicit knowledge’ (≥5 RT-drops).
4.3 RESULTS
4.3.1 Age effects
Age did not affect any of the main effects of interests (i.e., there were no interactions
with Trial Type; all p-values > .05) and was therefore not included as covariate in the
subsequent analyses. Age did influence the correlation between RT-drops and verbal
reports of explicit knowledge in the ASD group as will be described in the corresponding
section.
4.3.2 Behavioral probabilistic and deterministic learning performances
For the probabilistic condition, a Group (ASD, TD) × Trial Type (Standard, Deviant)
× Block (8) ANOVA revealed a main Trial Type effect (F(1, 39) = 109, p < .001, partial
ƞ²= .74), with slower responses to deviant trials (M = 578 ms) compared to standard
trials (M = 517 ms) indicating that both groups learned the probabilistic sequence (see
Figure 2). No main effect of Group (p = .28) was found, indicating no differences in
motor speed. Furthermore, no Group × Trial Type interaction (p = .50) or Group × Trial
Type × Block interaction (p = .48) was found, demonstrating that the groups did not
differ in learning effect. No other (interaction) effects were found (ps ≥ .082).

85

Chapter 4

Autism: too eager to learn? An ERP study

Chapter 4

A similar ANOVA on errors showed a main effect of Trial Type (F(1, 39) = 27.9, p <
.001, partial ƞ²= .42), with a higher relative number of errors on deviant trials (M =
.51 errors per block) compared to standard trials (M = .25 errors). A main Block effect
(F(5.29, 39) = 2.5, p = .027, partial ƞ²= .063) showing a linear trend (F(1, 39) = 12.0,
p = .001, partial ƞ²= .24) was found, suggesting a general increase in number of errors
over time. No main Group or interaction effects were found (ps ≥ .084).
In the deterministic condition, a Group × Block ANOVA revealed a main effect of Block
(F(2.85, 32) = 13.6, p < .001, partial ƞ²= .263) with a linear trend (F(1, 32) = 24.3, p < .001),
as both groups became faster over time and hence had learned the sequence. No main Group
effect was found (p = .16), suggesting no differences in motor speed. No Group × Block (p =
.73) interaction was found, indicating that learning was similar for both groups.
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Figure 2.
Mean reaction times and SEMs per block indicating probabilistic learning (left) and deterministic
learning (right) for typically developing (upper) and autism spectrum disorder (lower) participants. Red
and blue lines represent deviant and standard trials, respectively.

Regarding the number of errors, no significant (interaction) effects were found (Group
× Block ANOVA: ps ≥ .29).
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The verbal report scores of the deterministic sequence did not differ between groups (p
= .98) and were correlated strongly with the number of RT-drops in the deterministic
condition (uncorrected for Age: r(37) = .56, p < .001; corrected for Age: r(36) = .55,
p < .001). In the TD group, this correlation was also found when controlling for age
(uncorrected: r(17) = .68, p = .001; corrected: r(16) = .68, p = .002). In the ASD group,
the uncorrected correlation was significant, but this effect did not remain significant after
controlling for age (uncorrected: r(18) = .47, p = .039; corrected: r(17) = .39, p = .096).
4.3.4 N2b effects during probabilistic learning
Analyses were performed for six electrodes (Fz, FCz, Cz, CPz, Pz, POz) separately (see
Methods). Figure 3 shows the Grand Averages at Fz, Cz and Pz for each group.
Group (ASD, TD) × Trial Type (Standard, Deviant) × Half (First Half, Second Half )
ANOVAs revealed no main Group effects (ps ≥ .24), indicating no between group
differences in overall amplitudes. A Group × Trial Type interaction was found at CPz
(F(1, 38) = 5.3, p = .027, ƞp² = .12), and a Group × Trial Type × Half interaction were
found at Cz (F(1, 38) = 4.0, p = .053, ƞp² = .095), CPz (F(1, 38) = 3.6, p = .066, ƞp² =
.081), Pz (F(1, 38) = 4.0, p = .056, ƞp² = .092), and POz (F(1, 38) = 5.1, p = .030, ƞp²
= .12). These group differences in N2b enhancements for multiple electrodes justified
further analyses for each group separately.
For the TD group, Trial Type × Half ANOVAs revealed main Trial Type effects at Fz
(F(1, 19) = 5.5, p = .031, ƞp² = .22), FCz (F(1, 19) = 6.0, p = .024, ƞp² = .24), and
Cz (F(1, 19) = 4.5, p = .048, ƞp² = .19).with lower amplitudes for deviants (average
amplitude over Fz, FCz, and Cz: M = 5.4 µV) compared to standards (M = 6.3 µV;
see Figure 4); Main Half effects were found at Pz (F(1, 19) = 5.1, p = .037, ƞp² = .21),
POz (F(1, 19) = 12.6, p = .002, ƞp² = .40), and at trend level at CPz (F(1, 19) = 4.2, p
= .055, ƞp² = .18), indicating that overall amplitudes decreased over time at (centro-)
parietal sites, with lower amplitudes in the second session half (average amplitude at
CPz, Pz and POz: M = 5.6 µV) compared to the first half (M = 6.6 µV). No Trial Type ×
Half interactions were found (ps ≥ .12). Taken together, these findings suggest a frontocentral N2b enhancement (i.e., increased negativity) for deviant trials in the TD group.
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4.3.3 Explicit knowledge: RT-drops and verbal reports
Explicit knowledge was measured by number of RT-drops (see Methods). A Group
(ASD, TD) × Condition (Probabilistic, Deterministic) ANOVA revealed a (statistically
marginally significant) main Condition effect (F(1, 38) = 3.9, p = .054, partial ƞ²= .094),
with higher number of RT-drops in the deterministic condition (M = 5.0) compared
to the probabilistic condition (M = 4.6) . No main Group effect (p = .35) or Group ×
Condition interaction (p = .88) was found.
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Figure 3.
Grand averages of typically developing (left) and autism spectrum disorder (right) participants, for first
and second half of the probabilistic condition at three different electrode sites (Fz, Cz, Pz). Red and blue
lines represent deviant and standard trials, respectively.

For the ASD group, all main Trial Type effects as well as Trial Type × Half interactions
were non-significant (ps ≥ .11).Non-significant trends for a main Trial Type effect at Pz
(F(1, 19) = 3.5, p = .078, ƞp² = .15) and for a Trial Type × Half interaction at Pz (F(1,
19) = 5.0, p = .053, ƞp² = .18) were found, with a reversed pattern of lower amplitudes
for standards (M = 5.2 µV) compared to deviants (M = 5.7 µV; ). No main Half effects
were found (ps ≥ .15), indicating that overall amplitudes did not change over time.
Thus, a fronto-central N2b enhancement was found for the TD group, whereas no
evidence was found for an N2b effect in the ASD group.
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N2b amplitude differences between trial types (i.e., amplitude deviant trials—amplitude standard trials)
and spatial distribution for typically developing (upper) and autism spectrum disorder (lower).
Figure 4. N2b amplitude differences between trial types (i.e., amplitude deviant trials – amplitude standard trials)
and spatial distribution for Typically Developing (upper) and ASD (lower)

4.3.5 P3 effects during probabilistic learning
P3Group (ASD, TD) × Trial Type (Standard, Deviant) × Half (2) ANOVAs revealed no
main Group effect (ps ≥ .41), indicating no group differences in overall P3 amplitudes.
Group × Trial Type interactions were found at Fz (F(1, 38) = 4.6, p = .039, ƞp²= .11),
FCz (F(1, 38) = 4.8, p = .035, ƞp² = .11), Cz (F(1, 38) = 6.3, p = .017, ƞp² = .14) CPz
(F(1, 38) = 7.5, p = .009, ƞp² = .17), and Pz (F(1, 38) = 3.8, p = .059, ƞp² = .091).
These group differences in P3 enhancements justified further analyses at group level (see
Methods).
For the TD group, P3Trial Type × Half ANOVAs revealed no main Trial Type effects
or Trial Type × Half interactions (ps ≥ .11), indicating no P3 enhancements (see Figure
5). A trend for a main Trial Type effect was found at CPz electrode (F(1, 19) = 3.7, p =
.070, ƞp² = .16), showing a reversed pattern of higher amplitudes for standard trials (M
= 19.9 µV) compared to deviant trials (M = 18.6 µV). Additionally, a main Half effect
was found at FCz (F(1, 19) = 5.1, p = .035, ƞp²= .21), Cz (F(1, 19) = 7.0, p = .016, ƞp²
= .27), CPz (F(1, 19) = 9.4, p = .006, ƞp² = .33), Pz (F(1, 19) = 8.2, p = .010, ƞp² = .30),
POz (F(1, 19) = 15.5, p = .001, ƞp² = .45) and at trend level at Fz (F(1, 19) = 3.7, p =
.070, ƞp² = .16), with all electrodes showing a decline in overall amplitudes over time,
89

Chapter 4

N2b enhancement

0,50
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with lower amplitudes during the second half (over all electrodes: M = 7.9 µV) than
during the first half (M = 9.0 µV).
For the ASD group, main Trial Type effects were found at Fz (F(1, 19) = 4.6, p =
.046, ƞp² = .19) and at trend level at FCz (F(1, 19) = 3.9, p = .062, ƞp² = .17), Cz (F(1,
19) = 3.4, p = .082, ƞp² = .15) and CPz (F(1, 19) = 3.8, p = .066, ƞp² = .17), P3 with
higher amplitudes for deviant trials (M = 9.4 µV) than for standard trials (M = 8.7 µV),
indicating P3 enhancements (i.e., increased positivity). No main Half effects or Trial
Type × Half interactions (ps ≥ .095) were found, suggesting no changes over time in
overall amplitudes or P3 enhancements.
Thus, a P3 enhancement was found for the ASD group, most strongly frontal, whereas
no P3 enhancements were found for the TD group.
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P3 amplitude differences between trial types (i.e., amplitude deviant trials—amplitude standard trials) and
spatial distribution for typically developing (upper) and autism spectrum disorder (lower).
Figure 5. P3b amplitude differences between trial types (i.e., amplitude deviant trials – amplitude standard trials)
4.3.6
Relation between ERPs and RT-drops
and spatial distribution for Typically Developing (upper) and ASD (lower)
Subgroups were formed based on number of RT-drops: ‘Low explicit knowledge’(≤4
RT-drops; TD: n = 10, ASD: n = 9) and ‘High explicit knowledge’ (≥5 RT-drops; TD:
n = 10; ASD: n = 11). No differences between these subgroups in N2b enhancement
(averaged over Fz, FCz and Cz based on the N2b findings) were found, neither within
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the TD group (p = .25), nor within the ASD group (p = .63).
Similarly, no differences between subgroups in P3 enhancement (averaged over Fz, FCz,
Cz and CPz, based on P3 findings) were found, neither within the ASD group (p = .66),
nor within the TD group (p = .83).

We investigated sequence learning in an adult ASD sample, with a focus on differences in
incidental and intentional learning between ASD and TD, and the effects on behavioral
performance. We used an SRT task consisting of a probabilistic part and a deterministic
part. The probabilistic nature of the first part was designed to minimize the development
of explicit knowledge. The deterministic nature of the second part, on the other hand,
would promote the development of explicit knowledge, at least for some participants.
We compared the behavioral performance and ERP components (N2b and P3) between
an ASD and a TD group.
At a behavioral level, findings showed similar learning performance on the SRT
task in the ASD group compared to the TD group. Adults with ASD were capable
of sequence learning, both under probabilistic and deterministic circumstances. This
is in line with the majority of the literature (e.g., Németh et al., 2010). We also did
not find any differences in explicit knowledge between the ASD and the TD group,
neither in number of RT-drops nor in post-experimental verbal reports. The number
of RT-drops was strongly correlated with the verbal measures of explicit knowledge,
although this correlation was weaker in the ASD group and disappeared after adjusting
for age. It might have been more difficult for the ASD participants to verbally express
their knowledge. Overall, sequence learning seemed intact in ASD and levels of explicit
knowledge were similar to those of TD participants.
At an electrophysiological level, probabilistic sequence learning was associated with
different ERPs in the ASD and the TD group. An enhanced fronto-central N2b for
deviant stimuli was found in the TD group, which follows previous findings (e.g.,
Ferdinand et al., 2008; Miyawaki et al., 2005; Rüsseler et al., 2003). This N2b
enhancement did not differ between participants with low or high levels of explicit
knowledge (as measured in terms of number of RT-drops), which contrasts with some
previous findings of a positive relationship between N2b and explicit knowledge (e.g.,
Rüsseler & Rösler, 2000; Miyawaki et al., 2005). However, this is in agreement with the
notion posed by other authors (e.g., Ferdinand et al., 2008) that the N2b reflects the
automatic detection of deviants.
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In the ASD group, a P3 enhancement was found during probabilistic sequence learning
which has been associated with intentional learning on the SRT task (e.g., Ferdinand
et al., 2008). The frontal topography might be somewhat surprising, given that a P3
enhancement in response to rare stimuli in oddball paradigms usually has a parietal
topography (e.g., Patel & Azzam, 2005; Polich, 2007). In the P3 literature a distinction
is made between an early frontal P3a component associated with a novelty response
and inhibitory processes, and a later parietal P3b component associated with updating
working memory (e.g., Linden, 2005; Patel & Azzam, 2005). The P3a is elicited by
highly salient, task irrelevant deviant stimuli, whereas the P3b is related to task relevant
stimuli (e.g., Linden, 2005), such as our deviants. Indeed, a parietal P3(b) effect has been
reported in several other SRT studies (Ferdinand et al., 2008; Jost et al., 2011; Rüsseler
& Rösler, 2000). The frontal topography of our P3 however, fits better with a P3a, and a
P3a in our study might reflect inhibitory processes to the ’ongoing’ pattern of responses
to standards upon encountering a deviant stimulus. Although the interpretation of
P3a would differ from a P3b effect, both involve more conscious processes than the
mismatch N2b found in TD. Furthermore, it could also be that the frontal topography
results from different neural networks in ASD compared to TD, as has been suggested
by a recent oddball study in ASD (Westerfield, Zinni, & Townsend, 2015). In this
study, the (target) P3 in the ASD group seemed more sensitive to probability than in TD
and had a more frontal distribution. Taken together, the frontal P3 in our ASD group
seems to reflect more controlled, intentional learning strategies, which supports the
hypothesis that people with ASD show a greater tendency to use intentional strategies
(Klinger et al., 2007).
Although intentional learning strategies seem enhanced in ASD, it was not related to
more explicit knowledge in this probabilistic condition, in line with several (but not all)
previous studies regarding the P3 and explicit knowledge on the SRT task (Eimer et al.,
1996; Miyawaki et al., 2005). Contrary to our expectations, this enhanced intentional
learning did not lead to higher levels of explicit knowledge (as reflected in the RT-drops
and/or verbal reports) in the (more simple) deterministic condition either. It seems that
the participants with ASD may not have benefited from intentional learning as much
as could be expected from previous findings in TD groups. A less effective intentional
learning has been suggested by Brown and colleagues (2010), who showed similar
performances in ASD and TDs on implicit learning tasks, but poorer performances
in ASD on an explicit learning task. However, the current 8-element sequences might
have been difficult to learn in an intentional manner, and it would be interesting to
investigate the efficiency of these intentional learning strategies on a less complex task .
The lack of enhanced explicit knowledge in the ASD group compared to the TD group
could not be explained by age, as we did not find any evidence for a mediating effect
of age on the relationship between intention to learn and explicit knowledge. This
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Taken together, we found different neurophysiological processes during probabilistic
sequence learning in ASD and TD, which indicate that different learning strategies were
employed to reach the same goal (for a recent behavioral paper on different learning
strategies in ASD, see Virág, Janacsek, Balogh-Szabó, Chezan, & Németh, 2017). It
seems that individuals with ASD use more intentional or top-down learning strategies,
which might be more effortful than the incidental learning strategies in TD.
4.4.1 Conclusions and possible implications
Adults with ASD use different, more intentional learning strategies than TD when faced
with a sequence learning task, evidenced by differences in underlying neurophysiological
processes. Although this enhanced intention to learn in ASD did not lead to any (dis)
advantages in performance on the current task, this intention may still adversely affect
learning in complex social situations (see Lieberman, 2000). Hence, paradoxically,
this intention can hamper performance and thereby contribute to the development of
social impairments found in ASD. It would be very interesting for future research to
further enhance our understanding of the underlying neurobiological processes of these
different learning strategies, with a focus on more frontal, top-down processing in ASD.
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contrasts with the findings of Howard and Howard (2001), showing that while young
adults benefited from the intention to learn, the performance of older adults was actually
hampered by this intention. An age effect might only be visible with more advanced
ageing, as our oldest participant (59 yrs old) was still younger than their older adults (60
to 80 yrs old). In line with this, a large study investigating learning on a probabilistic
SRT task with participants from 11 to 39 years old, also found no age-related differences
when the participants were intentionally looking for the sequence (Németh et al. 2013).
An interesting future direction would be to compare learning performance of younger
and older adults in ASD using the same paradigm.
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ABSTRACT
Autism Spectrum Disorder (ASD) and Specific Language Impairment (SLI) are two
neurodevelopmental disorders characterized by deficits in verbal and nonverbal
communication skills. These skills are thought to develop largely through implicit – or
automatic – learning mechanisms. The aim of the current paper was to investigate the
role of implicit learning abilities in the atypical development of communication skills
in ASD and SLI. In the current study, we investigated Response Times (RTs) and Event
Related Potentials (ERPs) during implicit learning on a Serial Reaction Time (SRT)
task in a group of typically developing (TD) children (n = 17), a group of autistic
children (n = 16), and a group of children with SLI (n = 13). Findings suggest that
learning in both ASD and SLI is similar to that in TD. However, electrophysiological
findings suggest that autistic children seem to rely mainly on more automatic processes
(as reflected by an N2b component), whereas the children with SLI seem to rely on
more controlled processes (as reflected by a P3 component). The TD children appear
to use a combination of both learning mechanisms. These findings suggest that clinical
interventions should aim at compensating for an implicit learning deficit in children
with SLI, but not in children with ASD. Future research should focus on developmental
differences in implicit learning and related neural correlates in TD, ASD, and SLI.
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5.1 INTRODUCTION

