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Les troubles du spectre autistique:  
 un retrait social…



… et des intérêts restreints



Quelles interventions thérapeutiques pour l’autisme?

‣ Il n’existe pas de 
traitement 
médicamenteux 
ciblant les symptômes 
de l’autisme 

‣ Les interventions les 
plus efficaces à ce 
jour sont 
comportementales



Le temps compte…



Intervenir précocement est primordial

‣ Une intervention précoce et 
intensive permet:  
de diminuer les symptômes 
de l’autisme 
d’améliorer la communication 
d’améliorer les compétences 
cognitives  
d’améliorer durablement le 
fonctionnement au quotidien, 
p.ex. meilleure intégration 
scolaire 

ESDM, 21 with autistic disorder and 3
with PDD NOS; A/M, 18 with autistic
disorder and 6 with PDD NOS. At the
2-year outcome, 15 (62.5%) children
in the ESDM group had the same di-
agnosis (14 with autistic disorder, 1
with PDD NOS) and 15 (71.4%) chil-
dren in the A/M group had the same
diagnosis (all 15 with autistic disor-
der). Diagnosis improved (baseline
autistic disorder to PDD NOS at year
2) for 7 (29.2%) children in the ESDM
group but for only 1 (4.8%) child in
the A/M group. However, the diagno-
sis changed from PDD NOS at base-
line to autistic disorder at year 2 for
2 (8.3%) children in the ESDM group
and 5 (23.8%) children in the A/M
group. Thus, children who received
ESDM were significantly more likely
to have improved diagnostic status
at the 2-year outcome compared with
children in the A/M group, as as-
sessed by using Fisher’s exact test 2
(intervention groups)! 2 (improved
versus worsened diagnosis) contin-
gency table (P" .041). Fisher’s exact
test for the 2 (intervention groups)
! 3 (diagnostic change: no change
versus improved versus worsened
diagnosis) contingency table was
just short of significance (P " .060).

DISCUSSION

Recommendations by the American
Academy of Pediatrics9 that all chil-
dren be screened for autism at 18
months of age oblige the develop-
ment of interventions that are appro-
priate for toddlers with ASD. To our
knowledge, this study is the first to
demonstrate the efficacy of an inten-
sive intervention designed for tod-
dlers with ASD as young as 12
months of age. After 2 years of inter-
vention, children provided with the
ESDM19 showed significant improve-
ments in IQ, adaptive behavior, and
diagnostic status compared with
children who received community in-
terventions. Consistent evidence of
improvement in communicative abil-
ities in the ESDM group was found, as
demonstrated by gains in receptive
and expressive language scores on
the MSEL subscales and the VABS
communication subscale. Significant
improvement for the ESDM group
was found for overall adaptive be-
havior, communication, daily living
skills, and motor skills. Specifically,
the ESDM group, although still signif-
icantly delayed in adaptive behavior,
was able to keep pace with the rate
of change of the VABS normative

sample, whereas the community-
based intervention group continued
to fall farther behind in adaptive be-
havior. Given the importance of
adaptive behavior for everyday func-
tioning at home and school, the fact
that the ESDM group did not continue
to fall farther behind is likely to af-
fect ability to function in less-
restrictive environments. This dem-
onstrates that the ESDM intervention
accelerates overall development and
is generalizing to everyday life.
Whereas 71% of the children in the
group that received community-
based intervention retained their di-
agnosis of autistic disorder over the
2-year period, only 56% of children in
the ESDM group did so. The diagnosis
of 7 children (30%) in the ESDM
group changed from autistic dis-
order to PDD NOS, whereas this
only occurred for 1 child (5%) in
the community-intervention group.
These diagnostic assessments were
conducted by experienced clinicians
who were naive with respect to
intervention-group status. However,
this change in diagnostic severity
was not reflected in significant dif-
ferences in the ADOS severity scores.
This lack of correspondence be-
tween measures is difficult to inter-
pret, because the child’s perfor-
mance in the ADOS contributes to
clinical diagnosis. However, other
behaviors, including parental report,
also contribute to overall clinical
diagnosis. The repetitive-behavior
scores also did not change over time
in either group.

CONCLUSIONS

The outcomes of this study, which in-
volve an increase in IQ scores of 17
points (#1 SD) and significant gains in
language and adaptive behavior, com-
pare favorably with other controlled
studies of intensive early intervention
(eg, Smith et al [2000],7 which deliv-
ered discrete trial intervention for#2

FIGURE 2
Mean scores on the MSEL (left) and the VABS composite (right) for children in the ESDM and A/M
groups 1 and 2 years after entering study. Error bars indicate$1 SD.
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Toutes les études confirment les bénéfices de l’intervention précoce

NEW RESEARCH

Long-Term Outcomes of Early Intervention in 6-Year-Old
Children With Autism Spectrum Disorder

Annette Estes, PhD, Jeffrey Munson, PhD, Sally J. Rogers, PhD, Jessica Greenson, PhD,
Jamie Winter, PhD, Geraldine Dawson, PhD

Objective: We prospectively examined evidence for the
sustained effects of early intervention based on a follow-
up study of 39 children with ASD who began participa-
tion in a randomized clinical trial testing the effectiveness
of the Early Start Denver Model (ESDM) at age 18 to 30
months. The intervention, conducted at a high level of
intensity in-home for 2 years, showed evidence of efficacy
immediately posttreatment.

Method: This group of children was assessed at age 6
years, 2 years after the intervention ended, across multiple
domains of functioning by clinicians naive to previous
intervention group status.

Results: The ESDM group, on average, maintained
gains made in early intervention during the 2-year
follow-up period in overall intellectual ability, adaptive
behavior, symptom severity, and challenging behavior.
No group differences in core autism symptoms were
found immediately posttreatment; however, 2 years
later, the ESDM group demonstrated improved core
autism symptoms and adaptive behavior as compared

with the community-intervention-as-usual (COM) group.
The 2 groups were not significantly different in terms of
intellectual functioning at age 6 years. Both groups
received equivalent intervention hours during the orig-
inal study, but the ESDM group received fewer hours
during the follow-up period.

Conclusion: These results provide evidence that gains
from early intensive intervention are maintained 2 years
later. Notably, core autism symptoms improved in the
ESDM group over the follow-up period relative to the
COM group. This improvement occurred at the same time
that the ESDM group received significantly fewer services.
This is the first study to examine the role of early ESDM
behavioral intervention initiated at less than 30 months of
age in altering the longer-term developmental course of
autism.

Key Words: early, intervention, autism, long-term,
outcomes

J Am Acad Child Adolesc Psychiatry 2015;54(7):580–587.

E arly intensive behavioral intervention is recognized as
an efficacious approach for improving outcomes for
young children with autism spectrum disorders

(ASD). Intellectual ability, communication and language
functioning, adaptive behavior, and educational placement
and support have all been demonstrated to improve with
early intervention.1-3 However, most studies of compre-
hensive, intensive intervention report only immediate out-
comes at the end of intervention, and the degree to which
these outcomes are sustained over time is largely un-
known.4-6 This is an important question because it is
possible that developmental gains achieved with early
intervention could diminish after intensive services end. The
one long-term outcome study of comprehensive intensive
early intervention of which we are aware was published
over 20 years ago, and followed 19 children from age 7 to
age 11.5 years, all of whom participated in a seminal study
of intensive behavioral intervention.1 Results showed that
the intervention group maintained gains in IQ and adaptive
behavior, suggesting that intervention effects may be long
lasting.7

The Early Start Denver Model (ESDM)8 is a naturalistic
behavioral intervention that integrates applied behavior
analysis (ABA) methods with developmental approaches
and parent coaching designed to promote learning, social
reciprocity, and affective engagement. It is designed for
children with ASD as young as 12 months of age, can be
used in a variety of settings,9,10 and intervention goals are set
within the context of a specified curriculum.11 In the first
randomized clinical trial of the ESDM, children were directly
assessed and diagnosed with an autism spectrum disorder at
age 18 to 30 months and randomly assigned to either ESDM
intervention or to treatment-as-usual in the greater Seattle-
area community (Community [COM]). The groups were
stratified on sex and developmental quotient. The ESDM
group was offered 2-hour intervention sessions twice per
day, 5 days per week, for 2 years by trained therapists. The
number of hours of therapist-delivered intervention (sum of
both individual one-on-one hours and group intervention
hours) did not significantly differ between the ESDM and
COM groups. Results indicated a positive impact of ESDM
on child development across a number of domains,
including intellectual ability, particularly in the expressive
and receptive language domains, adaptive behavior, and
less severe autism diagnosis at the end of intervention.3

Significant group differences in social behavior at out-
come were also found.12 However, no significant group

Clinical guidance is available at the end of this article.

JOURNAL OF THE AMERICAN ACADEMY OF CHILD & ADOLESCENT PSYCHIATRY

580 www.jaacap.org VOLUME 54 NUMBER 7 JULY 2015

Autism
0(0) 1 –11
© The Author(s) 2013 
Reprints and permissions:  
sagepub.co.uk/journalsPermissions.nav
DOI: 10.1177/1362361313510067
aut.sagepub.com

Early and Intensive Behavioral Intervention (EIBI) is a 
comprehensive treatment based on applied behavior analy-
sis (ABA) for children with developmental disabilities 
including autism. It is comprehensive in that it targets all 
behavioral deficits and excesses displayed by a particular 
child. Although there is some diversity in how EIBI is 
delivered, both in terms of treatment settings and how it is 
described in different treatment manuals, it has some com-
mon core elements (Green et al., 2002): The intervention is 
individualized and comprehensive. A number of different 
ABA principles and procedures are used to build new 
behavioral repertoires and to reduce maladaptive behaviors 
(e.g. differential reinforcement, prompting, discrete-trial 
teaching, natural environment teaching, incidental teach-
ing, task analysis, modeling procedures, stimulus control 
techniques). Professionals with advanced training in ABA 
and EIBI supervise the intervention. Typical development 
guides treatment goals. Parents are included in treatment 
delivery as co-therapists. Treatment proceeds from one-to-
one instruction to group instruction according to the pro-
gress of the individual child. Treatment typically starts at 
home and is subsequently carried out in preschools, kinder-
gartens, or schools or treatment starts in schools and is sub-
sequently introduced at home. Treatment starts early in the 

child’s life (preferably before the child is 4 years old); it is 
intensive (20–30 h per week) and long term (typically more 
than 2 years). A more thorough description of EIBI can be 
found in Klintwall and Eikeseth (2013).

Several outcome studies have investigated the effective-
ness of EIBI for children with autism. The findings have 
generally been positive, with a recent review concluding 
that four meta-analyses have found a positive effect of EIBI 
compared to control conditions (Reichow, 2011). For 
instance, Eldevik et al. (2009) analyzed results from nine 
outcome studies and found a Hedge’s g effect size of 1.10 
for intelligence quotient (IQ) and 0.66 for adaptive behav-
iors. Several authors have concluded that EIBI is evidence 
based (Eikeseth, 2009; Eldevik et al., 2009; Rogers and 
Vismara, 2008), and a recent Cochrane report supports this 
(Reichow et al., 2012). However, the individual variation in 
outcome is considerable, with some children showing large 
gains, and others only modest or no gains. Several variables 

Narrowing the gap: Effects of intervention 
on developmental trajectories in autism

Lars Klintwall, Sigmund Eldevik and Svein Eikeseth

Abstract
Although still a matter of some debate, there is a growing body of research supporting Early and Intensive Behavioral 
Intervention as the intervention of choice for children with autism. Learning rate is an alternative to change in standard 
scores as an outcome measure in  studies of early intervention. Learning rates can be displayed graphically as developmental 
trajectories, which are easy to understand and avoid some of the counter-intuitive properties of changes in standard 
scores. The data used in this analysis were from 453 children with autism, previously described by Eldevik et al. Children 
receiving Early and Intensive Behavioral Intervention exhibited significantly steeper developmental trajectories than 
children in the control group, in both intelligence and adaptive behaviors. However, there was a considerable variability 
in individual learning rates within the group receiving Early and Intensive Behavioral Intervention. This variability could 
partly be explained by the intensity of the treatment, partly by children’s intake intelligence quotient age-equivalents. Age 
at intake did not co-vary with learning rate.
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intervention

Oslo and Akershus University College of Applied Sciences, Norway

Corresponding author:
Lars Klintwall, Oslo and Akershus University College of Applied 
Sciences, Po. Box 4, St. Olavs plass, N-0130 Oslo, Norway. 
Email: lars.klintwall@hioa.no

510067 AUT0010.1177/1362361313510067AutismKlintwall et al.
2013

Article

 at Stanford University Libraries on December 16, 2013aut.sagepub.comDownloaded from 

Randomized, Controlled Trial of an Intervention for
Toddlers With Autism: The Early Start Denver Model

WHAT’S KNOWN ON THIS SUBJECT: Previous studies on the
efficacy of early behavioral intervention for improving outcomes
for preschool-aged children with autism have yielded promising
results. However, no randomized clinical trials of early
developmental behavioral intervention designed for toddlers with
autism have been conducted to date.

