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INTRODUCTION

1

Human observers do not register the world like a camera. Camera images are resolved in
discrete and fine pixels, each of which individually carries no meaning. By contrast, our
conscious experience cannot be broken down into individual pixels, but is inseparable from
meaning. Camera images are independent from one another, static in memory, and achieved
in passive reception. Human vision is bent this or that by our experience and motivation.
Even when recollecting past events, our experience since then will affect the memory of
these events.
These are not flaws of the human mind, but key features. Being guided by past experience, we
can rapidly assess new situations. Reconstructing memories with the help of new information
is not a sign of contamination, but key to maintaining a coherent narrative of events. At any
point in time, what we perceive is a combination of prior experience on the one hand, and
sensory evidence on the other.
Clinicians and scholars have put forward the idea that a failure in this balancing act of prior
expectation and sensory evidence might be a defining feature of autism spectrum disorder
(ASD). Individuals who are diagnosed with ASD experience difficulties particularly in social
interaction, communication, and with restricted and stereotyped behaviours. Someone
with ASD might have trouble reading facial expressions, to flexibly adjust their behaviour
between different contexts, might sometimes misunderstand irony or hints, or be frustrated by
disrupted habits. It has been posited that these aspects are all manifestations of a single trait.
This trait underlies how humans integrate prior information and sensory evidence. According
to the idea, individuals with ASD lean more on sensory evidence rather than prior knowledge
of the world, compared to their peers. This leads them to experience a more surprising and
stressful, but also more veridical version of reality. The down-weighting of prior evidence
during inferential processes has been referred to as a hypoprior (Pellicano, 2013; Pellicano &
Burr, 2012).
The purpose of this thesis was to investigate the existence of hypopriors, at the level of
sensory processing in the human brain. To this end, my colleagues and I conducted a series of
neuroimaging experiments in individuals with and without ASD. In this introductory chapter, I
will explain the concepts that are necessary to appreciate the scope of this thesis. I will explain
how perception can be viewed as a process of Bayesian inference, and how ASD may be marked
by an alteration of that process. Finally, I will briefly describe the brain experiments we used
to test this hypothesis. The detailed descriptions of these phenomena and experiments can
be found in the remaining chapters of the thesis.
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PERCEPTION IS A PROCESS
OF BAYESIAN INFERENCE
Perception has traditionally been conceived as a bottom-up process: a stimulus from the
environment enters the brain through sensory organs, after which it is refined until it is at
some stage perceived (Purves et al., 2008; Smith S.M., 2009). Helmholtz (1867) turned this idea
on its head: rather than sensory processing flowing one way from the senses to consciousness,
he posited that humans use their perceptual system to test pre-existing hypotheses about
the state of the external world. Here, the purpose of the senses is to sample data from the
environment, guided by prior knowledge. This framework entails two key components: first,
the hypothesis about the world. This component can be called a prior (Pellicano & Burr, 2012;
Yuille & Kersten, 2006), prediction (K. Friston, 2005; Rao & Ballard, 1999), or a generative model
(Clark, 2013). I will use the term ‘prior’. The second component are the data sampled by the
senses. This, too, is known under different names, such as likelihood (Pellicano & Burr, 2012;
Yuille & Kersten, 2006) or sensory evidence (Clark, 2013). I will use the latter term.
When perception is discussed as a type of Bayesian inference, the prior and sensory evidence
are probability distributions that jointly determine what we perceive. Let us try to imagine
this in practice. Many animals use camouflage to protect themselves from predators. Among
these are the family of phylliidae, or leaf insects, who take the appearance of leaves (Fig. 1.1A).
The sensory evidence provided by these insects is a flat probability distribution: its shape
matches everything in between a leave and an insect equally well. Thus, without additional
information (prior), you would be equally likely to see this as a leave or an insect (Fig. 1.1B).
Having priors changes the equation. When visiting a zoo and having read about phylliidae,
we might expect to see them (Fig. 1.1C). This prior shifts the resulting posterior distribution
towards ‘insect’ rather than ‘leaf’ (Fig. 1.1D). Since the posterior represents what we perceive,
we perceive the animal as what it really is. Elsewhere than at the zoo though, we will not have
an expectation for phylliidae. Our prior would be wide and imprecise (Fig 1.1C). This imprecise
prior would do little to resolve the ambiguity of the leaf insect (Fig. 1.1D). Hence, it would
successfully camouflage itself as a leaf for us.
The fact that the sensory response is influenced by prior experience has been observed in
several neuroimaging studies. For example, repeated stimulation with the same stimulus
evokes a weakened response in areas that are tuned to that stimulus (Grill-Spector et al., 1999;
Grill-Spector & Malach, 2001; Krekelberg, Boynton, & van Wezel, 2006). This phenomenon
is called repetition suppression (RS), or sometimes fMRI adaptation (e.g. Larsson & Smith,
2012). RS is not limited to one modality or stimulus class. In human vision, RS is for instance
reliably found with stimuli such as houses (Grotheer, Hermann, Vidnyánszky, & Kovács, 2014),
14
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objects (Utzerath et al., 2017), or symbols (Grotheer & Kovács, 2014). In the auditory modality,
similar repetition effects have been observed (Todorovic & de Lange, 2012), and somatosensory
processing likewise shows adaptation effects (Tannan, Whitsel, & Tommerdahl, 2006). RS may
represent an innate expectation of the visual system for the world to remain stable over short
time scales (Summerfield, Trittschuh, Monti, Mesulam, & Egner, 2008).

Figure 1.1. Perception as Bayesian inference. A. Leaf insects provide ambiguous sensory evidence that is consistent
with both leaves and insects. B. In Bayesian terms, that evidence provides equal probability for leaves and insects.
C. A precise prior (green line) conveys a strong expectation, whereas an imprecise prior (blue line) does not. D.
When combined with the evidence, the precise prior results in a posterior that favours one interpretation (dashed
green line). By contrast, the weak prior results in an interpretation that remains ambiguous (dashed blue line).
Distributions are illustrative.

Similarly, stimulus expectation has notable effects on sensory processing. In the visual domain,
repetition suppression was measured to be stronger when participants expected stimulus
repetitions (Summerfield et al., 2008). This finding has been consistently replicated (Grotheer
& Kovács, 2014, 2015). Effects of stimulus expectations have also been observed in absence of
stimulus repetition, for instance when monkeys learnt to expect certain stimulus transitions
(Kaposvari, Kumar, & Vogels, 2016; T. Meyer & Olson, 2011; Ramachandran, Meyer, & Olson, 2016)
or when humans learnt to associate a cue with an image. In all these cases, fulfilled stimulus
expectations reduce the sensory response (Kok, Jehee, & de Lange, 2012; St. John-saaltink,
Utzerath, Kok, & Lau, 2015).
15
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Sensory processing is not simply reduced for expected stimuli. Using multivariate decoding
techniques, Kok and colleagues set out to decode the identity of the stimuli that the visual
cortex was representing when it was presented with expected and unexpected gratings. While
the overall amplitude of sensory processing decreased for expected stimuli, decoding accuracy
for expected stimuli increased, suggesting that the reduction of activity may represent a
sharpening of the neural representation (Kok, Jehee, et al., 2012). Like stimulus repetition,
stimulus expectation also has demonstrable effects on perception outside of vision (Todorovic
& de Lange, 2012; Todorovic, van Ede, Maris, & de Lange, 2011).
The effects of stimulus expectation and repetition on sensory processing demonstrate that
the visual system utilizes prior knowledge during perception. Both of these phenomena will
return during several chapters of this thesis.
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AUTISM SPECTRUM DISORDER AS AN
ALTERATION IN BAYESIAN INFERENCE

1

Autism spectrum disorder (ASD, or autism, box 1.1) is a neurodevelopmental disorder.
Individuals who are diagnosed with autism experience problems surrounding social interaction,
communication, and repetitive or stereotyped behaviours (American Psychiatric Association,
2013). For instance, individuals diagnosed with autism might have trouble reading or conveying
emotions through facial expression, have trouble conversing with others flexibly, or may
experience frustration when daily routines are not kept (Lord, Rutter, & Le Couteur, 1994).
Recently, a series of theoretical accounts (box 1.2) have sprung forward that collectively can
best be described as predictive processing accounts of autism (Friston, Lawson, & Frith, 2013;
Lawson, Rees, & Friston, 2014; Palmer, Lawson, & Hohwy, 2017; Pellicano & Burr, 2012; Van de
Cruys, De-Wit, Evers, Boets, & Wagemans, 2013). Where possible, I will refer to these accounts
collectively. This can be done insofar as it concerns elements that are common to all of them.
These accounts posit that a wide range of behaviours associated with autism can be attributed
to an alteration of the balance between priors and sensory evidence, similar to a cognitive
style that varies between individuals. Individuals who rely more on sensory evidence and less
on prior knowledge than others would as a result experience a more chaotic and confusing
world. This is because without the guidance of prior expectations, ambiguous and noisy input
remains unresolved and creates unexpected stimulation (Pellicano, 2013; Pellicano & Burr, 2012).
There are two primary considerations as to how precisely the balance between priors and
sensory evidence might be altered in ASD. First, priors might be less effective modulators of
sensory processing due to underutilization or due to being imprecise (Lawson, Rees, & Friston,
2014; Pellicano, 2013; Pellicano & Burr, 2012). Alternatively, the perceptual system might grossly
and inflexibly over-report the mismatch between priors and sensory evidence (Van de Cruys et
al., 2013, 2014; Van de Cruys, Van der Hallen, & Wagemans, 2016). Either scenario would feel for
the individual as though their expectations were very often incorrect, and put the individual
in a stated of sustained surprise. This would lead to discomfort, and ultimately retreat into
solitary activities where the amount of externally surprise can be minimized (Pellicano &
Burr, 2012).
The predictive processing accounts of autism are not the first that summarize autism as
a cognitive style. The weak central coherence hypothesis (WCC; Happé, 1996; Hoy, Hatton,
& Hare, 2004; Loth, Carlos, & Happé, 2010) predicts that individuals with autism prefer a
detail-oriented style of processing information, in which the ‘global’ overall meaning of a
situation or stimulus can get lost. Predictive processing theories of autism have two important
advantages over weak central coherence. First, in weak central coherence, what is global and
17
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local about a stimulus is not easily quantified. By contrast, predictive processing accounts can
be operationalized using Bayesian formalization. Therefore, stimulus attributes can be defined
explicitly in terms of parameter distributions. This means that predictive processing accounts
can generate precise and testable predictions where weak central coherence might not. Second,
the building blocks of these theories align neatly with theories of brain functioning such
as predictive coding (Friston, 2005; Lawson et al., 2014; Rao & Ballard, 1999). This raises the
possibility of an explanatory framework that spans across brain and behaviour.
Predictive processing theories of autism have received some empirical support. For instance,
it has been reported that top-down modulations in autism are atypical (Cook, Barbalat, &
Blakemore, 2012; Loth et al., 2010), perhaps as a result of altered connectivity within and
between brain regions (Courchesne & Pierce, 2005; Just, Cherkassky, Keller, Kana, & Minshew,
2007; Just, Cherkassky, Keller, & Minshew, 2004; Kana, Libero, & Moore, 2011; Kéïta, Mottron,
Dawson, & Bertone, 2011; Wass, 2011). However, when the predictive processing accounts first
emerged, no evidence was yet collected to test them directly, certainly not at the level of the
brain. The aim of this PhD project was precisely that: to test whether the balance between
prior expectations and sensory evidence was indeed altered in ASD, as predictive processing
accounts suggested. My colleagues and I did so in the context of the sensory neural response,
using functional magnetic resonance imaging (fMRI) and magnetoencephalography (MEG).
Concurrent to my own research, Ewbank and colleagues found that variation in autistic
traits, or an ASD diagnosis traits predict (reduced) repetition suppression in visual cortex
(Ewbank et al., 2017, 2014). Yet contrary to the intuitions of a predictive processing or hypopriors
perspective, the effect of expectation on repetition suppression did not vary as function of
autistic traits (Ewbank, von dem Hagen, Powell, Henson, & Calder, 2016). Lawson and colleagues
(2015) reported reduced adaptation to stimulus loudness in ASD; they found that individuals
with ASD adapted differently to both social and non-social visual cues, and systematically
overestimated the volatility of their sensory environment (Lawson, Mathys, & Rees, 2017). In
the following chapters, I will return to these studies in the context of my own findings.
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RESEARCH QUESTIONS

1

The main question of this PhD project was whether the balance between sensory priors and
evidence was altered in ASD at the level of the brain – in short, whether ASD is marked by
hypopriors. We created several experiments during which the interaction of sensory priors and
evidence could be observed. Individuals with and without ASD took part in these experiments,
allowing us to record their brain responses. In all experiments, we reasoned that under the
hypoprior hypothesis, priors should affect sensory processing in individuals with ASD to a
lesser extent than in individuals without.
In selecting the priors to study, we were led by several practical considerations. First, priors
that we wanted to compare between groups had to be a robust modulatory factor in the
healthy population. Second, they modulate processing in the sensory brain, and in particular
the visual cortex. And lastly, given the vulnerable nature of our participants, the potential
influence of priors had to be observable without imposing undue burdens on our participants,
such as extensive training.
Below I will briefly introduce each of these priors. However, I will refer to the corresponding
empirical chapters for a detailed discussion of it and the corresponding experiment.
Stimulus repetition and adaptation
In chapters 2 and 3, we explore how stimulus repetition and stimulus expectation affects the
sensory processing of visual stimuli, and how that might differ between individuals with
and without autism. The experiment in chapter 2 introduces and validates the experimental
paradigm and analysis. In chapter 3, the experiment is conducted with adolescents with and
without ASD.
The hypothesis of these experiments was that if individuals with ASD indeed utilized priors to
a different or lesser extent than individuals without ASD, we would see this as weaker effects
of stimulus expectation and repetition on the evoked sensory response in visual cortex. At the
surface level, this might appear similar to the studies by Ewbank, Lawson, and their colleagues.
However, as shall become clear when reading these chapters, our work approaches the same
question from a different methodological perspective. Thereby, they cast light on different
facets of the wider research question.
Spatial context
Sensory processing is also affected by spatial context that is embedded within visual stimuli.
In the so-called Kanizsa illusion (Kanizsa, 1976), an arrangement of circular inducers with
collinear incisions creates the impression of a superimposed shape.
19
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Using fMRI, the brain response to the inducers and illusory shape can be recorded separately.
Previous research has shown that when an illusory shape is presented, areas of visual cortex
representing the shape increase their activity (Kok & de Lange, 2014). This is noteworthy, since
these brain areas do not actually receive any input from physical stimuli when an illusion is
presented. By contrast, areas of visual cortex processing the inducers reduce their activity
when an illusion is presented. This, too, is noteworthy, since these areas receive the same
bottom-up stimulus input regardless of whether an illusion is presented on the screen or not.
These experiments demonstrate that during the perception of illusion, visual cortex combines
information from several sources, in effect inferring the presence of an illusory shape (Kok,
Bains, Mourik, Norris, & Lange, 2016; Kok & de Lange, 2014).
The emergence of an illusory shape can be conceptualized as perception being swayed by the
expectation of a shape. In turn, that expectation is based on the presence of collinear inducers
(Kok & de Lange, 2014). We reasoned that under a hypoprior, individuals with ASD would be
less sensitive to the effects of expectations. Therefore, a group of individuals with ASD might
be less sensitive to the effects of illusory shapes. This hypothesis harks back to earlier research
questioning whether individuals with ASD might be less susceptible to visual illusions,
including the Kanizsa illusion (Chouinard, Katy Unwin, Oriane Landry, & Irene Sperandio,
2016; Chouinard, Noulty, Sperandio, & Landry, 2013; Happé, 1996; Ropar & Mitchell, 1999).
This issue is addressed in chapter 4. We presented individuals with and without ASD Kanizsa
stimuli that either contained illusory shapes, or not. We recorded the response in visual cortex
using fMRI and measured how that response was modulated by the presence of an illusory
surface.
Stimulus familiarity and stimulus expectation
In chapters 2 and 3, we discuss how stimulus repetition and expectation can affect the sensory
response. However, these chapters skipped an important aspect of the perceptual experience:
the effect of seeing something for the very first time. This is the opposite of the effect of having
been exposed to – been familiarized with - something before.
Electrophysiological studies show that having been exposed to a stimulus before, changes
the response of visual cortex to it. In monkeys, familiar stimuli evoke a lessened amplitude
compared to novel stimuli. If several images are shown in quick succession, the visual response
to familiar is furthermore modulated much more sharply by the stimuli than when the images
are novel (T. Meyer & Olson, 2011; T. Meyer, Walker, Cho, & Olson, 2014). Using MEG, Manahova
and colleagues (2018) showed comparable phenomena in humans. Their observed effects of
stimulus expectation were consistent with the studies discussed previously (Todorovic & de
Lange, 2012; Todorovic et al., 2011). Notably, these modulations of the visual response occur on
20
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time scales that require millisecond temporal resolution in order to be observed. This means
that these effects remain unobservable to techniques such as fMRI.
Unlike chapters 2 to 4, chapter 5 describes two experiments. In both, participants are shown
object images in quick succession. Each image can either be a familiar or novel one. Furthermore,
the images always come in pairs. For familiar images, any pairings can be either expected or
unexpected. This setup allows us to test for the effects of familiarity and expectation on the
visual response.
In the first experiment, we validate this paradigm in a group of student volunteers. The
second experiment is performed by individuals with and without ASD. As in the preceding
experiments, we expected that if the balance between priors and sensory evidence was altered,
it would result in a diminished sensitivity of the ASD group to the effects of familiarity and
expectation, compared to the controls.
This thesis concludes with a general discussion in chapter 6. In it, I will contrast and compare
the findings of the individual experiments, contextualize them within the broader field of
research into ASD, and propose future directions for research.

21
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Box 1.1: Autism spectrum disorder (ASD)
Autism spectrum disorder (ASD) is a neurodevelopmental disorder. According to the DSM-5, ASD
primarily affects two domains in behaviour: social communication and interaction, and repetitive
and stereotypical behaviours, including atypical responsivity to sensory stimulation. These symptoms
occur from the first years of life (American Psychiatric Association, 2013; Wetherby et al., 2004). As a
result, carer-interviews used to diagnose children extensively probe early development (Lord et al.,
1994; M. Rutter, LeCouteur, & Lord, 2003). ASD also has a strong genetic component, as evidenced
by twin and molecular-genetic studies (Freitag, Staal, Klauck, Duketis, & Waltes, 2010; Miles, 2011;
Rommelse, Geurts, Franke, Buitelaar, & Hartman, 2011; Tick, Bolton, Happé, Rutter, & Rijsdijk, 2016).
There is a popular belief that ASD primarily affects males (Paradiz, 2018). Indeed, a recent metaanalysis suggests that the male-to-female ratio is approximately 3:1 (Loomes, Hull, & Polmear Locke
Mandy, 2017). The reasons for this discrepancy are complex, ranging from genetic to cultural factors
(Ferri, Abel, & Brodkin, 2018; Lai, Lombardo, Auyeung, Chakrabarti, & Baron-Cohen, 2015). One
hypothesis for the gender imbalance is the so-called female protective effect. It states that due to
increased genetic variance in males compared to females, males are more vulnerable to ASD (Wing,
1981).
However, research shows that ASD is likely also under-diagnosed in females. Behaviours commonly
associated with ASD may be expressed by females in a way that is, at the surface, less outwardly
visible or perhaps more conformant with gender roles. This would cause delayed or failed diagnosis
(Kreiser & White, 2014). According to clinical anecdote, males with ASD exhibit behaviours that are
more easily spotted, while females with ASD tend to internalize symptoms, leading to misdiagnosis
(de Kwant, 2015; Dutch article).
Autism is comorbid with other disorders. A common comorbidity is found in attention deficit
hyperactivity disorder (ADHD; Leitner, 2014; Muskens, Velders, & Staal, 2017; Rommelse, Buitelaar, &
Hartman, 2017; Rommelse et al., 2011). The observable behaviours that mark both disorders overlap,
making it often hard to dissociate the two, particularly in childhood and adolescence(Hartman,
Geurts, Franke, Buitelaar, & Rommelse, 2016). For instance, parents might report that their child
has trouble with turn-taking play. This might be because the child has trouble with the reciprocity
of the play (ASD interpretation). But it might also be that the child is too impulsive to wait their
turn (ADHD interpretation). Similarly, social encounters may be avoided due to lacking motivation,
unrelated anxiety, or both (Mayes, Calhoun, Murray, Ahuja, & Smith, 2011).
Finally, we must mind the representation of ASD in popular and scholarly media. The proper addressal
for individuals with ASD is a matter of debate (Kenny et al., 2016). Some prefer to be called ‘autistic’
rather than ‘individual with ASD’, as they feel the latter invalidates an integral part of their identity (L.
Brown, 2011; Sinclair, 2013; Winegardner, 2011). In this thesis, I use the term ‘individuals with ASD’ as it
is the most recognizable term in the academic literature. The term is used without normative intent.
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Box 1.2: Evolving understanding of ASD
This box summarizes influential accounts on ASD from the recent decades. This summary is by no
means exhaustive. It serves to give context to predictive processing and Bayesian accounts of ASD.
These accounts can be loosely grouped into social and (neuro-)cognitive accounts of ASD, and I will
begin with the social accounts.
Theory of mind (ToM) refers to our ability to infer another person’s mental state (Baron-Cohen,
Leslie, & Frith, 1985). As many individuals with ASD grapple with this, ToM became a popular lens
through which ASD could be observed. This was done first using the now-classic Sally-Anne False
Belief Task. Children would see how a character (Sally) placed an item in one location and then left
the room. During their absence, another character (Anne) would enter and hide the item in another
location. The hiding rendered Sally’s belief about the object’s location false. Children would then be
asked where Sally would look for her item. Since Sally was not present when Anne moved the item,
her false belief should lead her to look in the original location. Children with ASD were less likely
to correctly model this false belief, and instead state that Sally would look at the new location. The
hypothesis became that the social problems observed in ASD could be understood as a deficit in ToM,
or representing other people’s minds (Baron-Cohen et al., 1985). While the inability (or delayed ability)
to infer false beliefs is robustly replicated in children with ASD at the group level, this hypothesis
makes no effort of explaining non-social features of ASD, such as altered sensory processing and
non-social skills (Tager-Flusberg, 2007).
Another hypothesis that focuses on the social aspects is the social motivation theory. Compared to
the ToM hypothesis of ASD, social motivation theory reverses the causality: individuals with ASD
would not engage less in social interaction because of lacking ToM. Rather, social skills would become
underdeveloped as children use them less due to lacking interest in social encounters (Chevallier,
Kohls, Troiani, Brodkin, & Schultz, 2012).
Cognitive accounts of ASD seek a more unified understanding of ASD. The social and non-social
aspects of ASD are cast as the result of a domain-general cognitive style. The first hypothesis here is
the weak central coherence (WCC) hypothesis, which I already mentioned in the main text. According
to it, individuals with autism discount information about context in favour of information about
detail. This would explain both deficits in social interaction, which crucially requires taking into
account another person’s context, as well as increased performance on detail-oriented tasks such as
the embedded figures test (Happé, 1996; Hoy et al., 2004; Loth et al., 2010).
Other cognitive frameworks are Enhanced perceptual functioning (EPF) and the executive
dysfunction hypothesis. EPF is an evolution of WCC. It states that individuals with ASD have such
dominant detail-oriented perception that it can disrupt higher-order cognitive control and abilities
(Mottron, Dawson, Soulières, Hubert, & Burack, 2006). The executive dysfunction hypothesis of
autism focuses on problems that individuals with ASD experience in regulating thought, attention,
and action (Russel, 1997). The hypothesis builds on the fact that particularly cognitive flexibility,
planning, and response inhibition are widely reported to be atypical in ASD (and ADHD) compared
to controls (Craig et al., 2016).
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Box 1.2: Continued
A (neuro)cognitive hypothesis that requires special mention is the mirror neuron, or simulation
hypothesis of autism. Mirror neurons are cells in macaque premotor cortex. They fire both when the
monkey performs an action and when it recognizes it when performed by someone else (Di Pellegrino
et al., 1992; Gallese Fadiga, L., Fogassi, L. & Rizzolatti, G., 1996; Rizzolatti Fadiga, L., Gallese, V. & Fogassi,
L., 1996). This inspired the mirror neuron theory of action understanding: an observer understands
the intention behind an action by simulating it using their own relevant neurocircuitry. From the
outcome of that action, intent could be inferred. This mechanism would underlie a wide spectrum
of functions, from action understanding to language (Gallese, 2007). Disrupting this system would
cause the behaviours seen in autism (Gallese, 2006). Indeed, individuals with ASD are impaired at a
joint task that requires simulating another person’s actions internally in order to understand their
intentions (Stoit et al., 2011). However, intense criticism has been levelled at simulation theory. Mirror
neurons appear not necessary for understanding or communicating intentions (Noordzij et al., 2010;
Willems et al., 2010). Nor is it clear how macaque mirror neurons even relate to ‘mirroring’ brain
networks in humans (de Lange, Hagoort, & Toni, 2005; Hickok, 2008).
This thesis rests on predictive processing and Bayesian accounts of ASD. These follow naturally
from the (neuro)cognitive accounts discussed here. Like WCC, these new accounts cast ASD as a
sort of domain-general cognitive style. And like simulation theory, they assume that individuals hold
internal models of the world. From this model, the state of the world can be predicted and inferred.
Prediction errors trigger updating of the model, in other words learning (Lawson et al., 2014; Pellicano,
2013; Pellicano & Burr, 2012; Sinha et al., 2014; van Boxtel & Lu, 2013).
Compared to WCC and simulation theory, predictive processing and Bayesian accounts hold two
advantages: where WCC only enables fuzzy distinctions between ‘global’ and ‘local’ stimulus features,
all aspects of Bayesian and predictive processing can be parametrized precisely and testable as sensory
evidence, predictions, and errors. Second, these mathematical concepts can easily be embedded in
models such as predictive coding, which seeks to understand the brain at the level of neuronal
computations (Friston, 2005; Rao & Ballard, 1999). This means that these new accounts of ASD can
be firmly grounded in neurobiology, unlike earlier accounts.
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ABSTRACT
Repeated exposure to the same stimulus results in an attenuated brain response in cortical
regions that are activated during the processing of that stimulus. This phenomenon, called
repetition suppression (RS), has been shown to be modulated by expectation. Typically,
this is achieved by varying the probability of stimulus repetitions (Prep) between blocks
of an experiment, generating an abstract expectation that ‘things will repeat’. Here, we
examined whether stimulus-specific expectations also modulate RS. We designed a task
where expectation and repetition are manipulated independently, using stimulus-specific
expectations. We investigated to which extent such stimulus-specific expectations modulated
the visual evoked response to objects in lateral occipital cortex (LOC) and primary visual cortex
(V1), using functional magnetic resonance imaging (fMRI).
In LOC, we found that RS interacted with expectation, such that repetition suppression was
more pronounced for unexpected relative to expected stimuli. Additionally, we found that
the response of stimulus-preferring voxels in V1 was generally decreased when stimuli were
expected. These results suggest that stimulus-specific expectations about objects modulate
LOC and propagate back to the earliest cortical station processing visual input.