At a neurobiological level, implicit and explicit learning can be dissociated, although
some overlap and interactions have also been reported. Implicit learning is subserved
by widespread neural networks depending on the experience at hand (as reviewed by
P.J. Reber, 2013). Implicit skill learning often involves perceptual-motor learning and
therefore engagement of the basal ganglia and the cerebellum (e.g., Janacsek, Fiser, &
Németh, 2012; Krishnan, Watkins, & Bishop, 2016). Explicit learning relies mainly
on the Medial Temporal Lobe, including the hippocampus, with connections to other
brain areas such as the prefrontal cortex (e.g., P.J. Reber, 2013). However, it has been
found that in some situations the hippocampus is also involved in implicit learning
(e.g., Hannula & Greene, 2012; Poldrack & Rodriguez, 2003), and that the neural
networks of implicit and explicit learning interact (Destrebecqz et al., 2005; Ullman,
2004). Thus, the different neural networks involved in implicit and explicit learning can
overlap and interact depending on the learning task.
Implicit learning is commonly investigated using the Serial Reaction Time (SRT) task
(Nissen & Bullemer, 1987). In this task, participants are asked to respond to visual
stimuli as fast as they can by pressing a button. Unknown to the participants, these
stimuli follow a repeating sequence. Often, random stimuli or blocks of random stimuli
are inserted in the task, giving the task a probabilistic character (i.e., the stimuli follow
the sequence only with a certain probability). Implicit learning is present if responses
to sequenced stimuli are faster than those to random stimuli, despite the lack of task
instruction that would have encouraged a deliberate seeking of underlying rules and
participant awareness. Although the SRT task reliably evokes learning, it is challenging
to guarantee the implicit nature of the learning.
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Social and communication skills, including language, are thought to develop largely
through implicit learning processes. Implicit learning refers to incidental learning that
leads to knowledge that we are not consciously aware of, and is debatably believed to be
distinctively different from explicit (or conscious) learning (e.g., Abrahamse, Jiménez,
Verwey, & Clegg, 2010; A. S. Reber, 1967; P. J. Reber, 2013). We use this implicit
learning system to master grammar rules of our mother tongue (e.g., Saffran, Aslin, &
Newport, 1996), and to learn how to deal with our highly complex social environment
(Lieberman, 2000). It is therefore not surprising that implicit learning is often studied
in developmental disorders characterized by deficits in these language and social
communication skills, such as Autism Spectrum Disorder (ASD) and Specific Language
Impairment (SLI; see Obeid, Brooks, Powers, Gillespie-Lynch, & Lum, 2016, Zwart,
Vissers, Kessels, Maes, in press).
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The implicit learning definition entails two different aspects: the incidental nature of
the learning (the process) and the unconscious nature of the knowledge (the product;
e.g., Abrahamse et al., 2010; Perruchet 2008; A.S. Reber, 1967). In the SRT task, it is
assumed that learning is incidental in nature, because there is no instruction to learn.
However, it cannot be ruled out that participants have an intrinsic intention to learn.
Participant awareness of the sequence (knowledge) is usually measured by a verbal
interview at the end of the experiment, in which the participants are asked whether
they noticed the sequence, but it can also be estimated by analyzing large drops in
Response Times (RTs; ‘RT-drops’; Haider & Rose, 2007; Zwart, Maes, Vissers, Kessels,
submitted). It has been found that a substantial part of the participants show signs of
(partial) awareness on the SRT task (e.g., Haider & Rose, 2007; Zwart et al., submitted).
It is believed that awareness can be prevented by using a probabilistic sequence rather
than a (simple) deterministic sequences (e.g., Jiménez, Méndez, & Cleeremans, 1996),
and a probabilistic task might therefore be particularly sensitive to deficits in implicit
learning.
Evidence for different neural mechanisms during incidental and intentional learning
on the SRT task has been found (e.g., Ferdinand, Mecklinger, & Kray, 2008; Fletcher
et al., 2004). Studies using Event Related Potentials (ERPs) measures on the SRT Task
have repeatedly found a negative deflection called the N2b component, followed by a
positive deflection called the P3 component. Several authors have suggested that the
N2b component is particularly pronounced during implicit learning, whereas the later
P3 component is related to explicit learning (Ferdinand et al., 2008; Fu, Bin, Dienes,
Fu, & Gao, 2013, Zwart, Vissers, Van der Meij, Kessels, & Maes, 2017; but also see
Jost, Conway, Purdy, Walk, & Hendricks, 2015; Miyawaki, Sato, Yasuda, Kumano, &
Kuboki, 2005). Although the exact interpretation of the N2b and P3 can be debated,
the latency of the components suggests that the early N2b component reflects lower level
cognitive processes, such as the automatic detection of deviations in the environment,
compared to the later P3 component, which may reflect more controlled or conscious
ways of processing.
The majority of studies that used the SRT task to investigate implicit learning in ASD
show intact implicit performance (Foti, De Crescenzo, Vivanti, Menghini, & Vicari,
2015; Obeid et al., 2016; Zwart et al., in press). However, several studies find evidence
for (subtle) impairments in learning on the SRT task in ASD (Gordon & Stark, 2007;
Mostofsky, Goldberg, Landa, & Denckla, 2000; Sharer, Mostofsky, Pascual‐Leone, &
Oberman, 2016; Travers, Kana, Klinger, Klein, & Klinger, 2015). It has been suggested
that autistic participants rely more on explicit learning than non-autistic participants,
perhaps as a compensatory mechanism for a deficit in implicit learning (e.g., Klinger,
Klinger, & Pohlig, 2007). In line with this, ERP findings of our previous SRT task study
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Implicit learning has also been studied widely in SLI, a developmental disorder
characterized by language impairments in the absence of sensory, medical, or intellectual
deficits (Bishop, 1992; Tomblin et al., 1997). It has been proposed that these language
impairments, in particular the grammar difficulties, result from a deficit in overall
procedural (or implicit) learning (Ullman & Pierpont, 2005) or from a more specific
deficit in implicit sequence learning (Hsu & Bishop, 2014). Indeed, most studies
reported impaired implicit learning on the SRT task in SLI (Lum, Conti-Ramsden,
Morgan, & Ullman, 2014; Obeid et al., 2016; Zwart et al., in press), although several
studies demonstrated intact performance (e.g., Gabriel, Maillart, Guillaume, Stefaniak,
& Meulemans, 2011; Lum & Bleses, 2012). Similar to ASD, a compensatory role of
explicit learning has been suggested in SLI too (Lum et al., 2014), but it is still debated
whether this explicit learning is fully intact (e.g., Hsu & Bishop, 2014; Ullman &
Pierpont, 2005). Supporting this are findings that grammar abilities were associated with
implicit learning in TD children, whereas they were associated with explicit learning in
children with SLI (Lum et al., 2014). To the best of our knowledge, no studies to date
have investigated neural substrates of implicit learning in SLI. A recent study did show
altered ERPs in subgroups of SLI during a language task (Haebig, Weber, Leonard,
Deevy, & Tomblin, 2017).
The aim of the current study is to investigate implicit learning and the possible
(compensatory) role of explicit learning in children with ASD and SLI, by behavioral
(RTs) and ERP measures from an SRT task. Based on previous literature, we expected
that TD children would tend to use mainly automatic processes during sequence
learning, and that this would be reflected by an N2b enhancement, whereas autistic
and SLI children would show more intentional or top-down learning, reflected by a
P3 enhancement. We hypothesized that these different learning styles would lead to
intact behavioral performance (measured in RTs) in ASD, but to impaired behavioral
performance in SLI on a probabilistic part of the task, for which we assumed implicit
processes to be dominant. Furthermore, we expected similar behavioral performance for
ASD, SLI and TD on a deterministic part of the task, for which we assumed that both
incidental and intentional processes can be effective. In addition, we explored how these
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suggested a greater reliance on (intrinsic) intentional learning mechanisms in autistic
adults (as reflected by a P3 component) compared to non-autistic adults (who showed
an enhanced N2b component), whereas behavioral performance was intact (Zwart et
al., 2017). Similarly, a recent fMRI study found different neural correlates for autistic
participants compared to TD individuals, while their behavioral performance was
similar (Sharer et al., 2015). Thus, behavioral learning on the SRT task seems intact in
ASD, but there is some evidence for different neural substrates, perhaps reflecting an
altered underlying learning mechanism.
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different learning strategies affect explicit knowledge as measured by verbal reports and
RT-drops. Differentiating developmental communication disorders (e.g., in ASD and
SLI) in terms of cognitive processes, such as learning processes, is necessary for tailored
assessment and treatment (Vissers & Koolen, 2016).
5.2 METHODS
5.2.1 Participants
Sixteen children with an ASD diagnosis, 13 children with an SLI diagnosis, and 17 ageand IQ-matched typically developing (TD) children without a history of psychiatric
disorder were recruited (see Table 1, and Appendix 1 for details on drop-out). ASD and
SLI diagnoses were made by a clinical psychologist or psychiatrist. Most SLI children
(11/13) were diagnosed by a multidisciplinary team from Dutch centres specialized at
communication disorders (i.e., Royal Dutch Kentalis). Data from one autistic girl and
one boy with SLI could only be used for the behavioral and EEG-analyses regarding
the probabilistic condition due to logistic reasons. All children were free of major
neurological disorders and had (corrected-to) normal vision. Informed consent was
obtained from the parents before participating.
Table 1.
Groups’ demographic characteristics
p-value¹

Post hoc

11.3 (.64)

.83

-

4:9

.48

-

TD group

ASD group

SLI group

(n = 17)

(n = 16)

(n = 13)

M (SD)

M (SD)

M (SD)

Age (years)

11.2 (.76)

11.3 (.93)

Sex (F:M)

9:8

7:9

IQ²

105.4 (13.4)

96.6 (13.5)

99.9 (10.4)

.15

-

SRS³

47.3 (9.6)

67.7 (11.5)

70.0 (18.6)

<.001

TD<ASD=SLI

¹ p-value of statistical tests comparing ASD, SLI and TD group
² Based on subtests Matrices and Spatial Span of the Wechsler Nonverbal Scale of Ability (WNV).
³ Social Responsiveness Scale (SRS) was missing from 5 TD, 2 ASD and 3 SLI children.

5.2.2 Procedures
5.2.2.1 General procedures
The children were tested at their schools or at their usual clinical practice in two short
sessions or one longer session. The abbreviated Wechsler Nonverbal Scale of Ability
(WNV; Wechsler & Naglieri, 2006) was administered to estimate IQ. The parents were
asked to complete the Social Responsiveness Scale (SRS; Constantino & Todd, 2005),
a questionnaire consisting of 65 items with 4-point Likert-scale answer options, which
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measures the children’s levels of social impairments related to ASD.
5.2.2.2 SRT task
A Dell Latitude 5450 laptop was used for the SRT task. The task stimuli were centered
in order to reduce eye movements in EEG recordings. The children were asked to
respond as fast as possible by button press to a picture of a plane pointing in one of
four directions; each direction was mapped onto one of four colored response keys on
a Logitech G510s keyboard (Figure 1). Unknown to the child, the orientations and
mapped colors of the planes followed a sequence.

plane 2
plane 1
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plane 3
plane 4
plane 3
plane 2
plane 4
plane 1

Figure 1.
In the current SRT task, the child is asked to give a motor response to a picture of a plane pointing in
one of four directions. Unknown to the child, the direction of the arrow is determined by a repeating
8-element sequence (i.e., 2-1-3-4-3-2-4-1)

The SRT task consisted of a practice task (48 trials not following a sequence) and five
target tasks with short breaks in between, in which two sequences were repeated. The
experiment started with 60 repetitions of the first sequence ‘2-1-3-4-3-2-4-1’ (tasks 1
and 2, and first half of task 3), directly followed by 60 repetitions of the second sequence
‘4-3-4-1-3-2-1-2’ (second half of task 3, and tasks 4 and 5). Both sequences were
second-order in nature: two subsequent elements uniquely predicted the next element.
We ensured both sequences contained (1) no repeating elements, (2) only one ‘serial’
triplet (e.g., 1-2-3), and (3) only two ‘alternating’ triplets (e.g., 1-2-1). The first sequence
was probabilistic in nature, including a ‘deviant’ trial in every sequence repetition at a
semi-randomized position (to minimize its predictability). Deviant trials had a random
direction under the constraints that the trial did not repeat the direction of adjacent
101