WHAT THIS STUDY ADDS: This study assessed the efficacy of the
Early Start Denver Model, a comprehensive developmental
behavioral intervention, for improving outcomes of toddlers with
ASD. The intervention, which was initiated when children were
less than 21⁄2 years, resulted in significant improvements in IQ,
language, adaptive behavior, and autism diagnosis.

abstract
OBJECTIVE: To conduct a randomized, controlled trial to evaluate the
efficacy of the Early Start Denver Model (ESDM), a comprehensive de-
velopmental behavioral intervention, for improving outcomes of tod-
dlers diagnosed with autism spectrum disorder (ASD).

METHODS: Forty-eight children diagnosed with ASD between 18 and 30
months of age were randomly assigned to 1 of 2 groups: (1) ESDM inter-
vention, which is based on developmental and applied behavioral analytic
principles and delivered by trained therapists and parents for 2 years; or
(2) referral tocommunityproviders for interventioncommonlyavailable in
the community.

RESULTS: Comparedwith childrenwhoreceivedcommunity-intervention,
childrenwho received ESDMshowed significant improvements in IQ, adap-
tive behavior, and autismdiagnosis. Two years after entering intervention,
the ESDMgroup on average improved 17.6 standard score points (1 SD: 15
points) comparedwith 7.0 points in the comparisongroup relative tobase-
line scores. The ESDMgroupmaintained its rate of growth in adaptive behav-
ior comparedwithanormative sampleof typically developingchildren. In con-
trast, over the 2-year span, the comparison group showed greater delays in
adaptive behavior. Childrenwho received ESDMalsoweremore likely to expe-
rience a change in diagnosis from autism to pervasive developmental disor-
der, not otherwise specified, than the comparison group.

CONCLUSIONS: This is the first randomized, controlled trial to demon-
strate the efficacy of a comprehensive developmental behavioral inter-
vention for toddlers with ASD for improving cognitive and adaptive
behavior and reducing severity of ASD diagnosis. Results of this study
underscore the importance of early detection of and intervention in
autism. Pediatrics 2010;125:e17–e23
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Un consortium suisse en intervention précoce

‣ 5 centres universitaires ont combiné 
leurs efforts pour évaluer l’efficacité 
de l’intervention précoce 

‣ Chaque centre propose une 
intervention précoce, intensive et 
scientifiquement validée  

‣ Mandat de l’OFAS de mesurer le 
résultat de l’intervention précoce en 
autisme, ayant aboutit à une 
recommandation du Conseil 
Fédéral et à la prise en charge d’un 
forfait de prestations d’intervention 
précoce par l’AI 

‣ Actuellement, 130 enfants ont été 
recrutés

• Basel UKBB GSR (Peter Weber / Bettina 
Tillman) 

• Basel KJPK (Klaus Schmeck / Evelyn 
Herbrecht) 

• Lugano EOC (Gian Paolo Ramelli) 

• Zürich KJPDZH (Ronnie Gundelfinger) 

• Genève OMP (Stephan Eliez / Marie Schaer / 
Hilary Wood de Wilde)



L’intervention précoce en Suisse

‣ Après une année d’intervention: 
Diminution de la sévérité des symptômes 
autistiques, particulièrement réduction du 
déficit dans les interactions sociales et la 
communication 

Augmentation significative des compétences 
de communication 
Tendance à un gain cognitif
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L’expérience de Genève en intervention précoce



L’intervention précoce à Genève, dirigée par Hilary Wood de Wilde

http://www.pole-autisme.ch

‣ Depuis 2010, les CIPAs (Centre d’Intervention Précoce en Autisme) offrent une 
intervention intensive suivant le Early Start Denver Model (Rogers & Dawson, 2010) 

‣ Ce programme suit la motivation et les intérêts de l’enfant, et renforce la 
communication réciproque entre le psychologue et l’enfant par un focus sur les 
affects positifs 

‣ 20h de thérapie par semaine, 5 jours par semaine, pour une durée de 2-2.5 ans 

‣ Actuellement, 36 enfants âgés de 1 à 4 ans bénéficient de cette approche



L’intervention précoce à Genève, dirigée par Hilary Wood de Wilde

‣ Un programme  
très structuré mais ludique 

individualisé pour chaque enfant 

qui vise à développer l’envie de l’enfant d’entrer en contact, augmenter ses 
capacités de communication, de partage d’intérêts, et son autonomie dans 
la vie quotidienne 



Mesurer la réponse au traitement

‣ Plus l’intervention commence tôt et est intensive, meilleur est le bénéfice 

Robain et al., in prep
n = 50 enfants avec TSA âgés 1.6 à 5 ans (3 ans en moyenne); tout type de traitements confondus
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‣ Cela souligne l’importance d’établir un diagnostic très précoce, ce qui n’est 
pas toujours facile sur la seule base des symptômes

François Robain



La Boussole, un centre dirigé par Martina Franchini

‣ Un nouveau programme de soutien au 
développement précoce pour les enfants à 
risque d’autisme ou de troubles associés 
pour les tout-petits (<18 mois) à Genève 

‣ Couplé à un dépistage des enfants à haut 
risque (fratrie) dès les premiers mois de vie, 
permettant une intervention dès qu’une 
déviation du développement est identifiée 

‣ Prise en charge individualisée et intensive 
dès l’apparition de signes inquiétants, avec 
une intensité adaptée à l’âge (~10h/
semaine, incl. coaching parental et 
interventions à domicile ou en crèche) 

‣ Actuellement, 6 enfants bénéficient de ce 
nouveau projet



A quel âge peut-on diagnostiquer l’autisme?

Chawarska et al., JADD 2007

‣ 56% des parents identifient des 
signes avant l’âge de 18 mois

44%

36%

20%

Avant 
11 mois

Entre 11 et 
18 mois

Après 
18 mois

‣ 76% des parents identifient des 
signes avant l’âge de 18 mois

4%
20%

30%
26%

20%

Avant 
12 mois

Avant 
6 mois

Avant 
18 mois

Avant 
24 mois

Matheis et al., 2017, Dev Neurorehab

2007 2017
Age des premières interrogations des parents

‣ Malgré que les parents s’inquiètent de plus en plus tôt, les cliniciens manquent d’outils 
fiables pour augmenter leur certitude dans le diagnostic avant l’âge de 15-24 mois 



Comment les outils de recherche peuvent-ils nous aider à 
diagnostiquer plus tôt et à mieux comprendre l’autisme?



L’hypothèse de la motivation sociale

Réduction de 
l’orientation sociale

Déprivation en 
expériences sociales

Diminution de 
“l’apprentissage social”

Déficit de spécialisation des régions 
cérébrales concernées par le 

traitement de l’information sociale

Réduction des opportunités 
pour un apprentissage 

cognitif adéquat

Développement incomplet 
du potentiel cognitif 

(résumée par Chevallier et al., TICS 2012)



Développement typique de l’orientation sociale
Déjà dans les premières heures après la 
naissance, le nouveau-né s’oriente vers 
des stimuli qui ressemblent à des visages

6 .Il. H. Johnsor~ et al. 

was the average of the best score out of the trials to the right side and to the 
left side, with a theoretical maximum possible of 90” for each stimulus. 

Jtidgement 

The videotape records were analysed by two independent observers who were 
unaware of either the purpose of the study or the patterning on the stimuli. Their 
judgements formed the sole measures for subsequent statistical analysis. Pearson 
correlation coefficients comparing the interjudge reliability indicated an overall 
agreement of r = 0.812 for head-turning and r = 0.806 for eye-turning assess- 
ments. Major disagreements (>5” of arc) between the two judges were resolved 
by a third judge, also blind to the stimuli being presented, and these final cor- 
rected assessments comprised the data for the analyses reported belovv. 

Results 

The mean head- and eye-turning responses to the three stimuli are shown in 

Figure 3. Separate ANOVAs (Subjects x Treatments) were applied and revealed 
the following. 

Head-turning 

F = 46.3, df = 2, 46, p < .OOOl. A Tukey test (alpha = 0.05) was then used 
to determine the critical differences (in degrees) between responses to the three 
stimuli. With q = 3.44 the critical difference was found to be 6.2”. Thus responses 

Figure 3. Mean head and eye turning for the face, scrambled and blank stimuli. 
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emerging visual system [23, 24]. A comprehensive review of two
decades of research offers an extension to the original theoret-
ical model put forward in explanation of newborn face prefer-
ence [25]. The underlying assumptions in much of the newborn
visual literature are (1) that no visual experience has taken place
prior to birth and (2) that the examination of fetal visual capacities
is not possible. The present study illustrates that fetal visual
perception can be indexed during the third trimester, given the
technical advances in 4D ultrasound that can provide access
to fetal fine-grained behavior [26–28].With appropriatemodifica-
tions, other aspects of newborn infant perception could also be
assessed in the third trimester, including biological motion
processing [29]. An exploration of capacities at this stage of
development could greatly inform our understanding of visual
preferences, as models of development feature different as-
sumptions related to the underlying development of visual sys-
tems. For example, even though the results of the present study
are compatible with superior colliculus activity [8], the same
cannot be said for a proposed ‘‘gravity bias’’ for visual stimuli,
which has been previously proposed [30].
Even though the results of the current study are analogous to

postnatal behaviors, due to the properties of the fetal environ-
ment, the paradigm and stimuli are not exactly the same be-
tween the current study and postnatal research. For example,
only light from the red (or long wave) end of the spectrum pene-
trates maternal tissue. Despite this, the results are consistent
with a model of fetal visual preferences [8], whereby the largest
differential response was for a negative polarity stimulus set
with white dots on a black background when contrasted with
other stimuli, including black dots on a white background. It
should also be noted that the results of the present study do
not imply that the fetus can respond to faces presented exter-
nally under everyday circumstances. The behavior that has
been demonstrated in the current study derives from the specific
conditions of the experiment.
The capacity to (1) present visual stimuli through projected

light and (2) precisely measure fetal behavior using ultrasound
recordings, as demonstrated in the present study, allows for
the execution of studies with the human fetus that closely

resemble postnatal methodologies with infant populations.
Such an approach will have implications for further understand-
ing of the fetus [31] and developmental processes in general.
Fetal research can consequently employ similar visual method-
ologies and control procedures as those seen in the infancy
domain (e.g., [29, 32]). Currently it is unknown how effective
these methods would be in terms of producing responses earlier
in gestation or whether infant-derived paradigms, such as fixa-
tion time measurements, will be as likely to produce meaningful
results with the fetus in the third trimester. Such work will un-
doubtedly provide more information about the development of
the visual system in addition to current animal models [18] and
with respect to the transition from fetus to infant.
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Attention to eyes is present but in decline in
2–6-month-old infants later diagnosed with autism
Warren Jones1,2,3 & Ami Klin1,2,3

Deficits in eye contact have been a hallmark of autism1,2 since the
condition’s initial description3. They are citedwidely as a diagnostic
feature4 and figure prominently in clinical instruments5; however,
the early onset of these deficits has not been known.Herewe show in
a prospective longitudinal study that infants later diagnosed with
autism spectrum disorders (ASDs) exhibit mean decline in eye fixa-
tion from2 to6months of age, a patternnotobserved in infantswho
do not develop ASD. These observations mark the earliest known
indicators of social disability in infancy, but also falsify a prior
hypothesis: in the firstmonths of life, this basicmechanismof social
adaptive action—eye looking—is not immediately diminished in
infants later diagnosed with ASD; instead, eye looking appears to
begin at normative levels prior to decline. The timing of decline
highlights a narrow developmental window and reveals the early
derailment of processes that would otherwise have a key role in
canalizing typical social development. Finally, the observation of
this decline in eye fixation—rather than outright absence—offers a
promising opportunity for early intervention that could build on
the apparent preservation of mechanisms subserving reflexive ini-
tial orientation towards the eyes.
Autism SpectrumDisorders (ASDs) affect approximately 1 in every

88 individuals6. These disorders are lifelong, believed to be congenital,
and are among the most highly heritable of psychiatric conditions7.
However, the genetic heterogeneity ofASD—with estimates suggesting
asmany as three- to five-hundred distinct genes impacting aetiology8—
poses a stark challenge for understanding the biology of the condition:
with so many different ‘causes’, a key question is how that genetic het-
erogeneity can be instantiated into common forms of disability.
One answer is that although the specific biologicalmechanismsmay

vary (in genes or pathways affected, in dosage or in timing), any such
disruptions will contribute to an individual deviation from normative
developmental processes9,10; themechanismsmay initially be different,
but a divergence from typical development is shared. In this way,
widely varying initial liabilities can be converted into similar manifes-
tations of impairment, giving rise to the spectrum of social disability
we then call ‘autism’.
In typical development, the processes of normative social interaction

are extremely early-emerging: from the first hours and weeks of life,
preferential attention to familiar voices11, faces12, face-like stimuli13 and
biological motion14 guide typical infants15. These processes are highly
conserved phylogenetically16 and lay the foundation for iterative spe-
cialization ofmind and brain17, entraining babies to the social signals of
their caregivers11–14,18.
In the current study, we tested the extent to whichmeasures of these

early-emerging normative processes may reveal disruptions in ASD at
a point prior to themanifestation of overt symptoms.Wemeasured pre-
ferential attention to the eyes of others, a skill present in typical infants12

but significantly impaired in 2-year-olds with ASD2.We proposed that
in infants later diagnosed with ASD, preferential attention to others’
eyes might be diminished from birth onwards2,3,17.