28

Expectations modulate repetition suppression

INTRODUCTION
Repeated exposure to the same stimulus results in a weaker brain response in cortical regions
that are relevant for processing that stimulus (Grill-Spector et al., 1999; Grill-Spector & Malach,
2001; Krekelberg et al., 2006). This phenomenon, called repetition suppression (RS), has been
widely studied within different modalities and brain regions. Despite this, its underlying
mechanisms are still not fully understood (Grill-Spector, Henson, & Martin, 2006). This may
be explained by the fact that RS is multifaceted and the result of several concurrent processes
(Henson, 2016).
One potentially important modulatory factor of RS is stimulus expectation. In an elegant
fMRI experiment, Summerfield and colleagues (2008) showed that RS in the fusiform face
area (FFA) was more pronounced when repetitions of face stimuli were expected relative to
unexpected. In spite of some controversy regarding the generalizability and interpretation
of this observation (Kaliukhovich & Vogels, 2011; Larsson & Smith, 2012), later studies have
consistently observed a modulation of RS by expectation for faces in face-selective visual
regions (Grotheer & Kovács, 2015), and for familiar non-face stimuli in the lateral occipital
complex (LOC; Grotheer & Kovács, 2014).
These previous studies investigated modulations of RS by making repetitions more or less
frequent: i.e., by varying Prep, or the probability of a repetition, participants come to generally
(not) expect repetitions. In life however, expectations often pertain to specific stimuli (e.g.,
expecting to see a cat upon hearing a meow). Whether and how RS is modulated by such
stimulus-specific expectations is unclear. Although, there are several neurophysiological
studies showing a modulation of neural activity by stimulus-specific expectations (Kaposvari
et al., 2016; T. Meyer & Olson, 2011; Ramachandran et al., 2016), To our knowledge, no one has
yet demonstrated the modulation of RS by such stimulus-specific expectations.
Here, we extend the literature by investigating how stimulus-specific expectations about
objects modulate the response in object-selective cortical area LOC, using fMRI. We addressed
this question by presenting our participants with different objects while varying stimulus
expectation and stimulus repetition independently (Figure 2.1a). Our participants learned
that that some stimuli were likely to repeat, whereas other stimuli were likely to alternate to
a specific different stimulus. We then tested the effects of these expectations by occasionally
violating them during a behavioural category discrimination task, and a subsequent fMRI
experiment.
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Additionally, it is an open question whether these modulations of RS by expectation, which
are typically observed in higher-order visual regions such as LOC, propagate back to primary
visual cortex (V1). Many neurocomputational models describe visual perception as a generative
process in which prediction signals from upstream brain areas propagate down to modulate
sensory processing at the earliest levels including V1 (Auksztulewicz & Friston, 2016; Friston,
2005; Mumford, 1992; Rao & Ballard, 1999). However, studies on the expectation modulation
of RS so far do not report whether their reported effects propagate back to V1. To explore
this issue, we expanded our analysis to primary visual cortex. If expectations about object
repetitions were to propagate along the visual hierarchy, we hypothesized to find corresponding
expectation effects in LOC and V1.
Finally, a tangential goal of our study was to determine whether expectation and repetition
effects would be modulated by autistic personality traits. This question was inspired by current
accounts that cast autism as a disorder whereby the integration of priors and sensory evidence
is altered (Pellicano & Burr, 2012; van Boxtel & Lu, 2013; Van de Cruys et al., 2013); recent work
saw a modulation of repetition but not expectation suppression (ES) by normal variation in
autistic traits (Ewbank et al., 2014, 2016).
To preview our results, we found that stimulus-specific object expectations modulated RS
in LOC. This modulation propagated down to V1, where voxels decreased their response
when stimuli were expected. These results were unmodulated by normal variation in autistic
personality traits in our sample.
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METHODS
Participants
We recruited 24 right-handed, healthy student participants (17 female, mean age 22.8 ± 2.7
years) who gave written, informed consent and received course credit for their participation.
Experimental procedures were approved by the local ethics committee (Commissie
Mensgebonden Onderzoek Regio Arnhem-Nijmegen, the Netherlands) under the general
ethics approval (“Imaging Human Cognition”, CMO 2014/288) and the experiment was
conducted in compliance with these guidelines.
Stimuli
We created stimuli (a lion, turtle, bike, and a car; Figure 2.1a) as object outlines following
designs by Rossion and Pourtoise (2004). Using the SHINE toolbox (Willenbockel et al., 2010),
we matched these images on their spatial frequencies and mean luminance. We also generated
a Fourier scrambled version of each stimulus, by randomly shuffling the phase of its spatial
frequencies. The scrambled images were again matched in terms of spatial frequency and
luminance using the same SHINE procedure. Stimuli subtended a visual angle of approximately
7.5° by 5°. The tasks were programmed using MATLAB R2012b (The MathWorks, Natick, MA,
USA) in combination with PsychToolbox (Brainard, 1997).
On each trial, we presented the participants with two consecutive stimuli (a pair; Figure 2.1b).
Pairs consisted of either the repetition of a single stimulus, or an alternation between two
stimuli. There were four different stimuli, of which two had a 75% probability of repeating and
two had a 75% probability of alternating, resulting in four possible outcomes: expected and
unexpected repetitions, as well as expected and unexpected alternations (Figure 2.1a). Stimulus
transitions would always occur across category (e.g., from animal to vehicle). Which stimuli
would repeat was counter-balanced between participants. Trial sequences were presented in
randomized order.
General procedure and tasks
Within five days preceding the experiment, participants were trained on two tasks. First,
participants practiced 128 trials of a category discrimination task. In this task, participants
indicated on each trial whether the second stimulus in each pair depicted an animal or a
vehicle (see Figure 2.1b). Only expected pairs were shown to facilitate learning of which stimuli
would repeat or alternate. All trials started with the sequential presentation of one of the
stimulus pairs. Each stimulus was shown for 250 ms, separated by an inter-stimulus interval
of 500 ms. Trials ended with an inter-trial interval of 4.5 s, to which up to 2 s of jitter were
added (Figure 2.1b).
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During the subsequent testing session, all participants completed both a behavioural and fMRI
experiment. Just prior to the fMRI experiment, participants performed 96 trials of the behavioural
category discrimination task. Now, expected repetitions (ER) and expected alternations (EA)
occurred on 75% of the trials, such that they could be contrasted with unexpected repetitions
(UR) and unexpected alternations (UA). The reaction time measurements collected during the
behavioural task allowed us to probe whether expectation and repetition affected the behavioural
response to the stimuli, and whether participants had learned the transition probabilities
(cf. Figure 2.2). Aside from measuring these behavioural effects, this procedure ensured that
participants were amply exposed to the trained stimulus transitions.
Afterwards, participants performed an oddball task in the fMRI. During this task, occasionally
the second stimulus of a pair was presented at 60% of its original size (the target), and
participants pressed a button whenever they detected a target. Of note, the learnt transition
probabilities were irrelevant for this task. Of all trials, 17.4% contained an oddball target, and
target presentation was counterbalanced across conditions. Target trials were not considered
for fMRI analysis. This means that any sort of behavioural response could not confound the
fMRI responses of the participants and further ensured people attended all conditions equally.
Finally, 13% of trials were null events in which no stimuli were presented. These null trials
allowed us to measure the baseline response of the brain against which the experimental
conditions could be contrasted, and served to de-correlate the other conditions in which visual
stimuli were presented (Friston, Zarahn, Josephs, Henson, & Dale, 1999).
During fMRI, participants engaged in four runs of the oddball task for a total of 368 trials
during approximately 40 minutes total scanning time. Lastly, we performed a localizer scan
to identify object-sensitive brain regions. The localizer lasted approximately 16 minutes and
consisted of blocks of 10 s, during which one stimulus or scrambled image was shown at a
time, flashing on and off at 2 Hz. Participants’ task was to detect whenever a stimulus was
presented slightly off-center for about 300 ms, which occurred approximately twice per block.
To quantify autistic traits, participants also completed the Autism Spectrum Quotient
questionnaire, a 50-item, non-clinical instrument that measures personality traits related to
the autism spectrum (Baron-Cohen, Wheelwright, Skinner, Martin, & Clubley, 2001).
Image acquisition and pre-processing
Images were acquired on a 1.5 T Siemens Magnetom Avanto MRI system (Siemens, Erlangen,
Germany). A high-resolution structural image was created using a T1-weighted sequence (TR =
2.25 s, TE = 2.95 ms, 1x1x1 mm in-plane resolution). Functional images were acquired using a 2D
EPI sequence (TR = 2.02 s, TE = 40 ms, 3x3x3.5 mm, 26 sagittal slices). Data were pre-processed
using SPM8 (Wellcome Trust Centre for Neuroimaging, London, UK). We discarded the first
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four volumes of every run in order to allow for initial equilibrium. Functional images were
first spatially realigned to the mean and then corrected for slice timing. The mean functional
image was brought in register with the T1. The T1 was furthermore segmented using SPM8’s
segment function, which yielded normalization parameters into MNI space. Finally, functional
images were normalized into MNI space, and smoothed (6x6x6 mm FWHM).

Figure 2.1. Paradigm and task. (a) Examples of fixed stimulus pairings. Participants learned that some stimuli are
most likely to repeat, whereas others are most likely to alternate, thus creating expected repetitions (ER) and expected
alternations (EA), as well as unexpected repetitions (UR) and unexpected alternations (UA). (b) Stimulus display, here
showing an expected repetition (ER) trial. In the behavioural discrimination task, participants responded to the category
of the second stimulus (vehicle or animal) during the inter-trial interval (ITI). During the fMRI oddball task, participants
responded to occasional oddball targets (17.4% of trials) in which the stimulus was shown at 60% of its normal size.

Construction of individual Regions Of Interest (ROIs)
For each participant, we defined two participant-specific Regions Of Interest (ROIs): V1 and
LOC. LOC was individually identified based on each participant’s LOC localizer. We identified
the 100 voxels per hemisphere that responded most strongly to objects in comparison to
scrambled objects during the localizer session, based on the corresponding contrast image.
To ensure reasonably consistent anatomical location between subjects, only voxels were
considered that were also part of a significant cluster for objects > scrambles at the group
level, at a voxel threshold of p < 0.001 (Figure 2.3a). Voxels that were located near V1 were also
not considered, to prevent potential overlap between ROIs (see below).
In order to identify every participant’s V1, we used FreeSurfer’s automatic anatomical
reconstruction algorithm to parcellate every participant’s T1 in native space (surfer.nmr.mgh.
harvard.edu/; Benson et al., 2012). We used an automated method to predict V1 based on
cortical folds. This method can be used to predict the retinotopic organization of striate cortex
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for an individual with accuracy equivalent to 10–25 min of functional mapping(Benson et
al., 2012; Hinds et al., 2008; Figure 2.3b; Figure S2.1). The reconstructed surface was brought in
register with the functional scans and the labels corresponding to the predicted sites of V1
were converted into volume space. Using SPM8, this ROI was transformed into MNI space. To
ensure the selection of voxels with a positive response to objects, we only considered voxels
that had a positive response to the contrasts objects > scramble and objects > baseline. For data
analysis, we then selected a subset of the 100 most responsive voxels to the contrast objects
> baseline in V1. This method ensured that these voxels were responsive to the stimuli and
located at anatomically plausible sites. Additional analysis after data acquisition showed that
both LOC and V1 had consistent condition means across different potential ROI sizes (Figure
S2.2). Finally, any voxels that, based on this selection procedure, came into consideration for
both V1 and LOC were discarded entirely. This ensured that there was no overlap between
the ROIs.
Statistical analysis
Reaction times during the behavioural experiment and the oddball trials during the fMRI
experiment were analysed using a 2 (expected versus unexpected) x 2 (repetition versus
alternation) analysis of variance (ANOVA).
With regards to the fMRI experiment, our ROI analysis was based on a General Linear Model
(GLM) performed in SPM8. We used a 128 s high-pass filter to remove scanner drifts. For
the main experiment, we modeled separate regressors for expected repetitions, unexpected
repetitions, expected alternations, unexpected alternations, oddballs, and null events. For the
localizer, we modeled null events, object and scramble presentations. These regressors were
then convolved with SPM8’s canonical hemodynamic response function. We furthermore
included the motion parameters obtained during realignment, as well as their first and squared
first derivatives as nuisance regressors.
For the ROI analysis, we then took the resulting beta parameter estimates within LOC and V1
and calculated each participant’s mean parameter estimate per ROI, hemisphere, and condition.
For each region, we subjected these to a 2 (expected versus unexpected) x 2 (repetition versus
alternation) x 2 (left versus right hemisphere) within-subjects repeated measure analysis
of variance (ANOVA). We also examined whether the interaction between repetition and
expectation behaved differently for V1 and LOC, using a 2 (V1 versus LOC) x2 (expected versus
unexpected) x 2 (repetition versus alternation) ANOVA. Interactions were further examined
using post-hoc t-tests. We also gauged potential modulatory effects of autistic personality
traits on RS and ES using an analysis of covariance, whereby mean-centered AQ was entered
as a covariate for the factors expectation, repetition, and hemisphere.
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RESULTS
Behavioural performance during the category discrimination experiment
Participants were highly accurate (95% ± 8%, mean ± SD) during the behavioural category
discrimination task experiment, indicating that participants successfully engaged in the task.
Responses were faster when the second stimulus was a repetition compared to an alternation
(F(1,23) = 12.62, p = 0.002), and when the second stimulus was expected compared to unexpected
(F(1,23) = 21.07, p = 1.3e-4, see Figure 2.2). There was no interaction between these two factors
(F(1,23) = 1.33, p = 0.26). Thus, behavioural performance in the discrimination task was sensitive
to both stimulus repetition and stimulus expectation. Additional analysis showed that effects
of expectation and repetition on response time emerged already at the start of the experiment
and were stable throughout, indicating that participants fully learned the stimulus transition
prior to the fMRI experiment (Figure S2.3).

Figure2.2. Reaction times during category discrimination task (preceding the fMRI experiment). Error bars reflect
within-subject standard error of the mean (SEM; Cousineau, 2005; Morey, 2008). There were significant main
effects of repetition and expectation. Additional information about responses can be found in supplemental figure
S2.3.

Behavioural performance during the fMRI oddball experiment
During the fMRI experiment’s oddball task, participants were highly accurate at detecting
the oddball trials during the fMRI session (97% ± 8%, mean ± SD), indicating that participants
successfully engaged in the task. Neither percentage correct nor reaction times were affected
by expectation and repetition during the fMRI oddball task (see Figure S2.4).
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Effects of stimulus repetition and expectation in LOC and V1
First, we examined the effects of repetition and expectation in LOC. In line with previous
reports of repetition suppression for objects in this region, repetitions evoked less activity
than alternations (F(1,23) = 11.72, p = 0.0023; see Figure 2.3c). Furthermore, there was a significant
interaction between repetition and expectation (F(1,23) = 11.4, p = 0.0011). Post-hoc tests revealed
that repetition suppression was significantly stronger for unexpected compared to expected
stimuli (t(23) = 2.2064, p = 0.038). These effects did not interact with hemisphere (all p > 0.45).
In V1, there was no main effect of repetition (F(1,23) = 0.55, p = 0.4642) nor did repetition interact
with hemisphere (p = 0.4772). Furthermore, expectation did not significantly modulate the
visual response (F(1,23) = 2.2, p = 0.1513; Figure 2.3d). However, expectation interacted significantly
with hemisphere (F(1,23) = 5.22, p = 0.0247). This prompted us to inspect early visual cortex
separately for each hemisphere. While there were no effects in the left hemisphere (all p > 0.8),
the right hemisphere showed significant expectation suppression (F(1,23) = 5.1, p = 0.0342). The
expectation x repetition interaction was not significant (F(1,23) = 0.03, p = 0.8618).
Additional analysis showed that these results were qualitatively similar for different selections
of the amount of voxels included for each ROI (see Figure S2.2). We furthermore probed
the stability of the expectation effect over time by contrasting expected and unexpected
trials separately for each of the four runs of the experiment. This analysis showed that the
modulatory effects of expectation were stable over time, as they did not behave differently
during the different runs of the task (Figure S2.5).
Modulation of expectation and repetition effects by AQ
Our sample had an average AQ of 14.79 (SD = 7.99), falling within the range of expected scores
for healthy individuals (Baron-Cohen et al., 2001). Neither in LOC (all p > 0.7) nor in V1 (all p
> 0.54) did effects of expectation or repetition covary with AQ. The expectation x repetition
interaction did not covary with AQ in either region (both p > 0.48).
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Figure 2.3. fMRI ROI results. (a) LOC ROI. Panel shows in violet the group response to the object > scrambles
contrast during the localizer, and superimposed on a transversal slice of SPM’s MNI template at z = 0. For each
participant individually, per hemisphere the 100 most object-selective voxels were chosen within this anatomical
site. (b) Reconstructed V1 (left, right) shown in yellow on an inflated brain from one representative participant.
(c-d) Mean parameter estimates for LOC (C) and right V1 (D) per condition. Error bars reflect within-subject SEM..
Additional information on the ROI and beta parameters within these ROIs can be found in the supplementary
figures S2.1, S2.2, and S2.5.
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DISCUSSION
Here we showed that stimulus-specific expectations about objects modulate repetition
suppression (RS) in object-selective area LOC. This extends the literature on modulations of
RS by expectation, which focused on a more general form of expectation by manipulating
the overall probability that ‘things will repeat’. Furthermore, the expectation modulation
propagated to regions within V1, resulting in activity suppression for expected stimuli.
Interaction between stimulus expectation and stimulus repetition in LOC
We observed expectation modulations of RS for stimulus-specific expectations. Interestingly,
our results – larger RS for unexpected stimuli – may appear different from those described
earlier (Larsson & Smith, 2012; Summerfield et al., 2008), where RS effects are reported to be
boosted when repetitions are expected. This contradiction, however, is more apparent than
real. In the papers by Summerfield et al and Larsson and Smith, the difference in BOLD
activity was assessed between alternations and repetitions (i.e., RS) in the context of frequent
repetitions (rep block) or infrequent repetitions (alt block). When quantifying RS during
blocks where repetitions are frequent, the researchers contrasted frequent (i.e., expected)
repetitions with infrequent (i.e., unexpected) alternations. In our paradigm, this corresponds
to expected repetitions and unexpected alternations. Conversely, in blocks where repetitions
are infrequent, they compared frequent (i.e., expected) alternations with infrequent (i.e.,
unexpected) repetitions (see also Grotheer & Kovács, 2016). When comparing the condition
means to our corresponding conditions, the differences between conditions appear in good
agreement.
Contrary to Prep designs, the stimulus-specific design of the current study affords the possibility
to create (potentially more precise) stimulus expectations, which can be manipulated
independently of stimulus repetition between trials. This may provide some benefits over
relative to Prep manipulations.
Stimulus familiarity may facilitate expectation effects in LOC
We find that the BOLD response in LOC to objects is modulated by expectation. Earlier studies
that used non-face stimuli had been inconclusive: Kovács and colleagues (2013) for instance
found no Prep effects in ventral visual cortex for everyday objects, congruent with singleunit recordings in monkeys (Kaliukhovich & Vogels, 2011). However, in a subsequent fMRI
study, expectation modulations of RS were found for non-face stimuli in ventral visual cortex.
These modulations occurred for roman letters but not false fonts. Supposedly, the familiarity
that participants had with roman letters (but not false fonts) enabled expectation effects to
occur (Grotheer & Kovács, 2014). Yet familiarity alone does not seem to suffice for eliciting
expectation effects: when Kovács and colleagues (2013) presented their participants everyday
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objects, they observed no corresponding effect of expectations. These objects, too, must have
at least been recognizably familiar to the participants. Why would familiar roman letters and
our stimuli, but not (familiar) everyday object cause expectation effects?
A reconciliatory view would be that perhaps conceptual familiarity alone is not sufficient
to effect these modulations. Instead, perceptual rather than conceptual familiarity might
be required. Grotheer and Kovács (2014) themselves argue that many phenomena with face
stimuli in ventral visual cortex can be seen as effects of perceptual expertise rather than of
viewing faces per se. This builds on the notion that ventral visual cortex hosts brain areas that
are not dedicated processors for various stimulus categories but instead areas of perceptual
expertise (Bukach, Gauthier, & Tarr, 2006; Gauthier, Tarr, Anderson, Skudlarski, & Gore, 1999).
Similarly, electrophysiological work shows that perceptual familiarity with object images,
gained over prolonged exposure, alters the response to objects in macaque IT (T. Meyer et al.,
2014). In our experiment, participants completed a practice session prior to the behavioural
and fMRI experiments and were shown a highly restricted set of four images during the task.
This ensured familiarity with both the physical appearance as well as predictive relationships
between our stimuli. Likewise, expertise for roman letters comes from a lifetime of reading
and writing them in various fonts and sizes. While the stimuli used by Kovács and colleagues
(2013) were likely recognizable for their participants, perceptual familiarity with the actual
stimuli might have been lacking. It is therefore possible that perceptual familiarity, or access
to highly detailed visual representations of the stimuli, facilitates expectation effects during
visual processing.
No effect of stimulus repetition in V1
Our study found no RS in V1. It is possible that this is a consequence of our task design: as there
were only four stimuli in the experiment, these stimuli were shown very often throughout
the experiment. This might have caused adaptation even for alternation trials, eventually
abolishing RS in V1. We think this is unlikely however. First, this would beg the question
why RS is absent in V1, but present in LOC. Second, studies on fMRI adaptation have shown
that adaptation occurs even after many stimulus presentations (Fang, Murray, Kersten, & He,
2005). Interestingly though, RS might depend on inter-stimulus interval (ISI) and occur only
when the ISI is sufficiently short (Kourtzi & Huberle, 2005). The same study also found that
the ISI at which adaptation was found increased along the cortical hierarchy, consistent with
the notion that temporal integration windows increase along the cortical hierarchy (Kiebel,
Daunizeau, & Friston, 2008). It is therefore possible that the ISI of our experiment exceeded
the window during which V1 displays significant RS, but remained inside the window at which
LOC exerts RS.
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Effects of stimulus expectation in V1
Do effects of stimulus expectation trickle down to primary visual cortex? So far, the evidence for
this issue remains divergent: an initial investigation in which expectations were implemented
as Prep on faces revealed expectation effects in the lingual gyrus (Grotheer et al., 2014). Yet a
follow-up study, wherein stimulus expectation and repetition were varied independently, did
not find any such back-propagation of stimulus expectations (Grotheer & Kovács, 2015; while
observing these at higher order areas). This led to the suggestion that stimulus expectation
would generally not back-propagate to earliest visual areas when stimulus repetition and
expectation were varied independently (Grotheer & Kovács, 2015, 2016). Yet there are studies
showing that the response of V1 is modulated by stimulus expectation to stimuli such as
gratings (Kok, Jehee, et al., 2012; Kok, Rahnev, Jehee, Lau, & de Lange, 2012; St. John-saaltink et
al., 2015) or motion (Alink, Schwiedrzik, Kohler, Singer, & Muckli, 2010; see also Muckli & Petro,
2013). Thus, it is an open question whether a stimulus expectation that acts on LOC (and RS in
LOC) would also act on V1, especially since RS is in general much less pronounced in V1 than
higher order areas (Boynton & Finney, 2003; Larsson, Solomon, & Kohn, 2016).
In the current study we found that stimulus-specific voxels in the right primary visual cortex
decreased their activity when stimuli were expected. This would suggest that stimulus
expectations can indeed back-propagate to V1. This is in line with neurocomputational models
that cast visual perception as a generative process. Here, expectations at higher levels of
the cortical hierarchy propagate down to modulate sensory processing at the earlier levels,
including V1 (Auksztulewicz & Friston, 2016; Friston, 2005; Mumford, 1992; Rao & Ballard,
1999). Further work should be devoted to the complex interplay of visual areas during visual
processing.
Normal variation in autistic personality traits did not affect effects of expectation and
repetition
Recent theoretical accounts cast autism as an altered balance between prior beliefs and
sensory evidence (Pellicano & Burr, 2012; van Boxtel & Lu, 2013; Van de Cruys et al., 2013). Work
by Ewbank and colleagues(2014) suggest that even normal variation in autistic personality
traits predicts RS in ventral visual cortex (but not the effect of expectation on RS; Ewbank et
al., 2016). We did not observe such a modulation in our data, suggesting that the experimental
effects observed in our specific paradigm are not modulated by normal variation in autistic
personality traits.
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CONCLUSION
We found that repetition suppression (RS) to objects in LOC was modulated by stimulusspecific expectations, such that RS was more pronounced for unexpected relative to expected
stimuli. Additionally, we found that the response of stimulus-preferring voxels in V1 was
generally decreased when stimuli were expected. This pattern of results suggests that stimulusspecific expectations about objects modulate LOC and propagate back to the earliest cortical
station processing visual input.
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SUPPLEMENTAL FIGURES

