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RESUME 
  

 Les troubles du spectre de l’autisme (TSA) sont caractérisés par des difficultés dans 

les interactions sociales, des intérêts restreints, et une perception sensorielle atypique. Il a été 

proposé récemment que ces symptômes puissent être liés à un défaut d’inférence et 

d’apprentissage Bayésiens ; des processus qui reposent sur le poids relatif accordé aux entrées 

sensorielles et aux prédictions. Cette théorie est prometteuse pour le diagnostic et la prise en 

charge psychiatriques. Cependant, les preuves expérimentales en sa faveur demeurent 

parcimonieuses. 

 Cette thèse a pour objectif une meilleure caractérisation de la sensorialité, de 

l’inférence perceptive et de l’apprentissage dans les TSA. Pour cela, nous avons utilisé des 

questionnaires, des mesures comportementales, des modèles computationnels, ainsi que de 

l’imagerie et de la spectroscopie par résonnance magnétique auprès d’adultes avec ou sans 

TSA. 

 Les profils sensoriels des personnes avec hauts quotients autistiques ont été affinés 

grâce à un questionnaire dont nous avons validé la version française. Nous avons ensuite 

montré que les personnes avec TSA étaient moins enclines à utiliser spontanément un type 

d’apprentissage permettant de généraliser. Puis à l’aide d’une tâche de discrimination tactile, 

nous avons montré que les sujets avec TSA pouvaient implicitement apprendre la régularité 

des stimulations, mais ajustaient difficilement leurs croyances au contexte. Enfin, des résultats 

préliminaires portant sur les corrélats neurophysiologiques de l’inférence perceptive suggèrent 

un réseau cérébral distinct et une neuromodulation différente dans les TSA, par rapport aux 

contrôles. 

 Ces résultats, obtenus à plusieurs échelles, confirment un possible déficit de 

l’apprentissage perceptif qui pourrait être central dans les TSA. Ils appellent désormais au 

développement de modèles génératifs permettant la caractérisation et la quantification au 

niveau individuel des TSA. 

 

Mots clés: Troubles du spectre de l’autisme ; inférence perceptive ; apprentissage ; cerveau 

Bayésien ; a priori ; erreur de prédiction ; sensibilité sensorielle ; imagerie et spectroscopie 

par résonance magnétique 
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ABSTRACT 

  

 Autism spectrum disorders (ASD) are characterized by difficulties in social 

interactions, restricted interests and atypical sensory perception. Recently, it has been 

suggested that most ASD symptoms could result from a failure to implement Bayesian 

inference and learning. At the heart of this process is the relative weight given to sensory 

inputs and descending predictions. Beyond ASD, such theories are very promising in enabling 

new, individual and quantitative approaches to improve diagnosis and therapies in psychiatry. 

However, empirical evidence from studies designed to test and refine these hypotheses remain 

scarce. 

 This thesis aimed at better characterizing sensory sensitivity, perceptual inference and 

learning in ASD, using first-person questionnaires, behavioral measures, computational 

models and magnetic resonance imaging and spectroscopy in adults with or without ASD. 

 Sensory profiles in people with high autism spectrum quotients were refined, using a 

questionnaire that we validated in French. We then evidenced that subjects with ASD were 

less inclined to spontaneously use a learning style enabling generalization in a visual task. A 

two-alternative forced choice tactile task further showed that subjects with ASD could learn 

implicit regularities but were inflexible in adjusting their belief to the context. Finally, 

preliminary results in the investigation of the neurophysiological correlates of perceptual 

inference suggest a distinct neural network and neuromodulation in ASD, compared to 

controls. 

 These multilevel results tend to confirm the possible core impairment of perceptual 

learning in ASD. They also call for further developments in computational approaches to be 

more task, context and individual specific as well as to draw more quantitative conclusions in 

relating the behavioural, neuronal and molecular levels. Such conclusions may considerably 

improve our fundamental and clinical approach to ASD. 

 

Keywords: Autism spectrum disorders; Sensory sensitivity; Perception; Learning; Bayesian 

inference; Predictive coding; magnetic resonance imaging and spectroscopy 
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I. Autism Spectrum Disorder characterization 

I. 1. Clinical description of ASD 

I. 1. A. History 

 The term autism comes from the Greek word autos, which means oneself. The term 

first appeared in 1911, when the Swiss psychiatrist Eugène Bleuler described in schizophrenic 

patients symptoms of self-absorption that impaired communication (Bleuler, 1930). Later, in 

1943, the Austrian-American child psychiatrist Léo Kanner introduced the label early 

infantile autism in his seminal article untitled Autistic Disturbance of Affective Contact 

(Kanner 1943). As opposed to Bleuler who characterized autism as a symptom of 

schizophrenia, Kanner used the word autism to describe an independent clinical syndrome, 

already present at birth. He defined autism based on the observation of eleven cases of 

children, and explained that in autism, “the outstanding, ‘pathognomonic’ fundamental 

disorder is the children’s inability to relate themselves in the ordinary way to people and 

situations from the beginning of life” (Kanner 1943). Kanner had noted particularities in the 

behavior of these children, such as atypical social interactions, insistence on uniformity, 

hyper- or hypo-reactivity to sensory stimuli, unusual learning, impaired language production 

and comprehension, stereotypies (repetitive movement or utterance) and impaired motor 

adjustment. 

 Independently, in 1944, the Austrian pediatrician Hans Asperger described the autistic 

psychopathology (Asperger 1944). Asperger had been working on case studies of four boys, 

who were “very unchildlike children” (Frith 1991). His work remained relatively unknown for 

a couple of decades, before Lorna Wing introduced the notion of “Asperger syndrome” in 

1981 (Wing 1981), and Uta Frith translated his article in 1991 (Frith 1991). Asperger 

described children with normal intelligence and no language delay, but who presented with a 

pattern of behaviors that he called “autistic psychopathy”, such as intense absorption in a 

special interest and impaired social communication. Asperger documented both positive and 

negative features of this symptom. He called these children “little professors” as they could 

provide lots of details on their topic of special interest.  
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 In their pioneering articles, Kanner and Asperger both described autism as a 

developmental disorder and set the basis for autistic symptoms characterization. Of particular 

interest are the comments made by Kanner and Asperger on sensory sensitivity, learning and 

unexpectedness in autism. 

 The first case described by Kanner was a young boy named Donald, who reported 

abnormal sensory sensitivity: “Another intrusion comes from loud noises and moving objects, 

which are therefore reacted with horror”. This child demonstrated hyper responsiveness to 

sensory stimulations: for instance, “he was perfectly petrified of the vacuum cleaner”. Kanner 

assumed that these unusual sensory reactions were caused by the disruption of the child 

solitude, rather than by general sensitivity abnormalities: “Direct physical contact or such 

motion or noise as threatens to disrupt the aloneness is either treated as if it weren’t there, or 

[…] resented painfully as distressing interference” (Kanner, 1943). 

 In addition, atypical learning was described: “He had an unusual memory for faces 

and names, knew the names of a great number of houses”, but despite his good memory, “He 

seemed unable to generalize, transfer an expression to another similar object” (Kanner, 

1943). He noticed that the excellent memory of these children “often led the parents to stuff 

them with more and more verses, zoological and botanic names” (Kanner, 1943). Hence, 

these children presented with an atypical learning as they were able to memorize a great 

number of specific items, but failed to generate generalizable rules. 

 Besides, Kanner and Asperger both noted that children with autism had difficulties to 

deal with novelty. Kanner noticed that unexpected changes greatly disturbed children with 

autism: “He became upset by any change of an accustomed pattern: if he notices change, he is 

very fussy and cries” (Kanner, 1943). The daily activities needed to be strictly planned and 

without any change from one day to another: “All these and many other things were not only 

repetitions but recurred day after day with almost photographic sameness” (Kanner, 1943). 

This need for consistency was also reported by Asperger who explained that “the children 

[…] may inadvertently tyrannize their family by intolerance of any change in routine”. 

Kanner interpreted it as a need for experiences to be lived precisely in the same way as they 

had been first experienced: “Their world must seem to them to be made of elements that, once 

they have been experienced in a certain setting or sequence, cannot be tolerated without all 

the original ingredients in the identical spatial or chronological order” (Kanner, 1943). 
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I. 1. B. Autism spectrum disorder diagnosis 

 During the two last decades, the Diagnosis and Statistical Manual of mental disorders 

IV (DSM-IV) characterized autism with a triad of symptoms: impaired social interactions, 

impaired communication, as well as restrictive and repetitive behaviors. 

 In 2013, a new version of the DSM (DSM-5, American Psychiatric Association 2013) 

was released that now defines autism as a spectrum: Autism Spectrum Disorders (ASD). 

Noticeably, the notion of spectrum had already been suggested in 1979 (Wing and Gould 

1979). The definition of autism as a spectrum highlights the fact that there are several degrees 

of symptom severity, a continuum in the social abilities impairments, diverse manifestations 

of the disorder and a possible evolution of the symptoms throughout life. In the DSM-5, ASD 

is now defined as a neurodevelopmental disorder, characterized by two core domains: 

impairments in social interactions and communication, and restrictive and repetitive patterns 

of behaviors, interests and activities. The DSM-5 criteria for ASD diagnosis are listed in Table 

1. With the DSM-5, ASD can be diagnosed with 3 levels of severity assessed by the amount 

of support needed by the patient. 

 Interestingly, a new sub-criterion for ASD appeared in the DSM-5, which takes into 

account sensorial abnormalities “Hyper- or hypo-reactivity to sensory input or unusual 

interests in sensory aspects of the environment”. Rather than being another piece of the 

puzzle, atypical sensory perception in ASD could be a core symptom leading to higher 

cognitive level impairments (Baum et al. 2015).  

 The notion of ASD now encompasses the subgroups previously defined in the DSM-

IV: autism, Asperger syndrome, childhood disintegrative disorder and pervasive 

developmental disorder not otherwise specified. ASD individuals can be described as having 

or not intellectual deficiency and language delay. Asperger syndrome and high-functioning 

autism are now referred to ASD without intellectual deficiency for both groups, and without 

language delay for Asperger syndrome. Even though these terms officially disappeared, many 

of the individuals diagnosed with Asperger syndrome keep referring to themselves as 

“Asperger” or “Aspies”. 

 In this thesis, every participant involved in the experiments was diagnosed before 

2013 and did not present with any intellectual deficiency (i.e. Asperger syndrome or high-

functioning autism, according to the DSM-IV). 
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Table 1: Diagnostic Criteria for Autism Spectrum Disorders 
(American Psychiatric Association 2013) 

  

 

 Persistent deficits in social communication and social interactions across multiple contexts, 
as manifested by the following, currently or by history:  

1. Deficits in social-emotional reciprocity, ranging, for example, from abnormal social 
approach and failure of normal back-and-forth conversation; to reduced sharing of interests, 
emotions, or affect; to failure to initiate or respond to social interactions.  

2. Deficits in nonverbal communicative behaviors used for social interaction, ranging, for 
example, from poorly integrated verbal and nonverbal communication; to abnormalities in 
eye contact and body language or deficits in understanding and use of gestures; to a total 
lack of facial expressions and nonverbal communication.  

3. Deficits in developing, maintaining, and understanding relationships, ranging, for example, 
from difficulties adjusting behavior to suit various social contexts; to difficulties in sharing 
imaginative play or in making friends; to absence of interest in peers. 

Restricted, repetitive patterns of behaviors, interests, or activities, as manifested by at least 
two of the following, currently or by history:  

1. Stereotyped or repetitive motor movements, use of objects, or speech. 
2. Insistence on sameness, inflexible adherence to routines, or ritualized patterns or verbal 

nonverbal behavior. 
3. Highly restricted and fixated interests that are abnormal in intensity or focus. 
4. Hyper- or hypo-reactivity to sensory input or unusual interests in sensory aspects of the 

environment. 

Symptoms must be present in the early developmental period (but may not become fully 
manifest until social demands exceed limited capacities, or may be masked by learned strategies 
in later life).  

Symptoms cause clinically significant impairment in social, occupational, or other important 
areas of current functioning.  

These disturbances are not better explained by intellectual disability or global 
developmental delay. Intellectual disability and ASD frequently co-occur; to make comorbid 
diagnoses of ASD and intellectual disability, social communication should be below that 
expected for general developmental level. 
 

 In ASD, autistic symptoms are present before the age of 3, but are often diagnosed 

later, especially for individuals with Asperger syndrome. Among Medicaid-enrolled children, 

the mean age for ASD diagnosis was 5 years old (Mandell et al. 2010). In general, diagnosis 

cannot be reliably made before the age of 2 to 3 years old, even if some studies attempted to 

identify earlier signs for ASD (Pierce et al. 2009; Georgiades et al. 2013; Herlihy et al. 2015; 
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Zwaigenbaum et al. 2015). Several tools were developed to screen for these symptoms in 

infants, children, adolescents and adults, as shown in Table 2. 

 Haker et al. (2016) highlighted four clinical challenges that should be resolved to help 

diagnosing ASD: finding quick and easy tests facilitating diagnosis, diagnosing mild forms of 

ASD, diagnosing very young children at risk of ASD, and assessing intelligence in ASD 

patients without spoken language. 

Table 2 : Screening instruments for ASD diagnosis 
 (Lai et al. 2014)
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I. 1. C. Autism plus 

 Gillberg suggested to use the term Autism Plus to refer to ASD with comorbidities, as 

other troubles, such as intellectual developmental disorder or language disorders, frequently 

occur in ASD (Gillberg and Fernell 2014). As mentioned by Gillberg, “Autism is but one of 

the Early Symptomatic Syndromes Eliciting Neurodevelopmental Clinical Examination 

(ESSENCE), not the one and only”. Interestingly, children under four years old are more 

likely to be diagnosed with ASD if they have a form of Autism Plus rather than Autism Only 

(Carlsson et al. 2013). 

 Multiple comorbidities were reported in ASD, including intellectual developmental 

disorder, language disorder, attention deficit and hyperactivity disorder (ADHD), tics, 

obsessive compulsive behaviors, sleep disorders or eating disorders (Leyfer et al. 2006; 

Carlsson et al. 2013; McCary and Roberts 2013; Eapen et al. 2016). For instance, over 30% of 

children with ASD would meet criteria for ADHD, and children with this comorbidity would 

have higher autistic traits and exacerbated impairments in executive control and adaptive 

behaviors (Leyfer et al. 2006; Yerys et al. 2009). A list of frequent comorbidities reported in 

ASD is shown in Table 3. 

 A high proportion of individuals with ASD experience depression and anxiety 

disorders. Indeed, half of the ASD population suffers from anxiety disorders (Lugnegård et al. 

2011). Furthermore, depressive symptoms were described in children, adolescents, and adults 

with ASD, and it is estimated that 70% of the adults with ASD have experienced at least one 

episode of major depression (Lugnegård et al. 2011; Magnuson and Constantino 2011; 

Gotham et al. 2015).  Finally, the comorbidity with intellectual deficiency would range 

between 12 and 70% in ASD (Lai et al. 2014). 

 The two core symptoms characterizing ASD might not always be the most 

inconvenient, as additional troubles might be handicapping and requiring increased need for 

assistance. The ESSENCE project is currently investigating the continuum between several 

neurodevelopmental disorders (Gillberg and Fernell 2014), as they suggest that ASD might 

not only appear as a spectrum, but also as a continuum with many other psychiatric, 

psychologic and medical disorders. 
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Table 3 : List of comorbidities in ASD (Lai et al. 2014) 

 

Developmental  

 

Intellectual disability 45 % 
Language disorders Variable 
Attention-deficit hyperactivity disorder 28-44 % 
Tic disorders 14-38 % 
Motor abnormality 79 % 

General medical 
Epilepsy 8-30 % 
Gastrointestinal problems 9-70 % 
Immune dysregulation 38 % 
Genetic syndromes ~5 % 
Sleep disorders 50-80 % 

Psychiatric 
Anxiety 42-56 % 
Depression 12-70 % 
Obsessive-compulsive disorder 7-24 % 
Psychotic disorders 12-17 % 
Substance use disorders 16 % 
Oppositional defiant disorder 16-28 % 
Eating disorders 4-5 % 

 

  

From the first description of ASD to current research projects, the characterization of ASD 

keeps on refining. Figure 1 summarizes the part I.1. 

Figure 1 : Summary of part I.1 
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I. 2. Epidemiology and etiology of ASD 

I. 2. A. Epidemiology of ASD 

 ASD prevalence estimation has been evolving significantly over the past decades. 

Estimated to 1 birth out of 2500 in the early 70s, and then to 1 birth out of 250 in the early 

2000s (Fombonne 2003a; Yeargin-Allsopp et al. 2003), ASD prevalence has recently dropped 

to 1 birth out of 68 in 8-year-old American children (Christensen et al. 2016a). Interestingly, 

the prevalence in 4-year-old children was 13 births out of 1000, which is 30% lower than the 

prevalence found in 8-years-old (Christensen et al. 2016b). This difference suggests that early 

diagnoses are probably still suboptimal in young children, and highlights the need for earlier 

detection. The average prevalence for ASD ranged from 1 to 2% in studies performed in Asia, 

Europe and North America (Christensen et al. 2016a). Asperger syndrome prevalence ranges 

from 2 to 56 cases out of 10000 (Fombonne 2003b; Ishikawa and Ichihashi 2007). 

 Changes in practices for diagnosing ASD partially explain this increased prevalence 

(King and Bearman 2009; Hansen et al. 2015). The definition of ASD became broader with 

changes in the DSM-4, and in particular, in the DSM-5. Re-categorization of cases with ASD 

diagnosis would explain 59% of the increase in prevalence in 8-year-old children, and 97% in 

the 15-year-old adolescents (Polyak et al. 2015).  

 Remarkably, ASD is 4.5 times more common in boys than girls, as ASD prevalence is 

1 in 42 boys, against 1 in 189 girls (Christensen et al. 2016a). However, in the case of 

individuals with ASD and profound cognitive impairments, the male-female ratio drops to 1.3 

(Yeargin-Allsopp et al. 2003). 

 

I. 2. B. A genetic background of ASD 

 The very first descriptions of autism already suggested that ASD was innate and that it 

could be genetically transmitted (Kanner 1943; Asperger 1944; Frith 1991). In their 

pioneering genetic study of ASD, Folstein and Rutter (1977) investigated the occurrence of 

autism in same-sex monozygotic or dizygotic pairs of twins. They found that ASD diagnosis 

was given to 2 twins in 4 pairs out of the 11 monozygotic twins studied, whereas it never 

happened in the 10 other dizygotic twins. A decade later, concordance for autism in 

monozygotic pairs of twins was estimated to 91% (Steffenburg et al. 1989). 
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 The unbalanced sex ratio observed in ASD has driven some of the first genetic studies 

to investigate the possible involvement of the X chromosome in ASD, which revealed 

chromosomic abnormalities (Rao et al. 1994; Thomas et al. 1999). Polymorphisms in the 

reelin gene (RELN) associated with vulnerability to ASD, and deletions in the neuroligin 

genes (NLGN3, NLGN4) in subjects with ASD were then identified (Persico et al. 2001; 

Jamain et al. 2003). These results were suggestive of an abnormal brain development in ASD.  

 A genetic cause could be determined in 25% of individuals with ASD (Delorme et al. 

2013; Huguet et al. 2013). Chromosomal rearrangements and rare copy number variants 

would be found in 10 to 20% of people with ASD, while de novo mutations in coding 

sequences would be found in 5 to 10% of people with ASD (Huguet et al. 2013). Most of the 

genes identified in ASD are involved in pathways that might alter synaptic homeostasis. Copy 

number variations and mutations are frequently reported in glutamatergic and GABAergic 

synapses genes, which are involved in synaptogenesis, neuronal functions and long term 

potentiation (Autism Genome Project Consortium et al. 2007; Delorme et al. 2013). More 

than 200 genes could be involved in ASD, and only the main ones will be succinctly 

addressed here. 

 Mutations in SHANK2 and SHANK3 seem to be the most frequent in ASD, even 

though only 1 to 2% of individuals with ASD would carry one of these mutations (Durand et 

al. 2007; Leblond et al. 2012). SHANK proteins are located in the post-synaptic density of 

glutamatergic synapses and are important for neuronal functioning and synaptic homeostasis. 

In addition to mutations in NLGN, mutations were found in the gene coding for neurexin 

(NRXN) (Kim et al. 2008). NRXN is a presynaptic membrane protein which interacts with 

NLGN in glutamatergic and GABAergic synapses. These mutations reinforce the idea of an 

impaired synaptogenesis in ASD. 

 Not only glutamate/GABA synapses seem to be affected in ASD (with NLGN, NRXN 

or SHANK), but also cholinergic synapses. A study investigating three ASD individuals with 

de novo deletion of SHANK2 revealed copy number variations including genes involved in the 

cholinergic nicotinic receptors (Leblond et al. 2012). Furthermore, a cholinergic muscarinic 

deletion was reported in ASD (Petersen et al. 2013). The cholinergic and glutamatergic 

systems play a central role in learning. 

 In conclusion, ASD would be caused by a complex set of heterogeneous risk factors 

that would influence common pathways involved in neuronal and synaptic homeostasis (Pinto 

et al. 2010, 2014; Leblond et al. 2012; Huguet et al. 2013). Together with genetic 

predisposition, epigenetic and environmental factors would lead to ASD development. 
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I. 2. C. Impact of epigenetic and environmental factors in ASD 

 As genetics alone do not account for every case of ASD, epigenetic and environmental 

factors might contribute to ASD (Hallmayer 2011) (Figure 2). ASD would be polygenic and 

epistatic, and environmental factors would increase ASD risk (Carter et al. 2016; 

Vijayakumar et al. 2016). The epiphenomenon hypothesis argues for a primary role of genetic 

factors, and suggests that these genetic factors would increase risks for prenatal and postnatal 

complications (Glasson et al. 2004). The heterogeneity hypothesis suggests that the relative 

contribution of genetic and environmental factors varies among individuals with ASD 

(Tordjman et al. 2014). The effects of environmental factors would depend on the 

developmental window. Gene variations and environmental factors would often lead to 

increased brain oxidative stress in ASD (Tordjman et al. 2014). 

 Prenatal exposure to several toxins would increase the risks of ASD. ASD risk factors 

include exposure to thalidomide, to valproic acid or to misoprostal during the first trimester of 

pregnancy, viral and bacterial infections during the two first trimesters, and stress and vitamin 

D deficiency in the third trimester (see Dietert et al. 2011 for a review). Prenatal exposure to 

organophosphate insecticides, pesticides or air pollution would also be linked to increased 

ASD risk (Landrigan 2010; De Felice et al. 2016; Sealey et al. 2016). Other physical stress 

such fetal distress, birth injury, trauma or 

neonatal anemia might contribute to 

increased risk of ASD (Gardener et al. 

2011). However, meta-analyses were not 

able to incriminate only one perinatal or 

one neonatal factor that could explain 

ASD etiology (Gardener et al. 2011).  

 Interactions between genetic and 

environmental factors are mediated by 

epigenetics (i.e. modulation of gene 

expression through DNA cytosine 

methylation and histone1 modifications). 

Usually, these modifications are 

                                                 
1 Histones are proteins packaging DNA into units called nucleosomes. The more condensed the DNA is (with 
histones and other proteins), the less gene transcription is made. Post-translational modifications of histones can 
modulate gene expression level (e.g. histone acetylation usually leads to increased gene expression). 

A. An epigenetic landscape. As with a marble guided 
toward the lowest local point, the clinical outcome of 
an individual with ASD is influenced by genetic factors 
(G), environmental factors (E), and gene-environment 
interactions (G×E). 
B. Norms of reaction describing how individuals with 
different genotypes respond to different environments. 

Figure 2: Environmental and epigenetic factors 
(Huguet et al. 2013) 
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reversible, even though DNA methylation appears to be more stable than histone 

modification. Importantly, epigenetic modifications can be transmitted across generations 

(Franklin et al. 2010). Differential DNA methylation can affect synaptic plasticity and 

neuronal excitability (Oh et al. 2013). A few post-mortem studies on ASD suggest epigenetic 

modifications in ASD (James et al. 2013). 

 Interestingly, prenatal air pollution and valproate exposure would lead to epigenetic 

modifications, which would affect brain structure and function (Tordjman et al. 2014). Many 

rodent models of ASD use valproate administration during prenatal life, as it leads to the 

emergence of autistic behaviors (Chapman and Cutler 1989; Markram et al. 2007; Markram 

and Markram 2010). 

 In conclusion, ASD development would result from complex interactions between 

multiple genetic variations or mutations, environmental factors and epigenetics, in specific 

developmental critical windows. Gene expression has a major importance to control the 

principle steps of brain development. 

 Results on epidemiology and etiology of ASD are summarized in Figure 3. 

Figure 3 : Summary of part I.2 
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I. 3. Neurophysiological correlates of ASD 

I. 3. A. Brain developmental patterns in ASD 

 Several studies based on head circumference measurements suggest that brain growth 

is abnormal in ASD (Courchesne 2003; Courchesne et al. 2007; Amaral et al. 2008). The 

evolution of brain volume during development is illustrated in Figure 4. In individuals with 

ASD, the head circumference would be reduced at birth, and would be followed by a sudden 

increased growth between 1 to 2 months and 6 to 14 months (Courchesne 2003; Dementieva 

et al. 2005). The early overgrowth would correspond to a 10% increase in brain volume 

(Anagnostou and Taylor 2011). The brain development rate would then decelerate and plateau 

during the second year of life, where the symptoms start to increase (Redcay and Courchesne 

2005; Dawson et al. 2007). Five to 10% of the children with ASD aged between 18 months 

and 4 years, would have abnormal enlargement in total brain volume (Amaral et al. 2008), but 

it is unclear whether this enlargement remains later. fMRI and DTI studies show that these 

brain volume abnormalities would be linked with atypical structural and functional 

connectivity in ASD (Anagnostou and Taylor 2011).  

 
 

Figure 4 : Evolution of brain 
volume with age 

(Lange et al. 2015) 

Correlation between whole brain 
volume and age for ASD and TDC 
individuals 
ASD: autism spectrum disorder,  
TDC: typically developing control 
 
  

 
  

 The brain enlargement would be mostly due to an increase in the white matter 

(Courchesne et al. 2001; Hazlett et al. 2005). Cortical thickness would globally increase in 

adults, but findings remain heterogeneous (Bailey et al. 1998; Amaral et al. 2008). 

 Some brain regions have been particularly studied in ASD and revealed structural 

abnormalities: the amygdala (involved in social and emotional processing), the cerebellum 

(involved in sensorimotor functioning), the basal ganglia (involved in motor control and 
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cognition) and the corpus callosum (Mahajan and Mostofsky 2015). In individuals with ASD, 

there would be an increased cortical thickness in regions involved in the cognitive functions 

that are affected in ASD (Hyde et al. 2010). Figure 5 illustrates some of the brain regions 

involved in the mediation of autistic symptoms, such as social impairment, communication 

deficits and repetitive behaviors. 

 In conclusion, cortical development in ASD could be summarized in three phases: 

accelerated expansion of cortical development in early childhood (mostly the first year), 

accelerated thinning in later childhood and adolescence (especially in frontal regions), and 

decelerated thinning in early adulthood (Zielinski et al. 2014). In addition, atypical cellular 

organization was reported in ASD: mini-columns showed abnormal structure, were smaller 

and more numerous than in controls (Casanova et al. 2002). 

Figure 5 : Brain areas involved in the mediation of autistic symptoms 
(Figure adapted from Amaral et al. 2008) 

 
  

I. 3. B. Brain functional and connectivity patterns in ASD 

 Many fMRI studies have linked regional hyper- or hypo-activations with symptoms or 

impaired abilities in ASD, such as language development, emotion perception, repetitive 

behaviors, social interaction perception, and sensory processing (Ha et al. 2015). For instance, 

amygdala enlargement was associated with impaired social and communication functioning 

(Kim et al. 2010), while local grey matter decrease in regions belonging to the mirror system2 

was associated with symptom severity in ASD (Hadjikhani et al. 2006).  

                                                 
2 Mirror neurons are activated both by action execution and action observation. In humans, it encompasses the 
inferior frontal gyri, precentral gyri, supplementary motor area, and inferior parietal lobule.  
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 Several studies demonstrated atypical patterns of structural connectivity in ASD. DTI 

studies showed short-range hyper-connectivity in ASD (Courchesne and Pierce 2005; Shukla 

et al. 2011). The local hyper-connectivity could emerge from migration defects, excessive 

neurogenesis, reduced apoptosis or neuroinflammatory reactions (Courchesne and Pierce 

2005). Besides, structural long-range cortical hypo-connectivity (frontal-posterior) has been 

frequently observed in ASD (Courchesne and Pierce 2005; Anagnostou and Taylor 2011; Just 

et al. 2012). Both the abnormal brain enlargement in the second year of life, and the reduced 

long-distance connections would lead to an altered brain organization (Lewis et al. 2013). 

 Functional MRI studies in ASD showed both hyper- and hypo- functional connectivity 

patterns, depending on the task. Notably, in task-based functional connectivity studies, hypo-

connectivity in ASD was reported in tasks associated with language, working memory, mental 

imagery, face processing, facial expression recognition, executive functions, visuomotor 

coordination, cognitive control and social cognition (Uddin et al. 2013; Ha et al. 2015). 

 The Autism Brain Imaging Data Exchange investigated the whole-brain intrinsic 

functional connectivity based on more than 1000 resting-state functional MRI studies of 

control and ASD subjects. They found that even though both hyper- and hypo-connectivity 

were present in ASD, functional hypo-connectivity was strikingly dominant (Di Martino et al. 

2014) (Figure 6). Hyper-connectivity was specifically marked for cortico-cortical and 

interhemispheric functional connectivity in ASD (Di Martino et al. 2014). 

Figure 6 : Whole-brain functional connectivity in ASD 
(Di Martino et al. 2014) 

 

 

 

 

 

 

 

 

Significant group differences (ASD vs. 
Typical Controls [TC]) for intrinsic 
functional connectivity between each 
of the 112 parcellation units included 
in the structural Harvard-Oxford Atlas. 
Parcellations are represented with 
their center of mass as spheres.  
Upper panel: intrinsic functional 
connections (blue) weaker in ASD vs. 
TC.  
Lower panel: intrinsic functional 
connections (red) stronger in ASD 
relative to TC.  
Displayed results are corrected for 
multiple comparisons using false 
discovery rate at p < .05. 
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 To summarize, structural connectivity shows long-range under-connectivity and short-

range over-connectivity, and functional connectivity mostly shows hypo-connectivity in ASD. 

However, Picci and colleagues underlined that these findings need to be taken cautiously 

because there is also contradictory evidence, and because distance and strength of 

connectivity are not sufficient to explain atypical neural connectivity in ASD (Picci et al. 

2016). Importantly, variables such as transient head motion (e.g. in children with ASD) can 

artificially suggest group differences in structural and functional connectivity (Yendiki et al. 

2014; Picci et al. 2016). It is also important to take into account the developmental 

perspective, since intrinsic functional connectivity appears to mostly increase in children with 

ASD, whereas it appears to decrease in adolescents and adults with ASD (Uddin et al. 2013). 

 

I. 3. C. Neurobiology and molecular specificities of ASD 

 The neurobiology of ASD can be assessed by post-mortem studies, tissue sampling, 

positron emission tomography (PET) or magnetic resonance spectroscopy (MRS). MRS is a 

non-invasive method measuring in vivo metabolite concentrations in a region of interest. 

Proton MRS measures concentrations in choline containing compounds (Cho), Cr (creatine 

and phosphocreatine), Glx (glutamate, glutamine, and GABA), myo-inositol, and N-

acetylaspartate. GABA MRS specifically measures GABA levels. Some variations in 

metabolite concentrations have been linked to autistic symptoms. For instance, in ASD, 

decreased glutamate and Cho concentrations were associated with impaired social 

communication deficits (Horder et al. 2013; Doyle-Thomas et al. 2014; Tebartz van Elst et al. 

2014), and decreased Cho concentration was associated with more restricted and repetitive 

behaviors (Doyle-Thomas et al. 2014). 

Glutamate and GABA  

 GABA MRS studies revealed a reduced GABA concentration in ASD in frontal 

(Harada et al. 2011), sensorimotor (Puts et al. 2016) and auditory regions (Gaetz et al. 2014). 

In the visual cortex, GABA concentration was not reduced in ASD (Gaetz et al. 2014), but 

GABAergic action was reduced in the context of a binocular rivalry task (Robertson et al. 

2016). Decreased GABA concentration in the anterior cingulate cortex has been associated 

with higher autistic severity (Brix et al. 2015). Importantly, most of the studies revealing 

differences between ASD subjects and controls were performed in children, and results on 

adults remain scarce and often inconclusive (Ford and Crewther 2016). 



Theoretical background – Autism Spectrum Disorder (I.3) 
 

34 
 

 Defaults of maturation of GABAergic neurons were suggested in ASD (Marrosu et al. 

1987; Yamada et al. 2004; Ben-Ari et al. 2012). In immature GABAergic neurons, intra-

cellular chloride (Cl-) level is relatively elevated. As a consequence, GABA binding on post-

synaptic receptors results in the exit of Cl-, leading to depolarization and so activation. In 

mature GABAergic neurons, as the intracellular chloride level is reduced (following chloride 

exporter expression), Cl- enters into the neuron after GABA binding, leading to 

hyperpolarization and subsequently inhibition. A strategy to help these neurons to mature 

would be to use the diuretic bumetanide, since it inhibits the chloride importer and thus 

reduces neuronal chloride levels, to mimic mature GABA neurons. 

 Bumetanide administration would lead to a reduction of the autistic symptoms in some 

children with ASD (Lemonnier and Ben-Ari 2010; Lemonnier et al. 2017) and to an 

improvement of emotional face perception in adolescents and young adults with ASD 

(Hadjikhani et al. 2015). In addition, ASD children who were treated with bumetanide 

combined with ABA training showed better outcomes than those with ABA training only (Du 

et al. 2015). Besides, the administration of GABA agonists and glutamate receptor antagonists 

shows promising preliminary results in ASD (Oberman 2012).  

 Hence, both GABA action and concentration would be decreased in ASD. The 

reduction in GABA could be due to a decrease in GAD (Glutamic acid decarboxylase), which 

is the enzyme converting glutamate into GABA. Indeed, in ASD, the concentration of this 

enzyme was reduced by 48% to 61% in parietal and cerebellar cortices in a post-mortem study 

(Fatemi et al. 2002). ASD would be characterized by higher glutamate levels, lower GABA 

levels, and so, by an increased glutamate/GABA ratio (Lam et al. 2006; Rosenberg et al. 

2015). An increased glutamate/GABA ratio would be associated with aberrant neuronal 

development and abnormal connectivity (Bittigau and Ikonomidou 1997), especially in the 

second year of life when glutamate concentration peaks. 

Other neurotransmitters 

 Abnormal concentrations of other neurotransmitters, such as serotonin, dopamine, 

norepinephrine, acetylcholine, oxytocin and opioids were also reported in ASD (see Lam et 

al. 2006, for a review). Serotonin, known to regulate brain development, is increased by 50% 

in about one third of individuals with ASD (Schain and Freedman 1961; McBride et al. 1998). 

 Pharmacological studies using dopaminergic blockers show decreased stereotypies in 

ASD, suggesting an hyperactive dopaminergic system in ASD (Lam et al. 2006). 

Norepinephrine (synthesized from dopamine) is notably involved in filtering irrelevant 
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information, attention, anxiety and memory (Amaral and Sinnamon 1977). Blood 

concentration of norepinephrine would be increased in ASD (Lake et al. 1977; Lam et al. 

2006), but importantly, blood concentration might not reflect concentration in the brain. 

 Cholinergic neuromodulation also showed abnormalities, with reduced number and 

affinity of cholinergic receptors the parietal, frontal and cerebellar cortex of individuals with 

ASD (Perry et al. 2001; Lee et al. 2002). Increased cholinergic neuromodulation in the 

caudate nucleus of a mouse model ASD led to decreased cognitive rigidity and less social 

deficiency (Karvat and Kimchi 2013). These two findings suggest decreased cholinergic 

modulation in ASD. However, brain-derived neurotrophic factor concentration was higher in 

ASD, and this factor promotes survival of cholinergic neurons (Perry et al. 2001). 

 In conclusion, genetic, epigenetic, and environmental factors would lead to synaptic 

dysfunctions in ASD, bringing on brain structural and functional abnormalities. In ASD, 

peculiarities can be observed at the molecular, cellular and brain levels (summarized in Figure 

7). All of these aspects might contribute to the core symptoms of ASD. Confronting results 

from behavioral, genetic and neuroimaging studies might help defining neuroendophenotypes 

of ASD.  

Figure 7 : Summary of part I.3 
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I. 4. Theoretical models of ASD 

I. 4. A. Theories focused on the core symptoms 

 Theory of mind 

 Some of the first theories of ASD questioned whether individuals with ASD would 

have an impaired theory of mind. The theory of mind (ToM) refers to the ability to impute 

and recognize mental states of oneself and of other people, with mental states including 

purpose, intention, belief, thinking or doubt (Premack and Woodruff 1978). 

 In 1985, it was suggested that the impaired social abilities of individuals with ASD 

could be explained by an impaired ToM (Baron-Cohen et al. 1985). To test the hypothesis of 

a deficit of ToM, they used the Sally and Anne test in children with ASD. In this test, children 

observe a scene where a girl named Sally places a marble into her basket and leaves the room. 

Anne transfers the marble into her box, and Sally comes back. The children are asked the 

following belief question: “Where will Sally look for her marble?”. If a child points to the 

previous location of the marble (the basket), it means that he/she appreciates that his/her own 

knowledge is different from Sally’s, who has a false belief. As Baron-Cohen et al. (1985) 

found that 80% of the tested children with ASD failed at the belief question, they concluded 

on a specific deficit of ToM in ASD.  

 Surprisingly, despite less than 20% of the autistic children passing the Sally and Anne 

false belief test, 74% of the children with ASD passed the Dot-Midge task which is very close 

to the Sally and Anne test (Peterson et al. 2013). The main difference between these two tasks 

is that in the Dot-Midge task, the child competes against a real-life adversary for a desired 

price hidden in a box. The authors advanced that children with ASD can track others’ beliefs 

in a competitive game where they are motivated enough (Peterson et al. 2013). In general, 

adults with ASD succeed at standard ToM tests, but show compromised ToM for moral 

judgments (Moran et al. 2011). 

 Executive functions 

 Impaired executive functions in ASD was another model that was initially proposed to 

explain autistic symptoms (Damasio and Maurer 1978; Ozonoff et al. 1991; Russell 1997). 

Executive functions is an umbrella term for the flexible control of goal directed behaviors, 
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which encompasses working memory, cognitive flexibility, monitoring, planning and 

inhibition, and which involves the prefrontal cortex (Roberts et al. 1998; Funahashi 2001). 

 The idea of impaired executive functions in ASD emerged from observations showing 

that individuals with ASD have a low performance at executive functions tasks assessing 

mental flexibility (Rumsey and Hamburger 1990; Ozonoff et al. 1991), or planning capacities 

(Ozonoff et al. 1991). In ASD, impaired cognitive flexibility and planning was associated 

with social difficulties (Pennington and Ozonoff 1996; Hill 2004; Kenworthy et al. 2008). 

 Social motivation 

 More recently, the social motivation theory of ASD was formulated (Chevallier et al. 

2012). Social motivation refers to “a set of psychological dispositions and biological 

mechanisms biasing the individual to preferentially orient to the social world (social 

orienting), to seek and take pleasure in social interactions (social reward), and to work to 

foster and maintain social bonds (social maintaining)” (Chevallier et al. 2012). This theory 

suggests that ASD could be characterized by an overall decrease in the attentional weight 

assigned to social information. This impairment in social attention would occur early in 

development, therefore depriving children with ASD of adequate social learning experiences. 

This early decrease in social attention is consistent with eye-tracking studies in young 

children with ASD demonstrating decreased orienting to social stimuli (Pierce et al. 2011; see 

Chevallier et al. 2012 for a review). The authors suggest that these deficits are linked with 

disruptions of the orbitofrontal-striatal-amygdala circuitry, therefore decreasing the reward 

value of social stimuli. 

 

I. 4. B. Theories focused on perception 

 Non-social abnormalities noticed by Kanner and Asperger included restrictive 

repertoires of interest, obsessive desire for sameness, islets of ability, excellent rote memory 

and preoccupation with parts of objects (Kanner 1943; Asperger 1944).  

 Weak central coherence theory  

 Frith suggested that individuals with ASD would process perceptual information 

differently than controls (Frith 1989). Indeed, controls would tend to process stimuli globally, 

often omitting details, so as to extract its overall meaning. Bartlett (1932) had called this 

tendency a “drive for meaning”, while Frith (1989) named it the “central coherence”. Frith 
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suggested that subjects with ASD could be characterized by a weak central coherence 

(WCC), and so by a decreased global processing (Frith 1989). In 2006, Happé and Frith 

refined their theory, and suggested that instead of a core deficit in central processing, it could 

be a processing bias towards a superiority in local-focused processing (Happé and Frith 

2006). As deficits in social cognition could hardly be explained by the WCC model, they 

suggested that WCC may occur alongside impaired social cognition. The process in which the 

global picture is missed would also affect language understanding abilities (Järvinen-Pasley et 

al. 2008). 

 According to the WCC theory, individuals with ASD would be advantaged in tasks 

where attention to local information is required, but disadvantaged in tasks where the global 

meaning needs to be extracted. It suggests that people with ASD tend to have a fragmented 

perception rather than a global picture. The WCC theory is supported by studies showing that 

individuals with ASD fail to extract regularities to categorize or generalize (Klinger and 

Dawson 2001; Dawson et al. 2005; Church et al. 2010; Vladusich et al. 2010; Gastgeb et al. 

2012) and show increased local processing (e.g. Dakin and Frith 2005). The WCC theory was 

also tested with embedded figure tasks, which consist of finding a target figure within a more 

complex figure. Subjects with ASD were faster than controls, or as fast as them, at the 

embedded figure tasks, therefore suggesting increased local processing (see Horlin et al. 2016, 

for a review).  

 Enhanced Perceptual Functioning   

 The Enhanced Perceptual Functioning (EFP) is an alternative to the WCC theory 

(Mottron and Burack 2001; Mottron et al. 2006). This model intends to account for the 

superior discrimination and performance found in individuals with ASD, mostly in the visual 

and auditory modalities (Dakin and Frith 2005; Samson et al. 2005). It emerged from 

observations of autistic savant skills, peaks of ability, and superior perception. In comparison 

to the WCC, the EFP theory focuses on an increased perceptual ability in ASD rather than a 

deficit or bias. They postulated that ASD was not characterized by an inability to integrate 

parts into a whole, but by an absence of precedence for global stimulus characteristic. The 

revisited model of the EFP is based on eight principles (Mottron et al. 2006). Among these 

principles are: a locally oriented default setting in ASD, early atypical autistic behaviors 

explained as a regulation of perceptual inputs, atypical activation in perceptual brain regions 

and perceptual expertise underlying savant syndrome. Caron et al. (2006) reported superior 
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low-level processing in visuospatial tasks in ASD, and concluded that these ability peaks were 

more in favor of the EFP theory than the WCC model. 

 A few years later, Mottron et al. (2013) proposed an extension of the EFP theory: the 

mechanism of veridical mapping (VM). The VM theory intends to explain the high prevalence 

of savant skills in autism, in particular with hyperlexia, absolute pitch and synesthesia (Burd 

et al. 1985; Jones et al. 2009; DePape et al. 2012; Neufeld et al. 2013). Savant skills are more 

frequent in individuals with ASD than in any other neurological group (Howlin et al. 2009). 

According to the VM model, peaks in abilities in subjects with ASD would be due to 

enhanced coding properties of local neural network, increased connectivity within and 

between modalities, and enhanced functioning of perceptual areas (Mottron et al. 2013).  

 Hyper-systemizing theory 

 Autistic savant abilities were also taken into account in the Hyper-systemizing theory 

(Baron-Cohen et al. 2009). In agreement with the WCC, this theory postulates an excellent 

attention to detail on ASD, however, it suggests that this would be due to sensory hyper-

sensitivity. Attention to details would be directed toward the detection of rules, with input-

operation-output reasoning. According to this theory, talent in ASD would emerge from their 

ability to recognize repeating patterns in stimuli and to generate rules that would help 

predicting how a system behaves. Hyper-systemizing in ASD would explain savant skills such 

as spotting prime numbers, calendrical calculation or realistic drawing (Baron-Cohen et al. 

2009a). However, the application of this theory to low-functioning autistic individuals 

remains more challenging, even though the authors suggest that hyper-systemizing could also 

explain narrow interests, repetitive behaviors and need for sameness, in the sense that a stable 

context contributes to not perturbing the systemized rules. Baron-Cohen supplemented his 

theory with the Empathizing-systemizing theory, arguing that two factors are necessary to 

explain both social and non-social symptoms in ASD (Baron-Cohen 2009). The empathizing 

part of this model refers to impaired ToM in ASD, while the systemizing part refers to the 

hyper-systemizing theory. 

 Reduced Generalization 

 Plaisted (2001) introduced the Reduced generalization model as an alternative to the 

WCC model, since the WCC did not take into account all of the perceptual and social 

peculiarities of ASD. She considered that attentional and perceptual abnormalities in ASD are 

due to reduced generalization, seen as a decreased processing of the similarities or regularities 
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encountered between stimuli or situations. Two stimuli need to share sufficient features in 

common in order to be categorized together; otherwise they will be regarded as different. The 

reduced generalization model suggests that people with ASD would poorly process 

similarities between stimuli, and would tend to view stimuli as different even though they 

share common features. This would explain poor transfer, as well as impaired generalization 

and categorization observed in ASD (Ozonoff and Miller 1995; Church et al. 2010). In 

contrast, subjects with ASD would be better at detecting unique features in stimuli, which is 

in accordance with their enhanced discrimination abilities (Plaisted et al. 1998). Reduced 

generalization could be due to reduced associative excitation between encoded elements, 

caused by an excessive lateral inhibition between neurons (Gustafsson 1997; Plaisted 2001).  

 Atypical learning-style strategies 

 The assessments made on generalization in the WCC and Reduced Generalization 

models could also be done based on a different learning style in ASD. Qian and Lipkin (2011) 

supported this view, and proposed a Learning-style theory of ASD. They defined two main 

learning styles: the lookup table (LUT) learning style where individuals store each experience 

precisely (e.g., associations between phone numbers and names), and the interpolation (INT) 

learning style where individuals extract regularities from stimuli to generate rules. In a noisy 

environment, the LUT style would be poor at extracting information since it would focus on 

non-informative details and would not compress information. As compared to controls, 

individuals with ASD would present a bias toward the LUT learning style. This bias could 

explain why the detection of regularities would be impaired both in social and non-social 

contexts in ASD. 
 

I. 4. C. Theories focused on neural properties 

 Brain plasticity 

 The previous theories mostly emerged from observed autistic symptoms, whereas 

other theories were formulated based on neural mechanisms. One core mechanism mentioned 

by these theories is brain plasticity, referring to structural or functional changes in the nervous 

system, which takes place over lifetime. Brain plasticity involves neuronal deletion as well as 

synaptic pruning and reorganization, occurring during development, learning, memory, 

habituation or brain repair processes. Some abnormal anatomical or functional properties of 

individuals with ASD could be related to atypical brain plasticity. Indeed, the abnormal cell 
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division and apoptosis (Polšek et al. 2011), reduced long-distance connectivity and increased 

short-distance connectivity (Dichter 2012; Kana et al. 2014) and atypical brain size evolution 

and morphological abnormalities (Courchesne 2003; Amaral et al. 2008) provide arguments 

for theories of impeded plasticity in ASD. 

 Intense World Syndrome 

  The Intense World Syndrome theory was inspired from molecular, cellular and 

behavioral results in valproic acid (VPA) rat models of autism (Markram et al. 2007; 

Markram and Markram 2010). According to this theory, hyper-reactivity and hyper-plasticity 

of local neuronal circuits could explain the autistic neuropathology. This theory focuses on 

hyper-functioning of local circuits in the neocortex and in the amygdala. The hyper-

functioning model relies on studies showing increased neuronal responses in VPA rat models 

(Rinaldi et al. 2008). Hyper-functioning could be due to hyper-connectivity in neocortical 

microcircuits: connectivity between pyramidal neurons is increased by 50% in VPA rat 

models (Rinaldi et al. 2008). Excessive neuronal processing in the neocortex could account 

for the hyper-attention, hyper-perception and hyper-memory encountered in ASD, leading to 

an intense and painful experience of the world. Hyper-reactivity in key regions for social 

cognition, such as the amygdala, could lead to overwhelming emotions and withdrawal from 

social situations. This idea comes from rat studies, but is in contradiction with findings 

showing hypo-activation of the amygdala in subjects with ASD (Baron-Cohen et al. 1999, 

2000; Pierce et al. 2001). Finally, the authors interpret repetitive behaviors and routines as 

being a consequence of excessive neuronal learning, which would trap individuals into these 

restrictive repertoires of behaviors. Arguments for an increased learning are found in animal 

studies showing hyper-plastic glutamatergic synapses and boosted postsynaptic plasticity in 

VPA rat models (Rinaldi et al. 2007). However, it important to underline that this theory is 

mostly based on rat models of ASD. 

 The Trigger-Threshold-Target model 

 The Trigger-Threshold-Target (TTT) model assumes that alterations in experience-

dependent plasticity are central in ASD (Mottron et al. 2014). This suggestion is based on 

three observations: (1) the most plastic cortical regions control the main cognitive domains 

affected in ASD, (2) sensory deprivation share several features with ASD in terms of cortical 

and functional reorganization, (3) genetic mutations and/or environmental factors mostly 

affect developmental brain plasticity. According to the TTT model, a certain number of 
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elements are required for ASD to occur: “a genetic mutation triggers a neuroplasticity 

reaction in individuals with a genetically-determined low threshold” in a specific 

neurofunctional target region (Mottron et al. 2014). The target region with enhanced plasticity 

would be language regions in the case of Asperger syndrome, and perceptual cortices in the 

case of autism. Other brain regions would then be neglected, such as those involved in social 

and motor behaviors in individuals with Asperger syndrome. The variability in autistic 

phenotypes would depend on the combination between the genetic triggers and thresholds, 

and brain targets. Autistic peaks in abilities could rise from cortical reallocation processes 

(Samson et al. 2012) or atypically enhanced connectivity (Kikuchi et al. 2013). 
 

 Neural noise 

 High neural noise 

 Rubenstein and Merzenich (2003) suggested an increased ratio of excitation/inhibition 

in ASD. The balance between excitation and inhibition depends on the relative number and 

activity of glutamatergic and GABAergic neurons (which roughly correspond to 80% and 

20% of the brain neurons, respectively). Reduced GABAergic action results in an increased 

excitatory state of the brain and increased noise in the cortex. Increased ratio of neural 

excitation to inhibition in ASD was supported by recent computational simulations 

(Rosenberg et al. 2015). As previously detailed, ASD would be characterized with reduced 

GABA concentration and action (Ford and Crewther 2016; Puts et al. 2016; Robertson et al. 

2016). High cortical noise during development could induce an over-representation of stimuli 

by non-differentiated systems, and could lead to aversive reactions to sensory stimuli 

(Rubenstein and Merzenich 2003). According to their model of ASD, multiple gene 

alterations with differential penetrance, combined with potential exposition to environmental 

factors, could increase the excitation/inhibition ratio. 

 This view of an increased neural noise in ASD was also supported by Simmons and 

colleagues (Simmons et al. 2007, 2009). Based on studies investigating visual processing in 

ASD, they argued that results were in favor of an increased internal noise in ASD (Simmons 

et al. 2009). The increased intra-subject trial-to-trial variability found in participants with 

ASD could be seen as an argument for high neural noise in ASD (Milne 2011). Increased 

neural noise could lead to sensory overload or hyposensitivity (Simmons et al. 2007; 

Simmons and Milne 2015). This atypical perception could affect the understanding of social 
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stimuli. The authors suggested that the noise could result from an increased crosstalk within 

the cortex or from modifications in the glutamatergic and GABAergic synapses.  

 Low neural noise 

 In contrast, Davis and Plaisted-Grant (2015) suggested a low endogenous neural noise 

in ASD. Reduced noise would enhance detection and discrimination in ASD. They first 

developed the three main actions of noise in neural networks (Figure 8), before explaining 

how a reduced neural noise could explain many autistic features (Davis and Plaisted-Grant 

2015). 

Figure 8 : Action of noise on neural networks 
 (Davis and Plaisted-Grant 2015)  

 
 

 A reduced neural noise in ASD would lead to (1) impaired detection of weak signals 

and enhanced discrimination, (2) a tendency to remain in the nearest stable state, (3) impaired 

generalization and categorization, but enhanced discrimination between two close stimuli. 

Davis and Plaisted-Grant (2015) argued that the research literature of detection and 

discrimination thresholds is in favor of a low noise account in ASD. Discrimination of targets 

from non-targets should be enhanced by low neural noise, providing better results in visual 

search tasks (Plaisted et al. 1998; O’Riordan and Plaisted 2001; O’Riordan et al. 2001; Kaldy 

et al. 2011). The second prediction of a reduced neural noise in ASD is a tendency to remain 

in the nearest stable state, which could account for difficulties to make decisions, to shift 

attention and to switch between tasks. Particularly, repetitive behaviors and restrictive 

interests encountered in ASD could be due to decreased switching between tasks. Several 

studies showed that individuals with ASD show less spontaneous and less frequent switches 

between inputs or perceptual interpretations (Sobel et al. 2005; Robertson et al. 2013). 

a) The red line represents a cell’s threshold 
for responding. 
⪧ Noise can facilitate detection of weak 
signals but it impairs discrimination. 
b) The blue lines represent the landscape 
of potential states of a neural network and 
its current state is indicated by the red dot.  
⪧ Noise can cause a network to shift from 
one state to another. 
c) Gaussian representation of two stimuli 
differing along a single feature dimension. 
⪧ Noise leads to a greater overlap between 
two representations, affording basis for 
generalization. 
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Finally, the third prediction of a low neural noise in ASD is the impaired generalization and 

categorization, as two stimuli sharing similar features would be seen as distinct. Hence, subtle 

differences between two objects would be seen as an actual difference instead of 

environmental noise. The prediction is in line with the poor categorization, prototype learning, 

and generalization, already detailed previously.  

 The low-noise theory resonates with other theories such as the WCC (Frith 1989), the 

EFP (Mottron et al. 2006), the Reduced Generalization (Plaisted 2001), and the Learning-

style (Qian and Lipkin 2011) theories of ASD. 

 

I. 4. D. Limitations of these theories 

 These theories aim at defining a unifying theory of ASD. However, a frequent 

drawback is the difficulty to explain every aspect of the autistic symptomology: perception, 

sensitivity, motor abilities, social abilities, cognitive flexibility, etc. Some of the main 

limitations are presented below. 

 First, the hypothesis of an impaired ToM in ASD mostly explains the difficulties in 

social interactions and communication encountered in ASD, but fails to account for perceptual 

abnormalities. In addition, a deficit in the ToM cannot explain the autistic symptoms of the 

20% of autistic children who pass the Sally and Anne test, the 74% passing the Dot-Midge 

task, nor the adults with ASD succeeding at these tests. 

 The WCC theory of ASD and related theories suggest increased local processing and 

reduced global processing in ASD, but studies often show inconclusive results. For instance, a 

recent study investigating visuospatial processing in a copying task did not show any 

differences in local bias or global deficit between ASD and typically developing children 

(Smith et al. 2016). Furthermore, Van der Hallen et al. (2015) performed a meta-analysis 

based on 56 studies investigating local and global visual processing in about 1000 subjects 

with ASD. Group performance neither showed a tendency for enhanced local visual 

processing nor for impaired global visual processing in ASD. This meta-analysis revealed that 

subjects with ASD were slower than controls at processing global information (Van der 

Hallen et al. 2015). Furthermore, differences showing increased local processing and/or 

decreased global processing abilities in ASD could be related to task instructions, and so, 

these differences would be due to a disinclination rather than an impaired ability (Koldewyn 

et al. 2013; Van der Hallen et al. 2016). In addition, enhanced perceptual abilities in ASD 
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could be context and stimulus dependent. For instance, a study revealed that subjects with 

ASD had enhanced perceptual abilities for visual simple stimuli, but impaired abilities for 

more complex stimuli (Bertone et al. 2005). In their study, complex versus simple stimuli 

referred to second-order versus first-order information, as second-order information recruited 

more extensive neural circuitry. 

 Besides, theories based on atypical brain properties also have limitations. The intense 

world syndrome is based on rat models of ASD, which limits its application to humans. 

Theories of an increased or decreased neural noise in ASD have difficulties explaining both 

hypersensitivity and hyposensitivity, and the high noise theory could hardly explain enhanced 

discrimination abilities found in ASD. 

 Finally, theories like the Empathizing-systemizing theory suggesting two independent 

mechanisms to explain ASD symptomology are less parsimonious than the ones suggesting 

that one underlying mechanism could explain ASD peculiarities in every domain. 

 

I. 4. E. Theories focused on the build-up of internal references  

 Mirror neuron system 

 Mirror neurons were first discovered in the premotor area of macaques, and have the 

particularity to fire not only during action execution, but also during action observation (di 

Pellegrino et al. 1992; Rizzolatti et al. 1996). In humans, the mirror neuron system (MNS) 

encompasses the inferior frontal gyrus, the inferior parietal lobule, the lower parts of the 

precentral gyrus and the supplementary motor area (Gallese et al. 1996; Rizzolatti et al. 1996; 

Hari et al. 1998; Cochin et al. 1999; Rizzolatti and Craighero 2004; Kilner et al. 2009). By 

allowing individuals to embody the action performed by another person, the MNS would help 

understanding the goal of others’ actions and would also be involved in empathy, in inferring 

others’ states of mind, in acquiring language and in imitating others (Rizzolatti and Craighero 

2004; Gallese et al. 2013).  

 A broken mirror hypothesis of ASD was introduced, based on observations of 

decreased cerebral responses in ASD individuals observing actions (Williams et al. 2001; 

Cattaneo et al. 2007; Rizzolatti and Fabbri-Destro 2010). EEG studies were in favor of a 

decreased MNS activity in subjects with ASD watching actions performed by others 

(Oberman et al. 2005; Martineau et al. 2008), but not when they were watching actions 

performed by their own hand or by a familiar one (Oberman et al. 2008). Review on fMRI 
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studies suggested a dysfunction of the MNS in ASD during action observation and imitations 

(Yang and Hofmann 2016), especially for fMRI studies using emotional stimuli (Hamilton 

2013). In ASD, an impaired functioning of the MNS would lead to decreased ability to infer 

others’ intentions in the motor and social domains. 

 One of the limitations in inferring the cause of others’ actions with the MNS is that 

identical movements can be made for different goals (Kilner et al. 2007a). In order to solve 

this problem, the MNS can be reinterpreted within the Bayesian or predictive coding 

frameworks (Kilner et al. 2007a, 2007b). Within these frameworks, the most likely cause of 

an observed action can be inferred by minimizing prediction error, which corresponds to the 

discrepancy between sensory inputs (e.g. observed action) and expectations (e.g. previously 

learnt motor sequences which constitute our prior knowledge). With the MNS, the brain 

establishes a correspondence between observed motion and its own motor system, so as to 

infer intention (Schrodt et al. 2015). Hence, understanding and predicting somebody’s actions 

integrates both current motion and prior knowledge about his/her intention in a certain context 

(Hudson et al. 2016). It therefore relies on internal references learnt throughout past 

experiences. 
 