Chapter 5

stimuli and that each stimulus was equally often presented. These randomized positions
of the deviant trials were in turn randomized across children. The second sequence was
deterministic in nature, i.e., not including deviant trials. Response-to-stimulus interval
was set at 500 ms.
After the experiment, a short verbal interview was administered to assess subjective
explicit knowledge of the deterministic sequence. This started with: ‘Did you notice
anything about the experiment?’. If the answer was negative, children were told
that planes followed a sequence, and they were asked to describe this sequence and
encouraged to guess. They were allowed to point at the buttons instead of describing the
sequence in words.
5.2.2.3 EEG recordings
EEG was recorded using 32 active electrodes (10-20 arrangement), referenced online
to the left mastoid. Data was rereferenced offline to both mastoids. To control for
horizontal and vertical eye movements, electrooculogram (EOG) was recorded from
the outer ocular canthi and the left sub- and supraorbital ridges. EEG and EOG signals
were sampled at 500 Hz, filtered online between 0.016 Hz and 1000 Hz.
5.2.3 Statistical analyses
For all analyses, the alpha level was set at 0.05. Greenhouse Geisser correction was
applied where the sphericity assumption was violated. EEG data analyses were performed
using the FieldTrip MATLAB toolbox developed at the Donders Institute for Brain,
Cognition, and Behavior, Nijmegen (Oostenveld, Fries, Maris, & Schoffelen, 2011;
http://www.fieldtriptoolbox.org).
To correct for multiple comparisons when investigating significant interaction effects
from the main analyses, a Bonferroni adjusted alpha level of .05/8 = .00063 was used for
the eight follow-up t-tests in the behavioral analyses and an adjusted alpha level of .005
(=.05/10) was used for the 10 follow-up t-tests in the ERP analyses.
5.2.3.2 Data preparation
For the behavioral analyses, the trials of each sequence (i.e., probabilistic and
deterministic) were split into 3 blocks of 20 sequences (160 trials) to assess learning
over time. Extreme outliers were determined for standard trials as RTs 1.5× Interquartile
Range (IQR) +/- the median RT of each block, and for deviant trials as +/-1.5×IQR over
2 blocks. Trials with erroneous responses and the subsequent trial as well as trials after a
deviant trial were removed.
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5.2.3.3 Behavioral probabilistic and deterministic learning
Behavioral learning was investigated with a Group (ASD,SLI,TD) × Trial Type
(Standard,Deviant) × Block (3) repeated measures ANOVA with mean RT as dependent
variable for the probabilistic condition, and a Group (ASD,SLI,TD) × Block (3)
ANOVA for the deterministic condition. Although not the focus of the current paper,
similar ANOVAs were conducted on mean number of errors, in which the number of
errors on standard trials in the probabilistic condition was divided by seven, because
there were seven times more standard trials than deviant trials.
5.2.3.4 Explicit knowledge: RT-drops and verbal reports
Explicit knowledge was assessed by number of RT-drops (similar statistical procedures
as in Wessel, Haider, & Rose, 2012; Zwart et al., submitted). Investigating awareness
using RT data is premised on the notion that as soon as a participant develops awareness
of learned information, RTs will drop steeply and abruptly (i.e., RT-drop), which is not
seen in implicit knowledge. Learning a sequential structure is a gradual process, in which
elements rather than the whole sequence are learned (e.g., Schlaghecken, Stürmer, &
Eimer, 2000). In the current task, the sequence can be split into 8 elements or triplets.
RT-drops can be determined by comparing these 8 triplets. For each of the 8 triplets,
we first concatenated the RTs of all their member trials into a single pseudo time series,
which was subsequently smoothed by applying a median filter of lag 3. Afterwards, this
time series was made monotonically decreasing by replacing every RT by the minimum
of itself and all preceding RTs, starting from the first RT. These new pseudo time series
of each of the 8 triplets were then aligned for the purpose of finding RT-drops. RTdrops occurred when (1) the lowest RT (of 8 RTs) at each aligned pseudo time point
was smaller than the 99% confidence interval (99%CI) calculated using the median
and standard deviation of the other RTs, and (2) when the subsequent two RTs of the
pseudo time series of this triplet were below the upper bound of the CI of the current
RT (using a standard deviation of the median filtered data of that triplet (see Zwart et
al., submitted, for further details).
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Major EEG artifacts were detected by visual inspection; electrodes with artifacts in
more than 20 trials in the probabilistic condition were discarded entirely. Trials that
were overlapping due to premature responses were discarded (i.e., if a child responded
within 150 ms, the next stimulus would be presented within the P3 time window; mean
number of trials removed per child <2). Subsequently, eye movement artifacts were
removed using Independent Component Analyses (ICA). After ICA, further outliers
were removed using a semi-automatic procedure. On average 149 (out of 210) standard
trials and 24 (out of 30) deviant trials were included in each half of the probabilistic
condition for ERP analyses. The groups did not differ in number of included trials (p =
.87) or channels (p = .52).
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The verbal reports of the deterministic condition were rated based on the number of
recalled triplets. Because many children reported incorrect elements too, a verbal score
was computed by multiplying the number of recalled triplets by the number of correct
triplets divided by the total number of recalled triplets. For example, if a child reported
2 correct triplets, and 3 incorrect triplets, it’s score was 2 *2/5 = .80.
Spearman correlations were used to explore how explicit knowledge measured in
number of RT drops and verbal reports contributed to overall learning performance in
the deterministic condition.
5.2.3.5 ERPs
A baseline of -100 ms up to stimulus presentation was used for ERPs. ERP enhancements
for deviant trials compared to standard trials were investigated over two halves of the
probabilistic condition. No ERPs were analyzed for the deterministic condition because
this condition did not include deviant trials.
Based on our previous findings in adults, we were mainly interested in N2b and P3. In
our analysis of the children’s data we took into account the developmental differences
in ERP morphology, amplitudes, and latencies that have been reported previously (e.g.,
Johnstone, Barry, Anderson, & Coyle, 1996; van Dinteren, Arns, Jongsma, & Kessels,
2014). Based on findings of a general decrease in latencies with age (e.g., Jost et al.,
2015; Ridderinkhof & van der Stelt, 2000), we selected later time windows compared
to our adult study: N2b: 350-500 ms post stimulus, and P3: 450-650 ms. A peak search
in these time windows was done for each child individually (mean amplitude ±20 ms
around the peak) for Fz, Cz, and Pz electrodes separately, with the exception for the N2b
in Fz for which a broad negativity without a clear peak was found (see Figure 3; similar
to findings in children from Johnstone et al., 1996), and we therefore used a mean
amplitude over the time window (350-500 ms) for analyses.
To explore between group differences, Group (ASD,SLI,TD) × Trial Type
(Standard,Deviant) × Half (First Half,Second Half ) ANOVAs were conducted.
Because of our within-group hypotheses we have focused on within-group Electrode
(Fz, Cz, Pz) × Trial Type (Standard,Deviant) × Half (First Half,Second Half ) ANOVAs.
The effect of interest was a Trial Type effect, which would reflect an ERP enhancement
for deviant compared to standard trials. In order to reduce the number of statistical
tests, and hence the probability of a Type I error, we only conducted additional t-tests
for (interaction) effects of interest, i.e., not for Electrode or Half, which would only
reflect an overall amplitude change over location (Electrode) or time (Half ), irrespective
of learning.
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5.3.1 Behavioral results
5.3.1.1 Probabilistic learning
A Group (TD,ASD,SLI) × Trial Type (Standard,Deviant) × Block (3) ANOVA revealed
a main Trial Type effect, p<.001, with slower responses to deviant trials (M=927 ms)
compared to standard trials (M=819 ms), reflecting sequence learning (see Figure 2;
see Appendix 2 for statistical details of behavioral analyses). A main Block effect at
trend level was found, p=.061. A significant Trial Type × Block interaction, p=.015, with
follow-up t-tests suggesting an effect of Trial Type present at each Block (all p-value’s
< .00063 Bonferroni adjusted alpha level). No main Group effect was found, p=.084,
suggesting similar response speed across groups. No other significant (interaction) effects
were found (p-values≥.19), suggesting no group difference in probabilistic learning.
An ANOVA on errors revealed a main Trial Type effect (F(1,43)=7.62, p=.008, partial
ƞ²=.15), with a higher number of errors for deviant (M=1.51) compared to standard
trials (M=1.14). No other (interaction) effects were found (p-values≥.29).
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Figure 2.
RT performance over blocks in TD (left) ASD (middle) and SLI (right) children, for the probabilistic
(upper) and deterministic condition (lower); blue and red lines represent standard and deviant trials,
respectively (shaded areas are standard error of the means; SEMs)
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5.3 RESULTS
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5.3.1.2 Deterministic learning
A Group (TD,ASD,SLI) × Block (3) ANOVA revealed a main Block effect, p<.001,
following a linear trend, p<.001, reflecting a decrease in RTs over time and hence
deterministic learning. A main Group effect was found, p=.046, with follow-up t-tests
revealing overall slower responses in SLI (RTs: M=841 ms) compared to ASD (M=661
ms), p=.029, but this difference lost statistical significance against a Bonferroni-corrected
alpha of .00063 (=.05/8). No other group differences were found: SLI-TD: p=.20; ASDTD: p=.12. No Group × Block interaction was found, p=.26, suggesting similar learning
effects across groups.
Regarding number of errors, no significant (interaction) effects were found (all
p-values≥.61).
5.3.1.3 Explicit knowledge
Explicit knowledge was measured by number of RT-drops and verbal reports. A KruskalWallis H test with Group (TD,ASD,SLI) as factor on RT-drops revealed no differences
between groups, p=.96. A group difference at trend level was found for verbal reports,
χ2(2)=5.80,p=0.055 (see supplementary Tables 3 and 4 in Appendix 3 for details on
explicit knowledge measures). Follow-up Mann Whitney U-tests showed a difference
between ASD and TD group, raw p=0.033, in favor of the ASD group, but this difference
lost statistical significance when a Bonferroni adjusted alpha level of .00063 was used.
No differences between ASD/TD and SLI were found (p-value’s≥.073).
Overall deterministic learning, defined as the mean RTs of the first block minus the mean
RTs of the last block, correlated significantly with both verbal reports, rs(44)=.48,p=.001,
and RT drops, rs(44)=.31,p=.043 (across groups).
5.3.2 Electrophysological findings
5.3.2.1 Visual inspection
Visual inspection of the grand averages (Figure 3) shows a broad negativity at Fz, different
from the (expected) N2b peak. One potential cause for this relatively unexpected
finding could be linked to complex (i.e., diagonal) eye movements despite thorough
cleaning of the eye artefacts using ICA (see Methods). However, comparing a subset of
children with many eye movements to a subset with only a few eye movements did not
substantially change the broad morphology of the ERP at Fz (see Appendix 4). Hence,
it seems unlikely that this pattern is driven by eye movements.
Visual inspection of the grand averages within groups (Figure 4) and the scalp distribution
(Figure 5) suggest a central negativity in the TD and ASD group and a fronto-central
positivity in the SLI group.
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Figure 3.
Grand Averages for the first and second half across groups (N = 46), for Fz (upper), Cz (middle) and Pz
(lower) electrodes, with blue and red lines representing standard and deviant trials respectively (shaded
areas are SEMs).

5.3.2.2 Negativity 350-500 ms (Fz, Cz, Pz)
5.3.2.2.1 Across groups
A Group (TD,ASD,SLI) × Electrode (Fz,Cz,Pz) × Trial Type (Standard,Deviant) × Half
(1,2) ANOVA revealed a main Electrode effect, p<.001, mean amplitudes: Fz: M=-5.95
µV; Cz: M=-1.67 µV; Pz: M=4.80 µV (see Supplementary Table 2 for full statistical
details on the N2b and P3 across groups analyses). Furthermore, a main Half effect
(p=.002), with lower amplitudes during the second (M=-1.75 µV) than during the first
Half (M=-.12 µV), and an Electrode × Trial Type interaction, p=.009. Follow-up t-tests
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revealed that the Trial Type effect was only found for the Cz electrode, p=.005, with
more negative amplitudes for deviant (M=-2.37 µV) compared to standard trials (M=.97 µV; other p-values≥.085). No other statistical significant (interaction) effects were
found (p-values≥.075)
5.3.2.2.2 Analyses within groups
Figure 4 and 5 show the within-group Grand Averages at Cz and the ERP scalp
distribution respectively.
TD group: a main Electrode effect was found, p<.001, mean amplitudes: Fz: M=-6.91
µV; Cz: M=-1.66 µV; Pz: M=6.09 µV (see Supplementary Table 6 in Appendix 5 for full
statistical details on ERP analyses in TD). Furthermore a main Half effect was found,
p=.025, with lower amplitudes during the second (M=-1.59 µV) than during the first
Half (M=-.062 µV). A Trial Type × Half interaction effect was also significant p=.026,
with follow-up analyses revealing a Trial Type only during the second half, p=.035,
reflecting a stronger negativity for deviant (M=-2.47 µV) compared to standard trials
(M=-.71 µV), but this effect lost significance when Bonferroni-corrected alpha of .005
was applied. No other (interaction) effects were found (p-values≥.14). .
ASD group: a main Electrode effect was found, p<.001, mean amplitudes: Fz: M=6.84 µV; Cz: M=-1.81 µV; Pz: M=4.01 µV (see Supplementary Table 4 in Appendix 5
for statistical details on ERP analyses in ASD)). A main Half effect was found p=.012,
with lower amplitudes during the second (M=-2.39 µV) compared to the first Half
(M=-.70 µV). Furthermore a main Trial Type effect, p=.065, and a an Electrode × Trial
Type, p=.052, were found at trend level. Follow-up t-tests revealed a Trial Type effect
at Cz electrode only, p<.002 (Bonferroni adjusted alpha level: .005), with stronger
negativity for deviant (M=-2.97 µV) compared to standard trials (M=-.64 µV). No other
(interaction) effects were found (p-values≥.47).
SLI group: a main Electrode effect was found, p<.001, mean amplitudes: Fz: M=3.58 µV; Cz: M=-1.51 µV; Pz: M=4.09 µV (see Supplementary Table 5 in Appendix
5 for statistical details on ERP analyses in SLI). No other (interaction) effects reached
statistical significance (p-values≥.085).
In sum, across groups, an N2b enhancement was found at Cz. Within groups, this effect
was present only in ASD, and during the second half in TD, but the latter lost statistical
significance when alpha levels were Bonferroni adjusted. No N2b effects were found in
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Figure 4.
Grand Averages for the first and second half in TD (upper), ASD (middle), and SLI (lower) children, for
Cz electrode, with blue and red lines representing standard and deviant trials respectively (shaded areas are
SEMs).
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Figure 5.
Visualization of the amplitude differences between deviant and standard trials for the N2b time window
(upper) and the P3 time window (lower) for the TD (left), ASD (middle), and SLI (right) group. Note
the frontal positivity in SLI, compared to the central negativity in TD and ASD

5.3.2.3 P3 450-650 ms (Fz, Cz, Pz)
5.3.2.3.1 Across groups
A Group (TD,ASD,SLI) × Electrode (Fz,Cz,Pz) × Trial Type (Standard,Deviant) × Half
(1,2) ANOVA revealed a main Electrode effect: p<.001, mean amplitudes: Fz: M=1.40 µV; Cz: M=-6.63 µV; Pz: M=12.59 µV. Furthermore, a main Trial Type effect was
found, p=.005, with higher amplitudes for deviant (M=6.57 µV) compared to standard
trials (M=5.31 µV), reflecting P3 enhancement. A main Half effect, p<.001, with higher
amplitudes during the first (M=7.04 µV) than during the second Half (M=4.84 µV) was
also found. No other (interaction) effects were found (p-values≥.076).
5.3.2.3.2 Exploratory analyses within groups
TD group: a main Electrode effect was found p<.001 mean amplitudes: Fz: M=-2.68
µV; Cz: M=5.75 µV; Pz: M=12.8 µV. A main Half effect, p=.008, with higher overall
amplitudes during the first (M=6.37 µV) compared to the second Half (M=4.19 µV),
and a Trial Type × Half interaction, p=.034, were found. Follow-up t-tests revealed a
Trial Type only during the first half, p=.013 (Bonferroni adjusted alpha-level: .005),
reflecting a stronger positivity for deviant (M=6.76 µV) compared to standard trials
(M=5.49 µV). No other (interaction) effects were found (p-values≥.19).
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ASD group: a main Electrode effect was found, p<.001, mean amplitudes: Fz: M=1.61 µV; Cz: M=7.35 µV; Pz: M=12.8 µV. Furthermore, a main Half effect was found,
p=.007, with higher amplitudes during the first Half (M=7.17 µV) compared to the
second Half (M=5.19 µV). No other (interaction) effects were found (p-values≥.24).
SLI group: a main Electrode effect was found p<.001, mean amplitudes: Fz: M=.53
µV; Cz: M=6.90 µV; Pz: M=12.1 µV. Furthermore, a main Trial Type effect was found,
p=.031, with stronger positivity for deviant (M=7.60 µV) compared to standard trials
(M=5.41 µV), reflecting a P3 enhancement. No other (interaction) effects were found
(p-values≥.11).