Figure S2.1 (relates to Figure 2.3). Anatomical reconstruction of V1. V1 was reconstructed using FreeSurfer (https://
surfer.nmr.mgh.harvard.edu/). Panels show the location of left and right V1 on the inflated cortical surface of five
representative participants. The borders of V1 were predicted based on cortical folding, using automatic algorithms
(Hinds et al., 2008), which is possible with a high degree of accuracy (Benson et al., 2012). Reconstructed
anatomical scans were brought in register with each participant’s functional scans, converted into a volume, and
then finally transformed into MNI space using SPM8. This resulted in volume masks, from which voxels could be
sampled for further analysis.
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Figure S2.2. Consistent response of ROI as ROI sizes are increased. Beta parameters tend to decrease in every
hemisphere and ROI as more voxels are included, preserving the relative difference between conditions. Although
beta parameters are noisier in V1, the overall pattern of conditions is preserved across conditions. This suggests that
the voxels selected in our ROI procedure are indeed sensitive for the task.
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Figure S2.3. Moving average of response times during behavioural experiment suggest that participants had learned
the stimulus transitions before entering the fMRI experiment. We calculated moving averages with a window size
of three trials for each level of the factors expectation and repetition separately – that is, expected and unexpected
trials, as well as repetitions and alternations. We chose these trial types as they correspond to the main effects of
expectation and repetition we observed. The red line shows moving average reaction time per factor level. The blue
lines correspond to each condition’s mean reaction time. Error bars reflect within-trial standard error of the mean
across the sample. This suggests that participants had learned the probabilistic structure of the experiment when
they proceeded to the fMRI experiment.

Figure S2.4. Reaction times and percentage correct from the oddball task during fMRI. There were no effects of
repetition or expectation, nor did the two factors interact.
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Figure S2.5. Development of expectation effects in LOC and V1. Top rows show left and right LOC, bottom rows show left
and right V1. Bars represent mean beta parameter estimates for expected and unexpected trials. To test whether effects
of expectation on the BOLD response are stable over time, we re-analysed our ROI data with the factors ROI(V1, LOC)
x Run(1,2,3,4) x Expectation(expected, unexpected) x Repetition (repetition, alternation) x Hemisphere(left, right). The
expectation x repetition interaction was significant (F(1,23) = 3.89, p = 0.0486). Expectation did not interact with Run,
Hemisphere, or ROI. Repetition on the other hand interacted with ROI significantly (F(1,23) = 4.85, p = 0.0278), as it was
significantly present in LOC but not V1. Repetition did not interact with run or hemisphere. As for other effects, run, ROI,
and hemisphere did not have significant main effects on beta amplitudes, although run and ROI interacted (F(1,23) =
3.28, p = 0.0203). This analysis suggests that expectation effects did not vary over time.
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ABSTRACT
Recent theoretical frameworks have hypothesized that autism spectrum disorder (ASD) may
be marked by an altered balance between sensory inputs and prior knowledge – the so-called
hypoprior hypothesis. Yet evidence regarding such an altered balance is mixed. Here, we aimed
to test this hypothesis within the domain of visual perception, by examining how neural
activity in the visual system was modulated by stimulus repetition and stimulus expectation
in healthy and ASD participants.
We presented 22 adolescents with ASD and 22 typically developing (TD) adolescents with pairs
of object stimuli, while measuring brain activity using functional magnetic resonance imaging
(fMRI). Stimulus pairs could be stimulus repetitions or not and could be expected or not. We
examined neural activity in early (V1) and object-selective (LOC) visual cortex.
Both ASD and TD individuals showed robust and equal repetition suppression in LOC. By
contrast, ASD and TD groups showed a different response to expected versus unexpected
stimuli, specifically in V1. Thereby, our results suggest that while the more automatic
modulation of activity by repetition is unaffected in ASD, there is some evidence that the
balance between sensory evidence and prior knowledge may indeed be altered in early visual
cortex of ASD.
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INTRODUCTION
Recently, it has been hypothesized that autism spectrum disorder (ASD) may be characterized
by an altered balance between sensory input and prior beliefs. In particular, Pellicano and
Burr (2013; 2012) proposed the hypoprior hypothesis: they posit that in ASD, perception (and
perhaps cognition) may be less biased by contextual factors, culminating in an underweighting
of prior beliefs, compared to sensory evidence. As prior beliefs can often resolve the noisy
and ambiguous information from the environment, this underweighting of priors may lead
observers with ASD to often be in a state of surprise, in which they are overwhelmed by the
sensory input.
Such an altered balance between top-down priors and bottom-up input would extend beyond
the perceptual domain. Indeed, complex social interaction and communication require
constant weighting of what we perceive others doing with what we know about their state
of mind and context (K. Friston & Frith, 2015; Sinha et al., 2014). Thus, altering the balance
between evidence and prior beliefs can profoundly alter our experience across many domains,
and may contribute to a wide variety of behaviours associated with the autism spectrum.
Evidence for the hypoprior hypothesis, particularly at the level of the brain, is mixed. In
one line of research, researchers examined the amount of adaptation in behaviour or brain
response to repeated stimulation. Repeated stimulation usually results in a reduced sensory
response (typically called repetition suppression, RS; Grill-Spector, Henson, & Martin, 2006).
This can be conceptualized as a modulation of the current sensory evidence by the prior,
derived from recent history, given that the environment typically remains stable over short
intervals (Kaliukhovich & Vogels, 2011; Summerfield et al., 2008). Ewbank and colleagues (2014)
found that RS was inversely related to autistic personality traits in typically developing (TD)
participants. Similarly, Ewbank and colleagues observed less RS in the fusiform face area (FFA)
for faces in ASD compared to TD adults. This difference did not extend to shapes in lateral
occipital cortex (LOC; Ewbank et al., 2017). In behavioural experiments, adaptation to sound
loudness, stimulus numerosity, and eye-gaze have also been reported to be reduced in ASD
individuals compared to TD participants (Lawson, Aylward, Roiser, & Rees, 2017; Lawson et
al., 2015; Turi et al., 2015).
However, phenomena such as RS may not directly probe the hypopriors hypothesis, because
they do not necessarily target an integration of prior knowledge and sensory evidence. RS is
likely to be (at least partly) implemented by passive, fatigue-like mechanisms (Auksztulewicz
& Friston, 2016; Grotheer & Kovács, 2016; Henson, 2016). A potentially more direct approach
to investigate how prior expectations modulate sensory processing could be to generate
stimulus expectations (e.g., by statistical association or base rate manipulations). Using such
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manipulations, previous research has shown that expectation can modulate RS (Grotheer
et al., 2014; Grotheer & Kovács, 2015; Summerfield et al., 2008), causing expected repetitions
and alternations to evoke less brain activity than unexpected repetitions and alternations
(Kremláček et al., 2016; Stefanics, Astikainen, & Czigler, 2014). More generally, expected
perceptual events evoke less neural activity than unexpected perceptual events (Kok, Jehee,
et al., 2012; Kok, Rahnev, et al., 2012). Therefore, manipulating stimulus expectation may provide
a window into the machinery with which we construct an understanding of our world.
In the current study, we investigated whether the interplay between prior information and
sensory evidence differs between individuals with and without ASD, using fMRI. We presented
our participants with a perceptual expectation paradigm that we previously developed
(Utzerath et al., 2017). In this paradigm, each trial consisted of a pair of stimuli. The pair could
either be a stimulus repetition or not, and it could be an expected stimulus pair or not (where
expectations were induced by consistently pairing particular stimuli). Thereby, this paradigm
orthogonally manipulated stimulus repetition and stimulus expectation. We hypothesized
that reduced integration of prior information and sensory evidence would result in a lessened
modulation of the sensory response by stimulus repetition and/or expectation in the ASD
group.
To preview, RS was robustly present in both the TD and ASD group and did not differ between
groups. Yet the groups showed a subtly different modulation of activity in V1 when comparing
expected with unexpected stimuli. This suggests that while the more automatic modulation
of activity by repetition is unaffected in ASD, there may be a difference between TD and ASD
in terms of how expected and surprising stimuli are processed by the early visual system.
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METHOD
Participants
We included 44 participants (22 with and without ASD) as part of the project “Hypo-priors in
autistic visual perception”. Following guidelines from the local ethics committee, the sample
was sized to be sensitive to group differences that had a large effect size (at least 80% power
to detect differences with effect size of d > 0.8). ASD participants were recruited from referrals
from Karakter Child and Adolescent Psychiatry University Centre, Nijmegen, The Netherlands.
TD participants were recruited from local schools. All participants and their parents provided
written, informed consent and understood that they could withdraw from the experiment at
any time. They were compensated for their time with gift vouchers. The study protocol was
approved by the local ethics committee (CCMO protocol NL45835.091.13) and was conducted
within the approved procedures.
The sample was group-matched on gender (3 female, 19 male), age, and intellectual ability.
Participants were included if they were between 12 and 18 years old, native Dutch speakers, had
normal or corrected to normal vision, and had an IQ above 85. Any participant was excluded
if there was a (comorbid) psychiatric or neurological disorder, history of brain surgery or
brain trauma, current or recent alcohol or drug addiction, use of antipsychotic or unstable
medication, irremovable metal objects in the body (with the exception of dental wires),
claustrophobia, or pregnancy.
To be considered for the ASD group, participants had to furthermore have a clinical diagnosis
of Autism Spectrum Disorder according to criteria specific in the DSM-5 (American Psychiatric
Association, 2013), which was then confirmed by a structured interview (Autism Diagnostic
Interview-Revised, ADI-R; Lord, Rutter, & Le Couteur, 1994). In order to be included in the
TD group, participants had to have no history of neurological, developmental, or psychiatric
disorders, which was controlled by scores on the screening questionnaires (see below).
General procedure
The procedure of the study is based on an earlier study (Utzerath et al., 2017). The study
proceeded in three steps. After providing written, informed, consent, participants and
their caregivers completed several tests and questionnaires to verify study eligibility and
to match the groups. Then, participants would familiarize themselves with the perceptual
expectations paradigm and MRI environment in a replica MRI scanner. Finally, participants
would complete the MRI experiment. There were several opportunities for breaks and rest
periods.
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All participants completed four subtests of the Wechsler Intelligence Scale for Children/Adults
(WISC-III/WAIS-III Kort et al., 2002; Wechsler, 1991, 2000), based on their age at inclusion).
The four subtests used were picture completion, vocabulary, block design, and similarities.
They completed the self-report Edinburgh Handedness Inventory (Oldfield, 1971) and the
Adult-Adolescent Sensory Profile (AASP; Brown & Dunne, 2002). Parents filled out the Social
Behaviour Questionnaire (CSBQ; Hartmann, Luteijn, Serra, & Minderaa, 2006) about their
child. Additionally, parents in the TD group completed the Child Behaviour Checklist (CBCL;
Achenbach, 1991) to control for the presence of psychopathology. Parents in the ASD group
completed the Social Communication Questionnaire (Michael Rutter & Bailey, 2003) and were
administered the ADI-R (Lord et al., 1994).
Participants were then familiarized with the MRI environment with a replica MRI system. This
served to alleviate possible anxiety in participants, ease participation, and afforded participants
an informed choice on whether to enter the actual MRI scanner or not. Participants, parents,
and experimenters documented the anxiety of the participant using the MR short anxiety
screening tool (Durston et al., 2009). If either indicated anxiety levels of 8 or higher the
experiment would be stopped; at levels between 6 and 8, the participant would be consulted.
This ensured that all participants felt at ease during participation. At this point, participants
also completed 134 practice trials of the fMRI task (see below).
Stimuli
We presented image outlines (a lion, a turtle, a bike, a car), following designs by Rossion and
Pourtoise (2004) that were matched in terms of mean spatial frequencies and mean luminance
using the SHINE toolbox (Willenbockel et al., 2010). We also generated Fourier scrambles of
these images for use in the localizer scan, by randomly scrambling the phase of the images’
spatial frequencies. These, too, were matched again using the same SHINE procedure. Stimuli
subtended a visual angle of approximately 7.5° by 5°. The tasks were programmed using MATLAB
R2012b (The MathWorks, Natick, MA, USA) in combination with PsychToolbox (Brainard, 1997).
Practice and fMRI task
The perceptual expectation paradigm used in this study was previously tested in adult
student volunteers (Utzerath et al., 2017). On each trial, we presented the participants with
two consecutive stimuli (a pair). Pairs consisted of either the repetition of a single stimulus,
or an alternation between two stimuli. Importantly, when participants practiced the task
in the replica MRI scanner, the pairings were fixed, creating perceptual expectations. In the
subsequent fMRI task, two stimuli had a 75% probability of repeating, and two had a 75%
probability of alternating. This resulted in four possible outcomes: expected and unexpected
repetitions, as well as expected and unexpected alternations (Figure 3.1a). Which stimuli would
repeat was counter-balanced between participants. Trials were presented in randomized order.
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During practice, participants were instructed to report with a button press whether the second
image in every trial depicted a vehicle or an animal. During the fMRI experiment, participants
mainly watched stimuli passively. Occasionally a stimulus was presented at 60% of its original
size (the target). Participants had to press a button whenever they detected a target. Of all
trials, 17.4% contained a target, and the presentation of a target was equally spread across
conditions.
Crucially, target trials were not considered for the main fMRI analysis, meaning that the
behavioural response did not influence the brain response of interest. It is further important
that the transitions learned during practice were irrelevant for performing the fMRI task.
This means that the stimulus transitions were unattended, ruling out attentional confounds
in the sensory response.
All trials started with the sequential presentation of one of the stimulus pairs. Each stimulus
was shown for 250 ms, separated by an inter-stimulus interval of 500 ms. Trials ended with
an inter-trial interval of 4.5 s, to which up to 2 s of jitter were added (Figure 3.1b). During
fMRI, participants engaged in two runs of the perceptual expectations task, for a total of 184
trials during approximately 18 minutes scanning time. Lastly, we performed a localizer scan
to identify object-sensitive brain regions. The localizer task lasted 9 minutes and consisted of
blocks of 10 s, during which one stimulus or scrambled image was shown at a time, flashing
on and off at 2 Hz. Participants’ task was to detect whenever a stimulus was presented slightly
off-centre for about 300 ms, which occurred on average twice per block.
Image acquisition and pre-processing
Images were acquired on a 3 T Siemens Prisma MRI system (Siemens, Erlangen, Germany).
A high-resolution structural image was created using a T1-weighted sequence (TR = 2.3 s,
TE = 3.03 ms, 1 mm isometric in-plane resolution). Functional images were acquired using
a 3D Multiband sequence (acceleration factor 8, TR = 0.68 s, TE = 39 ms, 2.4 mm isometric
resolution, 64 sagittal slices). Data were pre-processed using SPM12 (Wellcome Trust Centre for
Neuroimaging, London, UK). We discarded the first ten volumes of every run to allow for initial
equilibrium. Functional images were first spatially realigned to the mean functional. The mean
functional image was brought in register with the T1. The T1 was furthermore segmented using
SPM12’s segment function, which yielded normalization parameters into MNI space. Finally,
functional images were normalized into MNI space, and smoothed (6x6x6 mm FWHM).
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Figure 3.1. Perceptual expectations paradigm. (a) Examples of fixed stimulus pairings. During a practice task,
participants implicitly learned that some stimuli are most likely to repeat, whereas others are most likely to alternate,
thus creating expected repetitions (ER) and expected alternations (EA), as well as unexpected repetitions (UR)
and unexpected alternations (UA). (b) Stimulus display, here showing an expected repetition (ER) trial. In the
behavioural discrimination task, participants responded to the category of the second stimulus (vehicle or animal)
during the inter-trial interval (ITI). During the fMRI task, participants responded to occasional targets (17.4% of
trials) in which the stimulus was shown at 60% of its normal size.

Construction of individual Regions Of Interest (ROIs)
Using the same procedures as described in our previous study (Utzerath et al., 2017), we created
individual regions of interest for each participant. These ROIs covered V1 and LOC.
LOC was individually identified based on each participant’s LOC localizer. We identified the
100 voxels per hemisphere that responded most strongly to objects in comparison to scrambled
objects during the localizer session, based on the corresponding contrast image. To ensure a
consistent overall anatomical location between subjects, only voxels were considered that
were also part of a significant cluster for objects > scrambles at the group level, using an
auxiliary threshold of p < 0.05, corrected for family-wise error (Figure 3.2a). Voxels that fell
within the boundary of V1 (see below) were excluded.
In order to identify every participant’s V1, we used FreeSurfer’s automatic anatomical
reconstruction algorithm to parcellate every participant’s T1 in native space (surfer.nmr.mgh.
harvard.edu/; Benson et al., 2012). We used an automated method to predict V1 based on
cortical folds. This method can be used to predict the retinotopic organization of striate cortex
for an individual with accuracy equivalent to 10–25 min of functional mapping (Benson et
al., 2012; Hinds et al., 2008; Figure 3.2b; Figure S3.1). The reconstructed surface was brought
in register with the functional scans and the labels corresponding to the predicted sites of
V1 were converted into volume space. Using SPM12, this ROI was transformed into MNI
54

Atypical surprise response in ASD

space. As V1 typically responds more strongly to scrambles compared to objects (Lerner,
Hendler, Ben-Bashat, Harel, & Malach, 2001), we chose voxels that positively responded to the
contrast objects > baseline instead of objects > scrambles, thus highlighting voxels that were
activated by the object stimuli. As with LOC, we furthermore only allowed voxels that fell
into an activated cluster of that same contrast at the group level, using a threshold of p < 0.05,
corrected for family-wise error. For data analysis, we then selected a subset of the 100 most
responsive voxels to the contrast objects > baseline in V1. Both ROIs were characterized by
consistent response patterns over different voxel selections, indicating their robustness (Figure
S3.2). This method ensured that these voxels were responsive to the stimuli and located at
anatomically plausible sites. Finally, any voxels that, based on this selection procedure, came
into consideration for both V1 and LOC were discarded entirely. This ensured that there was
no overlap between the ROIs.
Statistical analysis
Response times and percentage correct during the fMRI task were compared between groups
using independent samples t-tests.
Our ROI analysis was based on a General Linear Model (GLM) that was performed in SPM12.
We used a 128 s high-pass filter to remove scanner drifts. For the main experiment, we modelled
separate regressors for expected repetitions, unexpected repetitions, expected alternations,
unexpected alternations, targets, and null events. For the localizer, we modelled null events,
object and scramble presentations. These regressors were then convolved with SPM12’s
canonical hemodynamic response function. We furthermore included the motion parameters
obtained during realignment, as well as their first and squared first derivatives as nuisance
regressors. We then extracted the resulting beta parameter estimates within LOC and V1 and
calculated each participant’s mean parameter estimate per ROI, hemisphere, and condition.
Per ROI, our data were finally subjected to a 2 (expected versus unexpected) x 2 (repetition
versus alternation) within-subjects repeated measure analysis of variance (ANOVA) with
Diagnosis (ASD, TD) as between-subjects factor.
All statistical testing was performed in JASP (Love et al., 2017) within a frequentist framework.
Additionally, for reference, we estimated the relative likelihood of the alternative compared to
the null hypothesis and reported the corresponding Bayes Factors (BF10) for post-hoc t-tests.
Bayes Factors larger than three and ten are typically considered as moderate and strong
evidence for the alternative hypothesis, respectively. Conversely, BFs smaller than 1/3 and 1/10
are typically considered as moderate and strong evidence for the null hypothesis, respectively
( Jeffreys, 1961; Rouder, Speckman, Sun, & Morey, 2009; Wetzels, Wetzels, Raaijmakers, Jakab,
& Wagenmakers, 2009).
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Figure 3.2. Construction of the ROIs. (a) LOC was created individually on the basis of a localizer session. Each
individual’s LOC mask fell within the group LOC mask that characterized the group’s response to objects vs
scrambles, shown in red. (b) V1 was created individually by reconstructing each participant’s anatomy in FreeSurfer,
here shown in yellow (see: Construction of individual Regions Of Interest (ROIs)).