 Sensorimotor representations 

 Closely related to the MNS theory of ASD, another theory suggests that ASD could be 

characterized by difficulties to build up and adjust sensorimotor representations (Schmitz et 

al. 2003; Schmitz and Assaiante 2008). Action anticipation relies on the sensorimotor 

representations acquired during previous motor experience (Johansson and Cole 1992; 

Schmitz et al. 2005). Studies investigating motor control and anticipation in ASD showed 

decreased anticipatory functions, reduced postural control, decreased prediction of ensuing 

actions and decreased motor preparation (Rinehart et al. 2001; Molloy et al. 2003; Schmitz et 

al. 2003; Minshew et al. 2004; Rinehart et al. 2006; Fournier, Kimberg, et al. 2010; Zalla et 

al. 2010; Brisson et al. 2012). It therefore suggests an impaired learning of sensorimotor 

internal representations in ASD. Remarkably, a retrospective study based on family movies 

suggested an anticipation deficit during feeding situations in the infants between four and six 

months old who were later diagnosed with ASD (Brisson et al. 2012). Within the Bayesian 

framework, sensorimotor learning would indeed integrate prior knowledge and sensory 

feedback (Körding and Wolpert 2004). 
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 Bayesian theories 

 Recently, a computational probabilistic view of ASD was presented. Theories based 

on the Bayesian or predictive coding frameworks propose a unifying view of ASD 

symptomatology (Brock 2012; Pellicano and Burr 2012; van Boxtel and Lu 2013; Lawson et 

al. 2014; Sinha et al. 2014; Van de Cruys et al. 2014; Palmer et al. 2017). Bayesian brain 

theories postulate that the brain is proactive and constantly builds up or adjusts priors. These 

priors, or expectations, capture the underlying statistical regularities of our environment. 

Priors help inferring the causes and meaning of stimuli, but also influence our perception. 

Indeed, percepts emerge from the relative contribution of sensory information and priors. 

Bayesian theories of ASD suggest that ASD could be characterized by an imbalance in the 

contribution of priors relatively to sensory inputs. The Bayesian framework and the Bayesian 

theories of ASD are fully developed in Chapter II. More globally, computational psychiatry 

offers a new approach to understand psychiatric and neurologic disorders (Stephan and 

Mathys 2014).  

 Figure 9 summarizes the main theories of ASD. 

Figure 9 : Summary of part I.4 
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II. Computational approaches of Autism Spectrum 

Disorders 

 

II. 1. The Bayesian brain 

II. 1. A.  First steps toward the Bayesian brain theory 

Perception as hypothesis testing 

 Over the past century, it has been proposed that our brain tries to infer the causes of 

our sensations in a similar way as we test scientific hypotheses (von Helmholtz 1866; Gregory 

1968, 1980): “both hypotheses of science and perceptual processes of the nervous system 

allow recognition of familiar situations or objects from strictly inadequate clues” (Gregory 

1980). Yet, this idea is not so novel, since discussions by Plato, Aristotle and other 

philosophers, already suggested that individuals would be doing associative processing when 

perceiving their environments (Tenenbaum et al. 2011). 

 Von Helmholtz had introduced the idea of “unconscious inference”, by which implicit 

knowledge would be incorporated into image formation. This unconscious inference would 

help disambiguating ambiguous images (von Helmholtz 1866). With the example of the 

apparent weight of an object, Gregory explained that “weight is evidently not judged simply by 

the input from the arm, but also by prior expectation set by the previous handling of weights” 

(Gregory 1968). Depending on the context, the brain tries to infer the correct representation, 

by comparing the incoming sensory input with these priors. The hypotheses generated by the 

brain allow interpolations through data-gaps, but also extrapolations to apply priors learnt in 

past situations to new ones (Gregory 1980). Perceptual errors or mismatches are generated 

when the prior differs from the incoming input.  

 From an evolutionary perspective, we can hypothesize that the ability of the brain to 

build up prior expectations would have been selected, as it enables a better adaptation to the 

environment, and so better chances of survival. 
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Biased perception toward priors 

 In the 1900s, Hollingworth introduced the Central Tendency of Judgment theory, in 

which he described the influence of internal representations on perception (Hollingworth 

1910). He pointed out that when individuals are asked to make a perceptual judgment, they 

tend to be biased: they judge the feature of a stimulus as being closer to the expected feature 

value than it actually is. For instance, in his task, participants were presented with square 

cards of various sizes which had to be memorized (Hollingworth 1910). The presentation of a 

card was followed by a short delay, and then, participants had to choose the matching card 

from a set of cards (i.e. the card with the same size as the card previously memorized). The 

protocol and main results are summarized in Figure 10. 

Figure 10 : Study by Hollingworth (1910) 

 

 Hollingworth noticed that participants tended to select a bigger card when the 

memorized card was smaller than the average size, whereas they selected a smaller card when 

the memorized card was larger than the average size. The average size was implicitly learnt 

throughout the experiment, and constituted the prior knowledge of the participants. This 

biased perception toward the average magnitude of the feature was called the contraction bias, 

and was demonstrated in a series of other experiments using visual, auditory and 

somatosensory modalities (Poulton 1989). 

 Hollingworth defines the Central Tendency of Judgment as follows: “Judgments of 

time, weight, force, brightness, extent of movement, length, area, size of angles, have all 

shown the same tendency to gravitate toward a mean magnitude, the result being that stimuli 

above that point in the objective scale were underestimated and stimuli below overestimated, 
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while the mean magnitude itself was invested with no constant error. […] In all estimates of 

stimuli belonging to a given range or group, we tend to form our judgments around the 

median value of the series - toward this mean, each judgment is shifted by virtue of a mental 

set corresponding to the particular range in question” (Hollingworth 1910). 

 Independently from the feature assessed, the judgments would be biased toward the 

“indifference point” (IP) (Hollingworth 1910). The IP is relative, not absolute, since within an 

experiment, the IP depends on the series limits of the stimuli used, and so highly depends on 

the context. The IP would influence immediate perception, leading to overestimation or 

underestimation of the features. The Central Theory of Judgment reflects the incorporation of 

prior information in psychophysical judgments (Jazayeri and Shadlen 2010). 

 Interestingly, a task investigating interval timings encoding revealed a central 

tendency judgment in non-musicians, but not in drummers who must have a more precise 

encoding of the rhythms than non-musicians (Cicchini et al. 2012). In another temporal 

reproduction task aiming at eliciting a contraction bias, Karaminis and colleagues suggested 

that the central tendency reduced with age, as the youngest children tested (between ages 7 

and 10 years old) were the ones with the highest bias (Karaminis et al. 2016). Bayesian 

computational modeling of the results suggested that younger children used stronger priors 

and had noisier sensory input. 

 The Central Tendency of Judgment appears to express over the whole spectrum of our 

sensorium (Kahneman and Klein 2009) and is a strong evidence in favor of a Bayesian 

account of our perceptual decisions, as it emerges from percepts that are biased by build-up 

expectations. 

 

II. 1. B. Bayesian brain theory 

 The Bayesian brain framework considers the brain as a probabilistic machine, 

constantly making predictions about its environment. In this view, the brain implicitly learns 

regularities of its environment, to refine its internal representation of the world and to infer 

the future state of the environment. The brain would actively postulate what is the most likely 

interpretation of the incoming stimulus in an ambiguous environment, it would be proactive 

(Bar 2004, 2007, 2009). These predictions would be based on priors or “scripts” containing 

expectations given past experiences, such as scripts storing motor plans (Bar 2009). The 

implicit learning of statistical regularities of sensory inputs would help inferring its causes, 
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and would be already performed by newborns and infants (Saffran et al. 1996; Kirkham et al. 

2002; Xu and Garcia 2008; Bulf et al. 2011). The Bayesian brain hypothesis could explain 

how we perceive, predict and interpret our environment (Bar 2007; Clark 2013; Friston 2003, 

2012a, 2012b). This probabilistic view of perception is based on Bayes’ rule or theorem. 

 

Bayes’ theorem 

 Thomas Bayes and Pierre-Simon Laplace formulated the Bayes’ theorem, which 

estimates the conditional probability of an event A, given the event B. It can be written as 

follows: 

 (1) 
 

 

 Where P(B) plays the role of a normalization constant and is given by: 

 (2) 
 

Bayes’ rule is thus often reformulated as: 

 (3) 

 In other words, the posterior probability  is proportional to probabilities 

 and . 

 

Bayesian brain theory 

 In the context of the Bayesian brain, the brain assesses the probability of a hypothesis 

H to be true given the incoming sensory input S, based on prior beliefs and the actual 

sensation. In this context, Bayes’ rule can be written as follows: 

 (4) 
 

 Hence the percept (posterior) results from the combination of sensory evidence 

(likelihood) and current belief (prior) on the state of the world. Both the likelihood and prior 
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functions are often modeled by Gaussian distributions, of mean x and precision π (inverse of 

variance): 

 (5) 

 In this particular case, the combination of the likelihood and prior distributions results 

in a Gaussian posterior distribution. Computational simulations of cortical neuron networks 

suggest that neurons represent probability distributions of the stimulus feature, with variable 

degrees of precision, and combine the distributions according to an approximation of Bayes’ 

rule (Ma et al. 2006). The maximum of the posterior probability distribution, centered on xpost, 

is considered as the best estimate of the feature given the prior and sensory data. 

 (6) 
 

  Figure 11 illustrates the combination of the likelihood and prior functions to give a 

posterior function in the simple general case of one-dimensional Gaussian variables.  

Figure 11 : One-dimensional prior and likelihood Gaussian functions and 
the ensuing Bayesian posterior 

 

 The posterior estimate is a linear combination of the priors and likelihood means, 

weighted by their respective precisions: 

 

 

(7) 
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  The more precise the distribution of the prior or likelihood, the more influence it has 

on the posterior distribution. In other words, a strong prediction (i.e. precise prior) will 

greatly bias perception toward the prior. Likewise, a noisy sensory signal (i.e. likelihood 

with a wide variance) will induce a posterior largely biased toward the prior (Tassinari et al. 

2006; Tong et al. 2016). The effect of the variance on the distribution of the posterior is 

illustrated in Figure 12. 

Figure 12 : Effect of prior and likelihood variances on posterior distribution 
(Powell et al. 2016) 

 
Schematic of the Bayes model of perception (here: example for speed perception). 
The central panel shows how the variance of the prior distribution and the sensory evidence influence 
perceived speed (mean of the posterior distribution, color-coded from 0 to stimulus speed V). Each 
contour corresponds to an observer (identified by symbols in the central panel) with a particular 
combination of prior variance and level of sensory evidence. 
Top panels: flat priors. Bottom panels: sharper priors. Sensory evidence (likelihood) becomes less 
reliable from left to right. In each case, the statistically optimal best guess is based on multiplying the 
sensory evidence (likelihood function) with the prior distribution to yield the posterior distribution. 
 

Prediction error 

 Note that equation 7 above can be rewritten as follows: 

 (8) 

This clearly shows that belief up-dating or the way the prior expectation evolves to 

form a posterior belief depends on the prediction error term. Prediction error refers to the 
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difference between the predicted percept (given by ) and the actual sensation ( ). 

Importantly, prediction error is weighted by precisions. This weight can be flexibly modulated 

depending on whether prediction error is informative or not (Clark 2013). Indeed, prediction 

errors can be used to update the predictive model when they correspond to learnable 

regularities, and can be ignored when they correspond to intrinsic noise in the environment 

(Van de Cruys et al. 2013). Precisely, prediction errors signaling intrinsic noise should not be 

used to update prior mean, but can be used to improve future precision estimate (Van de 

Cruys et al. 2016). 

 Following prediction errors (PE), internal representations can be adjusted to improve 

future predictions (Schultz and Dickinson 2000; Friston 2003). One challenging element to 

update priors is that the brain needs to “distinguish whether the uncertainty is caused because 

our environment has changed, or because we have not yet obtained enough samples in an 

otherwise stable environment” (Duzel and Guitart-Masip 2013). For accurate perception, the 

brain requires to get the best adapted predictive model, minimizing prediction errors (Feldman 

and Friston 2010; Clark 2013). Indeed, according to the free-energy principle3, the objective 

of perception and action is to minimize surprise (i.e. to avoid prediction errors) (Friston et al. 

2006). 

 As shown above, changes in beliefs are proportional to PE, weighted by the ratio of 

the precision of the sensory input (  and of the prior  (Mathys et al. 2011). 

 (9) 
 

 Predictive coding in the brain suggests that cortical hierarchies implement Bayesian 

inference such that the relative weight of priors and sensory inputs is controlled by their 

precisions (Rao and Ballard 1999; Friston 2008). At each level, a comparison is made 

between top-down predictions and bottom-up incoming signals, giving rise to an upward 

message passing in the form of a weighted PE and to an up-dated downward prediction 

(Feldman and Friston 2010; Clark 2013). The higher the hierarchical level, the larger the span 

of information representations along the temporal and spatial dimensions (Kiebel et al. 2008). 

Within the predictive coding framework, predictions and prediction errors are considered in 

several levels of the cortical hierarchy. Low-level versus high-level priors can refer to unique 

                                                 
3 The free-energy principle says that any self-organizing system that is at equilibrium with its environment must 
minimize its free energy. Free energy is an information theory measure that bounds or limits the surprise on 
sampling some data, given a generative model. Here, surprise refers to the negative log-probability of an 
outcome (an improbable outcome is therefore surprising) (Friston 2010). 
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versus multiple features or to simple versus complex stimuli. For instance, extracting only 

first-order orientation of a stimulus requires early visual regions (i.e. lower level), whereas 

treating orientation out of noise involves a more extensive neural circuitry (i.e. higher level) 

(Bertone et al. 2005). Besides, higher-level priors can also refer to hyper-parameters which 

modulate prior precision (Friston et al. 2013), depending on the volatility of the environment. 

Hence, higher-level priors can refer to priors including larger time-scales. 

 Figure 13 illustrates a simplified representation of predictive coding. 

Figure 13 : Prediction error in the predictive coding framework 

 

Bayesian inference in the brain 

 In the Bayesian framework, perception is viewed as a compromise between uncertain 

sensory data and priors based on previous experience, minimizing prediction errors. This 

minimization can be made by choosing an appropriate action to make the environment match 

predictions, or by using this signal to adjust beliefs to be better adapted.  

 Bayesian inference would be particularly effective in ambiguous environments, since 

expectations or priors will exert greater influence on perception when sensory data seem 

poorly reliable as they are noisy (Tong et al. 2016). Priors have two main effects on 
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perception. On the one hand, priors facilitate stimuli detection and interpretation, despite the 

stimulus complexity and the background noise (Seriès and Seitz 2013). On the other hand, 

global expectations and implicit priors can alter the appearance of a stimulus and bias our 

perception (Colloca and Benedetti 2005; Petrovic et al. 2005; Sterzer et al. 2008). Bayesian 

inference in the brain is illustrated by Figure 14. 

Figure 14 : Predictive coding and Bayesian brain 
(Haker et al. 2016) 

 
A. The brain’s homeostatic goal is to minimize prediction errors. Prediction errors can be reduced in two 
ways: action or learning. 
B. Predictions can be fulfilled by choosing actions that lead to expected sensory inputs.  
C. Incorrect predictions can be adapted according to prediction error. Under this model update 
(learning), the prediction error is explained away.  
D. Due to stochasticity in the environment (1) and noise of sensory channels (2), prediction errors can 
usually not be fully explained away (3). Their impact on belief updates depends on the relative precision 
of sensory input and prediction (4), which is coded in higher levels of the internal model (5). 
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 The role of priors in perception highlights the idea that the brain is a proactive system 

that constantly generates predictions (Bar 2004, 2007). These memory-based predictions 

would “facilitate perception and cognition by pre-sensitizing relevant representations” (Bar 

2007). Predictions would be based upon repeated patterns and statistical regularities found in 

our environment, stored in memory and enabling associations. Then, the brain would search 

analogies between a novel sensory input and internal representations (Figure 15). Finally, the 

brain would translate these analogies and associations into predictions, depending on the 

overall context. This process would facilitate perception and help interpretation and 

categorization of the stimulus. 

Figure 15 : Mechanisms of analogy and contextual influence 
(Bar 2004, 2007) 

 
A. Simplified process of analogy connecting the input with known and predicted attributes. Selection of 
the maximal amount of feature (F) overlapping with the input (Bar, 2007) 
B. Context-based predictions make object recognition more efficient. The hairdryer in the top panel and 
the drill in the bottom panel are identical objects: contextual information uniquely resolves ambiguity in 
each case (Bar, 2004). 

 Priors or expectations can be either structural or contextual (Seriès and Seitz 2013). 

Structural priors correspond to default expectations based on implicit learning of the natural 

environment. It can explain the “light from above” illusion (Figure 16) in which shapes can be 

seen as bumps or dimples, simply based on the structural prior in our environment that sun 

light usually comes from above (Adams et al. 2004; Gerardin et al. 2010; Thomas et al. 2010). 
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However, experimental evidence suggest that structural priors could be updated through 

experience (Adams et al. 2004).  
 Contextual priors can 

change the interpretation of an 

ambiguous image. For instance, 

depending on the context, the 

bistable image in Figure 16 can be 

seen rather as a rabbit or as a 

duck. Indeed, with a similar 

bistable image, the majority of 

children interrogated on Easter 

day interpreted this image as a 

rabbit, whereas a majority of 

children interrogated in October 

interpreted it as a duck (Brugger 

and Brugger 1993). 

 

II. 1. C. Examples of Bayesian inference tasks 

 The predictable features of stimuli and associated contexts can facilitate perception 

and stimulus recognition, but can also occasionally lead to inaccurate perception (Bar 2004, 

2007). Several tasks were developed to test how our perception can be biased by priors. 

Bayesian inference can be experimentally tested in tasks presenting some ambiguity. It will 

provoke a distortion of the percepts, especially when the subjects need to take decisions from 

noisy sensory inputs. In these contexts, participants are going to rely on their priors to a great 

extent. Contextually driven expectations can bias perception (Bar 2004), which can be 

observed in tasks revealing misrecognition of objects belonging to the context (Palmer 1975; 

Bar 2004; Schlangen and Barenholtz 2015), false memories (Miller and Gazzaniga 1998; 

Carpenter and Schacter 2016; Devitt and Schacter 2016), or linguistic distortions (Morris and 

Harris 2002). These priors might have been learnt over different time scales: over a lifetime 

for visual illusions or over a minute for “time-order effect” tasks. These kinds of tasks are 

described in the following sections. The so-called time-order effect is particularly detailed, 

because we use this effect in several experiments of this thesis (studies III and IV). 

 

Left: Light-from-
above illusion as 
an example of 
structural prior. 
  
Right: rabbit or 
duck bistable 
image, example 
of contextual 
prior. 

Figure 16 : Structural and contextual expectations 
(Seriès and Seitz 2013) 
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Bayesian inference in visual illusions 

 In 1968, Gregory already raised the question of how the brain would manage to 

interpret ambiguous images (Gregory 1968). Visual illusions illustrate how our perception can 

be biased by prior knowledge and contextual priors. Some authors suggest that visual illusions 

should be considered as rational inferences with optimal computations, rather than as 

perceptual errors (Weiss et al. 2002). Examples of common visual illustions are shown in 

Figure 17. 

Figure 17 : Examples of visual illusions 

 
Percepts can be biased by priors, leading to illusions of differences in size (A and B) or shades of grey (E) 
between similar items, to the appearance of an invisible shapes (C), of inclined lines (D), or of 
perspectives (F). 

 For instance, in Figure 17.C (Gestalt triangle), we tend to perceive a white triangle 

even though the edges of the triangle are absent. Given our prior knowledge and the sensory 

data available, our brain infers that the most probable structure is a white triangle overlaying 

three black discs and another triangle with black contours. Indeed, given our previous 

experience of our environment, it is more parsimonious to consider a white triangle rather 

than six independent shapes arranged in this very specific configuration. 
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Bayesian inference in random dot tasks 

 Another way to study Bayesian 

inference in an ambiguous context consists 

in using random dot kinetograms to 

measure perceived motion coherence 

(Cornelissen et al. 1995; Barlow and 

Tripathy 1997; Milne et al. 2002; Dakin 

and Frith 2005; Zhang 2012; Manning et 

al. 2014). In these tasks, subjects watch an ensemble of dots, a proportion of which move 

along a certain direction, while the others move randomly. Subjects have to indicate the main 

direction of the dots. A threshold of motion coherence can be calculated as the lowest 

proportion of dots needed to correctly identify the global direction of the dots. 

 In these tasks, the sensory noise level can be easily adjusted by changing the 

percentage of dots with coherent movement, by modifying the precision of the trajectory of 

the dots, or by adding some variability in the direction of movement (Dakin and Frith 2005). 

With these ambiguous contexts, participants need to perceptually infer the main direction of 

the movement given the variance of the sensory information. 

 

Bayesian inference and the time-order effect 

 Many of the perceptual tasks investigating the Bayesian brain hypothesis make use of 

effects such as the contraction bias described by Hollingworth (1910). A contraction bias is 

observed when the magnitude of a feature is over or underestimated, so that it is perceived as 

closer to the average magnitude than it actually is (Hollingworth 1910). 

 A kind of contraction bias is observed in two alternative forced choice tasks where two 

stimuli are successively presented. This observed bias is usually referred to as the “time-order 

effect” (TOE). Participants have to compare the magnitude of a given feature between the two 

stimuli. Depending on the order of presentation, the difference in magnitude between the two 

stimuli will either be perceived as diminished or amplified (Preuschhof et al. 2010; Ashourian 

and Loewenstein 2011; Englund and Hellström 2012; Karim et al. 2013; Hellström and 

Rammsayer 2015). Hence, the comparison of the two stimuli will seem to be harder or easier. 

The time-order effect operates as if an implicit prior encoding the average magnitude of the 

feature would bias the subject decisions. 

Figure 18 : Motion coherence task (moving dots) 
(Zhang 2012)  
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 Interestingly, priors do not need to be lifetime learnt priors, but can be manipulated in 

an experimental design to be learnt over a few minutes only (Jazayeri and Shadlen 2010; 

Preuschhof et al. 2010; Ashourian and Loewenstein 2011).  

 Time-order effects have been evidenced in many features of visual, auditory and 

tactile modalities as well as in temporal interval judgment tasks (Romo et al. 2000; Jazayeri 

and Shadlen 2010; Preuschhof et al. 2010; Ashourian and Loewenstein 2011; Englund and 

Hellström 2012; Karim et al. 2013; Wiener et al. 2014; Hellström and Rammsayer 2015).  

 The time-order effect was previously described in several tasks investigating tactile 

perception in human and non-human primates (Karim et al. 2013; Preuschhof et al. 2006, 

2010; Romo et al. 2000; Sinclair and Burton 1996). In these tasks, participants receive two 

successive vibrations, and have to determine whether the frequency of the second stimulation 

is higher or lower than the frequency of the first one. During the task, subjects implicitly 

build-up a prior on the forthcoming frequency of stimulation, centered on the mean frequency 

of the previously perceived stimulations. Such a design results in a perceptual bias: the first 

stimulation (to be memorized) is underestimated when it is larger than the average of the 

delivered frequencies; and is overestimated when smaller. Figure 19 illustrates how 

perception is biased toward priors in a frequency comparison task involving two successive 

tactile stimulations. 

 The TOE would be due to a larger contribution of the prior to the perception of the 

first stimulus, compared to the one of the second stimulus. It has been suggested that this 

difference in contribution emerges from the delay (memorization) period which follows the 

first stimulation. Preuschhof et al. (2010) found that the TOE increased when the inter-stimuli 

interval (ISI) increased (100ms vs 4100ms). This result suggests that the delay between the 

two stimuli increases uncertainty about the first stimulation, augmenting the relative weight of 

prior information on the perception of the first stimulation. Nonetheless, Karim et al. (2013) 

found a stronger TOE for shorter ISI (300ms) in a vibrotactile discrimination task. They 

observed a complex non-linear dependence between the size of the TOE and the ISI (testing 

four delays: from 300 to 2400ms) (Karim et al. 2013). 

 Hence, the time-order effect can show how posteriors are computed from the 

likelihood and prior distributions, whose relative weight depend on the precision of these 

distributions. 
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Figure 19 : Time-order effect in a vibrotactile frequency discrimination task 

 
In this task, subjects receive two successive tactile stimulations on their finger, and are asked to 
compare their frequencies. Percepts of the 1st and 2nd stimulations are shifted toward the prior (Fmean).  
The percept of the 1st stimulation is even more shifted toward the prior because the delay period might 
decrease the weight of the sensory evidence relatively to the prior weight.  
F1: 1st stimulation, F1’: F1 posterior mean. 
F2: 2nd stimulation, F2’: F2 posterior mean. 
 

In the case where frequencies are higher than the prior Fmean, the perceptual bias is the following: 
 

    If the 2nd frequency is higher than the 1st one (F2>F1): 
⪧ The difference between the percepts F1’ and F2’ will be perceived as increased, resulting in a 
facilitated comparison of the frequencies. 
 

   If the 2nd frequency is lower than the 1st one (F2<F1): 
⪧ The difference between the percepts F1’ and F2’ will be perceived as decreased, resulting in a 
harder comparison of the frequencies.  

 

 The time-order effect expresses in the accuracy and speed of responses. Figure 20 

shows the results from a tactile discrimination task eliciting a time-order effect (Preuschhof et 

al. 2010). For frequencies higher than the expected frequency, accuracy is higher and 
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response times shorter when the 2nd frequency is higher than the 1st one (i.e., further away 

from the prior frequency), whereas accuracy is worse and response times longer when the 2nd 

frequency is lower than the 1st one. For frequencies lower frequency than the expected 

frequency, the reverse pattern is found.  

Figure 20 : Results from a tactile time-order effect task  
(Preuschhof et al. 2010) 

 

 The TOE is centered on the prior, corresponding to the mean value of the feature 

studied. A shift in the prior distribution results in a similar translational shift in the bias curve 

(Ashourian and Loewenstein 2011). 

 

Pilot study of a visual time-order effect 

 In a pilot study with 24 control participants, we investigated the time-order effect in a 

visual task. In this task, participants had to compare the luminance of two successively 

displayed discs. Participants were asked to determine whether the 2nd disc was clearer or 

darker than the 1st one. There were five possible degrees of luminance for the discs, the 

darkest luminance being LA, the average LC and the clearest LE. The complete description of 
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this task (methods and results) is available as Supplementary material (Appendix 1). The main 

findings are presented in Figure 21. 

Figure 21 : Pilot study on a visual time-order effect in controls 

 
Left: Percentage of answers “clearer” and “darker” when two similar discs were successively shown 
(darker ones: LA, clearer ones: LE). The prior on the luminance is LC, corresponding to the average 
luminance displayed. 
*** p < 10-4: percentage of answers “clearer” and “darker” significantly different from chance level. 
 

Right: Percentage of correct answers when two discs of different luminance were successively shown. 
Accuracy highly depended on the order of presentation of the luminance. 
The percentage of correct answers is near chance level for the presentation of LA followed by LB, and for 
LE followed by LD. 
As a contrary, accuracy is improved when LB is followed by LA, and when LD is followed by LE.  
The control condition corresponds to the cases where the 1st stimulus is LC (the prior).  
More details are available in the Appendix 1 of the supplementary material. *** p < .001 

 The TOE could be seen for two discs of different luminance (right graphic), but also 

for two discs of similar luminance (left graphic). 

 When two dark discs are successively presented (LA), the percept of the 1st disc will be 

drifted toward the prior (LC) to a greater extent than the 2nd one. Then, the 2nd disc will be 

perceived as darker than the 1st one (as the prior LC is clearer than LA). 

 When two discs of different luminance are presented, the comparison of LB followed 

by LA seems facilitated, because LB is clearer than LA and is drifted toward the clearer prior 

LC. As a contrary, when LA is presented before LB, the comparison seems harder, because LA 

is darker than LB, but is drifted toward the clearer prior LC. 
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Effect of noise on the time-order effect 

 Ashourian and Loewenstein (2011) investigated how the time-order effect evolves 

when noise is added to the representation of the first stimulus. They used a TOE task where 

participants had to compare the length of two horizontal bars successively displayed. In order 

to blur the representation of the first stimulus, they added a distracting memory task between 

the presentations of the two bars, where subjects had to memorize a series of flashing colors 

on the screen. Adding such noise in the representation of the first stimulus increased the size 

of the TOE (Ashourian and Loewenstein 2011). These results are shown in Figure 22.  

Figure 22 : Effect of noise on the time-order effect  
 (Ashourian and Loewenstein 2011) 

 
A. Task design: half of the trials were a classical TOE task (standard version), and the other half 
included a distraction memory task (color version). L1/L2: Length of the first/second bar. 
B. Percentage of correct answers in the bar length comparison in the standard (black) and color (red) 
tasks. Results are shown for easy trials (±30% of difference between L1 and L2), intermediate trials 
(±15% of difference) and hard trials (±7.5% of difference). 
C. Response curve in the standard (filled circles) and color trials (open circles). The larger slope of the 
response curve on the color trials compared to the standard trials suggests that the secondary task 
caused an enhancement of the contraction bias. Lines are the best fit of the Bayesian model. 

 

 These results suggested that the contraction bias, leading to the TOE, occurred during 

decision making and not during memory encoding of the stimulus (Ashourian and 
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Loewenstein 2011). The extent of the bias depended on the precision of the memory of the 

sensory input. 

II. 1. D. From Bayesian brain theories to ASD 

 As the Bayesian brain theory was successful in explaining how our perception of the 

world emerges, recent theories were formulated to explain the atypical perception in ASD 

(Brock 2012; Pellicano and Burr 2012; Van de Cruys et al. 2013, 2014; Lawson et al. 2014). 

These theories mostly rely on autistic symptoms such as atypical sensory processing, 

intolerance to change and atypical learning. They intend to explain both social and non-social 

symptoms of ASD. 

 The Bayesian approach applied to psychiatry led to the emergence of computational 

psychiatry, which could help understanding this spectrum of disorders (Montague et al. 2012; 

Stephan and Mathys 2014). First, a Bayesian approach of ASD proposes a unifying view of 

ASD, encompassing sensitivity and perceptual issues, as well as social comprehension 

difficulties. In addition, Bayesian brain theories of ASD might contribute to the improvement 

of the diagnosis and treatment of individuals with ASD (Haker et al. 2016). The diagnosis of 

psychiatric disorders can hardly be made through direct access to tissues or biomarkers, and 

so, hidden causes cannot be inferred, as opposed to many diseases. Computational models 

based on generative models of behavioral or cerebral activity could infer these causes 

(Stephan and Mathys 2014). As maladaptive cognition is characterized by aberrant learning 

and inference, investigating priors, prediction errors and precision of sensory inputs can help 

understanding many psychiatric disorders (Stephan and Mathys 2014; Haker et al. 2016). 

 In ASD, many symptoms point to an imbalance in the regulation of the precision of 

one of these three elements (Brock 2012; Pellicano and Burr 2012; Van de Cruys et al. 2013, 

2014; Lawson et al. 2014; Sinha et al. 2014; Friston 2016). Indeed, the difficulties to 

generalize or have abstract representations of either sensory inputs or language suggest 

atypical priors. Rituals and the need to exert control can be seen as ways to minimize 

prediction errors. Difficulties linked to unexpected changes and surprises might suggest 

atypical prediction errors in ASD. Considering ASD in the Bayesian brain framework could 

have consequences on possible behavioral therapies, by giving keys on the necessity to 

establish a predictable environment, or to give explicit definitions of abstract concepts rather 

than waiting for intuitive buildup (Haker et al. 2016). 
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Figure 23 summarizes the section II.1 on Bayesian brain. 

 

Figure 23 : Summary of part II.1 
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II. 2. Bayesian accounts of ASD 

 Bayesian brain theories of ASD suggest weaker priors, higher sensory confidence, and 

more globally, an imbalance in the relative precision of priors and sensory inputs, leading to 

highly precise prediction errors. 

II. 2. A. Decreased precision of priors in ASD? 

Pellicano and Burr (2012) were the first to propose a Bayesian explanation of autistic 

perception. In their view, individuals with ASD would have a perception of their environment 

that is “too real”, as compared to NT. They suggested that this very realistic and accurate 

perception of the world would be due to a perception being less biased toward priors. 

Pellicano and Burr (2012) argue that the WCC and EFP theories (Happé and Frith 

2006b; Mottron et al. 2006) take into account the atypical autistic perception, but do not fully 

specify the underlying computational mechanisms, and do not explain all sensory 

abnormalities (hyper- and hyposensitivity, 

sensory seeking behaviors). In addition, 

they argue that previous theories need 

refinements in order to explain why autistic 

individuals have difficulties dealing with 

the unpredictable nature of external events.  

The authors suggest that subjects 

with ASD have “hypo-priors”, 

corresponding to priors with large variance 

(Figure 24 : Bayesian . These hypo-priors 

should distort the sensory information to a 

fewer extent than in NT. This could explain 

their superior performance in copying 

impossible figures (Mottron et al. 1999) and 

the reduced susceptibility to illusions in 

ASD (Happé 1996; Mitchell et al. 2010). 

However, depending on the type of visual 

illusion, individuals with ASD might 

indeed show decreased susceptibility or 

Figure 24 : Bayesian theories of ASD 
(modified from Brock 2012) 
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similar susceptibility as controls (see Palmer et al. 2017, for a review). In addition, the hypo-

prior hypothesis is consistent with the finding that individuals with ASD are less influenced 

by prior knowledge in judging shapes in a context where perspective cues were removed 

(Ropar and Mitchell 2002). Contrary to typically developing children, children with ASD 

would not be helped by prior knowledge on shadows to identify objects (Becchio et al. 2010). 

 Concerning the autistic sensitivity, the hypo-priors could lead to experiences of 

sensory overload as the incoming sensory inputs would be poorly anticipated. The authors 

also suggest that facing changes or unexpectedness could be disadvantageous in situations 

where they have even less specific priors (Pellicano and Burr 2012).  

 Van Boxtel and Lu (2013) underlined that the predictive coding framework offers a 

natural implementation of the hypo-prior hypothesis, taking into account several levels of 

cortical hierarchy. They also highlighted that less precise predictions would increase 

prediction error, resulting in a constant bombarding by new surprises. Interestingly, within the 

predictive coding framework, ASD could be characterized by a “failure of beliefs about 

beliefs”, which means that there might be a wrong adjustment of the hyper-parameter 

controlling prior precision, as a function of contextual uncertainty (Friston et al. 2013). 

 In a recent study, Pellicano’s research group investigated the central judgment effect in 

a temporal reproduction task with children with ASD (Karaminis et al. 2016). They found that 

the ASD group showed a greater central tendency effect and poorer perceptual thresholds than 

matched typically developing children. They suggested that children with ASD did not 

increase enough the relative weight of their priors to compensate for their lower encoding 

precision. They concluded that children with ASD do not use prior knowledge to optimally 

reduce errors, as opposed to typically developing children. Nevertheless, their conclusion 

suggesting that ASD children use less prior information, therefore supporting their hypo-prior 

hypothesis, needs to be taken cautiously. Actually, the reduced relative influence of prior in 

children with ASD was only revealed when correcting the behavioral findings by accounting 

for individual poor temporal resolution (temporal resolution referred to their abilities to 

compare time intervals in series of three flashes appearing at different time distances). A main 

limitation of this study is that the assessment of the time interval reproduction task only relied 

on the precise timing of the motor responses of children with ASD, despite impaired motor 

abilities in children with ASD (Schmitz et al. 2003; Green et al. 2009; Fournier, Hass, et al. 

2010; Gowen and Hamilton 2013). 
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Evidence against the hypo-prior hypothesis 

 The experiments investigating priors in individuals with ASD showed mixed results 

suggesting either a decreased precision (Karaminis et al. 2016), an intact precision (Ego et al. 

2016; Pell et al. 2016) or an increased precision of the priors (Gonzalez-Gadea et al. 2015). 

An EEG study revealed a reduced response to unexpected events in the superior frontal cortex 

and an increased response to expected events in the dorsolateral prefrontal cortex in children 

with ASD, as compared to controls (Gonzalez-Gadea et al. 2015). The authors suggest that 

expectation abnormalities in ASD could be due to disproportionate precision allocated to 

priors. 

 A behavioral experiment investigating whether noise added to the eyes would create a 

perceptual bias (in which gaze would be perceived as direct) revealed no group differences 

between NT and ASD (Pell et al. 2016). They concluded that in this context, priors influence 

was intact in ASD. Moreover, adults with ASD were able to perceptually average information 

about a set of visual objects, suggesting an automatic form of statistical processing, including 

the buildup of a prior (Corbett et al. 2016). Another study investigated predictions in a 

blanking paradigm with adolescents with ASD (Ego et al. 2016). In this task, participants had 

to visually follow a moving target that sometimes disappeared. They found that both groups 

had similar predictive eye movements, suggesting intact predictive abilities for low-level 

sensorimotor transformations in adolescents with ASD. 

 Van de Cruys et al. (2013) highlighted that the hypo-prior hypothesis can be contested 

by the fact that people with ASD appear to be able to build up strong priors. Indeed, mismatch 

negativity (MMN) studies measure the difference between responses evoked by frequent 

(standard) and rare (deviant) stimuli, respectively. The MMN thus provides a measure of 

surprise or prediction error ASD subjects do show a MMN response, which was proven even 

faster compared to controls (Gomot et al. 2002, 2008; Ferri et al. 2003; Kujala et al. 2007; 

Cléry et al. 2013). The small violations of the predictions led to great PE, suggesting that 

people with ASD indeed entertain precise priors. 
 

II. 2. B. Increased sensory precision in ASD? 

 Following the hypo-prior hypothesis by Pellicano and Burr (2012), Brock commented 

on the idea that an increased precision of sensory inputs could lead to similar peculiarities of 

perception (Brock 2012). This is straightforward when considering Bayes theorem and the 
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emergence of percepts as predicted by equations 7 and 8. This indetermination or ambiguity 

between the effect of prior and sensory precisions is inherent to Bayes theorem and is 

illustrated in Figure 24. In ASD, perception could be very realistic (i.e. posteriors being very 

close to sensory evidence) either because of reduced top-down priors, or because of increased 

bottom-up sensory evidence. Indeed, these changes in variance would result in similar 

posterior means xpost. However, the posterior precision will be increased if the likelihood 

precision is increased, contrary to the reverse effect of hypo-priors. Given the heterogeneity of 

symptoms between ASD individuals, it might be that both mechanisms can be found in the 

ASD population. Brock (2012) suggested that the reduced long-range connectivity in ASD 

could lead to hypo-priors, while increased lateral inhibition could increase sensory precision. 

 Theories of ASD have suggested either an increased sensory noise (Simmons et al. 

2007) or a reduced one (Davis and Plaisted-Grant 2015). A reduced sensory noise would be 

coherent with a more precise encoding of the sensory inputs. Note that a reduced sensory 

noise predicts a decreased variance in intra-individual perceptual responses to identical 

stimuli (van Boxtel and Lu 2013), but this kind of evidence is still lacking. 
 

II. 2. C. Atypical precision of prediction errors in ASD? 

 As changes in the precision of both priors and sensory input lead to similar percepts, 

Lawson et al. (2014) highlighted the importance of the precision balance account of ASD. 

They suggested that autistic behaviors may “lie in the delicate balance of precision ascribed 

to sensory evidence relative to prior beliefs”. Autistic symptoms would thus emerge from 

atypical precision-weighting between ascending prediction errors and descending predictions 

(Lawson et al. 2014; Friston 2016). Interestingly, an EEG study suggested that adults with 

ASD could not flexibly modulate cortical activity according to changing levels of uncertainty 

(Thillay et al. 2016). A recent review article proposes that ASD would be characterized by a 

greater weighting of prediction error, yielding an increased learning rate (Palmer et al. 2017). 

The HIPPEA hypothesis 

 Van de Cruys and colleagues introduced the inflexible precision of prediction errors in 

autism (HIPPEA) (Van de Cruys et al. 2014). This hypothesis postulates that ASD symptoms 

would be due to an impaired adjustment of precisions: the weighting of prediction errors 

would systematically remain high. Such a precise PE would result in very specific predictions. 

In other words, every sensory input would be learnt as novelty, therefore promoting a too 
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complex model of the world, prone to overfitting in certain contexts. Indeed, too precise 

priors hardly generalize and are thus barely applicable, since it is very unlikely that the exact 

same situation will repeat in the future (Van de Cruys et al. 2013). In noisy and complex 

environments, excessive learning would be suboptimal and would lead to “too” strong 

predictions. In control subjects, depending on the context, the precision of the PE can be 

flexibly down-regulated, so that the general rule is not systematically violated and irrelevant 

sensory signals are not necessarily explained away. This is in line with the idea and 

supporting findings that in ASD, sensory related precision weighting would not be flexibly 

adjusted as requested by the volatility of the context (Robic et al. 2014; Palmer et al. 2017). 

 The hypothesis of a high and inflexible PE precision in ASD could explain both 

improved and impaired autistic abilities. In rare situations, there might be an exact match 

between the prior and the sensory data, enabling peak abilities such as better pattern detection 

with less inference from other patterns which look alike (Plaisted et al. 1998; Qian and Lipkin 

2011; Mottron et al. 2013). Nonetheless, in our quite complex and changing environment, the 

lack of generalizable inference could impair the understanding of stimuli and explain sensory 

overload in ASD. As such, the suboptimal adjustment of the relative weighting of prior 

knowledge and incoming sensory information would be consistent with the HIPPEA 

hypothesis. 

 The main consequences of HIPPEA include chronic unpredictability and repeated 

frustration in learning, leading to unusual sensory reactivity and atypical learning. 

Unpredictability has a clear negative impact on individuals as it induces stress, anxiety, mood 

problems and sensory avoidance (Miller 1981; Herry et al. 2007). A recent study assessed 

atypical sensory sensitivity, intolerance to uncertainty and anxiety in children with ASD, 

based on parental reports (Neil et al. 2016). They estimated that intolerance of uncertainty and 

anxiety scores explained half the variance in atypical sensory sensitivity in children with ASD 

(Neil et al. 2016). 
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Figure 25 summarizes the section II.2.  

Figure 25 : Summary of part II.2 
 

  



Theoretical background – Bayesian brain and ASD (II.3) 

74 
 

II. 3. Psychophysiological underpinnings of aberrant precision 

in ASD 

II. 3. A. Behavioral correlates  

Sensory and motor perception and learning 

 A schematic representation of the Bayesian brain account of autistic perception is 

presented below. 

  

 Highly precise prediction errors generated in the lower levels of the perceptual 

hierarchy would yield to weaker priors in levels above. Overprecision of sensory evidence at 

early sensory stages of processing could lead to over-fitting priors (hyper-priors) in the lower 

levels of the cortical hierarchy (Van de Cruys et al. 2013), and possibly non-informative ones 

at higher levels of the cortical hierarchy (Van de Cruys et al. 2016). The specificity of these 

predictions could contribute to enhanced local and detail-oriented performance, but also to 

decreased global processing due to non-generalizable predictions (Dakin and Frith 2005; 

Happé and Frith 2006b; Mottron et al. 2009). Hence, this could explain the previously 

detailed difficulties found in ASD to learn global rules, categorize and generalize. 

 However, a recent study suggested that learning in ASD did not differ from controls 

(Manning et al. 2016). Participants performed a decision-making task inspired by Behrens et 

al. (2007) where they had to track the statistics of volatile and stable environments. In such 

tasks, the relative weight given to new information should depend on the environment: in a 

stable environment, the weighting of new sensory information should rely on the outcomes of 

many previous trials, whereas in unstable environments, the influence of past events should be 

restricted to the most recent trials. If children with ASD tend to have uniformly high and 

Figure 26 : Bayesian brain and 
autistic perception 
(Haker et al. 2016) 

Overweighted low-level prediction 
errors, due to overly high sensory 
precision, cause overfitting of the 
internal model and difficulties in 
extracting meaningful information. 
This impairs the establishment of high-
level (abstract) representations and 
reduces the ability to explain away 
future prediction errors. 
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inflexibly precise PE, the authors expected their learning rates to be increased in both stable 

and volatile environments as compared to controls (Manning et al. 2016). However, their 

results did not show any difference in learning rates between children with and without ASD 

(Manning et al. 2016). Yet, in a quite similar task, adults with ASD were impaired in tracking 

the hidden statistics in a volatile environment (Robic et al. 2014). 

 Constantly experiencing salient mismatch errors between the incoming sensory data 

and priors could easily explain hyper responsiveness and hypersensitivity encountered in 

ASD. In other words, sensations of sensory overwhelming can be seen as a permanent 

bombarding of very strong PE. However, hypo-sensitivities have also been described in ASD 

(Takayama et al. 2014) and remain slightly harder to explain within the HIPPEA framework. 

Van de Cruys et al. (2014) suggested that it could simply result from a self-protective 

mechanism made to escape from this constant bombarding. 

 Finally, sub-optimal prior learning in ASD would be highly consistent with the idea of 

deficits in sensorimotor representation in ASD. Indeed, it would be associated with the 

impaired anticipatory abilities and difficulties to understand actions found in ASD (Williams 

et al. 2001; Schmitz et al. 2003; Minshew et al. 2004; Rinehart et al. 2006; Brisson et al. 

2012).  

Perceptual and executive flexibility 

 Perceptual and executive flexibility appears to be impaired in ASD (Ciesielski and 

Harris 1997; Gomot and Wicker 2012; D’Cruz et al. 2013; Robic et al. 2014). Narrow priors 

and high prediction error precision would lead to difficulties to make flexible perceptual 

switches. For instance, strong predictions would reduce perceptual switching in ambiguous or 

bistable figures, which was shown in ASD (Ciesielski and Harris 1997; Robertson et al. 2013; 

Best et al. 2015). Cognitive flexibility was also shown to be reduced in ASD (Ozonoff and 

Jensen 1999; Kaland et al. 2008). In general, many clinical observations underlie the idea that 

individuals have troubles adapting to unpredictable environments (Gomot and Wicker 2012). 

Hence, they tend to set up a very stable and predictable environment with precise daily 

routine. 

 Repetitive behaviors are part of ASD diagnosis, and can be seen as a way to perform 

actions characterized by very predictable proprioceptive feedbacks. In the view of active 
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inference4 (Friston et al. 2010, 2011), autistic repetitive and stereotyped behaviors could be 

abnormal but effective ways to reduce prediction errors, by experiencing well-predicted 

sensations. Hence, people with ASD would actively create predictability with their 

stereotyped actions, as a way to diminish the prediction error bombarding (Ornitz 1974; Van 

de Cruys et al. 2014). 

Figure 27 : Bayesian brain account of autistic repetitive behaviors 
(Haker et al. 2016) 

 

Social world 

 Within the Bayesian framework, social interactions can be seen as situations where 

subjects need to infer about others’ thoughts, actions and goals, and to minimize prediction 

errors when they observe others’ actions (Kilner et al. 2007b; Koster-Hale and Saxe 2013). 

Importantly, priors play a central role in disambiguating the causes of others’ behaviors 

(Palmer et al. 2017). The interpretation of social interactions requires the combination of 

multiple analogies, relying on previously built priors (Bar 2009). In a point-light study, 

contextual information helped discriminating the communicative gestures of interacting 

individuals in controls, but not in adults with ASD (von der Lühe et al. 2016). This result 

suggested that in ASD, difficulties encountered in social interactions could be closely related 

to impairment of predictive coding implementation. 

 With noisy and fluctuating social stimuli, there is a need to ignore low-level details 

and to develop high-level priors enabling the comprehension of these stimuli. In ASD, having 

troubles inferring the meanings of facial expressions, current situations, or told stories (etc.) 

could lie at the heart of core difficulties in social communication and interactions. 

                                                 
4 The concept of active inference suggests that one way to minimize prediction errors is to actively change 
sensory inputs to fulfill predictions (Friston et al. 2010, 2011). Indeed, in order to minimize prediction error, one 
can either act on its environment to make it fit its internal predictions, or flexibly change its own predictions. 

Minimization of prediction errors 
is achieved more easily by moving 
away from unpredictable 
environments into highly regular 
environments with repetitive 
actions and rituals, since they can 
be precisely predicted by a model 
without many levels of 
abstraction. 
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Additionally, the quite unpredictable nature of social stimuli would enhance the difficulties of 

individuals with ASD to extract the underlying regularities of these stimuli (Robic et al. 

2014). Strong prediction errors would be particularly generated with social stimuli which are 

very complex and show relatively high inter-individual variability.  

Figure 28 : Bayesian brain account of social interactions 
(Haker et al. 2016) 

 

II. 3. B. Neurophysiological correlates 

 The neural correlates of ascending prediction errors/sensory signals and descending 

predictions/priors remain quite unclear. In the predictive coding framework, predictions and 

prediction errors are generated at every level of the cortical hierarchy. Bell and colleagues 

found that the fusiform gyrus encompasses some neurons responding to the probability of a 

face appearing, and some others responding to the prediction errors (Bell et al. 2016). It was 

therefore suggested that the inferior temporal gyrus includes a subset of neurons encoding 

predictions and another subset encoding prediction errors. This result supports the predictive 

coding framework, which supposes that predictions and prediction errors pass between 

superficial and deeper cortical layers within each brain region. 

 However, some key brain regions could be associated with higher-level priors. Many 

studies suggest that predictions would be encoded mostly in frontal regions, and would be 

confronted with inputs coming from sensory regions to give rise to a prediction error (Bar et 

al. 2006; Summerfield et al. 2006; Sanchez 2014.; Herding et al. 2016; Sherman et al. 2016). 

Even though frontal regions seem important for predictions, a larger network would be 

involved in prior encoding. For instance, a visual task showed that regions more active with 

Social interactions are characterized 
by complex dynamic processes and 
irrelevant random features, which 
require suppression and regularization 
by an internal model with a high 
degree of abstraction and precise 
predictions. A relative failure of this 
model makes it difficult to infer the 
causes of social stimuli (i.e., 
understanding the meaning of social 
processes) and, thus, to interact with 
others. 
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increased prior uncertainty involved the orbitofrontal cortex, the inferior frontal gyrus, the 

putamen, the pallidum, the amygdala, the temporal pole, the middle temporal gyrus, the 

posterior cingulate cortex and the insula, whereas the likelihood precision involved primary 

visual regions (Vilares et al. 2012).   

Priors 

 In several studies, the prefrontal cortex and inferior parietal lobe were pointed out as 

regions involved in contextual processing (Huettel 2005; Barcelo and Knight 2007; Gomot 

and Wicker 2012), uncertainty and novelty signals (Gomot et al. 2006, 2008). It was also 

suggested that frontal activity could reflect some adaptive adjustment of the current prediction 

(Schmitz et al. 2005; Schiffer and Schubotz 2011).  

 Within the prefrontal cortex, the most pointed out regions are the orbitofrontal cortex 

and the inferior frontal gyrus. In visual tasks, the orbitofrontal cortex appears to be involved 

in context updating (Bar and Aminoff 2003; Bar 2004; Trapp and Bar 2015) (Figure 29) and 

prior encoding (Sherman et al. 2016). Another key region for prior encoding would be the 

inferior frontal gyrus (Schmitz et al. 2005; Preuschhof et al. 2010; Spitzer et al. 2010; 

Sanchez 2014; Barredo et al. 2016). In 

particular, adjusting sensorimotor 

representations was associated with 

increased activity in the IFG (opercular 

part) (Schmitz et al. 2005). The IFG 

could also encode the precision 

weighted posterior probability (De 

Martino et al. 2013; d’Acremont et al. 

2013; Sherman et al. 2016). In addition, 

a tactile discrimination task revealed 

that increased influence of expectations 

on perceptual decisions (between 

subjects) was associated with increased 

activity in the inferior parietal lobe and 

the somatosensory cortex (Preuschhof et 

al. 2010). 

Figure 29 : Cortical network for contextual 
association among visual objects 

(Bar 2004) 
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Prediction errors 

 Prediction violations were shown to enhance firing rates, event-related potentials and 

BOLD responses (see Bastos et al. 2012, for a review). The neural bases of prediction errors 

are usually studied in the context of oddball paradigms, associative learning tasks, decision-

making tasks associated with rewards or simple discrimination tasks. The main regions 

identified as playing a role in computing prediction errors include the anterior cingulate cortex 

(ACC), the dopaminergic system, the striatum, the cerebellum, the hippocampus, the 

prefrontal cortex, the inferior parietal lobe and the anterior insula. The ACC was one of the 

first regions described as involved in processing error signals and in tracking the 

environmental volatility (Berns et al. 1997; Schultz and Dickinson 2000; Ide et al. 2013). The 

cerebellum also responded to prediction errors (Courchesne and Allen 1997; Dreher and 

Grafman 2002). 

 Oddball paradigms can elicit a mismatch response, interpreted as a prediction error, 

when a deviant is presented after a series of standard stimuli. Mismatch negativity studies in 

ASD revealed atypical MMN responses to deviant stimuli, often characterized by a faster 

response (Gomot et al. 2002; Ferri et al. 2003; Kujala et al. 2007; Gomot et al. 2011; Cléry et 

al. 2013; Sokhadze et al. 2016). Models combined with experimental data suggest that the 

MMN reflects active cortical predictions (Garrido et al. 2009; Wacongne et al. 2012; Lieder et 

al. 2013a; 2013b). In the auditory modality, prediction errors involve the bilateral auditory 

cortex, superior temporal gyrus and prefrontal cortex (mostly IFG) (Giard et al. 1990; Doeller 

et al. 2003; Chennu et al. 2013; Phillips et al. 2015). In the visual modality, prediction errors 

involved the posterior parietal lobe, the anterior premotor cortex, the orbitofrontal cortex and 

the visual cortex (Pazo-Alvarez et al. 2003; Kimura 2012; Cléry et al. 2013). In the tactile 

modality, PE would be coordinated by the anterior insula and PE signaling would involve the 

IFG, inferior parietal lobe, somatosensory cortices, middle frontal gyrus, ACC, supplementary 

motor area, superior temporal gyrus and thalamus (Allen et al. 2016).  

 In visual associative learning tasks, violation of predictions were found to be 

associated with increased activation in the basal forebrain, substantia nigra, prefrontal regions 

(orbital, inferior and middle frontal gyrus), ACC, anterior insula, and inferior parietal gyrus 

(den Ouden et al. 2010; Iglesias et al. 2013). 

 Prediction errors related to movement prediction violations revealed a role of the 

inferior parietal lobe and IFG (Ondobaka et al. 2015) as well as the substantia nigra, 

hippocampus, habenula and caudate nucleus (Schiffer and Schubotz 2011; Schiffer et al. 
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2012). Finally, in a sensorimotor task, unpredictable changes triggering prediction errors were 

associated with increased activity in the IFG (Schmitz et al. 2005). 

 Neuroimaging studies specifically designed to investigate the HIPPEA hypothesis are 

missing, but previous studies have investigated novelty detection in ASD. In an auditory 

detection paradigm, Gomot and colleagues found a widespread network for novel sounds as 

compared to standard, including the thalamus, STG, inferior parietal lobe, insula, cingulate, 

frontal regions and putamen in ASD and control groups combined together (Gomot et al. 

2008). The autistic children/teenagers who performed this task recruited prefrontal and 

inferior parietal regions to a greater extent than controls (Gomot et al. 2008). In addition, a 

visual oddball task showed greater activity in the occipital cortex and in the ACC in the ASD 

group, as well as reduced activation in superior and middle frontal gyri, as compared to 

controls (Cléry et al. 2013). Likewise, a visual oddball experiment involving social and non-

social targets showed greater activation in the ACC and insula in the ASD group, as compared 

to NT, suggesting that expectation violations were more salient in individuals with ASD 

(Dichter et al. 2009). However, in another study, the ACC signaled social PE in NT, but this 

signaling was impaired in subjects with ASD and this impairment was correlated with 

diagnostic measures of social deficits (Balsters et al. 2017). 

 Figure 30 summarizes the main brain regions supposedly involved in prediction error 

and prior encoding in control participants. 
 

Figure 30 : Brain regions potentially involved in prediction error and prior encoding 
 

 
Illustration of the main brain regions identified in neuroimaging studies, as playing a role in prediction 
error (blue), priors (orange) or with mixed roles (red). Note that these regions are often task-dependent, 
and that predictions or prediction errors can be generated at several levels of the cortical hierarchy. 
PE: prediction error; Cho. BF: cholinergic basal forebrain; Midbrain: dopaminergic midbrain; PFC: 
prefrontal cortex. 
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Connectivity 

 Within the predictive coding framework, prediction errors pass along forward 

connections, while predictions pass along backward connections (Friston 2003, 2008; 

Kveraga et al. 2007). The precision of predictions and prediction errors would be modulated 

by adaptive changes in connection strengths (Friston 2008; Feldman and Friston 2010). In 

ASD, the difficulties to generate flexible predictions could originate from impaired top-down 

prediction. A verbal fluency fMRI study combined with dynamic causal modelling (DCM) 

showed a stronger reliance on bottom-up (stimulus-driven) connections in the ASD group, as 

opposed to the control group who showed a dominance of top-down connections (Radulescu 

et al. 2013). In addition, individuals with ASD showed greater connectivity between the ACC 

and sensory regions, but decreased connectivity between the ACC and the PFC and OFC, as 

compared to controls in a visual oddball task (Cléry et al. 2013). If high-level priors are 

mostly encoded in frontal regions, this could be interpreted as increased involvement of 

sensory inputs and decreased involvement of priors in ASD. Finally, the magnitude of social 

PE was driven by inputs from the ventromedial PFC in NT but not in ASD subjects (Balsters 

et al. 2017). 

 

II. 3. C. Molecular correlates 

 Rosenberg and colleagues formulated four hypotheses to explain an increased sensory 

precision relatively to prior precision: (1) a narrow neural tuning function increasing sensory 

precision (Qian and Lipkin 2011), (2) a decreased prior precision leading to neural responses 

closely reflecting sensory stimuli (Pellicano and Burr 2012), (3) a reduced habituation to 

repeated sensory stimuli (Sinha et al. 2014), (4) a reduced inhibition from the neural 

population that decreases the effect of priors (Rosenberg et al. 2015). Overall, the HIPPEA 

hypothesis supposes that the precision of prediction error is constantly high and would not be 

flexibly modulated by the context. 

Glutamate and GABA 

 Hypotheses were made on the potential roles of the glutamatergic and GABAergic 

systems in the encoding of prediction errors (Friston 2002, 2005; Lawson et al. 2014). As 

NMDA glutamate receptors might play a role in gain control, abnormal functioning of the 

glutamatergic system in ASD could lead to failures to optimize the precision of PE (Friston 
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2005; Lawson et al. 2014). A recent neural network simulation showed that an increased 

glutamate/GABA ratio (due to decreased GABAergic inhibition) could account for the 

perceptual symptoms observed in ASD (Rosenberg et al. 2015). According to divisive 

normalization, the output of a neuron is divided by the combined excitatory and inhibitory 

activity of the surrounding neural population in which they are (Lawson et al. 2015; 

Rosenberg et al. 2015). Divisive normalization is thought to eliminate irrelevant information 

and to adjust the gain of neural responses. Increased divisive normalization would be 

consistent with a diminished plasticity in the strength of experience-dependent lateral 

connections between neurons, therefore reducing the influence of the context (Rosenberg et 

al. 2015).  