5.4 DISCUSSION
5.4.1 Aim
The aim of the current paper was to investigate implicit learning in ASD and SLI using
both behavioral and ERP measures on the SRT task, and to explore the potential role of
a compensatory explicit learning system in both disorders.
5.4.2 Implicit learning in ASD
The autistic children showed similar behavioral learning as TD children, in line with the
majority of findings in ASD (Foti et al., 2015; Zwart et al., in press). Scores on the postexperimental interviews indicated that autistic children may have more verbal explicit
knowledge than TD children, although this difference was only weak. Furthermore, no
group differences were found in the RT-drop measures of explicit knowledge.
Electrophysiologically, probabilistic learning in autistic children was reflected by a
central negativity (350-500 ms) enhancement, most likely reflecting an N2b component.
Within-group analyses showed that while this negativity was present during both early
and late learning stages in ASD, it was only present during late learning in TD, and not
at all in SLI children. An N2b effect has been associated with implicit learning processes
on the SRT task (e.g., Fu et al., 2013), although others have found an N2b for both
implicit and explicit learners and defined it more broadly as an error monitoring process
(Ferdinand et al., 2008). These findings suggest that autistic children use automatic
processes to detect deviants in regularities, and this may be interpreted as a reflection of
intact implicit learning.
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Thus, across groups, a P3 enhancement was found. Within groups, this effect was found
in SLI, and during the first half in TD. No P3 effects were found in ASD.
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This strong negativity effect in autistic children contrasts our previous findings in adults,
in which we found probabilistic learning to be characterized by an N2b in TD, and
rather by a P3 in ASD (Zwart, Vissers, van der Meij, Kessels, & Maes, 2017). Taken
together, these findings suggest that autistic adults rely more on intentional or effortful
learning strategies (as suggested by the P3), while autistic children show signs of more
automatic processes similar to TD children (as suggested by the N2b). It is believed that
the declarative (explicit) learning mechanism starts to become more prominent after the
age of 12 years (e.g., Janacsek et al., 2012). Perhaps, the suggested compensatory role
of intentional learning in ASD (e.g., Klinger et al., 2007) only becomes prominent in
adolescence.
5.4.3 Implicit learning in SLI
The SLI children showed similar behavioral learning as the TD children, which was
unexpected based on the majority of literature (Obeid et al., 2016; Zwart et al., in
press). However, some studies report a deficit only in retention of learning, not in
initial sequence learning (e.g., Desmottes, Maillart, & Meulemans, 2017; Hedenius
et al., 2011). Furthermore, a substantial number of other studies have also reported
comparable learning in SLI on the SRT task (Gabriel et al., 2011; Gabriel, Meulemans,
Parisse, & Maillart, 2015; Gabriel, Stefaniak, Maillart, Schmitz, & Meulemans, 2012;
Lum & Bleses, 2012). The current findings also suggest that overall responses might be
slower is SLI compared to ASD, and variance in the response times seems to be high.
These findings may be related to overall motor problems in SLI, but it is important to
note that motor deficits could not have adversely affected behavioral and ERP findings
of learning, as the learning effects concerned within-subject factors (i.e., Trial Type
effect and/or Block effect). No differences between SLI and TD in explicit knowledge as
measured by verbal reports or RT-drops were found.
Contrary to the ASD results, probabilistic learning in SLI was not reflected by an early
negativity, but by a fronto-central positivity enhancement (450-650 ms), most likely
reflecting a P3-like component. Although overall this effect did not differ from the
findings in the other groups, within-group analyses showed that while this positivity
enhancement was present during both early and late stages of learning in SLI, it was
only present during early learning in TD, and not at all in ASD. As discussed earlier, the
P3 is associated with updating working memory (e.g., Linden, 2005), and on the SRT
task with intentional learning (e.g., Ferdinand et al., 2008). The fronto-central positivity
finding is likely to reflect more controlled processes compared to the earlier negativity
found in ASD, and could therefore be in line with the idea of a compensatory role of
intentional learning in SLI (Lum et al., 2014). Thus, it seems that the children with SLI
use more effortful strategies and that these strategies are needed throughout the task.
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5.4.4 Limitations and future research
The small sample sizes of the current study might have contributed to the lack of overall
group differences in ERP findings even though the within-group analyses suggested
different patterns. The (particularly) small size of the SLI group might have contributed
to no statistically significant difference in behavioral learning compared to TD.
Alternatively or in addition, our behavioral analyses with relatively large blocks of trials
might not have been sensitive enough to pick up subtle deficits in learning, such as a
slower rate of learning. Investigating smaller blocks of trials could reveal if children with
SLI need more blocks of training before learning occurs.
Identifying the ERP components N2b and P3 in the current data proved to be challenging,
as the number of previous studies examining these components in school-aged children
is very limited. We have chosen later time windows for our ERP search in children
compared to our previous adult study, based on general findings of a decrease in ERP
latencies with age (e.g., Fuchigami et al., 1993; Johnstone et al., 1996; Polich, Ladish, &
Burns, 1990; Ridderinkhof & van der Stelt, 2000; van Dinteren et al., 2014; but also see
Tomé, Barbosa, Nowak, & Marques-Teixeira, 2015). It could be argued that the current
findings reflect later ERP components than the N2b and P3, which might also partially
explain the broad frontal negativity in our findings (rather than the peak-like N2b).
For example, our negativity findings may be interpreted as an N400, which has been
associated to meaning processes in verbal and non-verbal language studies (see Kutas &
Federmeier, 2011). The N400 is thought to reflect processes relatively outside awareness
(e.g., Curran & Cleary, 2003; Kutas & Federmeier, 2011), although the modulating
role of selective attention in the N400 suggest that it is not fully automatic (Kutas &
Federmeier, 2011). Because of the nature of our task (i.e., a sequence of monotomous
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The current ERP findings in SLI also fit in the theoretical framework of an implicit
learning deficit in SLI developed by Ullman and Pierpont (2005). Ullman described
that language learning involves both procedural (or implicit) memory involving
frontal/basal ganglia circuits, particularly the nigro-striatal system, and declarative (or
explicit) memory mainly relying on hippocampal structures (Ullman, 2004). Based on
findings of a Go-NoGo study including patients with basal ganglia disorders, it has
been suggested that the N2 is associated with the nigo-striatal system for pre-motor
inhibition, whereas the P3 is more associated with the mesocortico-limbic system
involved in outcome monitoring (Beste, Willemssen, Saft, & Falkenstein, 2010). In line
with this, intracranial findings suggest that hippocampal-frontal networks are involved
in a frontal P3 component (Knight, 1996). Thus, it could be speculated that our ERP
findings in SLI reflect impaired basal ganglia learning (reflected by the absence of the
N2b) which is compensated for by hippocampal learning (reflected by the frontal P3) in
line with the procedural learning deficit from Ullman and Pierpont (2005).

Chapter 5

stimuli) and the previous findings of N2b and P3 components on similar tasks (e.g.,
Ferdinand et al., 2008; Jost, Conway, Purday, Purdy, & Hendricks, 2011; Zwart et
al., 2017), our findings most likely reflect an N2b and P3, but it is important to note
that questioning the terminology of the ERP findings would not change the overall
interpretation of an earlier negativity as a reflection of a largely automatic detection of
deviants, and a later positivity as a reflection of more controlled processes.
The ambiguity in identifying ERP components in children is not unique to our study,
and the field of developmental changes in ERPs could greatly benefit from future research
on age related changes in ERP characteristics. Currently it is questionable whether the
few individual child studies have identified the same ERPs. For example, one child study
using a statistical learning paradigm identified a P3 peak in a time window of 190-350
ms (Jeste et al., 2015), while another study using a similar paradigm investigated a P3
peak between 400 to 700 ms (Jost et al., 2015). Hence, in order to reach consensus,
studies including different age groups investigating popular ERPs (such as the N2b and
the P3) on the same paradigm are needed.
5.4.5 Conclusions and clinical implications
The current study shows that implicit statistical learning is intact in autistic children,
both in behavioral as well as in electrophysiological respect. The potential overreliance
on explicit strategies might still play a role later in development during adolescence,
when intentional learning mechanisms start to become more prominent. However, at
least for children with ASD, interventions should not solely rely on intentional learning.
A more implicit way of teaching a skill can be found in errorless learning techniques, in
which the skill is trained while minimalizing error making (e.g., Terrace, 1963). In ASD,
this approach has been successfully applied to improve social engagement, in which a
desired social interaction was created followed by a gradual removal of prompts from the
situation (Stevenson, Krantz, & McClannahan, 2000).
In contrast, learning seems different for children with SLI, as our electrophysiological
findings suggest that these children use more controlled, effortful strategies to reach the
same behavioral performance. This might be due to the use of intentional learning to
compensate for an implicit learning deficit (Ullman & Pierpont, 2005). Interventions
for children with SLI could aim at compensating for the limited implicit learning
abilities, by offering more explicit training in learning statistical regularities, such as
grammar and social situations.
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APPENDICES
Appendix 1: details on drop-out
From the initial group of 55 children (20 TD; 17 ASD; 18 SLI) who participated in the
study, data of 8 children were excluded because of a diagnosis Turner Syndrome (1 SLI);
IQ < 70 (1 SLI; IQ = 55), EEG not being administered due to anxiety (1 TD, 1 SLI),
child being absent on the day of testing (1 TD, 1 SLI), being asked to come back to class
early in the task (1 SLI), and excessive error rate (>20% of trials; 1 ASD). Data from
one TD girl was excluded to make sure the IQs were matched across groups (IQ = 127).

Appendix 2: Details on statistical analyses behavioral data, Table 2
Table 2
Behavioral analyses on RTs for the probabilistic and the deterministic condition (N = 46)
P

partial ƞ²

2.62

.084

.11

70.3

<.001**

.62

Task condition

Effect

df1

df2

F/t

Probabilistic

Group

2

43

Trial Type

1

43

Trial Type * Group

2

43

1.75

.19

.075

Block

1.70

73.2

3.05

.061

.066

Block * Group

3.40

73.2

.94

.43

.042

2

86

4.40

.015*

.093

Block 1: Trial Type

-

45

5.76

<.001**

-

Block 2: Trial Type

-

45

6.21

<.001**

-

Trial Type * Block

Block 3: Trial Type
Deterministic

-

45

6.63

<.001**

-

Trial Type * Block * Group

4

86

.78

.54

.035

Group

2

41

3.33

.046*

.140

TD vs. ASD

-

30

1.59

.12

-

TD vs. SLI

-

16.6

1.22

.24

-

-

25

2.31

.029*

-

1.55

63.7

12.6

<.001**

.24

1

41

16.1

<.001**

.28

3.11

63.7

1.37

.26

.063

ASD vs. SLI
Block
Following a linear trend
Block * Group

* p-value < .05
** p-value < .001
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Appendix 3: Details explicit knowledge per group: supplementary Tables 3 and 4
Table 3
Explicit knowledge: verbal reports
TD group

ASD group

SLI group

Total

(n = 17)

(n = 16)

(n = 13)

(N = 46)

Non-verbalizers (0 triplets)

7

2

3

12

Partial Verbalizers (1-7 triplets)

8

7

5

20

Full Verbalizers (8 triplets)

2

6

4

12

Missing

-

1

1

2

17

16

13

46

TD group

ASD group

SLI group

Total

Total

(n = 17)

(n = 16)

(n = 13)

(N = 46)

Low RT drops (≤ 4 drops)

7

7

6

20

High RT drops (≥ 5 drops)

10

8

6

24

-

1

1

2

17

16

12

46

Missing
Total
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Table 4
Explicit knowledge: RT drops
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Appendix 4: additional grand averages of subsets of participants
In order to explicitly examine if complex (diagonal) eye movements could account
for the broad frontal negativity (rather than the N2b peak), we compared the grand
averages (GVAs) from a subset of children who only made a few eye movements (<7
out of 25 trials, from trial number 81-105), with the other children who made more
eye movements (≥ 7 out of 25 trials). Although the amplitudes show differences, the
morphology of these GVAs showed a similar broad pattern. Hence, it seems unlikely
that eye movements can account (fully) for the broad negativity found at Fz.
First Half

Second Half
20

Voltage (µV)

Few eye movements
(n = 17)

Voltage (µV)

20

0

-10

0

200

400
600
Time (ms)

-10

Voltage (µV)

Voltage (µV)

0

-10

0

200

400
600
Time (ms)

0

200

400
600
Time (ms)

20

20

Many eye movements
(n = 30)

0

0

200

400
600
Time (ms)

0

-10

Figure 6.
GVA’s from a subset of participants with only a few eye movements (upper) compared to the other
children who made many eye movements (lower) during the first and second half of the probabilistic
condition at Fz.
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Appendix 5: Details on statistical analyses ERPs: supplementary Tables 5, 6, 7, 8
Table 5
Overall ERP effects (N = 46)
Effect

N2b

Group

df1

F/t

p

partial ƞ²

2

43

.085

.92

.004

Electrode

1.40

60.2

94.0

<.001**

.69

Electrode * Group

2.80

60.2

2.12

.11

.090

Trial Type

1

43

2.01

.16

.045

Trial Type * Group

2

43

1.17

.32

.052

Half

1

43

11.4

.002*

.21

Half * Group

2

43

.014

.97

.001

Electrode * Trial Type

1.39

59.8

6.13

.009*

.13

Fz: Trial Type

-

45

-.47

.64

-

Cz: Trial Type

-

45

2.96

.002*

-

Pz: Trial Type

-

45

1.64

.11

-

2.78

59.8

.83

.47

.037

1

43

3.33

.075

.072

Electrode * Trial Type * Group
Trial Type * Half
Trial Type * Half * Group

P3

df2

2

43

.24

.79

.011

Electrode * Trial Type * Half

1.35

58.2

.19

.83

.004

Electrode * Trial Type * Half * Group

2.71

58.2

.19

.88

.009

Group

2

43

.14

.87

.006

Electrode

2

57.9

166.4

<.001**

.80

Electrode * Group

4

57.9

1.27

.29

.056

Trial Type

1

43

8.94

.005*

.17

Trial Type * Group

2

43

.93

.40

.041

Half

1

43

16.9

<.001**

.28

Half * Group

2

43

.067

.94

.003

Electrode * Trial Type

1.33

57.5

.064

.87

.001

Electrode * Trial Type * Group

2.68

57.5

1.16

.33

.051

1

43

3.30

.076

.071

Trial Type * Half
Trial Type * Half * Group

2

43

.38

.69

.017

Electrode * Trial Type * Half

1.45

62.5

.041

.92

.001

Electrode * Trial Type * Half * Group

2.91

62.5

.44

.72

.020
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ERP

Note: raw p-values are reported, but additional t-tests to investigate interaction effects have been corrected
* p-value < .05
** p-value < .001
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Table 6
ERP effects in TD (n = 17)
ERP

Effect

df1

df2

F/t

p

partial ƞ²

N2b

Electrode

1.32

21.2

47.1

<.001**

.75

Trial Type

1

16

2.42

.14

.13

Half
Electrode * Trial Type
Trial Type * Half

P3

1

16

6.08

.025*

.28

1.28

20.5

1.57

.23

.090

1

16

6.02

.026*

.27

1st half: Trial Type

1

16

.030

.86

.002

2nd half: Trial Type

1

16

5.31

.035*

.25

Electrode * Trial Type * Half

1.33

21.3

.16

.77

.010

Electrode

1.29

20.6

70.5

<.001**

.82

Trial Type

1

16

1.86

.19

.10

Half

1

16

9.01

.008*

.36

1.25

20.0

.10

.90

.006

Electrode * Trial Type
Trial Type * Half

1

16

5.35

.034*

.25

1st half: Trial Type

-

16

2.79

.013*

-

2nd half: Trial Type

-

16

.72

.49

-

2

32

.74

.49

.044

Electrode * Trial Type * Half

* p-value < .05
** p-value < .001
Table 7
ERP effects in ASD (n = 16)
ERP

Effect

df1

df2

F/t

p

partial ƞ²

N2b

Electrode

1.41

21.2

29.36

<.001**

.66

Trial Type

1

15

3.97

.065

.21

Half

1

15

8.07

.012*

.35

1.39

20.8

3.82

.052

.20

Fz: Trial Type

-

15

.70

.50

-

Cz: Trial Type

-

15

3.64

.002*

-

Pz: Trial Type

-

15

.74

.47

-

Electrode * Trial Type

Trial Type * Half
P3

1

15

.75

.40

.047

Electrode * Trial Type * Half

1.26

18.9

.20

.72

.013

Electrode

1.47

22.1

53.3

<.001**

.78

Trial Type

1

15

1.52

.24

.092

Half

1

15

9.92

.007*

.40

Electrode * Trial Type

2

30

1.09

.35

.068

Trial Type * Half

1

15

.23

.64

.015

Electrode * Trial Type * Half

2

30

.25

.78

.016

* p-value < .05
** p-value < .001
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Table 8
ERP effects in SLI (n = 13)
partial ƞ²