56

Atypical surprise response in ASD

RESULTS
Sample characteristics
Sample characteristics are detailed in supplementary table ST1. On average, our participants
were 15 years and 0 months of age. The groups did not differ significantly in age (p = 0.41,
BF10 = 0.394), gender, or intellectual ability (Table ST3.1; all p > 0.2, all BF < 0.6).
Across all scales of the CSBQ, ASD participants scored significantly higher than TD participants
(all p < 0.001; all BF10 > 200; Table ST3.1). On the AASP, ASD participants reported elevated scores

with regards to Low Registration and Sensory Avoiding (both p < 0.01; both BF10 > 6; Table
ST3.1). On the CBCL, the TD participants scored within normal range (Table ST3.1). The ASD

group scored within the lower clinical range on the SCQ (Table ST3.1) and their diagnoses were
replicated on the ADI-R (Table ST3.2).
There were no reliable differences between groups in terms of the amount of movement during
the task in the scanner, as revealed by a comparison of motion parameters for head translation
and rotation (all p > 0.28, all BF10 ≤ 0.48).
Behavioural performance
Mean percentage correct during the fMRI task was high (98.1%) and did not significantly
differ between groups (p = 0.12, BF10 = 0.8), indicating that both groups attended the task. ASD

participants had slightly longer response times than TD participants (622 ms vs 561 ms; t(42)

= -2.24, p = 0.03, BF10 = 2.12) when responding to the targets. Note that these trials with targets
were not of interest for the fMRI analysis, which focused on the non-target trials that formed
the majority of trials.
Neural effects of stimulus expectation and repetition
The response of LOC and V1 is shown in Figure 3.3. Mean evoked activity did not differ between
groups in LOC (p = 0.88, BF10 = 0.3), whereas it trended towards being slightly lower in the ASD
compared to the TD group in V1 (p = 0.076, BF10 = 1.1).
Across groups, alternations robustly evoked more activity than repetitions in LOC, indicating
repetition suppression (RS; F(1,42) = 12.8, p < 0.001, BF10 = 36.35). In V1, there was a weak, nonsignificant trend towards RS (p = 0.095, BF10 = 0.64). Importantly, RS did not differ between
the ASD and TD groups, neither in LOC (p = 0.987, BF10 = 0.163) nor in V1(p = 0.67, BF10 = 0.32).
There was a tendency for LOC activity to increase in response to unexpected stimuli in the
TD group, but decrease in the ASD group, resulting in an Expectation*Diagnosis interaction
that trended towards significance (p = 0.096, BF10 = 0.94). The same pattern was visible in V1,
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where the corresponding Expectation*Diagnosis interaction was significant (F(1,42) = 4.26,
p = 0.045, BF10 = 1.6). Further examining this interaction, the reduction of the visual response in

the TD group was not significant (t(21) = 1.202, p = 0.243, BF10 = 0.422); neither was the increase
of activity in the ASD group (t(21) = -1.702, p = 0.103, BF10 = 0.769).

Generally, there was no interaction between stimulus expectation and repetition in either
LOC or V1 (LOC: p = 0.99, BF10 = 0.16; V1: p = 0.87, BF10 = 0.17), and this lack of interaction did not
differ between groups (LOC: BF10 = 0.39; V1 = BF10 = 0.33).
To examine the possible influence of development on these results, we included the
participants’ age as covariate. This did not explain a significant amount of variance in any of
our analyses (all p>0.16, BF <0.67).

Figure 3.3. ROI beta parameters per group and ROI. The first row shows responses in V1. The second row shows
responses in LOC. The first column reproduces the data from an earlier study in healthy student volunteers
(Utzerath et al., 2017) for comparison. The second and third column represent the TD and ASD group from the
present experiment, respectively. Error bars reflect SEM. See Figure S3.3 for a comparison of the main effects.
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Whole-brain fMRI results
We carried out an exploratory whole-brain analysis, examining the neural consequences of
stimulus repetition and expectation. This analysis indicated significant RS in bilateral LOC
(see Figure 3.4), but there were no other brain regions showing an effect of repetition or
expectation, nor group differences of these measures. We furthermore compared the task
> baseline contrast between groups to examine whether there were any general activity
differences between groups. There were no group differences in any region for this comparison.

Figure 3.4. Repetition suppression in LOC (Right hemisphere: MNIXYZ = [38 -42 -18], t = 6.96, k = 1372, pFWE <
0.001; left hemisphere: MNIXYZ = [-38 -58 -14], t = 6.74, k = 1738, pFWE < 0.001). Figure represents slice at z =-18.

Brain-behaviour correlations
To investigate whether the effects of stimulus expectation and repetition were related to interindividual variation in traits among autistic participants, we calculated Pearson correlations
between the main effects of Expectation and Repetition and the scores on the AASP as well as
the total score of the CSBQ. The main effects of Expectation and Repetition here were defined
as the difference between alternations and repetitions, as well as expected and unexpected
trials, in LOC and V1.
Total CSBQ was not reliably correlated with any activity differences in LOC or V1 (all r < 0.23,
p > 0.13). Similarly, there was no significant correlation between the AASP and main effects of
Expectation or Repetition (all r < 031, p > 0.052).
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DISCUSSION
We investigated whether the integration of sensory evidence and prior information differs
between individuals with and without ASD. Participants viewed pairs of stimuli comprising
either the same image presented twice (repetition) or two different objects (alternation).
Additionally, both repetitions and alternations could be either expected or unexpected. We
hypothesized that effects of stimulus repetition and expectation may be diminished in the
ASD group, if this group is marked by a reduced integration of prior and sensory evidence.
The data showed that repetition suppression was robustly present in both groups, did not differ
between the groups, and furthermore did not correlate with measures of sensory processing
and social-communicative problems. In contrast, we found a difference in how expected vs.
unexpected stimuli were processed in V1, where ASD and TD observers had differing responses
to expectation-confirming relative to expectation-violating events.
Repetition suppression intact in both groups
Individuals with and without ASD did not significantly differ in the magnitude of RS, neither
in LOC nor V1. Indeed, the associated Bayes Factors were <1/3 in both V1 and LOC, providing
moderate support for the null hypothesis (no difference) over the alternative hypothesis
(difference between groups). This stands in contrast to some previous studies that found that
autism or related personality traits and diagnosis exhibits altered adaptation (e.g., Ewbank
et al., 2017, 2014; Jiang et al., 2013; Kleinhans, Richards, Greenson, Dawson, & Aylward, 2016;
Lawson, Aylward, et al., 2017; Lawson et al., 2015; Swartz, Lee Wiggins, Carrasco, Lord, & Monk,
2013). There are several factors that can explain this divergence in findings.
The first factor is to distinguish here between measures of brain and behaviour. In particular,
Lawson and colleagues (2017; 2015) used behavioural measures to index adaptation in auditory
and visual paradigms. Our study on the other hand investigates adaptation of sensory regions
in a behaviour-free context.
The second factor is the sampled populations. While we sampled adolescents with a clinical
ASD and TD individuals, other studies recruited TD individuals who varied on personality
traits related to ASD (Ewbank et al., 2014; Lawson, Aylward, et al., 2017). For instance, the autism
quotient that is used to quantify personality traits related to ASD may emphasize different
aspects of the spectrum compared to the clinical diagnosis we used.
A third factor to take into consideration is the stimulus. Many experiments that probed
stimulus adaptation used face stimuli. Notably, Jiang and colleagues (2013) showed that
relative to a control dataset, individuals with autism showed decreased adaptation, which
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was linked to decreased discriminability of faces in the FFA response and predicted poorer
face discrimination performance. Weaker adaptation might then be a result of a more
heterogeneous underlying brain response processing those faces. Therefore, experiments using
faces as stimuli may not be ideally suited to study RS in ASD, as a generally atypical response to
faces might confound observable differences in RS between individuals with and without ASD.
In line with this view, Ewbank and colleagues (2017) did not find differing RS between
individuals with and without ASD when the experimenters presented shapes instead of faces.
Likewise, in our pilot study where TD adults performed the perceptual expectation task on
objects, variation in ASD-related personality traits did not predict RS either (Utzerath et al.,
2017). Thus, the converging evidence hints at the possibility that not RS itself is atypical in
ASD, but rather that atypical face processing may manifest itself as reduced adaptation.
TD and ASD groups show opposing brain responses to surprise
The hypopriors hypothesis predicts that the difference between unexpected and expected
stimuli should be diminished in the ASD group, compared to TD group. In our experiment,
participants with and without ASD showed opposing responses when contrasting
expectation-confirming and expectation-violating stimuli in V1. Specifically, in TD observers,
the presentation of expected stimuli tended to decrease brain activity, whereas it tended to
be increased in the ASD group. It should be noted though that while the interaction between
groups was statistically significant, post-hoc tests garnered no statistical support for either a
reduction of expected stimuli in the TD group, nor an increase in the ASD group. Given the
small sample size and associated statistical uncertainty, these findings should be interpreted
with caution.
Qualitatively though, the TD group showed the same patterns of effects as we obtained in
TD adults in the previous study (Utzerath et al., 2017; Figure 3.3, left and middle column). One
could therefore interpret the results as indicating that the TD group showed expectation
suppression, similar to an earlier dataset, while this was not the case for the ASD group.
This study thereby provides tentative evidence that the balance between prior knowledge
and sensory evidence may be altered in ASD, at the level of the brain. Further work should
be devoted to precisely understand the nature of this alteration. The original proposal of the
hypoprior did not make predictions about the underlying neural implementations (Pellicano,
2013; Pellicano & Burr, 2012).
However, several hypotheses have been put forward regarding the neurocomputational basis
of a hypoprior in the context of predictive coding (K. Friston, 2005; Rao & Ballard, 1999).
Lawson & Friston (2014) argue that a hypoprior corresponds to a weakening of the precision
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of the prediction. That is, the prediction signal that is fed back to sensory cortex may convey
the correct mean, but have a large variance. Therefore, when this prediction is compared to
the incoming stimulus, sensory cortex will emit a large error signal. In line with this view,
Lawson and colleagues (2017) found that individuals with ASD overestimate the volatility of
their sensory environment. As a result, their behavioural and pupillometric responses showed
a lessened response to surprising events.
Instead of focusing on the prediction signal, Van de Cruys and colleagues ( 2013, 2014) posit
that a hypoprior affects the generation of the prediction error. Specifically, the precision of the
prediction error should be inflexibly exaggerated. This means that regardless of the correctness
of the prediction, sensory cortex would always feed forward a relatively large error signal. Thus,
both proposals predict that individuals with ASD would experience constant sensory surprise.
However, the cause of the surprise is thought to be different.
It is not possible to test these two rivalling hypotheses with the present data. Both predict that
the BOLD response in surprising and unsurprising contexts should be similar. A promising
approach would be to dissociate the sensory prediction from the prediction error. This would
require a paradigm and technique with which the feedforward and feedback signals in the
cortex can be distinguished from one another. Techniques with high temporal resolution,
such as electro- or magnetoencephalography may be able to achieve this, as they would allow
to isolate and compare brain activity directly preceding and following the presentation of a
stimulus.
At first glance it may appear that the perceptual expectation paradigm we used showed a
different response pattern than earlier experiments on expectation effects on RS (Kovács,
Iffland, Vidnyánszky, & Greenlee, 2012; Kovács et al., 2013; Larsson & Smith, 2012; Summerfield
et al., 2008), possibly complicating an interpretation of the current work in the context of
these earlier studies. Namely, earlier studies are often described as showing larger RS for
expected relative to unexpected repetitions. However, this apparent divergence arises from
the way in which data are presented in event-related and blocked designs. In blocked studies,
RS is measured in different contexts: in blocks where repetitions are frequent and therefore
expected, and blocks where repetitions are infrequent and therefore unexpected. Thus, when
determining RS during repetition blocks, one is comparing frequent (expected) repetitions
to infrequent (unexpected) alternations. Similarly, in alternation blocks, one is comparing
infrequent (unexpected) repetitions to frequent (expected) alternations. When taking this
into account, our previous (Utzerath et al., 2017) and current results are in good agreement
with earlier studies using a blocked manipulation of expectation.
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In sum, our data provide tentative support for the notion that the integration of prior beliefs
and sensory evidence may differ between observers with and without ASD in V1. It is unlikely
that attentional differences confounded this finding. Yet further work is needed to verify and
understand this phenomenon.
The role of attention in the present study
One might wonder to which extent potential differences in attention between groups may
play a role in explaining the obtained pattern of results. First, it is conceivable that individuals
with ASD might prefer regular (i.e., expected) events, devoting stronger attention to this event
type. Of note, it has been found that attending expected stimuli as opposed to not attending
them can reverse the activity- suppression by stimulus expectation into an enhancement (Kok,
Rahnev, et al., 2012). This might result in larger activity for expected as opposed to unexpected
stimuli. Yet at the whole-brain level, we found no group difference in the effect of expectation
that would suggest that the ASD group devoted more attention to expected events.
Second, given that attending expected stimuli might reverse expectation suppression into
expectation enhancement (Kok, Rahnev, et al., 2012), one might wonder if this experiment
had yielded different expectation effects had the stimuli been task-relevant. The hypopriors
framework itself is agnostic to the sign of top-down modulations: both enhancing and
suppressive top-down modulations should have lessened effects on the sensory response
in ASD (Pellicano, 2013; Pellicano & Burr, 2012). Therefore, had the stimuli been made taskrelevant, we might expect an inverted effect of attention. Yet relative to the TD group, this
effect should still be lessened in the ASD group.
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CONCLUSION
We found robustly present and unaltered repetition suppression in LOC of individuals with
ASD, suggesting intact sensory adaptation in object-selective visual cortex. By contrast, ASD
and TD groups showed a different response to expected versus unexpected stimuli in V1.
Thereby, our results provide some preliminary support to the notion that the balance between
sensory evidence and prior knowledge may be altered in early visual cortex of ASD. Further
work with increased statistical power should verify and shed more light on the precise nature
of this alteration.
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SUPPLEMENTARY INFORMATION
Table ST3.1 Sample characteristics
Measures taken in both groups
TD

ASD

SD TD

SD ASD

t(42)

P

BF10

Count

22.00

22.00

-

-

-

-

-

% male

86.40

86.40

-

-

-

-

-

Age

15.22

14.75

1.70

1.99

0.83

0.41

0.39

10.68

11.18

2.92

2.46

-0.61

0.54

0.35

Block Design

11.36

10.64

2.24

2.70

0.97

0.34

0.44

Vocabulary

13.00

11.73

3.25

3.28

1.29

0.20

0.58

Similarities

13.82

14.23

2.40

2.22

-0.59

0.56

0.34

Measure

3

Wechsler intelligence scales
Picture completion

Child Social Behaviour Questionnaire
Not tuned

2.82

11.64

4.18

5.63

-5.90

< .001

21724.68

Contact

0.96

8.18

2.24

3.50

-8.16

< .001

2.052*10^7

Orientation

0.64

6.50

1.50

3.90

-6.58

< .001

171371.36

Understanding

0.73

7.55

1.08

3.04

-9.93

< .001

3.614*10^9

Stereotyped

0.73

3.27

1.39

2.41

-4.29

< .001

212.66

Resistance

0.41

2.77

0.80

1.69

-5.94

< .001

24476.41

Total

6.27

39.91

8.37

14.53

-9.41

< .001

8.117*10^8

Adult/Adolescent Sensory Profile
Registration

26.82

32.40

6.34

6.54

-2.81

0.01

6.06

Seeking

42.14

40.00

6.66

7.23

1.00

0.33

0.45

Sensitivity

30.86

34.55

7.92

9.40

-1.38

0.18

0.64

Avoidance

27.91

34.85

6.13

9.26

-2.89

0.01

7.14
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Table ST3.1 Continued
Measures taken only in TD or ASD group
Child Behaviour Checklist (TD)
Measure

Social Communication Questionnaire (ASD)
Mean

SD

Measure

Mean

SD

Other

1.91

2.83

Rec. Soc. Int.

8.05

4.47

Anxious/Depressed

1.46

2.28

Lang. and Comm.

3.30

1.69

Withdrawn/Depressed

0.96

1.17

Ster. Pat. Beh.

2.95

1.82

Somatic Complaints

0.96

1.56

Total

14.30

5.47

Social Problems

1.09

1.93

Thought Problems

1.27

1.52

Attention Problems

1.91

2.37

Rule-Breaking Behaviour

1.00

1.57

Aggressive Behaviour

1.64

2.36

Note: Scales are abbreviated as follows. CSBQ: Not tuned = ‘Not optimally tuned to the social situation’; contact =
‘reduced contact and social interest’; understanding = ‘difficulties in understanding social information’; orientation
= ‘orientation problems in time, place, or activity’; stereotyped = ‘stereotyped behaviour’; changes = ‘for of and
resistance to changes’. SCQ: Rec. Soc. Int. = ‘Reciprocal Social Interaction’; Lang. and Comm. = ‘Language and
Communication’; Ster. Pat. Beh. = ‘Stereotyped Patterns of Behaviour’
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Table ST3.2 ADI-R scores
ASD group member

Scales
Social

Comm.

Beh.

19

15

4

2

9

12

7

3

12

15

3

4

22

18

5

5

16

8

7

1

6

13

2

3

7

19

19

4

8

17

12

6

9

16

9

0

10

9

4

3

11

15

14

3

12

24

19

3

13

21

20

5

14

11

8

3

15

18

12

3

16

11

14

3

17

15

11

2

18

13

9

10

19

17

12

3

20

10

12

2

21

12

10

1

22

13

8

3

3

Note: Scales are abbreviated as follows. Social = ‘ Social Interaction’; Comm. = ‘Communication and Language’;
Beh. = ‘Restricted and Repetitive Behaviours’
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Anatomical Reconstruction of V1

Figure S3.1 (relates to Figure 3.2). Anatomical reconstruction of V1. V1 was reconstructed using FreeSurfer (https://
surfer.nmr.mgh.harvard.edu/). Panels show the location of left and right V1 on the inflated cortical surface of five
representative participants. The borders of V1 were predicted based on cortical folding, using automatic algorithms
(Hinds et al., 2008), which is possible with a high degree of accuracy (Benson et al., 2012). Reconstructed
anatomical scans were brought in register with each participant’s functional scans, converted into a volume, and
then finally transformed into MNI space using SPM12. This resulted in volume masks, from which voxels could be
sampled for further analysis.
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Robustness of the ROIs

3

Figure S3.2 (relates to Figure 3.2). Consistent response of ROI as ROI sizes are increased. Beta parameters tend
to decrease in every hemisphere and ROI as more voxels are included, preserving the relative difference between
conditions. Although beta parameters are noisier in V1, the overall pattern of conditions is preserved across
conditions. This suggests that the voxels selected in our ROI procedure are indeed sensitive to the conditions of
the main task.
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Main effects of expectation and repetition