 Globally, rapid glutamatergic and GABAergic neurotransmission would represent 

prediction error per se, while slower neuromodulators such as acetylcholine, noradrenaline, 

serotonin and dopamine would modulate the precision of PE (Corlett et al. 2009, 2011) 

(Figure 31). The rapid glutamatergic signal might be involved in updating priors through 

changes in synaptic functions (Schultz and Dickinson 2000). 

Figure 31 : Model of reciprocal relationships between inference and learning, priors and 
prediction errors, synaptic plasticity and neural dynamics 

(Corlett et al. 2011) 

 
A. The authors speculate that fast neurotransmitters (GABA and glutamate) may code for the prediction 
error, and that slower neuromodulators (e.g., dopamine and acetylcholine, depending on the task and 
underlying circuitry) may compute the uncertainty. 
B. Illustration of the putative effects of acute and chronic ketamine treatment within the Bayesian 
model. Ketamine is a glutamate inhibitor, blocking NMDA receptors. The authors predict that, with 
repeated ketamine exposure, aberrant learning (due to deranged synaptic plasticity) and subsequent 
inappropriate inferences lead to maladaptive and inaccurate representations of the world. 
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 In addition, the precision of the incoming sensory inputs must also be modulated by 

the ratio between glutamate and GABA, as this ratio controls the signal to noise ratio. 

 As developed in section I.3.C, evidence tends to support an imbalance of glutamate 

and GABA in ASD, with a decreased action of the GABAergic system. In ASD, mutations 

found in SHANK, NLGN, and NRXN affect the NMDA synapses, and memantine 

administration, inhibiting NMDA receptors to avoid excitotoxicity, seems to improve core 

symptoms of ASD (Rossignol and Frye 2014). 

Acetylcholine and norepinephrine 

 Acetylcholine and norepinephrine are two key neurotransmitters respectively mostly 

involved in learning and attention (Gold 2003; Hasselmo 2006). These neurotransmitters are 

potential candidates to control the precision of PE (Friston 2010; Lawson et al. 2014; Van de 

Cruys et al. 2014). 

 According to computational models (Yu and Dayan 2005), expected uncertainty and 

unexpected uncertainty are signaled by acetylcholine and norepinephrine, respectively. 

Expected uncertainty comes from known unreliability of predictive relationships within a 

familiar environment, whereas unexpected uncertainty arises from sudden changes in the 

environment (such as context switches) which strongly violate top-down expectations (Yu and 

Dayan 2005). The co-modulation of PE by acetylcholine and norepinephrine would 

participate in optimizing inference in a noisy and variable environment. 

Norepinephrine 

 The role of norepinephrine in the modulation of PE is supported by the fact that 

norepinephrine neurons respond to unpredicted but not predicted rewards (Aston-Jones et al. 

1997; Schultz and Dickinson 2000). An fMRI study also supported the idea that unexpected 

uncertainty is encoded by noradrenergic neurons of the locus coeruleus (Payzan-LeNestour et 

al. 2013). As the locus coeruleus is innervated by the ACC, it might contribute to modulate 

the gain of PE (Aston-Jones and Cohen 2005). 

Acetylcholine 

 A pharmacological EEG study assessed the role of acetylcholine in the modulation of 

the precision of PE (Moran et al. 2013). They used an auditory oddball paradigm in 

participants who had received either a placebo or galantamine, which is an 

acetylcholinesterase inhibitor. With galantamine (and so, increased acetylcholine level), the 

amplitude of the MMN was increased in control participants. Dynamic causal modeling 
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showed that acetylcholine enhanced the precision of the bottom-up PE, by optimizing the gain 

of supragranular pyramidal cells in primary sensory cortex (Moran et al. 2013). This 

hypothesis is illustrated in Figure 32. 

Figure 32 : Model of a modulation of prediction error precision by acetylcholine 

 

This illustration presents the hypothesis of Moran et al. (2013) suggesting that acetylcholine (Ach) 
enhances the prediction error (PE) precision by optimizing the gain of supragranular pyramidal cells. 
The increased neuronal gain would be due to acetylcholine binding on muscarinic receptors. This would 
lead to an inhibition of calcium-dependent potassium channels, therefore facilitating neuronal 
depolarization. Hence, acetylcholine would enhance the neuron excitability which would enhance the 
precision of the prediction error. 

 In addition, optogenetic studies modulating the activation of neurons in the basal 

forebrain (the main source of acetylcholine) suggested that acetylcholine can modulate the 

precision of visual PE (Pinto et al. 2013). Precisely, acetylcholine would encode the precision 

of high-level PE (Iglesias et al. 2013).  

 Abnormalities in the cholinergic and noradrenergic systems were  reported in ASD. 

They showed reductions of cholinergic receptor binding in the parietal, frontal, and cerebellar 

cortices (Perry et al. 2001; Lee et al. 2002), but higher concentration of brain-derived 

neurotrophic factor, promoting cholinergic neurons survival (Perry et al. 2001). In addition, 

increasing cholinergic modulation (e.g., with galantamine or donepezil) improved symptoms 

in ASD (Rossignol and Frye 2014). Concerning norepinephrine, results in ASD are unclear 

as its concentration would be increased in plasma (Lake et al. 1977; Lam et al. 2006), but not 

cerebrospinal fluid (Lam et al. 2006). In addition, there would be a decreased activity of the 

dopamine-β-hydroxylase in ASD, which is an enzyme converting dopamine into 

norepinephrine, therefore suggesting less norepinephrine (Lake et al. 1977). 
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Dopamine 

 Several studies have highlighted the role of dopamine in the encoding of reward PE, 

corresponding to the difference between received and predicted rewards (Schultz and 

Dickinson 2000; Steinberg et al. 2013; Eshel et al. 2016; Mathar et al. 2016; Sadacca et al. 

2016; Schultz 2016a, 2016b). An optogenetic study showed that temporally precise dopamine 

neuron activity was sufficient to signal new cue-reward learning and to change the previously 

learnt cue-reward association (Steinberg et al. 2013). 

 Phasic dopamine discharge would 

encode the precision of reward PE and 

optimize the precision of PE in a non-

reward context (Corlett et al. 2011). 

Schultz (2016a) proposed a two-

component dopaminergic response: a 

brief unspecialized dopaminergic 

increase driven by attention, followed by 

a response component attributing a 

positive or negative value of the PE 

(Figure 33). More generally, single 

neurons recording showed that tonic 

discharge rates of dopamine would 

encode uncertainty or violation of 

expectations in attention-based learning 

tasks (Fiorillo et al. 2003; Preuschoff and 

Bossaerts 2007). Furthermore, the 

dopaminergic midbrain could modulate 

the precision of low-level PE (Iglesias et 

al. 2013). 

 Blood and CSF measurements of 

dopamine are in favor of an increased 

activity of dopaminergic neurons in ASD 

(Lam et al. 2006). 
 

Top : Fast, slow and tonic dopaminergic functions. 
Bottom: Dopaminergic neuronal representation of the 
value of the prediction error (PE). 
 

Figure 33 : Model of prediction error 
modulation by dopamine 

(Schultz 2016a) 
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Oxytocin 

 As oxytocin activity initiates synchronized neuronal activity (Rossoni et al. 2008) and 

interacts with the previously mentioned neurotransmitters (GABA, glutamate, acetylcholine, 

norepinephrine, and dopamine), Quattrocki and Friston (2014) suggested that oxytocin might 

contribute to PE precision control. More specifically, they propose that oxytocin might 

control interoceptive precision for accurate inference, then defining top-down modulations 

that mediate attention and sensory attenuation. 

  Figure 34 summarizes the behavioral, neural and molecular underpinnings of 

perceptual inference in ASD. 

 

Figure 34 : Summary of part II.3 
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III. Hypotheses and objectives  

 

 Autism spectrum disorder is a complex and heterogeneous neurodevelopmental 

disorder. Despite the few theories that have been formulated over the past decades, ASD still 

lacks clear explanation of all of its symptoms. Recently, ASD has been viewed in the light of 

the Bayesian brain theory. The latter assumes that the brain is proactive, constantly generates 

predictions about incoming stimuli, and models its environment. Importantly, the main 

statistical regularities of our environment are captured by our brain, and constitute priors. 

Perception is then biased toward prior knowledge, with our percepts emerging from the 

weighted combination of sensory inputs and priors. Mismatches between priors and sensory 

inputs lead to the generation of prediction errors, which can be used to update priors, and so, 

to have a more accurate representation of the environment. Several theoretical proposals were 

formulated within the Bayesian framework to explain social and non-social symptoms of 

ASD. ASD could be characterized by an atypical imbalance of precision or weight between 

the predictions and the sensory inputs. The main theories suggest a relative decrease of prior 

precision (Pellicano and Burr 2012), a relative increase of sensory precision (Brock 2012), or 

a high and inflexible precision of prediction error (Van de Cruys et al. 2014). 

 This thesis work started where these hypotheses needed to be disentangled and 

required empirical evidence, so as to refine these theories. The main objective was to 

characterize perceptual inference and learning in ASD, within the Bayesian framework. Such 

a characterization required to explore prior learning and adjustment, sensory encoding, and 

prediction error precision modulation. In order to decrease the potential differences in prior 

knowledge between ASD and controls, we tested these hypotheses in a non-social context. 

Study I: Characterization of sensory profiles in subjects with high autism-spectrum quotient 

 To start with, we used questionnaires aiming at better characterizing hyper and 

hyposensitivity in ASD. To do so, we translated the Glasgow Sensory Questionnaire 

(Robertson and Simmons 2013) and investigated the relationships between autistic traits and 

sensory peculiarities. We further used these questionnaires to understand whether the atypical 

learning and perception studied in the following experiments were simply explained by a 

particular sensory sensitivity or by other deeper processes. This study was completed by the 

analysis of a qualitative questionnaire, established by a person with ASD. It offered the 

possibility to explore how predictability and context influenced sensory sensitivity. 
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Study II: Characterization of the learning strategies spontaneously used in ASD 

 We then questioned whether individuals with ASD would present with atypical 

learning strategies, reflecting atypical encoding of sensory information and atypical prior 

construction. A recent theory opposed two learning strategies: the INT (Interpolation) 

learning style allowing interpolation between items to make categories, and the LUT (Lookup 

table) learning style storing each item very precisely and independently (Qian and Lipkin 

2011). The authors assumed that individuals with ASD would use the INT strategy to a lower 

extent than NT, and would be biased toward the LUT style, which prevents from generalizing 

and making predictions. Previous studies investigated categorization in various contexts, and 

suggested decreased abilities to generalize in ASD, despite some inconsistent results. Our 

aim, here, was to investigate whether they would spontaneously make use of the INT or LUT 

learning style, when both strategies can be freely chosen. In a learning associative visual task, 

we hence investigated how perceptual information is processed during a cognitive task. 

Study III: Characterization of prior construction and adjustment in ASD 

 Exploring learning strategies and sensory peculiarities in cognitive tasks or situations 

was a first step, which was followed by the study of prior learning and sensory encoding in a 

series of low-level tactile tasks. These tasks aimed at determining whether participants with 

ASD were able to implicitly learn and contextually adjust priors in stable and variable 

environments, whether they would have a more precise sensory encoding than NT, and 

whether prior weight (and therefore prediction error weight) would be modulated by the 

context. To study these processes at a low-level, we made use of the so-called “time-order 

effect” in which the relative weight of priors and sensory encoding can be directly inferred 

from perceptual decisions. In order to refine these characterizations and to estimate the 

precision of priors, sensory inputs, and prediction errors, we developed a computational 

model of this task. 

Study IV: Characterization of the neural underpinnings of perceptual inference in ASD 

 Finally, we explored the neurophysiological underpinnings of perceptual inference and 

prior construction in such task with an fMRI study. Additionally, we used magnetic resonance 

spectroscopy to measure GABA and glutamate concentrations in sensory regions so as to 

determine whether it would be responsible for sensory encoding and whether it could 

modulate the relative weight of prior and sensory information on perception.  
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I. Study I: Atypical sensory sensitivity in ASD 

Preamble 

 « I have always had a very developed sensitivity, but not “uniformly”: I mean, I can 
be extremely sensitive to a specific texture, but I will not feel very cold temperatures, 
for instance. » 

Participant with ASD (M.A.) 
 

« I am hypersensitive to discreet noises, they prevent me from focusing on anything 
else. However, I do not mind hearing very loud noises. » 

Participant with ASD (C.E.) 
 

« My senses are always on the alert, and so, minor changes disturb me. » 
Participant with ASD (A.D.) 

 
« I am hypersensitive to sudden noises, the unexpected and sharp ones. They hurt my 
ears and make my heart beat faster. » 
 

« My body has exaggerated reactions to physical contacts, and to clothes touching 
my skin. It scratches, it stings, it burns». 
 

« Senses of smell and taste are my assets: I am now part of an expert panel for wine 
tasting. » 

Participant with ASD (I.S.) 

 

 The peculiar perception of individuals with ASD is highly marked by their sensory 

sensitivity. As illustrated by participants M.A. and C.E., their sensitivity might seem quite 

paradoxical in the sense that it encompasses both hypersensitivity and hyposensitivity within 

the same sensory modality. Their atypical sensitivity impacts their daily-life to a high extent, 

as they need to avoid context with too intense and too complex sensory stimulations 

(Ashburner et al. 2013; Smith and Sharp 2013). Their atypical sensory sensitivity is often 

lived as a source of anxiety (Ashburner et al. 2013), but when it is controlled, it can be a 

source of pleasant sensations and can be used to develop certain skills, as participant I.S. did. 

 Importantly, uncertainty plays a key role in hypersensitivity (Neil et al. 2016), as seen 

in the testimonies of women with ASD (Appendix 2). Indeed, almost every participant 

spontaneously noticed that their hypersensitivity was problematic in unpredictable contexts 

only, as for participant I.S., or C.H. who specified « I hate when someone touches me, except 

if I’m expecting it ». In another testimony, participant V.A. explained that, when she was a 

child, she was hypersensitive to bath temperature, but could handle extremely hot baths if she 

was controlling the temperature. This testimony shows that she could be either hypersensitive 



Results – Study I. Sensory sensitivity in ASD 

92 
 

or hyposensitive, in an unexpected versus controlled situation. Participant V.A. added: « Pain 

is unbearable when it is unexpected. Surprise effects are unsupportable, more than pain itself 

» (Appendix 2). Similarly, Tammet explained: « Often, the noise was more impromptu than 

loud. It was mostly because I did not expected it that it affected me » (Tammet 2007). 

Schovanec underlined that « the main source of anxiety for people with autism is, for sure, 

changes from what was expected » (Schovanec 2013). 

 Previous theories of ASD hardly explained this atypical sensory sensitivity, and had 

troubles finding explanations for the presence of both hypersensitivity and hyposensitivity. 

For instance, theories which interpreted hypersensitivity as a consequence of enhanced local 

processing could not justify why stimulus predictability would influenced sensitivity. Within 

the Predictive coding framework, hypersensitivity amounts to an increased weight given to 

sensory prediction error, and conversely, hyposensitivity is due to a decreased weighting of 

incoming signals. Importantly, those weightings correspond to the precision, importance or 

confidence attributed to this new information. They have to be also inferred from the context. 

Hence both hyper and hypo sensitivity may be explained by atypical, sub-optimal, adjustment 

of relative precisions given to incoming prediction error signals and prior expectations 

previously inferred or inbuilt. Such inflexibility, in particular with keeping precision high, 

could explain why ASD subjects would be more responsive to sensory stimuli and fine 

fluctuations of their sensory environment.  

 We asked the subjects involved in our experiments to fill out a questionnaire 

measuring sensory sensitivity. We were interested in assessing how a self-reported measure of 

sensitivity could reflect or complement behavioral and physiological measures of sensitivity 

and learning. We chose to use the Glasgow Sensory Questionnaire (GSQ), which is a 

relatively short questionnaire assessing hypersensitivity and hyposensitivity in every sensory 

modality (Robertson and Simmons 2013). Remarkably, the GSQ score is highly correlated 

with the autism spectrum quotient (AQ) (Baron-Cohen et al. 2001), and this correlation is 

stronger than the ones obtained with the Adult/Adolescent Sensory Profile or the Cardiff 

Anomalous Perceptions scale (Horder et al. 2014). As the GSQ had not been translated into 

French, we first translated it and validated it according to the Universalist model of cross-

cultural adaptation (Herdman et al. 1998), with 245 participants. We further explored the 

sensory profiles of hypersensitivity and hyposensitivity in subjects with low and high AQ. 

This study aimed at (1) validating a French version of the GSQ, (2) better characterizing 

sensory sensitivity in populations with different degrees of autistic traits, and (3) providing a 

tool to assess sensory sensitivity in participants to the subsequent experiments of this work. 
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The Glasgow Sensory Questionnaire: validation of the French version 

and refinement of sensory profiles  

of people with high Autism-Spectrum Quotient 
 

 

Authors: Laurie-Anne Sapey-Triomphe, Annie Moulin, Sandrine Sonié, Christina Schmitz 

 

 

Abstract 

 Sensory sensitivity peculiarities represent an important characteristic of Autism 

Spectrum Disorders (ASD). We first validated a French language version of the Glasgow 

Sensory Questionnaire (GSQ) (Robertson and Simmons 2013). The GSQ score was strongly 

positively correlated with the Autism-Spectrum Quotient (AQ) (r = .81, p < 10-6, n = 245). 

We further examined sensory profiles of groups with high versus low AQ. The high AQ 

group scored higher at the GSQ than the low AQ group for every sensory modality. 

Moreover, the high AQ group showed greater consistency in their patterns of hypersensitivity 

and hyposensitivity between sensory modalities, and stronger correlations between hyper and 

hyposensitivity. Results are discussed in the context of theories accounting for atypical 

sensory perception in ASD. 

 

 

 

Keywords: Autism Spectrum Disorder, Autism Spectrum Quotient, Glasgow Sensory 

Questionnaire, hypersensitivity, cross-cultural adaptation. 
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Introduction 

 Autism Spectrum Disorder (ASD) is primarily characterized by deficits in social 

communication and interactions, and by restricted and repetitive patterns of behaviors, 

interests or activities. Yet, sensory abnormalities were added as a core symptom of ASD in 

the last version of the Diagnostic and Statistical Manual of Mental Disorders (DSM-5, 

American Psychiatric Association 2013). Indeed, a new criterion emerged in the restrictive 

and repetitive behavior section: one of the features is now having hyper- or hypo-reactivity to 

sensory inputs or unusual interest in sensory aspects of the environment. Interestingly, 

sensory abnormalities had been already noted by Kanner and Asperger in their early 

descriptions of autism (Asperger 1944; Frith 1991; Kanner 1943). As ASD diagnosis is now 

clearly associated with atypical sensory sensitivity, it seems important to better describe and 

quantify peculiarities in each sensory domain. 

 Hyposensitivity and hypersensitivity are both present in ASD (Baranek et al. 2006; 

Baum et al. 2015), and are associated with under- or over-responsiveness to sensory stimuli 

(Green et al. 2013; Haigh et al. 2016; Tavassoli et al. 2014), as well as sensation seeking or 

avoidance (Ashburner et al. 2013; Baranek et al. 2006; Crane et al. 2009). Additionally, 

unusual sensory interests were associated with more severe autistic symptoms (Zachor and 

Ben-Itzchak 2013), as measured with the ADI (Le Couteur et al. 2003) and ADOS (Lord et al. 

2000). Atypical sensory sensitivity has been described in every sensory modality (Baum et al. 

2015; Foxe et al. 2015; Kern et al. 2007; Marco et al. 2011): in the visual (Simmons et al. 

2009), auditory (Haesen et al. 2011; Sinclair et al. 2016), olfactory (Bennetto et al. 2007; 

Dudova et al. 2011; Wicker et al. 2016), gustatory (Bennetto et al. 2007; Tavassoli and Baron-

Cohen 2012), tactile (Blakemore et al. 2006; Cascio et al. 2008; Güçlü et al. 2007; Puts et al. 

2014), vestibular (Kern et al. 2007) and proprioceptive (Riquelme et al. 2016) modalities. 

Hyper-reactivity to sensory inputs has been one of the main findings. Between 90% and 96% 

of the individuals with ASD would be concerned with sensory abnormalities (Crane et al. 

2009; Leekam et al. 2007; Marco et al. 2011). 

 The relationships between sensory sensitivity peculiarities and autistic traits have been 

investigated using questionnaires (Horder et al. 2014; Robertson and Simmons 2013; 

Takayama et al. 2014; Tavassoli, et al. 2014). The Autism-Spectrum Quotient (AQ) (Baron-

Cohen et al. 2001) is a self-administered questionnaire investigating autistic traits in adults 

with no intellectual disability. The AQ is made of 50 items assessing social skills, attention 

switching, attention to details, communication and imagination. Horder and colleagues 
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studied the correlations between the AQ and self-reported measures of sensory sensitivity 

(Horder et al. 2014). Measures of sensitivity were collected with three questionnaires: the 

Adult/Adolescent Sensory Profile (AASP) (Brown and Dunn 2002), the Cardiff Anomalous 

Perceptions Scale (Bell et al. 2006) and the Glasgow Sensory Questionnaire (GSQ) 

(Robertson and Simmons 2013). The scores at the three questionnaires were all positively 

correlated with the AQ (Horder et al. 2014), with the GSQ showing the strongest correlation. 

Further, the AASP was not specifically developed for individuals with ASD, whereas the 

GSQ targets sensory experiences that can be encountered in the daily-life of people with ASD 

or high AQ. In addition, the AASP investigates only five sensory modalities, whereas the 

GSQ assesses seven sensory modalities. 

 The GSQ is a 42-item self-questionnaire measuring the frequency of atypical sensory 

processing events (Robertson and Simmons 2013). It investigates both hypersensitivity and 

hyposensitivity in the visual, auditory, olfactory, gustatory, tactile, vestibular and 

proprioceptive modalities. Strong positive correlations between the GSQ score and the AQ 

were found in populations including people with low and high AQ (Robertson and Simmons 

2013), or including neurotypical and ASD individuals (Takayama et al. 2014; Ward et al. 

2017). Previous studies on the GSQ analyzed the total GSQ score or the GSQ subscores per 

sensory modality, but did not detail the scores of hypersensitivity and hyposensitivity 

separately (Robertson and Simmons 2013; Takayama et al. 2014). Such added value would be 

useful to better characterize sensory profiles in groups of individuals with low and high AQ. It 

would help showing whether sensory peculiarities increase linearly when the AQ increases, or 

whether atypical sensory profiles characterize people with high AQ or ASD. The second 

assumption would be associated with a distinct pattern of hyper and hyposensitivity GSQ 

scores across modalities in a high AQ group as compared to a low AQ group, and by a non-

linear relationship between the AQ and GSQ scores across the whole AQ range. 

 The structure of the GSQ and the fact that it was specifically developed to target the 

sensory issues associated with ASD make it a powerful tool to describe sensory profiles in 

ASD. As research on sensory sensitivity in ASD is a growing topic, it is important to have a 

tool that enables to individually quantify subjective sensitivity in behavioral or neuroimaging 

studies. In addition, it could help defining groups of participants with clearly established 

and/or homogeneous sensory profiles. Apart from research purposes, refining sensory 

sensitivity profiles could also contribute to define better sensory environments for individuals 

with high AQ or with ASD, by providing a somewhat comprehensive definition of their 

sensory sensitivity. As subjective reports show that unusual sensory experiences have a 
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significant impact on the daily life of individuals with ASD (Kirby et al. 2014; Robertson and 

Simmons 2015), a tool quantifying these experiences is necessary. 

 The GSQ was originally designed in English (Robertson and Simmons 2013) and its 

Japanese translation has been validated (Takayama et al. 2014). The GSQ needs to be cross-

culturally adapted and translated to be used as a standard across international studies. The 

process of cross-cultural adaptation of a questionnaire involves more than a simple 

translation: according to the Universalist model of cross cultural adaptation of health 

questionnaires (Herdman et al. 1998), six types of equivalences between the original 

questionnaire and the translated questionnaire must be considered. Semantic equivalence 

relates to the translation and operational equivalence deals with the way the questionnaire can 

be presented, administered and scored. Item and conceptual equivalences deal with how the 

concepts are equivalent between one country and another, and this equivalence can be tested 

by comparing internal structures of the questionnaires obtained in several languages and/or 

countries. In order to validate the translation of a questionnaire, its internal structure should 

show the same main factors regardless of the country and/or language it is in. From the way 

the GSQ is constructed, we would expect either a structure reminding of the seven sensory 

modalities tested, or separating hyposensitivity from hypersensitivity items regardless of the 

sensory modality tested, or a mix of the two. The analysis of the internal structure would also 

potentially allow a distinction between populations, not only based on a global score, but also 

on differential relationships between the items of the questionnaire. Hence, we analyzed the 

GSQ internal structure on a high AQ group and of a low AQ group, using both factor analysis 

and hierarchical cluster analysis, the latter giving a unique picture of the dimensionality of a 

scale. As the GSQ was recently developed (2013), the GSQ internal structure has not been 

assessed yet, so we provide detailed factor analysis results to allow comparison with further 

cross-cultural adaptation studies of the GSQ. The last two equivalences, within the 

Universalist framework, comprise measurement equivalence, that deals with psychometric 

properties, indices of internal consistency and construct validity, and functional equivalence, 

that assesses the overall equivalence of results of questionnaires used in different 

languages/countries.  

 The present work had two main aims: (1) the validation of a French language version 

of the GSQ according to the Universalist model of cross-cultural adaptation (Herdman et al. 

1998), and (2) the refinement of the sensory profiles of individuals with high or low AQ. To 

do so, the GSQ and AQ questionnaires were fulfilled by adults. We specifically targeted 

neurotypical participants and participants suspected to have ASD. Aim 1 involved the 
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exploration of the reliability, construct validity and internal structure of the questionnaire, and 

a comparison of results with the available studies using the GSQ (Horder et al. 2014; 

Robertson and Simmons 2013; Takayama et al. 2014; Ward et al. 2017). Aim 2 involved the 

analysis of sensory sensitivity profiles in groups of participants with low or high AQ. The 

relationships between hypersensitivity and hyposensitivity scores were compared between 

groups in order to know whether the high AQ group would show a specific sensory sensitivity 

profile, besides from higher GSQ scores. Within groups, hyper- and hypo-sensitivity scores 

were compared in each of the seven sensory modalities to assess whether hyper or 

hyposensitivity predominated. Finally, the cluster and factor analyses performed in each 

group enabled a clearer description of the sensory profiles and of the GSQ response 

consistency in each group. 

 

Material and Methods 

Participants 

 This study involved 245 participants (114 females and 131 males, mean age: 32.1 

±10.8 years old). Demographic data are described in Table 1. Participants anonymously 

completed the AQ and the GSQ, as well as a short demographical questionnaire asking for 

age, education level (number of years of formal education), gender, and diagnosis (“ASD 

diagnosis”, “no ASD diagnosis” and/or “other psychiatric or neurologic trouble”). One-

hundred and forty-five participants reported having no diagnosis of ASD, and 95 participants 

reported having a formal ASD diagnosis. Inclusion criteria were being aged between 18 and 

65, declaring to not suffer from other psychiatric or neurological troubles, and having filled 

up the three questionnaires entirely. Participants were informed that it would take about 25 

minutes to complete the three questionnaires. Questionnaires were first anonymously fulfilled 

by individuals with ASD who used to participate in our studies. One of the participants with 

ASD proposed to post a link to the questionnaires on her personal webpage, a blog on 

Asperger syndrome mostly followed by women with ASD. Finally, participants with no ASD 

diagnosis were participants who used to take part in our past studies, acquaintances of the 

laboratory members, and individuals who might have seen the questionnaires on the 

previously mentioned blog on Asperger syndrome (but who reported having no formal 

diagnosis of ASD). 
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Demographic data 

 All subjects Low AQ group High AQ group 
Low vs. high 

AQ group 

Number 245 143 102 - 

Females/Males 114/131 58/85 56/46 ns 

Age 32.1 (±10.8) 30.7 (±11.1) 34.2 (±10.2) * 

Educational level 13.7 (±1.1) 14.1 (±0.9) 13.3 (±1.2) ** 

AQ 23.0 (±13.8) 12.4 (±5.1) 38.0 (±6.0) *** 
GSQ Total 58.7 (±28.4) 41.6 (±14. 7) 82.8 (±25.4) *** 

Hypersensitivity 32.3 (±16.9) 21.9 (±8.4) 46.9 (±14.9) *** 
Hyposensitivity 26.4 (±12.9) 19.6 (±8.0) 35.9 (±12.4) *** 

Table 1: Demographic data and descriptive statistics for the AQ and GSQ 
Numbers corresponds to the mean (± standard deviation), in all participants, in the low AQ and high AQ 
groups (using a cut-off of 26). Education level corresponds to the number of year of formal education (from 
the first year of elementary school). 
The right column corresponds to results from Student t-test comparing the two groups. * p < .05, ** p < 10-

3, *** p < 10-6. ns: not significant (p > .05). 
AQ: Autism-Spectrum Quotient, GSQ: Glasgow Sensory Questionnaire. 
 

The Autism-Spectrum Quotient questionnaire (AQ) 

 The Autism-Spectrum Quotient (AQ) is a 50-item questionnaire assessing social skills, 

attention switching, attention to details, communication and imagination (Baron-Cohen et al. 

2001). For items such as, “I find social situations easy”, participants have to choose which 

answer best describes how the item applies to them: definitely agree, slightly agree, slightly 

disagree and definitely disagree. Depending on the items, the answers definitely agree and 

slightly agree score 1 point, and the answers slightly disagree and definitely disagree score 0 

point, or vice-versa. Total scores can range from 0 to 50. The higher the AQ is, the more 

autistic traits are found. In our study, participants completed the validated French version of 

the AQ (Sonié et al. 2011). 

 We used a standard AQ cut-off of 26 and above for the high AQ group, and an AQ 

below 26 for the low AQ group (Baron-Cohen et al. 2001; Sonié et al. 2013; Tavassoli et al. 

2014). Sonié and colleagues (2013) showed that a cut-off score of 26 at the French version of 

the AQ distinguished ASD from control participants, with a sensitivity of 89% and a 

specificity of 98%. In the present study, the low AQ group consisted of 143 participants, 

including 5 individuals who reported having a formal diagnosis of ASD. The high AQ group 

consisted of 102 participants, including 90 individuals who reported having a formal 

diagnosis of ASD. The demographical data of the two groups are described in Table 1. 
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The Glasgow Sensory Questionnaire (GSQ) 

 The GSQ is a self-administered questionnaire for adults, investigating both 

hypersensitivity (21 questions) and hyposensitivity (21 questions) in seven sensory 

modalities: vision, olfaction, taste, audition, touch, proprioception, and vestibular sensations 

(Robertson and Simmons 2013). In each modality, three questions assess hypersensitivity, and 

three others hyposensitivity. The questionnaire evaluates how frequently some sensory events 

are experienced by the participant (for instance, “Do you find certain noises/pitches of sound 

annoying?”). Participants answer using the scale: never (0 point), rarely (1 point), sometimes 

(2 points), often (3 points) or always (4 points). Total scores can range from 0 to 168 points.  

 

Translation of the Glasgow Sensory Questionnaire 

 The GSQ was translated into French, after an agreement with the authors of the 

original English version (A. Robertson and D. Simmons), using the guidelines setup by the 

European Regulatory Issues on Quality of Life Assessment (ERIQA) group (Acquadro et al. 

2008). This involved a translation/expert committee, which is now considered superior to the 

well-known back-translation procedure (Douglas and Craig 2007; Epstein et al. 2015) of four 

English/French bilinguals, with expertise in autism. Once a consensus was reached, the 

translation was tested using a focus group of six French native participants (3 neurotypicals 

and 3 with ASD), representatives of the target population, whose input prompted minor 

changes in the wording of item number 5. 

 Participants were always encouraged to query if one item seemed not clear, but no 

requests were made and no missing answers were obtained for any of the items. 

 

Data analysis 

 Scores calculation 

 For each participant, we calculated the total AQ score (which can range from 0 to 50), 

and the five AQ subscores (which can range from 0 to 10) depicting social skills, attention to 

skills, attention to details, communication skills, and imagination skills. In addition, we 

calculated the GSQ score (which can range from 0 to 168), corresponding to the sum of the 

hypersensitivity and hyposensitivity scores (each ranging up to 84, and made of 21 items). We 

also extracted the subscores corresponding to each of the seven sensory modalities (each 

ranging up to 24), as well as the fourteen subscores corresponding to scores of 
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hypersensitivity or hyposensitivity in each of the seven sensory modalities (each ranging up to 

12). We calculated three coefficients of variation: one calculated across the seven sensory 

modalities, one across the 14 subscales (hypersensitivity and hyposensitivity scores of the 

seven sensory modalities), and one across the 42 items of the GSQ. 

 

 Cross sample and cross language comparisons 

 The scores obtained in the present study were compared to the scores obtained by 

Robertson & Simmons (2013), and Ward et al. (2017) English populations, and to the scores 

obtained by Takayama et al. (2014) in a Japanese population. The mean scores and standard 

deviations obtained at each question of the GSQ from the original English version were 

correlated to our results using Pearson correlation test. Mean scores were compared between 

these two versions using one-way t-test comparing our samples to the mean obtained in the 

English version. 

 

 Internal structure analysis 

 Common factor analysis was performed on the 42 GSQ items for the entire population 

(n = 245), and on the 14 GSQ subscales of the low AQ and high AQ groups, using parallel 

analysis for number of factors extraction and oblique (oblimin) factor rotation. Separate 

analysis for both low AQ and high AQ group allowed to compare the internal structure of the 

GSQ in both groups and to identify underperforming items. For factor extraction, both the 

maximum likelihood and principal axis factoring methods were used (Beavers et al. 2013), 

but as they yielded very similar results, only the results pertaining to the maximum likelihood 

method are reported. In order to determine whether factors obtained on the 14 GSQ subscales 

reflect the same intended structure, hierarchical cluster analyses using Revelle’s ICLUST 

algorithm (Revelle 1978, 1979) were performed. Revelle’s method has been specifically 

designed to visualize questionnaire scales and subscales, based on two indices: alpha and beta 

coefficients. Alpha coefficient (mean split-half reliability) measures internal consistency, 

while Beta coefficient reflects factorial homogeneity (specifically, beta is the worst split-half 

reliability of a scale, and hence is lower than alpha). In short, the scale structure is built 

starting from two-item clusters showing the highest similarity between each other, and an 

item is added to the initial two-item cluster only if this addition improves the internal 

consistency (measured by alpha) and/or the factorial homogeneity (measured by beta) of the 

cluster. These results are given in a hierarchical tree diagram of clusters that displays the 

internal sub-structure of the scale, allowing the definition of homogeneous subscales. The tree 
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diagram connects increasingly less similar items and/or clusters from left to right: the most 

similar items are combined first, and the most dissimilar items are added last. Alpha and beta 

coefficients are provided for each cluster, and correlation coefficients are given for each 

connection. Alpha above .8 and beta above .7, with differences between them lower than .1 

are considered good signs of homogeneity and internal consistency (Cooksey 2006). An index 

of goodness of fit allows a comparison of the quality of the structures. The fit of the different 

models to the data was checked by the RMSR method (root mean square residuals), where a 

value below .05 is considered a good fit, and values between .05 and .08 a fair fit (Cooksey 

2006; Fabrigar et al. 1999). This technique is considered as very complementary to the more 

classical approach of factor analysis and is less method dependent (Cooksey 2006). Factor, 

cluster and internal validity measures were performed using the “Psych” package version 

1.6.9 (Revelle, 2008) within the R statistical package version 3.3.1 (June 2016). 

 

Structural validity assessment 

 Correlations between the AQ and GSQ scores were performed using Pearson 

correlation analysis. When multiple comparisons were performed, the p-value was corrected 

by the number of comparisons using Bonferroni correction. Hence, for correlations involving 

the five subscales of the AQ scores, the significance threshold was set at pcorrected < .01. For 

correlations involving the seven subscales of the GSQ scores, the significance threshold was 

set at pcorrected < .007. 

 

Group comparisons 

 Comparisons of the total AQ or GSQ scores between the low and high AQ groups 

were examined using Student’s t tests. The differences in subscores of the GSQ were studied 

using three-way mixed ANOVA with factor group (two levels, inter-subjects), sensory 

modality (seven levels, intra-subjects) and hyper/hyposensitivity aspects (two levels, intra-

subjects). Within groups, hyper and hyposensitivity scores were compared using paired 

Student t-tests. Correlation matrices were compared using Steiger test (Steiger 1980) 

(implemented in Revelle’s Psych° package). Correlation coefficients were compared between 

groups using Fisher r-to-z transformation.  

 All statistical analyses were performed using R (http://www.r-project.org/, version 

3.3.1.) and the threshold for statistical significance was set at p < .05, and was corrected for 

multiple comparisons using Bonferroni correction. 
 



Results – Study I. Sensory sensitivity in ASD 

102 
 

Results 

Validation of the French version of the GSQ 

 Comparisons across samples and 

languages 

 Both the mean AQ and GSQ in the 

present study were very close to the ones 

found in the English version (Robertson 

and Simmons 2013): mean AQ of 23.0 

(±13.8) in the French version and of 22.5 

(±10.6) in the English version, mean GSQ 

of 58.7 (±28.4) in the French version and 

of 56.7 (±23.6) in the English version. 

The mean scores of each of the 42 

questions were highly positively 

correlated between the English and the 

French versions (r = .83, p < 10-6) (Figure 

1.A). Moreover, for each question, the 

mean score in the French version was at 

less than one standard deviation from the 

mean of the English version, except for 

question n°39 (French study: score = 1.4 

±1.3, English study: score = 0.3 ±0.7, t = 

14, p < 10-6) (Figure 1.B). The standard 

deviations of the scores of the GSQ 

questions were positively correlated 

between the French and English versions 

(r = .63, p < 10-5). Finally, the correlation coefficients between the AQ and the GSQ were also 

very similar in the two studies (French study: r = .81; English study: r = .78). 

 The 14 GSQ subscores (hyper- or hyposensitivity scores across the seven sensory 

modalities) were highly correlated in our dataset and in the dataset by Ward and colleagues 

(Ward et al. 2017). Indeed, there was a strong correlation between the scores they got in their 

control group (whose mean AQ was 19) and the scores from our group of participants with 

Figure 1: Correlation between the English and the 
French versions of the GSQ 
A. Each sensory modality is represented by a color. 
Diamonds correspond to questions investigating 
hypersensitivity, circles correspond to questions 
investigating hyposensitivity. r = .83, p < 10-6. 
B. Scores for each question of the English version GSQ 
(red) and French version (blue) of the GSQ. The red 
shade area corresponds to the standard deviation for 
each item in the English version.  
* Significant difference for question n°39. 

Fi 1 C l ti b t th E li h d th
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low AQ (r = .90, p < 10-4). In addition, there was a strong correlation between the scores of 

their ASD group and of our high AQ group (r = .96, p < 10-4). 

 The GSQ subscores from the seven sensory modalities obtained in our low AQ group 

correlated with the subscores from the control groups in the English (Ward et al. 2017) (r = 

.93, p < .01) and Japanese (Takayama et al. 2014) (r = .82, p < .05) GSQ studies. 

 

 Internal reliability 

 Cronbach’s alpha, which assesses reliability, was equal to .95 for the all 42 items and 

to .94 for the 14 subscales. Per group, it was equal to .86 in the low AQ group and to .93 in 

the high AQ group for the 42 items. For the 14 subscales, it was equal to .84 in the low AQ 

group and to .91 in the high AQ group. 

 Item to total correlations was .59 on average, with the lowest correlation for two 

questions assessing olfactory hyposensitivity (question n°36 (.18) and n°17 (.33)). It was 

equal to .38 in the low AQ group and to .50 in the high AQ group.  

 

 Factor analysis of the internal structure (42 questions, 245 subjects) 

 Prior to factor analysis, ten multivariate outliers found using Mahalanobis distance 

with p < .001 were excluded, leaving 235 cases, with a ratio of subjects per variable of 5.6. 

 The Kaiser-Meyer-Olkin measure of sampling adequacy (KMO) was .94 and all 

values for individual items were greater than .84, except for two items assessing olfactory 

hyposensitivity (items n°36: .58 and n°7: .78). Bartlett’s test was highly significant (χ2 > 5162, 

p < 10-4), confirming that correlations between individual items were sufficient.  

 The maximum likelihood method was used for factor extraction. Two factors had an 

eigenvalue greater than 1, with percentages of variance explained of 36% and 3%. Inspection 

of Cattell’s scree plot, parallel analysis and Velicer’s MAP criterion (Velicer 1976) gave two 

factors. The fit of the model to the data was good, based on a RMSR result of .03, where a 

value below .05 is considered a good fit (Fabrigar et al. 1999; Field et al. 2012). The residuals 

were normal (Kolmogorov-Smirnov test = .02, p > .05). The Tucker Lewis Index of factoring 

reliability was .84 and the comparative fit index (CFI) was .86, which is in the lower range of 

acceptable fits. The average communalities obtained across the 42 items was .39 (±.13), with 

seven items below .30. The lowest communalities were obtained for three items investigating 

the hyposensitivity olfactory modality (n°7, 17 and 36).  
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 Oblique rotation showed two underlying factors, explaining respectively 25% and 

14% of variance. The correlation between these two factors was .62. The individual loadings 

of each factor on the 42 items are summarized here. 

 The loadings on Factor 1 involved 25 items, including 19 items assessing 

hypersensitivity. The highest loads (>.60) were obtained for ten hypersensitivity items. 

 The loadings on Factor 2 involved 16 items including 12 items with loads ranging 

from .41 to .71, all assessing hyposensitivity. Among these items, six showed a high degree of 

crossload between both factors (one gustatory, three proprioceptive and two visual). One 

olfactory hyposensitivity item (n°7) did not load sufficiently on any factor. 

 Although not every item is loading clearly on one single factor, the two-factor solution 

is in agreement with Factor 1 regrouping mostly hypersensitivity items and Factor 2 

regrouping hyposensitivity items. 

 

 Relationship between the GSQ sensory score and the AQ 

 The AQ scores ranged from 1 to 49 (mean = 23.0 ±13.8), and the GSQ scores ranged 

from 12 to 144 (mean = 58.7 ±28.4) (Table 1). The GSQ and AQ were highly positively 

correlated (r = .81, p < 10-6, Figure 2.A). The subscales of the AQ positively correlated with 

the total GSQ score. The GSQ subscales also correlated with the total AQ (Table 2). Finally, 

the hypersensitivity and hyposensitivity scores of the GSQ were strongly correlated (r = .82, p 

< 10-6, Figure 2.B) in total, and for each sensory modality (Table 3). 

 
Figure 2: Correlations with the Glasgow Sensory Questionnaire 
A. Positive correlation between GSQ score and AQ in subjects with low (blue) or high AQ (orange). Linear 
regression in low AQ: r = .45, p < 10-6 (y = 1.3x + 25.5), in high AQ: r = .62, p < 10-6 (y = 2.6x -16.0) 
B. Positive correlation between the main subscales of the GSQ: the hypersensitivity and the hyposensitivity 
scores in subjects with low AQ (blue) or high AQ (orange). Linear regression: r = .82, p < 10-6. 



Results – Study I. Sensory sensitivity in ASD 

105 
 

Circles correspond to participants who reported having a formal diagnosis of ASD, while diamonds 
correspond to participants who reported having no formal diagnosis of ASD. Note that these diagnoses 
were not checked, and only depend on the information they volunteered.  
 

Correlations between the GSQ and AQ subscales 
All subjects Low AQ High AQ Low vs. high 

AQ group r r r 
Correlations with the total Glasgow Sensory Questionnaire score 

AQ Social skills .76*** .28** .47** ns 
AQ Attention switching .70*** .21* .38** ns 
AQ Attention to detail .66*** .38** .47*** ns 
AQ Communication .77*** .28** .52*** <.05 
AQ Imagination .61*** .13 .21 ns 

Correlations with the Autism-Spectrum quotient 
GSQ Hypersensitivity .81*** .37** .61*** <.01 
GSQ Hyposensitivity .72*** .44*** .54*** ns 

GSQ Visual .71*** .39** .56*** ns 
GSQ Auditory .80*** .40*** .51*** ns 
GSQ Gustatory .58*** .28** .45** ns 
GSQ Olfactory .64*** .12 .45** <.01 
GSQ Tactile .71*** .30** .54*** <.05 
GSQ Vestibular .71*** .41*** .47*** ns 
GSQ Proprioceptive .76*** .39** .57*** ns 

Table 2: Correlations between the GSQ and AQ subscales 
Correlations between the GSQ and AQ subscores in all subjects, in the low AQ and in the high AQ groups. 
Pearson correlation tests: * p < .01, ** p < 10-3, *** p < 10-6 (non-significant for p > .01 for the five AQ 
subscales, p > .025 for the two hypersensitivity and hyposensitivity scales, p > .007 for the seven sensory 
GSQ subscales, after Bonferroni correction). 
Correlation coefficients were compared between groups using a Fisher r-to-z transformation and results 
are shown in the right column ns = non-significant. 
 

Group comparison: low AQ versus high AQ 

 The demographic data of the two groups and basic descriptive statistics are given in 

Table 1. The average AQ of the low AQ group was 12.4 (±5.1), while the high AQ group 

scored 38.0 (±6.0) in average (group difference: t = 35, p < 10-6). The GSQ was significantly 

higher in the high AQ group than in the low AQ group for the total score (82.8 ±25.4 vs. 41.6 

±14.7, t = 15, p < 10-6), the hypersensitivity score (46.9 ±14.9 vs. 21.9 ±8.4, t = 15, p < 10-6), 

and the hyposensitivity score (35.9 ±12.4 vs. 19.6 ±8.0, t = 12, p < 10-6) (Figure 3.A). 
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Figure 3: Glasgow sensory questionnaire scores in the low AQ and high AQ groups 
A. GSQ scores of hypersensitivity and hyposensitivity in the low AQ (blue) and high AQ (orange) groups. 
B. Subscales of the GSQ in the low AQ (blue) and high AQ (orange) groups, for the visual, auditory, 
gustatory, olfactory, tactile, vestibular and proprioceptive modalities. Black stars indicate significant 
difference between groups for the total GSQ subscore in each modality. 
Clear blue and orange indicate the GSQ scores of hyposensitivity, while dark blue and orange indicate the 
GSQ scores of hypersensitivity. Blue and orange stars correspond to the significant differences between the 
hypersensitivity and hyposensitivity subscores within the low AQ and high AQ groups, respectively.  
* p < .007, ** p < 10-3, *** p < 10-6 (Bonferroni correction for multiple comparisons involving the seven 
subscales of the GSQ gives a threshold of significance for p < .007). Error bars correspond to standard 
deviations. 

 Correlation between the AQ and GSQ scores 

 The GSQ and AQ scores were positively correlated in both groups (low AQ: r = .45, p 

< 10-6, high AQ: r = .62, p < 10-6, Figure 2.A), with a significantly different linear relationship 

between the two groups. The relationship between the GSQ score and AQ writes as follows: 

[GSQ = 1.3*AQ + 25.5] in the low AQ group, and [GSQ = 2.6*AQ - 16.0] in the high AQ 

group. The 95% confidence intervals of the slopes were [0.87, 1.7] in the low AQ group, and 

[1.9, 3.3] in the high AQ group. The 95% confidence intervals of the intercepts were [19.7, 

31.2] in the low AQ group and [-41.4, 9.3] in the high AQ group. Hence, the 95% confidence 

intervals of both slopes and intercepts did not overlap between groups. 

 The correlations between the subscales of the GSQ and of the AQ are described in 

Table 2. Fisher’s z’ transformations showed that correlation coefficients were significantly 

greater in the high AQ group than in the low AQ group for the correlation between the AQ 

and the hypersensitivity GSQ score (r = .61 vs. r = .37, t = 2, p < .01). Moreover, in the high 

AQ group, correlation coefficients were also stronger for the correlation between the AQ and 

the olfactory GSQ subscore (r = .45 vs. r = .12, t = 3, p < .01) and the tactile GSQ subscore (r 

= .30 vs. r = .54, t = 2, p < .05) than the low AQ group. A stronger correlation in the high AQ 
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group was also found between the total GSQ score and the communication AQ subscore ( r = 

.52 vs. r = .28, t = 2, p < .05). 

Correlations between hypersensitivity and hyposensitivity scores 

All subjects Low AQ High AQ Low vs. high 
AQ group GSQ subscales   r         r         r 

Total .82*** .60*** .73*** ns (.07) 
Visual .60*** .31** .54*** .03 
Auditory .57*** .23*** .30* ns 
Gustatory .36*** .23 .45** ns (.06) 
Olfactory .25** .09 .21 ns 
Tactile .57*** .15 .33** ns 
Vestibular .54*** .18 .46** <.05 
Proprioceptive .63*** .38** .45** ns 

 

 GSQ hypersensitivity and hyposensitivity scores 

 The hypersensitivity and hyposensitivity scores of the GSQ were highly positively 

correlated within groups (low AQ: r =.60, p < 10-6; high AQ: r = .73, p < 10-6; Figure 2.B, 

Table 3). Significantly greater correlation coefficients were found in the high AQ group as 

compared to the low AQ group for the correlations between the hypersensitivity and 

hyposensitivity scores for the visual (r = .54 vs. r = .31, t = 2, p < .05) and the vestibular (r = 

.46 vs. r = .18, t = 2, p < .01) modalities, and a marginally significant difference was found for 

the gustatory modality (r = .45 vs. r = .23, t = 2, p = .06). 

 The ANOVA investigating the effect of group (2 levels), sensory modality (7 levels) 

and hyper or hyposensitivity (2 levels) on scores, revealed a group effect (F(1,243) = 255, p < 

10-6), a sensory modality effect (F(6,1458) = 175, p < 10-6), and a hyper/hyposensitivity effect 

(F(1,243) = 115, p < 10-6) (Figure 3). There was an interaction between group and sensory 

modality (F(6,1458) = 11, p < 10-6), and hyper/hyposensitivity (F(1,243) = 61, p < 10-6). 

Finally, there was a triple interaction between group, sensory modality and 

hyper/hyposensitivity (F(6,1458) = 9, p < 10-6). In both groups, the GSQ scores were higher 

for hypersensitivity than hyposensitivity: 21.9 (±8.4) versus 19.6 (±8.0) (t = 4, p < 10-6) in the 

low AQ group, and 46.9 (±14.9) versus 35.9 (±12.4) (t = 11, p < 10-6) in the high AQ group 

(Figure 3.A). 

 The high AQ group scored higher than the low AQ group at every subscale (p < 10-6 

for every modality, Figure 3.B).  

 Within group, both the low AQ and high AQ groups reported significantly higher 

hypersensitivity than hyposensitivity for the visual, auditory and vestibular modalities (Figure 

Table 3: Correlations between 
the GSQ subscores of hyper- 
and hypo-sensitivity 
Pearson correlation tests: * p < 
.007, ** p < 10-3, *** p < 10-6 (non-
significant for p > .007, after 
Bonferroni correction). 
Correlation coefficients were 
compared between groups using 
a Fisher r-to-z transformation.  
ns = non-significant. 
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3.B). Both groups showed higher hyposensitivity than hypersensitivity for the proprioceptive 

modality. Contrary to the low AQ group, the high AQ group also showed significantly higher 

scores in hypersensitivity than hyposensitivity for the gustatory, olfactory and tactile 

modalities. 

 The difference between the hypersensitivity score and the hyposensitivity score was 

significantly greater in the high AQ group than in the low AQ group (11.0 ±10.2 vs. 2.3 ±7.3, 

t = 6, p < 10-6). In order to estimate the relative weight of the hyper and hyposensitivity 

scores, we divided the hypersensitivity score by the hyper plus hyposensitivity scores in each 

sensory modality. Results showed higher relative hypersensitivity in the high AQ group as 

compared to the low AQ group for the gustatory (54% vs. 47%, t = 3, p < .01), olfactory (64% 

vs. 47%, t = 6, p < 10-6) and proprioceptive (45% vs. 35%, t = 3, p < .01) modalities (these p-

values are all under the .007 threshold with Bonferroni correction). 

 

 Correlation matrices between the GSQ subscores 

 Correlation matrices between the 42 items of the GSQ showed greater correlations for 

the high AQ group than the low AQ group (χ2 = 1803, p < 10-6), especially between items 

representing the same modalities. Similar differences in correlations between the 14 subscales 

(hyposensitivity and hypersensitivity in the seven sensory modalities) were observed, with 

significantly greater correlations within the high AQ group than within the low AQ group (χ2 

= 220, p < 10-6). Between groups, no significant differences were observed in the correlation 

matrices obtained with the hyposensitivity subscores (χ2 = 28, p > .05). However, highly 

significant group differences were obtained for hypersensitivity subscores (χ2 = 85, p < 10-6 , 

Figure 4).  

 As these stronger correlations suggest greater consistency of the high AQ group 

responses, it led us to analyze the variation coefficient calculated for each subject across the 

14 subscales. The analysis of variance showed a significantly greater variation coefficient in 

the low AQ group (64% ±19) than in the high AQ group (46% ±19) (F(1,239) = 50, p < 10-6). 

The same differences between groups were obtained whether the variation coefficients were 

calculated across the seven hypersensitivity subscales, the seven hyposensitivity subscales, 

the 14 subscales or the 42 items (105% ±27 vs. 70 % ±27; F(1,239) = 101, p < 10-6). This 

variation coefficient was negatively correlated with the GSQ score (r = -.78, p < 10-6) and 

with the AQ score (r = -.52, p < 10-6). In other words, in the high AQ group, subjects not only 

had greater GSQ scores but also tended to be more consistent in their answers. 
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Figure 4: Correlations between the 14 GSQ subscores 
The matrix indicates the Pearson correlation coefficients between the subscores of the GSQ in the low AQ 
group (bottom diagonal) and in the high AQ group (upper diagonal). P-values associated with the 
correlation coefficients are shown with the stars on the colorbar: * p < 5.10-4 (adjusted with Bonferroni 
correction for 91 comparisons), ** p <5.10-5. Audit: Auditory, Gust: Gustatory, Olfact: Olfactory, Vestib: 
Vestibular, Proprio: Proprioceptive, hyper: hypersensitivity, hypo: hyposensitivity. 

 

 Factor analysis on the 14 subscales in the low AQ and high AQ groups 

 As one of the advantages of the GSQ is to be able to test both hyposensitivity and 

hypersensitivity on seven sensory modalities, we proceeded with a factor analysis on the 14 

subscales. This allowed to maintain a good subject to variable ratio (i.e., > 7) whilst being 

able to perform it separately on the two AQ groups: as the correlation matrices of both groups 

showed significant different patterns of correlations and significantly greater correlations in 

the high AQ than in the low AQ group, investigating a potential different internal structure 

between both groups seemed quite relevant.  

 The number of multivariate outliers excluded was 0 for the high AQ subjects and 2 for 

the low AQ subjects, so the factor analyses were performed on the 102 subjects with high AQ 

and 141 subjects with low AQ. 
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 Skewness ranged between -.9 and .7 in the high AQ group and between .1 and 1.4 in 

the low AQ group. Kurtosis was below 3, except for two variables below 3.6 in the high AQ 

group, and six variables below 4.7 in the low AQ group. The KMO was very good (high AQ: 

.89, low AQ: .86), and all values for individual items were greater than .82 (olfactory 

hyposensitivity) in the high AQ group, and greater than .76 (auditory hypersensitivity) in the 

low AQ group. Bartlett’s test was highly statistically significant (high AQ: χ2 > 660, p < 10-4; 

low AQ: χ2 > 524, p < 10-4), confirming that correlations between individual items were 

sufficient. 

 The maximum likelihood method was used for factors extraction. Inspection of 

Cattell’s scree plot gave a number of factors of one or two in the high AQ group and of two in 

the low AQ group. Parallel analysis gave one factor in the high AQ group, and two factors in 

the low AQ group. Finally, Velicer’s MAP criterion gave two factors in both groups. For both 

groups, only one factor had an eigenvalue greater than 1. Hence, we tested the option with 

either one factor or two factors. 

 The two factors explained 48% of variance in the high AQ group (43% and 5%) and 

36% of variance in the low AQ group (30% and 6%). The model fit was good based on a 

RMSR result of .06 in the high AQ group and .05 in the low AQ group. The residuals were 

normal in both groups (p > .05 in both groups). The Tucker Lewis Index of factoring 

reliability was .94 in the high AQ group and .97 in the low AQ group. There were very good 

CFI: .96 in the high AQ group and .98 in the low AQ group. 

 The one-factor option explained 43% of the variance in the high AQ group and 30% of 

variance in the low AQ group. It gave a model with lower fits indexes: Root Mean Square 

Error of Approximation of .09 in the high AQ group and .07 in the low AQ group, RMSR of 

.07 in the high AQ group and .08 in the low AQ group, Tucker Levis <.90 in both groups and 

CFI at .91 in both groups. Hence the two-factor extraction was selected for both groups. 

  The average communality obtained across the 14 variables was .48 (±.1) in the high 

AQ group and .36 (±.09) in the low AQ group. In the high AQ group, they were all above .45, 

except for the olfactory hyposensitivity score at .18 and the auditory hyposensitivity score at 

0.38. In the low AQ group, all communalities were between .21 and .51.  

 Oblique rotation showed two underlying factors, explaining respectively 25% and 

24% of variance in the high AQ group, and 20% and 16% of variance in the low AQ group. 

The correlation between the two factors was .66 in the high AQ group and 0.53 in the low AQ 

group. The individual loadings of each factor on each of the 14 variables are summarized 

below. 
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 High AQ group 

 In the high AQ group, the seven hypersensitivity scores loaded on Factor 1, with some 

degrees of cross-loadings for the proprioceptive, visual and vestibular modalities. The seven 

hyposensitivity scores loaded on Factor 2, with a low load for the olfactory hyposensitivity 

score and the highest load for the tactile hyposensitivity score (.84). 

 Hierarchical cluster analysis revealed a homogeneous main cluster (C12, with α = .91, 

β = .84) and two main subclusters: one associated with hypersensitivity variables (C11, with α 

= .88, β = .82) and one associated with hyposensitivity variables (except for the olfactory 

hyposensitivity variable) (C9, α = .85, β = .80) (Figure 5). However, the addition of the 

olfactory hyposensitivity variable led to a drop in homogeneity (β = .6), showing that this 

variable did not fit well. Likewise, when we force the number of final clusters to be 2, the 

olfactory hyposensitivity variable was excluded as a single item cluster, while the rest of the 

structure was identical to the previous main cluster (C12) with two hyposensitivity and 

hypersensitivity subclusters. For the entire structure (excluding the olfactory hyposensitivity 

variable), the minimum α and β were .66 and above .80 for the main subclusters, with a 

difference between them lower than .08. This result argues for the unidimensionality of the 

structure, with two subclusters corresponding to hyposensitivity and hypersensitivity. 

 
Figure 5: Hierarchical cluster analysis of the 14 GSQ subscales in the high AQ group 
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This analysis revealed the cluster C11 associated with the hypersensitivity subscores, the cluster C9 
associated with the hyposensitivity subscores. The main cluster C12 gathers the hypersensitivity and 
hyposensitivity clusters. The addition of the olfactory hyposensitivity item in cluster C13 led to a drop in 
homogeneity (β=0.6) suggesting a poor fit of this item.  
Hyper: hypersensitivity, Hypo: hyposensitivity score at the GSQ 

 

 Low AQ group 

 In the low AQ group, the seven hyposensitivity variables and the proprioceptive 

hypersensitivity variable loaded on Factor 1. The six remaining hypersensitivity variables 

loaded on Factor 2. There was some cross-loading with the gustatory hypersensitivity and 

auditory hyposensitivity variables, and to a lesser degree, with the visual hypersensitivity 

variable. 