ERP

Effect

df1

df2

F/t

p

N2b

Electrode

1.32

15.9

26.2

< .001**

.69

Trial Type

1

12

.12

.74

.010

Half

1

12

1.66

.22

.12

Electrode * Trial Type

2

24

2.74

.085

.19

Trial Type * Half

1

12

.26

.62

.021

P3

Electrode * Trial Type * Half

1.40

16.8

.23

.72

.019

Electrode

1.16

13.87

55.6

<.001**

.82

Trial Type

1

12

6.01

.031*

.33

Half

1

12

2.93

.11

.20

1.32

15.8

1.24

.30

.094

Electrode * Trial Type
Trial Type * Half
Electrode * Trial Type * Half

1

12

.98

.34

.075

1.10

13.2

.029

.89

.002
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* p-value < .05
** p-value < .001
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Chapter 6
The association between sequence learning on the SRT task
and social impairments in autism

This chapter is based on:
Zwart, F. S., Vissers, C. Th., & Maes, J. H. (manuscript re-submitted). The association between sequence
learning on the SRT task and social impairments in autism.
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ABSTRACT
It is assumed that learning on the Serial Reaction Time (SRT) task is related to learning
involved in social skill development affected in autism, but this assumption has hardly
been investigated. We have therefore examined associations between SRT task learning
and social impairment measured by the Social Responsiveness Scale in 72 autistic
and non-autistic adults. Results revealed a positive correlation between deterministic
sequence learning, putatively involving explicit learning, and social impairment in
autistic adults but not in non-autistic adults. No correlations with probabilistic learning
were found. These results suggest that the type of learning that helps autistic adults
during deterministic SRT task hinders them during social development, and call for
further investigating the ecological validity of the SRT task.
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6.1 INTRODUCTION

Most of these studies have used the Serial Reaction Time Task (SRT task; Nissen &
Bullemer, 1987). In this task, participants have to respond to a stimulus that appears
on one of four locations on the screen as fast as possible by pressing a corresponding
button. Unknown to the participant, these locations follow a sequence. Implicit learning
is reflected by shorter reaction times (RTs) over time, without any (verbal) knowledge
about the sequence. As a general reduction in RTs may reflect overall motor learning
rather than sequence-specific learning, it is common to include (blocks of ) random
trials and investigate sequence learning as the difference in RTs between random and
sequenced trials. The implicit nature of the task is confirmed by two features: i) there
is no intention to learn (i.e., no instruction), and ii) there is limited awareness of the
sequence knowledge. The latter is usually confirmed by post-experimental interviews,
although other methods based on RTs are available too (e.g., Wessel, Haider, & Rose,
2012; Zwart, Vissers, Kessels, & Maes, submitted). However, these measures show that
a substantial number of participants do gain explicit knowledge in this task (e.g., Haider
& Rose, 2007). Such knowledge is believed to be prevented when random trials are
inserted in the sequence, making the sequence probabilistic rather than deterministic
(Jiménez, Méndez, & Cleeremans, 1996).
It is assumed that learning on the SRT task relates to the development of social
communication skills (Lieberman, 2000) and, hence, also that any deficits in learning
on this task may be related to the social communication deficits in ASD (e.g., Mostofsky
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Social communication skills are believed to develop largely through implicit, or automatic,
learning mechanisms (Lieberman, 2000). Learning what distance to keep or how to
make small talk seems to come natural for most of us, without much explicit effort.
This does not seem to be the case for people with Autism Spectrum Disorder (ASD),
a neurodevelopmental disorder characterized by impairments in social communication
skills (American Psychiatric Association, 2013). This has led to the hypothesis that
altered implicit learning mechanisms play a role in the development of ASD-related
symptoms. Although some studies have found (subtle) learning problems or reported
altered brain mechanisms during implicit learning in ASD (Gordon & Stark, 2007;
Mostofsky, Goldberg, Landa, & Denckla, 2000; Sharer et al., 2015; Sharer, Mostofsky,
Pascual‐Leone, & Oberman, 2016; Travers, Kana, Klinger, Klein, & Klinger, 2015;
Zwart, Vissers, van der Meij, Kessels, & Maes, 2017), the majority of studies have found
intact implicit learning in ASD (for reviews see: Foti, De Crescenzo, Vivanti, Menghini,
& Vicari, 2015; Obeid, Brooks, Powers, Gillespie-Lynch, & Lum, 2016; Zwart, Vissers,
Kessels, Maes, 2017), hence challenging the hypothesized association between implicit
learning as measured in scientific studies and social communication skills.
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et al., 2000; Sharer et al., 2016). However, there is not much direct empirical evidence
supporting these claims. One study found no correlation between ASD symptoms
measured as raw scores on the Social Responsiveness Scale (SRS; Constantino & Gruber,
2002) and implicit learning on the SRT task (Travers, Klinger, Mussey, & Klinger,
2010). In a later fMRI-study, the same researchers found that symptoms of repetitive
behavior but not social communication deficits as measured by the Autism Diagnostic
Interview-Revised (ADI-R; Lord, Rutter, & Le Couteur, 1994) negatively predicted
brain activation related to learning (Travers et al., 2015).
A factor complicating the interpretation of SRT task performance in ASD is the
hypothesis that autistic participants use more explicit learning strategies (e.g., Klinger,
Klinger, & Pohlig, 2007; Ullman & Pullman, 2015). Such explicit strategies may
lead to similar behavioral performance as implicit learning does, at least under certain
conditions (e.g., Brown, Aczel, Jiménez, Kaufman, & Grant, 2010; Zwart et al., 2017).
Hence, it is questionable whether we should interpret performance on the SRT task in
ASD in terms of the same underlying learning mechanism (i.e., implicit) as we do for
typical development (TD). Following this line of reasoning, an association between
SRT task performance and social behavior impairments in ASD might reflect a relation
between explicit learning and social functioning, whereas the same association in TD
would reflect a relation between implicit learning and social functioning.
The aim of the current study was to further investigate the association between SRT task
performance and social impairments and other autistic symptoms as measured by the
SRS for adults (SRS-A; Constantino & Gruber, 2012). Given that social impairments
measured on the SRS are continuously distributed amongst the general population
(Constantino & Todd, 2003), we first assessed this association in a group of 72 autistic
and non-autistic individuals. As implicit learning is thought to play an important role
in social skill development (Lieberman, 2000), we predicted that overall, learning
performance on a probabilistic and a deterministic condition of the SRT task would be
negatively correlated to social impairments measured by the SRS. We expected this effect
to be stronger during the (more implicit) probabilistic learning condition compared to
the deterministic condition. Based on the hypothesis that autistic individuals may learn
the task explicitly, whereas non-autistic individuals rely more on implicit learning, we also
conducted within-group analyses to examine the possibility that the association between
SRT task performance and social impairments may be different in autistic compared
to non-autistic individuals. Additional exploratory analyses on SRS-A subscale scores
were conducted to investigate whether the correlations are specific to repetitive behavior
(based on Travers et al., 2015).
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6.2 METHODS
6.2.1 Participants
Data from 72 participants from two studies was analyzed (see Table 1 for demographic
details).
The first study included 19 autistic adults and 19 non-autistic adults from a previous
EEG study (Zwart et al., 2017). The second study included 16 young autistic adults
and 18 young non-autistic adults. There was no overlap in participants between the two
studies, i.e., none of the participants took part in both studies. All participants were free
of major neurological disorders and all autistic participants were diagnosed with ASD by
a clinician. Participants signed a written informed consent after being informed of the
details of the study. Both studies were approved by a local ethical committee and in line
with the guidelines of the Declaration of Helsinki.
Table 1.
Demographic details of TD and ASD participants from two studies
Study 2
p-value¹

ASD group

TD group

ASD group

(n = 19)

(n = 19)

(n = 18)

(n = 16)

M (SD)

M (SD)

M (SD)

M (SD)

Age (years)

31.1 (12.8)

38.0 (13.0)

22.8 (3.0)

23.3 (2.2)

.11
.57

Sex (F:M)

11:8

5:14

4:14

2:14

.10
.66

IQ

109 (13.1)

111 (10.0)

114 (10.2)

107 (18.5)

.69
.20

SRS-A

46.8 (7.4)

68.4 (12.0)

47.4 (8.2)

68.4 (14.5)

< .001*
< .001*

AQ

12.3 (5.4)

29.5 (8.4)

13 (7.3)

26 (8.2)

< .001*
< .001*
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Study 1
TD group

¹ Statistically significant p-values (<.005) are marked with an asterix

6.2.2 Procedure and SRT task
6.2.2.1 SRT task
For study 1, the SRT task was administered while Electroencephalogram (EEG) was
recorded for other purposes. The participant was instructed to respond to the direction of
an arrow by a corresponding button press as fast as possible. Unknown to the participant,
after 48 practice trials, the arrows followed a sequence (Figure 1). The first, probabilistic
part of the task consisted of 72 repetitions of a probabilistic sequence (2-1-3-4-3-2-4-1)
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in which one stimulus in every sequence was replaced by a deviant (random) stimulus.
In other words, the stimuli were only predictable with a certain probability. This was
directly followed by a deterministic part, consisting of 72 repetitions of a deterministic
(i.e., no deviant stimuli) sequence (4-3-1-2-1-4-2-3). Both sequences were second-order
in nature, in which two stimuli predicted the next stimulus (i.e., in the first sequence,
‘2-1’ predicted ‘3’). We ensured both sequences contained: (1) no repeating elements;
(2) only one “serial” triplet (e.g., 1-2-3); and (3) only two “alternating” triplets (i.e., 1-21, 3-4-3). The deviant trials in the probabilistic sequence never repeated the adjacent
sequenced trials, and equally represented the different stimuli. Response-to-stimulus
interval was set at 500 ms. After the task, a short verbal interview was administered to
assess levels of awareness of the final deterministic condition.
The SRT task used in study 2 was very similar to that used in study 1. The only three
differences were: i) only 60 (instead of 72) repetitions per sequence were used; ii)
deterministic sequence was slightly different (i.e., 4-3-4-1-3-2-1-2); iii) within group,
each participant received a different set of semi-randomized positions of the deviant
trials. No EEG was recorded.

arrow 2
arrow 1
arrow 3
arrow 4
arrow 3
arrow 2
arrow 4
arrow 1

Figure 1.
Serial Reaction Time task: the participant was asked to respond to the direction of the arrow, which –
unknown to the participant – followed a repeating 8-element sequence (e.g., 2-1-3-4-3-2-4-1)
(copyright: Autism: Too eager to learn? Event related potential findings of increased dependency on
intentional learning in a serial reaction time task, Zwart, F .S. , Vissers, C. Th., Van der Meij, R., Kessels,
R. P. & Maes, J. H. (2017) Autism Research, 10 Copyright © [2017] INSAR/Wiley Periodicals, Inc)
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6.2.3 Statistical analyses
For all main analyses, the alpha level was set at 0.05. Greenhouse Geisser correction was
applied where the sphericity assumption was violated, and corrected statistics including
adjusted degrees of freedom are reported. Effect sizes are expressed as partial eta squared
(ƞp²).
6.2.3.1 Data preparation
For study 1, the RT data was split into 12 Blocks of 6 sequences (48 trials) in each
condition to assess learning over time. For study 2, the RT data was split into 9 Blocks
of 6 sequences. In order to make the two studies comparable, the last three blocks of
study 1 were discarded from all analyses. Extreme outliers were determined as RTs 3×
Interquartile Range (IQR) +/- the median RT over each Block, and for deviant trials
as 3×IQR +/- the median RT over 2 Blocks. On average, 24.2 (out of 378; 6.40%)
standard and 1.25 (out of 54; 2.31%) deviant outlier trials were removed in the
probabilistic condition, and 32.5 (out of 432; 7.52%) outlier trials were removed from
the deterministic condition. Trials with erroneous responses and the subsequent trials,
as well as trials directly after a deviant trial, were removed.
6.2.3.2 ANOVAs of probabilistic and deterministic learning
Although not the focus of the current paper, learning in the probabilistic condition was
analyzed with a Group (ASD,TD) × Trial Type (Standard,Deviant) × Block (9) ANOVA,
and in the deterministic condition with a Group (ASD,TD) × Block (9) ANOVA. Initial
ANOVAs were conducted with Study (1,2) added as additional between-subjects factor.
129

Chapter 6

6.2.2.2 Other measures
Participants were asked to fill out the SRS-A. The SRS-A consists of 65 items with a
4-point Likert-scale answer format and measures social impairments and related autistic
symptoms (Constantino & Gruber, 2012). Outcome of the SRS-A is a Total Score
and four Subscale Scores: 1) Social Awareness, 2) Social Communication, 3) Social
Motivation, and 4) Rigidity/Repetitive Behavior. It could be argued that the fourth
subscale is not a direct aspect of social behavior, but rather indirectly related. In addition,
the participants filled out the Autism Quotient (Baron-Cohen, Wheelwright, Skinner,
Martin, & Clubley, 2001), a questionnaire regarding autistic traits with 50 items
that are answered with ‘definitely agree’, ‘slightly agree’, ‘slightly disagree’, ‘definitely
disagree’, with total scores ranging between 0 and 50 (more details can be found in
Baron-Cohen et al., 2001). An abbreviated version of the WAIS-IV (Wechsler, 2008)
was administered to estimate IQ, including the subtests Block Design, Similarities,
Digit Span and Information. For 7 participants from study 1, a full WAIS-III (Wechsler,
1997) had been administered within 12 months prior to participation, and this IQscore was used instead.
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Non-significant effects involving the Study factor confirmed comparable learning and
justified pooling data from the two studies (see Supplementary Materials 1 for details
of these analyses).
6.2.3.2 Relation between statistical learning and SRS-A scores
An overall probabilistic learning score was computed by subtracting the mean RT of
all standard trials (Block 1-9) from the mean RT of all deviant trials (Block 1-9). An
overall deterministic learning score was computed by subtracting the mean RT of the
final Block (9) from the first Block (1). Pearson’s correlations between the probabilistic/
deterministic learning score and SRS-A were analyzed. First, all participants (i.e., TD
and ASD) were included to investigate social impairments as a spectrum. Because of
the uncertainty regarding different learning mechanisms in ASD, subsequent withingroup correlations were analyzed. To ensure that none of these correlations were due to
outlier participants, data points with Cook’s distances > 1.00 were removed from the
analysis (Cook & Weisberg, 1982). Cook’s distances were determined by using a simple
linear regression analysis with SRS-A score as independent variable, and learning score
as dependent variable.
6.2.3.3 Differential analyses on age and IQ
In order to confirm that any potential correlational findings were not driven by the
factors age and IQ, the same correlational analyses were conducted controlling for these
factors.
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RESULTS
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6.3.1 Block analyses of learning
Figure 2 shows probabilistic and deterministic learning in both studies and suggests that
these learning effects were similar. This suggestion was indeed statistically confirmed (see
Supplementary Materials 1).
For the probabilistic condition, ANOVA revealed a main Trial Type effect, F(1,70)=170,
p<.001, ƞp²=.71, with larger RTs for deviant (M=571 ms) than standard trials
(M=510 ms), confirming sequence-specific learning. Furthermore, significant Block,
F(4.7,328)=4.8, p<.001, ƞp²=.064, and Trial Type × Block interaction, F(4.3,299)=3.8,
p=.004, ƞp²=.052, reflecting a linear trend, F(1,70)=17.5, p<.001, ƞp²=.20, effects
suggested that learning increased over time. No effects involving the Group factor were
found, p’s≥.19, suggesting similar motor speed and learning in ASD and TD.
For the deterministic condition, ANOVA revealed a main Block effect, F(4.4,311)=13.1,
p<.001, ƞp²=.16, reflecting a linear trend, F(1,70)=28.0, p<.001, ƞp²=.29, suggesting
learning. No main Group, p=0.27, or Group × Block interaction, p=.097, effect was
found, suggesting similar speed and learning in ASD and TD.
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Figure 2.
RT performance over blocks in the probabilistic condition (left) and the deterministic condition (right)
for study 1 (upper) and study 2 (lower; shaded areas are standard error of the means; SEMs)
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6.3.2 Relation between statistical learning and social impairment
6.3.2.1 Probabilistic learning and social impairment
Figure 3 suggests no clear association between the probabilistic learning score and the
SRS-A total score, and one outlier ASD participant. After excluding this participant
(Cook’s distance = 1.035), indeed no correlation across groups (i.e., TD and ASD
collapsed) was present, r(69)=.077, p=.53. No correlations were found within groups
either, TD: r(35)=.11, p=.53; ASD: r(32)=.057, p=.75, after excluding the same outlier
participant (Cook’s distance=1.01).