Figure S3.3 (relates to Figure 3.3). Main effects of expectation and repetition. Same conventions as Figure 3.3
unless specified otherwise.
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No evidence for altered up- and
downregulation of brain activity
in visual cortex during illusory
shape perception in autism
This chapter is based on:
Utzerath, C., Schmits, I.C., Kok, P., Buitelaar, J.K. & de Lange,
F.P. (2019). No evidence for altered up- and downregulation
of brain activity in visual cortex during illusory
hape perception in autism.
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ABSTRACT
Autism spectrum disorder (ASD) may be marked by an altered balance between sensory input
and prior expectations. Because many illusions rely on integrating sensory input with prior
information such as spatial context, individuals with ASD may therefore be less susceptible
to visual illusions than typically developing (TD) individuals. Yet empirical evidence on the
matter is rather divergent, varying depending on the type of illusion, study procedure, and
population.
Visual illusions lead to neural activity alterations in the visual system. In the so-called Kanizsa
illusion, these are likely caused by top-down feedback to V1. Here we tested the hypothesis
that a reduced susceptibility to illusions in ASD would manifest as diminished modulation of
V1 activity by illusions, using functional magnetic resonance imaging (fMRI). We presented
22 adolescents with ASD and 22 age-, gender-, and intelligence-matched TD controls with
displays that consisted of three circular inducers. These either formed an illusory triangle
(Kanizsa illusion) or not. We identified regions in primary visual cortex (V1) that corresponded
to (the visual field locations of) the illusory triangle and its inducers, and recorded their visual
response.
Previous research in healthy volunteers has shown a specific pattern of up- and down-regulation
in regions of V1 that process the shape and inducers, respectively. Here, we replicated this
pattern of up- and downregulation in V1, in both the TD and ASD groups, with no differences
between groups. This suggests that illusory shape processing in primary visual cortex is equally
present in ASD, suggesting unimpaired processing of spatial context.
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INTRODUCTION
Perceiving and understanding our world requires us to interpret the evidence provided by
the senses in the light of our prior knowledge and expectations of the world (K. Friston, 2005;
Rao & Ballard, 1999; Yuille & Kersten, 2006). Recent theoretical accounts hypothesize that
this balancing process between prior expectations and sensory evidence may be altered in
autism spectrum disorder (ASD; Pellicano, 2013; Pellicano & Burr, 2012). Some advocates of this
hypothesis posit that in ASD, prior expectations are weakened or imprecise (Lawson et al., 2014;
Pellicano, 2013; Pellicano & Burr, 2012). Others put forward that on the contrary, individuals with
ASD experience perceptual prediction errors marked by an inflexible and inflated precision
(Van de Cruys et al., 2014, 2016). Either way, the net result of such an imbalance is a sensory
world that is capricious, chaotic, and confusing.
One sensory prior governing our visual perception is spatial context. In the Kanizsa illusion
(Kanizsa, 1976), an illusory shape emerges from an arrangement of circular inducers with
collinear openings (Figure 4.1A, left). Work in the 1990s suggested that individuals with ASD
might not be swayed as much by such illusions as typically developing individuals. Happé and
colleagues presented children with and without ASD with several types of visual illusions and
found that the group with ASD was less susceptible to especially Kanizsa illusions (Happé,
1996). However, later experiments suggested that these results might have been influenced
by ambiguities in task instructions that could lead children with ASD to give different reports
than children without ASD (Ropar & Mitchell, 1999).
Whether or not ASD generally affects the susceptibility to illusions became contentious: a
range of experiments across different illusions and including non-verbal response modes
demonstrated that individuals with and without ASD seemed equally susceptible to many
illusions (Bölte, Holtmann, Poustka, Scheurich, & Schmidt, 2007; Hoy et al., 2004; Milne & Scope,
2008; Ropar & Mitchell, 1999, 2001) . Some studies found altered susceptibility to the MüllerLyer, Shepard’s table, and square-diamond illusions (Chouinard et al., 2016, 2013). Another
observed a relationship between illusion susceptibility and specific personality traits (Walter,
Dassonville, & Bochsler, 2009). Finally, using a delayed match-to-sample paradigm, it has been
found that the processing of Kanizsa illusion changes over development. Younger children
looked at and touched illusions at the inducers rather than the illusory figure more often than
older children and adults. This is interpreted as a gradual shift in processing strategy, from one
prefers local stimulus features to one that favors global meaning of the stimulus. Importantly,
this development occurred similar in children with and without ASD (Nayar, Franchak, Adolph,
& Kiorpes, 2015; Voyles, Nayar, Castellanos, Di Martino, & Kiorpes, 2013). Thus behaviourally, to
which degree illusory perception might be altered in ASD, remains uncertain.
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Problems caused by task instruction and giving overt behavioural reports can be partially
circumvented by recording the neural response in visual cortex to illusions. An EEG study
observed that the effect of illusory contours on the N1 component of the event-related potential
(ERP) was inverted compared to controls in a sample of children with ASD (Stroganova et al.,
2007). Similarly, in a later study oscillatory activity in the beta- and gamma-band range shortly
after stimulus onset (120-170 ms) was increased for illusory figures in typically developing (TD)
children, but absent in the ASD group (Stroganova et al., 2012). This raises the possibility that
the processing of illusions is altered at the cortical level.
To understand the cortical processing of illusions, it is useful to be able to record the responses
to their constituent elements. The Kanizsa illusion is well suited to this, as its illusory shape and
the inducers occupy different parts of the visual field. In view of the retinotopic organization
of the primary visual cortex (V1), where different regions of V1 process different parts of the
visual field (Benson et al., 2012; Wandell, Dumoulin, & Brewer, 2007), it is possible to separate
activity elicited by the inducers and illusory shapes using functional magnetic resonance
imaging (fMRI).
In this manner, Kok and colleagues (2014) were able to map out the response of V1 to the
Kanizsa illusion and its inducers. They observed that the Kanizsa illusion simultaneously upregulates those areas of V1 whose receptive fields fall onto the illusion, and down-regulates
areas processing the inducers. These modulations may be the result of a feedback signal from
higher-order visual areas, e.g. lateral occipital cortex (LOC; Fang, Kersten, & Murray, 2008; S.
O. Murray, Kersten, Olshausen, Schrater, & Woods, 2002), consistent with the timing of ERP
components during illusory contour perception (M. M. Murray & Herrmann, 2013; Shpaner,
Molholm, Forde, & Foxe, 2013). In V1, such feedback signals might select the triangle region
as an object and reduce the activity of the inducers that form the background of the object
(Bartels, 2014). Alternatively, feedback might convey the perceptual expectation of a triangle.
That expectation is confirmed when the bottom-up stimulus of an inducer matches an
occluded circle, resulting in less prediction error being fed forward (Kok et al., 2016). In both
cases, spatial context constitutes a sensory prior modulating the response of V1.
The aim of this study is to elucidate whether these activity modulations by the presence
of a visual illusion in V1 differs between TD individuals and individuals with ASD. We
reasoned that if the balance between sensory priors and evidence is indeed altered in ASD,
the modulations of V1 activity during the perception of an illusion should be diminished. We
presented adolescents with and without ASD with configurations of Kanizsa inducers that
either formed an illusory triangle or not, while their brain activity was recorded using fMRI.
We used a separate localizer to identify regions of V1 that processed the illusory figure and
the inducers, respectively.
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This approach allowed us to measure whether the interaction between sensory evidence and
priors is altered in ASD. However, the data recorded here do not allow us to distinguish between
scenarios in which the precision of the prior is weakened (Lawson et al., 2014; Pellicano, 2013;
Pellicano & Burr, 2012) or increased (Van de Cruys et al., 2014, 2016). To preview our findings,
we replicated earlier findings of modulatory effects of a visual illusion on brain activity in V1,
but this effect was similarly and robustly present in individuals both with and without ASD.
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METHOD
We report how we determined our sample size, all data exclusions, all inclusion/exclusion
criteria, whether inclusion/exclusion criteria were established prior to data analysis, all
manipulations, and all measures in the study. All behavioural and functional neuroimaging
data of this study as well as software for analysis can be downloaded at the Donders Data
Repository (http://hdl.handle.net/11633/aabxbkd7).
Participants
The sample consisted of 44 participants (22 with ASD, 22 TD). In both groups, there was an
equal amount of females (three). The same sample took part in an earlier experiment (Utzerath,
Schmits, Buitelaar, & de Lange, 2018).
Participants with ASD were recruited from referrals from Karakter Child and Adolescent
Psychiatry University Centre, Nijmegen, The Netherlands. TD participants were recruited
from local schools. All participants and their parents provided written, informed consent.
They understood that they could withdraw from the study at any time. We compensated
participants with gift vouchers. The experiment was conducted and analysed according
to a protocol approved by and registered at the local ethics committee (CCMO protocol
NL45835.091.13, accessible at www.toetsingonline.nl).
We matched the two groups on age, gender, and intellectual ability. Participants had to be
between 12 and 18 years old, native Dutch speakers, have normal or corrected-to-normal
vision, and an IQ above 85. Exclusion criteria were (comorbid) psychiatric or neurological
disorders, history of brain surgery or trauma, current or recent alcohol or drug addiction, use
of antipsychotic medication, irremovable metal objects in the body (with the exception of
dental wires), claustrophobia, and pregnancy.
The age range was set from 12 to 18 for practical and theoretical reasons. A number of autismrelated behaviours are expressed more strongly at younger ages (Ben-Sasson et al., 2009).
This makes it desirably to have younger participants. For this reason, confirming diagnoses
would also occur more reliably in younger compared to older participants. On the other hand,
we expected very young children to experience more discomfort in the MRI scanner, and to
have more trouble complying with task instructions. We reasoned that during the ages of 12
to 18, participants would comfortably partake in the experiment while still expressing autismrelated traits comparatively strong.
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All participants in the ASD group were required to conform to a clinical diagnosis of Autism
Spectrum Disorder according to criteria specified in the DSM-5 (American Psychiatric
Association, 2013), which was confirmed by a structured interview (Autism Diagnostic
Interview-Revised, ADI-R; Lord, Rutter, & Le Couteur, 1994). In four cases, ASD diagnosis
could not be confirmed. Moreover, in one additional participant from the ASD group, a
significant brain anomaly was discovered. These participants of the ASD group were therefore
replaced. Members of the TD group were additionally required to not have any history of
neurological or psychiatric disorders, which was controlled by scores on the screening
questionnaires (see below). One participant from the TD group withdrew from the study due
to claustrophobia within the scanner. Two TD participants were excluded when the presence
of neurodevelopmental disorders was subsequently revealed. These participants were replaced.
General procedure
All participants underwent the same general procedure. After providing written informed
consent, we verified study eligibility by administering participants and their caregivers several
tests and questionnaires. Participants were then familiarized with the task and MRI scanner
in a replica MRI environment. Finally, participants performed the task in the MRI scanner.
The tests and questionnaires included, for all participants, four subtests of the Wechsler
Intelligence Scale for Children/Adults (WISC-III/WAIS-III; Kort et al., 2002; Wechsler, 1991,
2000; based on their age at inclusion). The subtests included were picture completion,
vocabulary, block design, and similarities. Participants furthermore completed the self-report
Edinburgh Handedness Inventory (Oldfield, 1971) and the Adult-Adolescent Sensory Profile
(AASP; Brown & Dunne, 2002). All parents completed the Child Social Behaviour Questionnaire
(CSBQ; Hartmann, Luteijn, Serra, & Minderaa, 2006) about their child as a continuous measure
of ASD symptoms. Parents of TD participants also completed the Child Behaviour Checklist
(CBCL; Achenbach, 1991) to control for the presence of psychopathology. Parents of participants
with ASD completed the Social Communication Questionnaire (Michael Rutter & Bailey, 2003)
and the ADI-R (Lord et al., 1994).
Subsequently, all participants familiarized themselves with the MRI environment and the
experimental task through means of a replica MRI system. The intent of this was to set
participants at ease. Here, participants, parents, and experimenters documented the (apparent)
anxiety of the participant using the MR short anxiety screening tool (Durston et al., 2009).
Aided by visual cues, the tool prompts respondents to rate the participant’s anxiety on a scale
from 1 to 10. If either party indicated anxiety levels of 8 or higher the experiment would be
stopped. At levels between 6 and 8, the participant would be consulted to see if they wanted
to continue.
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Stimuli and task
The stimuli and tasks were programmed using MATLAB R2012b (The MathWorks, Natick, MA,
USA) in combination with PsychToolbox (Brainard, 1997). During fMRI, all participants underwent
a main task and a localizer experiment.
During the main task, two different stimulus configurations were used (Figure 4.1A). In the Illusory
Triangle condition (IT), three circular inducers were lined up such that their openings suggested
the presence of an illusory triangle. The inducers had a diameter of 3.6 degrees visual angle. The
(illusory) triangle was 12 degrees wide, and had a height of 6 degrees. In the No Illusory Triangle
(NoIT) condition, the inducers were rotated such that they would not generate an illusory triangle
while keeping the overall configuration similar to the IT condition. The triangle was centered
horizontally on the screen, and its base was displaced vertically by 1 degree above a fixation circle
(0.7 degree diameter) at the center of the screen. There were also null events, during which only
the fixation circle was displayed on the screen. These null events established a baseline response
in the brain, against which the other conditions could be contrasted. In the main task, trials of IT
and NoIT configurations and null events were presented in randomized order. Each trial lasted 13.6
seconds, and the stimuli were flashed on the screen at a rate of 2 Hz. Participants were instructed to
attend and fixate the fixation circle, wherein combinations of letters and symbols were displayed.
Their task instruction was to report with a button press whenever the circle contained the targets
‘:)’ or ‘8)’. The purpose of this task was to ensure that participants attended to and fixated on the
fixation circle. In total, participants completed 90 trials, of which 36 trials were IT, 36 were NoIT, and
18 were null events. The task was split into two runs of equal length, which lasted approximately
10 minutes each.
During the localizer, random checkerboard textures were presented instead of the illusory triangle
or inducers (Figure 4.1B). These checkerboard textures flashed and changed at a rate of 2 Hz during
trials that again lasted 13.6 seconds. There were also null events again, during which only the
fixation circle was displayed. The goal of the localizer was to identify voxels that responded to
visual stimulation at the location of the illusory triangle, or the inducers (Figure 4.1B). Inducer,
triangle, and null event trials were presented in randomized order. Participants performed the
same target detection task at fixation. There were 18 triangle trials, 18 inducer trials, and 8 null
trials, lasting approximately 10 minutes.
Image acquisition and pre-processing
Images were captured on a 3-T Siemens Prisma MRI system (Siemens, Erlangen, Germany). A
structural image was created using a T1-weighted sequence (TR = 2.3 s, TE = 3.03 ms, 1 mm isometric
in-plane resolution). Functional images were recorded using a 2D Multiband sequence (acceleration
factor 8, TR = 0.68 s, TE = 39 ms, 2.4 mm isometric resolution, 64 sagittal slices). We used SPM12
(Wellcome Trust Centre for Neuroimaging, London, UK) for preprocessing and statistical analysis.
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Figure 4.1. Stimuli and Task. A. During the main task, the stimulus conditions presented were Illusory Triangles (IT,
left), No Illusory Triangles (NoIT, middle), and null events (right). B. During the localizer, inducers (left), triangles
(middle), or null events (right) were displayed as random checkerboards instead of IT and NoIT configurations.
Triangles were cut to trapezoids to remove overlap with the inducers. Edges of the checkerboards were smoothed
to avoid hard borders. During both localizer and main task, participants were doing a detection task at fixation.

For every run, the first ten volumes were discarded in order to allow for T1 equilibrium. We
spatially realigned functional images to the mean functional image. While no participant
was excluded for excessive head motion, head motion parameters obtained during the
realignment procedure were kept to add as nuisance regressors during first-level analysis.
Next, the mean functional image was co-registered with the T1 and normalization parameters
for the structural image were obtained. Owing to the slow task rate of the experiment and
the fast acquisition rate of the multiband sequence, we could apply a low-pass filter on the
functional images (Savitzky-Golay filter with a window size of 15 samples and an order of 3).
This removed frequencies from the data that were substantially higher than the expected
BOLD modulation by task and more likely related to breathing and heartbeat artifacts. Finally,
all functional images were normalized into MNI space and spatially smoothed (6 mm FWHM).
Identification of triangle- and inducer-coding voxels
We combined functional and anatomical information to identify voxels that responded to
(illusory) triangles at the center of the screen and the surrounding inducers.
We first created a cortical surface reconstruction of every participant on the basis of their
anatomical (T1-weighted) scan using FreeSurfer (surfer.nmr.mgh.harvard.edu/; Benson et
al., 2012). We then applied an automated method to identify primary visual cortex based on
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cortical folds (Figure 4.2A), which is an accurate predictor of the anatomical location of striate
cortex (Benson et al., 2012; Hinds et al., 2008). After bringing the reconstructed brain surface
in register with the functional volumes, labels corresponding to primary visual cortex were
converted into volume space. Using SPM12, these volumes were finally transformed into MNI
space.
Subsequently, we used contrast maps obtained from the localizer experiment to select voxels
that were responsive to the illusory triangle and the inducers (i.e. showed a positive response
to these compared to baseline; Figure 4.2B). We only considered voxels that were more active
for stimuli than baseline during the localizer.
These voxels were then divided further into voxels that were more active for the triangles
rather than the surrounding circles during the localizer (hence representing the location
where the illusory triangle would be generated), and voxels that showed the opposite pattern
(representing the location where the inducers would be displayed). Of note, we did not include
any voxels that showed positive activity for the opposing stimulus. That is to say, voxels
were not considered to represent the locations of the triangles if they also showed a positive
response to inducers, and vice versa. These voxels were then considered as processing the
illusory triangle and inducers during the main experiment.
Identifying inducer- and triangle-coding voxels is possible, as the resolution of our functional
images allows voxels to have receptive field sizes of 1-1.5 degrees (Dumoulin & Wandell, 2008).
Please note that unlike some earlier work that used layered imaging (Kok et al., 2016), our
approach does not separate feedback- and feedforward processing.
Statistical analysis
Sample characteristics and task performance during the main experiment were compared
between groups using an independent-samples t-test.
The fMRI analysis was based on a General Linear Model (GLM) that was performed in SPM12.
We used a 128 s high-pass filter to remove scanner drifts. For the main experiment, we modeled
separate regressors for null events, presentations of illusory triangles, and presentations of
scrambled illusions. For the localizer, we modeled null events, and presentation of triangles and
circles. These regressors were then convolved with SPM12’s canonical hemodynamic response
function. We furthermore included the motion parameters obtained during realignment, as
well as their first and squared first derivatives as nuisance regressors. The parameters for null
events were subtracted from the conditions of interest. We then collected the resulting mean
beta parameter estimates for triangle- and inducer-coding voxels.
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A

B

Figure 4.2. Voxel selection. Voxels sensitive to triangles and inducers were identified per participant by crossreferencing maps of V1 and brain responses during the localizer. A. Inflated surface of a representative participant’s
brain (V1 highlighted in yellow). Based on these maps, volume masks for V1 were generated. B. Utilizing these masks,
V1 voxels were identified that processed locations belonging to the inducers or triangle, respectively, by contrasting
the corresponding conditions from the localizer experiment. Regions highlighted in red (or blue) represent the
collected voxels across all participants that were more sensitive for inducers than triangles (or triangles than
inducers), at z = 0.

These data were subjected to a within-subjects repeated measures analysis of variance
(ANOVA) with the within-subject factors Location (triangle, inducer), Illusion (illusory shape,
no illusory shape), and Group (TD, ASD). This model allowed us to probe what the effect of
an illusory shape was in the voxels corresponding to different retinotopic areas, and whether
ASD modulated such effects. A main effect of illusion (illusory shape > no illusory shape)
would mean that voxel activity increased when the Kanizsa illusion was present as opposed
to absent. A main effect of location (e.g., inducer > triangle) would mean that voxel activity
was generally higher in one part of the visual field than the other. An interaction between the
two factors would imply that there was up- or downregulation of activity, but its direction
would depend on the visual field that the voxel population was responsive to.
Statistical testing for sample characteristics, behavioural performance, and modulations of
early visual cortex activity was performed in JASP (Love et al., 2017). We analysed our data
both within a frequentist framework, and in a Bayesian framework by calculating the relative
likelihood of the alternative compared to the null hypothesis, i.e. the Bayes Factors (BF10) for
each test. P<0.05 was considered significant for frequentist analyses, while Bayes Factors larger
than 3 (10) were considered as substantial (strong) evidence for the alternative hypothesis.
Correspondingly, a BF10 smaller than 1/3 (1/10) was considered as substantial (strong) evidence
for the null hypothesis ( Jeffreys, 1961; Rouder et al., 2009; Wetzels et al., 2009). Statistical testing
of whole-brain activations was done in SPM12.
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RESULTS
Sample characteristics
Sample characteristics are detailed in supplementary table ST4.1. On average, our participants
were 15 years and 0 months of age. There was no significant difference between groups in
age (p = 0.41, BF10 = 0.394), gender, or intellectual ability (Table ST4.1; all p > 0.2, all BF10 < 0.6).
Across all scales of the CSBQ, ASD participants scored significantly higher than TD participants
(all p < 0.001; all BF10 > 200; Table ST4.1). On the AASP, ASD participants reported elevated scores

with regards to Low Registration and Sensory Avoiding (both p < 0.01; both BF10 > 6; Table
ST4.1). On the CBCL, the TD participants scored within normal range (Table ST4.1). The ASD

group scored within the lower clinical range on the SCQ (Table ST4.1) and their diagnoses were
confirmed by the ADI-R (Table ST4.2).
The groups did not differ in terms of head motion (translation, rotation) during the scans, as
indicated by independent samples t-tests on the motion parameters (all p > 0.25, all BF10 < 0.51).
Behavioural performance
The TD group had a mean hit rate of 77.6% (SD: 13.2%). The ASD group had a mean hit rate of
77.2% (SD: 9.9%). On average, participants detected 77.43% (SD = 11.56%) of all targets. There
was no difference between groups (t(42) = -0.12, p = 0.90, BF10 = 0.30). The difference between

groups was not significant (t(42) = 0.13, p = 0.9, BF10 = 0.3).

Modulation of early visual cortex activity by illusory shapes
The response of triangle- and inducer-coding voxels during the presentation of illusory
triangles and scrambled illusions is shown in Figure 4.3. The distribution of all conditions is
shown in supplementary Figure S4.1.
In the TD group, inducer-coding voxels were more active than triangle-coding voxels (F(1,21)
= 128.69, p < 0.001, BF10 = 4.85e7). This is expected, given that only the inducer-coding voxels
received stimulus input during the experiment. The presence of an illusory shape (as opposed
to a configuration of inducers that produced no illusory shape) did not lead to a general
increase in V1 activity (p = 0.18, BF10 = 0.53). However, there was an interaction between the
factors Location and Illusion, indicating that the response of a voxel to an illusion depended
on which region that voxel processed (F(1,21) = 19.8, p < 0.001, BF10 = 134.9). Specifically, post-hoc
t-tests confirmed inducer-coding voxels were significantly suppressed during the presence
of an illusion (t(21) = -2.88, p = 0.009, BF10 = 5.46). By contrast, triangle-coding voxels did not

significantly increase their activity in response to an illusion (t(21) = 0.54, p = 0.6, BF10 = 0.25).
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Similarly, in the ASD group, inducer-coding voxels generally were more active than trianglecoding voxels (F(1,21) = 70, p < 0.001, BF10 = 3.52e5). Voxels did not significantly increase their

activity when presented an illusory shape (F(1,21) = 0.55, p = 0.47, BF10 = 0.29). As in the TD group,

the response of a voxel to an illusion depended on whether it coded triangles or the inducers,
as indicated by a significant Location*Illusion interaction (F(1,21) = 29.18, p < 0.001, BF10 = 1016.55).
Post-hoc t-tests showed that triangle-coding voxels significantly increased their activity in
response to an illusion (t(21) = 2.2, p = 0.04, BF10 = 1.62). By contrast, inducer-coding voxels were

not significantly suppressed during the presence of an illusion (t(21) = -1.0, p = 0.33, BF10 = 0.35).

Across both groups, the response of inducer-coding voxels was generally stronger than
that of triangle-coding voxels (recall that only the inducer-coding voxels received stimulus
input; F(1,42) = 190.13, p < 0.001, BF10 = 2.0*10e14). When presented an inducer configuration
that resulted in an illusory shape as compared to no illusory shape, inducer-coding voxels
significantly decreased their activity (post-hoc t(43) = -2.815, p = 0.007, BF10 = 5.14). By contrast,

triangle-coding voxels showed a trend towards increasing their activity (post-hoc t(43) = 1.952,
p = 0.057, BF10 = 0.92). This interplay culminated in a significant Location*Illusion interaction
(F(1,42) = 45.45, p < 0.001, BF10 = 2.013e14).

Average activity did not differ between groups (p = 0.16, BF10 = 0.68). There were also no group
differences in the effects of Location (p = 0.21, BF10 = 0.57), Illusion (p = 0.14, BF10 = 0.75), or the
interaction between the two (p = 0.58, BF10 = 0.34). The up- and downregulation by illusory
figures in triangle- and inducer-coding voxels respectively did not differ between groups (p =
0.23, BF10 = 0.55; p = 0.12, BF10 = 0.84, respectively).
To examine the possible influence of development on these results, we included the
participants’ age as covariate. This did not explain a significant amount of variance in any of
our analyses (all p > 0.13, BF < 0.39).
Whole-brain modulation by illusory shapes
We explored the effect of illusory shapes outside of our regions of interest with a wholebrain analysis using SPM12. The results of this analysis are detailed in Table 4.1. Two occipital
regions responded to the presence of illusory triangles (relative to scrambled illusions) with
an increase in brain activity. By contrast, regions in right superior occipital gyrus and right
middle occipital gyrus showed increased activity when the inducers did not form an illusory
triangle compared to when they did. These activity differences were not modulated by group.
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Figure 4.3. Illusory shapes modulate activity in early visual cortex. Panels depict each group’s brain response during
the main task. The effect of an illusory shape depended on what location the corresponding voxels were processing,
with an increased activity in triangle-coding voxels and decreased activity in inducer-coding voxels. These effects
were equally present in both groups. Error bars reflect within-subject standard error of the mean. Supplementary
Figure S4.1 depicts the distribution of each of these conditions.
* p < 0.05, ** p < 0.01, *** p 0.001

Table 4.1. Modulation of whole-brain activity by illusory contours across groups
XMNI

YMNI

ZMNI

t

k

pFWE

L. mid. occ. gyrus

-4

-82

-6

5.49

115

0.03

L. lingual gyrus

-30

-92

28

5.27

376

< 0.001

R. sup. occ. gyrus

22

-92

18

7.05

665

< 0.001

R. mid. occ. gyrus

48

-72

8

4.99

140

< 0.001

Contrast
Anatomical region
Illusory contour > no illusory contour

No illusory contour > illusory contour

Note. P-values were estimated using an auxiliary threshold of p < 0.001 uncorrected. P-values reflect cluster
statistics corrected for family-wise error (FWE). Coordinates refer to the peak of each cluster.
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DISCUSSION
We investigated whether the modulation of V1 activity by illusory shapes differs between
individuals with and without ASD. It was previously hypothesized that individuals with ASD
had a reduced susceptibility to visual illusions, possibly due to reduced perceptual grouping
and integration. Contrary to this notion, we found a reliable modulation of activity by the
Kanizsa illusion in V1 that was equally present in participants with and without ASD.