Datawere collected at 10 time points: atmonths 2, 3, 4, 5, 6, 9, 12, 15,
18 and 24. We studied 110 infants, enrolled as risk-based cohorts:
n5 59 at high-risk for ASD (full siblings of a child with ASD19) and
n5 51 at low-risk (without first-, second- or third-degree relatives
with ASD). Diagnostic status was ascertained at 36months. For details
on study design, clinical characterization of participants, and experi-
mental procedures, see Methods and Supplementary Information.
Of thehigh-risk infants, 12met criteria forASD20 (10males, 2 females),

indicating a conversion rate of 20.3%19. One child from the low-risk
cohort was also diagnosed with ASD. Given the small number of girls
in the ASD group, we constrained current analyses to males only, 11
ASD (10 from the high-risk cohort and 1 from the low-risk), and 25
typically developing (all from the low-risk cohort).
At each testing session, infants viewed scenes of naturalistic care-

giver interaction (Fig. 1a, b) while their visual scanning was measured
with eye-tracking equipment. The 36 typically developing and ASD
children viewed 2,384 trials of video scenes.
Control comparisons tested for between-group differences in atten-

tion to task and completion of procedures. There were no between-
group differences in duration of data collected per child (typically
developing5 71.25 (27.66) min, ASD5 64.16 (30.77) min, data given
as mean (standard deviation), with t345 0.685, P5 0.498; two-sample
t-test with 34 degrees of freedom, equal variances); or in the distri-
bution of ages atwhich successful data collection occurred (k5 0.0759,
P50.9556; two-sample Kolmogorov–Smirnov test). Calibration accuracy
was not significantly different between groups: either cross-sectionally,
at anydata collection session (allP. 0.15, t, 1.44;meanP5 0.428); or
longitudinally, as either a main effect of diagnosis (F1,2968.3365 0.202,
P5 0.65) or as an interaction of diagnosis by time (F1,130.5515 0.027,
P5 0.87) (by hierarchical linear modelling; see Methods, Supplemen-
tary Information and Extended Data Fig. 8).
We thenmeasured percentage of visual fixation time to eyes,mouth,

body and object regions (Fig. 1c). For each child, during each video,
these measures served as the dependent variables for longitudinal ana-
lyses. Longitudinal analyseswere conductedby functional data analysis
(FDA)21 and principal analysis by conditional expectation (PACE)22

(examples in Fig. 1d, e), and were repeated with traditional growth
curve analysis using hierarchical linear modelling (HLM)23.
Growth curves for normative social engagement show broad devel-

opmental change in typically developing infants during the first 2 years
of life (Fig. 2a and Extended Data Figs 2, 4 and 7). From 2 to 6months,
typically developing infants lookmore at the eyes than atmouth, body,
or object regions (all F1,23. 15.74, P, 0.001, by functional analysis of
variance (functional ANOVA)21) (Fig. 2a, e). Mouth fixation increases
during the first year and peaks at approximately 18months (Fig. 2a, f).
Fixation on body and object regions declines sharply throughout the
first year, reaching a plateau between 18 and 24 months (Fig. 2a, g, h),
with greater fixation on body than on object regions at all time points
(F1,235 18.02, P, 0.001).
In infants later diagnosed with ASD, growth curves of social visual

engagement follow a different developmental course (Fig. 2b and

1Marcus Autism Center, Children’s Healthcare of Atlanta, Atlanta, Georgia 30329, USA. 2Division of Autism & Related Disabilities, Department of Pediatrics, Emory University School of Medicine, Atlanta,
Georgia 30022, USA. 3Center for Translational Social Neuroscience, Emory University, Atlanta, Georgia 30022, USA.
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Extended Data Figs 2, 5 and 7). From 2 until 24 months of age, eye
fixation declines, arriving at a level that is approximately half that of
typically developing children by24months (Fig. 2e). Fixationonothers’
mouths increases frommonth 2 until approximatelymonth 18 (Fig. 2f).
Fixation on others’ bodies declines in children with ASD, but at less
than half the rate of typically developing children, stabilizing at a level
25% greater than typical (Fig. 2g). Object fixation also declines more
slowly in children with ASD, and increases during the second year
(Fig. 2h), rising by 24 months to twice the level of typical controls.
Between-group comparison of entire 2- to 24-month growth curves

by functional ANOVA21 reveals significant differences in eye fixation
(Fig. 2e,F1,345 11.90,P5 0.002), in body fixation (Fig. 2g,F1,345 10.60,
P5 0.003), and in object fixation (Fig. 2h, F1,345 12.08, P5 0.002), but
not in mouth fixation (Fig. 2f, F1,345 0.002, P5 0.965) (Bonferroni
corrections for multiple comparisons, a5 0.0125). Related analyses,
including HLM, are given in Supplementary Information and Extended
Data Figs 4, 5, 7, 8 and 9)
Contrary to our initial hypothesis2, the data for children with ASD

show a developmental decline in eye fixation from2 until 24months of
age (Fig. 2c, d), with average levels of ASD eye-looking that appear to
begin in the normative range.
The relationship between longitudinal eye fixation and dimensional

level of social-communication disability was tested using regression. As
shown in Extended Data Fig. 1, steeper decline in eye fixation is assoc-
iatedwithmore severe social disability5: r(9)520.750 (20.27 to20.93,
95% confidence interval), P5 0.007, Pearson r, 9 degrees of freedom.
In an exploratory analysis, we also tested sub-sets of the available data:
that is, we measured decline in eye fixation using only data collected
frommonth 2 to 6, excluding data collected thereafter, and then using

only data collected frommonth 2 to 9, 2 to 12, 2 to 15, and 2 to 18. The
relationship between decline in eye fixation and outcome becomes a
statistical trend by the subset of month 2 to 9 (P5 0.100), and is
statistically significant thereafter. Although these analyses will benefit
from replication with larger samples, they offer preliminary indication
of the clinical significance of these early behaviours.
Our experimental design densely sampled the first 6months of life in

order to test the relationship between early looking behaviour and later
categorical outcome. Extended Data Fig. 2a–c show raw eye-fixation
data collected in the first 6 months. Eye-fixation data for both groups
show significant associations with chronological age (F1,114.2375 9.94,
P5 0.002 for typically developing eye fixation, F1,41.6095 9.62,
P5 0.003 for ASD eye fixation), but the slopes of the associations
are in opposite directions: increasing at13.6% per month for typically
developing (1.3 to 5.9, 95% confidence interval), and decreasing at
24.8% per month for ASD (27.9 to21.7, 95% confidence interval).
A similar difference is observed for body fixation (Extended Data
Fig. 2g–i): body fixation is declining in typically developing children
but is not declining in those later diagnosed with ASD (24.3% per
month (25.4 to23.1) for typically developing, F1,211.8565 54.83,
P, 0.001; 0.3% per month for ASD (21.2 to 1.7), F1,241.3205 0.11,
P5 0.739). For both regions, there are significant interactionsof diagnosis
by age: eyes, F1,787.9285 9.27, P5 0.002; and body, F1,25.5575 5.88,
P5 0.023 (HLM).
As a control,we testedwhether therewerebetween-groupdifferences

in levels of looking at the video stimuli, irrespective of content region.
Therewerenobetween-group differences in levels of fixation or saccad-
ing, respectively, either as a main effect of diagnosis (F1,21.6525 0.958,
P5 0.339;F1,27.1895 0.250,P5 0.621)or as an interactionof diagnosis
by age (F1,20.02650.880,P50.359;F1,26.43050.561,P50.460) (Extended
Data Fig. 3).
Given the variability in infant looking, we measured the extent of

overlap in distributions formeasures of fixation in typically developing
infants relative to infants later diagnosed with ASD (Fig. 3a plots
individual growth curves for levels of eye fixation, and Fig. 3b plots
change in eye fixation). Mean individual levels of change in fixation
between 2 and 6months showminimal overlap between groups (Fig. 3c).
However, such estimates (depending as they do on the data used to
build the model, with known diagnostic outcomes) are likely to be
optimistic24; to assess bias, we performed an internal validation.
As an internal validation (Fig. 3d–f), we used leave-one-out cross-

validation (LOOCV), partitioning our data into subsamples so that
each infantwas tested as a validation case (that is, presuming unknown
diagnostic outcome) in relation to the remainder of the data set25. The
results indicate relatively low levels of overlap between groups (Fig. 3f).
The same analyseswere conducted for rates-of-change in body fixation
(Fig. 3g–l). Although the area under each receiver operating character-
istic (ROC) curve is smaller (as expected) for the internal validations
(Fig. 3f, l) compared to estimates based on known diagnostic outcomes
(Fig. 3c, i), the 95% confidence intervals clearly indicate less overlap
than expected by chance.
As an external validation, we used the same technique to test six

male infants who were not part of the original sample. Two of the six
children had reached the age of 36 months, with confirmed ASD
diagnosis, and four of the children were low-risk recruits, now at least
22 months of age, with no clinical signs of ASD. In relation to the
original sample’s change in eye and body fixation (Fig. 3m), these six
independent test cases show similar trajectories within the first 6
months (Fig. 3n). Although this validation set is small, the probability
of obtaining all six of these results in the predicted direction by chance
alone is P5 0.0156 (equal to the chance of correctly predicting the
outcome, 0.5, on each of 6 occasions, 0.56).
As a result of observing these differences between clearly defined

extremes of social functioning at outcome (ASD and typically devel-
oping), we analysed data from the remaining high-risk males. These
siblings were identified clinically as either unaffected at 36 months
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Figure 1 | Example stimuli, visual scanpaths, regions-of-interest, and
longitudinal eye-tracking data from 2 until 24months of age. a, Data from a
6-month-old infant later diagnosed with ASD, red. b, Data from a typically
developing (TD) 6-month-old infant, blue. Two seconds of eye-tracking data
are overlaid on each still image, onscreen at the midpoint of the data sample.
Saccades are plotted as thin white lines with white dots; fixation data are plotted
as larger coloured dots. c, Corresponding regions of interest for each image in
a and b, shaded to indicate eye, mouth, body and object regions. d, e, Trial data
with FDA curve fits plotting percentage of total fixation time on eyes, from 2
until 24 months of age, for two children with ASD (d) and two TD children (e).
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Figure 2 | Growth charts of social visual engagement for typically
developing children and children diagnosedwith ASD. a, b, Fixation to eyes,
mouth, body and objects from 2 until 24 months in TD (a) and ASD
(b) children. c, d, Contrary to a congenital reduction in preferential attention to
eyes in ASD, children with ASD exhibit mean decline in eye fixation.
e–h, Longitudinal change in fixation to eyes (e), mouth (f), body (g), and object
(h) regions; between-group comparisons by functional ANOVA. Thick lines

indicate mean growth curves, thin lines indicate 95% confidence intervals.
Top panels in e–h plot per cent fixation; middle panels plot change in fixation
(the first derivative, in units of % change per month); and bottom panels plot
F value functions for between-group pointwise comparisons. Significant
differences are shaded inmediumgrey for comparison of fixation data and light
grey for comparison of change-in-fixation data, with F ratio critical value
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Figure 3 | Visual fixation between 2 and 6 months of age relative to
diagnosis at year 3. a, b, Individual curve fits for eye-fixation data (a) and
change-in-fixation data (b) for TD infants (blue) and infants later diagnosed
with ASD (red). c, The extent of between-group overlap in distributions of
change-in-fixation data with known diagnostic outcomes (Known Dx). For
internal validation, each infant was tested as a validation case in relation to the
remainder of the data (leave-one-out cross-validation, LOOCV). d, e, Area

plots ind and e showLOOCVmean and95%prediction intervals for individual
trajectories of eye fixation (d) and change-in-fixation (e) data. f, The extent of
between-group overlap in change-in-fixation data (mean and 95% confidence
interval). g–l, The same analyses as a–c and d–f, but for body fixation, are
shown in g–i and j–l.m, Plot of the joint distribution of change in eye and body
fixation. n, Six male infants, not part of the original sample, were tested as an
external validation.
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Des courbes de croissance de 
l’engagement social visuel 
typique pourraient être utilisées 
pour dépister l’autisme