 Cluster analysis performed on the low AQ group revealed a somewhat foggier pattern 

than for the high AQ group, with lower α and β coefficients (mostly ranging between .6 and 

.7) and more heterogeneity. A main cluster was clearly identified (C11, with α = .84, β = .74), 

regrouping two main subclusters, corresponding to hyposensitivity (C10, with α = .80, β = 

.71) and hypersensitivity (C8, with α = .72, β = .69). The proprioceptive hypersensitivity 

variable was associated with the vestibular hyposensitivity variable, and was part of the 

hyposensitivity cluster, as in the factor analysis. The addition of the olfactory hyposensitivity 

and auditory hypersensitivity variables yielded a drop in beta coefficient (i.e. a loss of 

homogeneity), suggesting that those two items did not fit well and had a somewhat different 

behaviour than the rest of the scale. 
 

 

Discussion 

 This study aimed at validating a French language version of the Glasgow Sensory 

Questionnaire and at refining the characterization of sensory sensitivity profiles in individuals 

with low and high AQ. Our results validate the French-language version of the GSQ, within 

the framework of the equivalences defined by the Universalist Model of cross-cultural 

adaptation of health questionnaires (Herdman et al. 1998). Overall, this study confirms the 

strong relationship between the number of autistic traits and the frequency of unusual sensory 

experiences. We also defined precise sensory profiles of hypersensitivity and hyposensitivity 

across sensory modalities in individuals with low and high AQ, and we characterized group 

differences. 
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Validation of the French version of the GSQ 

 The strong correlations obtained across the 42 items between the French and English 

(Robertson and Simmons 2013) studies are in favor of good item equivalence between 

languages. Item equivalence between population samples was also respected as scores at the 

fourteen subscales of the present study and of the study by Ward and colleagues (2017) 

strongly correlated. The French GSQ showed a very good internal consistency, in line with 

the ones reported in the English and Japanese versions of the GSQ (Robertson and Simmons 

2013; Takayama et al. 2014). Functional equivalence, dealing with the relationships between 

the questionnaire and external factors, was also respected as correlations between GSQ and 

AQ subscales were very similar across languages and samples (Robertson and Simmons 

2013; Takayama et al. 2014).  

 The internal structure of the GSQ had not been investigated in previous studies, but 

was characterized in the present study in order to determine whether it reflected the expected 

structure of the questionnaire. Precisely, we expected the factor analysis to reveal seven 

factors corresponding to the seven sensory modalities, and/or two factors corresponding to 

hyposensitivity and hypersensitivity, or a mix of the two. Common factor analysis performed 

on the entire population, yielded a two-factor structure with one factor encompassing mostly 

hypersensitivity items, and the other involving mostly hyposensitivity items. Hierarchical 

cluster analysis confirmed this structure in both AQ groups, showing a unique dimension 

scale (“sensory abnormality”), with two main subcomponents: hyper and hyposensitivity. 

However, finer grain analysis reveals differences between low and high AQ groups. 

Refining sensory profiles in groups with low versus high AQ 

 GSQ scores increased twice more with the AQ for the high AQ group than for the low 

AQ group. The non-linear relationship between AQ and GSQ scores across the entire AQ 

range highlighted the fact that groups with low and high AQ had distinct sensory profiles. 

Indeed, it suggests that individuals with high AQ are not simply characterized by an increased 

occurrence of atypical sensory experiences, but possibly also by different sensory profiles. 

 Sensory profiles in groups with low and high AQ were first analyzed using cluster and 

factor analyses on the fourteen GSQ subscales. Factor analysis showed a similar two-factor 

structure (hypersensitivity and hyposensitivity) in each group, but with more variance being 

explained for the high AQ than for the low AQ group. Cluster analysis showed a similar 

structure at a macro scale, i.e., an abnormal sensitivity factor with two subcomponents, 
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hypersensitivity and hyposensitivity with a clearer pattern in the high AQ group, and a foggier 

pattern in the low AQ group. Finer grain analysis shows a slightly different relationship 

between the items, with a stronger homogeneity of the two subcomponents in the high AQ 

group versus the low AQ group. The hypo-olfactory item is clearly a “rogue” item for both 

groups (which is in agreement with the behavior of the corresponding items in the 42 items 

scale). However, cluster analysis allows to pin-point differences in how the “hyper-auditory” 

item behaves: it is associated with the hyper-vestibular item in the high AQ group, but 

behaves as an outsider for the low AQ group. In future development of sensory analysis, the 

differential perception of such items between the low AQ group and the high AQ group could 

be worth investigating. In addition, the analysis of the GSQ structure also demonstrated a 

greater consistency between items in the high AQ group. 

 The difference between groups is further illustrated by the correlations between the 

hypersensitivity and hyposensitivity scores in the seven sensory modalities. Indeed, the 

correlation matrices showed stronger correlations in the high AQ than in the low AQ group, 

especially for the hypersensitivity subscales. This indicates that individuals with high AQ 

have an “extreme” sensitivity, shared quite uniformly across the seven sensory modalities. In 

contrast, it suggests that individuals with low AQ would have “peaks” of increased/decreased 

sensitivity in a particular sensory modality, but this would not be generalized to every sensory 

modality. Together with the clear and robust patterns revealed by the cluster and common 

factor analyses, these elements show that the high AQ group had a more homogeneous profile 

of sensory sensitivity than the low AQ group. Interestingly, the high AQ group also showed 

stronger correlations between hyposensitivity and hypersensitivity scores, especially in the 

visual modality. It means that, contrary to people with low AQ, individuals with high AQ 

have a higher tendency to experience both hypersensitivity and hyposensitivity within a 

sensory modality. 

 The high AQ group scored above the low AQ group for each of the fourteen subscales, 

except for the olfactory hyposensitivity subscale. There was no difference either on this 

subscale in the comparison between control and ASD individuals in the study by Ward and 

colleagues (Ward et al. 2017). In our study, the two groups were also distinguished by the fact 

that the high AQ group reported more experiences due to hypersensitivity than 

hyposensitivity, as compared to the low AQ group. The relative predominance of 

hypersensitivity over hyposensitivity was more pronounced in the high AQ than low AQ 

group for the olfactory modality, and to a lower extent, for the gustatory and proprioceptive 
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modalities. Noticeably, enhanced olfactory hypersensitivity had been previously linked to 

more autistic traits (Ashwin et al. 2014). 

Linking sensory profiles of people with high AQ to current theories of ASD 

 Theories accounting for an abnormal sensory sensitivity in ASD mostly focus on 

sensory hypersensitivity, and often fail to explain both hypersensitivity and hyposensitivity. 

The Enhanced Perceptual Functioning (EPF) theory of ASD suggested increased perceptual 

ability in ASD (Mottron et al. 2006; Mottron and Burack 2001). In this view, sensory 

hypersensitivity could contribute to superior discrimination performance or peaks of ability 

found in ASD. Besides, the Intense World Syndrome theory suggested that sensory 

hypersensitivity could be related to excessive neural processing and neural hyper-reactivity 

(Markram et al. 2007; Markram and Markram 2010). Furthermore, theories suggesting either 

an increased or decreased level of endogenous neural noise in ASD could lead to hypo- or 

hyper-sensitivity (Dakin and Frith 2005; Davis and Plaisted-Grant 2015; Simmons and Milne 

2015; Simmons et al. 2007). Bayesian theories propose that peculiar sensory sensitivity in 

ASD could be due to an atypical weighting between the confidence given to the sensation 

relatively to the expectation on this sensation, in a specific context (Brock 2012; Haker et al. 

2016; Lawson et al. 2014; Palmer et al. 2017; Pellicano and Burr 2012; Van de Cruys et al. 

2013, 2014, 2016). 

 Our results showed quite homogeneous profiles of sensory sensitivity in the high AQ 

group, and sensory profiles characterized by peaks of hypersensitivity or hyposensitivity in 

different sensory modalities in the low AQ group. Yet, given the notion of sensory expertise 

in ASD, we could have expected sensory profiles with peaks of hypersensitivity more 

pronounced in the high AQ group than in the low AQ group. The stronger predominance of 

experiences of hypersensitivity over hyposensitivity in the high AQ group could contribute to 

explain why theories of ASD were often focused on hypersensitivity. The EPF theory 

(Mottron et al. 2006; Mottron, and Burack 2001) or the low endogenous noise theory of ASD 

(Davis and Plaisted-Grant 2015) would be consistent with the frequent hypersensitivity 

experiences in ASD. To explain the co-occurrence of both hyposensitivity and 

hypersensitivity within a sensory modality in ASD, the global context needs to be taken into 

account. For instance, the predictable nature of the sensory stimulations seems to play a key 

role in the reactivity to sensory stimuli in people with ASD (Ashburner et al. 2013). Indeed, a 

study based on questionnaires revealed that around half of the variance of sensory sensitivity 

abnormalities in ASD could be explained by anxiety and intolerance to uncertainty (Neil et al. 
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2016). This need for predictive stimuli fits the Bayesian brain theories suggesting that ASD 

individuals would have suboptimal predictive systems, particularly in changing environments 

(Haker et al. 2016; Lawson et al. 2014; Palmer et al. 2017; Robic et al. 2014; Van de Cruys et 

al. 2014, 2016). Bayesian theories could explain the presence of both hypersensitivity and 

hyposensitivity, as sensory reactivity would depend on the context (and particularly, of its 

predictability). The context should help disentangling sensory relevant information from 

irrelevant noise, and therefore adapt the level of precision of the sensory input (Van de Cruys 

et al. 2016). Hence, depending on the context, noisy sensory inputs would lead to 

hyposensitivity, while precise sensory inputs would lead to hypersensitivity. 

Implications for individuals with ASD 

 As abnormal sensory sensitivity can affect the quality of life, a finer characterization 

of the sensory sensitivity profiles could help defining better working and living environments 

for individuals with high AQ or diagnosed with ASD. Based on ASD reports, Smith and 

Sharp (2013) suggested that heightened senses in ASD would lead to fascination and 

pleasurable activities, but would also trigger stress, avoidance and isolation. Atypical 

sensitivity can affect non-social, but also social perception. For instance, Lundqvist (2015) 

showed that hyper-responsiveness to touch mediated social dysfunction in ASD. For people 

with ASD, the major negative outcomes of hypersensitivity appear to be over-responsivity 

and anxiety. Indeed, sensory over-responsivity positively correlates with the AQ (Tavassoli et 

al. 2014) and can lead to anxiety (Ashburner et al. 2013). Anxiety disorders are more common 

in individuals with ASD than controls, and are closely related to sensory over-responsivity 

(Green and Ben-Sasson 2010). Moreover, in children with ASD, sensory over-responsivity 

would emerge earlier than anxiety (Green et al. 2011), and this atypical sensitivity leads to 

higher physiological stress (Corbett et al. 2016). Interestingly, Horder et al. (2014) showed 

that the correlation between the GSQ and the AQ survived correction for anxiety trait scores. 

To cope with atypical sensory experiences, people with ASD would use several strategies 

such as avoidance, meta-cognitive adaptation, or increasing the predictability of the 

environment (Ashburner et al. 2013). 

Perspectives 

 With the GSQ internal structure analysis, the present work suggests that new GSQ 

indices could be relevant for exploring the peculiarities of perceptual processing in ASD. 

Replicating this study on a different high AQ population would allow ascertaining the 
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robustness of the associations between different sensory modalities observed here. Indeed, the 

robustness of those similarities should be assessed in other samples so as to determine 

whether these similarities are specific to ASD. Indeed, heightened hypersensitivity and 

hyposensitivity was also found in synaesthetes (Ward et al. 2017), and comparing the GSQ 

internal structure of the responses of synaesthetes and of subjects with ASD could indicate 

whether they show different sensory modalities associations. 

 Finally, future works should investigate the relationships between the GSQ scores and 

behavioral measures (such as perceptual thresholds) or neurophysiological data in order to 

estimate whether the self-report of the GSQ fits physiological data. The GSQ is designed to 

assess sensory sensibility in individuals with ASD who are able to complete a self-report 

questionnaire, hence limiting its scope to only part of the spectrum. Future works could also 

adapt this self-report questionnaire to an observation measurement tool for a larger use. 

 In conclusion, this study confirms the robust link between autistic traits and atypical 

sensory sensitivity. Although the GSQ is relatively recent, the similarities of behavior 

observed between a French sample and several other samples, with good conceptual, 

measurement and functional equivalences, are extremely encouraging to go toward an 

international standard use of the GSQ in clinical and research contexts. 
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Synthesis 
 

 
  

 The presence of both hypersensitivity and hyposensitivity in high AQ and ASD, as 

well as the testimonies from women with Asperger syndrome (Appendix 2), suggest that the 

atypical sensory sensitivity in ASD is highly context-dependent and that sensitivity is very 

often heightened by unpredictable stimuli. 
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II. Study II: Atypical learning strategies in ASD  

Preamble 

 About Donald: « He had an unusual memory for faces and names, knew the 
names of a great number of houses. […] He seemed unable to generalize, transfer an 
expression to another similar object. » 

Kanner, 1943 
 

 « N.P. had many difficulties in primary school. We quickly understood that 
his teachers were always giving successions of examples and waited for him to 
discover the underlying rule. His teachers did not say that the aim was to generalize, 
so, he just learnt everything by heart. Yet, when we told him to look for similarities 
and helped him a little bit, he often ended up finding them, but it was not so obvious 
and it remained quite difficult to him. » 

Father of a participant with ASD (N.P.) 
 

 « I am very bad at recognizing emotional expressions, even the ones 
supposed to be easy, like different kinds of smiles. This is true for everyone I meet, 
except for my wife because I am now a real expert in her smiles. I have managed to 
remember the smile she had at our wedding where she was very happy, the ones she 
had during situations where she told me that she felt embarrassed, etc.… Hence, 
when she smiles, I just have to compare it with the situations we have been in, and I 
can clearly infer its meaning. It works very well, but simply takes a bit longer than 
certain persons, I guess. » 

Participant with ASD (S.K.) 
 

 Constantly surrounded by a highly changing and complex environment, it is 

mandatory to be able to ignore irrelevant features and changes (random noise) and to extract 

underlying regularities in the environment (structure). This is helpful to quickly interpret the 

current stimulation as well as to predict future stimuli. In the example of patient S.K., 

remembering a list of smiles associated with specific situations rather than an “average” smile 

could be suboptimal in daily-life (energy and time consuming). However, it can also endow 

him or people alike with an extraordinary expertise, such as being able to faithfully draw what 

he could precisely encode in memory. Such an atypical way of learning or memorizing can be 

detrimental for instance when having to recognize the emotion behind the expression, as well 

as in many other seemingly trivial daily life situations. 
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 Qian and Lipkin (2012) suggested 

that the social and non-social symptoms of 

ASD could be explained by the unbalanced 

use of two learning styles: the so-called 

INT and LUT learning styles. INT refers to 

interpolation between examples, enabling 

to extract the underlying (more abstract) 

statistical structure. LUT stands for lookup 

table and indicates a strategy that consists 

in storing each experience precisely, 

without compressing information through 

inferring categories. It corresponds, for 

instance, to learning by heart a list of association between phone numbers and names. The 

LUT style would be characterized by a precise encoding of the sensory inputs, somehow 

overfitting the information (including irrelevant features). Such an overfitting would impair 

global processing abilities and prevent from generalizing or categorizing (Figure 35). Indeed, 

too high prediction errors would thus accompany every new stimulus, irrespectively of 

weither they match a contextual (global) regularity share by all surrounging stimuli (in space 

or time) or not.  

 In their articles, Qian and Lipkin hypothesized that, as compared to neurotypicals 

(NT), individuals with ASD would make less use of the INT learning strategy, and would 

present a bias toward the LUT learning strategy. 

 We decided to test this hypothesis in a new visual task that we designed for that 

purpose. We were interested in determining whether participants with ASD would (1) 

spontaneously make less use of an INT learning strategy as predicted by Qian and Lipkin, (2) 

be able to use the INT and LUT learning strategies just like NT subjects, when explicitly told 

to do so. 

 We thus created a set of visual stimuli with two specificities: each stimulus belonged 

to a category and within this category they shared a common unique feature, but each 

stimulus was also specific enough to be distinguished from all other stimuli. Hence the stimuli 

could be either categorized or memorized independently. Importantly, we design the task so 

that participants could correctly perform half of it using the INT learning strategy, and the 

other half using the LUT learning strategy. We used a set of new artificial stimuli so as to 

ensure that subjects would not have prior knowledge over them.  

A. INT learning: broad tuning functions (dashed 
curves) are combined (solid curve) to capture the 
trend of the training data (dots). 
B. LUT learning: narrow tuning functions are scaled 
(solid curves) to match each training datum exactly. 

Figure 35 : Schematic illustration of the INT 
and LUT learning styles 

(Qian and Lipkin 2011) 



Results – Study II. Learning strategies in ASD 

125 
 

Article 

Adults with autism tend to undermine the hidden environmental 

structure: evidence from a visual associative learning task 
 

 

Authors: Laurie-Anne Sapey-Triomphe, Sandrine Sonié, Marie-Anne Hénaff, Jérémie 

Mattout*, Christina Schmitz* (* co-last authors) 

 

 

Abstract 

 The learning-style theory of Autism Spectrum Disorders (ASD) (Qian and Lipkin 

2011) states that ASD individuals differ from neurotypics in the way they learn and store 

information about the environment and its structure. ASD would rather adopt a lookup-table 

strategy (LUT: memorizing each experience), while neurotypics would favor an interpolation 

style (INT: extracting regularities to generalize). In a series of visual behavioral tasks, we 

tested this hypothesis in 20 neurotypical and 20 ASD adults. ASD participants had difficulties 

using the INT style when instructions were hidden but not when instructions were revealed. 

Rather than an inability to use rules, ASD would be characterized by a disinclination to 

generalize and infer such rules. 

 

 

Keywords: autism, perception, categorization, learning, local and global processing 
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Introduction 

An atypical learning style was mentioned in the very first reports about autism 

(Asperger 1944; Kanner 1943). Léo Kanner had noticed that children with autism could not 

learn from adults in “conventional ways” (Kanner 1943). For instance, one child with autism 

had “an unusual memory for faces and names, knew the names of a great number of houses”, 

but “seemed unable to generalize, transfer an expression to another similar object” (Kanner 

1943). Hans Asperger also described individuals with autism as being poor at “mechanical 

learning” (Asperger 1944; Frith 1991), referring to the learning style spontaneously used by 

typically developing children. 

In Autism Spectrum Disorders (ASD), peculiarities of learning often suggested a 

failure to adapt rules and to generalize (Dawson et al. 2005; Plaisted 2001). Particularly, many 

studies have underlined an atypical category learning in ASD, usually slower and less 

accurate than in neurotypical (NT) participants (Alderson-Day and McGonigle-Chalmers 

2011; Carmo et al. 2017; Church et al. 2010, 2015; Gastgeb et al. 2012; Gastgeb and Strauss 

2012; Klinger and Dawson 2001; Soulières et al. 2007, 2011; Vladusich et al. 2010). The 

ability to extract regularities or common features between different stimuli in order to 

categorize them has often been investigated in ASD by using dot pattern categorization tasks. 

Studies using such tasks showed different degrees of impairment in children (Church et al. 

2010) and adults (Gastgeb et al. 2012) with ASD, (although see Vladusich et al. 2010). 

Noticeably, individuals with ASD were more impaired than neurotypics to categorize dot 

patterns that were most distorted from the category prototype (Froehlich et al. 2012). In ASD, 

studies showed an impaired ability to build up a mental representation of a category (Church 

et al. 2010; Klinger and Dawson 2001). 

 Several theories have attempted to explain which mechanisms fail to be used in ASD, 

yielding atypical perception and learning. The Reduced generalization model (Plaisted 2001) 

suggested that individuals with ASD would have difficulties to extract similarities between 

stimuli, hence to generalize. Not only should this affect perception, but also social 

comprehension, as processing the main underlying regularities of social stimuli and situations 

is necessary to appropriately react to them. More recently, a learning-style theory of autism 

was introduced (Qian and Lipkin 2011), inspired by the observation that individuals with 

ASD show difficulties to learn based on training examples (Dawson and Mottron 2008). The 

authors oppose two learning styles: the interpolation (INT) and the lookup-table (LUT) one. 
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They suggest that the INT learning-style would be preferentially used by NT individuals, 

while individuals with ASD would be more biased toward the LUT learning-style. 

 The INT learning style consists in extracting underlying regularities or hidden rules 

from the environmental structure, in order to generalize and categorize. Generalization would 

stem from the ability to interpolate across gaps between examples, in a context where 

examples could be encoded with broad tuning functions (i.e. with low precision). In contrast, 

the LUT learning style consists in storing each experience precisely without properly 

compressing information (e.g. learning an association of names and phone numbers). Storing 

examples with narrow tuning functions (i.e. with high precision) would prevent from making 

interpolations but would help distinguishing each example from one another. Fitting each 

example very precisely becomes a waste of resources in a noisy environment where details 

are meaningless. In contrast, the INT learning style is context-dependent and particularly 

efficient in noisy environments, since encoding stimuli with broad tuning functions enables 

the categorisation and interpretation of new stimuli. In other words, contrary to the LUT 

learning style, the INT one prevents from overfitting and would thus be more adapted to real-

life situations where all kinds of noise have to be filtered out. This is essential to correctly 

interpret sensory stimuli, and subsequently to elaborate functions such as language (Fisher et 

al. 2014; Marcus et al. 2007) or appropriate social skills (Weston and Turiel 1980). Social 

stimuli are particularly noisy, flexible and context-dependent, and their multidimensional and 

complex underlying regularities need to be interpolated between situations. 

A wide variety of atypical behaviors in ASD could be explained by a reduced use of 

the INT style and a greater use of the LUT style (as compared to NT). For instance, some 

persons with ASD report that they tend to learn each situation almost by rote (LUT style) 

instead of generalizing (INT style). Temple Grandin explained: “When I encounter a new 

social situation, I have to search my memory for a similar experience that I can use as a 

model for my next action. […] For common social interactions with clients I use 

preprogrammed, prerehearsed responses” (Grandin 1997). With the LUT style, accumulating 

a great number of examples would end up increasing the potential match between present and 

past situations, but is highly demanding and can be saturated. A reduced use of the INT style 

in ASD would also be in line with findings on categorization and prototype formation 

suggesting impaired generalization (Church et al. 2010; Gastgeb et al. 2012; Scherf et al. 

2008; Vladusich et al. 2010). Yet, some results on categorization in ASD remain inconsistent 

regarding the degree of impairment (e.g. Soulières et al. 2007; Vladusich et al. 2010), and the 

ability to categorize in real-life ecological situations (where individuals with ASD are not 
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given instructions) might differ from the situations of experimental testing described in 

scientific reports. 

In the present study, we designed and tested a new visual paradigm questioning 

whether ASD individuals would indeed make less use of the INT style and more use of the 

LUT styles than NT. Our paradigm matched the recommendation by Qian and Lipkin (2011) 

suggesting that age- and IQ-matched NT and ASD participants needed to be “trained on 

random (but fixed) association tasks and tasks with hidden, underlying rules”, and that it was 

“best to use non-social tasks (e.g, learning visual categorization of shapes) to avoid potential 

confounds from autistic and typical subjects’ different developmental and intervention 

histories”. 

We aimed at determining which strategy was spontaneously favored by NT and ASD 

participants, respectively. Precisely, we investigated whether adults with ASD would 

preferentially look for a rule based on general features of the presented items (INT style), or 

would rather try to memorize all items independently and precisely (LUT style). Participants 

first performed a series of tasks. Importantly, they received no instructions as to which 

learning strategy would be more successful. In these tasks, the hidden structures relied on INT 

and/or LUT learning-styles. Afterwards, participants fulfilled questionnaires to explicitly 

report the learning strategies they had tried to instantiate. Later on, they performed similar 

tasks but with clear instructions about the strategy to favor. These tasks were meant to control 

for their abilities to implement the various learning styles when explicitly told to do so. 
  

 

Material and Methods 

Participants 

Twenty-two participants with ASD and 23 NT participants took part in the study. Two 

participants with ASD and three NT participants were discarded from the main analysis as 

they failed at performing the control task (see Results section). The two resulting groups 

consisted of 20 participants with ASD (mean age in years: 33.6±10.0) and 20 NT participants 

(mean age in years: 30.8±6.9). The two groups were matched for age, gender ratio, education 

level, and intellectual quotient assessed by the Wechsler Adult Intelligence Scale (WAIS III 

or IV). Their characteristics are detailed in Table 1. All participants completed the autism-

spectrum quotient (AQ) test (Baron-Cohen et al. 2001). Patients with ASD were diagnosed by 

clinicians using criteria defined in the Diagnostic and Statistical Manual of Mental Disorders 
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(4th or 5th edition: DSM–IV or V; American Psychiatric Association) and confirmed by a 

psychiatrist specialized in ASD. The Autism Diagnostic Observation Schedule (14 patients), 

the Adult Asperger Assessment (five patients) and/or Autism Diagnostic Interview (four 

patients) were used to objectively screen for ASD. All patients had a diagnosis of ASD 

without any intellectual deficiency or language acquisition delay. Participants had normal or 

corrected-to-normal vision. NT participants reported no history of neurological or psychiatric 

disorders.  

Approval was obtained from the local ethics committee (French South East IV 

Committee for the Protection of Persons). Participants gave their written consent beforehand. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Stimuli 

We created visual stimuli that were unique and distinguishable enough to be 

memorized independently, but could also be categorized based on common features. 

Importantly, these stimuli were new to all participants, so as to avoid any influence from prior 

knowledge. All stimuli were created using Matlab 2013a. 

Each stimulus consisted of a geometric picture defined by lines and angles that formed 

a shape. It was made of nine points pseudo-randomly chosen on a horizontal ellipse and then 

connected with each other. The resulting pattern was filled with black color. Then, 104 of the 

ellipses were rotated by 15° [9:21], 32 by 90° [84:96], 104 by 135° [129:141], 32 by 255° 

[249-261] and 32 by 0° [-6:6] (Figure 1). These rotations enabled the formation of five 

  NT group ASD group p 

Number 20 20 ns 

Male / Female  15 / 5  16 / 4 ns 

Age (years) 30.8 (±6.9) 33.6 (±10.0) ns 

Educational level (years) 4.6 (±2.6) 3.4 (±2.8) ns 

WAIS IV    

   Verbal comprehension 124 (±13) 123 (±18) ns 

   Perceptual reasoning 111 (±14) 113 (±17) ns 

   Working memory 112 (±11) 107 (±20) ns 

   Processing speed 111 (±16) 105 (±25) ns 

   Mean score* 119 (±13) 119 (±22) ns 

AQ score 12 (±6) 35 (±8) <10-6 

Table 1: Demographical and 
neuropsychological characteristics 
of the participants  
Values correspond to the group 
mean (± standard deviation). The 
p-values obtained from the t-test 
comparing the two groups are 
shown in the right column. ns: no 
significant difference between the 
two groups at Student t-test. 
Educational level: number of years 
of study after Baccalaureate. AQ: 
Autism-spectrum quotient.  
* For six of the ASD participants, 
mean IQ score could not be 
computed as the four subscores of 
the WAIS were too heterogeneous 
to be averaged. 
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categories of geometrical pictures: C0, C15, C90, C135, C255. We added a Gaussian noise to the 

orientation within each category with a standard deviation of +/- 6° in order to assess whether 

this would affect performance. 

 

Figure 1: Typical trial (left) common to most of tasks (right) 
A. Example of trial presentation. This structure was the same in every task, except for the Recognition 

test. ITI: inter trial interval. 
B. The Rule-based task tested the spontaneous use of the INT strategy. Stimuli were oriented along 0° 

(category C0) or 90° (category C90) and each stimulus only appeared once. Stimuli had to be 
categorized according to their orientation.  

C. The Memorization-based task tested the spontaneous use of the LUT strategy. Stimuli were all 
oriented along 255° (category C255) and were repeated eight times each. The stimulus / winning 
response association had to be memorized. 

D. In the Mixed LUT-INT task, C15 and C135 stimuli had to be classified according to their orientation 
and were never repeated, whereas C255 stimuli had to be memorized and appeared 16 times each. 

 

Behavioral tasks 

 General procedure 

Participants were sitting at 60cm from the computer screen and the displayed stimuli 

were 20cm long and 8cm wide. Subjects responded with their dominant hand, using the two 

buttons of the computer mouse. The experiments were programmed using the software 

package Presentation (Neurobehavioral Systems). 

 Participants were told that they were going to perform a series of visual tasks in which 

the goal was to win as many points as possible. They were explained that each stimulus was 

predictive of the correct choice to be made (left or right) in order to be successful. In each 

trial, after button press, participants received feedback (“Won”: 1 point, “Lost”: 0 point). The 
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feedback would give them the possibility to discover a strategy in order to win more points. 

They also knew that the link between the stimulus and the winning answer would be different 

from one task to another. Importantly and hidden from the participants, each stimulus-

winning-response association was either consistent with a rule-based approach (INT) or not. 

In the former, applying a memorization-based (LUT) strategy would be suboptimal, while in 

the latter it would become the best (and only possible) strategy. 

 At each trial, a stimulus was displayed on a white screen for three seconds, and 

followed by two identical black discs indicating the two possible answers (Figure 1-A). 

Participants were given three seconds at most to select one of the two options. The disc on the 

side chosen by the participant was then colored in blue for 800ms to highlight their selection. 

Immediately after, a feedback was given to indicate whether their choice was correct or not 

(“Won” or “Lost” displayed on the screen for 2000ms). The inter-stimulus interval consisted 

of a white screen displayed for 500ms. In each task, there were no more than five consecutive 

trials with the same winning response, and the same stimulus never appeared twice 

consecutively. Participants were asked to favor accuracy over speed. 

Participants completed six tasks, and the whole experiment lasted for about one hour. 

The order of the tasks was the following: 1st (or 2nd): Rule-based task, 2nd (or 1st): 

Memorization-based task, 3rd: Mixed LUT-INT task, 4th: Recognition test, 5th (or 6th): Rule-

based control task, 6th (or 5th): Memorization-based control task. 
 

1. Rule-based task, without instructions (INT) 

This task assessed the spontaneous use of the INT learning-style. Participants were 

only told that the displayed stimulus was informative about the side of the winning response. 

The hidden associative rule was such that the correct response depended on stimulus 

orientation (Figure 1.B). Two categories of stimuli were presented: C0 (32 different horizontal 

shapes) and C90 (32 different vertical shapes). The stimulus-winning-response association was 

counter-balanced over participants. For half of the subjects, a correct left button press (resp. 

right) was associated with horizontal stimuli (resp. vertical) and the reverse rule applied for 

the other half. As each stimulus was never presented twice, this association could not be 

memorized. The Rule-based task consisted of 64 trials, and lasted for six minutes on average. 
 

2. Memorization-based task, without instructions (LUT) 

 This task assessed the spontaneous use of the LUT learning-style. Participants were 

only told that there was a link between the stimulus displayed and the side of the winning 
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response. To succeed, participants had to memorize a unique association between a stimulus 

and a response side (Figure 1.C). Eight stimuli from category C255 were pseudo-randomly 

presented eight times each. Four of them were associated with a left winning answer, whereas 

the four others were associated with a right winning answer. Associations were counter-

balanced over participants. This Memorization-based task consisted of 64 trials, and lasted for 

six minutes on average. 

We counterbalanced the order of presentation of the Rule-based task and 

Memorization-based task between participants.  
 

3. Mixed LUT-INT task, without instructions (LUT and INT) 

This task tested the spontaneous use of both the LUT and INT learning strategies. 

Again, participants were told that there was a link between the stimulus displayed and the side 

of the winning response. They were also told that if they had discovered strategies during the 

two previous tasks (Rule-based and Memorization-based tasks), these could be useful for this 

new task. To succeed, participants had to use the INT strategy for half of the stimuli 

(categorization), and the LUT strategy for the other half (memorization) (Figure 1.D). This 

task was divided into four sessions consisting of 64 trials each. In each session, 32 stimuli had 

to be classified according to their orientations (16 belonging to C15, and 16 belonging to C135) 

and 8 stimuli belonging to C255 were displayed four times each and had to be memorized. The 

four sessions presented a total of 64 stimuli from C15 (each presented once), 64 stimuli from 

C135 (each presented once), and 8 stimuli from C255 (each presented 16 times). This Mixed 

LUT-INT task consisted of 256 trials in total, and lasted for about 24 minutes (interrupted by 

two-minute breaks in-between sessions). 
 

4. Recognition test 

This task tested whether participants did memorize some of the stimuli presented 

during the Mixed LUT-INT task, performed right beforehand. Note that this is different from 

having memorized the association between a given stimulus and the side of the winning 

response for that stimulus. Participants were presented with stimuli displayed during the 

Mixed LUT-INT task or never displayed before, and they had to indicate by a button press 

whether they had already seen them or not. 

Sixteen stimuli from each of the three following categories were used: C15, C135 and 

C255 (48 stimuli in total). Within each category, eight stimuli had been displayed during the 

Mixed LUT-INT task, while the eight others were new. Each stimulus appeared for three 
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seconds, and participants had to press on the side of the screen indicating “seen” or “never 

seen” (this side was counterbalanced between participants). No feedback was provided, and 

the inter-stimulus trial lasted for 800ms. The Recognition test consisted of 48 trials, and lasted 

for about 4 minutes.  
 

5. Rule-based control task, with instructions (INT) 

 This task measured the participants’ performance when explicitly told that stimuli 

presenting with the same orientation were associated with the same winning side, and that 

there were two classes of orientations. Prior to the task, participants were also shown two 

stimulus examples illustrating the two different orientations. The design of this control task 

was the same as in the main Rule-based task. Two categories of stimuli were presented: 32 

stimuli belonging to C15 (e.g., associated with a right winning response), and 32 belonging to 

C135 (e.g., associated with a left winning response). The side of the winning response was 

counter-balanced between participants. The Rule-based control task consisted of 64 trials, and 

lasted for six minutes on average.  
 

6. Memorization-based control task, with instructions (LUT) 

 This task measured the participants’ performance when explicitly told to memorize the 

stimulus-winning-response association. 

The design of this control task was the same as in the main Memorization-based task. Eight 

stimuli belonging to C255 were pseudo-randomly presented eight times each (these were 

different from the ones presented in the previous tasks). Half of the stimuli were associated 

with a right winning answer, and the other half with the left winning answer. The side of the 

winning answer was counter-balanced between participants. The Memorization-based control 

task consisted of 64 trials, and lasted for six minutes on average. 

Questionnaires 

 After the fourth task (before starting the control tasks), participants completed a 

questionnaire. They were asked to report the strategies they tried to use for each task. We 

classified answers to the question “Can you describe the strategy you used for each of the 

exercises?” within four categories: categorization based on the orientation, on another rule 

based on global stimulus features (e.g.: large vs. small colored surface), on a rule based on 

local stimulus features (e.g.: side of the smallest angle of the shape), or on memorization. 

Participants were also asked to estimate their concentration level (on a scale from 0 to 2, with 
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2 corresponding to “very concentrated”). Finally, they were asked to indicate whether they 

memorized some of the stimuli in each task, and to indicate which kind of memory they 

thought they were best at (visual, auditory, kinesthetic, or other). 

 

Statistical analyses 

 Between-group comparisons of the demographical data and scores at 

neuropsychological tests were performed using Student’s t-test. The accuracy corresponds to 

the average percentage of correct answers in each task. In the Memorization-based, Rule-

based, and control tasks, accuracies and response times were compared between groups using 

Student t-tests. In the Mixed LUT-INT task, a three-way analysis of variance (ANOVA) was 

applied on accuracies to assess the effect of group (NT or ASD), stimulus type (INT or LUT) 

and sessions (1 to 4). Student’s t-tests were used for post-hoc comparisons. 

 Correlations between accuracies or response times and AQ scores were examined 

using Pearson analysis. Correlation coefficients were compared using Fisher r-to-z 

transformation. 

 Chance levels were calculated as the upper limit of the confidence interval in binomial 

tests assessing 50% of success (with a confidence level of 0.95) i.e. 68.1% of correct answers 

for 32 trials, 62.8% for 64 trials, 59.0% for 128 trials, and 56.3% for 256 trials. Proportions of 

participants scoring above chance level were compared using proportion tests. Proportions of 

participants reporting different strategies in the questionnaires were compared between groups 

using proportion tests. 

 Statistical analyses were performed using R (http://www.R-project.org). The threshold 

for statistical significance was always set to p < .05. 

 

Results 

 No effect of orientation blurring within each stimulus categories could be observed on 

accuracy. Hence all the results reported below integrate over this dimension.  

Besides accuracy, we also analyzed reaction times which we only report here whenever the 

group difference proved significant.  

Participant selection criteria in the control tasks 

The Rule-based control task was used to select participants for further analysis. We 

excluded the participants that were not able to categorize the stimuli according to their 
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orientations when they were explicitly asked to. We considered this ability as a prerequisite to 

perform the implicit Rule-based and Mixed LUT-INT tasks. Hence, participants who did not 

obtain more than two third of correct answers at this control task were excluded from our 

analyses. Three NT participants (mean accuracy: 56.8% ±14.0) and two ASD participants 

(mean accuracy: 53.9% ±3.3) were excluded. These participants reported that they did not 

manage to identify any global orientation in the displayed stimuli, apart from one of the ASD 

participant who reported that he recognized the orientation but could not help pressing the left 

button. 

The resulting groups consisted of 20 NT and 20 ASD participants whose 

characteristics are given in Table 1. 

Rule-based control task (with instructions) 

 NT and ASD participants reached 98.4% (±1.9) and 95.2% (±6.3) of correct answers, 

respectively (Figure 2-A). 100% of participants in each group scored above chance level. 

Although accuracy was very high in both groups, this difference was significant in favor of 

NT participants (p = .04). After more detailed analyses of error repartition, this difference 

appeared to be mostly driven by differences during the first trials. ASD participants 

committed twice more errors than NT participants between the 1st and 6th trial.  

Memorization-based control task (with instructions) 
The NT and ASD groups obtained 66.6% (±9.8) and 61.9% (±14.5) of correct 

answers, respectively. No differences in accuracy were found between the two groups, and 

both groups scored at chance level (Figure 2-B). In the NT and ASD groups, 60% and 55% of 

the participants scored above chance level, respectively (no group difference). 

NT subjects answered faster than ASD ones (NT: 1857ms ±625 vs. ASD: 2465ms ±1025, p < 

.05). 

Comparison of the two control tasks 
The two groups were less accurate in the Memorization control task than in the 

Categorization control task (p < 10-6 in both groups). 

Rule-based task (without instructions) 
 The NT group performed better than the ASD group (p < .01), with 81.9% (±18.1) 

versus 62.8% (±16.6) of correct answers (Figure 2-A). The NT group answered faster than the 

ASD group (NT: 1670ms ±1043 vs. ASD: 2663ms ±1113, p < .01), in particular for correct 

answers (NT: 1605ms ±1055 vs. ASD: 2636ms ±1113, p < .01). A higher proportion of NT 
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participants scored above chance level, as compared to ASD participants (NT: 75% vs. ASD: 

30%, p < .05). As another indicator of group difference in inferring and applying the rule, in 

the NT group 85% of the participants answered correctly eight times in a row after only 16 

trials (median). In contrast, in the ASD group, only 30% of the participants reached the same 

performance but after 27 trials (median).  

Memorization-based task (without instructions) 
 The NT and ASD groups obtained 59.0% (±11.8) and 56.6% (±14.0) of correct 

answers, respectively (Figure 2-B). No differences in accuracy were found between groups, 

and both groups scored at chance level on average. 40% of the NT and 30% of the ASD 

participants scored above chance level (no group difference). 
 

 

Figure 2: Accuracy in the Rule-based and Memorization-based tasks  
A. Group mean accuracy observed in the Rule-based task without (left) and with instructions (right, 

control task). 
B. Group mean accuracy observed in the Memorization-based task without (left) and with instructions 

(right, control task). 
NT group: blue, ASD group: orange. Error bars correspond to standard deviations. The dash line indicates 
the chance level. # p < .05, * p < .01, ** p < .001, *** p < .0001. 
 

Comparison between the Rule-based and Memorization-based tasks 
 The NT group showed greater accuracy (p < 10-5) and shorter response times (p < .01) 

in the Rule-based task than in the Memorization-based task. Moreover, in the NT group, 

accuracy in the Rule-based task correlated with accuracy in the Memorization-based one (r = 

.29, p < .05). In contrast, in the ASD group, there was no significant difference between the 
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accuracy in these two tasks. And accuracy in the Rule-based task did not correlate with 

accuracy in the Memorization-based one (r = .13, p > .05). 

Comparison between the tasks with and without instructions 
In the Rule-based tasks, giving instructions resulted in an increase in accuracy of 

16.5% (±18.4) in the NT group, and of 31.9% (±15.7) in the ASD group. Both groups scored 

significantly higher in the Rule-based control task than in the task without instructions (NT: p 

< .001, ASD: p < 10-6) (Figure 2.A). 

 In the Memorization-based tasks, giving instructions resulted in an increase in 

accuracy of 7.6% (±12.3) in the NT group and of 5.2% (±16) in the ASD group. The NT 

group scored significantly higher in the Memorization-based control task than in the task 

without instructions (p < .05), contrary to the ASD group (p > .05) (Figure 2.B). 

This gain in accuracy following instructions was higher in the ASD group than in the NT 

group in the Rule-based tasks (p < .01) but not in the Memorization-based tasks. 

Mixed LUT-INT task (without instructions) 

Results from the Mixed LUT-INT task are shown on Figure 3. A nested ANOVA 

investigating the effect of group (NT and ASD), stimulus (INT and LUT) and session (1 to 4) 

on accuracy revealed a significant group effect (F(38,1) = 7, p < .01), stimulus effect (F(38,1) 

= 43, p < 10-6) and session effect (F(38,3) = 17, p < 10-6). In addition, it showed a significant 

interaction between group and stimuli (F(38,1) = 20, p < 10-4). No significant interactions 

were found between group and session, between session and stimuli, and between group x 

session x stimuli. 

 Post-hoc tests showed that on average, the NT group performed better than the ASD 

group (NT: 71.3% ±11.2 vs. ASD: 62.3% ±13.4, p < .05). On average, accuracy for INT 

stimuli was higher than for LUT stimuli (INT: 72.9% ±18.1 vs. LUT: 60.7% ±12.8, p < .001). 

The NT group scored higher for INT stimuli than the ASD group (NT: 81.5% ±16.4 vs. ASD: 

64.3% ±19.9, p < .01), but not differently for LUT stimuli (NT: 61.1% ±15.8 vs. ASD: 60.4% 

±15.8). In the NT group, post-hoc tests on the session effect showed a significant increase in 

accuracy between the first and second/third/fourth sessions (p < .001), and between the 

second and third/fourth sessions (p < .05), but no difference between the third and fourth 

sessions (p = .08). In the ASD group, there was only a significant increase in accuracy 

between the first and third/fourth sessions (p < .05). 

 Within group, the NT scored higher for INT than LUT stimuli (p < .001). In the ASD 

group, no significant difference in accuracy was found between INT and LUT stimuli. 
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 A greater proportion of NT participants scored above chance level for INT stimuli 

(NT: 90% vs. ASD: 40%, p < .001). An equivalent proportion of NT and ASD participants 

scored above chance level for LUT stimuli (NT: 55% vs. ASD: 50%). 

To determine which learning style was associated with the highest accuracy, we 

compared accuracy for the INT and LUT stimuli for each participant. In the NT group, 85% 

of the participants obtained higher scores with INT stimuli, and 15% with LUT stimuli. In the 

ASD group, 30% obtained higher scores with INT stimuli, 50% with LUT stimuli, and 20% 

showed no difference between the two (i.e. a difference in accuracy smaller than 3%). Group 

comparisons revealed a higher proportion of NT than ASD participants with higher scores for 

INT stimuli (p < .001), and a higher proportion of ASD than NT participants with higher 

scores for LUT stimuli (p < .05). 

Correlations with IQ scores 

As the perceptual reasoning score (IQ-PR) includes 3D visual search, we expected 

accuracy in the Rule-based and Mixed LUT-INT tasks to correlate with it. It proved to be the 

case for NT participants only, in the Rule-based task (r = .60, p < .01). And only NT 

participants showed a non-significant trend in the Mixed LUT-INT task (r = .43, p = .056). 

The working memory score (IQ-WM) was expected to correlate with accuracy in the 

Memorization-based and Mixed LUT-INT tasks, as it includes attention and concentration 

abilities. This proved to be the case for NT participants only, in the Memorization-based task 

(r = .49, p < .05). And both groups showed a non-significant trend in the Mixed LUT-INT task 

(NT: r = .43, p = .058; ASD: r = .46, p = .057). 

Correlations with AQ scores 

The AQ negatively correlated with the overall accuracy obtained with INT stimuli in 

the Rule-based task without instructions (r = -.43, p < .01) and in the Mixed-LUTINT task 

without instructions (r = -.40, p < .05), but not in the Rule-based control task with 

instructions. Yet, these correlations were not significant within groups. 

 The AQ was not correlated with the level of accuracy obtained with LUT stimuli, 

whatever the task. 

 Within group, the bias toward the LUT style, measured as the difference in accuracy 

between the performance with the LUT and INT stimuli in tasks with no instructions did not 

correlate with AQ either. 
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Figure 3: Accuracy in the Mixed LUT-INT task 
A. Mean accuracy in the Mixed LUT-INT task for INT stimuli to be categorized (left) and LUT 

stimuli to be memorized (right).  
B. Percentages of participants with a higher accuracy for INT stimuli than LUT stimuli (clear grey), 

with a higher accuracy for LUT stimuli than INT stimuli (black), or with no difference in 
accuracy between INT and LUT stimuli (grey). 

C. Results for INT stimuli across sessions: mean accuracy (left) and percentage of participants 
answering above chance level (right). 
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D. Results for LUT stimuli across sessions: mean accuracy (left) and percentage of participants 
answering above chance level (right). 

Error bars correspond to the standard deviation in A and to the standard error of the mean in C and 
D. The dash line corresponds to the chance level. * p < .01, ** p < .001. 

 

Recognition test 

 In the Recognition test, the two groups performed as accurately (NT: 60.9% ±8.2, 

ASD: 56.9% ±9.5) and as quickly (NT: 1982ms ±352, ASD: 2163ms ±573). This test aimed 

at assessing whether the participants had memorized the stimuli that needed to be categorized 

according to their orientation (C15 and C135), and/or the stimuli for which the association with 

a winning response side needed to be memorized (C255). No differences were found between 

groups for the stimuli belonging to C15 (NT: 50.9% ±10.6, ASD: 46.9% ±16.2), C135 (NT: 

60.9% ±13.1, ASD: 54.7% ±12.6) and C255 (NT: 70.9% ±13.9, ASD: 69.1% ±14.3) (Figure 4-

A). Both groups remembered more accurately stimuli belonging to C255 (to be memorized) 

than those belonging to C15 and C135 (to be categorized) (NT: p < 10-4, ASD: p < .001). 

 

Figure 4: Recognition test and questionnaire results 
A. Percentage of correct answer in the Recognition test, for INT stimuli (C15 and C135) and LUT 

stimuli (C255).  
B-C. Percentage of participants who reported having used a rule-based strategy (B) or a 

memorization-based strategy (C) to perform the Rule-based task, Memorization-based task, and 
Mixed LUT-INT task (these tasks were performed without instructions). Participants could report 
both strategies for a unique task.  

Error bars correspond to standard deviations. * p < .01 
 

Post-experiment questionnaires 

 As compared to ASD participants, a higher proportion of NT participants reported 

using the rule based on orientation in the Rule-based task (NT: 80% vs. ASD: 35%, p < .01), 

and Mixed LUT-INT task (NT: 85% vs. ASD: 40%, p < .01). In general, a higher proportion of 
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NT participants reported searching for a rule in the Rule-based task (NT: 100% vs. ASD: 

60%, p < .01), as well as in the Memorization-based task (NT: 95% vs. ASD: 50%, p < .01), 

and in the Mixed LUT-INT task (NT: 95% vs. ASD: 60%, p < .05) (Figure 4-B). In the 

Memorization-based task, a higher proportion of ASD participants tried to memorize the 

stimuli as compared to NT participants (ASD: 35% vs. NT: 5%, p < .05) (Figure 4-C). 

In the NT group, a large majority of participants reported using the orientation rule 

rather than a memorization strategy in the Rule-based task (80% vs. 0%, p < 10-5), as well as 

in the Mixed LUT-INT task (85% vs. 30%, p < .001). In contrast, in the ASD group, a majority 

of participants reported using a memorization strategy rather than the orientation rule in the 

Memorization-based task (35% vs. 0%, p < .05). 

The two groups reported similar concentration levels (NT: 1.5/2, ASD: 1.1/2). An 

equivalent proportion of participants reported having a better “visual memory” (NT: 70%, 

ASD: 79%, p > .05). Finally, in each group, a non-significantly different proportion of 

participants noticed that some stimuli were repeated during the Memorization-based task (NT: 

90%, ASD: 60%, p > .05) and the Mixed LUT-INT task (NT: 90%, ASD: 80%, p > .05). 

 Remarkably, the two ASD participants with the best accuracy for INT stimuli in the 

Mixed LUT-INT task reported an alternative strategy to the one based on orientation. They 

classified the stimuli based on a single detail: given that the stimuli were angled, the highest 

point of the shape was on the right side of the screen for stimuli belonging to C15 and on the 

left side of the screen for stimuli belonging on C135. These two participants declared clicking 

on the side of this highest point to succeed. Hence, even though they had not noticed the 

global orientation of the stimuli, they managed to classify the stimuli using a detail-based 

rule. They were the only two participants who reported having found this rule. 

 

Discussion 

 The goal of the present study was to investigate the spontaneous tendency of NT and 

ASD adults to use two kinds of learning styles: extracting regularities to interpolate between 

items (INT style) or memorizing lists of associations independently and precisely (LUT style). 

We had hypothesized that the ASD group would show a bias toward a decreased use of the 

INT style and an increased use of the LUT style, as compared to NT subjects (Qian and 

Lipkin 2011). Two main results were in favor of this hypothesis: ASD participants were less 

inclined to spontaneously use the INT style and reported an increased tendency to use the 
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LUT style. Importantly though, the ASD group was able to instantiate the INT style when 

instructed to do so. 
 

Decreased use of the INT style and increased use of the LUT style in ASD 

 In ASD, the reduced use of the INT style was confirmed by lower scores in tasks 

without instructions and by qualitative reports, while the tendency to favor the LUT style was 

confirmed by qualitative reports only. 

 In the Rule-based task without instructions and in the Mixed LUT-INT task, ASD 

participants had difficulties extracting the underlying regularities of the stimuli to find a rule. 

This could be explained by an increased focus on details of the stimuli preventing them from 

finding the global rule, and by a reduced tendency to spontaneously look for rules. In 

addition, a slower dynamic to identify the category and to learn the rule could contribute to a 

reduced accuracy in these tasks. Slower category learning in ASD could also explain the 

slight group differences found in the Rule-based control task with instructions, which could 

be explained by the first trials. Slower category learning was previously evidenced in 

individuals with ASD (Bott et al. 2006; Gastgeb and Strauss 2012; Soulières et al. 2011). 

Interestingly, the study by Soulières and colleagues showed that in the early phases of 

training, ASD participants did not use any identifiable strategies, but they ended up using the 

same strategies as NT at the end of the training (Soulières et al. 2011). 

 Besides, Qian and Lipkin (2011) had hypothesized that individuals with ASD would 

perform better with the LUT style in tasks where participants would have to learn random and 

rigid associations. No group difference in accuracy was found for the LUT style, neither in the 

explicit nor in the implicit conditions. This reveals that this task was actually difficult for all 

participants, and it is possible that group differences might have emerged if a longer period of 

learning had been proposed. Yet, qualitative reports revealed that the ASD group tended to try 

to memorize stimuli more than NT participants did. In the Mixed LUT-INT task, a limitation 

to the use of the LUT style might have been that participants first needed to identify that there 

were three categories of stimuli to be able to target and memorize stimuli from category C255 

only. Indeed, three ASD participants spontaneously reported that they tried to memorize all 

stimuli (128 stimuli), whereas six NT participants reported having clearly identified the 

category C255 to be memorized (only eight stimuli).  

 Noteworthy, there were positive correlations between accuracy with the INT style and 

the perceptual reasoning score (IQ-PR), and between accuracy with the LUT style and the 

working memory score (IQ-WM) within the NT group, but not within the ASD group. This 
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suggests that, in the NT group at least, the participants’ abilities to find the orientation rule 

and to perform 3D visual search were related, and so were their abilities to memorize the 

association between stimuli and answers and their working memory scores. However, in the 

ASD group, their IQ scores could not be related to the intra-group variability in making use of 

the LUT or INT style. 
 

Spontaneous versus instructed INT style 

 We found that ASD participants were able to interpolate and categorize, but made less 

spontaneous use of this learning-style, as compared to NT. Hence, group differences to 

interpolate would be mostly explained by task instructions. It underlines the key role of task 

instructions which could explain the inconclusive results on categorization in ASD, and the 

need for highly structured and explicit rules or instructions for individuals with ASD. 

 Accordingly, in perceptual tasks, ASD individuals can show strong biases with 

implicit instructions but no differences with explicit instructions (Koldewyn et al. 2013; Van 

der Hallen et al. 2016). Indeed, the effect of the level of instructions was assessed in a study 

investigating global and local processing abilities in children with ASD in a free-choice task 

versus an instructed task (Koldewyn et al. 2013). This study revealed that children with ASD 

did not show a disability in global processing when they received explicit instructions, but 

showed disinclination in global processing in absence of explicit instructions. Likewise, a 

recent study involving visual search tasks showed that ASD children did not differ from 

typically developing children when given explicit instructions, but had a lower accuracy when 

they were less aware of the targets to search for (Van der Hallen et al. 2016). 

 The influence of task instructions could contribute to explain the inconsistent results 

on local and global processing in ASD, and the results from a recent meta-analysis showing 

no enhanced local processing, nor reduced global processing in ASD (Van der Hallen et al. 

2015). Besides, in tasks assessing social cognition or executive functions, explicit instructions 

can also significantly reduce the impairment found in non-instructed conditions in ASD (Baez 

et al. 2012; Baez and Ibanez 2014; Senju et al. 2009; White et al. 2009). This difference was 

explained by difficulties to spontaneously integrate social and/or contextual information in 

ASD (Baez et al. 2012; Senju et al. 2009). 
 

Precision tuning in the learning-style theory 

 The reduced automatic use of the INT style could be interpreted as a different 

precision tuning of the encoding of the training examples. In complex tasks involving several 
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features, a broad precision tuning is optimal (INT style), whereas in easier tasks involving 

only one feature, a narrower precision tuning is optimal (Qian and Lipkin 2011). After 

receiving the instructions on the orientation rule, the ASD participants might have been able 

to categorize stimuli as they needed to encode only one feature. Accordingly, another study 

showed that when ASD and NT participants were attending to the same features of a stimulus, 

people with ASD had similar performance as NT (Bott et al. 2006). Other visual tasks have 

investigated perceptual abilities in ASD in contexts where one or several features needed to 

be encoded. For instance, people with ASD showed enhanced perceptual abilities to detect 

orientation in a simple grid, but impaired abilities to detect orientation when noise was added 

to the grid (Bertone et al. 2005). This suggests that, in ASD, visual processing at a low-level 

can be enhanced, but that it might impaired at a higher-level. In our tasks, a lower-level could 

correspond to tasks with instructions (where only the orientation needs to be encoded), and a 

higher-level could correspond to the non-instructed tasks (where several features, including 

noise, need to be encoded). 

 The learning-style theory of ASD is consistent with an older theory: the Adaptive 

Resonance Theory (Grossberg 1999). This theory stated that categorizing can be described as 

a top-down effect, decreasing differences within a category and increasing differences 

between categories. This top-down effect could adapt the precision tuning, with a broad 

precision leading to decreased differences and tight precision to increased differences between 

categories. In ASD, there could be a decreased influence of top-down categorical knowledge 

on discrimination (Soulières et al. 2007), which could explain the reduced use of the INT 

learning-style in ASD, which was found in the present study. 
 

From the learning-style theory to computational accounts of ASD 

 Recently, learning in ASD was approached within the Bayesian framework. In this 

framework, percepts emerge from a weighted combination of sensory information and prior 

belief (Friston 2003). Priors typically capture the main features of the previously encountered 

stimuli and can be adjusted throughout learning. They are context-dependent and play a key 

role in categorization, generalization and prediction. The INT learning-style would allow 

broad priors. In contrast, the LUT learning-style favors the encoding of details and prevents 

from identifying commonalities between examples, which could be referred to as a set of 

precise priors. 

 Computational approaches have recently enabled to shed light on how people with 

ASD cope with different types of uncertainty, namely sensory ambiguity, probabilistic 
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uncertainty and environmental uncertainty (Lawson et al. 2017; Palmer et al. 2017). These 

three dimensions of uncertainty can be identified in our tasks. First, sensory uncertainty was 

manipulated as stimulus orientations were following a normal distribution. Yet, we did not 

find any impact of such a sensory noise on the difference in performance between groups. 

Second, probabilistic uncertainty was null, since each stimulus was surely predicting the 

correct response. What remained to be determined by the subject was the actual predicting 

rule at play. Finally, environmental uncertainty was introduced between blocks by changing 

the learning strategy, and within the Mixed LUT-INT task by mixing the type of stimulus-

response association. We did observe a difference between groups in dealing with this 

environmental uncertainty, in the sense that only NT participants reported raising their 

strategy to the use of two rules in the case of the Mixed LUT-INT task. However, this may 

highlight another difference between ASD and NT participants than the one reported in 

Lawson et al. (2017). Indeed, while Lawson and colleagues studied associative learning, we 

investigated both the learning of a simple (deterministic) association and the ability to 

discover the predicting feature in the cueing stimulus. 

 This aspect and the finding that ASD participants proved impaired compared to NT 

will have to be further investigated. This should be studied from a computational perspective, 

in order to possibly identify common mechanisms that would also explain findings by 

Lawson et al. (2017), as well as findings about perceptual learning in probabilistic 

environments (Robic et al. 2014). 
 

Conclusion 

 We showed that people with ASD were less inclined to search for global underlying 

regularities, despite intact abilities to categorize. A reduced automatic and implicit learning of 

these regularities might impact daily life, and particularly, the understanding of social 

interactions (e.g., recognizing facial expressions requires being able to interpolate between 

facial expressions previously encountered). Studying the learning-styles in ASD can have 

concrete applications on learning strategies to use with children with ASD, and could explain, 

for instance, their difficulties to catch grammatical regularities and extract rules in general. 