4

Unaltered V1 processing of illusions in ASD
Previous studies have suggested that the perception of illusory shapes is altered by ASD
(Chouinard et al., 2016, 2013; Happé, 1996; Voyles et al., 2013; Walter et al., 2009). Yet these studies
used behavioural measures, where the differentiation between perception, perceptual decisionmaking, and perceptual report is difficult. By using fMRI, we were able to measure separate V1
signals for the illusory shape as well as the inducers that created the shape. Previous research
has shown that the perceptual grouping process that occurs during the viewing of the Kanizsa
illusion generates both increased activity in V1 neurons that process the location of the illusory
shape, and a reduction of activity in V1 neurons that process the inducers (Kok et al., 2016;
Kok & de Lange, 2014). In the current study we replicated this pattern of results. However,
neither the effect of illusions nor its dependency on the visual field location differed between
individuals with and without ASD.
It may appear that our results contradict earlier work that observed differences in neural
activity elicited by illusory figures in ASD using EEG (Stroganova et al., 2007, 2012). There
may be several reasons for this apparent discrepancy. First, the participants in studies by
Stroganova and colleagues (2017; 2012) were young children, whereas our participants were
adolescents. Since developmental factors may mediate susceptibility to illusions (Voyles et
al., 2013) and individuals with ASD exert considerable compensation (Livingston & Happé,
2017), it is possible that neural differences might be found in younger children. Second, while
fMRI offered us very high spatial resolution, the temporal resolution is poor compared to
EEG. Similarly, the correspondence between components of the EEG and the BOLD signal is
non-trivial. Therefore, it is possible that some effects might be visible in EEG recordings but
not the fMRI signal.
A third possibility is that illusion processing is altered in ASD and that this alteration is in
principle measurable with fMRI – but the alteration might arise downstream from V1. Indeed,
using EEG observed that children with ASD showed an inverted effect of illusory contours
on the N1 component of the ERP, compared to controls (Stroganova et al., 2007). This N1
component is thought to originate in lateral occipital cortex (LOC; Shpaner et al., 2013), a
higher order visual cortical region downstream of V1 – that might be the top-down source of
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the modulations in V1 (Murray & Herrmann, 2013). Of note, in a later study, Stroganova and
colleagues (2012) also recorded brain oscillations during the viewing of illusory contours. Here,
they report that viewing illusory contours has both relatively early and late effects on gamma
oscillations; however, differences between children with and without ASD were visible only
during the later effect, which was absent in children with ASD. This was seen as consistent
with a difference in processing that arises in higher order visual cortex rather than during
early processing in V1.
Taken together, our findings as well as earlier research provide little evidence that processing
of visual illusions within V1 differs between individuals with and without ASD. Future efforts
may therefore elucidate whether differences emerge downstream of V1, with a focus on objectselective cortical area LOC.
Unaltered structural priors
The priors that affect visual processing can differ in a number of ways. As Seriès and Seitz (2013)
explain, perceptual priors can be classified into two categories: structural priors, that generalize
across environmental circumstances, and contextual priors, whose effect changes between
environments. The Kanizsa illusion is an example of a structural prior: its inducers affect
perception of the enclosed space in a manner that remains consistent across circumstances.
Thus, our finding suggests that structural priors may not be different between individuals
with and without ASD. Another study recently also found no group difference in a different
structured prior: the ‘light-from-above’ prior refers to the human tendency to perceive
ambiguous shapes as being convex and illuminated from above, rather than concave and
illuminated from below. Croydon and colleagues (2017) found that children with ASD utilized
this prior to the same degree as TD individuals.
However, our study did not manipulate contextual priors. Indeed, in earlier work (Utzerath et
al., 2018), we recorded the response of visual cortex to stimuli that would alternate and repeat
according to implicitly learned statistical regularities. In that study, we found the effects
of stimulus expectation to vary across groups, while the effects of stimulus repetition were
comparable. Thus, while the present study did not find different processing of structural
priors, an earlier experiment did show some support for altered use of contextual priors. This
is also in agreement with the notion that children with ASD overestimate the volatility of
their sensory environment (Lawson, Mathys, et al., 2017). Taken together, it is possible that
hypopriors affect primarily the contextual priors that vary between situations, rather than
structural ones.
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Implications for Bayesian and predictive processing accounts of ASD
Bayesian and predictive processing accounts of ASD posit an imbalance between sensory
evidence and priors. These accounts differ in which place of the perceptual system is the
locus of the altered balance: some argue that the sensory prediction should be weakened or
characterized by lower precision (Lawson et al., 2014; Pellicano & Burr, 2012). Alternatively, the
prediction error might have an inflexibly inflated precision estimate (Van de Cruys et al., 2014,
2016). Since we did not find any group differences in the processing of illusions, the present
study is not able to support either account.
However, this does not mean that the balance between sensory evidence and priors is proven
to be identical in TD individuals and those with ASD. As we outlined, there is a plausible
distinction between structural and contextual priors. While our and other research (Croydon
et al., 2017) could not find evidence for an alteration of structural priors, work by our group did
find some evidence for a group difference in the use of contextual priors (Utzerath et al., 2018).
In terms of daily life and experienced symptoms, this might imply that learned regularities
and world knowledge (i.e. contextual priors) are affected by ASD to a greater degree than the
spatial and geometric relations that compose structural priors.
Visual illusions in ASD
A question one might ask is how our results relate to earlier studies on visual illusions in ASD.
For a large number of visual illusions, TD individuals and those with ASD are behaviourally
indistinguishable (Chouinard et al., 2016; Ropar & Mitchell, 1999). While an early investigation
had suggested that children with ASD were less susceptible to Kanizsa illusions (Happé, 1996),
it was later demonstrated that this group difference depended critically on how the task was
explained to children. Once responses could be given non-verbally, children with and without
ASD were similarly susceptible to the Kanizsa and other illusions (Milne & Scope, 2008).
Others have found the behaviour of individuals towards Kanizsa illusions to be dependent
on age, not diagnosis (Nayar et al., 2015; Voyles et al., 2013). Thus, in this sense our study is not
inconsistent with previous work.
Limitations of the study
The present study is limited primarily by two factors. First, the sample size is relatively modest.
This may have impeded the power of this study to detect subtle differences between groups.
A larger sample size would have furthermore been desirable in order to measure cortical
processing of visual illusions across several age groups. This would have been potentially
illuminating, given the developmental aspect to the perception of Kanizsa illusions (Nayar
et al., 2015; Voyles et al., 2013). Future studies should therefore aim to recruit larger samples.
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CONCLUSION
We conclude that the modulation of V1 activity by illusory shapes is robustly present in
individuals with and without ASD, suggesting similar cortical feedback to V1 by object
grouping processes. These results put constraints on neurocognitive accounts proposing an
alteration in the balancing process of sensory evidence and prior expectations in ASD.
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SUPPLEMENTARY INFORMATION
Table ST4.1 Sample characteristics
Measures taken in both groups
TD

ASD

SD TD

SD ASD

t(42)

P

BF10

Count

22.00

22.00

-

-

-

-

-

% male

86.40

86.40

-

-

-

-

-

Age

15.22

14.75

1.70

1.99

0.83

0.41

0.39

10.68

11.18

2.92

2.46

-0.61

0.54

0.35

Measure

Max*

4

Wechsler intelligence scales
Picture completion

19

Block Design

19

11.36

10.64

2.24

2.70

0.97

0.34

0.44

Vocabulary

19

13.00

11.73

3.25

3.28

1.29

0.20

0.58

Similarities

19

13.82

14.23

2.40

2.22

-0.59

0.56

0.34

Child Social Behaviour Questionnaire
Not tuned

22

2.82

11.64

4.18

5.63

-5.90

< .001

21724.68

Contact

24

0.96

8.18

2.24

3.50

-8.16

< .001

2.052*10^7

Orientation

16

0.64

6.50

1.50

3.90

-6.58

< .001

171371.36

Understanding

14

0.73

7.55

1.08

3.04

-9.93

< .001

3.614*10^9

Stereotyped

16

0.73

3.27

1.39

2.41

-4.29

< .001

212.66

Resistance

6

0.41

2.77

0.80

1.69

-5.94

< .001

24476.41

Total

98

6.27

39.91

8.37

14.53

-9.41

< .001

8.117*10^8

Adult/Adolescent Sensory Profile
Registration

75

26.82

32.40

6.34

6.54

-2.81

0.01

6.06

Seeking

75

42.14

40.00

6.66

7.23

1.00

0.33

0.45

Sensitivity

75

30.86

34.55

7.92

9.40

-1.38

0.18

0.64

Avoidance

75

27.91

34.85

6.13

9.26

-2.89

0.01

7.14
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Table ST4.1 Continued
Measures taken only in TD or ASD group
Child Behaviour Checklist (TD)
Measure

Social Communication Questionnaire
(ASD)

Max*

Mean

SD

Measure

Max*

Mean

SD

Other

34

1.91

2.83

Rec.

20

8.05

4.47

Anxious/Depressed

26

1.46

2.28

Lang.

11

3.30

1.69

Withdrawn/Depressed

16

0.96

1.17

Ster.

8

2.95

1.82

Somatic Complaints

10

0.96

1.56

Total

39

14.30

5.47

Social Problems

22

1.09

1.93

Thought Problems

30

1.27

1.52

Attention Problems

20

1.91

2.37

Rule-Breaking Behaviour

34

1.00

1.57

Aggressive Behaviour

36

1.64

2.36

Note: Subscales are abbreviated as follows. CSBQ: Not tuned = ‘Not optimally tuned to the social situation’;
contact = ‘reduced contact and social interest’; understanding = ‘difficulties in understanding social information’;
orientation = ‘orientation problems in time, place, or activity’; stereotyped = ‘stereotyped behaviour’; changes = ‘for
of and resistance to changes’. SCQ: Rec. = ‘Reciprocal Social Interaction’; Lang. = ‘Language and Communication’;
Ster. = ‘Stereotyped Patterns of Behaviour’
*Reported maxima concerns, where relevant the maximum possible scores, per subscale
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Table ST4.2 ADI-R
ASD participant

Subscales
Social

Comm.

Beh.

19

15

4

2

9

12

7

3

12

15

3

4

22

18

5

5

16

8

7

6

13

2

3

7

19

19

4

8

17

12

6

9

16

9

0

1

10

9

4

3

11

15

14

3

12

24

19

3

13

21

20

5

14

11

8

3

15

18

12

3

16

11

14

3

17

15

11

2

18

13

9

10

19

17

12

3

20

10

12

2

21

12

10

1

22

13

8

3

4

Note: Scales are abbreviated as follows. Social = ‘ Social Interaction’; Comm. = ‘Communication and Language’;
Beh. = ‘Restricted and Repetitive Behaviours’
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Distribution of the dependent variable

Figure S4.1 (relates to Figure 4.3). Distribution of the dependent variables. Violin plots depicting the distribution
of data in each condition, for both groups separately. The cross indicates the mean while the square centers around
the median of each distribution.
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Preserved modulation of the
evoked sensory response by
stimulus familiarity and
expectation in ASD
This work presented in this chapter is
in preparation for publication.
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ABSTRACT
Our precarious perceptual world is stabilized by the prior knowledge through which we
experience and interpret it. Recent hypotheses state that this balancing of sensory priors
and input is altered in autism spectrum disorder (ASD). This would lead to a more volatile
experience of the world. Stimulus familiarity and expectation are two kinds of prior knowledge
that modulate the brain’s visual response in distinct ways. This can be observed in the
magnetoencephalogram (MEG). We used MEG to test whether the balance between sensory
evidence and input was altered during visual processing.
In experiment 1, student volunteers (SV) performed a task during MEG in which they viewed
image pairs composed of either novel or familiar images, giving rise to stimulus familiarity.
The familiar images were divided into frequent and infrequent pairings, creating stimulus
expectations. Both stimulus familiarity and expectation modulated behaviour as well as the
sensory response, with familiarity affecting mainly sensors above lateral occipital cortex
(LOC). In experiment 2, we applied the method and analysis of experiment 1 to groups of
typically developing (TD) adolescents and adolescents with ASD.
We found that the brain responses in the TD and ASD groups did not differ significantly, on
the whole replicating results from experiment 1. Thus, we found no evidence for the hypothesis
that the integration of sensory expectations and input is altered in ASD. However, it is still
possible that such differences occur outside of the brain regions that we studied.
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INTRODUCTION
Our sensory environment is never truly stable, yet our perception of it often is. This reflects
the extent to which our perceptual system takes in and applies regularities it encounters in
the world (K. Friston, 2005; Rao & Ballard, 1999; Yuille & Kersten, 2006).
A range of recent theoretical accounts posits that individuals with autism spectrum disorder
(ASD) differ from typically developing (TD) individuals by the way in which priors and sensory
evidence are integrated during perception (Lawson et al., 2014; Pellicano & Burr, 2012; Van de
Cruys et al., 2014). In particular, the hypoprior hypothesis predicts that individuals with autism
under-utilize perceptual expectations during sensory processing (Pellicano, 2013; Pellicano &
Burr, 2012). As a consequence, the sensory world would appear markedly less stable, and instead
more chaotic and surprising.
Two sensory priors are especially helpful when maintaining a stable sensory world: stimulus
familiarity and expectation. As we are exposed to our environments, we familiarize ourselves
with the elements of that environment, as well as their predictive relations to one another.
In the brain, both priors manifest as modulations of the sensory response. Being familiar
with objects reduces the amplitude but increases the modulation steepness of the visual
response (Manahova et al., 2018; T. Meyer et al., 2014). The increased modulation steepness
cannot be observed with fMRI, due to the relatively sluggish hemodynamic response. Similar
to familiarity, fulfilled perceptual expectations reduce the sensory response (Manahova et al.,
2018; Summerfield et al., 2008; Todorovic & de Lange, 2012; Todorovic et al., 2011).
At present, it is unclear whether the balance between sensory priors and evidence is truly
altered in ASD. At a behavioural level, individuals with ASD indeed overestimate the volatility
of their sensory environments (Lawson, Mathys, et al., 2017). At the level of the brain, autistic
traits measured by the autism quotient (AQ) as well the presence of an ASD diagnosis
predict repetition suppression – the diminishment of the sensory response during repeated
stimulation - in visual cortex (Ewbank et al., 2017, 2014). However, the modulatory effect of
perceptual expectations on repetition suppression did not vary between individuals with
and without ASD (Ewbank et al., 2016). In contrast to these studies, our own work shows
indistinguishable repetition suppression in individuals with and without ASD, but diverging
effects of expectation (Utzerath et al., 2018). Thus, if and how ASD affects the usage of sensory
priors in the brain remains a topic of debate.
We reasoned that if the integration of sensory priors and evidence is altered in ASD, this should
be reflected in an alteration of the modulatory effects of stimulus familiarity and expectation
on the sensory response. In the present study, we used magnetoencephalography (MEG) to
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investigate the effects of stimulus familiarity and expectation on visual processing. The use
of MEG allowed us to study the sensory response with much higher temporal resolution than
fMRI while retaining better spatial accuracy compared to electro-encephalography (EEG).
Across two experiments, our participants were exposed to a stream of rapidly presented images.
These consisted of either familiar or novel images. Moreover, familiar images were arranged
in either expected or unexpected pairings. The first experiment was completed by student
volunteers (SV), in whom we established experimental effects as well as analysis procedures.
The analysis focused on three measures: task performance, event-related fields (ERF), and the
modulation depth of the evoked response. In addition, we observed the temporal evolution of
each of these measures. In experiment 2, we compared the behavioural and neural response
of typically developing adolescents (TD group) with adolescents with autism (ASD group),
using the analysis established in experiment 1. We expected that the ASD group would show
lessened effects of stimulus familiarity and expectation on the sensory response.
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MATERIALS AND METHODS
Experiment 1
Participants
We recruited twenty-six student volunteers (mean age = 23.6 years, SD = 2.89 years) from
the institution’s pool of participants. Participants received either money or study credits for
their participation. All participants had normal or corrected-to-normal vision and were righthanded. The sample size was set a priori to ensure 80% or more power to detect medium-tolarge sized (Cohen’s d > 0.6) effects. The study was approved by the local ethics committee
(CMO Arnhem-Nijmegen, Radboud University Medical Center) and was conducted within
the guidelines of that approval (“Imaging Human Cognition”, CMO 2014/288). All participants
provided written informed consent.
Stimulus and task
In each trial of the task, six images would be displayed back-to-back in rapid succession
(Figure 5.1A), with a superimposed fixation cross. Each image was displayed for 180ms. This
was followed by a screen showing only the fixation cross for another 1.5s (during the first 1.1s
of which responses were logged), bringing the total trial duration to 2.58s. Randomly, either
the fifth or sixth image in every trial would be presented 50% bigger or smaller than the other
image in the series. Participants were instructed to report the direction of the change using
a button box in their right hand.
The images consisted of a pair of images that would be repeated thrice. These images were
either novel or familiar. Novel images were only ever displayed during that particular trial,
whereas familiar images were shown during many trials. Further, familiar trials were split into
expected and unexpected pairings (Figure 5.1B). Expected pairings would occur more often
than unexpected pairings, thereby becoming predicted by the participant. Thus, there were
the following conditions: novel, familiar, expected, and unexpected, whereby the expected
and unexpected conditions were a subset of the familiar condition. In total, participants
completed 672 trials, of which 336 were novel, 252 were familiar-expected, and 84 were familiarunexpected. The experiment was divided into three blocks of 224 trials.
Stimulus images were obtained from a validated image set comprising of 2400 categorized
object images (Brady, Konkle, Alvarez, & Oliva, 2008). For each participant, we randomly
selected 4 images that would become familiar, and further randomly subdivided these into 2
expected and 2 unexpected pairings (Figure 5.1B). Stimuli were shown against a uniform grey
background, with a fixation cross layered on top. The images subtended 7 degrees of visual
angle, except when image size was manipulated by the task.
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To display the images and task, we used MATLAB (The Mathworks, Inc., Massachusetts, United
States) in combination with PsychToolbox(Brainard, 1997). The images were projected at 1200
Hz and 1920x1080 pixel resolution onto an opaque screen that was mounted in front of the
participants, using a PROpixx projector (VPixx Technologies, Saint-Bruno, QC Canada).
Prior to the actual task, participants completed a short practice block to familiarize themselves
with the environment and task. Images that were used during practice were not shown again
throughout the main task. The main task began when participants performed at 80% percent
correct on the practice task.

Figure 5.1. Stimuli and task. A. Example trial. Participants saw six images presented back-to-back. Using their
response box, participants reported whether the fifth or sixth image was bigger or smaller than the other images
(in this example, the sixth image is smaller than the others). Illustration not to scale. B. Stimulus transition matrix.
Familiar images came in one expected and two unexpected pairings. Probabilities are rounded for display purposes.

Data acquisition
Brain activity throughout the task was recorded using a 275-channel MEG system with axial
gradiometers (VSM/CTF Systems, Coquitlam, BC, Canada), located in a magnetically shielded
room. To minimize head motion, people were instructed to sit as still as possible and wore a
neck brace. We monitored head movement online (Stolk, Todorovic, Schoffelen, & Oostenveld,
2013) and if necessary, asked participants to correct their position between blocks of the task.
Eye movements were recorded using an eye-tracker (EyeLink, SR Research Ltd., Mississauga,
Ontario, Canada). We furthermore recorded horizontal and vertical electro-oculogram (EOG)
and electrocardiogram (ECG). These were later used to remove eye- and heart-related artefacts
offline. These measurements were referenced to the left mastoid.
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All signals were recorded at a 1200Hz sampling rate. Participants viewed the task on a screen
that was fixed to the MEG system, on which the image was projected via a mirror from
a projector outside the recording chamber. Task responses were collected using an MEGcompatible response box that participants operated using their right hand.
We recorded every participant’s brain anatomy using a 3T magnetic resonance imaging (MRI)
system (Siemens, Erlangen, Germany). The sequence was a T1-weighted GRAPPA sequence
(GRAPPA acceleration 2, TR = 2300 ms, TE = 3.03 ms, voxel size 1 mm isometric, 192 transversal
slices, 8 degree flip angle).

5

MEG pre-processing
MEG data were pre-processed using FieldTrip (Oostenveld, Fries, Maris, & Schoffelen, 2011).
First, the recorded MEG data were segmented into trials. These trials were visually inspected.
Trials that contained unusual amounts of variance were removed. Subsequently, we used
independent component analysis (ICA) to identify components in the MEG recording that
were associated with eye movements and heart rate. In the process, the data were downsampled
to 300 Hz. Finally, we applied a low-pass filter at 30 Hz and performed a baseline correction in
the 250 ms preceding stimulus onset.
Analysis of task performance
We calculated reaction times (RTs) and percentage correct (PCs) for the conditions familiar
expected, familiar unexpected, and novel. The factors familiarity and expectation were not
independent and thus had to be analysed separately. Since these factors had only two levels,
t-tests in JASP (Love et al., 2017) were used to test the main effects familiarity (familiar, novel)
and expectation (expected, unexpected) on RT and PC.
Furthermore, we recorded how RT changed in the conditions over time. To that end, we split
the trials into four time bins, each capturing a quarter of that condition over the experiment.
A repeated measures analysis of covariance (repeated measures ANCOVA) in JASP was used to
test the effects of stimulus familiarity (familiar, novel) and expectation (expected, unexpected),
and their covariance with time bin. Since expectation and familiarity were no independent
factors, their effects were tested in separate analyses. If a factor significantly covaried with
time bin, post-hoc t-tests were used for further analysis.
Analysis of event-related fields and identification of channels of interest (COI)
Event-related fields (ERF) were calculated and analysed using FieldTrip and custom code.
As there were more expected than unexpected trials, we sampled an amount of expected
trials equal to the amount of unexpected trials. Because our data were acquired through axial
sensors, we calculated planar-gradient transformed ERF for the conditions familiar, novel,
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expected, and unexpected. Statistical testing of the planar gradient ERF was performed using
cluster-based permutation tests in Fieldtrip.
We used the cluster-based permutation test to identify a spatiotemporal cluster that was
sensitive to stimulus familiarity (i.e. novel > familiar). For this test, we included the testing
interval 0.2s to 1.1s within the ERF. The test used 1000 permutations. Based on this test we
defined a range of channels of interest (COI). The COI were used for further analysis in
experiment 1 and experiment 2. The COI comprised of sensors that contributed significantly
to the familiarity-sensitive cluster over the entire testing interval.
Within the COI, we tested for effects of stimulus expectation. Drawing on prior knowledge
(Manahova et al., 2018; Todorovic & de Lange, 2012), the testing interval here was set from 0.5
to 1.1s. We averaged over COI and time.
We further examined how rapidly the effects of stimulus expectation and familiarity would
manifest. To this end, we divided the trials into four time bins and calculated planar gradient
ERF per bin. These ERF were averaged across testing intervals and across the COI. As with the
task performance, an ANCOVA was performed to separately test the effects of expectation
(expected, unexpected), familiarity (familiar, novel), and their covariance with time bin.
Analysis of the spectral properties of the conditions
In order to compare the modulation depth of the ERFs between conditions, we analysed the
spectral properties of the data. Using FieldTrip, we first created axial ERFs based on the preprocessed data. These ERFs were based on the time period 0.2s to 1.1s for the familiar and novel
conditions, and 0.5s to 1.1s for the unexpected and expected conditions. Axial ERFs were then
planar-transformed but not immediately planar-combined. Instead, we calculated the power
spectra of these axial ERF using a Hanning taper over a frequency window from 1 to 30 Hz.
After this step, the resulting spectra were finally planar-combined.
For analysis we only considered the COI. We tested for effects of familiarity and expectation on
the power of the frequency nearest to the stimulus frequency (5.5 Hz) by using t-tests in JASP.
As with task performance and ERF, we analysed how the power of the stimulus frequency
evolved over time. We split the trials in to four time bins. Using JASP, we entered the factors
expectation (expected, unexpected) and familiarity (familiar, novel) along with the covariate
time bins into separate repeated measures ANCOVAs. We used t-tests for any potential posthoc testing.
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Statistical threshold and reporting
For all analyses, we considered a result significant at p < 0.05. Where available and relevant,
we augmented frequentist statistical tests with the corresponding Bayesian equivalents as
implemented in JASP. These tests result in a relative likelihood of the alternative hypothesis
compared to the null hypothesis, or the Bayes Factor (BF10). By convention, a BF10 > 3 (10) is
considered as substantial (strong) evidence for the alternative hypothesis. In contrast, a BF10
< 1/3 (1/10) is considered as relatively substantial (strong) evidence for the null hypothesis
( Jeffreys, 1961; Rouder et al., 2009; Wetzels et al., 2009).
BFInclusion, is a measure referred to in JASP when comparing different models where a direct BF10
is unavailable. It conveys the extent to which the data favours models that include a given
factor over models that do not. Its interpretation follows the same conventions as BF10.
Experiment 2
Experiment 2 is largely identical to experiment 1, with the exceptions that are listed below.
Participants
The sample consisted of 44 participants (22 with ASD, 22 TD). Both groups were matched on
age, intellectual ability and gender. All participants were between 12 and 18 years, with a mean
of 15.11 years (ASD: 15.58, TD: 14.64, p = 0.11, BF10 = 0.85). There were four female participants in
the ASD group, and five in the TD group. Participants with ASD were recruited from referrals
from Karakter Child and Adolescent Psychiatry University Centre, Nijmegen, The Netherlands.
TD participants were recruited from local schools. Some participants took part in previous
experiments (Utzerath et al., 2018; Utzerath, Schmits, Kok, Buitelaar, & de Lange, 2019).
All participants and their parents provided written, informed consent and understood that
they could withdraw from the study at any time. Participation was compensated with gift
vouchers. The experiment was conducted and analysed according to a protocol approved by
and registered at the local ethics committee (CCMO protocol NL45835.091.13, accessible at
www.toetsingonline.nl).
To be eligible for the ASD group, participants had to provide to a clinical diagnosis of Autism
Spectrum Disorder according to criteria specified in the DSM-5 (American Psychiatric
Association, 2013). Diagnoses were confirmed by a structured interview (Autism Diagnostic
Interview-Revised, ADI-R; Lord, Rutter, & Le Couteur, 1994). Members of the TD group were
required to not have any history of neurological or psychiatric disorders.
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Data acquisition and MEG pre-processing
In contrast to experiment 1, no EOG/ECG was recorded. Ocular and cardioballistic artefacts
were removed by visual inspection instead of using an ICA procedure.
Data analysis, statistical testing, control measures
In addition to the tests performed in experiment 1, we also included group as explanatory
variable to test for group effects.
This study’s use of planar transformation for the recorded MEG data requires special attention
to noise. This is because in planar-transformed data, noise does not reduce amplitude when
averaging a signal. Instead, noise elevates amplitudes in planar-transformed data. Therefore,
group differences in noise might create artefactual between-group differences in amplitude.
We took a series of measures to mitigate this risk. First, we controlled that both groups had
similar amount of trials. Second, we verified similar head motion and rotation between groups.
Third, we calculated the signal-to-noise ratio (SNR) for each group. The SNR was defined as the
difference in variance in the pre-and post-stimulus period based on an ERF that was calculated
on all trials. Finally, to ensure that the variance did not differ between groups, we calculated
the variance of an ERF of all trials and compared this variance between groups. All measures
were tested using t-tests in JASP.
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RESULTS
Experiment 1
Task performance
Participants were significantly faster to judge the size change for familiar compared to novel
stimulus sequences (t(25) = 4.94, p < 0.001, BF10 = 567.18; Figure 5.2A). Within the class of familiar
trials, there was no difference in reaction time between expected and unexpected trials (t(25)
= -0.428, p = 0.67, BF10 = 0.23).
Overall PC was high (mean 86.57%, SD 6.2%). PC was higher for expected compared to
unexpected trials (t(25) = 2.2, p = 0.03, BF10 = 1.58; Figure 5.2.B), but not different between familiar
and novel trials (t(25) = -0.65, p = 0.52, BF10 = 0.03).