Vers de nouvelles méthodes de diagnostic: 
Mesurer l’intérêt social avec l’eye-tracking

Garçon avec autisme, 23 mois

Garçon contrôle, 24 mois

Preference for biological vs non-biological motion
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The figure aside shows that the 
toddlers who demonstrated a 
visual preference for dynamic 
geometric objects compared 
to biological motion were 
exclusively toddlers with ASD.  
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This “particularly social” toddler 
with ASD was diagnosed with 
severe autism at 11 months of 
age and already benefitted from 
10 months of specific social 
enrichment.  At the time of 
evaluation, he did not meet the
full criteria for autism diagnosis
but only for autism spectrum 
disorder.  This case report lends 
support to the fact that socially 
enriched therapies can help to 
interest  children in people and 
lower the severity of their 
communication impairments. 

Although very preliminary and 
based on the limited sample size 
collected to date, we are convinced  
that these results are highly  
promising to uncover the
mechanisms by which the 
severity of symptoms can be 
lowered in children diagnosed 
with autism. 

Sample of the video stimuli, shown to
children using the eye-tracking device
for a total duration of 2 minutes. 

However,  one toddler with ASD 
had a strong preference for 
biological motion. To further
understand this phenomenon, we 
examined whether this  high 
interest in people was related to 
the severity of autistic symptoms 
in this patient.

For that purpose, we examined
the relationship between the 
visual preference for biological
motion and the ADOS score at
different domains.

As shown aside,  the only toddler 
with ASD with high interest for 
biological motion was also the 
one with lower impairment in 
communication and lower severity 
in the ADOS reciprocical social 
interaction domain.

The tight relationship between
symptom severity and interest 
for geometric object may however 
not to hold true for all domains, as 
the visual preference seems less 
predictive of the severity of 
repetitive behaviors.
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Un déficit d’intérêt social dans l’autisme?
Preference for biological vs non-biological motion
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toddlers who demonstrated a 
visual preference for dynamic 
geometric objects compared 
to biological motion were 
exclusively toddlers with ASD.  
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for geometric objects

This “particularly social” toddler 
with ASD was diagnosed with 
severe autism at 11 months of 
age and already benefitted from 
10 months of specific social 
enrichment.  At the time of 
evaluation, he did not meet the
full criteria for autism diagnosis
but only for autism spectrum 
disorder.  This case report lends 
support to the fact that socially 
enriched therapies can help to 
interest  children in people and 
lower the severity of their 
communication impairments. 

Although very preliminary and 
based on the limited sample size 
collected to date, we are convinced  
that these results are highly  
promising to uncover the
mechanisms by which the 
severity of symptoms can be 
lowered in children diagnosed 
with autism. 

Sample of the video stimuli, shown to
children using the eye-tracking device
for a total duration of 2 minutes. 

However,  one toddler with ASD 
had a strong preference for 
biological motion. To further
understand this phenomenon, we 
examined whether this  high 
interest in people was related to 
the severity of autistic symptoms 
in this patient.

For that purpose, we examined
the relationship between the 
visual preference for biological
motion and the ADOS score at
different domains.

As shown aside,  the only toddler 
with ASD with high interest for 
biological motion was also the 
one with lower impairment in 
communication and lower severity 
in the ADOS reciprocical social 
interaction domain.

The tight relationship between
symptom severity and interest 
for geometric object may however 
not to hold true for all domains, as 
the visual preference seems less 
predictive of the severity of 
repetitive behaviors.
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Après une année:  
La variabilité d’intérêt social prédit l’évolution

Au moment du diagnostic:  
Moins d’intérêt social chez les 
enfants avec TSA, mais avec 
une grande hétérogénéité

Franchini et al., Plos One 2017 
Franchini et al., Frontiers 2016

Martina Franchini



Preference for biological vs non-biological motion
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with ASD was diagnosed with 
severe autism at 11 months of 
age and already benefitted from 
10 months of specific social 
enrichment.  At the time of 
evaluation, he did not meet the
full criteria for autism diagnosis
but only for autism spectrum 
disorder.  This case report lends 
support to the fact that socially 
enriched therapies can help to 
interest  children in people and 
lower the severity of their 
communication impairments. 

Although very preliminary and 
based on the limited sample size 
collected to date, we are convinced  
that these results are highly  
promising to uncover the
mechanisms by which the 
severity of symptoms can be 
lowered in children diagnosed 
with autism. 
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However,  one toddler with ASD 
had a strong preference for 
biological motion. To further
understand this phenomenon, we 
examined whether this  high 
interest in people was related to 
the severity of autistic symptoms 
in this patient.

For that purpose, we examined
the relationship between the 
visual preference for biological
motion and the ADOS score at
different domains.

As shown aside,  the only toddler 
with ASD with high interest for 
biological motion was also the 
one with lower impairment in 
communication and lower severity 
in the ADOS reciprocical social 
interaction domain.

The tight relationship between
symptom severity and interest 
for geometric object may however 
not to hold true for all domains, as 
the visual preference seems less 
predictive of the severity of 
repetitive behaviors.
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Prédicteurs de la réponse au traitement
‣ Même si la mise en place précoce du traitement reste le 

facteur le plus prédicteur d’une évolution favorable, 
l’orientation sociale est un facteur spécifique de l’enfant qui 
module la réduction des symptômes

Robain et al., in prep

2. Orientation sociale à T1

n = 50 enfants avec TSA âgés 1.6 à 5 ans (3 ans en moyenne); tout type de traitements confondus
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Un déficit primaire dans le système cérébral de la récompense?

‣ L’intégrité des connections 
du système de la 
récompense est directement 
corrélée à l’intensité des 
difficultés sociales

Supekar, Kochalka, Schaer et al, Brain 2018

participants in both cohorts, using our HARDI analysis pipe-
line (Supplementary Fig. 1A–C). However, in both cohorts, we
found no significant differences between ASD and typically
developing groups in the density of NAc-amygdala tracts [pri-
mary cohort: meanASD = 4.36 ! 10"6, SDASD = 3.92 ! 10"6,
meanTD = 4.46! 10"6, SDTD = 2.24 ! 10"6, t(46) ="0.11,
P = 0.91, Bayes factor = 0.29, Cohen’s d ="0.03; replication
cohort: meanASD = 4.04 ! 10"6, SDASD = 1.70 ! 10"6,
meanTD = 4.10! 10"6, SDTD = 2.02 ! 10"6, t(32) ="0.10,
P = 0.92, Bayes factor = 0.33, Cohen’s d ="0.03;
Supplementary Fig. 1D] demonstrating the specificity of our
findings to the mesolimbic reward pathway.

Structural deficits in mesolimbic
reward pathway are associated with
social interaction impairments in
children with ASD

Next, we examined the relation between NAc-VTA tract
integrity and social interaction impairments in children
with ASD and found that children in the ASD group who

had lower density of the NAc-VTA tracts exhibited more
severe social interaction impairments as measured by
ADI-R social interaction subscale. Notably, this association
was found in both cohorts separately [primary cohort:
rs(22) = "0.50, P = 0.02, Bayes factor = 3.57; replication
cohort: rs(15) = " 0.62, P = 0.01, Bayes factor = 4.24;
Fig. 3B], and in the combined cohort [primary co-
hort + replication cohort: rs(37) = " 0.49, P = 0.002, Bayes
factor = 17.67]. To objectively quantify evidence for or
against replication, we performed additional Bayesian ana-
lyses for correlations (Wagenmakers et al., 2016) and
found that the Bayes factor for replication was high
(BF10 = 37.95), indicating evidence in favour of the pres-
ence of effect (observed in the primary cohort) in the rep-
lication cohort. Crucially, we did not find a relationship
between density of the NAc-VTA tracts and other ASD
symptoms measured by other ADI-R subscales including
restricted and repetitive behaviours [primary cohort:
rs(22) = "0.06, P = 0.80, Bayes factor = 0.39; replication
cohort: rs(15) = " 0.10, P = 0.73, Bayes factor = 0.46]
and language deficits [primary cohort: rs(22) = "0.10,
P = 0.66, Bayes factor = 0.41; replication cohort:

Figure 2 Mesolimbic reward pathway in children with ASD and typically developing children. Using analytical procedures illustrated

in Fig. 1, white matter tracts connecting the NAc and the VTA, the major subcortical nodes of the mesolimbic reward pathway, could be reliably

detected in each child in both cohorts. Six exemplar participants (three ASD, three typically developing) from the primary cohort, and six

exemplar participants (three ASD, three typically developing) from the replication cohort. In all cases, the NAc-VTA tracts were detected and

showed similar trajectory. The tracts are shown in subject space. TD = typically developing children.

Reward circuits and childhood autism BRAIN 2018: 141; 2795–2805 | 2799

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/article-abstract/141/9/2795/5054337 by U

niversity of G
eneva user on 14 Septem

ber 2018

rs(15) = ! 0.48, P = 0.08, Bayes factor = 1.42]. To further
examine the specificity of our brain–behaviour relationships
we used a machine-learning approach: multivariate sparse
regression combined with cross validation. Results from
this analysis were consistent with the results from the

correlation analysis, namely: in children with ASD, the
ADI-R Social Interaction subscale scores and not the ADI-
R Communication and Language or the ADI-R Restricted
and Repetitive Behaviors subscale scores, were uniquely asso-
ciated with fibre density of NAc-VTA tracts, in both the

Figure 3 Structural deficits in mesolimbic reward pathway and its association with social interaction impairments in children

with ASD. (A) Density of the NAc-VTA tracts was significantly lower in children with ASD compared to typically developing children, in both

cohorts (see main text for details). (B) Children in the ASD group who had lower density of the NAc-VTA tracts exhibited more severe social

interaction impairments, as measured by ADI-R social interaction subscale, in both cohorts (see main text for details). TD = typically developing

children.

Figure 4 Aberrant functional connectivity in mesolimbic reward pathway for social stimuli and its association with social

interaction impairments in children with ASD. (A) Each participant viewed social stimuli (faces) and non-social stimuli (scenes).

(B) Functional connectivity between the NAc and VTA during face relative to scene processing was disrupted in ASD. In contrast to their typically

developing (TD) peers, children with ASD showed lower functional connectivity between the NAc and the VTA when viewing faces compared to

scenes. (C) Children in the ASD group who had lower NAc-VTA functional connectivity during face relative to scene processing exhibited more

severe social interaction impairments, as measured by ADI-R social interaction subscale.
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CSD on the Fractional Anisotropy map

CSD overlaid on the Fractional Anisotropy map

Tractographic reconstruction from VTA to accumbens using spherical ROIs in MNI space



Les réseaux cérébraux du traitement de l’information sociale 

Figure 3. Region-to-region directed functional connectivity in TD group (left) and in ASD group (right). Connections strength
and networks are different between the groups. Exemplary node of the right orbital part of the superior frontal gyrus (ORBsup.R)
(in large red). For the TD group, the ORBsup.R drove activity towards the left Superior frontal gyrus, dorsolateral (SFGdor.L),
the left middle frontal gyrus (MFG.L), the right inferior frontal gyrus, opercular (IFGoperc.R), the left hippocampus (HIP.L),
the left cuneus (CUN.L), the left inferior parietal gyrus (IPL.L), the left supramarginal gyrus (SMG.L), the right angular gyrus
(ANG.R), the right precuneus (PCUN.R) and the right paracentral lobule (PCL.R). In the ASD group, the node is driving to the
left inferior frontal gyrus, triangular (IFGtriang.L), the right inferior frontal gyrus, orbital (ORBinf.R), the right supplementary
motor area (SMA.R), the bilateral superior frontal gyrus, medial orbital (ORBsupmed.L ORBsupmed.R), the right hippocampus
(HIP.R), the left amygdala (AMYG.L), the right lingual gyrus (LING.R), the supramarginal gyrus (SMG.L) and the paracentral
lobule (PCL.L).
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Stimuli
Stimuli consisted of two video sequences of dynamic social images without audio information of

approximatively two minutes each. These videos included ecologically valid and complex naturalistic

dynamic images where young children practised yoga alone, imitated animal-like behaviours (behav-

ing like a monkey or jumping like a frog), waived their arms, struck a pose, jumped, made faces or

whistled (Yoga Kids 3 ; Gaiam, Boulder, Colorado, http://www.gaiam.com, created by Marsha

Wenig, http://yogakids.com/). Presentation and timing of stimuli were controlled by Tobii Studio

software (Sweden, http://www.tobii.com).