Further studies investigating the spontaneous use of LUT and INT strategies in children with 

ASD may shed light on how these specificities unfold during the development. 
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Synthesis 

 

 Remarkably, in ASD, the decreased use of the INT learning strategy did not seem to 

be due to visual hypersensitivity, as there was no correlation between the tendency to use the 

this learning strategy and hyper or hypo-sensitivity trait, measured by the GSQ. Some other 

deeper perceptual or learning processes might have contributed to the decreased tendency to 

interpolate between stimuli to build up high-level priors. 
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III. Study III: Atypical perceptual learning in ASD 

Preamble 

« Their world must seem to them to be made of elements that, once they have been 
experienced in a certain setting or sequence, cannot be tolerated without all the 
original ingredients in the identical spatial or chronological order. » 

 Kanner, 1943 
 

« Once I have built up a clear image about what to do, or what is going to happen 
next, and that somebody changes the program, it devastates me, and I need time to 
try to get adapted to it. » 

Participant with ASD (I.S.) 
 

 

« His own face in the mirror, his own hands, surprised him on every occasion… He 
was the solitary and lucid spectator of a multiform world which was instantaneously 
and almost intolerably exact… He was not very capable of thought. To think is to 
forget a difference, to generalize, to abstract. » 

Borges 1942 (cited in Van de Cruys et al. 2014) 
 

 According to the Bayesian view of perception, our brain constantly builds and adjusts 

some internal representations of the world. The above testimonies suggest that autistic people 

do so but suffer from the frequent violations of the expectations that result from those 

representations. People with ASD often report that they are frequently surprised, and that is an 

important source of anxiety. Surprises reflect a mismatch between the true sensations and the 

expected ones. Interestingly, in a very inspiring first attempt to a Bayesian account of ASD 

core symptoms, it was suggested that individuals with ASD would untertain very unprecise 

priors, therefore not influencing much their perception (Pellicano and Burr 2012). Following 

this article by Pellicano and Burr, it was underlined that a perception not biased toward priors 

could also be due to too precise sensory information (Brock 2012). Afterwards, Lawson and 

colleagues highlighted the importance of precision or confidence in tuning the relative 

influence of sensory information and priors (Lawson et al. 2014). In ASD, an imbalance 

between those precisions, in favor of bottom-up signals, would yield too highly weighted 

prediction errors, even though contextual information would be available to recude prediction 

error. As thoroughly demonstrated and discussed by several review papers, this core 

computational mechanism may explain many of the core symptoms in ASD. Interestingly, it 

may bridge the gap between social and non-social symptoms. It also gives the opportunity to 

use simple tasks pertaining to non-social stimuli to shed light on those mechanisms. As the 
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usefulness of these computational approaches is being recognized, they now need to unfold in 

quantitative models to enable the fine characterization of ASD. A characterization that may 

yield to refined diagnosis and therapies but which should also explain on the way the apparent 

contradistinction between the many empirical studies in the literature that can be revisited to 

test this new theory. 

Here, we wanted to contribute to this important and farily young endeavor. We 

decided to design a simple perceptual decision task that would enable us to start refining the 

mechanisms at play in the peculiar perception of ASD people.  The aims of the following 

study was (1) to determine whether individuals with ASD were able to implicitly learn priors 

in the first place and if so, (2) to assess how priors would weight perception and how this 

weight would be modulated by the experimental context, (3) to investigate the dynamics of 

implicit learning following changes in the environment. 

 In this aim, we used a tactile discrimination task designed to elicit a time-order effect 

(TOE). Participants simply had to compare the frequencies of two tactile stimulations, 

successively delivered on their finger. As detailed in the theoretical background (II.1.C), the 

TOE reflects how prior knowledge influences perceptual decisions. Eliciting a TOE is thus an 

efficient way of testing the implicit learning of contextual regularities. A TOE is elicited in 

contexts where sensory stimuli are ambiguous enough, so that prior significantly contribute to 

the perceptual decisions. In our task, the prior pertains to the frequency of the stimulations to 

come. In particular, a reduced influence of the priors in ASD would result in the absence or 

reduction of the TOE. Furthermore, the impaired learning or inflexible adjustment of prior 

beliefs would be reflected by a lack of modulation of the TOE by the experimental context. 

And importantly, these impairments can readily be interpreted in terms of inflexible 

adjustments of learning rates or precision weights applied to prediction errors. 

 We tested these predictions in a behavioural study experiments made of two 

experiments: a first time-order task in a (more) stable perceptual context, and a second time-

order task in a (more) volatile perceptual context. Given the testimonies of subjects with 

ASD, we could hypothesize that in (very) stable contexts, they would be able to build up 

(strong) priors but would show difficulties in adjusting them. Indeed, patient I.S. mentioned 

that once she has a clear and strong prediction, she can adjust it, but it takes her longer than to 

NT subjects. To precisely characterize perceptual inference in NT and ASD groups, we used a 

computational model of observed behavior. This model provides estimates of sensory 

precision and of the nature and weight of prior beliefs. 
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Behavioral evidence for a maladaptive perceptual inference in autism 
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Sonié, Christina Schmitz* & Jérémie Mattout* 

 

Abstract 

Bayesian theories were formulated to explain the computational and 

neurophysiological counterparts of atypical perception in Autism Spectrum Disorders (ASD). 

In this framework, perception is influenced by both the estimated precision of sensory inputs 

and our expectations (priors). ASD has been suggested to be characterized by an imbalance in 

the way prior information and sensory evidence are traded. However, evidence in favor of 

this hypothesis remains scarce. 

In order to test and refine this hypothesis, we studied implicit prior learning and 

adjustment in ASD. Neutotypicals (NT) and ASD adults performed adaptation measurements, 

as well as two tactile frequency discrimination tasks designed to elicit the so-called time-order 

effect (TOE), whereby the percept of the first stimulus appears to be strongly biased in an 

ambiguous context. We developed a computational model to quantify the relative weights of 

prior belief and sensory information onto perceptual decisions, respectively. 

Both ASD and NT subjects showed a TOE, revealing the construction of priors and 

their influence on perception. However, ASD participants did not flexibly modulate the 

weight of prior on perception, be it in a more stable or more varying perceptual context, as 

opposed to NT. Finally, the ASD group showed no adaptation effect contrary to NT. 

 These results show that people with ASD can implicitly build and adjust priors, but 

with a slower dynamic than NT. This atypical perceptual inference in ASD fits with well-

known higher level symptoms, such as resistance to change and inflexibility. 

 

Keywords: autism, Bayesian, perceptual learning, tactile discrimination, time-order effect 
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Introduction 

 Facing a changing environment, our brain perpetually updates internal representations 

or expectations pertaining to upcoming sensations. In Bayesian terms, priors correspond to 

these internal references, dynamically adjusted through implicit or explicit learning. Weighted 

priors beliefs will be combined with weighted sensory information to generate percepts or 

posteriors. Importantly, those weights reflect the inferred precision or confidence attached to 

priors and sensations. A tight prior corresponds to a high confidence in predicting sensory 

inputs, while a very informative sensory input will be affected a high precision. In ambiguous 

environments where sensations are noisy, perception is particularly biased toward priors since 

low confidence must be attributed to sensory inputs. Bayesian computation will optimally 

combine those two weighted sources of information, and yield an optimal percept, provided 

that the relative precisions have been accurately estimated. The discrepancy between priors 

and sensory evidence generate precision weighted prediction errors. Prediction errors are 

given a low precision when they signal noise or irrelevant variability. Conversely, they are 

given a high precision for relevant information and will drive the updating of current beliefs 

to shape future expectations. 

 Recently, Bayesian theories of Autism Spectrum Disorders (ASD) were formulated to 

explain how the perception of the world could be altered in ASD (Friston 2003; Brock 2012; 

Pellicano and Burr 2012; Friston et al. 2013; Lawson et al. 2014; Sinha et al. 2014; Van de 

Cruys et al. 2014; Friston 2016). Together with computational modeling, these theories can 

help disentangling the complex spectrum aspect of neuropsychiatric diseases such as ASD 

(Stephan et al. 2015; Huys et al. 2016). ASD is characterized by behavioral impairments in 

social interactions, repetitive and restricted interests, as well as peculiarities of perception 

(American Psychiatric Association 2013). The core mechanisms at the origin of social and 

non-social autistic symptoms could be characterized within the Bayesian framework (Van de 

Cruys et al. 2014; Friston 2016; Haker et al. 2016). Indeed, an ongoing and thought provoking 

theoretical debate intends to explain behavioral impairments such as those encountered in 

ASD, as the expression of altered probabilistic inference and learning (Brock 2012; Pellicano 

and Burr 2012; Friston et al. 2013; Lawson et al. 2014; Van de Cruys et al. 2014). It has been 

first suggested that people with ASD might have a perception “closer to reality” than 

neurotypicals (NT) (Pellicano and Burr 2012). Precisely, impaired adaptation of prior 

precision would prevent them from making suitable predictions and would typically yield an 

aversive and protective behavior towards (unexpected) changes in the environment, leading to 
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flexibility issues (Gomot and Wicker 2012; D’Cruz et al. 2013; Robic et al. 2014). An 

inappropriate construction of priors would explain the failures in building up rules essential to 

generalize and categorize, as encountered in ASD (Church et al. 2010; Froehlich et al. 2012). 

An increased weighting of sensory inputs could be linked with low endogenous neural noise 

(Davis and Plaisted-Grant 2015), hypersensitivity and acute discrimination abilities in ASD 

(Mottron et al. 1999, 2006). 

 Three main mechanistic hypotheses of atypical weighting of priors and sensory inputs 

in ASD were formulated. First, the hypo-prior hypothesis suggests that priors are too blurred 

in ASD, so that they poorly influence perception (Pellicano and Burr 2012), consistently with 

the idea that people with ASD would be less influenced by prior in perceptual tasks (Ropar 

and Mitchell 2002). Second, the high sensory accuracy hypothesis suggests that sensory 

information could be afforded a too high precision when computing the percept (Brock 2012; 

Lawson et al. 2014). This could explain that individuals with ASD are less susceptible to 

visual illusions than NT (Happé 1996; Mitchell et al. 2010). The third hypothesis supposes a 

high inflexible precision of prediction error in autism (HIPPEA) (Van de Cruys et al. 2014). 

Rather than considering the precision of priors or sensory inputs independently, it is crucial to 

consider a precision balance. A defect in attributing accurate precisions, for instance, if 

sensory information is not contextualized, would give rise to too precise and context-

insensitive prediction errors (Lawson et al. 2014). It would also lead to unsuitable predictions 

since noisy sensory inputs would be erroneously considered as relevant and would 

systematically challenge the existing priors. HIPPEA is consistent with peculiarities of 

flexibility, sensibility, attention, executive functions, perception and social cognition 

encountered in ASD (Van de Cruys et al. 2014). 

 As recently reviewed (Haker et al. 2016), current evidence supporting these 

computational hypotheses in ASD remain scarce. Recent studies investigating prior influence 

on perception in ASD suggested intact priors in subjects with high autistic traits (Ewbank et 

al. 2016) and with ASD (Corbett et al. 2016; Ego et al. 2016; Pell et al. 2016). Yet, Karaminis 

et al. (Karaminis et al. 2016) found greater prior influence in a temporal domain in ASD, but 

interpreted that the use of priors did not increase enough in ASD children to compensate for 

their poor temporal resolution, and concluded toward the hypo-prior hypothesis. Note that this 

study only relies on temporality of motor responses and assumes no impaired motor abilities 

in children with ASD, despite existing impairments (Schmitz et al. 2003; Green et al. 2009; 

Fournier et al. 2010; Gowen and Hamilton 2013; Biscaldi et al. 2014). Evaluating the bases of 

Bayesian theories in ASD requires subtle tools where the precision balance and the dynamic 
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adjustment of the precision of the prediction error and prior need to be carefully studied (Van 

de Cruys et al. 2013). 

 The present study aims at understanding prior construction and adjustment in ASD, in 

order to determine whether one of the above hypotheses prevail in ASD. It uses a simple and 

well-established tactile discrimination task. Participants performed a frequency discrimination 

task based on tactile modality to minimize chances of having strong expectations regarding 

the stimulations, or of having elaborated compensation strategy throughout development. In 

order to assess how ASD and NT subjects were influenced by contexts, we made use of the 

so-called time-order effect (TOE). This robust and well-documented effect relates to the 

central tendency of judgement (Hollingworth 1910; Sinclair and Burton 1996; Romo et al. 

2000; Harris et al. 2006; Preuschhof et al. 2010; Ashourian and Loewenstein 2011; Karim et 

al. 2013). A contraction bias emerges in sequential judgments of similar stimuli along a 

particular dimension (e.g. frequency), where stimulations seem closer to the prior (e.g. mean 

frequency) than they really are. It leads to overestimation of stimuli lying in the lower range 

of stimulations, and underestimation of those lying in the upper range. The TOE is subsequent 

to this bias and can be observed in two-alternative forced choice tasks, where the strength of 

the contraction bias differs between the two stimulations. In ambiguous contexts, the percept 

of the first stimulus is more biased toward priors, since it has to be stored in memory during 

the delay period (Ashourian and Loewenstein 2011). Importantly, it is in uncertain 

environments that the most pervasive difficulties of ASD should emerge (Lawson et al. 2014). 

TOE tasks can highlight prior learning and relative weighting of precision depending on 

contexts. 

 Van de Cruys et al. (2013) predicted that high sensory precision at the early stages of 

sensory processing would lead to upregulated prediction errors, inducing narrow priors that 

would be hardly adapted in changing contexts. Following these hypotheses, several subtle 

predictions can be made on prior construction and adaptation in ASD in our perceptual task. 

First, we assume that a long lasting exposure to a stable experimental context would enable 

ASD subjects to build up a precise and strongly influencing prior. Hence, the TOE should not 

only be visible but even stronger in ASD subjects compared to NT. Second, in a varying 

environment, their more inflexible mind would reveal a maladaptive behavior. In other words, 

when suddenly changing the frequency range, the TOE should be adjusted to the new range 

slower in ASD than NT subjects, or not adjusted at all. Third, we assume that precision of 

prediction errors would be inflexible in ASD. Therefore, contrary to NT, the relative weight 

of prior on perception should not be modulated by the instability of the context in the ASD 
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group. We tested these predictions in Experiments 1 and 2 and used a simple computational 

model of the TOE to further emphasize the relationship between weighted prediction errors 

and the observed behavior. Finally, we measured tactile adaptation in the short experiment 0. 

As adaptation reflects the adjustment of sensory systems according to prior experience, which 

can be seen as the flexible suppression of prediction errors for predictable stimuli 

(Summerfield et al. 2008; Lawson et al. 2014), we expect adaptation to be reduced in the ASD 

group as compared to NT. 
 

Material and Methods 

Participants 

All participants were adults aged between 18 and 60 years. ASD subjects were 

diagnosed by a psychiatrist specialized in autism, according to the Diagnostic and Statistical 

Manual of Mental Disorders V (American Psychiatric Association 2013), and to their scores 

at the ADI-R (Autism Diagnostic Interview-Revised (Lord et al. 1994)), and/or the ADOS-G 

(Autism Diagnosis Observation Schedule (Lord et al. 1989)), or the AAA (Adult Asperger 

Assessment (Baron-Cohen et al. 2005)). ASD subjects presented with no language onset delay 

or intellectual deficiency. All subjects had no history of neurological disorders, and none of 

the NT subjects had history of psychiatric disorder. Every participant completed the Autism 

Quotient (AQ) questionnaire (Baron-Cohen et al. 2001) and the Glasgow Sensory 

Questionnaire (GSQ (Robertson and Simmons 2013)). Participants gave their written 

informed consent beforehand. Approval was obtained from the local ethics committee (South 

East IV Committee for the Protection of Persons). 

Here follows the description of the ASD and NT groups of subjects who participated 

to each experiment. Some participants were involved in the three experiments (2 NT and 12 

ASD), but their participations to experiments 1 and 2 were separated by a minimum of 10 

months. 

 Experiment 0: Tactile detection 

Thirty-five NT subjects (8 females) and 28 subjects with ASD (8 females) were 

involved in Experiment 0. The two groups were matched for age (NT: 37 ±10, ASD: 33 ±9). 

Experiment 1: Time-order effect in a stable context 

Seventeen NT subjects (5 females) and 16 subjects with ASD (4 females) were 

involved in this experiment. The two groups were matched in age (NT: 30 ±9, ASD: 33 ±9) 
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and education level, defined as the number of years of study after A-level (NT: 4 ±2, ASD: 4 

±3). The NT group scored 12 (±5) at the AQ and 44 (±15) at the GSQ, while the ASD group 

scored 37 (±7) at the AQ and 76 (±31) at the GSQ. 

Experiment 2: Time-order effect in a changing context 

Twenty NT adults (six females) and 17 adults (five females) with ASD were enrolled 

in this second study. The two groups were matched in age (NT: 35 ±13, ASD: 34 ±10) and 

education level (NT: 3 ±2, ASD: 4 ±2). The mean score at the AQ and GSQ were respectively 

12 (±4) and 41 (±14) in the NT group, and 34 (±9) and 72 (±28) in the ASD group. 

Tactile stimulations 

Two gold electrodes were taped on the first and third phalanx of the left index finger 

of each subject. Electrical stimulations were delivered by a constant current stimulator 

(GRASS technology). The electrical stimulation was felt on the internal face of the third 

phalanx (cathode electrode). Stimulations were composed of 5ms-long boxcar pulses, 

repeated at a given frequency. The overall tactile stimulation lasted 500ms. 

 
Figure 1: Experimental design 

A. Tactile perceptual threshold measurement: subjects had to indicate as soon as they detected the 

stimulation (De: detection) and when they could not feel it anymore (Di: disappearance). This procedure 

was done twice. 

B. At each trial, subjects received two successive non-painful electrical finger stimulations whose 

frequencies had to be compared. F1: 1st stimulation at frequency F1, F2: 2nd stimulation at frequency F2. 

Tactile detection threshold 

The tactile detection threshold was estimated in each subject, prior to each experiment 

and following a classical staircase procedure (Fig. 1.A) (47). The aim was twofold: (i) 

matching the subjective stimulation intensity between subjects for the subsequent 

discrimination task; (ii) comparing NT and ASD subjects in terms of both the mean and the 

variance of this threshold. The intensity of the electrical stimulation was gradually increased 
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and then decreased. Each subject was asked to report when the tactile sensation started to be 

perceived (during the increase of stimulus intensity) as well as when the sensation 

disappeared (during the decrease). Starting from 0mA, the stimulus intensity was increased by 

0.02mA every second. Subjects were told to raise their non-stimulated hand or to give an oral 

indication, as soon as they could feel the stimulation and this first detection threshold value 

was collected. We kept on increasing the intensity until reaching 1.5 times this threshold 

value. Then, we used the same progression to decrease the intensity and subjects had to lower 

their non-stimulated hand or to give an oral indication as soon as the sensation would 

disappear. This procedure was repeated twice, resulting in four measures of threshold: two of 

detection and two of disappearance. 

Adaptation assessment (Experiment 0) 

 Adaptation is a process which “reduces redundancy by biasing perception away from 

repeated features in the environment, making novel stimuli and features more salient” (48). 

The threshold measurement procedure involves a prolonged exposure to tactile stimulations, 

and might thus be significantly influenced by adaptation (49). If so, detection of a change 

should be biased differently, depending on whether the stimulus intensity is being increased 

or decreased. Precisely, detection of the stimulation should occur at a lower intensity than the 

feeling of its disappearance. We assessed the adaptation effect (AE) by computing, in each 

subject, the averaged difference between the disappearance and detection intensities. We 

tested whether AE was significantly greater than zero in each group, and compared AE values 

in the two groups. 

Tactile discrimination (Experiments 1 and 2) 

The intensity of the electrical stimulations aimed to be at 2.5 times their detection 

threshold (50). Yet, for some of the NT subjects, and more specifically for the ASD subjects, 

we allowed a slight reduction of this factor in order to guarantee to maintain a comfortable 

(non-painful and non-itchy) but clearly perceived stimulus. This ended up with similar 

multiplying factors between the two groups: 2.4 in the NT group and 2.2 in the ASD group. 

The intensity was kept constant during the whole task. 

 At each trial, subjects received two successive stimulations to be compared in 

frequency (Fig. 1.B). Each stimulation lasted 500ms, and the time interval between the two 

stimulations was fixed and equal to 2000ms. A white fixation cross was displayed on the 

center of the computer screen during stimulations and delay. Right after the delivery of the 

second stimulation, a question mark appeared on screen to indicate that an answer was 
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expected. Subjects had up to 4 seconds to answer by clicking on the computer mouse buttons, 

using their dominant hand. If the second stimulation was perceived as higher in frequency 

than the first one, they had to click on the side of the plus sign (+), as shown on screen. 

Conversely, if it was perceived as lower, they had to click on the side of the minus sign (-). 

Finally, a black screen appeared after the mouse click and the next trial would start after a 

fixed inter-trial interval of 1500ms. The sides corresponding to the plus (+) and minus (–) 

answers respectively, were indicated on screen at each trial and never changed for a given 

subject but were counterbalanced over subjects. No feedback was provided. 

The experiment was programmed using the software package Presentation 

(Neurobehavioral Systems). Subjects were told to prioritize accuracy over speed. The whole 

experiment consisted of 447 trials, and each trial lasted for 5.3sec on average. It was divided 

into five blocks (7 to 8 minutes each), separated by 2-minute breaks. Subjects began the task 

after having completed a 16-trial long training made of one sample of each possible pair of 

stimuli that would be presented during the context setting trial blocks. 

 Blocks n°1, 2, 3: Context setting (same design in experiments 1 and 2) 

These initial blocks aimed at familiarizing the subjects with the task and at inducing a 

context-based prior on the expected range of stimulus frequencies. 

During these first three blocks, the frequency of the first stimulation (F1) was always 

the same and equal to 30Hz. The frequency of the second stimulation (F2) was 0 to 8Hz 

higher or lower than F1 (F2=22:38Hz). The 17 possible pairs of frequencies were repeated 

five times each per block. Each block thus consisted of 85 trials: 40 trials in which F2 was 

higher than F1, 40 trials where F2 was lower than F1 and 5 trials where F2 was equal to F1 

(the latter were discarded from the analyses). By keeping the first stimulation constant, we 

induced a strong prior expectation of 30Hz stimulation for F1. 

Subjects who got less than 56.5% of correct answers (chance level, according to 

binomial law for p=0.05) during the context setting blocks were excluded from the analysis. 

The ASD subjects who were excluded could not perform the task because of their 

hypersensitivity (n=4), hyposensitivity due to damaged fingers (n=2), their high fatigability 

(n=1) or the disturbing sensation produced by the adhesive tape (n=1). In total, 7 ASD 

subjects and one NT subject were excluded. 

 Blocks n°4 and 5: Time-order effect  

 These two blocks aimed at assessing the TOE. Subjects were not informed that the 

design of these two blocks was different from the one in the three preceding blocks. Each 
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block consisted of 96 trials with 8 presentations of each of the 12 new pairs of frequencies. 

Trials were pseudo-randomly ordered (successive trials were never identical). Importantly, to 

induce a TOE and regardless of the experiment, the frequency of F1 was no more constant 

but, within a trial, the absolute difference in frequency between the two stimulations was 

always equal to 2Hz. 

In experiment 1, the frequency of the first stimulation could take six different values 

with equal probability (F1=25, 27, 29, 31, 33 or 35Hz). This frequency range is centered on 

30Hz. The second stimulation was always 2Hz higher or lower than F1, with equal probability 

(F2=23, 25, 27, 29, 31, 33, 35 or 37Hz). 

 In experiment 2, the frequency of the first stimulation F1 could take six different 

values with equal probability (F1= 21, 23, 25, 27, 29 or 31Hz). This frequency range is 

centered on 26Hz. The second stimulation was always 2Hz higher or lower than F1, with 

equal probability (F2=19, 21, 23, 25, 27, 29, 31 or 33Hz). 

Time-order effect 

The time-order effect (TOE) is reflected by a biased perceptual decision, because of a 

context-based over-estimation or under-estimation of the first stimulus frequency. This bias 

has been shown to be expressed in both accuracy and reaction times (37). The TOE can be 

quantified as follows. For each possible value of F1, we compute the difference in accuracy 

between the case where F2 was 2Hz higher than F1 and the case where it was 2Hz lower (e.g. 

25Hz-27Hz vs. 25Hz-23Hz). Averaged over all F1 values and divided by the individual mean 

accuracy, this yields what we refer to as the TOE index, denoted as ITOE. Note that this index 

has no unit and is null in the absence of TOE. 

Perceptual decision model 

 We introduce a simple probabilistic model of the TOE, based on very few and directly 

interpretable parameters that are sufficient to explain choices in the discrimination task and to 

test alternative computational hypotheses to explain the differences in behavior between ASD 

and NT subjects (see supplementary information for the full model derivation). 

 This model rests on a Bayesian account of the perception of the two stimuli, of the 

effect of maintaining the first frequency in working memory (at the origin of the TOE) and of 

the ensuing decision (40). The model emphasizes the role of three parameters: the prior mean 

or expected (log) frequency ; the sensory precision  and the TOE coefficient . The latter 

captures the amplitude of the TOE and writes: 



Results – Study III. Perceptual learning in ASD 

160 
 

 (1) 

where ri indicates the prior to sensory precision ratio pertaining to stimulation Fi. The TOE 

vanishes when γ equals zero. In contrast, there is a TOE (γ > 0) as soon as the precision ratio 

for F1 is greater than the one for F2 (see SI-1 for more details). This direct dependency of the 

amplitude of the TOE upon precision ratios is crucial for testing an aberrant precision account 

of autism (5). This highlights how this task may help distinguishing between alternative 

processes of precision tuning to explain a behavioral difference between ASD and NT 

subjects. 

 In particular, if ASD subjects would entertain a higher sensory precision than NT 

subjects (3), the model predicts that they should obtain a higher discrimination accuracy (i.e. 

higher  in ASD), but no difference in their TOE (i.e. no group difference in γ). 

 Conversely, according to the weak prior hypothesis (2), one would expect a similar 

accuracy (i.e. no group difference in ) but a much weaker TOE in ASD compared to NT 

(i.e. lower γ in ASD). 

 Finally, if ASD subjects differ from NT in the way they adapt the relative precision of 

sensory inputs and priors to the given context, the above model should support such an 

explanation by showing no consistent difference among groups due to a systematic difference 

in accuracy or TOE, but rather a context-dependent difference. In particular, one would 

expect that ASD subjects adapt more slowly, which would yield a difference in parameter  

after a contextual change, as well as a context-dependent difference in the parameter  since 

the TOE is highly sensitive to this adjustment. 

 In practice, since parameter  could only take a limited number of possible values 

(within the range of delivered stimulations), we considered it a known model parameter and 

used Bayesian model comparison to estimate its most plausible value or range of values. This 

left us with two parameters to be estimated for each model,  and .  

 In Experiment 1 where both the context-setting and TOE blocks were centered on 

30Hz, we set  to 30Hz. 

 In Experiment 2, where the TOE block was centered on 26Hz whereas the context-

setting block was centered on 30Hz, we considered nine models. These models corresponded 

to  going from 22Hz up to 30Hz by steps of 1Hz. We fitted each model independently for 

each subject. Model fitting was performed on TOE blocks of Experiment 2 by either 

considering the two blocks (4 and 5) together or separately. We report the results of both a 

random-effect (RFX) model-family comparison and a fixed-effect (FFX) model comparison. 



Results – Study III. Perceptual learning in ASD 

161 
 

The two model families correspond to the low (between 22 and 26Hz) and the high prior 

mean frequencies (from 27 to 30Hz), respectively. 

 Finally, we fitted a simplified version of this model on the context setting blocks, with 

no time order effect and a prior mean frequency equal to 30Hz. This model has a single 

parameter β, as defined by the equation R3 (SI-1). 

Questionnaire 

 Following the TOE experiments, subjects completed a questionnaire. They were asked 

to rate the difficulty of the task (in general, and per session). They also had to say whether 

they had had the feeling that the intensity of the stimulation varied across the tasks, whether 

the 1st or 2nd stimulation always remained at the same frequency (if so, at which block), and 

whether they thought they had answered “plus” or “minus” most frequently. They were free to 

add any comment, concerning the strategy used. 

Statistical analysis 

Demographic data and tactile detection thresholds were compared between groups 

using unpaired t-tests. Within group repeated measures ANOVAs were used to assess the 

accuracy and response times over the five blocks, in each of the two experiments, and 

Tukey’s tests were used post-hoc. TOE blocks were also analyzed with two-way nested 

ANOVAs, with the factor subject nested in the factor group and two main factors: group and 

TOE blocks. Correlations between the AQ or GSQ scores and task-related measures or 

inferred parameters were assessed using Pearson’s r. Unanswered trials were excluded from 

all the above analyses (they represent less than 0.01% of all recorded trials). All statistical 

analyses were performed using R (http://www.r-project.org/). The threshold for statistical 

significance was set to p < .05. 

 

Results 

Detection threshold variability measurement 

Mean detection threshold 

 At 30Hz, the average detection threshold was not different between the NT (0.6mA 

±0.2) and ASD (0.6mA ±0.4) groups. In the NT group only, this threshold was positively 

correlated with the total GSQ score of hyposensitivity (r = .54, p < .001) and with the tactile 

GSQ score of hyposensitivity (r = .44, p < .01). 
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 Figure 2: Experiment 0: tactile perception threshold in the NT and ASD groups 
A. Intra-individual standard deviation of the tactile perception threshold measurements. ***: p < 10-4 
B. Distribution of the individual dispersion of the perception threshold, in the NT and ASD group, as an 
illustration of the adaptation effect. The x-axis presents the percentage of measures which differed by x mA 
from the mean threshold: unit -3: ≤ -0.15mA, unit -2: [-0.15:-0.09[, unit -1: [-0.09:-0.03[, unit 0: [-
0.03:0.03[, unit 1: [0.03: 0.09[, unit 2: [0.09:0.15[, unit 3: ≥ 0.15mA.  
De: detection of a tactile sensation, Di: disappearance of the sensation. 

Intra-individual standard deviation and sensory adaptation 

 The intra-individual standard deviation (iiSD) of the four threshold measures was 

higher in the NT group than in the ASD group (NT: 0.06, ASD: 0.01, p < 10-6) (Fig. 2.A). 

 We found an effect of sensory adaptation in the NT group (AE = 0.08, p < .01), but not 

in the ASD group (AE = 0.01) (Fig. 2.B). AE was significantly higher in the NT than in the 

ASD group (p < .01). 

Experiment 1 
The tactile detection threshold did not differ between groups (0.5mA ±0.2 in both 

groups). 

Accuracy and reaction times 

 Context setting blocks (1 to 3) 

Accuracy did not differ between groups, with 81% (±8) correct answers for the NT 

and 79% (±7) for ASD subjects. The two groups answered as quickly on average (NT: 926ms 

±432, ASD: 737ms ±252). There was no block effect on either accuracy or reaction times 

(RT), in both groups. 

 TOE blocks (4 and 5) 

No difference in accuracy was found between the two groups (NT: 69% ±8, ASD: 

66% ±5). On average, ASD subjects answered faster than NT ones (ASD: 629ms ±206 vs. 
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NT: 899ms ±449, p < .05). Contrary to the NT, the ASD group answered faster in the TOE 

blocks than in the context-setting blocks (628ms ±206 vs. 737ms ±252, p < .02). 

 
Figure 3: Experiment 1 – Time-order effect in a stable context 
A. Time-order index ITOE and γ in TOE blocks in the NT (blue) and ASD (orange) groups. 
B-C: Percentage of correct answers during the TOE blocks in the NT (B) and ASD (C) groups. “F2>F1”: 
trials with F2 2Hz higher than F1, “F2<F1”: trials with F2 2Hz lower than F1. 
Error bars correspond to SEM. **p < .005. 

Time-order effect 

Both groups exhibited a TOE (Fig 3). The ITOE was found significantly higher in the 

ASD group than in the NT (47 vs. 30, p < .01). Importantly, the ASD group was highly 

homogenous, as only two ASD subjects scored slightly below the median ITOE of the NT 

group (median: 27). The two-way nested ANOVA of group and blocks (4 and 5) on the ITOE 

revealed a group effect (F(1,31) = 10, p < .01) but no block effect, nor interaction between 

group and block. 

 

Posterior estimates of model parameters 

In context-setting blocks, β did not differ between groups (NT: 1.8 ±0.4, ASD: 1.7 

±0.4), and was strongly and positively correlated with the accuracy in these blocks (r = .98, p 

< 10-6). was also strongly and positively correlated with  estimated from TOE blocks (r = 

.83, p < 10-6). 

In TOE blocks, precision parameter did not differ between groups (10.5 ±5.3, ASD: 

9.4 ±3.6). However, TOE parameter γ was significantly higher in the ASD than in the NT 

group (1.6 ±0.4 vs. 1.0 ±0.4, p < .001). The ANOVA investigating the effect of blocks (4 or 

5) and group on and γ revealed no effect on  but a group effect on γ (F(1,31) = 13 p < 
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.001). Positive correlations were naturally found between and accuracy (r = .93, p < 10-6), 

and between γ and ITOE (r = .89, p < 10-6). 

Experiment 2 
 As in the previous experiment, the tactile detection intensity threshold did not differ 

between groups (NT: 0.6mA ±0.2, ASD: 0.5mA ±0.2). 

Accuracy and reaction times 

 Context setting blocks (1 to 3) 

 The NT group achieved 81% (±8) of correct answers, and the ASD group 78% (±9). 

The average RT was 751ms (±315) and 876ms (±369) in the NT and ASD group, 

respectively. None of these differences is significant. 

 TOE blocks (4 and 5) 

 The average percentage of correct answers and response times were 67% (±6) and 

718ms (±318) in the NT group and 65% (±7) and 797ms (±358) in the ASD group. No 

significant differences were found between groups on either accuracy or RT. The intra-group 

pairwise comparison of blocks 4 and 5 did not reveal any difference in accuracy or RT, 

neither for NT nor ASD subjects. 

Time-order effect  

 The NT and ASD groups both showed a TOE (Fig. 4.A). In contrast with Experiment 

1, the two groups did not differ in their ITOE (NT: 43 ±16, ASD: 41 ±18). 

Model comparison to reveal contextual priors 

 We performed family model comparison, between a first model family stating that the 

prior mean frequency was equal or less than 26Hz (i.e. centered on the middle of the range of 

the TOE blocks or below), and a second model family stating that the prior mean frequency 

was greater than 27Hz, up to 30Hz (i.e. drawn towards the middle of the range of the previous 

context setting blocks). In block 4, the exceedance probability in favor of the first model was 

0.96 in the NT group, and 0.36 in the ASD group (Fig. 4.B). In block 5, it was 0.99 in the NT 

group and 0.82 in the ASD group (Fig. 4.C). Within the ASD group, the subjects whose priors 

had not switched from the previous range to the new range in session 4 are the ones with the 

highest autistic quotient (p=.05; “non-adapted” subgroup: n=11, AQ=38 ±9; “adapted” 

subgroup: n=6, AQ=30 ±6). 
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 We performed a two-way ANOVA 

analysis of the individual posterior 

probability for the mean frequency (26Hz) 

between groups and blocks revealed a 

main effect of the factor group (F(1,36) = 

11, p < .01) but no effect of the block and 

no interaction between groups and blocks.  

Posterior estimates of model parameters 

 In the context setting blocks (SI, 

equation R3), β did not differ between 

groups (NT: 1.8 ±0.5, ASD: 1.7 ±0.6). The 

parameter β was correlated with the mean 

accuracy (r = .98, p < 10-6), as well as with 

 from the TOE block (r = .74, p < 10-6). 

 Contrary to what was observed in 

Experiment 1, neither the precision 

parameter nor the TOE parameter γ 

differed between groups (NT: =9.0 ±3.5 

and γ=1.4 ±0.5; ASD: =8.4 ±3.4 and 

γ=1.5 ±0.6). Within group,  and γ did 

not significantly vary between block 4 and 

5. 

 Finally, positively correlated 

with the mean accuracy of the TOE blocks 

(r = .92, p < 10-6), and of the context 

setting blocks (r = .75, p < 10-6). In the 

TOE blocks, γ was also positively 

correlated with the ITOE (r = .75, p < 10-6). 

Comparison between experiments 1 and 2 

 The NT group had a higher γ in 

Experiment 2 than in Experiment 1 (p < 

.01) (Figure 5). Within the ASD group, γ 

Figure 4: Experiment 2 – TOE in a changing context 
A. Percentage of correct answers during the TOE 
blocks in the NT (blue) and ASD (orange) groups, for 
trials where F2 was 2Hz higher (F2>F1, dash line) or 
lower (F2<F1, full line) than F1. 
B-C. Model exceedance probability for the 1st (B) and 
2nd (C) half of the TOE blocks. Left: Bayesian model 
comparison between two model families: low 
frequencies (current context) vs. high frequencies 
(former context). Right: details per frequency. 
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did not differ between the two experiments. Within group, there were no differences in 

accuracy and  between the two experiments. 

 

Post-experiment questionnaires 

 To the question “Did you have the impression that the frequency of the first 

stimulation was always the same?”, the subjects answering “yes” were 17% (Exp. 1) and 5% 

(Exp. 2) of the NT, and to 31% (Exp. 1) and 35% (Exp. 2) of the ASD. Only a few ASD 

subjects proved able to explicitly identify that it was during the three first blocks that F1 was 

never changing (3 individuals in Exp. 1, and 4 individuals in Exp. 2), while no NT were able 

to do so. Contrary to the NT, a majority of ASD subjects reported the impression that the 

intensity of the stimulation was stable over the blocks (66% on average in ASD vs. 34% in 

NT). The ASD subjects feeling a stable intensity showed a tendency toward less intra-

individual variability in the threshold measurement (iiSD: 0.01 vs 0.17, p = .09) as compared 

to the ones reporting a decreasing intensity. Finally, some subjects reported converting the 

tactile stimulus into an auditory one (rhythm or song) to help them discriminating and 

remembering the frequency (4 NT and 4 ASD in Exp. 1, 3 NT and 4 ASD in Exp. 2). 

 

Discussion 

 We used tactile discrimination tasks aiming at better characterizing perceptual 

inference in ASD. The presence of a TOE demonstrated that priors were implicitly built in 

both groups and influenced their perceptual decisions. The TOE had not been studied in ASD, 

but was widely studied in NT subjects (Preuschhof et al. 2010; Ashourian and Loewenstein 

2011; Karim et al. 2013; Sanchez 2014) and in non-human primates (Romo et al. 1998, 2000; 

Harris et al. 2002; Romo and de Lafuente 2013). Experiment 1 showed that ASD subjects had 

Figure 5: Gamma modulation according to the 
learning context 
Gamma estimation in Experiment 1 (stable context) 
and Experiment 2 (changing context) in the NT (blue) 
and ASD (orange) groups. Error bars correspond to 
the SEM. * p < .01, **p < .001. 
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built “hyper-priors” in stable learning contexts relatively to NT. Experiment 2 revealed that 

both groups were able to adapt their priors to a new context, but the ASD group did it with a 

slower dynamic. Experiment 0 pointed out a reduced tactile adaptation in ASD. Note that the 

two groups did not differ in their tactile discrimination abilities nor in their average detection 

thresholds, consistently with previous findings on detection thresholds at 30Hz (Blakemore et 

al. 2006; Cascio et al. 2008; Puts et al. 2016).  

Strong prior weight on perception in stable contexts in ASD 

 In Experiment 1, the stability of the learning context might have contributed to the 

build-up of very strong priors in ASD, relatively to NT. This was shown by increased γ and 

decreased response times in the ASD group, reflecting high confidence in their decisions. As 

suggested, “rather than having uniformly weak priors, people with autism often develop very 

strong priors, or expectations, in particular contexts” (Van de Cruys et al. 2013). In this 

stable context, hyper-priors can be seen as an over-specific learning of the context setting 

phase. This over-specific learning was also found in a behavioral task involving adults with 

ASD (Harris et al. 2015). Having very tight priors can explain categorization impairment if 

low variability is allowed between items and prototype (Church et al. 2010; Froehlich et al. 

2012; Gastgeb et al. 2012), but also reduced perceptual flexibility (Ciesielski and Harris 1997; 

Robertson et al. 2013, 2016). These results showing hyper-priors in ASD is opposed to the 

proposal by Pellicano and colleagues suggesting hypo-priors in ASD (Pellicano and Burr 

2012). In a predictive coding scheme, individuals with ASD may thus develop local hyper-

priors (priors over priors such as the volatility of the environment (Robic et al. 2014). 

 Too narrow priors would quasi-systematically induce highly precise prediction errors, 

as predictions would almost always differ from the incoming sensory information (Van de 

Cruys et al. 2013). The fact that some ASD subjects (but no NT subjects) consciously 

perceived the change of experimental design between the context-setting blocks and TOE 

blocks signs for an acute detection of changes in ASD. This speaks in favor of a high 

precision of prediction errors in ASD which also fit with the existing literature on mismatch 

negativity (MMN) showing enhanced and/or earlier MMN responses in ASD (Ferri et al. 

2003; Kujala et al. 2007; Cléry et al. 2013). 



Results – Study III. Perceptual learning in ASD 

168 
 

No context-dependent modulation of prior weight in ASD 

 The precision of the prediction error should be modulated according to the stability of 

the context: it should increase when there are new learnable regularities, and decrease in the 

presence of noise (Van de Cruys et al. 2013; Palmer et al. 2017). The NT group flexibly 

modulated the precision of prediction error when the stability of the context changed. Indeed, 

the change of frequency range in Experiment 2 led to an increased precision in the NT group, 

as compared to the more stable context of Experiment 1. In contrast, there was no context-

dependent modulation of prior weight on perception in ASD. Similarly, the absence of 

adaptation in ASD also speaks for an impaired ability to flexibly suppress prediction errors, as 

opposed to NT. 

Slower prior adjustment in a changing context in ASD 

 There was a slower dynamic of prior learning and adjustment in ASD, showed by the 

absence of adaptation in Experiment 0 and by the slower adjustment of priors in Experiment 

2. Adaptation corresponds to a change in the adjustment of sensory systems to different levels 

of stimulation, according to prior experiment, leading to decreased neuronal firing (Whitsel et 

al. 2003; Schwiedrzik et al. 2014). As opposed to NT who must have been rapidly influenced 

by context, the ASD group might not have built up priors in this relatively short time lapse. 

Decreased tactile adaptation was previously shown in ASD (Tannan et al. 2008; Puts et al. 

2014), and was linked to poor amplitude discrimination in NT subjects (Tannan et al. 2008). 

Adaptation decreases tactile frequency discrimination but enhances perception of change in a 

uniform sequence (Musall et al. 2014). Yet, in our experiments, there was no group difference 

in accuracy despite decreased adaptation in ASD as compared to NT. In a study showing that 

tactile spatial localization was not altered by prior tactile stimulation in ASD only 

(Tommerdahl et al. 2007), the authors suggested that it could be explained by a potential 

deficiency in GABAergic modulation when the period of adaptation is short (like in our 

threshold measurements). 

 Participants with ASD adapted their priors slower than controls when the context 

changed. The ASD group appeared to be much less flexible in the adjustment of their priors, 

and remarkably, this inflexibility was related to higher autistic quotients. Having very tight 

priors could contribute to reduced perceptual flexibility in ASD (Ciesielski and Harris 1997; 

Gomot and Wicker 2012; D’Cruz et al. 2013; Robertson et al. 2013; Van de Cruys et al. 2013; 

Robic et al. 2014; Robertson et al. 2016). Interestingly, a difference of dynamic was also 
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found in a study where ASD subjects learnt prototypal categories slower than NT (Vladusich 

et al. 2010), as items slightly differed from the prior. Another study showed slower perceptual 

learning in adults with ASD when the context changed, due to an over-specific learning of the 

prior context (Harris et al. 2015). This result is consistent with the idea that subjects with 

ASD could learn build up very strong priors when the context is stable, but would have 

difficulties updating these priors following a change in context. 

 However, a high precision of the prediction errors should be reflected by high learning 

rates in ASD (Palmer et al. 2017). In the predictive coding framework, this suggestion 

highlights that both causal hierarchy and volatility hierarchy should be considered to 

understand the dynamic of prior adjustment (Mathys et al. 2014; Palmer et al. 2017). ASD 

could be characterized by an overfit of the context leading to strong priors in stable contexts 

(in the causal hierarchy). Additionally, strong prior on the inflexibility of the environment (in 

the volatility hierarchy) could be associated with reduced context-dependent adjustment of 

priors and strong prediction errors. Indeed, in ASD, having strong priors on the stability of the 

context would be consistent with a decreased influence of priors in short time lapses (i.e. no 

adaptation in Experiment 0), a decreased adjustment of the prior mean (i.e. no flexible 

adjustment in frequency in Experiment 2), and a decreased adjustment of the prior weight in 

unstable contexts (i.e. no adjustment of γ in Experiment 2 vs. 1). 

 Our results show a reduced adaptation effect, strong priors in stable context and 

reduced adjustment of prior (i.e. weight and mean) in a changing context in ASD. These 

results show narrow priors at the lower levels of the causal hierarchy, and strong priors on the 

stability of the environment in the volatility hierarchy. A sub-optimal predictive coding 

system would deeply impair individuals in their social life as inferring others’ behavior is 

crucial (Friston and Frith 2015). Further assessments should combine advanced dynamic 

computational models, informed task designs and neurophysiological measures in order to 

refine our understanding of perceptual inference in ASD. 
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Supplementary information 

 

SI-1: Bayesian model of two-interval forced choices 

 We developed a generative probabilistic model of trial-wise decisions (Sanchez 2014) 

in two-alternative forced choice (2AFC) tasks (also called two-interval forced choice (2ICF) 

experiments (García-Pérez 2011)). Regardless of the sensory modality, this model is 

concerned with trials were a first stimulus S1 is presented, followed by a delay period and 

then a second stimulus S2 which the subject has to compare with S1 along the instructed 

feature dimension of interest (here: the frequency). The subject’s answer can only be of two 

sorts: either S1 was perceived as larger or as smaller than S2. 

 The model is made of two components, a perceptual and a decision one. The 

perceptual part which applies twice, once for each stimulation, conforms to a simple though 

generic Bayesian inference scheme (Mathys et al. 2014). The decision rule is the one of a 

rational agent under perceptual uncertainty and conforms to optimality in the sense of signal 

detection theory. 

 Importantly, this model accounts for the time-order effect (TOE), namely the effect of 

presentation order of the paired stimuli on accuracy. It is well-known that subjects perform 

better when the first stimulus lies between the second stimulus and the global mean of all 

stimuli along the judged dimension compared to the reverse order (Karim et al. 2012). This 

effect is independent of the sensory modality and can be massive (Preuschhof et al. 2010). It 

is thought to reflect the influence of acquired priors built on the recent history of perceived 

stimulations during the task (Karim et al. 2012). This influence affects the perception of the 

first stimulation more strongly because of the delay period during which this percept has to be 

maintained in working memory (Ashourian and Loewenstein 2011). 

 

Perceptual model 

The perceptual component is concerned with the inference of the feature of interest when 

presented with a single stimulation. In a Bayesian framework, perception of stimulus s results 

from the combination of sensory evidence (likelihood) and prior belief. Without loss of 

generality one can consider Gaussian distributions for both the prior and likelihood functions: 
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 (1) 

and 

 (2) 

where  refers to the (noisy) sensory input in log-space5,  is the hidden feature amplitude to 

be inferred,  is the precision attributed to the sensory input, while  and  indicate the 

prior mean and precision, respectively. 

The ensuing percept is then also encoded by a Gaussian distribution and results from applying 

Bayes rule as follows: 

 (3) 

where  and  indicate the posterior mean and precision, which follow from applying 

Bayes rule and write 

  

 
(4) 

Interestingly, the posterior mean also writes 

 (5) 

which reads as belief up-dating by adding a weighted prediction error term to the prior mean 

(Mathys et al. 2014). 

Another way to write the posterior means  and  for stimulus 1 and 2 respectively is  

 (6) 

with the ratio between prior precision and likelihood precision 

 

(7) 

Here, we make the assumption that the precision πS is the same for the two stimulations. 

 

                                                 
5 In agreement with the Weber-Fechner law 
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Decision model 

Given the posterior over stimulations s1 and s2, the probability  of answering that s1 is 

larger than s2 writes as follows (Ashourian and Loewenstein 2011): 

 

(8) 

with erf indicating the Gauss error function.   

Finally, ratio R is given by 

 (9) 

The error function is monotonic such that  increases with . If  is equal to zero, the 

probability  of choosing s1 is at chance level. Note that , like a  measure or a t statistics, 

is a ratio between a difference in (conditional) means and a variance component. In other 

words, the probability of choosing s1 scales as a function of both the expectation about the 

difference between the two stimuli and the precision or confidence about this expectation. 

Applying equation (6) to the difference between μ1 and μ2 gives  

 

with  

(10) 

 Increases in  will be associated with increases in the amplitude of the TOE. Indeed, 

when γ increases, the comparison between the second stimulation s2 and the prior is given a 

high weight. 

 Moreover, the first term of equation (9) can be written as: 

 (11) 

 The combination of equations (10) and (11) in the equation (9) gives: 
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=  

(12) 

 The first term into brackets is simply the objective difference between  and . The 

second term into brackets corresponds to the error of prediction for the second stimulus, 

weighted by the parameter . The higher , the larger the TOE. The whole term is weighted 

by the precision  of the encoding of the stimulations and by the coefficient . An increased 

coefficient  corresponds either to  or to a decreased precision . 

 

 
Schematic predictions about the modulation of the model parameters 

Toy illustration of show the main effects of the three parameters in the TOE discrimination task. The 
grey lines correspond to a standard TOE, while blue lines correspond to the modification of the TOE 
following the increase of  or , or following a decrease in . The clear blue arrow indicates the 
main change.  

 

 In our study, we used the VBA toolbox to fit the data (http://mbb-

team.github.io/VBA-toolbox/) and estimate the parameters  and .  and  were set as the 

exponential of the parameters P1 and P2, whose priors were respectively log(3) and log(1). 

The parameters  and  were then averaged within groups using Bayesian model averaging 

(BMA), with 10 000 samplings of these values. 
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Correlations between the estimated model parameters and data (Experiment 2) 

Bayesian model averaging was performed to estimate two parameters: , supposed to reflect the 
precision of the encoding and , supposed to reflect the TOE in the TOE blocks, and the parameter β 
in the context-setting blocks. 
A. Correlation between the individual accuracy and parameter  in the TOE blocks (4 and 5) 

(r = .92, p < 10-6). 
B. Correlation between the amplitude of the TOE and parameter  in the TOE blocks (4 and 5) 

(r = .75, p < 10-6). 
C. Correlation between the individual accuracy and the precision parameter β in the context-setting 

blocks (1 to 3) (r = .95, p < 10-6). 
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Synthesis 
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IV. Study IV: Neural underpinnings of perception in ASD 

Preamble 

« I think I am ready: I have been listening to the MRI sounds that you sent me, really 
often over the past month, so as to get used to them. » 

Participant with ASD (H.M.) before the MRI session 

 

« Does my brain look very autistic? I mean, which part is so special? » 
Participant with ASD (L.B.) when I showed her a picture of her structural MRI 

 

« Enthusiastic! I have rarely been feeling so enthusiastic and peaceful » 
Participant with ASD (G.B.), after 90 minutes of MRI 

 

 Even though every participant was obviously not feeling as enthusiastic as patient 

G.B., subjects with and without ASD were involved in an MRI study. This study aimed at 

better characterizing perception within the Bayesian framework at the behavioral, neuronal 

population, and molecular levels. At the behavioral level, we tested the time-order effect 

(TOE) in a changing context, without a prior phase of stable learning. At the neural level, we 

investigated the correlates of this tactile discrimination task, and most importantly, studied the 

regions whose activity was modulated by prediction errors, and by prior weights onto 

perceptual decisions. At the molecular level, we explored whether an atypical balance in 

Glutamate and GABA could explain the atypical perception. 

 Our fMRI study was designed to elicit a TOE in a tactile discrimination task. Here, we 

used a different stimulator than during the previous behavioral study: an MRI-compatible 

piezoelectric stimulator instead of an electric stimulator. We assessed the TOE in a context 

where the mean frequency was changing three times over the course of the experiment. We 

applied our computational model to estimate the precision of sensory encoding, the nature and 

the influence of prior beliefs. 

 This fMRI study was based on a study by Preuschhof and colleagues, who investigated 

the neural modulation associated with the time-order effect in control participants (Preuschhof 

et al. 2010). Preuschhof and colleagues performed a tactile discrimination task using fMRI, in 

which they investigated the effect of two parametric modulators. The first modulator P1 

reflected the difference between the first stimulation and the prior (i.e. the prediction error on 

the first stimulus), and the second modulator P2 reflected the subjective difficulty of the 

discrimination task, induced by the prior (Preuschhof et al. 2010). Their results are shown in 
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Figure 36. The first modulator 

P1 induced modulations of the 

activity of the somatosensory 

cortex, thalamus, inferior 

frontal gyrus, and inferior 

parietal gyrus, while the 

second modulator had an 

effect on the anterior cingulate 

cortex activity.  

 We aimed at 

replicating these findings in 

NT individuals, and at 

investigating the neural 

correlates of prediction error 

and prior influence in subjects 

with ASD. According to the 

high and inflexible precision 

of prediction error in autism 

(HIPPEA) hypothesis, an 

inflexible precision should be reflected by a decreased modulation of P1 in the ASD group. 

The key regions for prior and prediction error encoding, and so, where we could expect group 

differences are the IFG, the inferior parietal lobe, the orbitofrontal cortex, the cerebellum, the 

ACC, the striatum and insula. 

 At the molecular level, predictive coding suggests that the prediction error would be 

encoded by a ratio between glutamate and GABA, and would be modulated by acetylcholine 

and norepinephrine (Lawson et al. 2014; Van de Cruys et al. 2014). Magnetic resonance 

spectroscopy (MRS) enables the measurement of glutamate and GABA concentrations. 

Unfortunately, it does not give access to acetylcholine and norepinephrine measurements. We 

used single voxel MRS in a volume of interest encompassing the primary and secondary 

somatosensory cortices. The goal was to assess whether glutamate and GABA concentrations 

would have a different relationship with measures of sensory precision and prior weighting in 

ASD and NT groups, respectively. 

A. Design of their tactile discrimination task 
B. Left and middle: Brain regions in which the BOLD signal reflects 
the difference between F1 frequency and the average frequency 
during encoding and maintenance. Right: brain region in which the 
BOLD signal is modulated by the subjective difficulty provoked by the 
prior. Activation clusters shown at p < .003 uncorrected (MNI space) 
S1 and S2: primary and secondary somatosensory cortices; IFG: 
inferior frontal gyrus; IPS: intraparietal sulcus; ACC: anterior 
cingulate cortex. 

Figure 36 : Results of the fMRI time-order effect task by 
Preuschhof et al. 2010 
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Functional MRI study 

Neurophysiological underpinnings of perceptual inference in ASD 
 

 

 

Abstract 

 Perceptual inference relies on the idea that percepts result from the weighted interplay 

between received sensory information and expected sensations (priors). Discrepancies 

between sensory inputs and priors generate prediction errors. In autism spectrum disorder 

(ASD), there is growing evidence that atypical perceptual inference could explain symptoms 

such as decreased global processing, increased bottom-up processing or flexibility difficulties. 

The current study aimed at better characterizing prior adjustment and prediction error 

precision modulation in ASD, at the behavioral and neural levels. 

 22 neurotypicals (NT) and 21 participants with ASD were involved in an fMRI study. 

They performed a tactile discrimination task designed to elicit a time-order effect (TOE), 

illustrating the effect of priors on perceptual decisions. 

 Both groups implicitly learnt a prior, as seen by their TOE. Yet, the ASD group had 

difficulties adjusting their priors in changing contexts. The size of the prediction error 

modulated neural activity in the somatosensory cortices, inferior parietal and prefrontal 

regions in both groups, and this modulation was stronger in the inferior frontal gyrus of NT. 

During the decision-making process, increases in subjective difficulty induced by priors was 

reflected by increased activity in the anterior cingulate cortex and cerebellum in NT, and by 

increased activity of inferior parietal and prefrontal regions in the ASD group. 

 These results are in favor of an atypical perceptual inference in ASD with decreased 

flexibility to adjust priors. Further analyses including dynamic causal modeling on these fMRI 

data are needed to refine the understanding of prediction error weighting in ASD. 
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Introduction 
 In a fluctuant and complex environment, we need to learn its main underlying 

characteristics to be optimally adapted. These internal representations help infering the 

meaning of surrounding stimulations, and detecting important changes from random noise. 

These internal references, or priors, are learnt over our past experience. Priors influence our 

perception, in a way that percepts reflect the interplay of current sensory inputs and prior 

knowledge. Indeed, the Bayesian framework states that percepts emerge from the combination 

of weighted sensory information and prior beliefs. A percept can be more or less biased 

toward priors depending on the relative precision (or weight) of sensory information and 

priors. For instance, perception will be greatly distorted toward priors if one has very strong 

priors and/or receive very noisy sensory inputs. Under prior influence, sensory information 

look closer to priors than it actually is (Hollingworth 1910; Preuschhof et al. 2006; Ashourian 

and Loewenstein 2011). Having priors adapted to specific contexts enables to minimize 

mismatches between expectations and actual sensory inputs, therefore allowing a better 

adaptation to the environment. 

 Prediction errors correspond to these discrepancies between priors and sensory inputs. 

Receiving permanent strong prediction errors would lead to constant surprise, maladapted 

priors, difficulties to interpolate between stimuli to generalize, etc. With inflexible priors, one 

would try to avoid novelty and keep a very strict daily routine in order to avoid unexpected 

changes. Such an atypical weighting of priors and sensory inputs could explain the symptoms 

encountered in autism spectrum disorder (ASD), a neurodevelopmental disorder affecting 1 in 

68 children (Christensen et al. 2016). ASD is characterized by difficulties in social 

interactions and social communication, and by restricted and repetitive patterns of behaviors 

(American Psychiatric Association 2013). Atypical perceptual inference in ASD was 

suggested a few years ago (Brock 2012; Pellicano and Burr 2012; Lawson et al. 2014; Van de 

Cruys et al. 2014). Hypotheses in ASD included too blurred priors (Pellicano and Burr 2012), 

too precise sensory inputs (Brock 2012), atypical precision ratio between priors and sensory 

inputs (Lawson et al. 2014) leading to high and inflexible precision of the prediction error in 

autism (HIPPEA) (Van de Cruys et al. 2014). 

 In previous behavioral experiments (Experimental results - III), we showed that 

individuals with ASD were able to build up priors in stable learning contexts, but had troubles 

adjusting them quickly when the context was changing. Using computational models, we 

showed that ASD participants had built very precise priors. Importantly, in the ASD group, 
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the precision of the prediction error did not appear to be modulated by the stability of the 

learning context, contrary to neurotypical (NT) participants. In order to investigate the 

implicit build-up of priors, we made use of the time-order effect (TOE), by which the 

subjective difference between two successive stimulations can be over- or under-estimated 

depending on the order of presentation of the stimuli. The TOE reminds of the Central Theory 

of Judgment (Hollingworth 1910), whereby the percept of memorized stimuli were biased 

toward the prior. In TOE tasks, two stimuli are successively presented (e.g., vibrotactile 

stimulations), and the magnitude of one of their features has to be compared (e.g., their 

frequencies). Previous works showed that the perception of the first stimulus is even more 

biased toward the prior than the second one, as it has to be kept into memory during a certain 

delay (Ashourian and Loewenstein 2011; Karim et al. 2013). This perceptual bias can be seen 

both in accuracy and response times, and has been previously shown in the tactile modality 

(Harris et al. 2006; Karim et al. 2013; Preuschhof et al. 2006, 2010; Romo et al. 2000; 

Sinclair and Burton 1996). A large literature informs on the TOE in the tactile modality in 

human and non-human primates (Romo and de Lafuente 2013). 