Probabilistic Learning Score (ms)

300

Group
TD
ASD

200

100

0
40

60

80

100

SRS-A Total T-Score
Figure 3.
Correlation between learning in the probabilistic and SRS-A Total Score, with one outlier ASD participant
in the upper right corner. Fit lines are shown after excluding this outlier participant.

6.3.2.2 Deterministic learning and social impairment
Figure 4 suggests a positive correlation between the deterministic learning score and the
SRS-A total score, which was statistically confirmed, r(70)=.27, p=.023 (across groups).
Within groups, a significant correlation was found for ASD, r(33)=.35, p=.041, but not
for TD, r(35)=-.078, p=.65.
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6.3.2.3 Differential analyses on age and IQ
Controlling for age and IQ did not change the general pattern of findings described
above. That is, no correlations were found between probabilistic learning and the SRS-A
total score, neither across groups or within groups. A positive correlation between
deterministic learning and the SRS-A total score was found across group, and withingroup confirmed for ASD but not for TD (see Supplementary Materials 2).
DISCUSSION
The aim of the current paper was to investigate the relation between sequence learning on
the SRT task and levels of social impairment related to ASD in autistic and non-autistic
individuals. We used an SRT task with a probabilistic condition, designed to evoke
implicit learning, and a deterministic learning condition that would allow for successful
performance using explicit strategies. Overall performance on both conditions of the
SRT task was similar in autistic and non-autistic individuals, in line with conclusions of
previous meta-analyses and reviews on the topic (Foti et al., 2015; Obeid et al., 2016;
Zwart et al., 2017). An in-depth discussion of the current SRT task findings in ASD
and TD falls beyond the scope of the current manuscript, but can be found in Zwart et
al., 2017.
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Figure 4.
Correlation between learning in the deterministic condition (i.e., mean RT last block – mean RT first
block) and SRS-A Total Score (T-score)
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The current findings suggest no association between probabilistic learning and social
impairments as measured with the SRS-A. This was true for both the ASD and the
TD group. This finding, especially in TD, does not corroborate the general idea that
the type of implicit learning needed to successfully complete an SRT task is also
involved in the development of social communication skills. A possible explanation
is that although social communication skills depends upon the detection of temporal
and spatial sequences of facial, gestural and vocal cues (e.g., Lieberman, 2000), these
sequences differ from the sequences used in an SRT task in terms of complexity and
probability. For example, successful social communication skills includes understanding
the other person, which requires probabilistically associating the facial, gestural and
vocal sequences to internal emotional states. These sequences can be much longer and
can occur with a much lower probability than the eight element sequences used in the
current SRT task.
Perhaps even more surprising is the positive correlation found for deterministic learning
and social impairments. Analyses of the ASD and TD groups separately revealed
that this association was only significantly present in ASD, and did not seem to be
driven by age or IQ. It seems that autistic individuals who are better at deterministic
learning also experience more difficulties in social situations. Although this may sound
counterintuitive, it could be explained by the idea of an overactive or compensatory
explicit learning system in ASD (Klinger et al., 2007; Ullman & Pullman, 2015). It
has been found that explicit learning can be helpful in one situation, but detrimental
in more complex situations (e.g., Howard & Howard, 2001). It may be that autistic
individuals who have a stronger developed explicit learning system benefit from this
in a deterministic SRT task, but are hindered during learning from complex social
situations. For example, learning the art of small talk in an explicit fashion would be
extremely difficult and load heavily on cognitive resources, as in any such interaction the
possible number of verbal and non-verbal cue sequences would be practically impossible
to consciously predict and infer.
The finding of a positive correlation between deterministic learning and social
impairments in autistic individuals is not in line with an exploratory analysis of a previous
study reporting no such correlation in ASD (Travers et al., 2010). In this study, learning
was measured as the difference between blocks of a deterministic sequence and one
random block of trials near the end of the experiment. Important differences between
this and our study is that we used a different learning measure (i.e., RT difference
between last and first block), and a different SRS measure. Travers and colleagues (2010)
used raw scores from the parental version of the SRS for their group of 14- to 25-yearolds, whereas we used T-scores from the self-report version for adults. The parental
version of the SRS (including norms to calculate T-scores) used by Travers et al. (2010)
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Taken together, it seems that social impairments in autism are related to the tendency to
use explicit strategies during statistical learning (as presumably evoked by the deterministic
condition) rather than to impairments in implicit learning (as presumably evoked by the
probabilistic condition). However, the lack of correlations with probabilistic learning
on the SRT task in both groups could be interpreted as a failure of the task to measure
the implicit learning abilities we use to extract the complex statistical properties of our
daily life environment, perhaps due to the task’s simplicity. For example, Lieberman
(2000) describes how non-verbal communication requires a complex, and probabilistic
sequencing of cues, such as hand gestures and facial expressions. The ecological
validity of the SRT task could potentially be improved by increasing task complexity,
for example, by decreasing the probability of the stimuli and by increasing sequence
length. Additionally, it could be important to monitor learning over time, as several
clinical studies suggest deficits in consolidation of learning rather than in initial learning
(e.g., Hedenius et al., 2011; Nemeth et al., 2013). Learning a sequence merely for the
current moment, i.e., the usual measure of learning in SRT task studies, is of little use in
everyday life, where a skill is only useful if it can be used at a later point in time.
For clinical practice, it would be very interesting to further examine how individual
differences in learning on the SRT task relate to individual differences in everyday skill
learning. The SRT task in its current form is not commonly used for this purpose,
but there are some studies reporting that learning on the SRT task predicts grammar
abilities (Misyak, Christiansen, & Tomblin, 2010; Lum, Conti-Ramsden, Page, &
Ullman, 2012), although one large study reports no association between learning on
an SRT task and reading ability (Waber et al., 2003). The use of individual learning
scores has been criticized by researchers using a different statistical learning paradigm,
mainly because quite a few individuals do not show learning on this task (Siegelman,
Bogaerts, & Frost, 2016). This may be also be a concern on the SRT task, as some of
the deterministic learning scores in the current study were negative, i.e., the participants
became slower over time, perhaps due to fatigue. It is important to develop a good
derivative for individual learning on the SRT task, perhaps in which RT gains over all
blocks are included, rather than the difference between the first and last block, as we
decided a-priori. Several suggestions to develop a proper task and measure for individual
statistical learning abilities has been made by Siegelman and colleagues (2016), including
the use of trials with different probabilities, i.e., varying the difficulty level, which would
increase the sensitivity to individual learning abilities.
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is developed for children and adolescents up to 18 years old, and was therefore not
suitable for their older adult participants. Hence we believe that the instrument and
measures we used give a better reflection of the link between deterministic learning and
social impairments in adults.
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Limitations of the current study include a relatively low sample size for correlational
analyses, particularly the within-group analyses, and potentially the fixed order of task
conditions in which the probabilistic condition was always followed by the deterministic
condition. Because deterministic sequence learning is more likely to lead to awareness
than probabilistic learning (e.g., Cleeremans & Jiménez, 1998; Norman et al., 2007),
starting with the deterministic condition could have led to trigger an active search for
prompts in the following probabilistic condition, harming its implicit nature. Although
the current design suits the current study aims best, we cannot rule out that learning
the first, probabilistic part, has influenced (e.g., enhanced) learning on the second,
deterministic part. The effect of task order could be investigated by counterbalancing
the conditions in a larger study.
In conclusion, the current study suggests that better performance on a deterministic
SRT task is related to higher levels of social impairments in autistic participants as
measured by the SRS-A. Probabilistic sequence learning does not seem to be related to
social impairments. These findings suggest that caution should be taken in translating
findings from traditional SRT studies to learning in everyday life, and call for further
investigating the ecological validity of the SRT task. Furthermore, it would be interesting
to replicate these findings using other measures of social impairment.
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Supplementary Materials 1
Two ANOVA’s with Study (1,2) as between-subject factor were conducted in order to
confirm equivalence between the datasets from the two studies, and hence supporting
collapsing the data across studies.
In the probabilistic condition, a Study (1,2) × Group (ASD,TD) × Trial Type
(Standard,Deviant) × Block (9) ANOVA revealed no interaction effect of Study with
Trial Type (the effect of interest): F(1,68)=.53, p=.47, ƞp²=.008. Furthermore, no
statistically significant Study × Trial Type × Block: F(4.38, 298)=.74, p=.58, ƞp²=.011, or
Study × Group × Trial Type × Block: F(4.38, 298)=2.28, p=.055, ƞp²=.032, interaction
effects were found.

Supplementary Materials 2
Table 2.
Correlations between learning scores and SRS-A total score after controlling for age and IQ respectively
Correlation SRS-A with

Group

Controlling for age

Controlling for IQ

Probabilistic learning

Across groups

r(68)=.092, p=.45

r(68)=.051, p=.67

ASD

r(31)=.059, p=.74

r(31)=.002, p=.99

TD

r(34)=.086, p=.62

r(34)=.12, p=.47

Across groups

r(69)=.24, p=.041*

r(69)=.28, p=.017*

ASD

r(32)=.34, p=.049*

r(32)=.40, p=.021*

TD

r(34)=-.045, p=.79

r(34)=-.088, p=.61

Deterministic learning

* p-value < .05
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In the deterministic condition with a Study (1,2) × Group (ASD,TD) × Block (9) ANOVA
revealed no interaction of Study with Block (the effect of interest): F(4.52,307)=.21,
p=.95, ƞp²=.003. Furthermore, no Study × Group × Block interaction effect was found:
F(4.52,307)=1.31, p=.26, ƞp²=.019.
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7.1 SUMMARY OF THE FINDINGS

In chapter 2, I have investigated drops in response times (RT drops) as a behavioral
measure of awareness on the SRT task in typically developing adults. This RT-based
method has been used in other tasks, and is a promising tool to investigate awareness
as it overcomes major methodological challenges associated with other awareness
measures. Findings of the current study showed that there was a strong and positive
relationship between the ability to verbalize the sequence and the number of RT drops.
Furthermore, only participants who were able to verbalize at least half of the sequence
showed more and earlier RT drops on the deterministic compared to the probabilistic
task condition. Together these findings suggest that RT drops are a valid method to assess
awareness, which can be particularly valuable for research in disorders characterized by
communication deficits such as ASD and SLI.
In chapter 3, I reviewed how implicit learning, measured by SRT tasks, varies as
a function of age in typical development (TD) in the light of three competing
developmental models. Evidence shows that implicit learning capacity does vary across
the lifespan, hence excluding the original model of Reber (1993) that describes age
invariance in implicit learning. Although it is clear that implicit learning declines during
old age, it remains unclear whether this ability is present early in life or rather becomes
stronger during childhood. Inconsistency in findings related to this question is mainly
caused by how authors deal with the higher baseline RTs in young children. That is,
implicit learning is seen to plateau in early life if raw RTs are used, but to increase
during childhood if RTs are adjusted for baseline speed. In ASD and SLI, it may be
possible that implicit learning is developmentally delayed (similar to other cognitive
functions) and, in combination with the age variance in TD (when used as comparison),
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The aim of my thesis was to gain insight in the role of implicit learning in Autism
Spectrum Disorder (ASD) and Specific Language Impairment (SLI), by using behavioral
and electrophysiological measures on an SRT task. In the introduction of this thesis,
I explained that implicit learning may play a role in the development of deficits in
communication and other skills in ASD and SLI. In both disorders, it has been suggested
that there is an over-reliance on explicit learning, perhaps as a compensatory mechanism
for a deficit in implicit learning. However, findings are mixed and difficult to interpret,
which is partially due to the inherent complexity of investigating implicit learning and
accompanying awareness. A further problem is that the way in which implicit learning
abilities might develop across the lifespan is still under debate. Hence, it is unclear how
age affects between-study differences in ASD and SLI. I will first give a short summary
of this thesis, followed by a discussion on the findings and implications for clinical
practice and future research.
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this could result in different study outcomes depending on the included age groups.
Based on a subsequent review of SRT task studies in ASD and SLI, it was concluded
that overall implicit learning seems intact in ASD and impaired in SLI, but there were
a few inconsistencies in findings for both disorders. Furthermore, there is a strong need
for studies including longitudinal data or various age groups in order to understand the
developmental trajectory of implicit learning in these disorders.
In chapter 4 I have investigated behavioral and electrophysiological measures of
learning and knowledge on the SRT task in autistic (n = 20) and TD adults (n = 20).
The same SRT task as described in chapter 2 was used, including a (more implicit)
probabilistic condition and a deterministic condition that was conducive to the use of
explicit strategies. Findings showed that RT patterns of learning as well as RT drops
as a measure of awareness were similar in autistic and TD adults. However, learning
a probabilistic sequence was associated with an enhanced N2b, related to incidental
learning in TD adults but with an enhanced P3 in autistic adults. This enhanced P3
might be an indicator of more intentional or effortful learning strategies in ASD.
Although enhanced effortful learning may lead to a similar learning outcome on the
SRT task, it is argued that such strategies may have adverse effects in complex social
situations.
Chapter 5 described a study similar to that presented in chapter 4, but which included
three groups of 10- to 12-year-old children: TD (n = 17), ASD (n = 16) and SLI (n
= 13). The results of this study showed similar RT patterns of learning and RT drops
associated with awareness in TD, ASD and SLI. Analyses showed that probabilistic
learning was associated with an N2b in ASD, whereas it was associated with a P3 in
SLI. A combination of these components was found in TD. Thus, it seems that autistic
children, contrary to the autistic adults in chapter 4, rely on more incidental processes.
Perhaps the over-reliance on controlled or intentional processes in ASD only surfaces in
adolescence, when the explicit learning mechanism begins to dominate. In SLI, these
controlled processes are already involved in children during this task (as reflected by the
P3), perhaps as a compensatory mechanism for an impairment in incidental learning.
The aim of chapter 6 was to explore the association between sequence learning and
social impairments in ASD. I therefore examined correlations between RT measures of
learning on a probabilistic and deterministic condition of the SRT task, and measures of
social impairment on the Social Responsiveness Scale for Adults (SRS-A) questionnaire
in 35 autistic and 37 TD adults. Interestingly, I found that learning on the deterministic
condition, putatively involving explicit learning strategies, was strongly and positively
correlated with social impairments in autistic but not in TD adults. No correlations
with probabilistic learning were found. These findings suggest that the type of learning
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that underlies performance on a deterministic SRT task in autistic adults, hinders their
social learning. This calls for caution when interpreting SRT task findings in terms of
daily life learning, and for further investigating the ecological validity of the SRT task.