Procedure and task
The experiment was conducted in a lit room at the office Médico-Pédagogique in Geneva. To famil-

iarize the child with the procedure, the families received a kit containing a custom-made EEG replica

cap and pictures illustrating the protocol two weeks prior to their first visit. Participants were seated

on their parents lap in order to make them feel as secure as possible and to minimize head and

body movements or alone. Once seated, the experimenter measured the circumference of the head

and placed the corresponding cap on the participant’s head. A couple of minutes were taken in

order to allow the participants to settle into the experiment’s environment and get used to the cap

before starting the experiment. Following this, a five point eye-tracking calibration procedure was

initiated using the Tobii system (Sweden, http://www.tobii.com). An attractive colourful object

(either a kitten, a bus, a duck, a dog or a toy) was presented together with its corresponding sound

on a white background and the participants had to follow the object visually. The recording and pre-

sentation of the visual stimuli started when a minimum of four calibration points were acquired for

each eye. To best capture the child’s attention, we first showed them an age-appropriate animated

cartoon, followed by some fractals and another animated cartoon. The block ended with a film con-

taining dynamic social images, the condition of interest in the present experiment. All participants

were presented with the same visual stimuli in the same order. Following the first block, impedances

were rechecked and electrodes were readjusted where needed to maintain them below 40 kOhm. A

second block was then acquired (animated cartoon; animated fractals; animated cartoon; second

condition of interest: dynamic social images). The experimenter continuously monitored the eye-

tracking to ensure children were looking at the screen. The whole experiment lasted about half an

hour. We used stringent criteria and only participants with the highest data quality were kept for

subsequent analysis.

Eye-tracking measurements
Eye-tracking data were recorded with the TX300 Tobii eye-tracking system (sampling rate resolution

of 300 Hz). In order to analyse and quantify differences in visual exploration between our groups, we

Figure 6. Exemplar single time frame of the normative gaze pattern for each group on one random time frame. Each dot represents the gaze position

for an individual participant. The face has been blurred on purpose to preserve anonymity but was fully visible for the participants during the

experiment.

DOI: https://doi.org/10.7554/eLife.31670.012

Sperdin et al. eLife 2018;7:e31670. DOI: https://doi.org/10.7554/eLife.31670 15 of 23

Research article Neuroscience

Holger Sperdin

‣ La diminution de l’intérêt social a un 
impact sur le développement des 
régions du cerveau spécialisée dans 
le traitement de l’information sociale

Sperdin et al., eLife 2018



Quelles conséquences d’une réduction de l’orientation sociale?

Développement typique  
(n=19, 3.8±1.3 ans)

Un garçon avec trouble du spectre de 
l’autisme (5 ans)

Nada Kojovic

‣ Les interactions sociales sont complexes



Des “normes” de cognition sociale
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Des “normes” de cognition sociale

Kernel density estimation distribution estimates 
optimally the deviation of every single point from a 
multifocal distribution

Kojovic et al., in preparation
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Traitement de la scène sociale à l’âge de 4 ans

� Moins d’activation des régions dorsofrontales dans le groupe avec TSA 
pourrait refléter une moindre compréhension de la séquence et structure des 
interactions sociales  

� Plus d’activation des régions pariétales supérieures suggère que les enfants 
avec un TSA traitent cette scène sociale comme une information visuospatiale

Jan et al., under review; collaboration with Christoph Michel

Map 3

Map 4

ASD < TD 
ASD > TD

SFG/MFG

SFG ACC

SFG

SFG/MFG

IPL

SPL SPL

p<0.05, Bonferoni corrected n= 14 ASD, 14 TD, all males 

Reem Jan



2 à 4 ans: une période critique pour apprendre les interactions sociales

Typique Autisme
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n=45 avec autisme & 47 développement typique 
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‣ En grandissant, les enfants 
avec un développement 
typique développent une 
exploration visuelle de plus en 
plus ciblée 

‣ Pendant la même période, les 
enfants avec TSA se 
dispersent de plus en plus 
dans leur exploration des 
interactions sociales

Nada Kojovic



Trajectoires atypiques de développement cérébral: 
le “cerveau social” entre 2 et 4 ans

‣ Entre l’âge de 2 ans et de 4 ans, les enfants avec un TSA ont 
des trajectoires atypiques de développement du plissement 
cortical dans les régions qui traitent l’information sociale

Libero, Schaer et al., Cerebral Cortex 2018



‣ Si on mesure la structure 
cérébrale, il y a peu de 
différences consistantes 
qui émergent malgré de 
nombreuses études 

‣ En analysant les IRM de 
près de 1'000 
participants collectés 
dans 15 sites différents, 
on observe des 
altérations claires dans 
les régions traitant 
l’information sociale 
chez les 6-18 ans

Significance (FDR<0.01) Effect size
p<0.01 0.00010.001 Cohen’s f >0.20 0.26 0.32

Figure 5

Cortical Subcortical

Supratentorial Total gray matter

p=0.885
f = 0.005

Total white matter

Figure S1

Cerebral volumes in individuals with ASD (n=429) and controls (n=484), with-
out categorizing by symptom severity and age. Univariate analyses, correcting 
for the effects of age, gender and site, did not reveal significant between-group dif-
ferences in any of the cerebral volumes over the entire age range (6.5 – 58). The 
plots show the mean value with 95%CI.
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Figure S4

Cerebral volume in ASD participants with high and low ASD symptom 
severity, across development. Cerebral enlargement in individuals with high 

symptom severity (ADOS≥12, in brown) compared to individuals with low symptom 
severity (ADOS≤11, in green) was detected only in the children and adolescents. 
Cerebral enlargement is most prominent in supratentorial and total gray matter 

volume. 

* denotes p≤0.01; ** denotes p≤0.001.
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Le “cerveau social” entre 6 et 18 ans



Le “cerveau social” à l’adolescence et l’âge adulte

Parallel research in social neuroscience has revealed a set of

brain regions that appear to be selectively involved in social pro-

cessing in typically developing humans, as well as in other social

animal species such as monkeys (Frith and Frith, 2007; Adolphs,

2009; Mitchell, 2009; Sallet et al., 2011) (Fig. 1). These include

classic limbic areas (e.g. amygdala: Adolphs and Spezio, 2006;

Adolphs, 2010; and anterior hippocampus: Fanselow and Dong,

2010) and related cortex such as the more ventral and medial

aspects of prefrontal cortex (Carmichael and Price, 1995;

Amodio and Frith, 2006; Frith, 2007) and the anterior temporal

lobes (Olson et al., 2007; Saleem et al., 2008; Simmons and

Martin, 2009, 2011), the posterior cingulate and precuneus

(Cavanna and Trimble, 2006; Andrews-Hanna et al., 2010b), pos-

terior temporal regions involved in representing form, motion and

conceptual information about animate entities (lateral fusiform

gyrus: Kanwisher et al., 1997; Chao et al., 1999; Wiggett et al.,

2009; posterior superior temporal sulcus and temporo-parietal

junction: Castelli et al., 2002; Beauchamp et al., 2003; Samson

et al., 2004; Deen and McCarthy, 2010), the left inferior frontal

gyrus involved in social communication (for review, see Turken

and Dronkers, 2011), as well as somatosensory and anterior intra-

parietal cortices involved in action understanding (Hamilton and

Grafton, 2006; Adolphs, 2009) and parts of the insula involved in

representing visceral/emotive responses to social stimuli (Singer

et al., 2004; von dem Hagen et al., 2009). The idea of the

‘social brain’, originally proposed based on studies in monkey

(Brothers, 1990), has gained increasing support based on the

common co-activation of these areas during performance of a

wide range of social tasks (Frith and Frith, 2007; Blakemore,

2008; Adolphs, 2009; Mitchell, 2009).

A basic question arises from a joint examination of this litera-

ture: To what extent is abnormal connectivity in autism spectrum

disorders limited to the ‘social brain’? The phenotype among

individuals diagnosed with an autism spectrum disorder can vary

considerably, including co-morbid general intellectual impairments,

epilepsy and/or known genetic disorders (Jeste, 2011). However,

pronounced social impairments are common to all of these

individuals. If one were to consider a relatively homogenous sub-

sample of high-functioning [i.e. intelligent quotient (IQ) scores in

the average or above average range] individuals with an autism

spectrum disorder without the presence of additional neurological

conditions or known genetic disorders, then proponents of the

‘social brain’ should predict: (i) abnormal connectivity will prefer-

entially involve social brain areas and (ii) the magnitude of devi-

ation from control levels of connectivity in these brain areas should

predict the severity of social symptoms measured behaviourally.

On the other hand, proposals that are focused instead on how

connectivity problems can affect information processing more gen-

erally would be equally compatible with finding effects outside of

the social brain. Two such prominent proposals include a discon-

nection between the hemispheres via the corpus callosum, with

further disconnection between frontal and more posterior brain

regions (Just et al., 2007; Schipul et al., 2011), as well as the

proposal that strong but non-selective local connectivity leads to

Figure 1 Areas of the ‘social brain’. A set of brain regions are commonly co-activated across a range of social tasks: the medial and
ventromedial prefrontal cortex, the posterior cingulate/precuneus, the amygdala and anterior hippocampus, the anterior temporal lobes,
the posterior superior temporal sulcus and temporo-parietal junction, the lateral portion of the fusiform gyrus, the left inferior frontal
gyrus, somatosensory and anterior intraparietal cortices, and the anterior insula (not shown). These are often referred to collectively as the
‘social brain’ (for reviews, see Frith and Frith, 2007; Olson et al., 2007; Blakemore, 2008; Adolphs, 2009; Mitchell, 2009).
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A l’adolescence et à l’âge adulte, toutes les études d’IRM fonctionnelles reportent 
des différences d’activation du “cerveau social” chez les personnes avec un TSA



Résumé intermédiaire 

‣ Même si une réduction de l’orientation sociale 
émerge déjà pendant la 1e année de vie, c’est 
surtout entre 2 et 4 ans que l’écart commence à 
se creuser en termes de compréhension des 
interactions sociales et de développement cérébral 

‣ La période de 2 à 4 ans représente donc une 
fenêtre d’opportunité pendant laquelle une 
intervention ciblant le développement des 
compétences sociales est primordiale



Directions futures (I)



L’intervention précoce change-t-elle le cerveau?

‣ Peu d’études à ce jour ont 
mesuré l’impact de 
l’intervention précoce intensive 
sur le développement cérébral 

‣ Une des premières études 
montre qu’après 2 ans 
d’intervention précoce ESDM, 
on observe une normalisation 
de la réponse cérébrale 
lorsque l’enfant regarde des 
photos de visage

(F1,29 ¼ 10.9, p ¼ .003). There were no significant
effects or interactions involving region.

On an individual level, 11 of 15 children (73%) in
the ESDM group and 12 of 17 children (71%) in the
typical group showed higher levels of cortical
activation to faces than to objects compared with
5 of 14 children (36%) in the CI group (w2 ¼ 5.4,
p ¼ .07). The ESDM and CI groups were signifi-
cantly different (w2 ¼ 4.14, p ¼ .04), as were the
typical and CI groups (w2 ¼ 3.8, p ¼ .05), whereas
the typical and ESDM groups did not differ
(w2 ¼ 0.03, p ¼ .86). Similar analyses conducted
during the post-stimulus period yielded no group
differences in patterns of cortical activation (Fs o 1,
ps 4.5), indicating that the differences were specific
to responses to the stimuli.Adding age at testing as a
covariate did not change the results.