 Indeed, the neural processes involved in tactile frequency discrimination tasks have 

been studied in control participants with neuroimaging techniques (Harris et al. 2002; Pleger 

et al. 2006; Preuschhof et al. 2006, 2010; Kostopoulos et al. 2007; Sörös et al. 2007; Tang et 

al. 2009; Auksztulewicz et al. 2011; Kalberlah et al. 2013; Pleger and Villringer 2013; 

Herding et al. 2016) and in non-human primates using single-unit recording (Mountcastle et 

al. 1990; Romo et al. 1998, 1998; Hernández et al. 1997, 2000, 2002; Salinas et al. 2000; 

Brody et al. 2002; Luna et al. 2005; Lemus et al. 2007; Camarillo et al. 2012; Romo and de 

Lafuente 2013; Vázquez et al. 2013; Rossi-Pool et al. 2016). Results from these studies 

enabled to propose a chain of neural processes for tactile discrimination, involving the 

encoding of F1 followed by its maintenance, the encoding of F2 and comparison with the 

memory trace of F1. Sensory information first arrives to the contralateral primary sensory 

cortex (S1) through the thalamus, and passes to bilateral secondary somatosensory cortex 

(S2), inferior parietal lobe and inferior frontal gyrus (Kostopoulos et al. 2007). Precisely, 

single-unit recording studies showed that F1 frequency modulated the activity of S1 neurons 

during the encoding phase only, of S2 neurons during the encoding and the first hundred 

milliseconds of the maintenance period, of the PFC neurons during the encoding and 

maintenance period, and of neurons in the ventral, medial and dorsal premotor cortex (PMC) 

in the encoding and maintenance period. To sum up, during the encoding phase, information 

would be encoded in S1 and distributed to S2, ventral, medial, dorsal premotor cortex and 
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PFC, and during the maintenance, the premotor and PFC regions would maintain F1 

representation (Figure 1). 

 Among the studies listed above, one investigated the brain regions whose activity was 

modulated by prior encoding and influence on perceptual decision (Preuschhof et al. 2010). 

They evidenced that during the encoding and maintenance of the first stimulus (F1), neural 

activities in S1 and S2, thalamus, inferior frontal gyrus (IFG) and inferior parietal sulcus (IPS) 

were modulated by the difference between the prior (mean frequency) and F1. Between 

participants, a greater influence of priors on decision was associated with greater activity in 

IPS (angular gyrus). Furthermore, the activity in the anterior cingulate cortex (ACC) was 

modulated by the subjective difficulty induced by the TOE (Preuschhof et al. 2010). 

 Besides, an EEG study using a vibrotactile discrimination task showed that F1 

modulated beta activity in the IFG during the maintenance period (Spitzer et al. 2010). The 

role of the IFG in the maintenance of F1 representation was confirmed by a transcranial 

magnetic stimulation protocol disrupting the activity of the IFG during the maintenance 

period (Auksztulewicz et al. 2011). Such a disruption (in any hemisphere) led to decreased 

accuracy, therefore showing that the IFG played a key role in the maintenance of 

somatosensory information. Another EEG study showed that participant’s choices modulated 

beta activity in the dorsal PMC (Herding et al. 2016). This result suggests that the comparison 

between F2 and the memory trace of F1 would be computed in this region (overlapping the 

Brain regions in macaques: VPC: ventral promotor cortex (~ IFG opercularis / precentral gyrus), DPC: dorsal 
promotor cortex (~ middle frontal gyrus), MPC: medial promotor cortex (~ dorsolateral superior frontal 
gyrus/SMA), PFC: prefrontal cortex (~IFG triangularis), M1: primary motor cortex. 

Figure 1: Summary of the results of single-neuron recording 
in monkeys performing a tactile discrimination task 

(Romo and de Lafuente, 2013) 

Figure 1: Summary of the results of single-neuron recording
in monkeys performing a tactile discrimination task

(Romo and de Lafuente, 2013)
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dorsolateral superior frontal gyrus and the supplementary motor area) (Herding et al. 2016). 

Single-neuron recording also showed that the activity of some PMC neurons was modulated 

by the type of answer (F2 superior or inferior to F1) (Romo and de Lafuente 2013). 

Interestingly, the PMC was pointed out in another single-neuron recording study showing that 

PMC neurons encode the frequency pattern as broad categories during the maintenance and 

comparison periods, and that the initial “sensory representation is transformed into an 

intermediate, more abstract categorical code that combines past and present information to 

ultimately generate a perceptually informed choice” (Rossi-Pool et al. 2016). 

 Here, we performed an fMRI study using a tactile discrimination task designed to 

elicit a time-order effect. The present study aimed to (1) confirm previous findings showing 

that individuals with ASD are able to build up priors, but have difficulties to adjust them in a 

changing context, (2) identify the cerebral network involved in the TOE task in NT and ASD 

participants, (3) replicate the finding by Preuschhof et al. (2010) in NT participants on the 

parametric modulation of brain activity by the priors, and (4) determine whether the ASD 

participants present with a different modulation of their brain activity by prior and prediction 

error weights. Aim (1) was studied with a time-order task where the context suddenly 

changed, and was characterized using computational modeling. We expected the ASD group 

to be less flexible in the construction and measurement of their priors, despite similar 

accuracy in both groups. Aim (2) was investigated with a simple functional MRI analysis of 

TOE trials versus control trials, and a functional connectivity analysis. We also investigated 

the regions whose activity was inter-individually modulated by sensory input precision and 

prior influence, with covariate analyses using the parameters estimated by the models. No 

specific differences between groups were expected for the cerebral pattern reflecting simple 

tactile discrimination tasks. Aims (3) and (4) were investigated using the same parametric 

modulators as Preuschhof and colleagues (Preuschhof et al. 2010). The parametric modulator 

representing the discrepancy between the expectation (average frequency) and the incoming 

sensory input should modulate the activity of somatosensory regions, the IFG and IPS in the 

NT group (Preuschhof et al. 2010). This discrepancy between the prior and the sensory 

evidence can be seen as a prediction error on the first stimulation. According to HIPPEA 

hypothesis (Van de Cruys et al. 2014), the modulation of the precision of the prediction error 

should be reduced within the ASD group, which could be seen as a decreased modulation in 

the ASD group, especially in regions like the IFG and IPS. During the decision phase, we 

expect the activity in the ACC to be modulated by the subjective difficulty (reflected by the 

TOE) in the NT group (Preuschhof et al. 2010).  
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Material and Methods 

Participants 

 Twenty-two NT adults and 

twenty adults with ASD took part to 

this study. In addition, one subject 

with ASD was discarded from the 

fMRI and behavioral analyses as he 

only made one of the four fMRI runs 

(because of the unpleasant noise of 

the fMRI sequence). The two groups 

were matched for age, gender, 

educational level, and IQ (measured 

by the Weschler Adult Intelligence 

Scale IV). The demographical 

characteristics are given in Table 1.  

   All participants with ASD met 

Diagnostic and Statistical Manual of Mental Disorders-IV criteria for Asperger’s syndrome or 

high-functioning autism. Every participant with ASD was diagnosed by an expert psychiatrist, 

and underwent the Autism Diagnostic Observation Schedule (ADOS) (Lord et al. 2000), the 

Autism Diagnostic Interview-Revised (ADI-R) (Lord et al. 1994), or Adult Asperger 

Assessment (Baron-Cohen et al. 2005). None of the NT participants reported mental health or 

neurological disorders. All participants had normal or corrected-to-normal vision. Participants 

signed a written consent and were remunerated for their participation. Approval was obtained 

from the local ethics committee (South East IV Committee for the Protection of Persons). 

Session 

 Prior to the fMRI experiment, participants were introduced to the task with oral and 

written instructions. Outside the MRI room, participants first performed tactile threshold 

measurements, as well as a training and a familiarization task of tactile frequency 

discrimination. Participants were then placed in the MRI scanner where they performed 

similar tasks successively: threshold measurements, training session, four tactile frequency 

discrimination tasks and threshold measurements. The overall session proceeding is shown in 

Demographical data 
    NT ASD p 
Number 22 20 - 
Male / Female 16 / 6 14 / 6 ns 
Age (years) 32.8 (±8.2) 34.4 (±9.6) ns 
Educational level (years) 4.1 (±2.3) 3.3 (±2.4) ns 
Right/Left-handed 18 / 4 16 / 4 ns 
WAIS IV     

Total # 120 (±12) 124 (±20) ns 
Verbal comprehension 126 (±12) 128 (±15) ns 
Perceptual reasoning 112 (±12) 110 (±18) ns 
Working memory 113 (±11) 110 (±17) ns 
Processing speed 107 (±5) 105 (±23) ns 

AQ score 12 (±5) 34 (±8) *** 
GSQ score    

Total 40 (±17) 69 (±20) ** 
Total hyposensitivity  
Tactile hyposensitivity 

20 (±8) 
4 (±2) 

31 (±9) 
5 (±2) 

** 
ns 

Total hypersensitivity 
Tactile hypersensitivity 

21 (±10) 
3 (±2) 

38 (±13) 
6 (±3) 

** 
* 
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Figure 2. The part outside the MRI scanner lasted for 20 minutes on average. The MRI 

acquisition lasted for 1.5 hour. 

Tactile stimuli 

 Tactile stimulations were delivered on the left second finger, using an fMRI-

compatible piezo-electric tactile stimulator (mPTS, Dancer Design 

http://www.dancerdesign.co.uk). Each stimulator was housed in a machined ceramic case 

67mm long x 20mm wide x 5mm thick. The vibrating surface was a 6mm diameter flat 

aluminum probe in the center of an 8mm diameter hole in one end of the case. Two 

stimulators were placed in a home-made polystyrene case, with only the probes showing up 

on the surface. Participants wore a fingerless glove bonding on the case, with the distal 

phalanxes of the left second and fourth finger resting on the stimulator. The two stimulated 

fingers were immobilized using Velcro strips. Tactile and visual stimuli were displayed using 

Presentation (https://www.neurobs.com/ 17.1 03.15.14). 

Tactile threshold measurement 

 In order to adapt the amplitude of tactile stimulations in each subject, perception 

thresholds were measured. The tactile detection threshold was estimated in each subject 

following a classical staircase procedure (García-Pérez 1998). The tactile intensity 

progressively increased, and participants had to signal by a click when they started to feel the 

sensation. Then, the intensity kept on increasing up to 1.5 times the intensity presented when 

the participant clicked. The intensity then decreased, and participants signaled by a click when 

they did not feet any sensation any more. The frequency of the stimulations remained at 30Hz, 

and intensity increased and decreased by steps of 0.050. This procedure (increase/decrease) 

was repeated four times successively. The tactile threshold was measured prior to the 

familiarization task. For the discrimination tasks, the amplitude of the stimulations was set to 

3 times the threshold for the familiarization task and to 3.5 times the threshold for the fMRI 

session. 

Discrimination task 

 The experiment was made of two types of trials: 80% of tactile trials (announced by a 

disc display) and 20% of control trials (announced by a cross display) (Figure 2). The inter-

trial interval lasted for 1800ms on average (ranging from 1500ms to 2100ms).  
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Tactile trials  

 In the tactile trials, participants received two successive tactile stimulations on the 

second finger to be compared. They had to determine whether the frequency of the second 

vibration was higher or lower than the first one. In tactile trials, after 500ms of grey disk 

display, a first 500ms vibration was delivered. It was followed by a 2000ms pause, and then 

by a second 500ms vibration. The response screen appeared right after the second stimulation, 

and showed plus and minus signs on each side of the screen. The side of the plus and minus 

signs were counterbalanced between participants, but never changed within a task in order not 

to disturb participants. Participants had to press on the left or right button to select the left or 

right sign. They were asked to always compare the second frequency F2 to the first frequency 

F1 (e.g. select the minus sign if the second frequency was lower than the first one). 

Participants had up to 3000ms to answer. In training tasks only, a feedback was provided after 

each trial, displaying “correct” or “incorrect” for 800ms. 

Control trials 

 In the control trials, no tactile stimulations were delivered. A cross was displayed for 

3500ms, followed by a response screen where the plus sign or the minus sign was circled. 

Participants had to click on the side of the circled sign. Participants had up to 3000ms to 

answer. In training tasks only, a feedback was provided after each trial, displaying “correct” 

or “incorrect” for 800ms. 

 
Figure 2: Experimental design 
The left part of the figure presents the tactile trials (top) and control trials (bottom). In tactile trials, 
participants have to compare the frequency of two successively delivered tactile stimulations. In control 
trials, participants simply have to click on the side of the circled sign (here, on the right side). F1: first 
frequency, F2: second frequency. 
The right part of the figure presents the overall fMRI session, made of four runs. 
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Experimental procedure 

 Training 1 and Familiarization task 

 In training 1 and the familiarization task, the frequency of the first vibration was 

always equal to 30Hz. The second vibration was 1 to 8Hz higher or lower than F1, therefore 

ranging from 22 to 38Hz. Training 1 was made of 20 trials: 4 control trials and 16 tactile trials 

presenting each couple of frequency once. The Familiarization session consisted of 72 trials: 8 

control trials and 64 tactile trials presenting each couple of frequency four times. 

 Training 2 and fMRI runs 

 Training 2 consisted of 12 trials: 2 control trials and 10 tactile trials with F1 equal to 

30Hz and F2 equal to 20, 22, 24, 26, 28, 32, 34, 36, 38 or 40Hz.  

 Each fMRI run was composed of 75 trials, including 15 control trials and 60 tactile 

trials. At every trial, the frequency of the second stimulation (F2) was 2Hz higher or lower 

than F1. Runs 1 and 2 are referred as “stable runs”, centered on a frequency of 30Hz. Runs 3 

and 4 are referred as “unstable runs” as the average frequency varied. In run 3, the 12 first 

trials were centered on 30Hz, but the next trials were centered on 26Hz. In run 4, the 12 first 

trials were centered on 26Hz, but the next trials were centered on 30Hz. 

 In sections centered on 30Hz (run 1, run 2, beginning of run 3, end of run 4), F1 was 

equal to 22, 26, 30, 34 or 38Hz. In sections centered on 26Hz (end of run 3, and beginning of 

run 4), F1 was equal to 18, 22, 26, 30, or 34Hz.  

Computational modeling 

 A probabilistic model of the TOE was used to estimate the sensory precision  and 

the TOE coefficient . This model is the same as in the behavioral study (Supplementary 

material of Experimental results, III). We used Bayesian model comparison with prior mean 

ranging from 24 to 32Hz. We fitted each model independently for each subject in each 

group. We ran a Bayesian Model Selection (BMS) in SPM12, to compare three model 

families: Model 26Hz (with frequencies from 24 to 26Hz), Model intermediate (with 

frequencies from 27 to 29Hz), and Model 30Hz (with frequencies from 30 to 32Hz). BMS 

resulted in an exceedance probability for each model and each group. We also extracted the 

frequencies with the maximal posterior probability for each subject. We performed Bayesian 

model comparison in the 30Hz section (75 + 75 + 12 trials of Run 1, 2, and 3), of the variable 

26Hz session (63 + 12 trials of Run 3 and 4), and of the variable 30Hz session (63 trials of 

Run 4). 
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 We used the VBA toolbox to fit the data (http://mbb-team.github.io/VBA-toolbox/) 

and estimate  and . The parameters  and  were then averaged within groups using 

Bayesian model averaging (BMA), to be weighted by the posterior probability of each prior 

frequency. 

Specific behavioral measures 

Apart from accuracy and response times, we characterized two other measures: the 

time-order effect index ITOE, and the flexibility value. 

The TOE is reflected by a biased perceptual decision: the difference between the two 

frequencies will be over- or under-estimated depending on the trials. For trials with 

frequencies below the prior (average frequency), it leads to increased accuracy with shorter 

response times when F2<F1, whereas it leads to decreased accuracy with longer response 

times when F2>F1. The TOE can be quantified as follows. For each possible value of F1, we 

compute the difference in accuracy between the trials with F2>F1 and with F2<F1 (e.g. 22-

24Hz vs. 22-20Hz). Averaged over all F1 values and divided by the individual mean 

accuracy, this yields what we refer to as ITOE. The ITOE should be strongly positively 

correlated with the estimated  parameter. 

The flexibility value measures the ability of the participant to flexibly adjust its prior 

depending on the context. Given the experimental design, the priors should be = 30Hz 

(during the 30Hz stable runs), = 26Hz (during the 26Hz variable run), and = 30Hz 

(during the 30Hz variable run). The flexibility parameter φ is calculated as [( - +( - 

]. It should be equal to 8Hz in case of an optimal adjustment of the prior, and to 0Hz if the 

prior was not adjusted across the four sessions. 

Behavioral data analysis 

 Demographical data in the two groups were compared using Student t-test. Group 

differences were investigated with Analysis of Variance (ANOVA). Correlations were studied 

using Pearson correlation tests. Unanswered trials were not taken into account in the analyses.  

 All statistical analyses were performed using R (http://www.r-project.org/). The 

threshold for statistical significance was set at p < .05 for the behavioral analyses. 

Functional MRI 

 fMRI data acquisition 

 Neuroimaging data were collected on a 3 Tesla Siemens Magnetom Prisma with a 64-

channel head-neck coil. The MRI acquisition started with a high resolution whole brain T1-
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weighted anatomical image MPRAGE sequence, TR = 3500ms; TE = 3.42ms; FOV = 

224mm; number of slices = 192; voxel size = 0.9 x 0.9 x 0.9 mm). Participants then engaged a 

training session and four functional scans (around 7.5min each, separated by 2-minute 

breaks). Whole brain functional images were acquired using a multi-band T2-weighted 

echoplanar imaging sequence sensitive to BOLD contrast (TR = 1500 ms; TE = 29 ms; flip 

angle = 75°; FOV = 230mm; number of interleaved slices = 48 ; voxel size = 2.3 x 2.3 x 2.3 

mm; multi-band accelerator factor = 2; PAT mode = GRAPPA). The total number of volumes 

acquired during a functional run differed between participants as it depended on the individual 

response time. On average, 308 functional volumes were acquired per run. 

 Every participant had four runs acquired, except for four ASD participants: one only 

had one run, one had two runs, and two had three runs. 

 fMRI data preprocessing 

 Neuroimaging data were preprocessed using Nipype Python (Gorgolewski et al. 2011) 

and SPM12 (http://www.fil.ion.ucl.ac.uk/spm/). The first five functional volumes of each run 

were removed so as to ensure that longitudinal relaxation time equilibration was achieved. 

Preprocessing consisted of fieldmap correction, realignment of the functional volumes, slice-

timing correction, coregistration, normalization, and smoothing. Functional volumes realigned 

and coregistered on the anatomical T1. The artifact detection toolbox (ART) detected the 

scans with more than 3mm of movement, and these were considered as outliers. Participants 

with more than 10% of scans discarded were excluded from the analysis. This criterion led to 

the exclusion of two ASD participants. In the other participants, the average number of outlier 

scans was 1.0% in the NT, and 1.5% in the ASD group. The slice-timing correction for 

multiband sequence was implemented as provided by SPM12 (with slice acquisition times). 

Functional and anatomical volumes were normalized into the Montreal Neurological Institute 

(MNI), with the anatomical volume as source image. Finally, volumes were smoothed with a 

7 mm full-width at half-maximum Gaussian kernel. After preprocessing, an additional step of 

denoising was added using aCompCor, performing a principal component analysis on CSF 

and white matter masks in order to remove physiological noise (Behzadi et al. 2007). 

 fMRI data analysis 

 Functional MRI data were analyzed with Matlab 2016a and SPM12 

(http://www.fil.ion.ucl.ac.uk/spm/software/spm12/), coordinated with nipype 

(http://nipy.org/nipype/0.10.0/). We performed two main analyses: the trial type analysis and 

the parametric modulator analysis. Statistical analyses were based on a General Linear Model. 
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In all analyses, the six movement parameters, the five components estimated by aCompCor, 

and the scans detected by Art were added as regressors of non-interest. The epoch of the 

regressors were convolved with a canonical hemodynamic function. Low-frequency drift were 

removed using a temporal high-pass filter (128sec). Unanswered trials were discarded from 

the analysis. 

 Trial type analysis 

 This analysis aimed to study the network involved in the tactile discrimination task, 

and its modulation between participants depending on covariates estimated from the Bayesian 

modeling. We defined three regressors: the tactile trial regressor, the control trial regressor, 

and the motor response. The tactile trial regressor started at the beginning of the tactile trial 

marked by the disc display, and lasted until the participant answer. It lasted for 3500ms plus 

the response time. The control trial regressor started at the beginning of the control trial 

marked by the cross display, and lasted until the participant answer. It lasted for 3500ms plus 

the response time. The motor response regressor corresponded to the event where the 

participant clicked to answer. Contrast images were computed for the tactile trial regressor 

versus control trials for each subject using t statistics. NT and ASD groups were compared 

using Student t test. 

 We further compared the tactile trials in stable runs (1 and 2) versus unstable runs (3 

and 4) in order to show the modulations due to the stability of the context. 

 Parametric modulator analysis 

 This analysis aimed to study the brain regions whose activity was related to the time-

order effect. We used four regressors and two parametric modulators: the Encoding regressor, 

the Comparison regressor, the Control response screen regressor, the Motor response 

regressor, the Encoding modulator P1, and the Comparison modulator P2. The Encoding 

regressor started at the beginning of the first vibration F1 and lasted until the end of the 

maintenance period (500ms + 2000ms). The Comparison regressor started at the beginning of 

the second vibration and lasted until an answer was given (500ms + response time) in tactile 

trials. The Control response screen regressor started at the beginning of the appearance of the 

response screen in control trials and lasted until an answer was given. The Motor response 

regressor corresponds to the event where the participant clicked on one of the response button 

(in tactile and control trials). The Control response screen regressor and Motor response 

regressor are regressors of non-interest, but where modeled to be removed from the baseline. 
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 We additionally specified parametric modulations of the Encoding and Comparison 

regressors, based on Preuschoff and colleagues study (Preuschhof et al. 2010). We defined the 

values of these parametric modulators as Preuschoff and colleagues did. 

 P1 parametric modulation represents the activity of the brain regions involved in the 

integration of the frequency of the first vibration during the encoding and maintenance of this 

frequency. During the encoding of F1 and the maintenance period, the representation of F1 is 

thought to be drifted toward the prior (average frequency). The further F1 is from the prior, 

the larger this drift toward the prior will be. P1 was calculated as the absolute value of the 

difference between the first frequency F1 and the average frequency of the session (30Hz or 

26Hz, depending on the run section). The resulting values (0, 4, 8) defined the parametric 

modulation of the Encoding regressor. P1 can also be seen as the prediction error between the 

frequency of the first vibration and the frequency of the prior. 

 P2 parametric modulation corresponds to the activity of the brain regions involved in 

the comparison of the two frequencies when the perception is biased by priors. Precisely, it 

reflects the difficulty of the comparison given the time-order effect. The TOE shows that 

when frequencies lie below the average frequency (prior), decision is facilitated for trials were 

F2<F1, but is harder for trials were F2>F1. Conversely, when frequencies lie above the 

average frequency (prior), decision is facilitated for trials were F2>F1 but is harder for trials 

were F2<F1. This effect is relatively increased when F2 is further from the prior. P2 was 

calculated as follows: the absolute difference between F2 and the prior was first calculated 

(equal to 2, 6, or 10Hz). If F1 lied below the prior, this absolute difference was attributed a 

minus sign for trials were F2<F1, and was given a plus sign when F2>F1. Conversely, if F1 

lied above the prior, this absolute difference was attributed a minus sign for trials were 

F2>F1, and was given a plus sign when F2<F1. When F1 was equal to the average frequency, 

it was set to 0. Hence, very easy trials (22-20Hz, 38-40Hz) were attributed -10, easy trials 

(26-24Hz, 34-36Hz) were attributed -6, neutral trials (30-32Hz, 30-28Hz) were attributed 0, 

difficult trials (26-28Hz, 34-32Hz) were attributed 2, and very difficult trials (22-24Hz, 38-

36Hz) were attributed 6. 

 The resulting values (-10, -6, 0, 2, 6) defined the parametric modulation P2 of the 

Comparison regressor. We assessed the effects of P1 on the Encoding regressor and of P2 on 

the comparison regressor, as compared to baseline, and between groups. 
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 Covariate analyses 

 In the trial type and parametric modulator analysis, we assessed the effect of three 

covariates: the TOE parameter γ, the precision parameter πL, and the flexibility parameter φ. 

We investigated the regions whose activity was showing a positive or negative covariance 

with these parameters, and masked the results with the contrast results. To illustrate these 

correlations, we extracted the individual contrast estimates in the clusters identified in the 

covariate analyses, using Marsbar (https://sourceforge.net/projects/marsbar). 

 Significance threshold for fMRI analyses 

 In the trial type analysis, parametric modulator analysis, and covariate analysis, 

statistical significance was set at p < .001 uncorrected at the voxel level (with 10 contiguous 

voxels), and at p < .05 at the cluster level. In the analyses, it is specified whether the clusters 

survive FWE correction. 

Functional connectivity 

 We performed a simple functional connectivity analysis using Nipype, and modeling 

the tactile trials regressor. We chose nine regions of interest, corresponding to the regions 

highlighted in Preuschhof et al. (2010) study: contralateral S1, bilateral S2, IFG opercularis, 

IPG and ACC. Seed coordinates were chosen based on the results by Preuschhof et al (2010), 

except for S1 and the ACC which were selected using anatomical criteria. We used 15 mm 

spheres centered on right S1 (MNI: 52, -26, 50), right/left S2 (MNI: +/-52, -20 20), right/left 

IFG (MNI: +/-52, 12, 24), right/left IPG (MNI: +/-40, -64, 48) and right/left ACC (+/-10, 34, 

20). Time series were extracted by averaging signal of voxels within these ROIs, high pass 

filtered at 0.01Hz regressed out of white matter and CSF average signals and normalized. 

Weighted correlations (Dodel et al. 2005) between time series of these regions weighted by 

the regressor tactile trials were performed in each participant. For the two groups (NT and 

ASD groups) r-to-Z Fisher’s transform were applied to weighted correlation coefficients. 

One-way Student t-test was performed over the Z scores of each pair, and results were 

corrected using Bonferroni correction (α=0.001). The two groups were compared using two-

way Student t-test, and results were corrected using Bonferroni correction (α=0.001). 
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Results 

Behavioral results  

 Perceptual tactile threshold 

 Prior to the familiarization task, the average threshold of perception was equal to 0.45 

±0.19 in the NT group, and to 0.34 ±0.13 in the ASD group who had a lower threshold (p= 

0.03). Prior to the fMRI session, the average threshold was 0.44 ±0.21 in the NT group, and 

0.42 ±0.19 in the ASD group, and their thresholds did not differ significantly. 

 Behavioral tasks (prior to fMRI) 

 Training 

 In the training session, the NT group got 80.2% (±11.2) of correct answers, and the 

ASD group 74.4% (±9.8). No group difference was observed on accuracy, but the NT group 

answered faster than the ASD group (843.7ms ±306.8 vs 1122.5ms ±273.8, p < .005). 

 Familiarization  

 During the familiarization, the NT group performed better (p < .05) and faster (p < 

.01) than the ASD group. The mean accuracy and response times were equal to 84.7% (±10.2) 

and 696.7ms (±281.5) in the NT group, and to 75.7% (±13.1) and 940.8ms (±210.6) in the 

ASD group. 

 The two-way ANOVA analysis of the group and difficulty factor (8 levels, from 1 to 

8Hz of difference between F1 and F2) on accuracy revealed a main effect of the group factor 

(F(1,42) = 45.4, p < 10-6), of the difficulty factor (F(1,42) = 23.4, p < 10-6), but no interaction 

between the factors group and difficulty. 

 Both groups got 100% of correct answers for the control trials, with average response 

times of 658.4ms (±147.1) in the NT group, and 790.8ms (±168.4) in the ASD group. 

 

fMRI behavioral results 

 Training 

 During the training phase, NT participants got 89.4% ±12.9 of correct answers, and 

ASD participants got 82.9% (±14.5) of correct answers. The average response time was 

587.1ms (±224.7) in the NT group, and 712.3ms (±190.0) in the ASD group. The two groups 

did not significantly differ in accuracy and response times, but there was a tendency toward 

longer response times in ASD than NT (p = .055). 
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 Accuracy and response times in the fMRI runs 

 During the fMRI sessions, the average rate of correct answers and the response times 

were 64.8% (±6.9) and 657.6ms (±246.8) in the NT group, and 59.7% (±8.8) and 809.1ms 

(±187.5) in the ASD group. There was a tendency toward a lower accuracy in ASD than NT 

(p = .05), and longer response times (p = .055). The rate of correct answers for control trials 

was 100% for all subjects. The NT group answered faster than the ASD group for the control 

trials (605.4ms ±99.4 vs. 708.1ms ±97.7, p < .01). On average, NT participants answered to 

99.8% of the trials, and ASD participants to 98.9% of the trials. 

 A 2x4 ANOVA analysis of the factors group and session on accuracy and response 

times for correct answers revealed a group effect (accuracy: F(1,42) = 30.9, p < 10-6; RTc: 

F(1,42) = 70.3, p < 10-6) but no session effect, and no interaction between session and group. 

 In the stable 30Hz part, the NT and ASD group performed comparably (NT: 64.7% 

±6.1, ASD: 59.6% ±9.0). No group difference in accuracy were revealed in the changing 

26Hz part (NT: 66.7 % ±9.3, ASD: 61.2% ±10.2), nor in the changing 30Hz part (NT: 64.5% 

±9.2, ASD: 59.1% ±11.4). 
 

 TOE index during the fMRI runs 

 Both the NT and ASD group showed a TOE effect in every section of the fMRI run, as 

shown by a positive ITOE (NT: ITOE=54 ±24, ASD: ITOE=38 ±32). The ANOVA analysis of the 

factors group and run (3 kinds) on the ITOE showed no group effect, a run effect (F(2,74) = 

4.0, p < .05), and an interaction between run and group (F(2,74) = 3.8, p < .05). The ASD 

group had a lower ITOE in the 26Hz variable section than the NT group (NT: ITOE=50 ±27, 

ASD: ITOE=22 ±34, p < .01). 
 

 Model comparison to study contextual priors 

 We performed family model comparison in each section of the fMRI, between three 

model families: the first stating that the prior mean frequency θ0 was between 24 and 26Hz 

(26Hz model), the second stating that θ0 was between 27 and 29Hz (Intermediate model), and 

the third stating that θ0 was between 30 and 32Hz (30Hz model). The TOE and model 

comparisons are shown in Figure 3. 

 In the 30Hz stable section, the exceedance probability in favor of the third model 

(30Hz model) was 0.97 in the NT group and 0.40 in the ASD group. In the 26Hz variable 

section, the exceedance probability in favor of the first model (26Hz model) was 0.78 in the 

NT group and 0.45 in the ASD group. In the 30Hz varying section, the exceedance probability 

in favor of the third model (30Hz model) was 0.82 in the NT and 0.55 in the ASD group. 
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 The flexibility parameter φ, equal to 8Hz in theory, was 5Hz in the NT group and 2Hz 

in the ASD group. The participants with a φ under 4Hz were 41% of the NT group, and 70% 

of the ASD group. 

 

Figure 3: Time-order effect in the fMRI session, with Bayesian model selection 
The left graphics present the mean accuracy in the NT and ASD groups, when F2 is 2Hz higher than 
F1 (dash line) or 2Hz lower than F1 (full line), for each F1 frequency. The mean frequency is 30Hz in 
the first row (Stable 30Hz section: 130 tactile trials), 26Hz in the second row (Varying 26Hz section: 
60 tactile trials), and 30Hz in the third row (Varying 30Hz section: 50 tactile trials). 
The right graphics show the model exceedance probability of the Bayesian model selection in these 
three sections of the fMRI session. A Bayesian model comparison was performed between three model 
families: 26Hz prior model (24 to 26Hz), Intermediate prior model (27 to 29Hz), and 30Hz prior 
model (30 to 32Hz). 
NT group: blue, ASD group: orange. F1/F2: frequency of the first/second stimulation. 

 

 Posterior estimates of model parameters 

 In the 30Hz stable runs, 26Hz variable runs, and 30Hz variable run, respectively, πS 

was equal to 8.3 (±3.9), to 6.3 (±3.1), and to 5.8 (±2.6) in the NT group, and to 6.8 (±4.6), to 

4.7 (±2.3), and to 5.4 (±2.6) in the ASD group. Within the NT group, πS was higher in the 
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30Hz stable runs than in the 30Hz variable run (p < .01). Within the ASD group, πS was 

higher in the 30Hz stable runs than in the 26Hz variable run (p < .05). The ANOVA analysis 

of the factor group and run (3 kinds of run) on πS revealed no group effect, a run effect 

(F(2,74) = 8.7, p < .001), and no interaction between group and run. πS was positively 

correlated with accuracy in the 30Hz stable runs (r = .8, p < 10-6), in the 26Hz variable runs (r 

= .7, p < 10-5), and in the 30Hz variable run (r = .6, p < 10-4). 

 In the 30Hz stable runs, 26Hz variable runs, and 30Hz variable run, respectively, γ 

was equal to 1.2 (±0.4), to 1.1 (±0.3), and to 1.1 (±0.2) in the NT group, and to 1.2 (±0.5), to 

1.0 (±0.3), and to 1.3 (±0.5) in the ASD group. The ANOVA analysis of the factor group and 

run (3 kinds of run) on γ revealed no group effect, a run effect (F(2,74) = 3.4, p < .05), and no 

interaction between group and run. Within the ASD group, γ was higher in the 30Hz variable 

run than in the 26Hz variable run (p < .05). γ was positively correlated with ITOE in the 30Hz 

stable runs (r = .6, p < 10-5), in the 26Hz variable runs (r = .7, p < 10-6), and in the 30Hz 

variable run (r = .7, p < 10-5). Additionally, γ was positively correlated with the flexibility 

parameter in the 30Hz stable runs in the NT group only (r = .5, p < .05). 

 

fMRI results 

Trial type analysis 

 Tactile trials vs control trials 

 Figure 4 shows the activation pattern for the contrast tactile trial versus control trials in 

all participants. With p < .05 FWE corrected, the tactile trials elicited increased activity in the 

contralateral S1, in the bilateral S2, precentral gyri, anterior insula, caudate nucleus, IFG, 

middle frontal gyri, cerebellum, in the right median cingulate gyrus, inferior parietal gyrus, 

and in the left orbital part of the superior frontal gyrus, temporo-parietal junction, the 

supramarginal gyrus and the midbrain (cluster close to substantia nigra). 

 The NT group showed no cluster with greater activity than the ASD group. For the 

contrast [tactile trials > control trials], the ASD group showed stronger activity in the left 

middle occipital gyrus than the NT group (T=4.3, x=-28 y=-78 z=40). 
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Figure 4: Neural correlates of tactile trials, as compared to control trials 
Results from the contrast Tactile trials > Control trials, in an analysis including the two groups and the 
four fMRI runs. The significance threshold was set at p < .05 at cluster level and p < .001 at voxel level. 
The right table only reports results surviving FWE correction at cluster level. 
Abbreviations: g: gyrus, IFG: inferior frontal gyrus, TPJ: temporo-parietal junction, SMA: supplementary 
motor area, S1 and S2: somatosensory cortex I and II.  
 
 Covariate analysis 

 Results from the covariate analysis are presented in Figure 5. Between participants, 

increases in the TOE parameter γ were associated with increased activity in the right superior 

parietal gyrus (2 groups: r = .57, p < 10-4, ASD: r = .80, p < 10-4). Between NT subjects, 

increases in precision parameter πs were associated with increased activity in the left 

cerebellum (r = .79, p < 10-4) and right S2 (r = .77, p < 10-4), and with decreased activity in 

the right posterior middle temporal gyrus (r = -.77, p < 10-4). Between ASD subjects, 

increases in πs were associated with increased activity in the left IFG triangularis (r = .80, p < 

10-4). Between all participants, increases in πs were associated with decreased activity in the 

right cuneus and fusiform gyrus. Increases in the flexibility parameter φ were associated with 

increased activity in the left supplementary motor area (2 groups: r = .66, p < 10-5, ASD: r = 

.78, p < 10-4). Between ASD participants, increases in the flexibility parameter φ were 

associated with decreased activity in the left fusiform gyrus (r = -.89, p < 10-5), right middle 

temporal gyrus (r = -.86, p < 10-5) and right parahippocampal gyrus (r = -.83, p < 10-4). 
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Tactile trials > Control trials 
Covariate Group  Region Size x y z T 

γ + 2 groups R Superior parietal g. 49 22 -54 66 4.4
#
 

+ ASD R Superior parietal g. 44 24 -50 70 5.5 
π

S
 + NT L Cerebellum 75 -36 -78 -22 5.6 

R Supramarginal g. / S2 61 56 -26 28 5.3 
 + ASD L IFG, triangularis 38 -48 24 6 5.7 
 - 2 groups R Cuneus 65 20 -78 44 4.9 
 R Fusiform g. 93 38 -68 -14 4.4 
 - NT R Middle temporal g. (post.) 55 50 -62 8 5.0 
φ + 2 groups L SMA 69 -10 4 60 5.7 

+ ASD L SMA 58 -10 4 60 4.4 
 - ASD L Fusiform g. 52 -34 -36 -20 7.4 
   R Middle temporal g. (post.) 82 46 -70 10 6.7 
   R Parahippocampal g. 86 22 -38 -12 5.7 

 
Figure 5: Covariate analysis of the model parameters on the contrast [tactile trials > control trials] 
The parameters γ (reflecting prior weight on perception), πs (reflecting sensory precision) and φ (reflecting 
the flexibility to adjust priors) were used as covariates in an analysis including either all participants (“2 
groups”), either the NT participants or the ASD participants. Plus and minus signs correspond to positive 
covariance and negative covariance, respectively. The table presents the results for p < .001 uncorrected 
level and p < .05 at cluster levels, with results masked by the contrast [tactile trials > control trials]. 
Coordinates are indicated in the MNI space. The graphics illustrate the correlations involving a positive 
covariance between the parameters and the contrast estimates. These values of contrast estimates were 
extracted using Marsbar. # Marginally significant: p-value at cluster level: .06. 
IFG: inferior frontal gyrus, S2: secondary somatosensory cortex, g: gyrus, L: left, R: right. 
 
 Functional connectivity 

 The functional connectivity analysis resulted in a pattern presented in Figure SI-1 

(Supplementary information). The time series of all regions were positively correlated with 

their contralateral equivalent. Times series in S1 were positively correlated with bilateral S2 

and bilateral IFG. Additionally, S2 time series were positively correlated with those in 
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bilateral IFG and ACC, and negatively correlated with those in bilateral IPG. Time series of 

bilateral IPG were also positively correlated with those in bilateral IFG, while the right IPG 

was negatively correlated with the left ACC. Group comparison did not reveal any significant 

difference after Bonferroni correction for multiple comparisons. 

Parametric modulator analysis 

 Encoding parametric modulator P1 

 Using the encoding parametric modulator P1, we investigated the brain regions whose 

activity was modulated by the difference between F1 and the frequency prior during the 

encoding and maintenance periods in the NT and ASD group (Figure 6). The difference 

between F1 and the prior covaried with the BOLD signal in S1, IFG (triangularis, orbital and 

opercularis), precentral gyrus, middle frontal gyrus, medial superior frontal gyrus, inferior 

parietal gyrus, insula, and posterior inferior temporal gyrus in the NT group (p < .05 at cluster 

level). After FWE correction, P1 modulations in the S1, inferior parietal gyrus, IFG 

opercularis, precentral gyrus, middle frontal gyrus, and medial superior frontal gyrus 

remained significant in the NT group. 

 In the ASD group, the regions revealed by the encoding parametric modulator were 

S1, S2, the supramarginal gyrus, the medial and orbital parts of superior frontal gyrus, the 

middle frontal gyrus, the IFG (triangularis and opercularis), the precentral gyrus, the 

putamen, the inferior parietal gyrus, the temporo-parietal junction, and the anterior insula. 

After FWE correction, P1 modulation in S2, in the supramarginal gyrus, IFG opercularis, 

middle frontal gyrus, precentral gyrus and putamen remained significant in the ASD group. 

 The modulation of the activity in the IFG (left orbital part and right triangular part) by 

the parametric modulator P1 was stronger in the NT group than in the ASD group.  

 Covariates analysis (P1) 

 The results of the covariate analysis are presented in Table SI-2. Increases in γ were 

associated with increased modulation of P1 in the left cerebellum between all subjects (r = 

.51, p < .001) and in the left median cingulate gyrus between NT subjects (r = .83, p < 10-5). 

Between ASD subjects, increases in γ were associated with decreased modulation of P1 in the 

right inferior temporal gyrus (r = -.84, p < 10-5), in the right inferior parietal gyrus (r = -.76, p 

< .001), and in the right middle frontal gyrus (r = -.74, p < .001). Finally, increases in πs were 

associated with decreased modulation of P1 in the right inferior temporal gyrus (r = -.65, p < 

10-5) and left middle frontal gyrus (r = -.60, p < 10-4) between all subjects. 
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Figure 6: Neural correlates of the Encoding parametric modulator 
The parametric modulator p1 reflects the integration of F1 sensory information with the prior (average 
frequency). Results are presented for p < .05 at cluster level (and p < .001 at voxel level). Clusters 
remaining significant after FWE correction are indicated with a star after cluster size.  
NT>ASD: Regions with greater activation in the NT than in the ASD group (# marginally significant: p = 
.07 at cluster level). 
No significant cluster was revealed for the comparison ASD>NT.  
Hemispheres: L = Left, R = Right.  
Abbreviations: g: gyrus, ant: anterior part, post: posterior part, IFG: inferior frontal gyrus.  
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 Comparison parametric regressor P2 

 Using the comparison parametric modulator P2, we investigated the brain regions 

whose activity was modulated by subjective difficulty due to the TOE during the comparison 

of the two frequencies (Figure 7). 

 The brain regions showing a parametric modulation of the BOLD signal depending of 

P2 were the ACC, the cerebellum, and the middle occipital gyrus in the NT group. In the ASD 

group, the brain regions showing a parametric modulation depending of P2 were the inferior 

parietal gyrus and the IFG (triangularis). 

 The group comparison revealed that the P2 parametric modulation was stronger in the 

ACC, and superior occipital gyrus in the NT group than in the ASD group. The P2 parametric 

modulation was stronger in the inferior parietal gyrus, angular gyrus, IFG (triangularis), and 

posterior middle temporal gyrus (pMTG) in the ASD group than in the NT group. In the 

group comparison, the difference of modulation remaining significant after FWE correction 

were the stronger modulation in the left inferior parietal gyrus and pMTG in the ASD group 

than in the NT group. 

 

Figure 7: Neural correlates of the decision parametric modulator P2 
The parametric modulator P2 reflects the subjective difficulty due to the time-order effect biasing the 
percept of F1. Results are presented for p < .05 at cluster level (and p < .001 at voxel level). Clusters 
remaining significant after FWE correction are indicated with a star after cluster size. 
NT>ASD: Regions with greater activation in the NT than in the ASD group. 
ASD>NT: Regions with greater activation in the ASD than in the NT group. 
Hemispheres: L = Left, R = Right. Abbreviations: g: gyrus, s: sulcus, ant: anterior part, post: posterior 
part, IFG: inferior frontal gyrus, IPG: inferior parietal gyrus, ACC: anterior cingulate cortex, MOG: 
middle occipital gyrus, SOG: superior occipital gyrus. 
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 Covariate analysis (P2) 

 The results of the covariate analysis are presented in Table SI-2. Between NT subjects, 

increases in γ were associated with decreased modulation of P2 in the left precuneus (r = -.74, 

p < 10-4) and right postcentral gyrus (r = -.79, p < 10-5).  

 Between subjects, increases in πs were associated with increased modulation of P2 in 

the right cerebellum (r = .60, p < 10-4), and in large clusters of the parietal lobe between ASD 

subjects: bilateral supramarginal gyrus (right: r = .82, p < 10-4, left: r = .80, p < 10-4), bilateral 

inferior parietal gyrus (right: r = .80, p < 10-4, left: r = .77, p < .001), and right precuneus (r = 

.78, p < 10-4). Between ASD subjects, it was also associated with increased effect of P2 in the 

right middle frontal gyrus (r = .70, p < .001) and right SMA (r = .72, p < .001). Increases in πs 

were associated with decreased effect of P2 in the activity of the left dorsolateral part of the 

superior frontal gyrus in the two groups (r = -.61, p < 10-4) and in the NT group (r = -.77, p < 

10-4), in the right middle frontal gyrus (r = -.74, p < 10-4) and right insula (r = -.75, p < 10-5) 

in the NT group, and in the left postcentral gyrus (r = -.86, p < 10-4) and left middle temporal 

gyrus (r = -.80, p < 10-4) in the ASD group. 

 

 Parametric regressors in unstable vs. stable runs 

 We investigated how the parametric modulators P1 and P2 were influenced by the 

instability of the context by contrasting the unstable runs (3 and 4) to the stable runs (1 and 2). 

Note that this contrast must be interpreted cautiously as the order of the unstable and stable 

runs was not counter-balanced between groups, so that the instability of the context might not 

be the only one factor influencing these results. 

 In the unstable context versus stable context, there was a greater modulation by P1 in 

the left cerebellum (T = 4.5, -6/-50/-30) and orbital inferior frontal gyrus (T = 3.8, -36/38/-12) 

in the NT group. No significant differences were found in the ASD group. 

 In the unstable context versus stable context, there was a greater modulation by P2: in 

the right orbital and dorsolateral parts of superior frontal gyrus (T = 4.2, 16/52/-2) in the NT 

group; and in a cluster covering the left supplementary motor area and medial superior frontal 

gyrus (T=4.1, 0/12/48) in the ASD group.  
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Discussion 

 The present study investigated perception within the Bayesian framework in autism 

spectrum disorder at the behavioral and neural levels. Using a tactile discrimination task 

designed to elicit a time-order effect, we explored how prior knowledge biased perception and 

modulated neural activity. We first confirmed that both NT and ASD subjects were able to 

implicitly learn priors, and that subjects with ASD had difficulties adjusting their prior in 

changing contexts. Second, we characterized the brain network involved in the tactile 

discrimination task, and investigated how it was modulated inter-individually by the size of 

the TOE and by the precision of the sensory information. Third, we replicated the results by 

Preuschhof and colleagues on the fMRI parametric modulations in NT (Preuschhof et al. 

2010). Fourth, we identified the brain regions whose activities were modulated by two 

parametric modulators in each group. Indeed, we studied how the difference between the 

sensory stimulus and the prior during the encoding and maintenance phases covaried with 

neural activity. We also studied how prior influence on perceptual decision modulated neural 

activity. 

 Both the NT and ASD groups showed a TOE, revealed by changes in accuracy 

depending on the order of presentation of the two frequencies and on the distance between 

stimulus and prior frequencies. In two previous behavioral studies, we had evidenced a TOE 

in ASD but occurring after a long and very stable learning phase. In the current study, the 

familiarization phase was shorter and performed 30 minutes before the TOE task (against 2 

minutes before the TOE tasks in the previous experiments). In this context, the ASD group 

was able to build up a prior, as shown by the TOE. In a changing context, the NT group 

quickly adapted their prior to the new range of frequencies, contrary to the ASD group who 

did not show a clear shift in prior frequency. This result confirms that individuals with ASD 

have difficulties adjusting their priors in a changing context. Such a decreased ability to adjust 

priors could explain the flexibility difficulties encountered in ASD (Ciesielski and Harris 

1997; D’Cruz et al. 2013; Gomot and Wicker 2012; Robertson et al. 2013, 2016; Robic et al. 

2014). Inappropriate priors could also lead to enhanced prediction errors (Van de Cruys et al. 

2014). The TOE shows that perceptual decisions require short-term memory (about the 

current tactile stimulus) but also sensory-context integration about the previously delivered 

stimuli. 
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 We first identified a network involved in the tactile discrimination process, including 

clusters in the primary and secondary somatosensory cortices, the precentral gyrus, the 

anterior insula, the caudate nucleus, the IFG, the middle frontal gyrus, orbitofrontal cortex, 

the SMA, the median cingulate cortex, the inferior and posterior parietal lobules, the temporo-

parietal junction and the cerebellum. Previous studies using tactile discrimination tasks in 

humans showed a very similar neural network (Pleger et al. 2006; Preuschhof et al. 2006). 

The network we identified included regions like S1 and S2, involve in the encoding of 

sensory stimuli (see Romo and de Lafuente 2013, for a review), the IFG and IPS important for 

prior and posterior encoding during maintenance (Auksztulewicz et al. 2011; Preuschhof et al. 

2010; Sherman et al. 2016; Spitzer et al. 2010), and the precentral gyrus, SMA, cingulate 

cortex and superior frontal gyrus important for the decision process (Herding et al. 2016; 

Preuschhof et al. 2006; Romo and de Lafuente 2013). The two groups did not show any 

differences in their brain activation pattern for tactile discrimination processes, apart from a 

cluster in the occipital lobe in ASD. Likewise, the global functional connectivity patterns 

during tactile trials did not show any group differences. Given the similar patterns of 

activation for the tactile discrimination task, we were interested in knowing how prediction 

errors and priors could differently modulate neural activity. 

 Increases in sensory sensation precision, modeled by πS, modulated brain activity 

differently in NT and ASD participants. In NT subjects, high sensory precision πS was 

reflected by increased activity in the right secondary somatosensory cortex and in the 

cerebellum. These regions are implicated in somatosensory perception, and the cerebellum 

has been associated to prediction error encoding (Bastian 2006; Courchesne and Allen 1997; 

Gao et al. 1996; Proville et al. 2014; Schlerf et al. 2012; Sinha et al. 2014; Tseng et al. 2007). 

In another fMRI study, cerebellum activity was modulated by precision weighted prediction 

errors (Iglesias et al. 2013). Besides, the cerebellum would be implicated in the temporal 

processing of tactile stimuli (Tinazzi et al. 2013) and in rhythm encoding (Konoike et al. 

2012). In contrast, the ASD group showed an association between high sensory precision and 

high activation level in the left IFG, a region important for somatosensory memory, and high-

level prior encoding (Auksztulewicz et al. 2011). Moreover, the increased flexible adjustment 

of priors, modeled by φ, was associated with increased activation in the supplementary motor 

area (SMA) inter-individually. The SMA was previously found in tactile discrimination tasks, 

particularly for its involvement for perceptual decisions (Herding et al. 2016; Hernández et al. 

2002, 2010; Romo and de Lafuente 2013). 
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 Most importantly, we were interested in determining whether the neural network 

involved in the tactile discrimination task was modulated by prior information differently in 

the ASD group as compared to the NT group. First of all, the analysis using the parametric 

modulator P1 showed that the prediction error on the first stimulation modulated brain activity 

in the somatosensory cortices, inferior parietal regions, prefrontal regions (including IFG), 

insula and posterior inferior temporal gyrus in both groups. Noticeably, this network is 

consistent with the findings by Preuschhof et al. (2010) showing that the prediction error on 

the first stimulus modulated the activity of somatosensory regions, IFG and inferior parietal 

lobe. This network modulated by P1 was very close to the one revealed in the contrast 

between tactile and control discrimination trials. The fact that the activity in S1 and S2 were 

modulated by P1 suggests that prior information is combined with sensory evidence in early 

steps of sensory perception, suggesting that prediction errors pass along several levels of 

cortical hierarchy. The group comparison revealed a greater modulation of the IFG activity by 

P1 in NT than in ASD. We could expect prediction errors to be given a higher weight when 

the received frequency is far from the mean of the prior distribution. The decreased 

modulation by P1 in the IFG in the ASD group could be interpreted as a reduced modulation 

of the precision of the prediction error during the encoding and maintenance phase in the IFG. 

This interpretation would be in line with the idea of an inflexible precision of the prediction 

error in ASD. However, it is important to notice that many brain regions had their activity 

flexibly adjusted by the size of the prediction error in both groups. Hence, we can hypothesize 

that the inflexibility of the adjustment of the prediction error weight in ASD could occur 

mostly for unpredicted changes, rather than for slightly deviant stimuli. 

 We further investigated how the subjective difficulty in the perceptual decision 

modulated neural activity. This subjective difficulty is reflected by the TOE where accuracy 

can be 90% or 40% of correct answers depending on the order of presentation of the stimuli, 

despite a 2Hz difference in frequency in both cases. The parametric modulator P2 represented 

this subjective difficulty due to the prior information, and we expected that it would modulate 

the ACC in controls, like Preuschhof et al. (2010). During the decision phase, increased 

subjective difficulty (P2) was associated with increased activity in the ACC, cerebellum, and 

occipital lobe in NT. In ASD, increased difficulty was associated with increased activity in 

the inferior frontal and parietal gyri. The ACC plays a role in decision-making under 

uncertainty (Berns et al. 1997; Schultz and Dickinson 2000), as well as prediction error 

encoding. Interestingly, these four regions were also identified as being modulated by prior 

precision (Vilares et al. 2012) and precision-weighted prediction errors (Iglesias et al. 2013). 
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The ACC and cerebellum found in the NT group have been particularly related to prediction 

errors, and the ACC to uncertainty processing. Indeed, the ACC plays a key role in decision-

making under uncertainty and in prediction error encoding (Behrens et al. 2007; Berns et al. 

1997; Ide et al. 2013; Schultz and Dickinson 2000). The cerebellum is also involved in the 

encoding of sensory prediction error (Courchesne and Allen 1997; Dreher and Grafman 2002; 

Synofzik et al. 2008). The group comparison revealed a greater modulation of the activity of 

the ACC in NT, but not of the cerebellum. This result could indicate a greater treatment of 

uncertainty in the decision process of NT subjects. 

 In ASD, a different pattern involving prefrontal and inferior parietal regions was 

found. These regions were associated with contextual processing (Barcelo and Knight 2007; 

Gomot and Wicker 2012; Huettel 2005). Precisely, the IFG would be involved in the 

encoding of high-level prior (Barredo et al. 2016; Preuschhof et al. 2010; Sanchez 2014.; 

Spitzer et al. 2010) and/or posterior (d’Acremont et al. 2013; De Martino et al. 2013; Sherman 

et al. 2016). We found that the modulation of neural activity in prefrontal and inferior parietal 

regions by the subjective difficulty was greater in the ASD group than in the NT group. 

Interestingly, in a MMN study, Gomot et al. (2008) found that novelty detection was 

associated with a stronger activation of the inferior parietal and prefrontal cortices in ASD. 

Precisely, we found that subjective difficulty increased activity of the IFG, inferior parietal 

lobe, angular gyrus, posterior middle temporal gyrus and superior frontal gyrus to a greater 

extent in ASD than NT. Remarkably, this network reminds us of a recent study showing that 

increased precision of the prediction error leads to greater activity in the IFG, inferior parietal 

lobe, angular gyrus, posterior middle temporal gyrus, superior medial frontal gyrus and 

middle orbital gyrus (Sherman et al. 2016). 

 To conclude, the overall results support the idea that the influence of priors on 

perceptual decisions and on brain activity differs in ASD. We found a reduced flexibility in 

the adjustment of prior information in ASD. To fully interpret the behavioral and 

neuroimaging results in the predictive coding framework, further analyses are needed. Indeed, 

dynamic causal modeling and the use of computational models capturing the dynamic of prior 

adjustment and prediction error precision could inform us about a potential high and inflexible 

precision of the prediction error in ASD. The details of the additional analyses are presented 

in the perspective section of the general discussion. 
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Supplementary information 

 

 

SI-1: Functional connectivity analysis of tactile trials 

The left figure illustrates the functional connectivity pattern of the two groups during tactile trials. 

Orange to red connections show positive correlations between time series, while blue connections 

indicate negative correlations. The lighter the color is, the lower the correlation coefficient is. This 

pattern shows connections which survived FWE correction. 

The right figure shows the Z values of the NT (upper diagonal) and ASD groups (lower diagonal). The 

bar color was staked between -1 and 1, but Z scores go up to 1,3. When one-way t-test comparing the 

Z-score to 0 did not give significant results surviving FWE corrections, the corresponding part of the 

matrix was colored with white. Group comparison between the NT and ASD group did not give any 

significant difference after correction for multiple comparisons using Bonferroni. 

R: right, L: left, S1 and S2: primary and secondary somatosensory cortices, IFG: inferior frontal 

gyrus, IPG: inferior parietal gyrus, ACC: anterior cingulate cortex. 
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Encoding parametric modulator P1 
Covariate Group Region Size x y z T 

γ + 2 groups L Cerebellum 77 -6 -62 -14 4.4 
  + NT L Median cingulate g. 93 -14 -26 38 4.5 
  - ASD R ITG/MTG 207 64 -24 -12 6.5* 
      R IPG/Angular g. 138 50 -48 44 4.7 
      R Middle frontal g. 66 38 14 44 4.3 
π

S
 - 2 groups R Inferior temporal g. 53 44 -40 -20 5.8 

      L Middle frontal g. 49 -36 46 16 4.3 
                    

Decision parametric modulator P2 
Covariate Group Region Size x y z T 

γ - NT L Precuneus 100 -12 -52 50 4.8 
      R Postcentral g. 86 28 -32 36 4.4 
π

S
 + 2 groups R Cerebellum 87 38 -66 -20 5.1 

  + ASD R Supramarginal g. 768 60 -32 40 6.8* 
      L Supramarginal g. 264 -58 -32 24 5.3* 
      R IPG /Superior parietal g. 245 34 -40 38 4.9* 
      L IPG 400 -48 -40 52 5.1* 
      R Precuneus 96 8 -68 54 5.9 
      R Middle frontal g. 78 42 38 30 4.3 
      R SMA 77 2 12 54 4.2 
  - 2 groups L Superior frontal g., dl 44 -22 -8 62 5.0 
  - NT R Middle frontal g. 136 38 36 18 5.6 
      L Superior frontal g., dl 103 -24 -4 62 5.0 
      R Insula 72 40 16 -14 4.9 
  - ASD L Postcentral g. 157 -36 -28 70 6.1 
      L Middle temporal g. 190 -48 -12 -22 4.9* 

SI-2: Covariate analysis of the parameters γ and πs on the parametric modulation by P1 during 

encoding and P2 during decision 

The table presents the results for p < .001 uncorrected level and p < .05 at cluster levels, with results 

masked by the contrast [tactile trials > control trials]. Results surviving FWE correction at cluster 

level are indicated by a star after the T value. Coordinates are indicated in the MNI space. Plus and 

minus sign indicate positive and negative covariance effects. 

ITG/MTG: inferior and middle temporal gyrus, IPG: inferior parietal gyrus, SMA: supplementary 

motor area, dl: dorsolateral part, R: right, L: left. 
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Magnetic resonance spectroscopy study 

Neurobiological underpinning of perceptual inference in ASD 
 

 

Introduction 
  A challenging aspect in the understanding of autism spectrum disorder is that 

symptoms would be caused by atypical brain functioning due to complex genetic, 

environmental and epigenetic interactions. At the molecular level, one of the main hypotheses 

suggests that autism spectrum disorders (ASD) could arise from an increased 

excitatory/inhibitory balance (Hussman 2001; Rubenstein and Merzenich 2003; Lam et al. 