A repeated measures ANOVA on the binned RTs showed that RTs generally became faster
during the experiment (F(3,102) = 10.738, p = 0.001, BF10 = 8.96e+9; see Figure 5.2B). The interaction

between familiarity and time was not significant (F(1,102) = 0.006; p = 0.94), indicating that this
this increase in RT did not behave differently for the three conditions.

Figure 5.2. A. Response times. B. Percentage Correct. C. Binned response times. Error bars reflect standard error
of the mean (SEM).

Event-related fields
There was a cluster that significantly distinguished between familiar and novel (i.e. novel
> familiar) trials (p < .001). It was significantly sensitive to stimulus familiarity throughout
the entire testing period (0.2 to 1.1s). Channels that were differentially active for novel and
familiar trials during the whole interval (the COI) were located over left and right posterior
areas, presumably bilaterally over LOC (Figure 5.3A). The COI showed significant sensitivity
to expectation (i.e. unexpected > expected; p = 0.01, from 0.5 to 1.1s; Figure 5.3B).
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When inspecting the condition means over time in the COI (Figure 5.3C), there was a
significant effect of familiarity across time bins (F(1,102) = 15.99, p < 0.001, BF10 = 4.99e+12) that
did not interact with time (p = 0.89). There was no main effect of expectation (p = 0.66), and
no expectation by time interaction effect (p = 0.35).

Figure 5.3. Event-related fields. A. Topography of a cluster that is sensitive to trial familiarity throughout the
entire testing interval (0.2 to 1.1s) Highlighted sensors are those that are significantly contributing through the
entire period. B. Grand averages of the COI. C. Temporal evolution of repetition and expectation effects. Error
bars reflects SEM.

Spectral properties
The power spectrum of the four conditions is shown in Figure 5.4. In the COI, familiar trials
had more power at the stimulus frequency than novel trials (t(25) = 2.18, p = 0.04, BF10 = 1.55).
This indicates that the sensory response was more strongly modulated during familiar trials,
or sharpened. This was not the case for expected versus unexpected trials, where the power
difference was not significant (t(25) = 1.65, p = 0.11, BF10 = 0.68).
Regarding the evolution of the spectra over time, the sharpening effect of familiarity was
trending across time bins (p = 0.05, BF10 = 2.41). There was no main effect of expectation (p =

0.25). Neither effect (of familiarity or expectation) varied over time (p = 0.29, p = 11, respectively).
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Figure 5.4. Spectral properties of the conditions. A. Power spectra of the conditions. Dotted line indicates the
stimulus frequency. Overlaid topographies show topography of the difference between the spectra (i.e. familiarnovel, expected-unexpected). B. Evolution of stimulus frequency power over time bins. Error bars reflect SEM.

Experiment 2
Task performance
Task performance for both groups is shown in Figure 5.5. Across both groups, participants
responded faster to trials that comprised of familiar as opposed to novel images (t(40) =
9.16, p < 0.001, BF10 = 4.17e+8). Expectation did not generally impact response times (p = 0.4)
and there were no effects on percentage correct (all p > 0.64). Neither mean response times,
percentage correct, nor the effects of expectation and familiarity on these differed between
groups (p-values between 0.18 and 0.85; BF10s between 0.31 and 0.65).
As in experiment 1, familiarity and time bin both significantly affected response times (F(1,160)
= 18.75, p < 0.001; F(1,160) = 20.417, p < 0.001, respectively). However, time bin and familiarity
did not interact (p = 0.73). Neither the effects of familiarity, time bin, or their interaction
depended on group (all p > 0.33). Turning to expected and unexpected trials, thus to the effects
of expectation, again response times were affected by time bin (F(1,160) = 21.35, p < 0.001) but
not expectation. Time bin did not interact with expectation. None of the effects were affected
by group membership (all p > 0.27). Thus, only familiarity and time bin predicted decreasing
response times, and there were no group differences.
Event-related fields
Both groups had similar SNR (t(41) = 0.5, p = 0.62, BF10 = 0.33), trial numbers (all p > 0.72, all BF10
< 0.32), head motion (all p > 0.41, all BF10 < 0.4), and ERF variance (p = 0.34, BF10 = 0.44). This

suggests that potential amplitude differences likely reflect neural differences.
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Figure 5.5. Task performance in both groups. Top row: Response times. Middle row: Percentage correct. Bottom row:
Moving mean of response times in both groups. Same conventions as in Figure 5.3.
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Across both groups, we replicated the familiarity effect observed in experiment 1, where
familiar trials evoked less amplitude than novel ones (cluster-based permutation test: p <
0.001). However, the cluster-based permutation test found no support for an expectation effect
across both groups. This is owing to the fact that both groups showed opposing directions of
the effect (Figure 5.6A).
Although the ASD group visually appeared to have larger overall amplitudes, this difference
was not statistically significant, as indicated by the cluster-based permutation test (p = 0.1).
Likewise, the familiarity effect visually appeared to be larger in the ASD group relative to the
TD group (Figure S5.1). But again, this difference was not significant (p = 0.63). Similarly, the
expectation effect was not bigger in one group than the other (p ~ 1). Thus, the ERF amplitudes
did not differ between groups.
Regarding the temporal evolution of the experimental effects, there was a main effect of
familiarity (F(1,169) = 6.47, p = 0.01, BF10 = 114). This effect did not depend on group or time bin

(p = 0.36 and p = 0.29, respectively). The effect of expectation was not significant (p = 0.17) and

did not vary with time bin or between groups (p = 0.1, p = 0.89). Amplitudes in the ASD group
were significantly elevated relative to the TD group (t(170) = 2.72, p < 0.01, BF10 = 4.91).
Spectral properties
The mean stimulus frequency power in all conditions and groups is shown in Figure 5.7A.
Mean stimulus frequency power did not differ between groups (p = 0.43). There was a main
effect of familiarity, as stimulus frequency power was increased in familiar relative to novel
trials (F(1,41) = 5.1, p = 0.03, BF10 = 1.9). This effect did not differ between groups (p = 0.21). This
indicates that both groups had a ‘sharper’ sensory response to familiar images. There was no
main effect of expectation (F(1,41) = 0.49, p = 0.49, BF10 = 0.3), and this did not significantly
differ between groups (p = 0.07).
When inspecting the evolution of the experimental effects over time (Figure 5.7B), familiarity
generally increased stimulus frequency power (F(1,169) = 5.21, p = 0.02, BF10 = 1297,53). This did
not vary over time (p = 0.64), but the effect was significantly more pronounced in the ASD
group (F(1,169) = 6.2, p = 0.01, BF10 = 3.815).
Turning to expectation, expected and unexpected stimulus pairings evoked similar stimulus
frequency power (F(1,169) = 0.05, p = 0.82, BF10 = 0.12). The effect did not vary with time bin (p
= 0.91) nor did it differ between groups (p = 0.43). Although stimulus frequency power seems
to be elevated at visual inspection, it was not statistically larger in the ASD group (p = 0.29).
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Figure 5.6. Event-related fields in experiment 2. A-B. Grand averages for conditions in both groups. Note that these
grand averages are derived from the COI defined in experiment 1. C. ERF amplitudes as a function of time bins.
Amplitude measured in field strength (T/cm).
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Figure 5.7. Spectral properties of the ERF in experiment 2. A. Mean stimulus frequency power (T2/Hz) in different
conditions and groups. B. Evolution of stimulus frequency power (T2/Hz) over time bins of the experiment in both
groups.
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DISCUSSION
Discussion experiment 1
In experiment 1, we set out to establish the experimental effects of stimulus familiarity and
expectation, and how these effects evolve over the course of the experiment.
Effects of stimulus familiarity
We observed profound effects of stimulus familiarity on behavioural and neural measures.
Participants who saw familiar as opposed to novel images responded faster. Familiar trials also
evoked a lessened sensory response. Consistent with earlier research (Manahova et al., 2018), the
sensors most sensitive to the familiarity of stimuli were located above regions close to bilateral
LOC. The modulation depth of the sensory response – measured by the stimulus frequency
power – was increased. This suggests that the underlying neural response had been ‘sharpened’
similar to previous primate and human studies (Manahova et al., 2018; T. Meyer et al., 2014).
Of note, there was no clearly detectable onset for these effects. Over all four time bins,
familiarity affected response times, ERF amplitudes, and stimulus frequency power. This
does not confirm our expectation that participants would gradually become familiar with
the stimuli in order for familiarity effects to emerge.
It is possible that familiarity effects emerged so rapidly in our experiment because they are
confounded with stimulus adaptation (repetition suppression). Indeed, the sensory response
can adapt to stimuli not only during back-to-back image repetition, but also if other images
are interleaved with the repeated stimulus (Barron, Garvert, & Behrens, n.d.). Repetition
suppression can furthermore be partially explained by mechanisms within sensory areas that
may operate automatically (Grill-Spector et al., 2006; Henson, 2016; Larsson et al., 2016). The
latency of the measured familiarity effect does not rule out repetition suppression (Todorovic
& de Lange, 2012). Taken together, it seems possible that the familiarity effect in the presented
study presents a mixture of familiarity and repetition suppression effects. This would explain
why it was present early on in the experiment.
Effects of stimulus expectation
We found effects of stimulus expectation in both behaviour and brain. In behaviour,
participants were more accurate when responding to trials that consisted of familiar stimulus
pairings. This suggests that the participants learned the image pairings in the experiment.
We furthermore found that within the channels of interest (COI), expected trials evoked less
amplitude than unexpected ones. This might be a form of expectation suppression as it is
known from human and animal electrophysiological studies (Manahova et al., 2018; T. Meyer
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& Olson, 2011; Ramachandran et al., 2016; Todorovic & de Lange, 2012; Todorovic et al., 2011) and
might be similar to expectation suppression measured in human fMRI (Grotheer & Kovács,
2014; Kok, Jehee, et al., 2012; Kok, Rahnev, et al., 2012; St. John-saaltink et al., 2015; Summerfield
et al., 2008; Utzerath et al., 2018, 2017). Given that stimulus expectation effects require the
application of learned priors in sensory areas, the mechanisms involved must involve top-down
modulations of visual areas.
This fits the late latency of the expectation effect, which is consistent with earlier work on
expectation suppression (Manahova et al., 2018; Todorovic & de Lange, 2012). Note that the
latency of these amplitude effects still precede the events in the trial to which the participants
responded. This suggests that these effects are sensory in nature and not response-related.
Interestingly, there was no difference in the power of the stimulus frequency between
expected and unexpected trials. This might indicate that unlike stimulus familiarity, stimulus
expectation did not ‘sharpen’ the sensory response. However, it is also possible that our COI
are not the optimal location to measure expectation-induced sharpening. In our own analysis
(Figure 5.4A), the topographies of the power spectra indicate that the sensors most responsive
to stimulus expectation were located more posterior than our COI. Likewise, earlier MEG work
found sharpening by expectation in more posterior areas (Manahova et al., 2018). Consistent
with these effects, effects of stimulus expectation on the neural representation of the stimuli
have been found in human V1 using fMRI (Kok, Jehee, et al., 2012; Richter, Ekman, & de Lange,
2018).
Conclusion experiment 1
In experiment 1, we replicated established effects of stimulus familiarity and expectation
in both behaviour and brain. Of these, the neural expectation effect likely reflects topdown modulation of sensory areas. By contrast, the measured familiarity effect may contain
contributions of stimulus adaptation, an effect that is more rooted in low-level sensory
processing.
Discussion experiment 2
Predictive processing accounts of ASD theorize that ASD is characterized by an altered balance
between sensory expectations and input. We predicted diminished sensitivity of the ASD
group to the effects of stimulus expectation and familiarity. This was tested in experiment 2.
Both groups were matched on age, gender, and ability. Control analysis verified that they had
similar amounts of included trials in the analysis, similar head motion, signal-to-noise ratio,
and variance in their ERF.
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Stimulus familiarity does not differ between groups
Visually, it appeared that individuals with ASD showed larger ERF amplitudes, including larger
differences between familiar and novel trials (cf. Figure S5.1). At the same time, neither the mean
amplitudes nor the modulatory effects of familiarity differed between groups statistically. Likewise,
even though there are some suggestive visual differences in the evolution of the power spectra,
these are not statistically significant.
Based on the idea of the hypoprior (Pellicano, 2013; Pellicano & Burr, 2012), we predicted that the
effects of familiarity should be reduced in individuals with ASD. The absence of any group differences
in familiarity effects provides no evidence for this hypothesis. As discussed in experiment 1, the
familiarity effect is probably a mixture of learned stimulus familiarity and adaptation. In earlier
work, we demonstrated that fMRI adaptation (repetition suppression) did not differ in individuals
with and without ASD (Utzerath et al., 2018). The present results are consistent with those findings.
We discussed in experiment 1 that repetition suppression is likely partially mediated by automatic
and local mechanisms within sensory cortex (Grill-Spector et al., 2006; Henson, 2016; Larsson et
al., 2016). That being a given, identical familiarity effects in the TD and ASD group are in line with
earlier research (Utzerath et al., 2018). These mechanisms therefore do not appear to be subjected
to a hypoprior to a detectable degree.
Stimulus expectation does not differ between groups
We predicted that the TD group would show either reduced or diminished effects of stimulus
expectation. However, we did not find statistically significant differences in the effects of
expectation, be it in task performance, ERF amplitude, stimulus frequency power, or any of these
measures over time.
Despite the absence of a significant difference, the ERF visually appeared very different between the
groups, including the difference waves for the factors of expectation and familiarity (Figure S5.1).
It is plausible that this apparent discrepancy is caused by inter-individual variance, in particular
by outliers in the ASD group (Figure S5.2).
In an earlier MRI experiment, we found an altered response to surprising visual stimuli in individuals
with ASD (Utzerath et al., 2018). This raises the question why we did not find a corresponding effect
in the present experiment. Possibly our chosen COI did not include regions where the groups
differed in sensory processing. In the MRI experiment, a difference in expectation effects was
found in V1 (Utzerath et al., 2018). By contrast, the COI in the current study contain sensors that
are likely positioned above higher-level visual areas such as LOC. Here, the MRI experiment did
not produce group differences, either. It is therefore possible that the expectation effect differed
between groups, but not in brain areas that were observed in this experiment.
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In sum, we were unable to provide evidence for a neural hypoprior, or an altered balance
between sensory expectations and input. However, we admit the possibility that such an
imbalance might still occur in areas that are more posterior than our chosen COI.
No indication for increased neural noise in ASD
Earlier research had spurred the hypothesis that neural responses in individuals with ASD
might be characterized by a general increase in noise; the so-called unreliability hypothesis of
autism (Dinstein, Heeger, & Behrmann, 2015; Dinstein et al., 2012). Increased neural variability
is not a certainty in ASD, as a recent EEG study found no elevated variability in the visual
evoked response of children with ASD (Butler, Molholm, Andrade, & Foxe, 2017). However, the
hypothesis begs the question whether the absence of any group differences might be a result
of more unreliable responses in the ASD group. As outlined below, this is unlikely.
We used planar transformation to project the activity of the axial MEG sensors over the
sources of brain activity. This technique lends MEG data a special property that is not seen,
for instance, in fMRI measurements: due to how this transformation is performed, noise in
the MEG is not cancelled out but instead accumulated across sensors. In effect, a noisy signal
will have a larger amplitude compared to a clean one (FieldTrip, 2018). In the present study,
planar transformation was used during the calculation of the ERF and spectra. Thus, noise
in the data would increase the amplitudes of these measures. This can be seen in the results
of these analyses: as a bin of a condition contains less trials and thus is noisier, its amplitude
increases (Figures 5.3-5.6).
This implies that between-group differences in neural variability can cause artefactual
amplitude effects between groups. Conversely, increased variability could also mask true
existing neural differences by boosting the ASD group’s brain response to the levels of the TD
group. However, common causes of MEG noise (head motion, trial numbers, ERF variance, and
SNR) did not differ significantly between groups. In addition, mean activity, the measure that
would be affected most by neural variability, did not differ between groups except during the
binned ERF analysis.
To summarize, we found no indication that neural responses are more unreliable in the ASD
group than the TD group. Likewise, the absence of group differences in the neural response
cannot be explained as an artefact of increased neural variability.
Limitations of experiment 2
The findings of experiment 2 suffer from a lack of statistical robustness. The reasons for this
are threefold. First, the samples were smaller than in experiment 1. This made the dataset
vulnerable to outliers (compare Figure S5.2). Of note, this is less problematic for the ERF
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analysis, where a non-parametric cluster-based permutation test was used, and no difference
between groups was found. Second, in order to avoid causing distress to our participants, we
chose not to measure electro-ocular and electro-cardiac activity during MEG. This prevented
common ICA MEG data cleaning techniques, which may have impacted the quality of the
measured MEG. Finally, the participants in experiment 2 had more difficulties complying
to task instructions, as can be seen in the task performance (Figure 5.2, Figure 5.5). While
the interpretation of the present study must be grounded within these limitations, future
experiments should aim to avoid them as far as feasible.
Conclusion experiment 2
It is theorized that ASD is characterized by an altered balance between sensory expectations
and input. This might be due to an under-utilization or weakening of the sensory expectation
(Pellicano, 2013; Pellicano & Burr, 2012), a low precision of the sensory expectation (Lawson et
al., 2014), or an inflexible and exaggerated precision of the sensory prediction error (Van de
Cruys et al., 2014, 2016). All three variants of the predictive processing account of ASD can be
used to predict both diminished and exaggerated responses to surprising stimuli.
In the present study, we found unaltered responses to novel and unexpected (compared to,
respectively, familiar and expected) stimuli. Therefore, our study could not find evidence for
predictive processing accounts of ASD at the neural level. Our findings should be interpreted
in the light of their statistical limitations. It should also be noted that earlier visual areas
might still exhibit group differences in the effect of expectation that were not detectable in
this experiment.
Overall conclusion
Predictive processing accounts of ASD theorize that ASD is characterized by an altered
balance between sensory expectations and input. In experiment 1, we piloted a paradigm to
test the effects of stimulus familiarity and stimulus expectation on the sensory response. In
experiment 2, this paradigm was completed by individuals with and without ASD, during MEG.
We did not find any alterations in the effects of stimulus familiarity and expectation on
behaviour, event-related fields, or the modulation depth of the sensory response. The present
results do not provide evidence for an altered balance between sensory evidence and input
in higher-level visual cortex.
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Figure S5.1. Difference waves for experiment 2. Figure shows how both groups’ ERF were affected by the manipulation
of stimulus familiarity and expectation.