Relation between Brain Activity and Primary and
Secondary Behavioral Outcome Measurements
Group Differences in Behavioral Outcomes. Children
with ASD who were part of the ERP/EEG
analyses in the ESDM versus CI group signifi-
cantly differed in their autism symptoms, IQ,
adaptive skills, and social behavior at outcome.

Specifically, ADI scores for Communication
Current (ESDM, mean 8.7, SD 4.9; CI, mean 13.2,
SD 3.8; F1,26 ¼ 7.3, p ¼ .01) and ADI Social Current
(ESDM, mean 9.5, SD 5.4; CI, mean 14.5, SD 6.6;
F1,26 ¼ 5.1, p ¼ .03) were lower in the ESDM than
in the CI group. Nonverbal IQ (ESDM, mean 93.1,
SD 16.5; CI, mean 80.0, SD 15.8; F1,27 ¼ 4.8,
p ¼ .04) and Verbal IQ (ESDM, mean 95.1, SD 15.7;
CI, mean 75.1, SD 18.4; F1,27 ¼ 9.9, p ¼ .004) were
higher in the ESDM than in the CI group.
Vineland Communication (ESDM, mean 95.3, SD
15; CI, mean 76.1, SD 14.7; F1,27 ¼ 12.0, p ¼ .02),
Social (ESDM, mean 74.7, SD 10.0; CI, mean 66.5,
SD 8.3; F1,27 ¼ 5.7, p ¼ .02), Daily Living Skills
(ESDM, mean 72, SD 11.9; CI, mean 58.9, SD 7.9;
F1,27 ¼ 9.0, p ¼ .006), and Aberrant Behaviors
(ESDM, mean 76.9, SD 13.6; CI, mean 61.2, SD 7.9;
F1,27 ¼ 14.2, p ¼ .001) were improved in the ESDM
group as compared to the CI group. Social
behavior assessed by the PDD-BI Expressive Social
Communication composite scores (ESDM, mean
65.4, SD 6.5; CI, mean 54.5, SD 10.2; F1,25 ¼ 10.3,
p ¼ .004) and the PDD-BI Receptive/Expression
Social Communication composite scores (ESDM,
mean 65.5, SD 5.6; CI, mean 55.3, SD 10.3;
F1,25 ¼ 9.4, p o.006) were also higher in the
ESDM than in the CI group. Moreover, children
with good ERP data in the ESDM compared
with the CI group (on the PDD-BI) had better
Expressive Language (ESDM, mean 64.6, SD 5.8;
CI, mean 54.4, SD 12.6; F1,23 ¼ 6.9, p ¼ .015) and
Learning, Memory, and Receptive Language
(ESDM, mean 63.9, SD 3.6; CI, mean 57.6, SD
10.0; F1,22 ¼ 4.6, p ¼ .04) and less Semantic
Pragmatic Problems (ESDM, mean 50.4, SD 7.6;
CI, mean 56.6, SD 7.4; F1,22 ¼ 4.1, p ¼ .055). There
were no differences in ADOS scores (F1,27 o 1.0,
ps 4.3) between the groups at outcome.

Correlations between EEG and Behavioral Outcome.
There were no significant correlations among
ERP latency, EEG spectral power, and measure-
ments of autism symptoms, IQ, language, and
adaptive behavior. However, EEG measurements
were correlated with levels of social behavior at
outcome. On the PDD-BI, higher y power to faces
than to objects was correlated with improved
PDD-BI Composite Expressive and Receptive/
Expressive Social Communication Abilities
(r25 ¼ 0.51/0.53, p ¼ .01/.007, respectively), and
lower a power to faces than to objects was
significantly correlated with fewer social pragmatic

FIGURE 4 Differences in patterns of brain activation in
children with typical development, Early Start Denver
Model (ESDM) intervention, and community intervention.
Note: Dependent variables are log EEG spectral power
during viewing of the faces minus objects. Positive y and
negative a scores indicate greater brain activation during
viewing of people’s faces than of objects.
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EEG Assessment and Participant Attrition
The EEG was assessed when children were 49 to 77

months old, on average 2.5 months (SD 0.9 month) after
the behavioral assessment. Close to 60% of children
with ASD provided artifact-free data, an attrition rate
comparable to other EEG studies of children with ASD.
Attrition was primarily due to an inability to comply
with the procedure or excessive movement artifact.
Artifact-free EEG data were provided by 15 children in
the ESDM group (eight with a clinical diagnosis of an
autistic disorder and seven with PDD not otherwise
specified), 14 children in the CI group (12 with a clinical
diagnosis of an autistic disorder and two with PDD not
otherwise specified), and 17 typical children. Typical
children had higher Vineland Scales of Adaptive
Behavior scores than the ASD groups (F1,44 4 31.9,
p o.001) but did not differ in chronologic age (ASD,
mean 54.1 months, SD 6.3 months; typical, mean 55.7
months, SD 4.5 months; F1,44 ¼ 0.8, p ¼ .4). Children
with artifact-free EEG data in the ESDM and CI groups
did not differ in chronologic age (ESDM, mean 54.1
months, SD 4.9 months; CI, mean 54.1 months, SD
7.8 months; F1,27 ¼ 0.00, p ¼ .99), baseline ADOS Social
scores (ESDM,mean 10.3, SD 2.3; CI, mean 11.1, SD 2.7),
ADOS Restricted and Repetitive Behaviors (ESDM,
mean 2.6, SD 1.3; CI, mean 3.6, SD 2.0), MSEL Verbal
IQ (ESDM, mean 45.3, SD 17.5; CI, mean 48.1, SD 21.2),
and MSEL Nonverbal IQ (ESDM, mean 83.6, SD 13.3;
CI, mean 79.2, SD 11.3; F1,27 o 2.5, p 4.13, for all
comparisons). Children with ASD who provided
artifact-free data at the outcome compared with those
who did not provide data at baseline had lower ADOS
Social scores (F1,46 ¼ 5.2, p ¼ .03) and higher MSEL
Verbal IQ (F1,46 ¼ 9.9, p ¼ .003) but did not differ in
ADOS Restricted and Repetitive Behaviors (F1,46 ¼ 1.9,
p ¼ .2) or MSEL Nonverbal IQ (F1,46 ¼ 0.06, p ¼ .8).

EEG Protocol and Measurements
The EEG was recorded while 140 unique color

photographs of female faces (70) and toys (70) were
presented in random order on a monitor. Facial images
were chosen to reflect the ethnic and racial diversity of
the surrounding area. Objects were common toys
containing no facial features. Images were approxi-
mately 12 cm wide by 15 cm high and shown against a
standard gray background (28 cmwide by 23 cm high).

The EEG data were recorded from 128-channel
geodesic sensor nets (recorded online with reference
to the vertex) at 250 Hz, with amplification set at
1,000", and bandpass filtering at 0.1 and 100 Hz.
Children were presented with trials consisting of 500-
ms baseline, 500-ms stimulus presentation, and 1,000-
ms post-stimulus recording periods followed by a
random intertrial interval (0 to 500 ms). Testing was
terminated when the child had attended to 100 trials or
was no longer attending. Trials were rejected if the child
was not attending to the picture (recorded online by an

observer). The EEG was filtered at 20 Hz and edited
through an automatic artifact-detection software (Net
Station 4.3.1, Electrical Geodesics, Inc, Eugene, OR) and
manual editing (E.J.H.J. and S.J.W.) without knowledge
of the group membership.

ERP Analyses. For the ERP analyses, the data were
averaged by condition (face, object), re-referenced to
the average reference, and corrected to the 100-ms
prestimulus baseline period. Electrodes with fewer than
10 included trials were interpolated from surrounding
channels before re-referencing. Children with fewer
than 12 artifact-free trials in each condition were
excluded from the analysis. The regions and
components of interest were defined with respect to the
previous literature and inspection of the grand average
waveform; analyses were focused on the right posterior
(97, 92, 86, 91, 85), left posterior (58, 59, 60, 65, 66), and
midline occipital (73, 67, 78, 72, 77) electrode groupings
for the P1 and N170 components and on the right
anterior (111, 112, 117, 118, 119, 123, 124), left anterior
(21, 25, 28, 29, 30, 35, 36), and midline anterior (5, 6, 7,
12, 13, 107, 113) electrode groupings for the Nc
component. Figure 1 illustrates the electrodes included
in the analyses. Peaks (P1, N170, and Nc) were
identified for each electrode using automatic peak
detection software and verified by inspection (E.J.H.J.).
Components were measured within the following time
windows (from stimulus onset): P1 was 50 to 200 ms,

FIGURE 1 Electrodes in the anterior and posterior left
and right hemisphere regions (gray) and anterior and
posterior central regions (black). Note: EAR, COM, and
REF are anatomically marked locations for EEG sensor net
placement.
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Effet de l’intervention comportementale

‣ Même chez des bébés à risque de 
TSA, une intervention de type 
guidance parentale (10 sessions) 
permet déjà de modifier 
durablement l’activation cérébrale 
en réponse à des stimuli sociaux

groups at 6 months (F(1,29)50.17, P50.67, g250.06),

a trend-level difference at 12 months (F(1,30)53.1,

P50.09, g250.1), and by 18 months the PFR group

had shorter face habituation times than the A1M

group (Face: F(1,23)57.99, P50.01, g250.29). Parallel

analysis for object total habituation times found Group

differences in habituation times for the object condi-

tion at 6 but not 12 months or 18 months (6 m:

F(1,29)55.13, P50.032, g250.16; 12 m: F(1,31)50.89,

P50.35, g250.03; 18 m: F(1,23)50.006, P50.94,

g250.000).

EEG Theta Power during Viewing of Social and Non-Social
Videos

Data were available for 15 infants at both baseline (6

months) and 12 months, and 15 infants at both base-

line and 18 months in the PFR condition., Data were

available from nine infants at both baseline and 12

months and 12 infants at both baseline and 18 months

in the A1M group (see S1.6, available online).

Increased or greater theta power has been interpreted as

an index of attentional engagement and control [Cava-

nagh & Frank, 2014; Orekhova, Stroganova, Posikera, &

Elam, 2006; Stroganova, Orekhova, & Posikera, 1998];

typically developing infants show increased frontal the-

ta power to social vs nonsocial stimuli [Jones et al.,

2015], and young children with ASD show reduced

theta power to social versus nonsocial stimuli [Dawson
et al., 2012]. We thus predicted that PFR would be asso-
ciated with increased theta power to social stimuli.

Primary analyses focused on EEG theta power with
log theta difference scores between the baseline and
immediate follow-up assessment (12–6 months) and
between the baseline and longer-term follow-up (18–6
months) as the dependent variable. Group (PFR, A1M)
was the between-subject variable and stimulus (social,
non-social) was a within-subject variable.

Across both groups, change in theta power was great-
er for social than nonsocial videos between 6 and 12
months as would be expected (c.f. Jones et al., 2015;
main effect of Stimulus on difference scores:
F(1,22)512.3, P 50.002, g250.36; Fig. 3A and Fig. S3).
Log theta power increased more between 6 and 12
months in the PFR group than the A1M group across
both the social and nonsocial condition (main effect of
Group on difference scores; Fig. 2; F(1,22)54.67,
P50.042, g250.18). Inspection of Fig. 3B indicates that
the PFR group responded more like normative controls
at 12 months.

Between 6 and 18 months, there was again a significant-
ly greater change in frontal theta power for the social ver-
sus nonsocial videos (main effect of stimulus on difference
scores, F(1,25)54.15, P50.05, g250.14). There were no
significant group effects on difference scores between 6
and 18 months (F(1,25)50.09, P50.77, g250.004), but

Figure 2. Habituation task and time to habituate to faces and objects. (A) Diagrammatic representation of the habituation
task. (B) Total habituation times to faces (top) and objects (bottom). PFR5 promoting first relationships;
A1M5 assessment and monitoring; Cross5 cross-sectional; Long.5 longitudinal.
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there was a trend-level interaction between stimulus and
group (F(1,25)52.90, P50.1, g250.10). Thus, we con-
ducted post-hoc analyses separated by Group, which
showed that the increase in power between 6 and 18
months was greater for social than nonsocial stimuli for
the PFR group (main effect of Stimulus on difference
scores: F(1,15)58.15, P50.03, g250.37, see Fig. S3); this
was not the case for the A1M group (F(1,11)50.05,
P50.83, g250.004). Post-hoc analyses separated by stim-
ulus did not produce significant effects (Ps>0.4). Cross-
sectional analyses conducted for comparability to the ERP
analysis indicated that group differences did not reach sig-
nificance at 6, 12, or 18months (Ps>0.3).