2006; Yizhar et al. 2011; Rosenberg et al. 2015). This ratio, mostly mediated by 

glutamate/GABA, is involved in the control of neural noise. In ASD, both increased and 

decreased neural noises have been suggested (Simmons et al. 2007, 2009; Davis and Plaisted-

Grant 2015). The only current non-invasive technique offering the opportunity to measure in 

vivo glutamate and GABA levels is magnetic resonance spectroscopy (MRS) (Edden et al. 

2009; Puts et al. 2011, 2016; Puts and Edden 2012). Several MRS studies have shown a 

decreased GABA concentration in children with ASD: in the prefrontal cortex (Harada et al. 

2011), in auditory (Gaetz et al. 2014) and somatosensory regions (Puts et al. 2016). Yet, the 

only GABA MRS study in adults with ASD showed no differences in GABA levels in the 

occipital lobe (Robertson et al. 2016). In ASD, an increased glutamate/GABA balance could 

be due to genetic variations in genes encoding GABA receptors (Shao et al. 2003; Ma et al. 

2005; Piton et al. 2013), to a reduced number of GABA receptors (Fatemi et al. 2014), to 

immature GABA neurons (Ben-Ari et al. 2012), or to a reduced level of GAD enzyme 

(Glutamate acid decarboxylase, converting glutamate into GABA) (Fatemi et al. 2002). 

Clinical studies have been testing the effects of bumetanide administration in ASD, a diuretic 

supposed to help GABAergic neurons to maturate and to become inhibitors. Bumetanide 

administration was associated with reduced autistic symptoms in some of the children with 

ASD (Lemonnier and Ben-Ari 2010; Lemonnier et al. 2017). Increasing GABA inhibition in 

mice models of ASD also improved behavioral autistic symptoms (Han et al. 2014). 

Abnormally high glutamate/GABA ratio could lead to increased neural noise and glutamate 

excitotoxicity, and abnormal brain development (Bittigau and Ikonomidou 1997; El-Ansary 

and Al-Ayadhi 2014). 
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 Previous studies have been suggesting that in ASD, an increased Glutamate/GABA 

balance could explain the atypical sensory sensitivity, but also certain aspects of perceptual 

inference and learning (Puts et al. 2011; Rosenberg et al. 2015). Perceptual inference 

corresponds to the process by which we can predict and interpret the incoming sensory inputs 

based on our prior knowledge. In the Bayesian framework, percepts result from the weighted 

interplay between sensory inputs and priors. Rosenberg and colleagues developed 

computational models to explain how GABAergic and glutamatergic neuromodulations could 

account for autistic symptomatology, particularly in the Bayesian framework (Rosenberg et 

al. 2015). Precisely, they used models based on divisive normalization, which is a 

computation that divides the activity of a neuron by the combined activity of the neuronal 

population in which the neuron is embedded. The suppressive field gain controls the extent to 

which the neuronal population influences the activity of a neuron. Decreased GABA 

concentrations would be associated with reduced suppressive field gain. According to their 

models, the less influence a population has on the activity of individual neurons (i.e. low 

suppressive field gain), the more severe autistic symptoms are. In addition, their simulations 

suggest that experience (prior) changes the strength of lateral connectivity across the neuronal 

population. They also suggest that the plasticity of these connections could be weaker in 

ASD, reducing the effect of priors. Decreased GABAergic modulation (relatively to 

glutamatergic transmission) would be associated with a reduced weight of priors on 

perception. The hypothesis of a decreased suppressive field gain in ASD would be in line with 

an imbalance in the relative weight of sensory inputs and priors in ASD (Pellicano and Burr 

2012; Brock 2012; Lawson et al. 2014; Van de Cruys et al. 2014). 

 The only study measuring GABA in adults with ASD could also be interpreted within 

the Bayesian framework (Robertson et al. 2016). In their binocular rivalry task, they measured 

the percentage of perceptual suppression, which can be seen as attempts to minimize 

prediction errors in a context of high likelihood and high prior probabilities (Hohwy et al. 

2008). They found that the ASD group showed reduced perceptual suppression leading to 

more mixed percepts, which could be interpreted as a reduced influence of top-down 

predictions (Van de Cruys et al. 2014). The percentage of perceptual suppression was 

positively correlated with GABA and glutamate concentrations in controls, and with 

glutamate concentration only in ASD (Robertson et al. 2016). It suggests that a decreased 

influence of predictions on perception could be associated with a decreased GABA action in 

the ASD group (Robertson et al. 2016).  
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 Here, we used MRS to measure glutamate and GABA concentrations in the 

somatosensory cortices of adults with or without ASD. We first wanted to determine whether 

adults with ASD had reduced GABA levels in the somatosensory cortex, as children with 

ASD did. We were further interested in (1) investigating the relationships between sensory 

sensitivity and glutamate/GABA levels, and (2) in studying whether prior influence on 

perception could be mediated by GABA modulation. 

 Sensory sensitivity was assessed by tactile threshold measurements and by the 

Glasgow Sensory Questionnaire (Robertson and Simmons 2013). We expected lower 

perceptual thresholds to be associated with lower GABA concentrations and higher glutamate 

concentrations. High GABA levels could either inhibit the global signal or increase the signal-

to-noise ratio. Hence, we could expect higher GABA to be associated either with lower tactile 

hypersensitivity or with higher precision in threshold measurements and higher tactile 

hypersensitivity. Besides, we assessed the effect of prior weight on perceptual decisions using 

the time-order effect presented in the fMRI study. We expected a decreased suppressive field 

gain (i.e. increased glutamate/GABA ratio) to be associated with a decreased influence of 

priors on perception (Rosenberg et al. 2015). 

 

Material and Methods 

Participants 

 The study was performed on twenty-one neurotypical (NT) participants and 20 

participants with ASD. Two NT and two ASD subjects were discarded from the analyses as 

one of their spectra showed signs of lipid contamination. The remaining groups of 19 NT (13 

males) and 18 ASD (13 males) participants were matched in age, gender ratio, education level 

and IQ. Mean age and education levels (in years) were respectively 33.2 (±8.4) and 16.0 

(±2.2) in the NT group and 35.0 (±10.2) and 15.5 (±2.5) in the ASD group. The two groups 

were also matched for the total Intellectual Quotient, measured with the WAIS IV (NT: 120 

±11, ASD: 125 ±20). All participants presented with no intellectual deficiency and had no 

history of neurological disorders. The ASD subjects met criteria for ASD without language 

onset delay according to the Diagnostic and Statistical Manual of Mental Disorders V 

(American Psychiatric Association 2013), and were diagnosed by a specialized psychiatrist 

after having undergone the ADI-R (Autism Diagnostic Interview-Revised, Lord et al. 1994), 

and/or the ADOS-G (Autism Diagnosis Observation Schedule, Lord et al. 1989), or the AAA 

(Adult Asperger Assessment, Baron-Cohen et al. 2005). Participants gave their written 
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informed consent beforehand. Approval was obtained from the local ethics committee (South 

East IV Committee for the Protection of Persons).  

Glasgow Sensory Questionnaire 

 Participants completed the Glasgow Sensory Questionnaire (Robertson and Simmons 

2013), a 42-question questionnaire assessing hypersensitivity and hyposensitivity in seven 

sensory modalities, including the tactile sensory modality. We calculated the GSQ scores of 

hypersensitivity and hyposensitivity in total (maximum score: 84), and in the tactile modality 

(maximum score: 12). One of the ASD participants has not completed the GSQ questionnaire. 

Tactile stimuli 

 Tactile stimulations were delivered on the left second finger, using a piezo-electric 

tactile stimulator (mPTS, Dancer Design http://www.dancerdesign.co.uk) associated with 

Presentation (https://www.neurobs.com/). Tactile stimuli are described in the fMRI section. 

Tactile threshold measurements 

 Thresholds were measured at 30Hz and 200Hz on the second finger outside of the 

MRI scanner, following the classical staircase procedure described in the fMRI section. 

Stimulation intensity increased/decreased by steps of 0.050 in the 30Hz condition, and by 

steps of 0.025 in the 200Hz condition (Blakemore et al. 2006). 

Tactile discrimination task 

 Participants performed a task designed to elicit a time-order effect. The task has been 

described in the fMRI task of the same chapter. Computational models were used to estimate 

the precision of sensory encoding, modeled by πs, and the influence of priors on perceptual 

decision, modeled by γ. Here, we consider these parameters in the stable session only (run 1, 

2, and beginning of 3) to avoid any influence of prior adjustment in changing contexts. Higher 

πs correspond to high sensory precision, and high γ correspond to high influence of priors on 

perceptual decisions. 

MRI and MRS acquisitions 

 MRI and MRS data were acquired on a 3 Tesla Siemens Magnetom Prisma scanner, 

with a 64-channel head-neck coil. A 3D whole brain T1-weighted anatomical image was 

obtained for each subject, using a MPRAGE sequence (Repetition time TR = 3500ms; Echo 

time TE = 3.42ms; FOV = 224mm; 192 slices; voxel size = 0.9 x 0.9 x 0.9 mm). 
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 Single voxel MR spectra were 

acquired from two 3x3x3cm volumes of 

interest located in the right somatosensory 

cortex (s-VOI) and in the median occipital 

cortex, as a control region (o-VOI) (Figure 

2). The s-VOI was centered on the hand 

knob of the right postcentral gyrus and 

parallel to the cortical surface. Because of 

the VOI size and postcentral gyrus shape, the 

s-VOI overlapped some regions belonging to 

the precentral gyrus. The o-VOI was set in 

the occipital lobe, in the median region, 

dorsal to the cerebellum. Its posterior limit was the superior sagittal sinus. During the MRS 

acquisition of the s-VOI, participants performed a tactile threshold measurement task. During 

the acquisition of the o-VOI, participants watched a documentary.  

 Prior to this main acquisition, we performed shims adjustment and a quality-check 

MRS acquisition. Shims were adjusted using the automatic GRE shim sequence, and we 

ensured that shimming for the full width at maximum of water signal was inferior to 16Hz. In 

order to make sure that there were no lipid contaminations or contamination from the venous 

sinus in the o-VOI, we ran a short quality-check MRS acquisition (4 excitations) beforehand. 

MR spectra were collected using the MEGA-PRESS (Mescher et al. 1998) spectral editing 

sequence with TE = 68ms, TR = 2000ms, 160 pairs of interleaved spectra, 2048 datapoints, 5 

kHz spectral width and center frequency set to the peak position of creatine at -1.7ppm 

relative to the water. The GABA spectrum was obtained by subtracting the edit-ON and edit-

OFF spectra (ordered OFF-first in the acquisition), after having applied a 21.5ms (55Hz) 

frequency-selective editing pulse at 1.9 and 7.5ppm in alternating spectral lines. 

 An additional localized unsuppressed water scan was acquired in order to have a fully 

relaxed water measurement, with TE = 30ms, TR = 10 000ms and four averages. The overall 

acquisition time per voxel was inferior to 15 minutes. The acquisition parameters were chosen 

after the study by Robertson and colleagues (Robertson et al. 2016). 

MRS analysis and quantification 

 MRS original data (.dat) were preprocessed using the FID-A toolkit (Simpson et al. 

2017). FID-A preprocessing was made in seven steps: (1) multi-coil combination, (2) 

Figure 2: VOI placement in the MRS study 
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removing motion corrupted averages, with a criteria of more than 3 standard deviations from 

the mean, (3) realignment of averages after frequency and phase drift correction, (4) removing 

points before and after TE (0 points), (5) zero-order phase correction using the creatine peak, 

(6) alignment of the edit-ON and edit-OFF spectra, (7) subtraction of edit-ON and edit-OFF 

spectra. Each fit was carefully individually inspected. The fits of 2 NT and 2 ASD subjects 

were not satisfying, suggesting lipid contaminations due to movements during the MRS 

acquisition. These four participants were discarded from the analyses. On average, eleven 

pairs of scans were removed in each group after step 2 (22 ±14 scans in the NT group, 22 ±12 

scans in the ASD group). The preprocessed data were saved as Matlab structures to be 

processed in Gannet (Edden et al. 2014). 

 FID-A preprocessed data were implemented in Gannet GABA analysis toolkit (Edden 

et al. 2014) to estimate GABA levels, with the unsuppressed water scan as water reference. 

GABA concentrations were corrected for tissue fractions using the segmentation and 

quantification steps implemented in Gannet (Harris al. 2015). These steps included tissue 

segmentation in SPM (SPM8, Wellcome Trust Center for Neuroimaging) to estimate the 

fractions in grey matter fGM, white matter fWM and cerebrospinal fluid fCSF. We used the latest 

tissue correction (Harris et al. 2015) with α = 0.5, which is written as follows: 

. GABA concentrations are given in institutional units (i.u.). 

 Glutamate concentrations were estimated from the edit-OFF spectra using Tarquin 

(Wilson et al. 2011), with the unsuppressed water scan as water reference. Preprocessing 

options included Eddy current correction and lipid filter. 

 To fit the data, water concentration was set individually depending on the tissue 

fractions of the volume of interest. For each subject, water concentration was calculated as 

follows: , with a water 

concentration cwater of 55550mM and water densities of 0.78 in the grey matter (dwaterGM), 0.65 

in the white matter (dwaterWM), and 0.97 in the cerebrospinal fluid (dwaterCSF) (Gasparovic et al. 

2009). Glutamate concentrations are given in arbitrary units (a.u.). Note that GABA and 

glutamate levels cannot be compared as they do not rely on the same analysis method. 

Statistical analyses 

Concentrations in neurotransmitters were compared between groups using Student t-

test. Correlations between concentrations and behavioral measures were performed using 

Pearson correlation test. An ANOVA analysis of the factors group (NT and ASD) and 

frequency (30Hz and 200Hz) was done to assess changes in perceptual thresholds. Bayesian 
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model averaging for frequencies ranging from 24 to 32Hz was done to estimate γ and πs, 

following the same procedure as in the fMRI study. All statistical analyses were performed 

using R (http://www.r-project.org/, version 3.3.1.) and the threshold for statistical significance 

was set at p < .05. 

 

Results 

MR spectroscopy measures 

 Tissue fractions 

 In the s-VOI, tissue fractions in grey matter, white matter and cerebrospinal fluid were 

respectively 33% (±3), 58% (±5) and 9% (±3) in the NT group, and 31% (±4), 61% (±5) and 

8% (±3) in the ASD group. In the o-VOI, tissue fractions in grey matter, white matter and 

cerebrospinal fluid were respectively 60% (±3), 32% (±3) and 7% (±1) in the NT group, and 

60% (±2), 32% (±3) and 7% (±2) in the ASD group. These fractions did not differ between 

groups. GABA and glutamate concentrations were corrected for tissue fractions, as described 

in the Method section. 

 GABA fit 

 We visually ensured that every fit was close to the expected fit aspect. GABA fit 

errors estimated in Gannet in the NT and ASD groups were respectively 5.6 (±1.5) and 6.4 

(±2.7) in the s-VOI, and 4.7 (±1.2) and 4.8 (±1.2) in the o-VOI. 

 Water error fits for NT and ASD groups were respectively, 0.4 (±0.1) and 0.4 (±0.2) in 

the s-VOI, and 0.5 (±0.1) and 0.4 (±0.1) in the o-VOI.  

 In the s-VOI, GABA concentrations were 2.85 (±0.86) i.u. in the NT group, and 2.37 

(±0.52) i.u. in the ASD group (Figure 2). The ASD group had a lower GABA concentration 

than the NT group (p < .05). In the o-VOI, GABA concentrations were 2.22 (±0.51) i.u. in the 

NT group, and 2.35 (±0.67) i.u. in the ASD group, and did not differ between groups. 

 Glutamate fit 

 We visually ensured that every fit was close to the expected fit aspect. In the s-VOI, 

glutamate concentrations were 0.55 (±0.14) a.u. in the NT group, and 0.53 (±0.15) a.u. in the 

ASD group (Figure 2). In the o-VOI, glutamate concentrations were 0.83 (±0.20) a.u. in the 

NT group, and 0.87 (±0.26) a.u. in the ASD group. Glutamate concentrations did not differ 
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between groups. Noticeably, one of the NT subjects had an s-VOI glutamate concentration 

which appeared to be particularly low (0.1 a.u.) despite a correct aspect of the glutamate fit. 

 Glutamate/GABA ratio 

 The glutamate/GABA ratio did not differ between groups in the s-VOI (NT: 0.21 

±0.08, ASD: 0.23 ±0.06) nor in the o-VOI (NT: 0.27 ±0.04, ASD: 0.27 ±0.05) (Figure 3). 

GABA concentrations in o-VOI and s-VOI did not correlate within group, nor did the 

glutamate concentrations. In the s-VOI, glutamate and GABA concentrations did not 

correlate. However, glutamate and GABA concentrations were strongly correlated in the o-

VOI (2 groups: r = .83, p < 10-6, NT: r = .80, p < 10-5, ASD: r = .86, p < 10-5). 

 
Figure 3: MRS measurements in the somatosensory VOI (s-VOI) and occipital VOI (o-VOI) 
GABA concentration (A), glutamate concentration (B), and glutamate/GABA ratio (C) in the NT and 
ASD groups. 

 

Correlations between MRS and sensory sensitivity 

 Self-reported hypersensitivity 

 Hypersensitivity total GSQ score and tactile GSQ score were 20.8 (±9.4) and 3.4 

(±2.3) in NT, and 39.3 (±13.7) and 6.0 (±2.9) in ASD. Hyposensitivity total GSQ score and 

tactile GSQ score were 18.8 (±7.3) and 3.6 (±2.1) in NT, and 31.8 (±9.0) and 4.8 (±2.0) in 

ASD. The two total scores were higher in ASD than NT (p < .001), the tactile hypersensitivity 

score was higher in ASD than NT (p < .01) but no difference were found between tactile 

hyposensitivity scores between groups. 

 Hence, we investigated correlations between hypersensitivity scores and GABA to 

assess whether a different GABAergic modulation could explain group differences. No 

significant correlations were found between GSQ scores and GABA concentration in the NT 

group. Yet, in the ASD group, the s-VOI GABA concentration positively correlated with the 
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hypersensitivity total GSQ score (r = .54, p < .05) and tactile GSQ score (r = .47, p = 0.059) 

(Figure 4). These measures did not correlate with GABA concentrations in o-VOI. 

 

Perceptual thresholds 

 Average threshold 

 At 30Hz and 200Hz, the average perception thresholds were respectively 0.45 (±0.19) 

and 0.27 (±0.11) in the NT group, and to 0.34 (±0.13) and 0.22 (±0.10) in the ASD group. An 

ANOVA analysis of the factors group and frequency (30Hz vs. 200Hz) on threshold revealed 

a group effect (F(1,42) = 23.6, p < 10-4), a frequency effect (F(1,42) = 75.8, p < 10-6), and a 

trend toward an interaction between frequency and group (F(1,42) = 3.2, p = 0.08). Pairwise t-

test revealed that both NT and ASD subjects had a lower threshold at 200Hz than at 30Hz 

(NT: p < 10-5, ASD: p < 10-4). The ASD group had lower thresholds than NT, with significant 

differences for the 30Hz threshold (p < .05). 

 Perception thresholds at 30Hz did not correlate with s-VOI GABA concentrations, but 

negatively correlated with glutamate concentrations (2 groups: r = -.42, p < .01, NT: r = -.42, 

p < .01) (Figure 5). However, in NT, the thresholds also correlated with glutamate 

concentration in the o-VOI (r = -.76, p < .001). No significant correlations were found 

between thresholds and glutamate/GABA ratio in any group. 

 Variability on threshold measurement 

 At 30Hz and 200Hz, the individual standard deviation (SD) on threshold 

measurements were respectively 0.07 (±0.04) and 0.04 (±0.02) in NT, and 0.07 (±0.04) and 

0.05 (±0.03) in ASD. An ANOVA analysis of the factors group and frequency on individual 

SD only revealed a frequency effect (F(1,42) = 22.0, p < 10-4). Pairwise t-test revealed a 

lower individual SD at 200Hz than 30Hz (p < .01 in the NT group, p < .05 in the ASD group). 

Figure 4: Correlations 
between GABA concentrations 
in the somatosensory cortex 
and GSQ scores of tactile 
hypersensitivity. 
High GSQ scores indicate high 
hypersensitivity 
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 SD at 30Hz was negatively correlated with GABA concentrations (2 groups: r = -.38, 

p < .05, NT: r = -.47, p < .05, ASD: r = -.40, p = .10) and glutamate concentrations (2 groups: 

r = -.45, p < .01, NT: r = -.38, p = .11, ASD: r = -.52, p < .05) (Figure 5). Yet, in the NT 

group, these correlations were also significant with concentrations measured in o-VOI 

(GABA: r = -.62, p < .01, glutamate: r = -.69, p < .001). 

 
Figure 5: Correlations between MRS measurements and threshold measurements 

A. Correlation between the mean perception threshold at 30Hz and glutamate concentration in the 
somatosensory VOI (s-VOI) 

B. Correlations between the individual standard deviation (SD) during threshold measurements at 
30Hz and glutamate (left) or GABA (right) concentrations in the s-VOI. 

 

Correlation between MRS measurements and model parameters 

 In the stable session, the time-order parameter γ (reflecting prior influence) did not 

differ between groups (NT: γ=1.2 ±0.4, ASD: γ=1.2 ±0.5). Increases in prior influence could 

be mediated by increased suppressive field gain (Rosenberg et al. 2015), seen by a decreased 

glutamate/GABA ratio. Hence, we investigated whether an increase in γ could be linked to a 

decreased glutamate/GABA ratio. There was indeed a negative correlation between γ and s-

VOI glutamate/GABA ratio in the NT group (r = -.48, p < .05), but not in the ASD group. γ 

did not correlate with this ratio in the o-VOI in any group. Finally, the precision parameter πs 

(8.0 ±3.8 in NT, 6.8 ±4.8 in ASD) did not correlate with glutamate/GABA ratio. 

 

Figure 5: Correlations 
between the glutamate / 
GABA ratio and γ. 
High γ indicates an 
increased influence of 
priors on perceptual 
decision. 
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Discussion 

 This MRS study aimed at measuring GABA and glutamate levels in ASD and 

determining whether these correlations were associated with changes in tactile sensitivity and 

perceptual inference between individuals. In the somatosensory cortex, adults with ASD had 

lower GABA levels than controls, and similar glutamate levels. Higher GABA concentrations 

were associated with higher tactile hypersensitivity in the ASD group only, and with 

increased precision in measurements of tactile perception thresholds at 30Hz (significant in 

NT, tendency in ASD). Higher glutamate concentrations were associated with lower 

perception thresholds at 30Hz in NT, and with higher precision in the measurement of 

perception thresholds (significant in ASD, tendency in NT). Finally, we found a negative 

correlation between a measure of prior weight on perceptual decision and glutamate/GABA 

ratio in NT subjects only. 

 First, adults with ASD had reduced GABA levels in the somatosensory cortex, as 

found in children with ASD (Puts et al. 2016). Puts and colleagues found a decrease by 8% 

between control and ASD children, and we found a decrease by 17% between control and 

ASD adults. Note that our measurements slightly from theirs on the delimitation of the VOI 

and on the preprocessing steps. We also confirmed that adults with ASD do not have a 

decreased concentration of glutamate or GABA in the occipital cortex (Robertson et al. 2016). 

Decreased GABA levels in adults with ASD may affect the excitatory/inhibitory modulation 

of messages passing through the somatosensory cortex. Given differences in GABA 

concentrations, we wondered how it could affect sensory sensitivity and prior influence on 

perception in ASD and NT subjects. 

 Decreased variability in the measurement of the perception threshold at 30Hz was 

associated with increased glutamate and GABA levels in both groups (correlations with 

GABA in ASD and with glutamate in NT were non-significant tendencies). We can interpret 

that high glutamate and GABA concentrations lead to an increased signal-to-noise ratio. In 

this view, we can interpret the positive correlation between hypersensitivity (measured with 

the GSQ) and GABA levels in ASD as an increased precision of the sensory stimuli leading to 

hypersensitivity and hyper-responsiveness in ASD. In control adults, we did not evidence any 

link between hypersensitivity and GABA concentrations, suggesting that GABA action on 

hypersensitivity differed between groups, at least in the tactile modality. 

 Furthermore, high glutamate concentrations were associated with low thresholds of 

perception, suggesting that a higher level of excitatory signals promotes the detection of 



Results – IV. Neural underpinnings: MRS 

226 
 

stimuli at lower thresholds. However, we must be cautious about the interpretation of this 

correlation as it seems to be mostly driven by one ASD and two NT subjects. Additionally, in 

NT, lower tactile thresholds were also associated with increased glutamate in the occipital 

cortex, showing that this relationship was not specific to glutamate levels in the 

somatosensory cortex.  

 Perception thresholds at 200Hz were lower than those at 30Hz in both groups, 

replicating the finding that NT and ASD subjects have lower thresholds at 200Hz (Blakemore 

et al. 2006). However, we did not find any difference in thresholds at 200Hz between groups, 

contrary to Blakemore and colleagues who suggested that Pacinian corpuscles (activated at 

200Hz) might have lower activation threshold in ASD. We could have expected that the 

correlations found between neurotransmitter levels and perception thresholds to be similar at 

30Hz and 200Hz, but only correlations with thresholds at 30Hz were found. It might be 

explained by a reduced dispersal of the thresholds (standard deviation of NT: 0.2 for the 30Hz 

thresholds, 0.1 for the 200Hz thresholds) preventing from making correlations, or by another 

modulatory processes. 

 Besides, we aimed at understanding whether the glutamate/GABA ratio modulated the 

parameters estimated in our model of perceptual decision. The main parameter that we wanted 

to test was γ, a parameter assessing the amplitude of the time-order effect and so, assessing 

the influence of priors on perceptual decisions. According to the simulations by Rosenberg 

and colleagues, we had assumed that increased γ (high prior weight) would be associated with 

decreased glutamate/GABA (Rosenberg et al. 2015). We confirmed this hypothesis as higher 

γ were associated with decreased glutamate/GABA ratio in NT participants only. This result 

suggests that increases in suppressive field gain could explain different weight of priors on 

perceptual decision between control individuals. It also suggests that glutamate/GABA action 

on perceptual decision involving prior knowledge could be abnormal in ASD. Differences in 

prior weights between individuals with ASD could be mediated by other neurotransmitters, 

such as noradrenaline, acetylcholine or dopamine (Iglesias et al. 2013; Lawson et al. 2014; 

Moran et al. 2013; Van de Cruys et al. 2014). According to computational simulations by Yu 

and Dayan (2005), acetylcholine would encode expected uncertainty whereas norepinephrine 

would track unexpected uncertainty. Additionally, high acetylcholine concentration would be 

associated with stronger prediction errors (Moran et al. 2013). Contrary to GABA and 

glutamate, acetylcholine and noradrenaline concentrations cannot be measured in vivo by non-

invasive methods, but can only be approached by pharmaceutical modulations. 



Results – IV. Neural underpinnings: MRS 

227 
 

 Exploring the same correlations in other sensory modalities would be useful to figure 

out if these processes are generalizable. 

 An important limitation to MRS studies is that it only gives a single measure of 

concentration per participant, and cannot capture their modulations during perceptual 

processes. Hence, it simply gives a global overview of how concentration in neuromodulators 

could explain differences between individuals. In perceptual decisions, there would be a fine 

regulation of the relative weights of sensory inputs and priors, which would change over time, 

depending on the type of sensory input and on the previously learnt priors. This precise 

regulation is made dynamically, which cannot be assessed by MRS. Two individuals could 

have similar GABA concentrations measured by MRS, while one would have a high 

modulation during the task, whereas the other would not have any. To disentangle hypothesis 

of perceptual inference in ASD, we need to have access to dynamic measurements of these 

neuromodulations. Some emerging studies intend to develop dynamic glutamate MRS 

measurements through functional magnetic resonance spectroscopy, but it remains quite 

preliminary (Apšvalka et al. 2015). In addition, even if we had dynamic measurements of 

glutamate or GABA, the MRS measurements might not be sensitive enough to be able to 

capture the small changes in glutamate/GABA concentrations depending on the relative 

weighting of priors and sensory inputs. Furthermore, MRS measures give an indication of the 

GABA and glutamate levels in a large volume of interest but cannot reveal if these 

neurotransmitters are simply stocked in neurons or glial cells or if they are released in 

synapses, modulating neurotransmission. 

 Despite these limitations, MRS offers a first attempt to understand how differences in 

neurotransmitter concentrations between individuals could explain observed behaviors. It is 

also an opportunity to accumulate additional evidence to propose a complete model of ASD, 

taking into account every scale. 
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Synthesis 

 Behavioral level: 

⪧ Reduced flexibility in subjects with ASD to adapt their priors in changing contexts 
 

 Neural level: 

 

 Molecular level 
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1. Summary  

 This thesis aimed at characterizing perceptual inference and learning in adults with 

autism spectrum disorder, within the Bayesian brain framework. In this framework, 

perception results from an interplay between weighted contributions of sensory inputs and 

prior knowledge. Recent theories suggested that an imbalance in the adjustment of the relative 

precision of the sensory stimuli and prior could explain behavioral symptoms of ASD (Brock 

2012; Pellicano and Burr 2012; Lawson et al. 2014; Van de Cruys et al. 2014; Palmer et al. 

2017). The very first theory suggested a decreased prior weight on perception in ASD 

(Pellicano and Burr 2012). Van de Cruys and colleagues pertinently underlined that any full 

account of ASD had to take into account not only the nature of priors, but also how priors 

were learnt and dynamically adjusted in changing contexts (Van de Cruys et al. 2013). As 

clear empirical evidence was missing, we tested whether perception in ASD could be 

explained by these hypotheses. Precisely, we aimed at assessing atypical sensory sensitivity, 

atypical spontaneous choice of a learning strategy, mechanisms of prior construction and 

adjustment, as well as their neurophysiological and neurobiological underpinnings. 

Experiments were performed with adults with or without ASD, and included questionnaires, 

behavioral experiments, computational modelling, functional magnetic resonance imaging, 

and magnetic resonance spectroscopy. 

 We first characterized sensory sensitivity and atypical learning style in complex tasks, 

in relationship to these theories. As foreseen, questionnaires showed that sensory sensitivity is 

heightened in people with ASD or with high autistic traits, and testimonies suggested that 

atypical sensitivity is highly dependent on the predictability of the environment. The study of 

learning-styles in ASD showed a lower tendency to interpolate between stimuli to form 

abstract categories, in subjects with ASD, despite intact abilities to categorize. This tendency 

could not be accounted for by visual hypersensitivity, therefore probably reflecting a deeper 

mechanism of peculiar perceptual learning. The enhanced sensitivity and impaired use of 

generalization were in line with atypical process of sensory information and prior knowledge. 

 At a lower level, one of the main questions consisted in determining whether 

individuals with ASD could implicitly build up priors, as this ability had been questioned in 

the first theoretical article (Pellicano and Burr 2012). The overall results showed that people 

with ASD were able to build up priors, and even strong priors, at least in the context of our 

tactile task, where only one feature had to be encoded (i.e. frequency). We further 

investigated whether participants were able to adjust their priors in changing environments. 
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We found that the ASD group had more difficulties to adjust their priors than NT in a 

changing environment. The ASD group managed to adjust the prior, but did it with a slower 

dynamic. Contrary to NT, the ASD group did not flexibly adjust the weight of prior 

information on perception depending on the nature of the context. This result suggests that the 

precision of the prediction error was not adjusted to enable the fast learning of new 

regularities linked to this contextual change. 

 Importantly, perceptual decisions influenced by prior knowledge recruited distinct 

neural networks in NT and ASD groups: the ACC and cerebellum in NT, and the prefrontal 

and inferior parietal lobe in ASD. The prediction error involved a similar network in both 

groups, with an increased modulation of the activity of the IFG by the size of the prediction 

error in NT, as compared to ASD. Finally, prior weight on perceptual decision was modulated 

by a glutamate/GABA ratio across NT subjects, but not across ASD subjects. GABA 

concentration in the somatosensory cortex predicted tactile hypersensitivity in ASD only. 

These results suggest that perceptual inference and sensitivity would rely on a different 

neurotransmitter regulation in ASD. 
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2. Atypical perception and learning at the behavioral level 

 Prior construction and adjustment in ASD 

 Reduced generalization in complex situation (Study II) 

 The ASD group had a reduced tendency to use the learning strategy consisting in 

interpolating between stimuli, to categorize stimuli based on the main shared feature. Each 

stimulus presented with many details, which could be considered as noise, whereas the main 

feature represented a statistical regularity to learn. For this kind of complex task, we can 

hypothesize that people with ASD stored each example precisely, encoding noise, and often 

ignoring the underlying regularities. The lookup table (LUT) learning style consists in storing 

each stimulus into memory without compressing information, which can be very demanding 

and prone to saturation if the number of example increases. Encoding each example with 

narrow tuning functions is useful to reduce interference between nearby inputs, but does not 

generalize well (Qian and Lipkin 2011). In the LUT style, the too precise tuning functions of 

each stimulus can be seen as a too precise encoding of sensory information. We can 

hypothesize that in ASD, details would be encoded precisely in lower levels of the hierarchy, 

but at higher levels, the too high weight of this noise might prevent them from building 

abstract representations. For complex tasks (like Study II) where several features of the 

stimuli could be encoded, participants with ASD had difficulties getting these high-level 

priors. However, when the task was simplified, i.e., they were asked to only pay attention to 

the orientation of the stimuli, they were perfectly able to form abstract categories of stimuli. 

Interestingly, two previous studies showed that depending on the instructions given, the 

abilities of children with ASD differ (Koldewyn et al. 2013; Van der Hallen et al. 2016). 

Indeed, in visual tasks, they showed intact abilities with explicit instructions but decreased 

abilities with implicit instructions, suggesting a disinclination but not a disability in global 

processing in ASD. Besides, the literature on generalization or categorization in ASD report 

quite inconsistent results, showing either abilities to categorize that are similar or impaired 

compared to controls (Church et al. 2010; Vladusich et al. 2010; Gastgeb et al. 2012). Here, 

we showed that participants with ASD were able to categorize, but did not do it 

spontaneously. Hence, the diversity of the results on categorization might be due to the 

difference in task complexity and instructions between studies. 
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 Our results showing a decreased spontaneous generalization in ASD are consistent 

with the reduced generalization theory (Plaisted 2001). There are also in line with the idea of 

predictions being overfitted with noise (Van de Cruys et al. 2013), and of course with the bias 

toward a reduced use of the INT learning strategy in favor of the LUT one (Qian and Lipkin 

2011). 

 Poor regularity learning with decreased INT style and increased LUT style would be 

associated with poor learning of relationships that are context dependent, poor prediction and 

anticipation, frequent surprises, restricted interests, resistance to change, sensory overload, 

hypersensitivity, weak adaptation, superior and inferior performance on simple and complex 

tasks (see Qian and Lipkin 2011 for a review). Having difficulties to generalize and categorize 

in complex situations would highly impair social interaction understanding. Indeed, social 

interactions are complex, noisy, flexible, and context-dependent. 

 With the LUT style, a strategy to cope with complex situations would be to “follow 

rigidly the memory entry that best matches the current situation as a script” (Qian and Lipkin 

2011). This strategy was spontaneously described by participant S.K. who explained that he 

had learnt lists of smiles/situations, almost by rote. This is also reflected by the testimony of 

T. Grandin who explained “When I encounter a new social situation, I have to search my 

memory for a similar experience that I can use as a model for my next action. I have a very 

difficult time when I am confronted with unexpected social surprises. For common social 

interactions with clients I use preprogrammed, prerehearsed responses. Everything is done 

with logic” (Grandin 1997).  

 Implicit prior learning and adjustment in ambiguous contexts (Study III) 

 We studied implicit prior learning through the time-order effect in two alternative 

forced choice perceptual tasks. We showed that adults with ASD were able to build up a prior, 

and that this prior influenced their perception. This first result provides empirical evidence 

opposed to the hypothesis that people with ASD would have uniformly weak priors (Pellicano 

and Burr 2012). Particularly, the influence of these priors in a stable learning context was 

greater in ASD than NT, suggesting a high precision of these priors. Hence, in this tasks 

where only one feature (i.e. frequency) needed to be encoded, people with ASD built up very 

strong priors. Interestingly, it was suggested that individuals with ASD could have very 

strong predictions on what to expect in stable contexts, but these highly precise predictions 

would almost never be applicable (Van de Cruys et al. 2013). Too precise predictions would 

be associated with strong prediction errors, as sensory inputs would never perfectly match 
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predictions. The testimony of one of the participants with ASD fit the idea of precise priors 

and reduced ability to adjust them: « Once I have built up a clear image about what to do, or 

what is going to happen next, and that somebody changes the program, it devastates me, and 

I need time to try to get adapted to it » (Participant I.S diagnosed with ASD, Appendix 2).  

 It would also result in predictions that could be less flexibly adjusted. Indeed, we 

found a reduced dynamic in the adjustment of priors in a changing context. This is consistent 

with the strongly reduced adaptation that we observed in the same ASD participants, 

suggesting that priors are learnt more slowly, and thus influence perception less in short time 

lapses. A slower prior adjustment in ASD suggests a lower learning rate, which is in 

contradiction with previous Bayesian accounts of ASD which suggest that highly precise 

predictions errors would be associated with an increased prior update (Brock 2012; Pellicano 

and Burr 2012; Lawson et al. 2014). Yet, a lower learning rate is consistent with the finding 

that adults with ASD poorly learn statistical regularities in a changing context (D’Cruz et al. 

2013; Robic et al. 2014). A behavioral study also showed poor learning in ASD when the 

context changed, due to an over-specificity of the previously learnt context (Harris et al. 

2015). Indeed, participants with ASD had a slower learning rate than NT when they had to 

learn a new condition following prior learning. This idea of a too specific learning followed 

by slower learning rate in changing contexts is fully consistent with the idea that individuals 

with ASD could build up very strong priors and would have difficulties to adjust these priors 

to new contexts. 

 The group difference in the 

dynamic of prior adjustment also 

underlines the necessity to take into 

account the temporal evolution of the 

environment, in other words its volatility. 

A general and biologically plausible 

Bayesian account of volatility has been 

proposed with the so-called Hierarchical 

Gaussian filter (HGF) (Mathys et al. 

2014). This is particularly important for 

learning and decision-making tasks with volatile statistical structures. In this view, predictions 

and prediction errors are considered within a causal hierarchy but also in a volatility 

hierarchy (Figure 37). To fully understand perceptual inference in ASD, the importance of 

higher order expectations on the volatility of the environment has been underlined in two 

Figure 37 : Model of predictive processing including 
causal and volatility hierarchies 

(Palmer et al. 2017) 
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recent reviews (Van de Cruys et al. 2016; Palmer et al. 2017). Expectations on volatility will 

flexibly tune the precision of priors or prediction errors in the causal hierarchy. Indeed, 

contexts are associated with certain expectations on the kind of sensory information, but also 

with expectations on the type of variability we can expect (Van de Cruys et al. 2016). 

 Our results suggest that, contrary to a weak prior assumption that might apply to the 

causal hierarchy, a strong prior on the inflexibility of the environment in the volatility 

hierarchy may be at play in ASD. As observed, this inflexibility in adjusting priors would 

indeed render learning or adaptation slower (weaker) in ASD and would reduce modulations 

due to context changes. 

 Conclusions based on behavioral findings (studies I, II, and III) 

 Our experimental results showed that the mechanisms underlying perceptual inference 

and learning in ASD could not be simply explained by weak priors or high sensory precision, 

but by a more complicated picture. 

 People with ASD were able to build up a prior when only one feature needed to be 

encoded (i.e. orientation in Study II after explicit instructions, and frequency in Study III). 

This is consistent with the idea that “extracting a mean estimate […] should not pose a 

problem in ASD when the display does not include noise that should be weighted differently 

than the rest of the input” (Van de Cruys et al. 2016). The ASD group might have overfitted 

sensory inputs, leading to narrow priors in a stable context (Study III, experiment 1) and to 

detail-oriented learning strategies (Study II, LUT learning style). However, in more complex 

contexts they might have not been able to build up priors allowing generalization (Study II, 

reduced use of the INT learning style). 

 Moreover, individuals with ASD might expect the environment to be highly stable 

(low volatility). Together with a high precision of low-level priors, this strong expectation 

about the inflexibility of the environment would be associated with a reduced ability to adjust 

priors in changing contexts (Study III, experiment 2). A decreased learning rate to update 

priors would also be consistent with the reduced prior influence in short time lapse, as seen 

with the reduced adaptation of the ASD group (Study III). 

 Priors on the volatility of the environment adjust the relative weight of ascending 

prediction errors, and so, adjust the level of neural noise (Van de Cruys et al. 2016). Hence, in 

ASD, sensory information encoding would not be given a high or low level of sensory noise 

per se (as suggested by Simmons et al. 2009; Davis and Plaisted-Grant 2015), but would 

depend on the context. This could explain the presence of both hypersensitivity and 
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hyposensitivity in ASD (Study I) and the fact that hypersensitivity would be highly related to 

unexpectedness (Appendix I). 

 To sum up, people with ASD would have low-level hyper-priors and high-level hypo-

priors in the causal hierarchy, and strong priors on the inflexibility of the environment in the 

volatility hierarchy leading to strong prediction error but reduced adjustment of priors 

following changes in context. The main results and conclusions are summarized in Figure 38. 

Figure 38 : Summary of the behavioral results and hypotheses in ASD 

 

Perspectives 

 Developing dynamic models 

 With dynamic models like the HGF (Mathys et al. 2014), we could more precisely 

characterize the prior adjustment and prediction error precision at each trial, along with 

environmental changes, within the causal hierarchy. We could also estimate in-built priors 

about the volatility of the environment, in the volatility hierarchy. We would expect the ASD 
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group to have a strong prior (high precision) assuming the inflexibility of the environment. 

Hence, changes in the environment should elicit strong prediction error, and should not lead 

to the immediate update of the priors. 

 Manipulating the precision of priors 

 We could experimentally induce other types of modulations of prior precision in order 

to better understand their tuning and interplay with the precision attributed to the sensory 

input. In the context of a tactile TOE task, prior precision can be further modified by changing 

either the frequency range or the frequency distribution. For instance, prior precision could be 

increased by restricting the range of delivered frequencies. The condition with a precise prior 

(e.g. frequencies ranging from 25 to 35Hz) could be compared with a looser prior (e.g. 

frequencies ranging from 15 to 45Hz). Or slightly differently, the delivered frequencies could 

have a uniform distribution leading to a relatively flat prior, or a Gaussian distribution (e.g. 

lower occurrence of 25Hz and 35Hz than 30Hz) leading to a more precise prior. 

 In ASD, if priors fit the sensory data more precisely than in NT, we could expect these 

changes in prior precision to have a greater effect on the TOE in ASD than NT. It would help 

understanding how priors are computed from sensory inputs in ASD. Besides, we could assess 

confidence in their perceptual decision under different levels of prior precision, by asking the 

participants to rate their confidence on their decision at each trial. Interestingly, performance 

and confidence judgments are dissociable and it remains quite unclear how observers produce 

such metacognitive evaluations in ambiguous contexts (de Gardelle and Mamassian 2015; 

Pouget et al. 2016). 

 Manipulating the precision of sensory information 

 The precision of the incoming sensory input could also be manipulated, but modifying 

the sensory input will also affect prior precision. Overall, decreasing sensory precision should 

increase the TOE and reduce the accuracy. In the context of a two alternative forced choice 

perceptual task, sensory precision could be decreased by adding noise to the delivered 

stimulation or by reducing the time of exposure. Such manipulations have been already tested 

in healthy adults and yielded an increased time-order effect (Ashourian and Loewenstein 

2011; Karim et al. 2013). As adding noise to tactile frequencies is not trivial, we explored 

such manipulations in the visual domain, in a pilot study with control participants only 

(Appendix 2). However, our preliminary results showed that the noise added in the stimuli 

was neither sufficient to significantly decrease accuracy, nor to affect the time-order effect. 



General discussion 

242 
 

 In ASD, if the confidence given to sensory evidence is increased (Brock 2012), we 

could expect the ASD group to be more affected by changes in sensory precision. Previous 

studies indeed showed that adding noise in sensory inputs impaired global motion perception, 

especially for participants with ASD (Milne et al. 2002). Quite unexpectedly, a recent motion 

coherence study showed that children with ASD could tolerate more variability than controls 

when judging mean direction of dots, in a context where all dots were directed toward the 

same side but with a certain standard deviation (Manning et al. 2015). In this context where 

all dots were informative, the indiscriminate weighting of all dots directions to estimate a 

mean could have been done (Van de Cruys et al. 2016). This would be in line with the idea of 

an atypical weighting of sensory relevant information from random noise (Van de Cruys et al. 

2016). 

 Manipulating the volatility of the environment 

 In this thesis, we focused on prior construction and update in contexts containing 

relatively few changes. A complementary approach would consist in studying perceptual 

inference and learning in more unstable contexts, where the predictability of the context 

would fluctuate (e.g. like in Robic et al. 2014; Manning et al. 2016). This result supports the 

idea that the precision of the prediction error would decrease in stable (predictable) contexts 

(Palmer et al. 2017). In ASD, a high and inflexible precision of the prediction error should be 

seen by a stronger deviance response, but the difference of responses between the predictable 

and unpredictable contexts within group should be diminished as compared to NT. Besides, a 

decision-making task showed that adults with ASD had difficulties extracting the underlying 

statistical rules useful to make correct decisions in unstable contexts only (Robic et al. 2014). 

Indeed, adults with ASD managed to perform the decision-making task in the stable context, 

but were impaired when the statistical rules changed. This result is in line with the idea that 

individuals with ASD have flexibility problems, and rather expect that the environment will 

not change. 

 Exploring perceptual inference in other contexts 

 The time-order tasks presented in this thesis were based on the tactile modality, and 

we can expect the results to be similar in every other sensory modality. It would also be 

informative to study the TOE in multi-sensory contexts (i.e. more ecological), where the 

sensory precision of the different stimulation sources should be weighted differently, in order 

to allow optimal inference on the feature of interest. 
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 Besides, linking difficulties in social contexts to atypical perceptual inference could 

help understanding whether social impairments are truly domain-specific or whether they 

could be explained by lower-level cognitive processes such as abnormal predictions. The 

decision-making task cited above (Robic et al. 2014) showed that accurate choices were 

decreased when the unpredictability of the context increased, and that this decrease in 

accuracy was more pronounced in social context than in non-social context. However, social 

stimuli affected less accuracy than unpredictability did. Finally, a recent MMN study 

suggested that some perceptual processes might be specifically altered by social stimuli 

(Lortie et al. 2017). 

 Understanding perceptual inference in other populations with ASD 

 This thesis work was restricted to the study of adults with ASD without intellectual 

deficiency (i.e. former diagnosis of “Asperger syndrome” or “high functioning autism” in the 

DSM IV). Testing Bayesian brain theories of ASD in populations with intellectual deficiency, 

as well as in children and adolescents, would help getting a more comprehensive explanation 

of ASD. The time-order effect has not been tested in children with ASD, and simple tasks like 

those involving the comparison of length of bars (Ashourian and Loewenstein 2011) could be 

quite easily adapted to children. To study these processes in even younger children with ASD, 

or in subjects with ASD presenting with intellectual deficiency, passive paradigms could be 

used. These paradigms could include eye-tracking measuring increased pupil dilation as a sign 

of prediction error (Preuschoff et al. 2011), or MMN paradigms. For instance, an interesting 

MMN study showed that when the predictability of the context increased, the deviance 

response decreased in control participants (Lecaignard et al. 2015). This kind of passive 

paradigm could be tested in ASD to assess how prediction errors or predictions are modulated 

by the unpredictability of the context. 
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3. Atypical perception and learning at the brain network level 

 Neural correlates 

 Prediction error influence on brain activity 

 In our fMRI study, we found that the size of the prediction error on the first stimulus 

modulated the activity of a brain network encompassing the somatosensory cortices, the 

prefrontal and orbitofrontal cortices, the inferior parietal lobe, the anterior insula and the 

inferior temporal cortex. This network was shared by the two groups, suggesting that these 

regions play a key role in perceptual inference. The only group difference (on prediction 

error) was a weaker modulation of the orbital and triangular parts of the IFG by prediction 

error in the ASD group. This is consistent with a reduced flexibility in the adjustment of 

prediction error precision in ASD. Nonetheless, note that the activity of the rest of the neural 

network followed the same modulation in both groups, suggesting that there is still some 

flexible modulation depending on the size of the prediction error in ASD. The main group 

difference might be in the dynamic adjustment of priors and in the modulation of the 

prediction error precision under different levels of uncertainty. These aspects will be studied 

using the analyses suggested in the perspective section below. 

 Interestingly, in an fMRI study investigating different sizes of visual prediction error, 

Sherman et al. (2016) revealed exactly the same network as we did (apart from the anterior 

insula, and somatosensory cortices). Using connectivity analyses enabled them to evidence 

that the orbitofrontal cortex (OFC) represented top-down prior information. The OFC was 

connected to the IFG, a region which mapped the discrepancy between expectations and 

perceptual choices (Sherman et al. 2016). Besides, several studies showed that the anterior 

insula plays a role in prediction error encoding. Indeed, a study with stereotactically 

implanted electrodes in humans revealed that the anterior insula rapidly conveys error signal 

to the dorsomedial prefrontal cortex (Bastin et al. 2017). In addition, a dynamic causal 

modelling study showed that unexpected tactile stimuli increased the strength of forward 

connections from somatosensory cortex to the anterior insula and that this region showed 

increased backward connectivity to the somatosensory cortex, therefore suggesting that the 

anterior insula coordinates hierarchical processing of tactile prediction errors (Allen et al. 

2016). 



General discussion 

245 
 

 Prior influence on brain activity during decision-making 

 In our fMRI study, the parametric modulator P2 measured the subjective difficulty in 

comparing the two stimuli. The objective difficulty was the same in every trial, but the 

percept of the first stimulus was greatly modified by the prior, resulting in several degrees of 

difficulty. Depending on the difference between the sensory input and the prior, and the order 

of presentation of the two stimuli, we estimated five levels of difficulty in our task. 

 In NT, increased subjective difficulty (P2) was associated with increased activity in 

the ACC, and this modulation was stronger in the NT than in the ASD group. The ACC plays 

a key role in decision-making under uncertainty, in monitoring conflict and in encoding 

prediction error (Ide et al. 2013). Importantly, optimal estimates of volatility and learning 

rates were reflected by ACC activity in a decision-making task under several levels of 

uncertainty (Behrens et al. 2007). Interestingly, the ACC has an action on norepinephrine 

modulation because it innervates the locus coeruleus (Aston-Jones and Cohen 2005). The 

ACC also has the particularity to contain Von Economo neurons, which might be involved in 

the fast intuitive assessment of ambiguous situations (Allman et al. 2005). Allman and 

colleagues suggested that autistic symptoms could be due to abnormal development of Von 

Economo neurons. Histopathology studies showed inconclusive results on these neurons in 

ASD, with increased or decreased density, decreased size, and different patterns depending on 

the age group (Simms et al. 2009; Uppal et al. 2014). 

 In addition, increased subjective difficulty was also associated with increased activity 

of the cerebellum in NT, a region involved in prediction update and sensory prediction error 

encoding (Courchesne and Allen 1997; Dreher and Grafman 2002; Synofzik et al. 2008; 

Leggio and Molinari 2015). Remarkably, a great number of structural abnormalities were 

found in the cerebellum of individuals with ASD (Fatemi et al. 2012), such as decreased 

density of Purkinje cells (Ritvo et al. 1986; Kemper and Bauman 1993; Bailey et al. 1998; 

Amaral et al. 2008), and decreased production of glutamate decarboxylase, the enzyme 

converting glutamate into GABA (Yip et al. 2007). A recent magnetic resonance spectroscopy 

study showed hyperglutamatergic and hypoGABAergic alterations in the cerebellum of 

individuals with ASD, as well as hypoGABAergic alterations in the ACC (Ito et al. 2017). As 

the cerebellum plays an important role in predictive processing and since its neurobiology 

shows alterations in ASD, it was pointed out as a potential key region to explain impaired 

predictive abilities in ASD (Sinha et al. 2014; Leggio and Molinari 2015). 
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 In the ASD group, increased subjective difficulty was associated with increased 

activity in the IFG and inferior parietal lobe, and this modulation was significantly stronger 

than in NT. These two regions have been related to prediction error and prior encoding (see 

Theoretical background II.3). A recent fMRI study showed that subjective confidence 

increased with prior expectations, and that this relationship was associated with increased IFG 

activity (Sherman et al. 2016). We could interpret our results as a stronger influence of priors 

on decision, however, a stronger prior influence should be associated with an increased 

amplitude of the TOE, which was not observed here. Interestingly, Gomot et al. (2008) 

showed that novelty detection was associated with a stronger activation of the prefrontal 

cortex (including the IFG) and inferior parietal lobe in ASD, as compared to NT. In their 

study, increased activity in these regions could be interpreted as increased prediction error. 

 The IFG: a potential key region for priors 

  In perceptual inference tasks, the inferior frontal gyrus (IFG) has often been pointed 

out as an important brain region for contextual processing and high-level priors (Preuschhof et 

al. 2010; Spitzer et al. 2010; Auksztulewicz et al. 2011; d’Acremont et al. 2013; Romo and de 

Lafuente 2013; Sanchez 2014; Barredo et al. 2016). In our task, this region was also found to 

be modulated by the prediction error, with a greater modulation in the NT group, and by the 

subjective difficulty in the ASD group. 

 Remarkably, a large variety of studies, not specifically targeting perceptual inference, 

suggested that the IFG could be related to prior knowledge and context dependence. For 

instance, the IFG was involved in internal timing mechanisms influenced by prior context 

(Jantzen et al. 2004), in action comprehension influenced by prior knowledge (Möttönen et al. 

2016), in the prediction of movement goals (Ondobaka et al. 2015), in contextual modulation 

of expectations with visual ambiguous figures (Ishizu 2013), and in memory updating with 

new memories (Kuhl et al. 2012). In terms of functional connectivity, proactive control for 

anticipatory mechanisms originated in the IFG (Di Russo et al. 2016), and this region also had 

top-down influence on memory retrieval (Barredo et al. 2016). Besides, the IFG could be 

related to more abstract priors. For instance, a study where young children were asked to 

indicate the food they would prefer to eat and to project the food their mothers would choose 

for them showed that the IFG encoded the projected mother’s choice, whereas the orbital part 

of the superior frontal gyrus (SFG) encoded the child’s decision (Lim et al. 2016). When the 

children indicated their own choice, the IFG influenced the SFG activity. On a more abstract 
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level, we could interpret that the IFG activity reflected the encoded mothers’ priors, 

influencing their decisions.  

 Interestingly, the anatomical development of the IFG, particularly of the opercular 

part, differs in ASD individuals as compared to controls (Zielinski et al. 2014). The atypical 

developmental trajectory of the IFG is characterized by a reduced cortical thickness in adults 

with ASD (Zielinski et al. 2014), which might impact its function. A segmentation of this 

region in our group of subjects could inform on the potential links between the grey matter 

volume of the IFG and functional or behavioral results. 

 

 Perspectives 

 Psychophysiological modelling of our fMRI data 

 Characterizing inference and learning with computational models of perceptual 

decision-making 

 Dynamic computational models applied to our fMRI study could capture the effect of 

contextual changes through changes in prior and prediction error precisions over trials. It 

would also enable to assess beliefs about the 

volatility of the environment. Hence, we could target 

the brain regions whose activities follow the changes 

in prediction error precision and prior adjustment. In 

runs 1 and 2 (when the context remains stable), we 

can expect the precision of the prediction error to 

gradually decrease (Palmer et al. 2017). At the 

beginning of runs 3 and 4 (when the context 

changes), we can expect the precision of the 

prediction error to be attributed a higher weight. 

Figure 39 shows a schematic representation of the 

expected evolution of the prediction error precision. 

If the precision of the prediction error is strictly high 

and inflexible in ASD, we could expect no evolution, 

as depicted by the orange line. A more realistic 

pattern for the ASD individuals would be a pattern in 

between the blue and orange profiles. 

fMRI session 

Figure 39 : Schematic representation of 
the hypothesized evolution of the 

prediction error precision depending on 
context changes 
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 Characterizing effective connectivity using dynamic causal modeling 

 Dynamic causal modeling enables to determine how changes in experimental 

parameters influence coupling between brain regions. It is a hypothesis-driven method which 

can infer directionality of context-dependent interactions between brain regions (Friston et al. 

2003). Using DCM, we should be able to specifically study prediction errors represented by 

bottom-up connections, and predictions represented by top-down connections, as well as their 

modulation depending on the changes in the 

experimental design. 

 In a tactile time-order task including changes 

in contexts, Sanchez 2014 used DCM to identify the 

network presented in Figure 40. Tactile inputs passed 

from the contralateral S1 to bilateral S2, and then to 

bilateral IFG (opercular part), with bidirectional 

connections. 

 In our fMRI study, DCM could help 

determining whether participants with ASD have a high and inflexible precision of the 

prediction errors, which would be reflected by stronger and context-independent bottom-up 

connections. Interestingly, an MEG study found increased feedforward connectivity in the 

somatosensory cortex of ASD participants, suggesting increased prediction error precision in 

the early steps of tactile perception (Khan et al. 2015). The effect of the modulation by the 

global context (average frequency of the session), and by the parametric modulator P1 

(difference between the frequencies of the first stimulation and of the prior) should be smaller 

on the bottom-up connections in the ASD group, as compared to the NT. No contextual 

modulation of the connection strength could be seen as marker of decreased plasticity in ASD. 

Figure 41 illustrates the expected DCM results of our fMRI study, with a simplified brain 

network. 

 A complexified network could include (1) the ACC, whose connection with the IFG 

would be modulated by P2, (2) the inferior parietal lobe, whose connection with S2 would be 

modulated by P1, (3) the orbitofrontal cortex, whose connection with the IFG would be 

modulated by P2 (Sherman et al. 2016), and (4) the anterior insula, whose connection with S2 

would be modulated by P1 (Allen et al. 2016). 

 

Figure 40 : DCM 
results of a MEG 

study with control 
subjects 

This network
models connections 
during a tactile task
eliciting a time-
order effect. 
(Sanchez 2014) 
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Figure 41 : Expected DCM results in the fMRI study 

 
P1 reflects the size of the prediction error on the first tactile stimulation (difference between the prior 
frequency and the received frequency). 
Larger arrows correspond to increased connection strength, i.e., increased weight of the ascending 
prediction errors in the ASD group. 
Dash lines indicate reduced effects of these modulators on the connection strength. 
Fmean: average frequency of the context. Context changes in runs 3 and 4 should modulate these 
connections. 
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4. Atypical perception and learning at the molecular level 

 Neuromodulation in perceptual inference 

 The neurotransmitters presented as key candidates for the control of prediction error 

are glutamate, GABA, acetylcholine (Ach) and norepinephrine (NE) (Yu and Dayan 2005; 

Friston 2010; Moran et al. 2013; Lawson et al. 2014; Van de Cruys et al. 2014). Lawson and 

colleagues suggested that these neuromodulators could take action on different timings: 

glutamate and GABA could modulate short temporal contexts, whereas Ach and NE could 

modulate more enduring contextual aspects (Lawson et al. 2014). 