7.2.1 Incidental and intentional learning measured by Event Related Potentials (ERPs)
Although the measurement of ERPs, such as the N2b and P3, is a direct and relatively
objective tool with which to investigate the learning process, the functional interpretation
of ERPs is not always clearly defined. A general explanation of ERPs is that early
components reflect more sensory processes whereas later components reflect more
complex cognitive processes (e.g., Duncan et al., 2009). In line with this is evidence from
SRT task studies showing that the N2b is linked to more automatic, implicit learning
whereas the P3 is associated with controlled processes or explicit learning (e.g., Fu, Bin,
Dienes, Fu, & Gao, 2013; Jost, Conway, Purdy, & Hendricks, 2011), an interpretation
that I have followed in chapter 4 and chapter 5. However, this interpretation is not
immutable as a stronger N2b enhancement during intentional compared to incidental
learning has also been reported (Miyawaki, Sato, Yasuda, Kumano, & Kuboki, 2005).
This interesting study investigated the nature of the learning process and of the acquired
knowledge by separately studying the association of ERPs with instruction and levels
of explicit knowledge as measured by a post-experimental task. The sample sizes in this
study were relatively small and the explicit knowledge measure could be debated, but the
design can be inspiring for future research.
Another challenge in ERP research lies in the identification of the components of interest,
especially when including children. ERP components are usually mainly identified on the
basis of their temporal distribution, but this aspect is strongly dependent on individual
factors such as age and the task at hand. Hence the time windows chosen to study
the same ERP component vary greatly, in particular in the few existing developmental
studies. For example, one child study has reported a P3 in a time window of 400-700
ms post stimulus on a sequence learning task (Jost, Conway, Purdy, Walk, & Hendricks,
2015), whereas another study reported the P3 as early as 190-350 ms in children on
a similar task (Jeste et al., 2015). It is therefore questionable as to whether these two
studies have looked at the same ERP component. Based on general findings of a decrease
in ERP latencies in age (e.g., Ridderinkhof & van der Stelt, 2000), and based on visual
inspection of the ERP patterns in our two EEG studies, we have chosen a later ERP time
windows for our child study compared to our adult study, i.e., 450-650 ms for the P3.
Thus, the ERP research field would benefit from clarification on the identification and
interpretation of components.
143

Chapter 7

7.2 EXPLICIT MATTERS IN IMPLICIT LEARNING RESEARCH

Chapter 7

7.2.2 Awareness measured by RT drops
Although RT drops can be a reliable assessment of awareness on a classic SRT task
and this measure has the potential to overcome major methodological issues known to
other awareness measures (chapter 2), the peculiar finding of at least some RT drops
in all participants in both the probabilistic and deterministic conditions raises some
questions. Functionally, this finding could be interpreted as the presence of low levels of
awareness. One possibility is that these low levels of awareness reflect partial awareness,
that is awareness of some elements of the sequence but not of others. Alternatively,
it could reflect awareness as a gradual phenomenon that, at some point, reaches the
level of consciousness. Related to the latter is the term ‘fringe consciousness’ referring
to vague feelings of contextual information about materials that are in the focus of
conscious attention, and includes phenomena such as ‘tip-of-the-tongue’ and feelings of
‘being on the right track’ (Epstein, 2000; James, 1890; Mangan, 1993). Signs of fringe
consciousness can be found in verbal reports from participants who describe a feeling
that there was an order behind the stimuli, but are unable to describe it. Hence, it is
highly plausible that fringe consciousness is part of learning on the SRT task.
Methodologically, the finding that the number of RT drops only ranged from three to
six, rather than from zero (minimum) to eight (maximum), calls for enhancement of
the sensitivity and specificity of the RT drop method. I have explored and reported the
effect of tweaking certain parameters in the algorithms, but my aim was to stay close
to Haider’s original method. However, the differences in task design and corresponding
effects, in particular our partial or fringe consciousness versus their sudden moment of
insight, could justify a freer explorations of the algorithms. These explorations could
focus specifically on dealing with the exclusion of elements when an RT drop is found.
This exclusion is needed to mathematically allow for a next element to drop. However,
there needs to be a sufficient number of elements remaining to allow the calculation of
a confidence interval under which a next element can drop. Currently, therefore, only
the first three dropped elements were excluded. This is not ideal and possibly facilitated
the detection of earlier RT drops and hindered detecting later RT drops. It would be
interesting to investigate alternatives for this exclusion aspect of the algorithm.
7.3 IMPLICIT LEARNING AND EXPLICIT FACTORS IN TD, ASD, AND SLI
7.3.1 Typical development of implicit learning abilities during childhood
Although it is clear that implicit learning abilities vary as a function of age (chapter 3),
the exact trajectory during childhood is still debated. There are currently two sides in
the debate with different views on how to interpret RT findings. The problem is that
young children have a higher baseline RTs than older children, that is, they are slower,
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Given the current state of the debate and the findings, my interpretation of the findings
aligns with the second model; that is, that implicit learning capacity develops during
childhood, and we should thus adjust for differences in baseline RTs. It is important to
emphasize the difference between the tendency to use a learning system and the capacity
of the learning system. The tendency to use one system or the other can influence
performance. I believe that the capacity of the implicit learning system increases
during childhood, as any other neuropsychological function, and is hence suboptimal
during early childhood. However, I think that the tendency to use the implicit learning
mechanism is higher during early childhood and declines rapidly from early adolescence
onwards, when the tendency to use explicit learning strategies takes over, and remains
stable or slowly declining from that age onwards. It is the increased tendency to use explicit
learning strategies that causes interference for efficient skill learning and suppresses skill
learning performance. Thus, I believe that although skill learning performance follows
a line similar to that suggested by Janacsek’s model (2012), this is driven by a tension
between increasing implicit learning capacity and an increasing tendency to use the
explicit learning mechanism.
7.3.2 Possible developmental trajectories in atypical development
The existence of age-related changes in implicit learning during TD could possibly play
a role in the inconsistency in findings in atypical development. Neurodevelopmental
disorders such as ASD and SLI are characterized by developmental delays in certain
cognitive functions, albeit in addition to deficits in these functions (e.g., Bishop &
Edmundson, 1987; Luna, Doll, Hegedus, Minshew, & Sweeney, 2007). Figure 1
illustrates possible effects of a hypothetical developmental delay and/or deficit in
implicit learning for findings across the lifespan, using the developmental model
with a peak in young adulthood. The first illustration (left) shows the developmental
trajectory of a deficit in implicit learning in which impaired implicit learning (lilac
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which results in more scope for detecting an improvement over time or a difference
between sequenced and random trials. It is therefore questionable whether learning
performance as measured by RT benefits can be compared directly between different
age groups. Some authors argue that RTs should be adjusted for this by normalizing
the RT data. When normalized RTs are studied, young children perform worse than
older children, suggesting that implicit learning abilities develop during childhood (e.g.,
Lukács & Kemény, 2015). Other authors argue that the high baseline is an inherent
aspect of development and should therefore not be corrected for (e.g., Janacsek, Fiser, &
Németh, 2012). When raw RTs are investigated, younger children perform equally to or
even better than older children (e.g., Janacsek et al., 2012). This debate is still ongoing
and could benefit from further investigations into the association between aspects of
learning, such as baseline motor speed, and everyday skill learning.
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area) is present across the lifespan. The middle illustration shows how a delay would
lead to impaired functioning until young adulthood, followed by superior performance
from then onwards. Any combination of a delay and a deficit could also be possible; a
speculative example of this is given in the third illustration: an increased dependency on
explicit learning during development could suppress the maturation of implicit learning
capacities, and perhaps also suppresses it’s deterioration. Thus, the possibility of a delay
in implicit learning in atypical development, in addition to a deficit or on its own,
predicts that the outcome in terms of performance compared to TD can vary across age
groups.
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Figure 1.
Implicit learning capacities varying as a function of age, with the dark blue lines reflecting one of the
models in TD, the light blue lines reflecting possible atypical development, and the lilac areas marking
the age range of impaired implicit learning in atypical development. The left graph shows a scenario of
a stable deficit across the lifespan, the middle graph what a delay would look like, and the right graph a
possible combination of a deficit and a delay.

7.3.3 Implicit learning in ASD
A surprising finding from the two EEG studies (chapters 4 & 5) combined is that 10to 12-year-old autistic children may rely more heavily on incidental processes than TD
children, whereas the opposite pattern was found in adults. The TD children seemed to
rely on more controlled processes at an earlier learning stage, and on more automatic
processes at a later stage. The use of controlled processes in the TD children might be a
reflection of the development of the explicit learning system which becomes predominant
around the age of 14 years (as suggested by Janacsek et al., 2012) and which is thought
to decline during adulthood. The automatic processes in autistic children compared to
TD children could hence reflect a delay in the use of this explicit learning system. It
could be speculated that the hypothesized over-reliance on intentional learning in ASD
becomes more visible after the explicit learning system has developed. This would also
cast doubt on implicit learning mechanisms playing an important role in atypical skill
development in ASD, as many skills develop early in life.
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7.3.4 Implicit learning in SLI
When learning on the SRT task was investigated in a group of SLI children, the
findings revealed an ERP pattern related to controlled processes and intact behavioral
performance (chapter 5). The ERP indicators of effortful, controlled learning are in line
with the idea of a compensatory explicit learning mechanism in SLI, as hypothesized in
the literature. However, the finding of intact behavioral performance was not expected
as the majority of SLI studies report impaired learning performance on the SRT task
(e.g., Lum, Conti-Ramsden, Morgan, & Ullman, 2014), although a few studies also
find intact performance (e.g., Gabriel, Meulemans, Parisse, & Maillart, 2015; Lum &
Bleses, 2012). It is possible that SLI children apply different learning strategies but
nevertheless reach similar performance as TD children on the current task – similar to
what we hypothesized in autistic adults. However, it may also be that the small sample
size of our SLI group (i.e., 13 children) hampered possible group differences in reaching
statistical significance. The slow baseline motor speed in SLI compared to the ASD
group, and a visually larger variance in RTs compared to the TD and ASD groups, could
be indicators for altered learning. These two aspects seem similar to findings in young
TD children and elderly TD adults in which learning has been found to be impaired,
albeit debated for young children (chapter 3). It is possible that increasing the sample
size would lead to performance differences between SLI and TD, at least for the complex
probabilistic condition.
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A general assumption underlying SRT task studies in ASD, is that learning on this task
is similar to learning involved in skill development, but this has not been sufficiently
investigated. If this is true, it could be expected that impaired implicit learning on the
SRT task is negatively related to impairments in social communication skills. However, if
autistic people use other learning strategies, as can be deduced from chapters 4 & 5, this
association may not be that straightforward. An exploratory study on this topic revealed
a positive association between deterministic learning on the SRT task and scores on a
questionnaire for social impairments in autistic but not in TD adults (chapter 6), and
no correlations with probabilistic learning. This suggests that the learning mechanism
that helps autistic people to perform on a deterministic SRT task, putatively explicit
learning, actually hinders them during the development of social communication skills.
Although any conclusions and implications drawn from this study are limited by the
use of only a self-report measure only, it does at least call for a cautious interpretation of
learning measures derived from the SRT task in its current form, as its ecological validity
may be lower than we often assume.
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Figure 2.
Schematic representation of skill learning during childhood in TD (upper), ASD (middle) and SLI
(lower), with black arrows referring to typical interactions between (sub)systems. The red arrows in ASD
indicate a stronger tendency to use explicit learning compared to TD, and the red arrow and box in SLI
indicate an impaired incidental learning system demanding compensation by intentional learning.
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7.3.4 Conclusions on implicit learning in asd and sli
In ASD, the capacity of the implicit and explicit learning systems seems intact, but
the interplay between the two systems may develop differently compared to TD, with
a stronger tendency to use the explicit learning mechanism after adolescence. In SLI
there seems to be a deficit in the implicit learning system forcing the explicit learning
mechanism to compensate from an early age onwards. Figure 2 shows the implicit and
explicit learning systems in TD as described in the introduction of this thesis, and the
hypothesized alterations in ASD and SLI based on the empirical studies and previous
literature. Although these alterations are speculative and there are still multiple potential
routes between the subsystems, this schematic overview could serve well as a framework
for future research. Thus, it seems that although there is overlap in symptomatology in
ASD and SLI, with deficits in social communication skills, language and motor skills
present in both disorders, the etiology differs. Hence, implications for education and
treatment are different.

7.4.1 Clinical implications for ASD
It seems likely that 10 to 12-year-old autistic children are able to learn probabilistic
regularities implicitly, whereas autistic adults overly deploy explicit learning. This implies
that children can learn skills implicitly, and interventions before adolescence could, in
theory, involve the intact implicit learning mechanism. A potential direction for implicit
training of skills could be found in errorless learning techniques, in which the explicit
learning system that is used during trial-and-error learning is circumvented. These
techniques are applied to disorders characterized by deficits in explicit memory, such
as dementia, in which errors during learning are not stored correctly. Errorless learning
can be applied to skills by teaching a skill in small steps with extensive guidance, thus
minimizing errors, followed by slowly removing prompts until the skill is mastered.
In ASD, a few studies have successfully applied such techniques to social skill learning
(Stevenson, Krantz, & McClannahan, 2000) and educational learning (Mueller, Palkovic,
& Maynard, 2007). Another potential implicit training technique is stimulating gesture
making during speech. It has been found that encouraging children to make gestures
while talking about previously unsolved mathematical problems, led to new and correct
problem-solving strategies and also increased their receptivity to instruction on a later task
(Broaders, Cook, Mitchell, & Goldin-Meadow, 2007). Hence, stimulating gesture making
while talking about social communicative skills could potentially enhance developing these
skills. However, although these training options could be promising, these are still very
speculative recommendations, as many other factors may influence skill development in
ASD such as predictive coding processes and executive functions. Furthermore, the issues
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related to the ecological validity of the SRT task and the interpretation of ERPs leading
up to these conclusions of intact implicit learning, indicate that we have to be careful in
translating these findings to everyday skill learning.
7.4.2 Clinical implications for SLI
The conclusion that SLI children overuse the intentional mechanism, and may therefore
experience difficulty in reaching performance comparable to TD children, suggests they
may need explicit learning during skill development. This is corroborated by a study
finding that grammar abilities were associated with explicit learning in SLI, whereas they
were associated with implicit learning in TD (Lum, Conti-Ramsden, Page, & Ullman,
2012). This means that reading a book or making use of other exercises based on mere
exposure to sentence structures, may not be as helpful to grammar learning in the SLI
child as it is in the TD child. The SLI child may benefit more from explicit training with
instructions and explanations of sentence structures. However, more research is needed
to confirm that implicit learning really is deficient in SLI, and not merely restrained by
an overactive explicit learning mechanism as has been suggested in autistic adults, as this
would rather ask for stimulating the implicit learning system.
7.5 SUGGESTIONS FOR FUTURE RESEARCH
7.5.1 The SRT task
An important finding of the current thesis is that the SRT task could be improved on
different aspects. The lack of instructions seems not sufficient to guarantee the incidental
nature of learning, as some participants show signs of an intrinsic motivation to learn.
Incidental learning could perhaps be increased by directing attention away from the
learning task, for example in a dual-task form. Furthermore, it is questionable whether
learning these relatively simple sequences is indeed associated with everyday skill learning
as is often assumed. It would be very interesting to further examine how learning on the
SRT task is associated with efficiency in skill learning. An easy implementation of this
would be to include simple measures of skills, such as a grammar ability measure or the
age of motor milestones, and correlate them to learning measures. The ecological validity
of the SRT task could possibly be enhanced by decreasing probability of the stimuli
and by increasing stimulus presentation rates. More sophisticated adjustments are also
conceivable, for example by combining visual and auditory cues or by creating a task
with different visual and motor sequences to compare learning in these two domains.
7.5.2 Measures of learning process and awareness
The second important venue for the investigation of implicit learning research is a further
development of tools to assess learning process and awareness on the SRT task. ERPs
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can be very informative to study learning processes, but the currently used methods to
study them are widely diverse and even inconsistent. Moreover, the interpretation of these
ERPs is to some extent based on circular reasoning. These inconsistencies in methods and
interpretation are partly induced by differences in task design. It would therefore be very
valuable to systematically investigate the effects of tweaking task characteristics, such as
task instruction and stimulus probability, on ERPs in a large group of participants, perhaps
following up on the design of Miyawaki and colleagues (2005). The method of RT drops
as a measure of awareness could also benefit from further investigation, possibly by more
freely exploring the method. A specific target for these explorations could be how to deal
with excluding elements that show an RT drop as described above.