ERPs to Faces and Objects

Data were available for eight infants at 6 months, seven
infants at 12 months, and 12 infants at 18 months in
the PFR group. Data were available for nine infants at 6
months, six infants at 12 months, and nine infants at
18 months from the A1M group. We predicted that
PFR would be associated with more prolonged and larg-
er P400 responses to faces, compared to the group who
did not receive PFR.

P400 amplitude. There were no effects of Group on
P400 amplitude at the 6-month baseline assessment
(Fs<2, Ps>0.1, g2<0.15). However, P400 amplitude dif-
fered by group and stimulus at 12 months (F(1,11)57.88,
P50.017, g250.42). Given this interaction, we con-
ducted post-hoc analyses separated by group and stimu-
lus. Analyses separated by stimulus revealed no
significant effects. Analyses separated by Group showed
that the A1M group had a significantly larger P400
amplitude to objects than faces (F(1,5)59.22, P50.029,
g250.65), whilst the PFR group did not (F(1,6)50.5,
P50.49, g250.08). Inspection of Fig. 4B indicates that
the PFR group showed a response to faces that more close-
ly matched controls.

At 18 months, there were no significant differences

for P400 amplitude (Fs<2, Ps>0.1).

P400 latency. There were no group differences in
P400 latency at 6 months (Fs<2, Ps>0.1, g2<0.1), or

12 months (Fs<1, Ps> .5, g2<0.2). At 18 months there
was a significant interaction between group and stimu-

lus (F(1,19)54.76, P50.04, g250.20). Given this inter-
action, we conducted post-hoc analyses separated by

Figure 3. Electroencephalography (EEG) social and non-social video task and theta power. (A) Infant in EEG net (top);
screenshot from the stimuli (middle); and topography of EEG theta power to social minus nonsocial videos at 6 and 12
months in the normative cross-sectional control group (bottom, Jones et al., 2015). (B) Frontal theta power to the social
(top) and nonsocial (bottom) video. PFR5 promoting first relationships; A1M5 assessment and monitoring; Cross5 cross-
sectional; Long.5 longitudinal.
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there was a trend-level interaction between stimulus and
group (F(1,25)52.90, P50.1, g250.10). Thus, we con-
ducted post-hoc analyses separated by Group, which
showed that the increase in power between 6 and 18
months was greater for social than nonsocial stimuli for
the PFR group (main effect of Stimulus on difference
scores: F(1,15)58.15, P50.03, g250.37, see Fig. S3); this
was not the case for the A1M group (F(1,11)50.05,
P50.83, g250.004). Post-hoc analyses separated by stim-
ulus did not produce significant effects (Ps>0.4). Cross-
sectional analyses conducted for comparability to the ERP
analysis indicated that group differences did not reach sig-
nificance at 6, 12, or 18months (Ps>0.3).

ERPs to Faces and Objects

Data were available for eight infants at 6 months, seven
infants at 12 months, and 12 infants at 18 months in
the PFR group. Data were available for nine infants at 6
months, six infants at 12 months, and nine infants at
18 months from the A1M group. We predicted that
PFR would be associated with more prolonged and larg-
er P400 responses to faces, compared to the group who
did not receive PFR.

P400 amplitude. There were no effects of Group on
P400 amplitude at the 6-month baseline assessment
(Fs<2, Ps>0.1, g2<0.15). However, P400 amplitude dif-
fered by group and stimulus at 12 months (F(1,11)57.88,
P50.017, g250.42). Given this interaction, we con-
ducted post-hoc analyses separated by group and stimu-
lus. Analyses separated by stimulus revealed no
significant effects. Analyses separated by Group showed
that the A1M group had a significantly larger P400
amplitude to objects than faces (F(1,5)59.22, P50.029,
g250.65), whilst the PFR group did not (F(1,6)50.5,
P50.49, g250.08). Inspection of Fig. 4B indicates that
the PFR group showed a response to faces that more close-
ly matched controls.

At 18 months, there were no significant differences

for P400 amplitude (Fs<2, Ps>0.1).

P400 latency. There were no group differences in
P400 latency at 6 months (Fs<2, Ps>0.1, g2<0.1), or

12 months (Fs<1, Ps> .5, g2<0.2). At 18 months there
was a significant interaction between group and stimu-

lus (F(1,19)54.76, P50.04, g250.20). Given this inter-
action, we conducted post-hoc analyses separated by

Figure 3. Electroencephalography (EEG) social and non-social video task and theta power. (A) Infant in EEG net (top);
screenshot from the stimuli (middle); and topography of EEG theta power to social minus nonsocial videos at 6 and 12
months in the normative cross-sectional control group (bottom, Jones et al., 2015). (B) Frontal theta power to the social
(top) and nonsocial (bottom) video. PFR5 promoting first relationships; A1M5 assessment and monitoring; Cross5 cross-
sectional; Long.5 longitudinal.
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Figure 3. Region-to-region directed functional connectivity in TD group (left) and in ASD group (right). Connections strength
and networks are different between the groups. Exemplary node of the right orbital part of the superior frontal gyrus (ORBsup.R)
(in large red). For the TD group, the ORBsup.R drove activity towards the left Superior frontal gyrus, dorsolateral (SFGdor.L),
the left middle frontal gyrus (MFG.L), the right inferior frontal gyrus, opercular (IFGoperc.R), the left hippocampus (HIP.L),
the left cuneus (CUN.L), the left inferior parietal gyrus (IPL.L), the left supramarginal gyrus (SMG.L), the right angular gyrus
(ANG.R), the right precuneus (PCUN.R) and the right paracentral lobule (PCL.R). In the ASD group, the node is driving to the
left inferior frontal gyrus, triangular (IFGtriang.L), the right inferior frontal gyrus, orbital (ORBinf.R), the right supplementary
motor area (SMA.R), the bilateral superior frontal gyrus, medial orbital (ORBsupmed.L ORBsupmed.R), the right hippocampus
(HIP.R), the left amygdala (AMYG.L), the right lingual gyrus (LING.R), the supramarginal gyrus (SMG.L) and the paracentral
lobule (PCL.L).
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Objectifs futurs pour notre projet de recherche

‣ Mesurer l’effet de l’intervention précoce sur: 
l’évolution des enfants à long terme 

les trajectoires de développement cérébral 

‣ Identifier des sous-groupes d’enfants à l’intérieur du 
spectre de l’autisme, en particulier: 
facteurs prédicteurs d’évolution 

facteurs prédicteurs de réponse à certains types de traitement 

(a)

(b)

(c)

(d)

(e)

*



Directions futures (II)



Explorer des hypothèses alternatives

Réduction de 
l’orientation sociale

Déprivation en 
expériences sociales

Diminution de 
“l’apprentissage social”

Déficit de spécialisation des régions 
cérébrales concernées par le traitement 

de l’information sociale

Réduction des opportunités pour 
un apprentissage cognitif adéquat

Développement incomplet du 
potentiel cognitif 

(résumée par Chevallier et al., TICS 2012)

Processus X

Intérêts restreints et 
comportements répétitifs

Difficultés sensorielles? ?

?

‣ L’hypothèse de la motivation sociale n’explique pas tous les symptômes de TSA



Des altérations cérébrales non spécifiques du cerveau social

‣ Il semble y avoir déjà pendant la vie in utero et la première 
année de vie des modifications hors des régions cérébrales 
qui traitent l’information sociale

income) (22). There were no significant group differences in
age at each MRI time point (Table 1). As expected, at 24
months the HR-ASD group had significantly lower cognitive
ability on the Mullen Early Learning Composite and had higher
ASD symptom scores on the ADOS (total scores for Social
Affect 1 Repetitive Restricted Behaviors) compared with the
two comparison groups (Table 1).

EA-CSF Volume

There was a significant negative effect of subject age (age: β 5
23.38, F1,483 5 50.97, p , .0001; age2: β 5 0.07, F1,486 5
40.02, p , .0001) on EA-CSF volume. Total cerebral volume
was significantly associated with EA-CSF (β 5 0.05, F1,264 5
28.51, p , .0001). There was no significant main effect of sex
or group 3 sex interaction (F1,277 5 0.08, p 5 .78; group 3
sex: F2,398 5 2.46, p 5 .09), indicating that EA-CSF did not
differ significantly between male and female infants after
controlling for age and TCV. There were no differences in
EA-CSF by scan site (F3,272 5 0.11, p 5 .96).

High-risk infants who were later diagnosed with ASD had
increased EA-CSF at 6 months, which remained significantly
elevated through 24 months. Specifically, there was a signifi-
cant main effect of group (β 5 16.01, F2,397 5 6.04, p 5 .0026)
and no significant group 3 age interactions (group 3 age:
F2,294 5 2.40, p 5 .09; group 3 age2: F2,274 5 1.87, p 5 .16),
indicating that the increase in EA-CSF in the HR-ASD group
relative to non-ASD groups was consistent over the interval
studied (covariates included age, age2, TCV, sex, and site).
Direct group comparisons and inspection of the model
parameter estimates indicated that, on average across the
study period, the HR-ASD group had 12.20 cm3 more EA-CSF
than the HR-negative group (β 5 12.20, SE 5 3.96, t397 5
3.08, p 5 .002) and 12.14 cm3 more EA-CSF than the LR-
negative group (β 5 12.14, SE 5 4.10, t397 5 2.96, p 5 .003)
after controlling for age, age2, TCV, sex, and site. There were
no differences between the HR-negative and LR-negative

groups (β 5 0.06, SE 5 2.11, t397 5 0.03, p 5 .98). Figure 2
depicts an example of an LR infant with a normal level of EA-
CSF compared with an HR infant who had increased EA-CSF
at 6, 12, and 24 months and was diagnosed with ASD at 24
months. (See Supplemental Figure S1 for example images
from representative infants in each group who have EA-CSF
volumes that are equal to their group’s average.) Figure 3
illustrates the group trajectories of EA-CSF from 6 to 24
months, with percentage differences between model-
adjusted group means and Cohen’s d effect size (relative to
the HR-negative group) at each time point. (Individual trajec-
tories are shown in Supplemental Figure S2.)

EA-CSF and Subgroups of Autism Severity

To examine whether subgroups with different levels of autism
severity were associated with differences in EA-CSF volume,
the ASD group was stratified into subgroups according to
well-established, empirically derived categories on the ADOS
that index severity of autism symptoms (8,29). There was a
significant main effect of group (β = 25.77, F3,416 = 4.99, p =
.002), with the infants with more severe autistic behaviors
(ASD-High) having significantly greater EA-CSF volume at all
time points compared with each of the other groups, including
the ASD-Moderate, HR-negative, and LR-negative groups
(covariates: age, age2, TCV, sex, and site). Direct group
comparisons and inspection of the model parameter estimates
revealed that, on average across the study period, the ASD-
High group had significantly greater EA-CSF than the ASD-
Moderate group (β = 19.31, SE = 8.19, t416 = 2.36, p = .02),
the HR-negative group (β = 22.59, SE = 6.02, t416 = 3.75,
p = .0002), and the LR-negative group (β = 22.61, SE = 6.11,
t416 = 3.70, p = .0002), controlling for age, age2, TCV, sex, and site.
The ASD-Moderate group did not differ significantly from the

High-Risk Infant with Increased Extra-Axial CSF; Diagnosed with ASD at 24M 

6M 12M 24M 

Low-Risk Infant with Normal MRI; ASD-negative at 24M 

6M 12M 24M 

A

B

Figure 2. Example brain images indicating the presence of increased
extra-axial cerebrospinal fluid (CSF). (A) T1-weighted coronal images of a
low-risk infant with normal magnetic resonance imaging (MRI) at 6, 12, and
24 months. (B) T1-weighted coronal images of a high-risk infant with
increased extra-axial CSF at 6, 12, and 24 months. This child was
diagnosed with autism spectrum disorder (ASD) at 24 months.

Figure 3. Infants later diagnosed with autism spectrum disorder (ASD)
had increased extra-axial cerebrospinal fluid by 6 months, which remained
significantly elevated through 24 months. Least squares means are
adjusted for covariates in model (age, sex, total cerebral volume, and scan
site). Error bars 5 61 SEM. *p , .005 vs. high risk–negative and vs. low
risk–negative. Percentage differences are in relation to the high risk–
negative group (Cohen’s d).