 Our results suggest that the glutamate/GABA neuromodulation impacts perceptual 

inference differently in NT and ASD. Indeed, this ratio predicted the extent to which NT 

subjects were biased toward priors, suggesting that the suppressive field gain could explain 

some modulation in prior weight (Rosenberg et al. 2015). In contrast, we found no 

relationship between this ratio and prior influence in participants with ASD. In both groups, 

GABA increase was associated with decreased variability in tactile sensation, suggesting that 

GABA could tune sensory precision between individuals. Finally, in ASD participants only, 

increases in self-reported hypersensitivity were specifically associated with increased GABA 

concentration in the somatosensory cortex. Hence, GABAergic modulation could contribute 

to the atypical sensory sensitivity of people with ASD. 

 The dynamic adjustment of priors would involve Ach and NE, encoding expected 

uncertainty and unexpected uncertainty, respectively (Yu and Dayan 2005). Higher Ach 

availability was associated with more precise bottom-up prediction errors (Moran et al. 2013), 

suggesting that HIPPEA should be associated with high Ach concentrations. In the context of 

our time-order task, Ach should weight prediction errors differently as a function of the 

difference between the received stimulus and the prior, as it can be seen as a form of expected 

uncertainty. In other words, for a prior mean at 30Hz, Ach should increase the prediction error 

precision to a greater extent for stimulations at 25Hz than 29Hz. Hence, cholinergic 

modulation should be associated with the parametric modulator P1 of our fMRI task. Besides, 

NE modulation would reflect the monitoring of contextual changes as encountered at the 

beginning of runs 3 and 4. NE modulations could then be associated with different beliefs 

about the volatility of the environment. 
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 Perspectives 

 Tracking pupil dilation to assess NE neuromodulation 

 As NE induces pupil dilation, measuring changes in pupil size using eye-tracking can 

be a way to assess NE modulation (Langham et al. 1971; Bylund and Chacko 1999). Indeed, 

non-luminance mediated pupil dilation follows the activity of the NE locus coeruleus (Aston-

Jones and Cohen 2005). Remarkably, the learning rate can be directly tracked by changes in 

pupil size (Nassar et al. 2012). In addition, pupil dilation signals errors in judging uncertainty, 

suggesting that NE modulates prediction errors in contexts of uncertainty (Preuschoff et al. 

2011). Changes in pupil size also reflect biased perceptual decisions in uncertain contexts (de 

Gee et al. 2014). 

 In our fMRI study, pupil size was measured across trials using eye-tracking, in order 

to relate increased pupil dilation to unexpected context changes. The pupillometry data have 

not been fully analyzed yet. We hypothesized that in NT subjects, pupil size should increase 

when the context is changing (runs 3 and 4), while in ASD, this context change should elicit a 

stronger increase in pupil size than in NT if subjects have a strong belief on the inflexibility of 

the context. 

 Using pharmacological agents to target specific neuromodulators 

 The role of neuromodulators on perception can also be assessed using 

pharmacological agents increasing or decreasing their availability. In their EEG study, Moran 

and colleagues found increased MMN responses following galantamine administration, a 

substance increasing Ach availability in the synapse (Moran et al. 2013). Precisely, increased 

Ach availability boosted the gain of prediction errors and reduced adaptation to surprising 

stimuli in sensory cortices (Moran et al. 2013). In ASD, the atypical MMN responses (Gomot 

et al. 2002; Ferri et al. 2003; Kujala et al. 2007; Gomot et al. 2011; Cléry et al. 2013; 

Sokhadze et al. 2016) could be mediated by increased cholinergic action. Hence, using an 

agent transiently reducing the availability in Ach might lead to similar MMN responses in 

control and ASD participants. Paradoxically, a study in a mouse model of ASD showed that 

increasing Ach levels (with acetylcholinesterase inhibitors) in the caudate nucleus reduced 

cognitive rigidity and improved social interactions (Karvat and Kimchi 2013), therefore 

suggesting decreased cholinergic modulation in ASD. 

 Given our MRS results, it would be of interest to test perceptual inference in ASD, 

after administration of an agent modulating GABA availability. Precisely, we could measure 
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time-order effect in groups of children having followed or not a treatment with bumetanide, 

which is a diuretic increasing GABAergic inhibitory action, and improving core symptoms of 

ASD (Lemonnier et al. 2017). Measuring low-level perception and learning could contribute 

to assess the efficacy of this treatment. 

 Using PET to estimate acetylcholine and norepinephrine concentrations 

 Ach and NE levels could be assessed in ASD and NT individuals using positron 

emission tomography (PET), particularly in the basal forebrain and locus coeruleus, which are 

the main sources of Ach and NE. Available PET radiotracers include ligands of NE 

transporter (Ding et al. 2006; Moriguchi et al. 2016), Ach transporter (Kitamura et al. 2016), 

Ach nicotinic receptor (Wong et al. 2013; Hillmer et al. 2016), and Ach muscarinic receptor 

(Buiter et al. 2013). Hence, using PET would allow in vivo measurements of the Ach and NE 

which are supposed to play a key role in prediction error precision modulation under different 

levels of uncertainty, and which cannot be measured using MR spectroscopy. 

 Using genetics to track variants related to these neuromodulators 

 As Ach, NE, GABAergic and glutamatergic basal concentrations depend on their level 

of translation, it would be very informative to link observed behaviors to these 

neurotransmitters. To do so, we initiated an exploratory study with a geneticist who is 

currently collecting blood samples from ASD participants involved in our fMRI study (six 

participants have been involved so far). A CGH-array (Comparative Genomic Hybridization 

microarray) and a DNA microarray will be performed with these blood samples. The CGH-

array can identify large chromosomic deletion, duplication or translocation. Although it is 

unlikely that the CGH-array will evidence such chromosomic abnormalities, it is important to 

ensure that there are no large genetic abnormalities. The DNA microarray can measure 

expression levels of more than 400 genes, including genes involved in Ach nicotinic receptor 

(Chrna2, Chrna4, Chrna7, Chrnb2), glutamate receptor (Grin1, Grin2a, Grin2b) and GABA 

receptor (Gabrd, Gabra1, Gabrg2, Gabrb3). Mutations or variants in these genes could 

therefore be related to behavioral measures of perceptual inference or sensitivity, and to MRS 

measurements. Interestingly, deletion of Gabrb3 has been associated with tactile 

hypersensitivity in mice models of ASD (DeLorey et al. 2011). 

 Future studies should also test the Bayesian brain hypotheses in groups of genetically 

homogeneous individuals with ASD, in order to get a clearer picture of the interaction 

between genetics and behavioral symptoms.  
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5. General perspectives 

 Current challenges for ASD diagnosis and care 

 Diagnosis 

 In a recent review, Haker et al. (2016) explained the four main challenges of ASD 

diagnosis. They suggested that the Bayesian approach should be used to develop clinically 

useful tests in ASD. The large heterogeneity of the symptoms makes ASD diagnosis harder, 

and objective and quantitative assessment tools are currently lacking. The first challenge is to 

find quick and easy diagnosis tests which could be performed by non-specialists to favor early 

diagnoses (Haker et al. 2016). The second challenge is to accurately diagnose individuals with 

mild forms of ASD, as (1) standard tests are less sensitive to these forms, (2) only subtle signs 

are visible, (3) symptoms are often hidden by compensation strategies for short time periods, 

(4) individuals with ASD might experience difficulties to describe their particularities, (5) 

ASD might be overshadowed by other comorbidities such as depression. The third challenge 

is to diagnose very young children to optimize care and outcomes. Finally, the fourth 

challenge is the assessment of intelligence in ASD patients without spoken language, as 

current assessment would underestimate intelligence in these patients. 

 Care 

 The currently available treatments for children with ASD mostly rely on behavioral 

interventions. These interventions usually show improvements in social interactions, 

especially when the intervention is intense and started at a young age (Lovaas 1987; Rogers et 

al. 2012; Weitlauf et al. 2014; McPheeters et al. 2016; Linstead et al. 2017). Behavioral 

interventions are often supplemented with rehabilitative services such as speech, physical or 

occupational therapies, as well as social skills training and counseling (Choueiri and 

Zimmerman 2017). These interventions mostly focus on the development of language and 

social skills in children with ASD. 

 Haker and colleagues described the main treatment challenges, as follows (Haker et al. 

2016). First, there is a need for efficient behavioral interventions fostering socioemotional 

development in adults with severe forms of ASD. Second, symptoms such as sensory 

hypersensitivity, detail-dominated perception, or need for sameness and routines should also 

be treated in adults with milder forms of ASD. Third, psychotherapies of disorders such as 

depression, which is commonly comorbid in ASD, should be adjusted for patients with ASD. 
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In addition, a pharmacological therapy approach could be developed using quantitative and 

individualized pathophysiological approaches.  

 Diagnosis and care perspectives 

 Computational psychiatry within the Bayesian brain perspective offers a possibility to 

contribute to ASD diagnosis and care. Generative models can infer the causes of the observed 

behavioral and neurophysiological data. The plausibility of several models can be compared 

using statistical model comparison techniques (such as those used in the Study III) (Stephan 

and Mathys 2014). Testing low-level perception and learning could be a way to contribute to 

ASD diagnosis, particularly for people with more discreet high-level symptoms (due to 

strategies, such as mimicking other’s behaviors).  

 For diagnosis, computerized cognitive experiments analyzed with generative models 

could constitute clinically applicable tests (Haker et al. 2016). These tests would assess the 

relative contribution of prior and sensory input on perception, or the adjustment of prediction 

error precision across different context. However, in order to construct such tests, we first 

need to fully understand the perceptual inference processes in ASD, and to find characteristics 

that are sensitive and specific enough to be clinically applied. Hence, the optimal tests should 

be specific to ASD, and provided without verbal instructions. Furthermore, the ideal test 

should not require an extended attention period to include every kind of subjects. It could also 

rely on eye-tracking measurements to allow measurements in very young children. 

 Better knowledge on perceptual inference in ASD can also contribute to improve 

behavioral interventions, by proposing strategies to reduce surprises, or by making the 

environment more predictable. Our results also highlighted the importance of the context 

(changing or not) and of the kind of stimuli (complex or simple) in perceptual and learning 

abilities of people with ASD. Recently, a program has been developed to take into account 

these difficulties related to predictability in ASD. This program named Coping with 

Uncertainty in Everyday Situations (CUES) was specifically developed in that aim (Rodgers 

et al. 2016). It corresponds to a manualized treatment program with eight sessions with 

parents of autistic children, and it aims at targeting problems due to inflexibility and to 

propose adapted solutions. This program seems promising, but its efficiency remains to be 

scientifically evaluated. 

 Besides, a better understanding of perceptual learning might help defining more 

optimal conditions for learning at school, for instance. Indeed, we found that learning based 
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on training examples did not allow adults with ASD to spontaneously interpolate between 

examples to generalize, but that they were perfectly able to categorize when they were 

explicitly told to do so. It therefore indicates that providing clear guidance towards a 

particular strategy could help people with ASD in uncovering underlying rules. Our 

experiment was performed with adults, and it would be very informative to assess whether 

these results can be extended to children with ASD. 

 Furthermore, approaching sensory sensitivity from a computational perspective should 

help understanding the emergence of both hypersensitivity and hyposensitivity. Optimal 

living or working contexts could be specified using a fine characterization of sensory 

sensitivity (e.g., using the GSQ), and of the evolution of this sensitivity with the context and 

various levels of uncertainty. 

 The main autistic symptoms should be re-interpreted within the Bayesian brain 

framework. Importantly, the latter has been extended to encompass action, and is known as 

active inference (Friston et al. 2010, 2011). It offers the perspective to find core explanations 

for both perception and motor related symptoms (Palmer et al. 2017). Active inference 

supposes that prediction error can be minimized by updating priors or by acting on the 

environment to make it fit priors. Palmer and colleagues suggested that repetitive behaviors in 

ASD could be understood in terms of the balance between perceptual updating during 

inference, and action to change the state of the environment (Palmer et al. 2017). 
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6. General conclusion 

 In this thesis, we characterized perceptual inference and learning using experiences 

combined with computational models, at the behavioral, neurophysiological and 

neurobiological levels. We showed that people with ASD were able to compute priors, but 

that they had difficulties adapting these priors to new contexts, as compared to NT. This 

decreased flexibility could be interpreted as the result of overconfident priors about the 

inflexibility of the environment. For more complex tasks, people with ASD tended to 

interpolate less spontaneously between stimuli in order to form abstract synthetic 

representations. Yet, they were able to categorize when explicitly asked to do so. Besides, we 

found that the neural networks involved in perceptual learning were modulated differently in 

ASD, and that GABA and glutamate modulated differently prior weighting in ASD, as 

compared to NT. Altogether, these results suggest that the relative precision of prior and 

sensory inputs could explain atypical perception but also higher level symptoms in ASD, such 

as social interaction difficulties. 

 A better understanding of perceptual inference could improve the characterization of 

ASD. More globally, advances in computational psychiatry could contribute to ASD 

diagnosis and to the care for people with ASD (Stephan and Mathys 2014). Investigating 

perceptual inference within the Bayesian framework would also help better characterizing 

other psychiatric conditions, such as schizophrenia which is also associated with aberrant 

perceptual inference (e.g. hallucinations) and abnormal beliefs (e.g. delusions) (Fletcher and 

Frith 2009; Stephan et al. 2016). 

 As speculated by Haker and colleagues, someday, ASD might be redefined as a 

“congenital perceptual inference disorder” (Haker et al. 2016).  
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Appendix 1: Pilot study of the time-order effect 

Effect of priors on visual perceptual decisions 

Laurie-Anne Sapey-Triomphe, Anaëlle Bain, Aline Bompas, Christina Schmitz and Jérémie Mattout 

Abstract 
 According to Bayesian brain theories of perception, our percepts are influenced both by 

the actual sensory input, and by priors learnt in our past experiences. Using a visual task, the 

present study aimed (1) at testing how priors induce a perceptual bias, (2) at assessing how 

increased sensory noise affect the perceptual bias, and (3) at studying whether the effect of 

sensory noise on perceptual bias is related to degrees of autistic traits. 

 Twenty-four adults were involved in a two-forced choice task where they watched two 

successively displayed grey discs and had to compare their luminance. This newly designed 

perceptual task was supposed to elicit a time-order effect (TOE), whereby the first stimulus is 

perceived as closer to the prior than it actually is. Here, the prior corresponded to the average 

luminance of the previously displayed stimuli. We tested three versions of this task: increased 

sensory noise in the first stimulus, or in the second stimulus, or no increased sensory noise. 

 The presentation of two discs of different luminance induced a TOE. Indeed, despite 

similar objective difficulty, the order of presentation could make the perceptual decision harder 

(58% of correct answers) or easier (95% of correct answers). The presentation of two discs of 

same luminance also induced a TOE: despite no luminance difference, the second disc was 

perceived as darker than the first one in 82% of the cases when discs were darker than the prior, 

whereas it was perceived as clearer than the first one in 87% of the cases when discs were clearer 

than the prior. The introduction of noise in the first or second stimulus did not significantly affect 

the perceptual bias, but its effect was negatively correlated with the autistic quotient.  

 In conclusion, this new visual task enables to assess the time-order effect with stimuli of 

different or same luminance. Yet, the introduction of noise might not have been sufficient to 

significantly induce a perceptual bias. Interestingly, adding sensory noise affected more 

individuals with fewer autistic traits. Further investigations should try to increase sensory noise 

even more, and to assess its effect in individuals with ASD. 
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Material and Methods 

Participants 

 Twenty-four healthy adults took part in the experiment (seventeen females and seven 

males). The mean age was 25.6 years old (±6.0), and the mean education level was 3 years after 

baccalaureate (±2.0). Inclusion criteria were age (between 18 and 60 years) and being affiliated to 

the social security system. Every participant completed the Autism spectrum Quotient (AQ) 

questionnaire (Baron-Cohen et al. 2001), as well as the Glasgow Sensory Questionnaire (GSQ) 

(Robertson and Simmons 2013).  

Participants gave their written consent beforehand, and approval was obtained from the 

local ethics committee. All participants completed the experiment at the same moment, in a 

behavioral experiment room with 30 isolated computers. At the beginning of the experiment, 

participants were informed that the five participants with the highest level of accuracy would be 

indemnified 20€, instead of 15€. We chose a difference in rewards in order to motivate 

participants, and the level of accuracy was calculated based on control trials. 

Stimuli 

 Stimuli were grey discs whose luminance slightly changed over time of presentation, as 

they were 800ms-videos of “twinkling” grey discs. Each video was made of 40 grey discs 

displayed 20ms each. Every disc was 220 pixels wide, had a homogeneous luminance, and was 

displayed in the middle of the screen on a dark grey background (luminance: 0.2). The borders of 

the disc were slightly smoothed to decrease the contrast between the screen luminance and the 

disc luminance. Importantly, the luminance level was the only parameter varying between videos. 

The average luminance of the video was either 0.54 (LA), 0.59 (LB), 0.65 (LC), 0.71 (LD) or 0.78 

(LE). These five luminance levels were chosen so that the clearest luminance LE was 20% lighter 

than average of the luminance range LC. The other luminance values were chose on a logarithmic 

scale, so as to take account for Weber Law (e.g., log  = log  ). 

 In each video, the luminance levels of the 40 discs were chosen in a Gaussian distribution 

centered on LA, LB, LC, LD or LE on a logarithmic scale. The variance of the Gaussian distributions 

was either low (standard condition, variance = .04) or high (noisy condition, variance = .08). For 

each level of luminance (LA to LE) and condition (standard or noisy), we created five videos in 

which the order of the 40 discs was modified. Visual stimuli were displayed using Presentation 

(https://www.neurobs.com/ 17.1 03.15.14). 
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Visual task 

 Two discs were successively presented and participants had to determine whether the 

second disc was more or less dark than the first one (Figure 1). To answer, they had to click on the 

side of a plus sign (i.e. second disc darker) or of a minus sign (i.e. second disc less dark). The 

sides of the plus and minus signs never changed, but were counterbalanced between subjects. 

 Figure 1.A presents an example of trial. The first disc was presented for 800ms, followed 

by 1000ms of delay, and then by the second disc displayed for 800ms. A response screen 

appeared immediately after the second disc, and subjects had up to 3000ms to answer. The inter 

trial interval lasted for 1500ms.  

 The task was designed to induce a time-order effect (TOE), whereby the perception of the 

first stimulus is biased toward the prior in ambiguous contexts (due to the delay between the two 

stimuli). Here the prior corresponded to LC, which was the average luminance of the discs. Hence, 

with a TOE, the luminance of the first disc should be seen as closer to LC than it actually is. 

 There were eight kinds of trials: two kinds of identical TOE trials where the two discs had 

the same luminance, four kinds of different TOE trials where the two discs had a different 

luminance, and two kinds of control trials where the first disc had the luminance of the prior (LC). 

These trials were pseudo-randomly presented during an experiment: every eight trial, each kind of 

trial had been presented. 

 Identical TOE trials (LA-LA, or LE-LE) 

 In these trials, the two discs displayed had the same luminance. According to the TOE, the 

perception of the first disc should be biased toward LC. Hence, if two LA discs (darker than the 

prior) are presented, the first disc should be perceived as clearer than it actually is, and so, the 

second disc should be perceived as darker than the first one (Figure 1.B). Conversely, if two LE 

discs (clearer than the prior) are presented, the first disc should be perceived as darker than it 

actually is, and so, the second disc should appear clearer than the first one. To sum up, two LA 

discs should be associated with the answer darker, whereas two LE discs should be associated 

with the answer less dark. If there is no TOE, we should observe 50% of each kind of answers in 

each case.  

 Different TOE trials (LA-LB, LB-LA, LD-LE or LE-LD) 

 In these trials, two discs of different luminance were displayed. Depending on the order of 

presentation, the luminance comparison should be facilitated or harder. Indeed, if LB is displayed 

before LA (LB is clearer than LA), LB will be perceived as even clearer because it is biased toward 

the clearer prior LC. Hence, the perceived difference in luminance will be increased, and the rate 

of correct answers will increase (Figure 1.B). As a contrary, if LA is displayed before LB, LA will 
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be perceived as clearer than it actually is, and so the perceived difference in luminance will 

decrease. This will be associated with a decreased rate of correct answers. The same phenomena 

should happen with the presentation of LD and LE discs, depending on the order of presentation.  

 

 Control trials (LC-LB, LC-LD) 

 In control trials, the first stimulus was LC disc, and the second LB or LD discs. As LC 

corresponds to the prior, there should not be any time-order effect on the first disc presented in 

these trials. We expect accurate results without any bias in these trials. 

 
Figure 1: Experimental design and hypotheses on the effect of priors on perceptual decisions 

A. Subjects had to indicate whether the second disc was more or less dark than the first one (+ or – signs). 
Each presentation of a disc corresponds to a video with slight variations in luminance (average luminance 
LA, LB, LC, LD, or LE). 
B. Hypotheses on expected answers, depending on the order and type of stimuli. When discs are displayed, 
the percept of the first disc is more biased toward the prior LC than the second stimulus, because of the 
delay. First disc displayed.  Second disc displayed. 
Li corresponds to the luminance of the disc, and Li’ corresponds to the perceived luminance under prior 
influence. The dotted arrow indicates the bias induced by the prior. 

Sessions 

 Participants started with a training session with 12 control trials followed by a feedback on 

the accuracy. Then, they completed six tasks, each made of 64 trials (8 trials of each type) and 

without any feedback. The overall experiment lasted for an hour. Between the three first tasks and 

the three last tasks, there was a 10 minutes break. 
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 The six tasks were two standard condition tasks and four noisy condition tasks: the 

sensory noise was increased in the 1st disc in two tasks (1st-noisy condition), and in the 2nd disc in 

two tasks (2nd-noisy condition). The order of presentation of the tasks was counterbalanced 

between participants. Adding noise to the stimuli decreases sensory precision, but might also 

affect prior precision. 

 In the 1st-noisy condition, the perception of the first disc should be even more biased 

toward the prior than in the standard condition. Indeed, the relative weight of prior on perception 

should be increased both by the decreased sensory precision and by the delay. Hence, the TOE 

should be increased as compared to the standard condition. 

 In the 2nd-noisy condition, both the first and second stimuli should be biased toward the 

prior: due to the delay for the 1st stimulus, and due to the noisy luminance for the 2nd stimulus. 

Hence, the TOE should be decreased as compared to the standard condition. 

Statistical analyses 

 Chance levels were determined using binomial tests, and comparison between observed 

mean and chance level were performed with one-sample Student t-test. Differences in 

performance and response times between a noisy condition and the standard condition were 

assessed using pairwise Student t tests. Correlations between performance and questionnaire 

scores (Autism spectrum quotient and Glasgow Sensory Questionnaire) were assessed using 

Pearson correlation test. Unanswered trials were discarded from the analyses. 

 Statistical analyses were performed using R (http://www.r-project.org/). Statistical 

threshold was set at p < .05, and multiple comparison corrections were realized using Bonferroni 

correction. 

 

Results 

Control trials 

 There was 79% (±16) of correct answers in the training session. 

 During the six tasks, participants got 87% (±7) of correct answers for control trials, and 

had an average response time for correct answers was 384ms (±106). The accuracy for control 

trials was not different between conditions: 88% (±10) in the standard condition, 85% (±7) in the 

1st-noisy condition, and 88% (±9) in the 2nd-noisy condition. The average response time was and 

response times did not differ between the three conditions (standard condition: 385ms (±132), 1st-

noisy condition: 387ms (±114), 2nd-noisy condition: 380ms (±107)). 
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Time-order effect for identical stimuli 

 Participants showed a TOE (Figure 2.A): they answered that the second one was darker 

than the first one in 82% (±12) of the cases when discs were dark (LA darker than LC), and 

answered that it was clearer in 87% (±12) of the cases when discs were clear (LE clearer than LC). 

These percentages are referred to as biases for identical stimuli, and were significantly different 

from chance level (65%) (LA and LE: p < 10-6).  

 The average bias for identical stimuli (mean of LA-LA and LE-LE) was 84% (±10). Every 

subject had a bias above chance level, except for one participant who got a mean bias of 58%. The 

mean response time for these trials was 429ms (±145). 

Time-order effect for different stimuli 

 Participants also showed a TOE for trials with different stimuli (Figure 2.C). Indeed, for 

dark discs, the percentage of correct answers was 61% (±19) (i.e. under chance level) when the 

presentation order was LA-LB, and 93% (±6) when the presentation order was LB-LA. For clear 

discs, the percentage of correct answers was 55% (±20) (i.e. under chance level) when the 

presentation order was LE-LD, 96% (±5) when the presentation order was LD-LE. 

 Facilitated TOE trials correspond to LA-LB and LD-LE, whereas penalized TOE trials 

correspond to LB-LA and LE-LD. The comparison of penalized trials to facilitated trials showed 

lower accuracy (58% ±16 vs. 95% ±5, p < 10-6) and longer response times (524ms ±186 vs. 

345ms ±85, p < 10-6) (Figure 2.D). Accuracy in control trials was significantly lower than in 

facilitated TOE trials (p < 10-6) and higher than in penalized TOE trials (p < 10-6). 

 The perceptual bias can be calculated as the difference in accuracy between facilitated and 

penalized TOE trials for each luminance pair. Interestingly, the bias for different TOE trials was 

strongly correlated with the bias for identical TOE trials (r = .76, p < 10-5) (Figure 2.B). 

Correlations with the AQ and GSQ 

 Participants scored 16 (±8) at the Autism spectrum Quotient, and 57 (±21) at the Glasgow 

Sensory questionnaire. We tested correlations between the perceptual bias for different or 

identical trials, and the AQ (total score, and attention to details score) and the GSQ (scores for 

visual hyper- and hypo-sensitivities). 

 There were tendencies toward a positive correlation between the AQ score of attention to 

details and the perceptual bias in TOE different trials (r = .37, p = .07). However, the GSQ score 

did not correlate with the perceptual bias. 
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Figure 2: Main accuracy and 
bias in the six tasks 

A. Percentage of answers 
indicating that the 2nd disc was 
clearer or darker than the 1st 
one, for two dark discs (LA), or 
two clear discs (LE). 
B. Correlation between the two 
types of biases (r =.76, p < 10-5). 
C. Percentage of correct 
answers for the TOE different 
trials. The TOE can be seen with 
changes in accuracy depending 
on the presentation order (e.g. 
LB-LA easier than LA-LB). 
D. Mean response times for 
control trials, and for trials 
facilitated by the TOE (“Facil. 
TOE”, e.g. LB-LA), or penalized 
by the TOE (“Penal. TOE”, e.g. 
LA-LB). 
* p<.05, **p<.005, ***p<.0005. 
Error bars correspond to 
standard deviations.  
 

Comparison of the three kinds of sessions 

 Participants performed similarly for control trials of the three types of sessions (standard: 

88% ±10, 1st-noisy: 85% ±7, 2nd-noisy: 88% ±9), and no differences in response times were 

observed (standard: 385ms ±132, 1st-noisy: 387ms ±114, 2nd-noisy: 380ms ±107). 

 There was no effect of the type of session on the perceptual bias for identical TOE trials 

(Bias in standard: 85% ±12, 1st-noisy: 84% ±10, 2nd-noisy: 83% ±12) or for different TOE trials 

(Bias in standard: 36% ±18, 1st-noisy: 33% ±20, 2nd-noisy: 41% ±20). 

 The comparison of the bias in accuracy in the standard condition as compared to the noisy 

conditions (1st and 2nd-noisy conditions) showed no significant difference. The TOE bias can also 

be seen on response times. The bias in response time was decreased in the noisy conditions as 

compared to the standard condition (155ms ±126 vs. 227ms ±157, p=0.003). 

 The effect of sensory noise on perceptual bias varied between participants, and we 

assessed whether between-subjects variations could be related to different levels of autistic traits.

 To study the effect of sensory noise, we calculated the normalized TOE bias, 

corresponding to the difference in TOE bias between the standard condition and the 1st-noisy 

condition or the 2nd-noisy condition. We further assessed correlations between the AQ and the 

normalized TOE bias (reflecting how sensory noise changed the perceptual bias). The normalized 

TOE bias for the 1st-noisy condition and the AQ were negatively correlated for identical trials (r = 
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-.42, p < .05), but not for different trials (r = -.27, p = .20). The normalized TOE bias for the 2nd-

noisy condition and the AQ were not significantly correlated. Finally, the normalized accuracy (in 

standard condition minus noisy condition) was not correlated with the AQ. 

Figure 3: Results for the three 
versions of the perceptual task 

A. Mean bias for the different TOE 
trials (black) and identical TOE trials 
(grey) in the standard, 1st-noisy and 
2nd-noisy conditions. 
B. Mean bias in response times for 
correct answers for the standard and 
noisy versions of the task. The 1st and 
2nd noisy versions are averaged and 
correspond to the noisy section.  
C-D. Negative correlations between the 
AQ and the normalized TOE bias in the 
1st-noisy version, for different (C) or 
identical (D) TOE trials. 
p-values: *p < .05. 
Error bars correspond to standard 
deviations. 
 

 

Conclusion 

 This new visual task elicited a time-order effect in control participants, both for stimuli of 

different luminance, and of similar luminance. We attempted to increase sensory noise in the first 

or second stimuli, in order to modulate the relative weights of sensory inputs and priors and to 

assess how it would affect perceptual decisions. However, adding sensory noise did not have the 

expected effect, maybe because the variance of the luminance distribution was not increased 

enough. Indeed, reducing sensory precision should have led to decreased accuracy and/or longer 

response times in control trials, but this was not observed. Increasing more the luminance variance 

would have resulted in too highly overlapping luminance between stimuli. 

 Besides, we had hypothesized that subjects with high autistic traits would be more 

sensitive to the effects of sensory noise, if they gave a higher confidence to sensory inputs. Yet, 

we found the inverse correlation: decreasing sensory precision in the first stimulus increased the 

relative prior weight in subjects with low AQ, but did not affect perceptual bias in subjects with 

higher AQ. We can hypothesize that in subjects with higher AQ, priors might have overfitted the 

noisy sensory context, resulting in decreased prior precision. Hence, decreasing both sensory and 

prior precisions would not have modified the relative precision balance. 

 Future work should try to increase more the variance of stimuli luminance, or to compare 

situations with longer versus shorter videos to modify the amount of accumulated evidence. 
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Appendix 2: Testimonies on sensitivity by women with 
Asperger’s syndrome 

 

Laurie-Anne Sapey-Triomphe, Hassenia Mecheri 

 

 

Materiel et Méthodes 

Participantes 

Vingt femmes diagnostiquées avec des troubles du spectre de l’autisme ont été inclues 

dans cette étude. Ces femmes étaient âgées en moyenne de 35,6 ans (±8.5), avec des âges variant 

de 20 ans à 53 ans. Elles ont été diagnostiquées par des psychiatres selon les critères du Manuel 

Diagnostic des Troubles mentaux [1], avant 2013, comme ayant un syndrome d’Asperger. Les 

participantes ont reçu leur diagnostic en moyenne à 35.6 ans (±9.6), les âges de diagnostic allant 

de 16.0 ans à 49.5 ans. Les questionnaires ont été remplis en moyenne 2,3 ans après avoir reçu un 

diagnostic officiel de syndrome d’Asperger. 

En plus du diagnostic de syndrome d’Asperger, trois participantes ont eu un diagnostic de 

dépression, quatre de troubles anxieux, trois de haut potentiel intellectuelle, une de troubles 

obsessionnels du comportement, une d’hyperactivité et enfin une d’anorexie. 

Les participantes ne présentaient pas de déficience intellectuelle et avaient le français 

comme langue maternelle. Dix participantes étaient sans emploi, 6 avec emploi et 3 étudiantes. 

Procédure 

Cette étude comporte l’originalité d’avoir été initiée et menée par une personne ayant été 

diagnostiquée avec un syndrome d’Asperger. Le recrutement s’est fait via le site internet de 

l’investigatrice de l’étude. Les questionnaires ont été envoyés une semaine avant un entretien 

téléphonique, afin de permettre aux participantes de pouvoir préparer leurs réponses. Les réponses 

des participantes ont été enregistrées lors d’un entretien téléphonique (après accord écrit des 

participantes), puis retranscrites à l’écrit. Pour cinq d’entre elles, le recueil des réponses a été 

effectué par écrit, à cause de la gêne causée par le téléphone. Les entretiens téléphoniques 

duraient en moyenne deux heures. 
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Instrument 

Les questionnaires ont été développés spécifiquement pour cette étude et comportent 134 

questions. Ces questions ont été formulées par une femme avec syndrome d’Asperger en 

supposant qu’elles pourraient révéler des particularités sur les femmes avec SA. Les questions se 

déclinent en trois parties majeures, l’enfance, la puberté et l’âge adulte. La première partie, 

concernant l’enfance, aborde principalement des questions relatives à la sensibilité émotionnelle, 

sensorielle, au monde imaginaire, aux différentes manies, routines et stéréotypies rencontrées et 

au rapport aux autres. La seconde partie, sur la puberté, est organisée en questions concernant le 

rapport à son propre corps, le rapport aux autres filles et garçons, à la scolarité et enfin en une 

grande partie concernant les éventuels troubles annexes rencontrés. Enfin, la troisième partie, 

concernant l’âge adulte, comporte des questions relatives à la sensibilité émotionnelle, la 

sensorialité, le comportement, la vie sociale, la vie sentimentale, les enfants, le monde du travail 

et enfin le déroulement du diagnostic. Une conclusion de ce questionnaire est proposée avec des 

questions réflexives sur la philosophie de vie des participantes. La majorité des questions est 

accompagnée d’exemples entre parenthèses. Un exemple de question est « Vous arrive-t-il d’avoir 

des sensations de surcharges sensorielles ? Si oui, dans quelles circonstances, quels lieux, avec 

quels déclencheurs ? (exemple : endroits fermés, surpeuplés, bruyants, etc… ) ». 

Les questions étaient ouvertes, et donc sans limite de réponse. Vu l’exhaustivité du 

questionnaire, son analyse a été scindée en deux thèmes : un premier regroupant sensibilités 

sensorielle et émotionnelle, thème du présent article, et un second thème centré sur le 

développement de ces femmes avec SA dans un environnement social. 

Analyse 

 Une analyse thématique a été effectuée pour traiter les réponses ouvertes des participantes. 

Afin de quantifier les réponses, des catégories de réponses ont été identifiées. Cette catégorisation 

des réponses a été faite indépendamment par deux auteurs, et lorsque le codage des types de 

réponses différaient, le point en question était discuté jusqu’à obtenir un consensus. Pour un grand 

nombre de questions, les réponses pouvaient simplement être catégorisées en oui, non, je ne sais 

pas. Les résultats de cette analyse thématique sont présentés comme des résumés qualitatifs, 

illustrés par des exemples jugés comme étant particulièrement représentatifs ou pertinents. Cet 

article vise donc principalement à témoigner sur le ressenti des femmes avec syndrome 

d’Asperger, grâce à des illustrations concrètes. 
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Résultats 

1. Sensibilité sensorielle 

 1.1 Sensibilité sensorielle pendant l’enfance 

 Toutes les participantes ont indiqué posséder au moins un sens particulièrement 

hypersensible. Les modalités sensorielles les plus citées sont l’audition (15), la vision (13), le 

toucher (12), l’olfaction (10), et le goût (7). L’une d’entre elle note une sensibilité sensorielle 

quelque peu paradoxale : « J’ai toujours eu une sensitivité assez développée mais pas de façon 

uniforme : je peux être très sensible à une texture mais ne pas ressentir le froid, par exemple ». 

 L’audition 

 L’hypersensibilité auditive peut se traduire à plusieurs niveaux : « J'entendais des sons qui 

étaient relativement faibles, et certains étaient comme amplifiés », et peut être accompagnée 

d’une hyperréactivité : « Enfant, je pleurais dès qu'une moto passait, je ne supportais pas les 

applaudissements» et d’une fatigue : « J'entends tout, tout le temps, c’était et c'est fatiguant ». Le 

caractère inattendu de la stimulation auditive potentialisait l’hyperréactivité : « J’ai une 

hypersensibilité aux bruits soudains, inattendus, tranchants, ceux-ci me blessent les oreilles et me 

font accélérer le cœur ». 

 La vision 

 Toutes les participantes rapportant une hypersensibilité visuelle soulignent des difficultés 

dues aux luminosités très vives : « Mes yeux sont très sensibles à la lumière, la lumière trop vive, 

les jours ensoleillés me fatiguent », ainsi qu’aux variations de luminosité : « Il ne faut pas qu'il y 

ait un néon scintillant au-dessus de moi ». 

 L’odorat et le goût 
 L’hypersensibilité olfactive se présente comme une gêne quotidienne due à un 

envahissement olfactif : « J’ai toujours eu beaucoup de difficultés avec les personnes trop 

parfumées, trop envahissantes olfactivement ». Pour l’une des participantes, cette hypersensibilité 

est cependant un atout dans le monde social : « Les parfums m’aidaient à identifier les gens ». 

 L’hypersensibilité gustative apparait liée à des habitudes alimentaires assez fixes : « Je 

mangeais souvent la même chose parce que mon goût est très développé ». 

 Le toucher 

 Les gestes quotidiens sont affectés par l’hypersensibilité tactile : « Mon corps avait et a 

encore des réactions exagérées au contact physique, ainsi qu’au contact avec certains habits. Ça 
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gratte, ça pique, ça brûle, certaines étoffes me dérangent ».  L’hypersensibilité tactile dans les 

interactions sociales ressort tout particulièrement vu que l’ensemble des femmes rapporte détester 

les contacts avec autrui lorsque ceux-ci n’étaient pas bien maitrisés et anticipés : « Je n'aimais pas 

être prise par surprise, ça engendrait chez moi un sentiment de repli et de la frustration et je 

pouvais être violente », « Lorsqu’une personne me touchait sans m’avertir, cela me provoquait 

comme des douleurs sur la peau, ou des frissons électriques». Deux participantes soulignent 

n’apprécier que les contacts francs dans les rapports avec les autres : « Je n'aime toujours pas 

qu'on me frôle, j'aime bien le toucher franc ». Les difficultés liées aux contacts tactiles se 

retrouvaient dans la sphère familiale : « Je reculais quand mes parents voulaient me faire un 

câlin », ainsi qu’à l’école : « Je n'aimais pas les rondes d'enfants parce qu'il fallait se toucher la 

main, mais je ne sais pas si c'est le contact physique ou si c'est parce que je ne comprenais pas ce 

qui se passait ».  

 Une question interrogeait la résistance à la douleur et aux températures extrêmes 

lorsqu’elles étaient enfants. Six femmes ont déclaré qu’elles avaient une certaine insensibilité à la 

douleur et aux fortes et faibles températures: « J'étais insensible à la douleur, ma tolérance était 

forte. Je n'avais jamais froid, j'étais toujours habillée légèrement je ne fermais pas les manteaux, 

je ne mettais jamais d'écharpe de bonnets, de gants ni de col roulé, d'ailleurs je ne supportais pas 

ça ». Au contraire, cinq femmes rapportent être hypersensibles aux températures : « J’étais trop 

sensible, je tolérais très mal la chaleur, et j’étais très frileuse ». Enfin, huit participantes disent 

avoir une tolérance relativement paradoxale caractérisée par des hyper- et hypo-sensibilités : 

« J'étais très douillette pour les petits bobos du quotidien, et très résistante pour les choses qui 

auraient dû me faire hurler de douleur ». Ici encore, deux des participantes soulignent 

l’importance de la prédictibilité de ces sensations : l’une explique qu’elle était très sensible à la 

douleur, « mais si on me provoque une douleur en me prévenant, je ne la sens presque pas ». De 

même, un autre souligne : « La douleur est insupportable quand elle est imprévue, l'effet de 

surprise est intolérable, plus que la douleur elle-même ». Enfin, l’une des participantes ne se 

rappelle pas d’éléments particuliers concernant leur sensibilité à la douleur et à la température. 

 1.2 Évolution de la sensorialité à l’âge adulte 

 Seize participantes ont répondu à la question sur l’évolution de la sensorialité à l’âge 

adulte. Une participante déclare que sa sensorialité s’est aggravée à l’âge adulte, tandis que 

les quinze autres disent ne pas avoir constaté d’évolution. Cependant, sept d’entre elles 

remarquent une amélioration dans la gestion de leur sensorialité : « J'ai des petits trucs pour 

gérer et j’arrive à m'en accommoder, mais il faut dire je n'ai pas le choix ». Les stratégies 

développées consistent à éviter toute situation trop intense et à minimiser les états de 
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surprise : « Je me protège en effaçant le plus possible l'inconnu ». Concernant son 

hypersensibilité, l’une des femmes rapporte : « Aujourd’hui, elle existe toujours mais je la 

canalise, pour ne plus la ressentir. Je me suis repliée et je me suis éteinte ». L’ensemble des 

femmes disent subir cette sensorialité, sauf pour quatre d’entre elles qui l’utilisent comme un 

atout.  

 Concernant le toucher, quinze femmes ont indiqué que le toucher est toujours 

problématique à l’âge adulte, en particulier lorsqu’il implique des contacts physiques avec 

d’autres personnes : « J’ai beaucoup de peine à toucher et être touchée et j’en souffre. Mon 

esprit voudrait mais mon corps refuse ». Des stratégies ont été mises en place, par exemple : 

« Je me mets en pilotage automatique, lorsque je sais que je vais devoir serrer des mains lors 

de réunion ». Parmi ces femmes, sept précisent qu’elles parviennent à supporter les contacts 

physiques avec les personnes dont elles sont très proches (conjoints, enfants, et parents). Une 

fois encore, six femmes précisent que les contacts sont d’autant plus désagréables qu’ils sont 

imprévus : « Je déteste encore plus que l'on me touche, sauf si je m'y attends », « Quand 

quelqu’un me prend dans ses bras contre mon gré et de manière inattendue, je me rigidifie 

comme un morceau de bois ». Une autre participante dit apprécier la modalité tactile. 

 1.3 Sensations de surcharge sensorielle 

 Dix-sept femmes ont répondu à la question sur les surcharges sensorielles. Elles ont 

toutes déclaré avoir été fréquemment soumises à des sensations de surcharge sensorielle dans 

l’enfance ainsi qu’à l’âge adulte. Les deux éléments récurrents dans les témoignages sont la 

nature auditive du déclencheur, et la souffrance due à une certaine incompréhension de leur 

entourage. 

 Les déclencheurs cités sont généralement auditifs : « C’était très souvent à cause des 

bruits, des cris des autres enfants à l’école, la cour de récréation était toujours très pénible pour 

moi, je redoutais ces moments où tout bougeait, tout était si bruyant, tout était si angoissant ». 

L’une des participantes explique que des crises survenaient « lorsque j’étais surprise par le 

moindre bruit soudain, ce qui me faisait mal ». Une femme témoigne d’autres déclencheurs : 

« Certaines lumières m'agressent et ça peut me mettre en colère, les odeurs me gênent 

énormément ». Quatre femmes expliquent que ces sensations d’envahissement surgissent 

particulièrement dans les contextes sociaux. Enfin, ces sensations d’envahissement sont souvent 

provoquées par un changement, tel que « le changement de climat », « un nouvel emploi », ou 

encore « un retard des transports en commun ». L’une des femmes précise qu’étant enfant elle 

avait des difficultés à identifier clairement ce qui animait ces sensations : « Je ne pouvais pas 
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savoir quels étaient les déclencheurs, je me sentais envahie, agressée », mais elle note une 

meilleure clairvoyance à l’âge adulte. 

 Ces sensations peuvent se provoquer « des crises de larmes, des symptômes physiques 

aussi (maux de ventre, vertiges, maux de tête...) », de la colère voire de la violence « Je pouvais 

être submergée au point de saturer et je réagissais violemment. J'étais très bagarreuse, j'allais 

frapper les personnes qui étaient à la source de cette charge sensorielle», de l’isolement « Je 

réagissais avec le mutisme, je ne disais plus un mot, parfois je restais figée et immobile », une 

fuite, ou une combinaison de réactions « Je les exprimais par des pleurs, mutisme également, 

angoisses, refus de s'alimenter, fuite dans ma chambre ». A l’âge adulte, ces réactions sont mieux 

canalisées que dans l’enfance. 

 1.4 Synesthésie 

 Neuf femmes sur dix-sept ont indiqué être synesthètes, les autres n’ayant pas répondu à 

cette question. L’un des témoignages est particulièrement précis : « Lorsque j'entends un son je 

peux voir des formes ou des couleurs ou même une sorte de film intérieur comme un kaléidoscope. 

Cela peut être des foulards : des traînées de couleurs, et parfois c'est un envahissement par une 

couleur en particulier de tout mon champ visuel. Le bleu est associé à la musique baroque pour 

moi. Lorsque je me sens bleue c'est une sensation agréable et bucolique ». Toutes les modalités 

sensorielles sont citées, « Ce que j'entends se colore, a une saveur, ce que j'observe aussi a une 

sonorité, une saveur», « En entendant certains sons, je vois des couleurs ou des types de 

paysages, ou parfois je ressens des différences de températures (je peux me sentir engloutie dans 

un lac gelé) ». Les synesthésies entre mots et couleurs sont évoquées par 4 participantes. Enfin, 

l’une des femmes applique sa synesthésie au monde social : « J’associe une personnalité à 

certains nombres ou chiffres, donc j’ai des chiffres qui me sont sympathiques (5, 7, 9), ou hostiles 

(4 et 8), certains me mettant mal à l’aise (11), et d’autres plus chaleureux (12 et 13) ». 

 1.5 Sensorialité et expertise 

 Il était demandé à ces femmes si elles avaient un talent particulier, en lien avec leur 

sensorialité. Trois femmes ont rapporté avoir l’oreille absolue, cinq autres une très bonne 

mémoire auditive (2), photographique (2), ou spatiale (1), deux ayant des talents marqués pour le 

dessin, deux ayant des talents d’écriture et d’analyse, et l’une ayant développé une expertise 

sensorielle : « L’odorat et le goût sont mes atouts, je fais partie d’un panel d’experts en 

dégustation pour les vins. J’apprécie énormément d’avoir un sens de l’odorat et du goût bien 

développé, c’est très utile pour mon métier de caviste ». Enfin, cinq femmes ont estimé qu’elles 

n’avaient pas un talent dans un domaine spécifique. 
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2. Sensibilité émotionnelle  

 2.1. Identification des émotions 

 Enfance 

 Seules deux femmes rapportent avoir été capables de clairement nommer leurs émotions 

étant enfant. Les autres femmes avaient des difficultés : « Je savais identifier les émotions comme 

étant agréables ou désagréables, les nommer plus difficilement car bien souvent les émotions me 

submergeaient avant que j'ai eu le temps de les catégoriser ». Le ressenti des émotions est bien 

présent, mais c’est l’identification de cette émotion qui est problématique : « Je crois que j'ai 

toujours eu du mal à dire ce que je ressentais. Je savais quand j'étais en colère ou quand j'étais 

triste, mais pour les plus compliquées, ce n’était pas facile, j'extériorisais très peu. Donc je 

ressentais une sorte de bouillonnement sans que ça ne sorte ». Cette incompréhension se traduit 

par une peur pour l’une des participantes : « Je ressens toujours des émotions internes "violentes", 

et c'est ce qui me fatigue, parce que je n'arrive pas à les identifier, cela me dépasse et me fait 

peur ». 

 Age adulte 

 Dix-neuf femmes ont répondu à la question interrogeant sur l’évolution de leur sensibilité 

émotionnelle à l’âge adulte. Cinq femmes ne pensent pas avoir vu d’évolution depuis leur 

enfance, tandis que quatorze femmes notent une évolution : « J'arrive mieux à les identifier car il 

y'a une grande palette pour nommer les émotions. Il n'y a pas qu'un mot ». Cette amélioration est 

en partie due à l’utilisation de pictogrammes, à la lecture de livres, à l’aide par des spécialistes, au 

théâtre, à l’écriture, à la sophrologie ou à d’autres formes de développement personnel. Par 

exemple, l’une des femmes les identifie mieux grâce à l’écriture : « Pour identifier les émotions, il 

faut que j'écrive tout ce que j'ai ressenti pour que je sache, il me faut faire une analyse 

approfondie, après coup, toute seule ». Bien qu’elles parviennent désormais à les identifier, elles 

ont toujours des difficultés pour les gérer, et recherchent « une certaine distanciation aux 

émotions » : « Le fait d'être devenue adulte m'a permis de prendre une distance avec ce qui me 

perturbe ». Les stratégies utilisées sont la fuite, l’autodérision, ou de les cacher : « Je porte aussi 

un masque pour gérer et me protéger ». 

 2.2 Expression des émotions 

 Une seule participante rapporte ne pas avoir de difficultés pour exprimer ses émotions. 

Huit femmes ont indiqué qu’elles ne parvenaient pas à exprimer leurs émotions, sous aucune 

forme « Enfant, je ne les exprimais ni verbalement, ni non verbalement. Je restais assise où on 
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m’avait installée et je regardais des trous dans l’air, le regard fixe ». L’expression de ces 

émotions nécessite un certain temps d’adaptation : « Je reste "figée", parce que je ne les décode 

pas, mais ensuite, j'y réfléchis et je peux plus ou moins les exprimer, "toute seule" ». Neuf femmes 

indiquent exprimer leurs émotions non verbalement, par des crises d’angoisse (2), par écrit (2), 

par la colère et l’excès (2) ou par des pleurs (3). Deux autres femmes indiquent les exprimer 

uniquement dans l’excès « Dans le cas d’une émotion joyeuse je devenais très excitée, parfois un 

peu brusque, et dans le cas d’une émotion négative je détruisais des choses ou me faisais du mal, 

faute de pouvoir en faire aux autres ». 

 2.3 Ressenti des émotions 

 Seules deux participantes ont indiqué que leurs émotions pouvaient être nuancées, tandis 

que les 18 autres ont rapporté qu’elles étaient de type « tout ou rien » : « Je fonctionne sur le 

mode binaire ! Elles sont du type tout ou rien, je ne connais pas le juste milieu ». 

 Interrogées sur le fait d’être plutôt hypersensibles ou plutôt coupées de leurs émotions, 

seules 16 participantes ont répondu. Trois femmes ont indiqué être plutôt coupées de leurs 

émotions, et six autres se disent hypersensibles : « J’ai toujours eu de la peine avec les émotions 

trop fortes, parfois je les éprouvais comme de l’agression envers moi et je n’en comprenais pas le 

but ». Sept participantes rapportent que, paradoxalement, elles semblent coupées de leurs 

émotions malgré une hypersensibilité émotionnelle : « J’étais très sensible, mais cela ne se voyait 

pas forcément car je présentais souvent une image impassible, très calme et silencieuse. À 

l’intérieur ce pouvait être la tempête, mais à l’extérieur cela ne se remarquait pas, car je ne 

laissais pas grand-chose transparaître ». Enfin, l’une des femmes a tenu à préciser : « Souvent on 

présente les autistes comme coupés de leurs émotions, mais pas du tout dans mon cas, je n'arrive 

pas à identifier les émotions dans l'instant, je suis submergée et en plus, mes sens sont toujours 

tous en éveil, donc au moindre changement, je suis troublée. Tout fonctionne mais je n'arrive pas 

à détailler ce qui se passe, donc je panique, et la seule façon de me raccrocher à l'instant, c'est de 

mettre en marche ma "logique", cela me calme, pour un temps, parce qu’ensuite, je suis comme 

épuisée ». 

 

  2.4 Ressentis face aux émotions d’autrui 

 Enfance  

 Neuf participantes ont rapporté un ressenti fort des émotions d’autrui, tout en ne sachant 

pas les identifier et ne sachant pas comment réagir « Je ne savais pas comment me comporter face 

aux émotions d'autrui, ni quoi faire, ni quoi dire », ce qui entrainait une certaine culpabilité : « Je 
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me sentais un peu bête, ma mère me disait que j'étais insensible, mais je ne me sentais pas 

insensible ». L’une des participantes avait besoin de temps pour les comprendre : « Je réagissais à 

retardement et j'étais donc très loin de mes émotions réelles, j’attendais, j'observais, je paniquais 

à l'intérieur et mon cerveau devenait purement intellectuel de façon à ne pas m'effondrer ». 

 Six participantes ont dit se sentir généralement indifférentes face aux émotions des autres, 

à moins que cela ne les affecte personnellement : « Je n’étais pas vraiment consciente des 

émotions des autres. Cela n’entrait presque jamais en ligne de compte dans mes raisonnements, 

sauf quand l’émotion d’autrui s’imposait à moi comme un obstacle ou une source 

d’incompréhension qui m’empêchait d’avancer ». L’une d’entre elle a précisé avoir un 

comportement indifférent, malgré un grand ressenti émotionnel : « En apparence j'y étais assez 

imperméable, j'avais toujours l'air distante et indifférente, mais intérieurement j'avais le 

sentiment d'être une éponge ». 

 Enfin, quatre participantes estiment qu’elles étaient hypersensibles aux ressentis des 

autres, tandis que la dernière participante a indiqué qu’elle préférait fuir les ressentis émotionnels 

des autres en se réfugiant dans sa « bulle ». 

 Age adulte 

 À l’âge adulte, les réactions face aux émotions des autres demeurent toujours 

problématiques. 

 Trois participantes expliquent être facilement submergées par les émotions d’autrui, tandis 

qu’une autre dit être fatiguée par leurs émotions. Sept autres essayent de prendre de la distance, 

physiquement ou psychologiquement, en tentant d’intellectualiser la situation : « Je réagis de 

manière analytique, je n’arrive pas à réconforter par un geste, mais j’essaie de comprendre 

pourquoi la personne réagit ainsi, et ça peut être pas mal car mon regard apporte une façon plus 

distanciée moins émotionnelle ». Huit femmes tentent d’intervenir auprès de la personne ayant ces 

émotions, mais ces manifestations restent discrètes et compliquées à gérer « Ce n'est pas par 

désintérêt mais c'est que je n'y arrive pas. Je vais rester discrète, je vais essayer peut-être de dire 

quelque chose mais c'est souvent maladroit ou inapproprié ». L’une des participantes souligne un 

certain dilemme dans l’attitude à adopter entre ce qu’elles sont supposées faire selon les codes 

sociaux appris (par exemple, mettre une main sur l’épaule), et ce qu’elles aimeraient qu’on leur 

fasse si elles étaient dans la situation de la personne (par exemple, partir et laisser la personne 

seule). Une autre participante essaye d’être à l’écoute dans les situations de détresse des autres, 

tout en se sentant désemparée. Enfin, deux participantes estiment bien réussir à gérer les ressentis 

d’autrui et à se comporter de manière appropriée. L’une conclut en expliquant : « Les collègues 

me disent que je suis le ciment social de l’équipe et que j’ai une bonne qualité d’écoute, c’est 

quand même un comble pour une autiste ! ». 
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 2.5 L’empathie 

 Sept participantes ont témoigné ressentir de l’empathie, et quatre d’entre elles ont précisé 

avoir observé une nette amélioration depuis leur enfance « Je suis empathique, mais enfant j'étais 

en souffrance car je ne savais pas ». L’une d’entre elles précise « Normalement l’empathie est 

plutôt intuitive, moi, j’ai dû l’apprendre ». Trois autres participantes se questionnent sur leur 

capacité à être empathique : « J’ai toujours du mal à comprendre pourquoi ils ressentent ce qu’ils 

ressentent, et je ne fais pas de lien avec ce que moi j’ai pu vivre avant ». Cinq autres estiment 

qu’il est très difficile d’être véritablement empathique si on n’a pas vécu précisément la même 

situation « Je pense que c’est possible [d’être empathique] si on a déjà vécu la situation de la 

personne en question. Si on ne l’a pas vécue, on ne peut pas ressentir les émotions ». Trois 

participantes précisent qu’il n’y a pas besoin d’être empathique quand il y a une solution concrète. 

Par exemple, au sujet de son neveu de 6 ans qui va avoir un pacemaker, l’une d’entre elle explique 

« Je me dis que ce n’est pas grave. Je suis rationnelle pour le coup, il y a une aide technologique 

donc il va aller mieux ». Enfin, une dernière pense manquer d’empathie et dit souffrir de ne pas 

savoir comment réagir « Je n'aime pas que les gens me parlent de leurs soucis de santé car je ne 

sais pas quoi leur dire, à part leur donner des noms de spécialistes ». Une participante n’a pas 

répondu à cette question car elle ne connaissait pas la définition de l’empathie. 

 

3. L’imprévu  

 3.1. Réactions face aux changements et imprévus  

 Toutes les participantes ont rapporté avoir de grandes difficultés à supporter les 

changements et les imprévus, à l’exception d’une participante qui dit avoir seulement besoin d’un 

temps d’adaptation maintenant qu’elle est adulte. Depuis l’enfance, les problèmes liés aux 

imprévus ont diminué pour toutes les participantes, car elles ont développé des stratégies pour 

limiter ces situations : « Quand j'étais enfant, c’était mes parents qui géraient et qui les 

provoquaient, j'étais obligée de suivre. Aujourd'hui, c'est moi qui ai le contrôle, donc je peux 

mettre des stratégies d'anticipation. Par contre quand ça arrive sans que je ne le voie venir, je me 

retrouve très démunie ». Elles décrivent les imprévus comme étant désastreux, et source 

d’anxiété, voire de colère : « Je n’ai jamais supporté les changements, cela me stresse 

énormément. Lorsque je me suis fait une vision imagée de ce qu’il faut faire, ou de ce qui va 

suivre et qu’une personne vient modifier mon programme, cela me bouleverse, il me faut du temps 

pour essayer de m’adapter ». Les réactions face aux imprévus sont souvent mal comprises par les 

proches, comme en témoigne une des femmes : « Sans prévenir, mon mari m’a offert des 
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chocolats en revenant du travail, et m’a dit de m'habiller pour filer au restaurant. Cela a 

déclenché une crise de larmes, d'angoisse et de cris car ce n’était pas prévu ». L’une des 

participantes dit essayer parfois d’anticiper certains changements : « D'un côté je n'aime pas 

changer mes habitudes, ça me fatigue et ça me stresse, surtout les imprévus. D'un autre côté, je 

me rends bien compte que la vie est faite de changements perpétuels, donc je m'oblige quelque 

part à accepter ce changement. Je vais préférer l'anticiper pour avoir un certain contrôle 

dessus ». De la même manière, trois autres participantes expliquent être capables de gérer des 

changements, à condition qu’ils ne soient pas imprévus « Je n’ai pas de mal à changer mes 

habitudes si c’est moi qui le décide, par contre si on me l’impose, je n’aime pas du tout ». 

 

 3.2. Imprévus et comportements répétitifs 

Interrogées sur les situations dans lesquelles leurs stéréotypies étaient amplifiées, les 

femmes ont expliqué que cela survenait principalement dans les situations de stress, d’émotions 

fortes, ou d’imprévus : « Dès qu'un imprévu arrive, je panique, je bouge mes doigts, je me 

balance, et je pense à mon obsession ». Les imprévus génèrent un besoin de contrôler les 

sensations intérieures, ce qui peut être réalisé grâce aux stéréotypies. La minimisation des 

variations et changements se retrouve dans leurs routines et ce qu’elles qualifient comme des 

manies : « Je passe deux à trois heures chaque jour à écrire ce que je vais faire dans la 

journée et je n'aime pas lorsque les choses identiques ne sont pas symétriques ». Sur son 

quotidien étant enfant, l’une d’entre-elles précise « Tout devait être planifié à la base, rien ne 

devait être imprévu ».  
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