7.5.4 Implicit learning in ASD and SLI
Our understanding of implicit learning in ASD and SLI can greatly benefit from clarifying
the methodological and theoretical issues. This includes differentiating learning processes
from learning outcome, and investigating how these two are related, as this relationship
may not be the same in ASD/SLI as in TD. ERPs and RT drops can be interesting tools to
study this, albeit with attention to their shortcomings. Furthermore, the developmental
changes in implicit learning during TD and the possibility of developmental delays in
ASD and SLI means that we are currently unable to generalize findings in a specific age
group to other ages. We therefore need studies including multiple age groups using one
paradigm, in particular including pre-adolescence, adolescence and adulthood groups.
The topic of consolidation of learning in ASD and SLI should be further examined,
as some recent studies have found intact initial learning, but impaired consolidation.
And we can of course only really start translating all these findings to everyday life if we
bring research closer to clinical practice, for example, by investigating implicit versus
explicit skill training in TD, ASD and SLI. This, in turn, would contribute to our
understanding of ASD and SLI etiology.
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7.5.3 Developmental changes in implicit learning in TD
A more theoretical direction for future research includes further investigations of
developmental changes in implicit learning. In particular, there is a strong need for
longitudinal work and studies including multiple age groups across the lifespan,
as the heterogeneity in study design and analysis methods complicates betweenstudy comparisons. Although there are a few such studies, more are needed to clarify
inconsistent findings during childhood and to further address the matter of baseline
speed differences. Furthermore, there is a paucity of developmental studies in ERP
research: surprisingly few studies have directly investigated developmental changes in
ERP characteristics during childhood. Establishing behavioral and electrophysiological
manifestations of implicit learning during TD would be the crucial foundation to
investigate implicit learning in atypical development, such as ASD and SLI.
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De SRT taak is een computertaak waarbij de deelnemer wordt gevraagd om zo snel
mogelijk te reageren op een stimulus door op een knop te drukken. Meestal zijn er
vier stimuli en vier knoppen. Zonder dat de deelnemer dit weet, volgen de stimuli een
bepaalde volgorde, ook wel sequentie genoemd. De meeste deelnemers worden steeds
sneller in de taak, zonder dat zij achteraf kunnen benoemen wat de sequentie was. Dit
laat zien dat zij de sequentie hebben geleerd, zonder dat zij dit door hadden. Impliciet
dus. Soms worden er ook stimuli toegevoegd aan de taak die niet de sequentie volgen.
Dit worden random stimuli genoemd. De stimuli zijn daardoor alleen nog met een
bepaalde waarschijnlijkheid te voorspellen. Een dergelijke sequentie met random stimuli
wordt ook wel een probabilistische sequentie genoemd. Het blijkt dat deelnemers op de
random stimuli langzamer reageren dan op de stimuli die wel de sequentie volgen, wat
bevestigt dat de snellere reactietijden het gevolg zijn van het leren van de sequentie, en
niet alleen het simpelweg handiger worden met op de knop drukken. Het blijkt dat
veel mensen toch wat bewustzijn opdoen op de SRT taak, dus expliciet leren, terwijl dit
eigenlijk niet de bedoeling is. Dit is vooral zo op de simpelere sequenties zonder random
stimuli (‘deterministische’ sequenties) en in mindere mate ook waar voor de complexe,
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Autisme Spectrum Stoornis (ASS) en Taalontwikkelingsstoornis (TOS) zijn
ontwikkelingsstoornissen die gekenmerkt worden door moeilijkheden in de
communicatieve vaardigheden. Bij ASS staan problemen in de sociaal communicatieve
vaardigheden voorop, terwijl bij TOS de taalproblemen het meest prominent zijn, maar
er is ook overlap in de problematiek van ASS en TOS. Verschillende vaardigheden,
waaronder communicatieve vaardigheden, ontwikkelen zich tijdens de kindertijd
grotendeels door impliciet leren. Impliciet leren refereert naar een automatische manier
van leren die leidt tot grotendeels onbewuste kennis. Bij zowel ASS als TOS is geopperd
dat een probleem in het impliciet leren ten grondslag ligt aan de moeilijkheden in
de communicatieve vaardigheden. Ook is bij beide stoornissen gesuggereerd dat het
expliciete leersysteem, waarbij intentioneel en bewust wordt geleerd, overmatig wordt
gebruikt, al dan niet ter compensatie van een defect in het impliciete leersysteem. Het
expliciete leersysteem kan een gunstig effect hebben op het leren van simpele taken, maar
er wordt gedacht dat het een negatief effect heeft op het leren van complexe situaties,
zoals sociale situaties. Hoewel impliciet leren bij zowel ASS als TOS reeds is onderzocht,
is er nog steeds veel discussie over de uitkomsten van deze onderzoeken. Dat heeft deels
te maken met de verscheidenheid aan methoden die gebruikt worden om impliciet leren
te onderzoeken, en met de complexe interacties tussen het impliciete en het expliciete
leersysteem. Het doel van mijn thesis was om inzicht te verkrijgen in de rol van impliciet
leren bij ASS en TOS, door het gebruik van gedragsmatige en elektrofysiologische maten
op de veelgebruikte Seriële Reactie Tijd (SRT) taak.
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probabilistische sequenties. Verschillende versies van de SRT taak kunnen dus leiden
tot verschillende maten van impliciet en expliciet leren. Het is belangrijk dat het effect
van die verschillende SRT taak versies wordt onderzocht en wordt meegenomen bij het
interpreteren van de soms tegenstrijdige onderzoeksresultaten bij ASS en TOS.
In hoofdstuk 2 heb ik verval, of ‘drops’, in response tijden (RT-drops) als gedragsmatige
maat van bewustzijn op de SRT taak onderzocht in typisch ontwikkelende (TO)
volwassenen. Deze methode gebaseerd op respons tijden (RTs) is eerder gebruikt
op andere taken, en een veelbelovend instrument om mate van bewuste kennis te
onderzoeken, omdat het een aantal grote methodologische uitdagingen geassocieerd met
onderzoek naar bewuste kennis overwint. Bevindingen van de huidige studie lieten zien
dat er een sterke en positieve associatie bestaat tussen het vermogen om de sequentie te
verbaliseren en het aantal RT-drops. Daarbij bleek ook dat alleen de deelnemers die in
staat waren om tenminste de halve sequentie te verwoorden meer en eerdere RT-drops
op de deterministische in vergelijking met de probabilistische sequentie lieten zien.
Samengenomen suggereren deze bevindingen dat RT-drops een valide methode zijn om
mate van bewuste kennis te onderzoeken, wat vooral waardevol kan zijn bij onderzoek
naar stoornissen die gekenmerkt worden door moeilijkheden in de communicatie, en
daarmee met het verwoorden van bewuste kennis, zoals ASS en TOS.
Hoofdstuk 3 bevat een beschouwing van de literatuur over hoe impliciet leren,
gemeten met SRT taken, verandert als functie van leeftijd in TO in het licht van drie
concurrerende ontwikkelingsmodellen. Empirisch bewijs laat zien dat het vermogen om
impliciet te leren wel degelijk verandert gedurende de levensloop, waarmee het originele
model van Reber (1993) dat impliciet leren als leeftijdsonafhankelijkheid beschrijft,
wordt verworpen. Hoewel het duidelijk is dat impliciet leren steeds minder effectief
wordt tijdens veroudering, blijft het nog onduidelijk of dit vermogen al vroeg in het
leven aanwezig is of sterker wordt gedurende de kindertijd. Inconsistentie in bevindingen
gerelateerd aan deze vraag wordt vooral veroorzaakt door hoe de auteurs omgaan met
de algemenere trage responsen, ofwel hoge baseline RTs, van jonge kinderen. Dat wil
zeggen, een plateau in impliciet leren tijdens de vroege kindertijd wordt gevonden
wanneer auteurs naar de ruwe RTs kijken, terwijl een toename in impliciet leervermogen
tijdens de kindertijd wordt gevonden wanneer de RTs worden gecorrigeerd voor
baseline RTs. In ASS en TOS zou het kunnen zijn dat impliciet leren is vertraagd in
de ontwikkeling (vergelijkbaar met andere cognitieve functies) en, in combinatie met
de leeftijdsgerelateerde veranderingen in TO (wanneer gebruikt ter vergelijking), dit
zou kunnen resulteren in verschillende onderzoeksuitkomsten afhankelijk van welke
leeftijdsgroepen worden meegenomen in een onderzoek. Op basis van een daaropvolgend
review van de SRT taak studies in ASS en TOS werd geconcludeerd dat over het
algemeen genomen, impliciet leren intact lijkt in ASS en aangedaan in TOS, maar dat
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er inconsistenties in bevindingen zijn voor beide stoornissen. Verder is er een grote
behoefte aan studies die longitudinale data of verschillende leeftijdsgroepen includeren
om echt te kunnen begrijpen hoe het ontwikkelingstraject van impliciet leren in ASS en
TOS eruit ziet.

In hoofdstuk 5 beschrijf ik een vergelijkbare studie als die beschreven in hoofdstuk 4,
maar dan met drie groepen 10- tot 12-jarige kinderen: TO (n = 17), ASS (n = 16) en
TOS (n = 13). De resultaten van deze studie laten vergelijkbare RT-patronen van leren
en RT-drops zien in TO, ASS en TOS. Probabilistisch leren bleek geassocieerd met een
N2b in ASS, terwijl het bij TOS met een P3 was geassocieerd. Een combinatie van deze
componenten werd gevonden in TO. Het lijkt er dus op dat er bij autistische kinderen, in
tegenstelling tot de autistische volwassenen in hoofdstuk 4, meer incidentele processen
een rol spelen. Mogelijk komt het overmatig gebruik van gecontroleerde, of intentionele
processen bij ASS pas aan de oppervlakte tijdens de adolescentie, wanneer het expliciete
leermechanisme begint de domineren. In TOS lijken deze gecontroleerde processen al
betrokken te zijn bij kinderen tijdens het leren van de taak (zoals gereflecteerd bij de
P3), mogelijk als een compensatiemechanisme voor problemen in het incidentele leren.
Het doel van hoofdstuk 6 was om de associatie tussen sequentie leren en sociale
moeilijkheden bij ASS te exploreren. Daarvoor zijn correlaties tussen RT-maten van
leren op een probabilistische en deterministische conditie van de SRT taak, en maten
van sociale beperkingen op de Social Responsiveness Scale for Adults (SRS-A) vragenlijst
onderzocht in 35 autistische en 37 TO volwassenen. Interessant genoeg bleek dat leren
in de deterministische conditie, waarbij werd verondersteld dat expliciete leerstrategieën
een rol spelen, sterk en positief gecorreleerd was met sociale moeilijkheden in autistische,
maar niet in TO volwassenen. Er werden geen correlaties met probabilistisch leren
gevonden. Deze bevindingen suggereren dat het type leren dat ten grondslag ligt aan
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In hoofdstuk 4 heb ik gedragsmatige en elektrofysiologische maten van leren en
kennis op de SRT taak onderzocht in autistische (n = 20) en TO volwassenen (n =
20). Dezelfde SRT taak zoals beschreven in hoofdstuk 2 is gebruikt, bestaande uit een
(meer impliciete) probabilistische conditie, en een deterministische conditie waarbij het
gebruik van expliciete strategieën werd bevorderd. De bevindingen lieten zien dat zowel
RT-patronen van leren als de RT-drops maat van bewustzijn vergelijkbaar waren in
autistische en TO volwassenen. Echter, het leren van de probabilistische sequentie was
geassocieerd met een versterkte N2b gerelateerd aan incidenteel leren in TO, maar met
een versterkte P3 in autistische volwassenen. Deze versterkte P3 kan een indicatie zijn
van meer intentionele of inspannende leerstrategieën in ASS. Hoewel een hogere mate
van inspannend leren kan leiden tot vergelijkbare leeruitkomsten op de SRT taak, wordt
beargumenteerd dat dit kan leiden tot nadelige effecten in complexe sociale situaties.
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een deterministische SRT taak in autistische volwassenen, verhinderend werkt bij hun
sociale leren. Dit roept ook op tot voorzichtigheid bij het interpreteren van SRT taak
bevindingen in termen van leren in het dagelijks leven, en tot verder onderzoeken van
de ecologische validiteit van de SRT taak.
Samengevat lijkt bij ASS de capaciteit om impliciet en expliciet te leren intact, maar lijkt
het samenspel tussen de twee systemen anders ontwikkeld dan bij TO, met een sterkere
neiging om expliciet te leren na de adolescentie. Bij TOS lijkt er een tekort in het
vermogen om impliciet te leren, wat het expliciete leermechanisme forceert om hiervoor
te compenseren vanaf een jonge leeftijd. Hoewel deze conclusies enigszins speculatief
van aard zijn, bieden zij een goed kader voor vervolgonderzoek. Dus, hoewel er overlap
in symptomatologie is bij ASS en TOS, met moeilijkheden in sociale communicatie
vaardigheden, taal en motorische vaardigheden bij beide stoornissen, lijkt de etiologie
anders. Dit leidt ook tot andere implicaties voor het onderwijs en behandeling.
Omdat autistische kinderen goed in staat lijken om probabilistische regelmatigheden
impliciet te leren, kunnen interventies voorafgaand aan de adolescentie dit intacte
leermechanisme aanspreken. Een mogelijke richting voor het impliciet leren van
vaardigheden is via foutloos leren, waarbij het expliciete leersysteem dat wordt ingezet
bij trial-and-error leren wordt vermeden. Bij foutloos leren wordt een vaardigheid in
kleine stapjes met veel begeleiding aangeleerd, totdat een vaardigheid wordt beheerst. De
conclusie dat TOS kinderen overmatig gebruik maken van intentioneel leren en daarmee
moeite hebben om tot dezelfde prestaties te komen als TO kinderen, suggereert dat zij
het expliciete leermechanisme nodig hebben bij het ontwikkelen van vaardigheden. Dit
betekent dat het lezen van een boek of het maken van oefeningen gebaseerd om enkel
blootstelling aan zinstructuren, niet zo effectief is bij het aanleren van grammatica voor
een TOS kind in vergelijking met een TO kind. Het TOS kind heeft mogelijk meer
baat bij expliciete training met instructies en expliciete uitleg van zinstructuren. Deze
aanbevelingen voor ASS en TOS blijven echter speculatief; bij beide stoornissen is meer
onderzoek nodig om de huidige conclusies te bevestigen.
Een belangrijke richting voor vervolgonderzoek is het verbeteren van de SRT taak op
verschillende vlakken. Het gebrek aan instructies blijkt onvoldoende om de incidentele
aard van het leren te garanderen, en het blijft twijfelachtig of het leren van simpele
sequenties op deze taak inderdaad geassocieerd is met leren in het dagelijks leven.
Het zou heel interessant zijn om deze samenhang met de dagelijkse praktijk verder te
onderzoeken. Een gerelateerde richting is het verbeteren van maten om het leerproces
en de niveaus van bewuste kennis tijdens te taak te verbeteren. ERP’s kunnen erg
informatief zijn om dit leerproces te bestuderen, maar er is meer onderzoek nodig naar
de effecten van bepaalde taakeigenschappen, zoals instructie en stimulus probabiliteit.
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Op theoretisch vlak dient het ontwikkelingsaspect van impliciet leren bij TO verder
uitgediept te worden, waarbij sterk behoefte is aan longitudinaal werk en studies die
meerdere leeftijdsgroepen includeren. Daarbij is er bij ASS en TOS behoefte aan
onderzoek waarbij aandacht wordt gegeven aan het onderscheid en de samenhang tussen
het leerproces en de leeruitkomst, en aan studies die verschillende leeftijdsgroepen op
dezelfde onderzoekstaak bestuderen. Ook is het van belang om bij ASS en TOS de
leereffecten op een later moment te onderzoeken, aangezien een aantal studies heeft
gevonden dat het geleerde niet beklijft. En we kunnen natuurlijk pas echt iets zeggen
over leren in het dagelijks leven, als we het wetenschappelijk onderzoek dichter bij de
klinische praktijk brengen, bijvoorbeeld door het onderzoeken van een impliciete en een
expliciete vaardigheidstraining bij TO, ASS en TOS.
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