Figure S5.2. Inter-individual variance in experiment 2. Violin plots depict, per condition and group, the distribution
of ERF means. The body (‘violin’) of the plot is shaped by the distribution of the data. The white dot and surrounding
bar depict the mean and quartiles. The black superimposed line depicts the condition means. As a result of larger
inter=individual variance, it can be seen how in the ASD group means and medians diverge.
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GENERAL DISCUSSION
The primary question of this project was whether ASD was characterized by an altered
integration of prior expectations and sensory evidence. We devised a series of neuroimaging
experiments to address this question at the level of the brain. In the last chapter of this thesis,
I will discuss the outcomes of these experiments in order to answer the primary question.
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KEY FINDINGS
Stimulus repetition and expectation (fMRI)
Chapter 2 introduced an experiment in which the effect of stimulus-specific object
expectations and stimulus repetition on the brain response could be made visible
(Utzerath et al., 2017). The experiment confirmed that both LOC and V1 weigh the sensory
evidence presented against stimulus-specific prior expectations. The use of object stimuli
afforded the experiment two special properties. First, due to using objects as stimuli, it
was easy for participants to create stimulus-specific expectations. Second, object stimuli
and shapes strongly drive activity not only in V1, but also in LOC. We thus identified
stimulus-responsive regions across V1 and LOC and showed expectation signals putatively
propagating back from LOC to V1 (e.g., see Grotheer & Kovács, 2015, 2016; Kok, Jehee, &
de Lange, 2012; Kok, Rahnev, Jehee, Lau, & de Lange, 2012; St. John-saaltink, Utzerath,
Kok, & Lau, 2015). Finally, we confirmed that these modulations were not side-effects of
motor preparation. Facilitation of responses occurred only in a variant of the task where
stimulus identity was irrelevant. The results from experiment 1 served as a benchmark
for experiment 2.
In chapter 3, we assessed whether the effects of expectation and repetition on visual
processing differed between adolescents with and without ASD (Utzerath et al., 2018).
The two groups of participants underwent a procedure similar to the student volunteers
from the preceding chapter, albeit that the experiment was shortened and simplified for
practical reasons.
The TD group largely replicated what we had observed in chapter 2. When exposed to
repeating stimuli, the response in TD V1 decreased. The ASD group showed a similar
effect of stimulus repetition in V1 compared to the TD group and student volunteers.
However, the effect of expectation was different between groups in V1. While expected
stimuli appeared to evoke less amplitude in the TD group, they seemed to evoke increase
amplitude in the ASD group. While these effects themselves were not significant, they
resulted in a significant expectation by group interaction.
Chapters 2 and 3 show that stimulus repetition as a very similar effect on sensory processing
in individuals with and without ASD. However, the effect of stimulus expectation may
very well be different. This supports the idea that the integration of prior expectations
and sensory evidence is altered in ASD.
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More precise statements elude the scope of our data. Two key interpretations are possible. First,
stimulus expectations may have had a diminished or no effect on the response of V1 in the ASD
group. Alternatively, the ASD group may indeed have had a reversed effect of expectations,
where brain activity increased during expected stimuli (but failed to reach significance due to
lacking statistical power). However, both the theoretical accounts as well as empirical evidence
favour the first interpretation.
An insensitivity of visual cortex of individuals with ASD to perceptual expectations would
be in line with hypopriors (Pellicano, 2013; Pellicano & Burr, 2012) or the aberrant precision
account of autism (Friston et al., 2013; Lawson et al., 2014). These accounts suggest that the
modulating effects of perceptual expectations are weakened by virtue of being more imprecise,
or weaker. Other accounts of ASD put their focus not on a weakened sensory prediction, but
on an inflated prediction error. However, this would cause individuals with ASD to show an
exaggerated response to unexpected events compared to the TD group, which we did not
observe (Van de Cruys et al., 2013, 2014). Of the predictive processing hypotheses of autism,
none should predict a brain response that increases to expected events.
Regarding empirical evidence, Ewbank and colleagues have found that repetition suppression
was diminished in individuals with ASD or high AQ, rather than reversed (Ewbank et al., 2017,
2014). In social perception, a recent fMRI study in adults with and without ASD also showed
reduced rather than enhanced prediction signals in ASD (Balsters et al., 2017). The mismatch
negativity (MMN) is an electrophysiological component that can be recorded using EEG
and MEG. It is elicited in response to unexpected events. Kikuchi and colleagues summarize
that individuals with ASD typically show either an increased or diminished MMN, but not a
reversed one (Kikuchi, Yoshimura, Mutou, & Minabe, 2016). To conclude, it is more plausible
that chapters 2 and 3 demonstrate diminished and not reversed effects of expectations in the
ASD group.
Spatial context
Instead of manipulating a prior about the identity of a stimulus, in chapter 4 we manipulated
a prior that was inherent to the stimulus itself: its spatial structure (Utzerath et al., 2019). The
Kanizsa illusion affords the ability to create and take away the percept of an illusory shape,
by altering the orientation of the circular inducers surrounding it. This does not alter the
bottom-up stimulus information provided by the (illusory) surface. Thereby, any difference in
perceptual and neural processing can be attributed to sensory predictions derived from the
spatial context.
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The TD and ASD groups showed indistinguishable effects, which were both in line with what
was established in preceding experiments with student volunteers (Kok et al., 2016; Kok &
de Lange, 2014). This was the case for behavioural results, modulations of V1-activity by the
illusion, and the brain response outside of visual cortex. This would suggest that the prior of
spatial context sees similar usage in the brains of individuals with and without ASD.
Stimulus familiarity and expectation
In chapter 5, we used MEG to observe how familiarity with and expectations about stimuli
influenced the brain response. Participants viewed image series consisting of image pairs. The
images in each series could be either novel or familiar, and familiar images formed expected
and unexpected pairings. Because the effects of stimulus familiarity in particular occurred at
rapid timescales (Manahova et al., 2018; T. Meyer & Olson, 2011; T. Meyer et al., 2014), we used
MEG due to its excellent temporal resolution. The chapter comprised of two experiments.
The first was a validation experiment with student volunteers. The second experiment was
performed by a group of typically developing adolescents, and adolescents with ASD.
All three groups of participants showed similar task performance and brain responses, which
were in line with previous research (Manahova et al., 2018). Across all three groups, seeing
familiar as opposed to novel images sped up response times, lowered the ERF amplitudes, and
increased the power of the stimulus frequency in the brain response. The SV group showed also
showed an effect of expectation in their ERF, which was not present in either the TD or ASD
group. Interestingly, figure 5.6 seemed to suggest that the ASD and TD groups had inverted
effects of expectation, similar to what was found in chapter 3. However, the interaction
between group and expectation was not significant. As in chapter 3, caveats apply in regards
to statistical power. Neither the ASD nor the TD group replicated statistically robust effects
of expectation, which were present in the SV group and previous experiments (Manahova et
al., 2018).
In chapter 5, we could not find evidence for an altered balance between sensory priors and
evidence. However, these results should not be seen in contradiction to chapter 3. Aside from
concerns about statistical power, the experiments of chapter 4 utilized an entirely different
neuroimaging modality. This means that the experiments measured different kinds of signals.
For instance, in chapters 2 and 3 we were able to record activity from regions in visual cortex
that were active for the stimuli used in the experiment. MEG does not allow for such spatial
precision. Hence, generalizations between these experiments cannot be easily made.
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INTERPRETATION
In this section, I will put forward how neurophysiological alterations in ASD may have
contributed to the observed key findings, and discuss the meaning of these findings for
predictive processing and hypopriors accounts of ASD.
Altered integration of priors and evidence may depend on complexity of prior
The priors examined in this project were stimulus repetition, familiarity, expectation, and
spatial context. Of these priors, we could demonstrate with some confidence that neither
stimulus repetition nor spatial context had differing effects in the groups. This was indicated
by the low Bayes factor for the interaction between these effects and group. Similarly, stimulus
familiarity did not differ between groups. By contrast, in chapter 3 we found that expectation
effects differed between groups. In chapter 5, an interaction between group and expectation
was visually appealing but not statistically significant.
The priors that we can confidently view as identical in the ASD and TD group share one
commonality. Compared to stimulus expectation, they are potentially simpler and more locally
caused.
Let us consider repetition suppression first. Repetition suppression might convey an innate
expectation of stability in the environment (Summerfield et al., 2008). However, repetition
suppression can also be explained without invoking any expectation at all, through
physiological mechanisms. These include neural fatigue and synaptic depression within visual
cortex (Grill-Spector et al., 2006; Vogels, 2016).
Neuroimaging studies furthermore suggest that the influence of top-down factors is relatively
weak for repetition suppression compared to expectation suppression. Compared to expectation
suppression, the latency of repetition suppression is quick. This might indicate that repetition
suppression originates from local sources, while expectation is the result of modulations over
longer distances (Todorovic & de Lange, 2012). This latter hypothesis is bolstered by recordings
showing that the connectivity between dorsolateral prefrontal cortex and visual areas increases
during active expectation suppression (Rahnev, Lau, & De Lange, 2011). Finally, expectation and
repetition suppression seem to depend on the availability of different processing resources.
While expectation suppression can be abolished by increasing the cognitive load but not the
perceptual load of the experimental task (Utzerath et al., 2017), the precise opposite is true
for repetition suppression (Yi, Woodman, Widders, Marois, & Chun, 2004). This suggests that
repetition suppression is more vulnerable to the disruption of bottom-up compared to top-down
resources. Taken together, these studies demonstrate that the effects of stimulus repetition
depend on bottom-up processes to a greater degree than the effects of stimulus expectation.
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Similarly, the effects of stimulus familiarity we recorded in the experiments of chapter 4, can
largely be conceived as a form of stimulus adaptation. This is a property of our experimental
design. In these experiments, each trial presented its stimuli in rapid succession. This
effectively mimicked an fMRI adaptation experiment. Therefore, the mechanisms underlying
the familiarity effects in our experiments are likely overlapping with those causing repetition
suppression.
Likewise, the prior of spatial context (chapter 4) required no learned associations to act on
processing in visual cortex. However, the Kanizsa illusion likely still depends on the interaction
of different visual areas. Its effects occur in the absence of altered bottom-up stimulus
input (Kok & de Lange, 2014; Utzerath et al., 2019), requiring there to be at least some topdown modulations. The effects of the illusion can moreover be measured in the deep layers
of V1, which are considered receivers for top-down modulations (Kok et al., 2016). Finally,
electrophysiological studies in humans suggest that these top-down modulations originate
from shape-sensitive LOC (Fang et al., 2008; M. M. Murray & Herrmann, 2013; S. O. Murray et
al., 2002; Shpaner et al., 2013). In conclusion, our measured effects of spatial context on the
V1 response likely depended on top-down modulations. But unlike the effects of stimulus
expectations, these modulations may not come from distal bran areas but other visual areas,
and did not involve the application of learned knowledge.
Weakened top-down modulations
Based on these observations, I tentatively suggest that an altered balance between priors
and sensory evidence will manifest more easily if that prior is learned, and exerts its effects
across long cortical distances. This suggestion is rooted empirically in findings on cortical
connectivity and the inhibitory/excitatory balance in ASD. These, together, raise the possibility
that top-down modulations are less effective in ASD.
It is understood that brain connectivity is altered in ASD. Compared to typically developing
brains, long-range connectivity between brain areas is weaker, while connectivity within brain
areas is overdeveloped (Courchesne & Pierce, 2005; Just, Keller, Malave, Kana, & Varma, 2012;
Kana et al., 2011; Vissers, Cohen, & Geurts, 2012; Wass, 2011). These changes in brain connectivity
go along with alterations of the cortical microcircuitry. Interneuronal distance between cortical
columns is wider in ASD, while the density of cells within a column is strongly increased,
possibly favoring proximal over distal connectivity (Casanova et al., 2006; M. Casanova &
Trippe, 2009; Kéïta, Mottron, Dawson, & Bertone, 2011). Finally, the brain in ASD displays
neurometabolic alterations compared to typically developing brains. Specifically, it has been
found that there is a disbalance between excitation and inhibition in ASD, possibly caused by
decreased reception of the inhibitory neurotransmitters (Bakhtiari, Mohammadi Sephavand,
Nili Ahmadabadi, Nadjar Araabi, & Esteky, 2012; Fatemi, Reutiman, Folsom, & Thuras, 2009;
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Oblak, Gibbs, & Blatt, 2010; Rubenstein & Merzenich, 2003). The causal dependencies between
these phenomena are complex and outside the scope of this thesis. Crucially, together they
would impair the processing of top-down modulation, while leaving bottom-up signaling
largely preserved.
Top-down modulations enter (visual) cortex through the deep and superficial layers (Bastos
et al., 2012; Bastos et al., 2015; Kok et al., 2016; van Kerkoerle et al., 2014). Here, inhibitory
neurotransmitters regulate the output of layer 4, which feeds forward bottom-up stimulus
input (Bastos et al., 2012; Crook, Engelmann, & Löwel, 2002; Meyer et al., 2011). The decreased
strength of cortical connectivity and efficacy of inhibitory neurotransmitters present a
plausible explanation for decreased top-down modulations in ASD. By contrast, effects
that are the result of local computations would remain unaltered between individuals with
and without ASD. This might explain why repetition suppression and spatial context have
unchanged effects in ASD, while the effects of learned stimulus relationships differ between
adolescents with and without ASD.
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IMPLICATIONS AND FUTURE
DIRECTIONS FOR PREDICTIVE
PROCESSING ACCOUNTS OF ASD
The present thesis indicates that the balance between sensory evidence and priors is indeed
altered between individuals with and without ASD. However, this imbalance was confined to
specific circumstances.
We measured an imbalance between sensory evidence and priors during expectation
suppression. The most plausible outcome of chapter 3 was that the effects of expectation on
visual cortex were diminished in individuals with ASD. By contrast, repetition suppression,
familiarity effects, and the effects of spatial context were indistinguishable between individuals
with and without ASD.
In reviewing chapter 3, I explained that a diminished effect of expectations in the ASD group
was more in line with aberrant precision (Friston et al., 2013; Lawson et al., 2014) and hypopriors
accounts of autism (Pellicano, 2013; Pellicano & Burr, 2012) than with accounts that suppose
an overly precise prediction error (Van de Cruys et al., 2013, 2014). I suggested that such an
imbalance could be explained as a reduced sensitivity to top-down modulations in ASD. This
might be caused by alterations in cortical connectivity, inhibition/excitation balance, and
columnar microarchitecture.
Still, due to the limitations of our experiments, we could not distinguish whether this imbalance
occurred due to an atypical sensory prediction per se, or due to atypical processing of that
prediction once it had entered visual cortex. In order to answer that question, one would need
an experimental technique that could simultaneously record bottom-up and top-down streams
of information during visual processing. Note that the top-down and bottom-up streams of
information are also the streams that carry the prediction and the prediction error, respectively.
Thus, observing these streams would further help to find evidence for or against imprecise
predictions (Pellicano, 2013; Pellicano & Burr, 2012; Friston et al., 2013; Lawson et al., 2014) and
overly precise prediction errors (Van de Cruys et al., 2013, 2014) in ASD. It follows that the
interaction of bottom-up and top-down streams of information should be the next area of study.
The interplay between top-down and bottom-up streams of information in ASD
I propose that future research should focus on how bottom-up and top-down streams of
information interact in ASD. As outlined earlier, top-down modulations enter visual cortex
through the deep and superficial layers (Bastos et al., 2012; Bastos et al., 2015; Kok et al., 2016;
van Kerkoerle et al., 2014). By contrast, the bottom-up stream of information emerges from
layer 4 (Bastos et al., 2012; Crook et al., 2002; H. S. Meyer et al., 2011).
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Laminar fMRI can make these interactions observable. Laminar imaging is challenging. It
requires high field strength, submillimetre voxel resolution, and consideration of vascular
dynamics between different layers (Koopmans, Barth, & Norris, 2010; Koopmans, Barth, Orzada,
& Norris, 2011). In spite of these challenges, it has been successfully used to record the effects
contextual feedback (Muckli et al., 2015) during visual processing, and even the interaction
between top-down and bottom-up information (Kok et al., 2016).
By measuring feedback- and feedforward-recipient layers of V1 independently, it would be
possible to observe the prediction and prediction error signals independently (Lawrence,
Formisano, Muckli, & de Lange, 2017). This in turn would allow observing whether imbalances
between sensory evidence and expectation occur when the expectation is fed into visual
cortex, or when the resulting prediction error is fed forward. The dissociation of feedforward
and feedback processing is crucial to predictive processing accounts of ASD. Hence, laminar
imaging is an obvious avenue for future research.
The inhibition/excitation balance during top-down modulations in ASD
Autism spectrum disorder is characterized by an altered balance between excitatory and
inhibitory neurotransmitters. In particular, it is believed that there is an imbalance between
glutamatergic (excitatory) and GABAergic (inhibitory) signalling in individuals with ASD
(Rubenstein & Merzenich, 2003).
These neurotransmitters also govern the interaction between feedback and feedforward
information in the cortex, wherein GABAergic interneurons modulate regulate the signals
that are allowed to be fed forward (Bastos et al., 2012; Crook et al., 2002; Meyer et al., 2011). MR
spectroscopy (MRS) can detect neurotransmitters in the human brain, using their metabolites
as proxies (Van Der Graaf, 2010).
MRS has been used successfully applied in humans. Compared to children without ASD,
children with ASD have decreased GABA concentration in the frontal lobes (Harada et al., 2011).
Another group found that the concentration of GABA in the anterior cingulate cortex was
inversely related to symptom severity within a group of individuals with ASD (Brix et al., 2015).
In visual cortex, resting GABA concentration predicts fMRI amplitude in response to visual
stimulation (Muthukumaraswamy, Edden, Jones, Swettenham, & Singh, 2009). Measurements
of GABA and glutamate are not without limitations: the selection of the recorded volume
is crucial, and the precision with which GABA and glutamate can be detected, may differ
(Stagg, Bachtiar, & Johansen-Berg, 2011). Despite these limitations, these studies demonstrate
that measuring GABA in visual cortex is feasible, can be correlated to other measures, and
compared between groups.
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An imbalance between feedforward and feedback processing in ASD should in some way
be related to an imbalance in GABAergic and glutamatergic processing. Measuring the
concentration of these neurotransmitters in visual cortex would therefore greatly enrich
insights gained from other studies, such as the proposed study on laminar processing.
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CONCLUSION
The aim of this thesis was to investigate whether sensory processing in ASD is altered by an
imbalance between sensory evidence and prior beliefs, at the level of the brain. We found that
only one type of sensory prior had an altered impact on sensory processing in individuals with
ASD: learned expectations. By contrast, priors that were ingrained into the temporal or spatial
structure of the environment, had the same effect in individuals with and without ASD.
I proposed that any imbalance between sensory priors and evidence should be the result
of weakened top-down modulations. These, in turn, might be the result of altered cortical
connectivity, excitation/inhibition imbalance, and cortical microcircuitry. Based on these
considerations, I recommended that future efforts should be directed at studying the interplay
between feedforward and feedback signalling within visual cortex, using laminar functional
magnetic resonance imaging as well as magnetic resonance spectroscopy.
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Wat zie je in de plaatjes van figuur 1? De meesten zullen zeggen dat er in het linker plaatje een
auto op straat rijdt terwijl er in het rechter plaatje een persoon op de stoep staat. Kijk nou nog
eens, aandachtig. Vergelijk de persoon met de auto. Het is helemaal geen auto of persoon! In
feite, het is beide keren hetzelfde onduidelijke plaatje. Alleen, in het ene geval is dat op straat
geplakt, en in het andere geval op de stoep. Het plaatje is dus in een andere context neergezet,
en of we daar een auto of persoon zagen, hing af van die context.

A

Figuur 1. Lees tekst voor instructie (Torralba, 2003, Int. J. Comp. Vis. 53:2).

Mensen zijn dus geen camera’s. Wat we waarnemen is blijkbaar niet hetzelfde als wat er
feitelijk voor ons is. Hetgeen dat er voor ons is, interpreteren we op basis van wat we (geloven
te) weten. Zo dachten we dat iets dat op de straat wel een auto moet zijn, terwijl iets dat op
de stoep staat wel een persoon moet zijn.
Onze verwachtingen hebben ons hier dus misleid. Maar dit is geen valkuil van de menselijke
waarneming. Integendeel, het feit dat we soms zo sterk gedreven zijn door onze verwachtingen,
kan van enorm voordeel zijn. Stel dat je zelf zonder te kijken de straat oversteekt. Je ziet uit de
hoek van je oog iets aankomen. Wat is het? Omdat je weet dat auto’s op straat rijden, hoef je
niet eerst de tijd te nemen om aandachtig het tafereel te analyseren. Je hebt meteen door dat
er een auto aankomt, en kan op tijd stoppen. Doordat je zintuiglijke waarneming gedreven
zijn door je verwachtingen, reageer je dus snel en (meestal) correct.
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Dat is niet iets dat uniek is aan visuele perceptie. Als we bijvoorbeeld met iemand praten,
gebruiken we soms dingen als ironie, sarcasme, of maken grappen. Als we echt letterlijk
gewoon naar die woorden zouden luisteren – dus de ander letterlijk nemen - , zouden we
hem of haar compleet misverstaan. Maar omdat we hetgeen dat deze persoon zegt bezien in
het licht van wat we over zijn of haar standpunten weten, snappen we wat er bedoeld wordt
– en lachen misschien om die grap. Het gebruik van verwachtingen is dus een alledaags en
fundamenteel aspect van onze ervaring van de wereld.
Een recente hypothese stelt dat de mate waarin we verwachtingen gebruiken tussen mensen
kan verschillen – net als een karaktertrek. Dat wil zeggen dat sommige mensen zich meer door
hun verwachtingen laten leiden dan anderen, of juist minder. Met name zouden volgens deze
hypothese mensen met een diagnose autisme minder gebruik maken van hun verwachtingen
dan andere mensen. Hierdoor zullen ze in de praktijk veel meer verrassing ervaren. Elk geluid,
elke geur, elke aanraking wordt een verrassend iets dat om aandacht vraagt. Dat is stressvol, en
zou kunnen verklaren waarom mensen met autisme soms meer last hebben van overprikkeling,
of activiteiten vermijden die ambigu zijn. Hieronder valt bijvoorbeeld sociale interactie, die
zoals we boven zagen vaak ambigu is en waar we contextinformatie moeten gebruiken om
iemand te begrijpen.
Voor deze hypothese is er weinig bewijs, vooral op het niveau van de hersenen. Het doel van
dit PhD-project was om dat te veranderen. We wilden nagaan of het mogelijk was bewijs voor
of tegen deze hypothese te vinden, op het niveau van de hersenen.
Dit deden we door een groep adolescenten met en zonder een diagnose autisme uit te nodigen
om in een hersenscanner waarnemingstaakjes te doen. In deze taakjes worden bepaalde
verwachtingspatronen opgebouwd. Zo kan het in een taak zijn dat sommige plaatjes in
bepaalde volgordes aangeboden worden. Een proefpersoon merkt normaliter niet dat deze
patronen er zijn. Terwijl de proefpersoon de plaatjes bekijkt en wat eenvoudige instructies
daarmee doet, meten we met de hersenscanner wat er in het brein gebeurt.
Bij de meeste mensen gebeurt dan het volgende: als mensen dingen zien die aan het geleerde
verwachtingspatroon voldoen (ook al weten de mensen niet dat dit patroon er is), werken de
hersenen minder hard, en meten we minder signaal. Als het verwachtingspatroon daarentegen
verbroken wordt, gaat het signaal fors omhoog. De hersenen maken dus onderscheid tussen
voorspelde en onvoorspelde uitkomsten, ook al gebeurt dat helemaal onbewust.
Toen we deze taakjes in de scanner met de adolescenten met en zonder autisme deden,
zagen we dat er op één van de taken daadwerkelijk een verschil tussen de groepen bestond.
Het leek alsof de deelnemers met autisme minder gevoelig waren voor het verschil tussen
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voorspelde en onvoorspelde gebeurtenissen. Dit zou erop kunnen duiden dat hun hersenen
minder gebruik hadden gemaakt van die verwachting. Dat is echter alleen gebeurd bij een
taak waarbij het ging over verwachtingen over de volgorde van plaatjes op het scherm. Hierbij
moet geleerde kennis uit het geheugen samengevoegd worden met visuele prikkels. Echter, in
een vergelijkbaar experiment konden we dat effect niet herhalen. We keken ook naar andere
verwachtingseffecten die vrij automatisch gebeuren en niet geleerd hoeven te worden. Ook
hier vonden we geen verschil tussen de groepen. Het is dus mogelijk dat sommige specifieke
types van verwachtingen op een andere manier werken in de hersenen van adolescenten met
en zonder autisme.
Concluderend, we hebben dus onderzocht of de hersenen van adolescenten met en zonder
autisme verschillen in de mate waarin ze gebruik maken van verwachtingen tijdens visuele
waarneming. We lieten zien dat er mogelijk verschillen zijn in de wijze waarop de hersenen
van adolescenten met en zonder autisme hun verwachtingen en zintuigelijke informatie
integreren.
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To achieve this goal, the Donders Institute for Brain, Cognition and Behaviour established the
Donders Graduate School for Cognitive Neuroscience (DGCN), which was officially recognised
as a national graduate school in 2009. The Graduate School covers training at both Master’s
and PhD level and provides an excellent educational context fully aligned with the research
programme of the Donders Institute.
The school successfully attracts highly talented national and international students in biology,
physics, psycholinguistics, psychology, behavioral science, medicine and related disciplines.
Selective admission and assessment centers guarantee the enrolment of the best and most
motivated students.
The DGCN tracks the career of PhD graduates carefully. More than 50% of PhD alumni show
a continuation in academia with postdoc positions at top institutes worldwide, e.g. Stanford
University, University of Oxford, University of Cambridge, UCL London, MPI Leipzig, Hanyang
University in South Korea, NTNU Norway, University of Illinois, North Western University,
Northeastern University in Boston, ETH Zürich, University of Vienna etc.. Positions outside
academia spread among the following sectors: specialists in a medical environment, mainly
in genetics, geriatrics, psychiatry and neurology. Specialists in a psychological environment,
e.g. as specialist in neuropsychology, psychological diagnostics or therapy. Positions in higher
education as coordinators or lecturers. A smaller percentage enters business as research
consultants, analysts or head of research and development. Fewer graduates stay in a research
environment as lab coordinators, technical support or policy advisors. Upcoming possibilities
are positions in the IT sector and management position in pharmaceutical industry. In general,
the PhDs graduates almost invariably continue with high-quality positions that play an
important role in our knowledge economy.
For more information on the DGCN as well as past and upcoming defenses please visit:
http://www.ru.nl/donders/graduate-school/phd/
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DATA ACCESS INFORMATION
The data collected and presented in this thesis can be obtained in the following collections
at the Donders Repository:
Adolescents with autism show typical fMRI repetition suppression, but atypical surprise
response.
Link: https://data.donders.ru.nl/collections/di/dccn/DSC_3018026.01_044?3
HDI handle: http://hdl.handle.net/2066/203785
No evidence for altered up- and downregulation of brain activity in visual cortex during
illusory shape perception in autism
Link: https://data.donders.ru.nl/collections/di/dccn/DSC_3018026.01_234?4
HDI handle: http://hdl.handle.net/2066/202832
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