Extra-axial CSF in Infants Who Develop Autism
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Disorganization in the neocortex of Children with Autism
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pression found across multiple independent 
markers within a 5.8-mm diameter patch of 
cortex (Fig. 1D, 1E, and 1F).

Patches were identified in both dorsolateral 
prefrontal cortex (in 10 of 11 case samples) and 
posterior superior temporal cortex (in 2 of 2 case 
samples) (Fig. 2). No abnormal expression pat-
terns of any markers were identified in the oc-
cipital cortex in 3 case samples or in the poste-
rior superior temporal cortex or occipital cortex 
in 3 control samples.

Three-Dimensional Reconstruction  
of Laminar Defects

To better describe the complete microstructure 
of the patch phenotype, we performed three-
dimensional reconstruction of laminar organi-
zation in regions of patches, using four layer-
specific markers for four samples of dorsolateral 
prefrontal cortex (two case samples and two con-
trol samples). This method enabled visualization 
of marker distribution independent of the origi-
nal plane of section and confirmed that patch 
regions of multiple markers were closely aligned. 
Figure 3 shows the surface reconstruction of cor-
tex in a child with autism (Patient 20 from Fig. 1) 
with a prominent pathological patch spanning 
several independent markers immediately adja-
cent to typical-appearing cortex.

Marker Expression in Patch Regions
A deficit in the expression of markers of excit-
atory cortical neurons was the most robust indi-
cator of a patch region, although abnormalities 
were identified in three of the four cell-type–
specific groups that were examined (Fig. 2). 
Markers that were encoded by each of the five 
autism candidate genes showed mild patch ab-
normalities across the majority of case samples 
that were examined. Most interneuron markers 
(e.g., PVALB and CALB1) showed mild abnormal-
ities, which were inconsistently present within 
patches across case samples, with a few excep-
tions (e.g., GAD1 and VIP) that appeared to be rela-
tively unaffected in all case samples that were 
analyzed.

With one exception (SLC1A2 in Patient 12), 
glia-specific markers showed the same labeling 
patterns in case samples and control samples 
across the different regions of cortex, including 
tissue that contained patch abnormalities in other 
markers (Fig. S9 in the Supplementary Appendix). 
This finding supports the premise that features 

of patches cannot be attributed primarily to the 
global down-regulation of gene expression.

No Reduction in Neuron Density
To determine whether expression abnormalities 
across multiple genes were due to a reduction in 
the number of neurons at discrete locations, we 
performed post hoc blinded stereologic density 
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Figure 3. Three-Dimensional Reconstruction of a Patch Region in Cortical 
Microstructure.

Panel A shows a three-dimensional reconstruction of the four markers, as seen 
on in situ hybridization of samples obtained from Patient 20 (as shown in Fig. 1, 
Panels D, E, and F). Panel B shows a cross section of the reconstructed struc-
ture at the original slice plane for the same four markers. Panel C shows angled 
renderings of individual layer-specific markers, indicating a focal patch of sub-
stantially reduced or absent expression. Panel D shows an angled reconstruc-
tion indicating a patch region with an independent, conserved location across 
several markers. The dashed oval indicates the patch region.
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Anomalies de migration neuronale Augmentation du volume du liquide céphalo-rachidien



L’hypothèse d’un déficit de prédiction 
‣ Nous comprenons le monde 

qui nous entoure en faisant 
continuellement des 
prédictions sur ce qui va 
suivre 

‣ L’expérience préalable sert 
de filtre qui facilite la 
prédiction et évite la surprise Sinha et al, PNAS 2014

‣ Un déficit de capacités prédictive chez les personnes avec 
TSA pourrait représenter une hypothèse intéressante pour 
expliquer divers symptômes  

‣ La difficulté à prévenir les suites d’évènements s’apparente 
à vivre dans un monde gouverné par la magie, où les 
relations entre les évènements sont obscures et qui peut 
devenir anxiogène.

impairment causes environmental stimuli to appear more chaotic,
leading to reduced habituation and hence greater stress.

3. Difficulties in Interacting with Dynamic Objects. The dynamic
world presents challenges to those with autism. The Autism
Wandering and Elopement Initiative collaboration states that
two in three “elopers” (autistic children who attempt to run
away) have a close call with a traffic injury (39). According to
the Center for Advanced Infrastructure and Transportation at
Rutgers University, the vast majority (more than 75%) of people
on the autism spectrum cannot drive (40). In first-person
accounts, individuals with autism describe the difficulties they
had as children engaging in dynamic games on the playground
(41). These reports are puzzling given that moving objects are
not inherently aversive to those with autism. Indeed, many
children on the spectrum are especially drawn to moving objects,
enjoy video games (42), obsessively set objects in motion, and
even engage in visual stimming that generates movement. What
then underlies autistic individuals’ difficulties with dynamic objects?
It is instructive to examine the specific nature of these diffi-

culties. Several studies have shown that basic motion detection
and direction perception thresholds are largely unimpaired in
autism (43–45). However, to interact with a dynamic object,
there is a crucial step beyond detection: anticipating where the
moving object is likely to be so as to plan one’s motor movements
appropriately to intercept/avoid the object. Even the seemingly
simple task of keeping track of a moving object requires such
anticipation; it is a manifestation of online Markov model esti-
mation, as a visual temporal sequence unfolds. Computational
systems for dynamic object tracking rely on predictive techniques
such as Kalman filtering (46). These systems demonstrate that a
key consequence of impaired prediction is errors in online po-
sition estimation. Transposed to the real world, this impairment
would render seemingly straightforward tasks like avoiding a
car or even catching a ball difficult for a person with autism.
Consider the following first person account:

Throwing a ball was not a problem. However, I couldn’t catch a ball
until I was Age 13! I was criticized by my father about my ability, or
lack of, to work with my hands.

(Jon Evans on www.DisabilityScoop.com)

Given the prediction-reliant nature of tasks requiring inter-
actions with dynamic objects, the PIA hypothesis provides a
plausible account of the difficulties that individuals with au-
tism encounter in such settings.

4. Difficulties with Theory of Mind. Theory of mind requires the
ability to ascribe invisible causes to observations about a person
by connecting past history with current behavior. Deducing why
a person acted a certain way, or anticipating how a person is
likely to act, requires the estimation of a conditional probability:
Given a certain observation about a person and the circum-
stances, what are the likely precursors leading up to them, and in
a similar vein, what are the next stages in their evolution? In this
sense, Theory of mind is inherently a prediction task—given an
observation, one has to postdict or predict its antecedent or
subsequent states, i.e., estimate P(past history j current behavior)
or P(future actions j current observations). Given the often-weak
relationships among history, present observations, and future
behavior for humans in social settings, these states involve the
estimation of challenging probabilities and, hence, are especially
vulnerable to impairments in predictive ability. Impairments in
Theory of mind are a prominent correlate of autism (47).
Impairment in prediction would render an observer unable to

situate current observations about a person in the context of
their antecedents or likely future states. The observer, in effect,
will be constrained to interpret observations “in the moment.”
Such interpretations would manifest themselves as being literal,
in that they describe what is happening from moment to mo-
ment, but are not influenced by past history and do not presage
future events. The minimalistic movies of Heider and Simmel
provide an interesting case in point (48). Having access to a
probabilistic conditional relationship between observed move-
ment patterns and potential histories, neurotypical individuals
are able to ascribe causes to the former. The fact that these
causes happen to be social in nature is likely happenstance; the
social account is simply a better predictor of the observations
than other historical accounts. An autistic individual, not having
access to such predictive relationships, is constrained to interpret
behaviors without any motivating history, social or otherwise (49).
In this way, the PIA hypothesis provides a simple account of

the difficulties autistic individuals experience with theory of mind

Fig. 2. (A) A schematic depiction of the PIA hypothesis. Relationships between two events can be characterized by their strength [P(BjA)] and temporal
separation (Δt). In this space, the interface between undetectable and detectable relationships marks the ASF, denoted by the solid curve here. The PIA
hypothesis posits that autism is accompanied by a shift of the ASF toward the upper left (red arrows) corresponding to a reduction in one’s sensitivity to
relationships that are weak and/or have large temporal spans. This shift renders some interevent relationships, which are evident to neurotypical individuals,
invisible to those with autism. The vertical bands indicate that different tasks rely on the detection of interevent relationships over varying time-scales. For
instance, whereas motor-control and language learning operate in the millisecond regime, social interactions and planning involve longer time intervals. (B)
Behavioral manifestations of PIA may differ depending on which temporal regimes experience the greatest ASF shifts. As depicted in the four small graphs,
different autism subtypes may arise in part from ASF shifts of different kinds.

15222 | www.pnas.org/cgi/doi/10.1073/pnas.1416797111 Sinha et al.

its predictions regarding other traits one might expect to
find in ASD (Section 3), and open questions and implications
(Section 4).

2. The PIA Hypothesis as a Partial Account of the Autism
Phenotype
Besides the aforementioned diagnostic domains, the hypothesis
of impaired prediction can potentially account for a few other
significant correlates of autism.

1. Insistence on Sameness. Insistence on sameness (IoS) is a hall-
mark feature of autism. It is estimated that more than one-third
of all individuals on the autism spectrum display some form of
IoS (14). This trait may include repetitive thoughts and actions,
behavioral rigidity, a reliance on routines, resistance to change, and
obsessive adherence to rituals. Underscoring the significance of
IoS as an attribute of the autism phenotype, the DSM-5 (15)
incorporates IoS into its diagnostic criteria for the condition.
We can draw a compelling link between predictive impair-

ments and insistence on rituals. Past research with diverse pop-
ulations has shown that environmental unpredictability is strongly
correlated with anxiety (16–20). Predictability is a fundamental
modulator of anxiety in that reduction in the ability to predict
events, even without any associated aversive consequence, enhances
anxious responses (21, 22). Anxiety, especially when it is elevated
chronically, is known to give rise to ritualistic behavior. These
behaviors may be as benign as leg-swinging in school children
who are working on a stressful math examination (23) or alarming
stereotypies that may cause self-injury (24). Studies with neuro-
logically healthy humans and animals reveal that the ritualistic
behaviors that emerge under conditions of unpredictability serve
as a calming response to an externally imposed stressor (25, 26).
Taken together, these results suggest that rituals and an in-
sistence on sameness may be a consequence of, and a way to
mitigate, anxiety arising out of unpredictability.
First-person accounts by individuals on the autism spectrum

are consistent with this possibility. For instance, Deborah Lipsky,
a board member of the Autism Society of Maine says (27):

“I can’t emphasize enough how critical it is to understand that staying
on a script is the sole means of keeping anxiety at a minimum. Even
the smallest breach becomes a crisis because all we register at that
moment is unpredictability. We fear unpredictability above all else
because we are out of control of our environment.”

Completing the linkage to ritualistic behavior, Dora Raymaker,
director of the Academic Autistic Spectrum Partnership in Re-
search and Education, writes:

“The experience of many of us is not that ‘insistence on sameness’
jumps out unbidden and unwanted and makes our lives hard, but that
“insistence on sameness” is actually a way of adapting to a confusing
and chaotic environment. . .”

The same argument applies to stimming, a term used to refer
to self-stimulating behaviors. The seemingly compulsive need to
stim and their oftentimes social inappropriateness raises the
possibility that these behaviors might be elaborate involuntary
motor ticks. However, parental reports indicate that stimming
behaviors are most evident in situations of heightened external
stimulation (27), suggesting that stimming may be an anxiolytic
response to a chaotic world: an attempt to drown out the influx
of unpredictable environmental information by self-generated
periodic and, hence, more predictable information. Consider this
first-person account from Temple Grandin:

“When I did stims such as dribbling sand through my fingers, it
calmed me down. When I stimmed, sounds that hurt my ears stopped.
Most kids with autism do these repetitive behaviors because it feels
good in some way. It may counteract an overwhelming sensory
environment. . .”

Temple Grandin, Autism Asperger’s Digest, 2011

To summarize, a parsimonious interpretation of the reliance
on rituals and stimming behaviors observed in autism is that they
emerge from, and represent attempts to minimize, the con-
sequences of unpredictability. They allow for a proactive imposition
of “sameness” on an otherwise overwhelming environment.

2. Sensory Hypersensitivities. It is estimated that nearly 90% of all
children on the autism spectrum suffer from sensory abnormal-
ities, often hypersensitivities, to stimuli that a neurotypical individ-
ual could easily ignore (28). These hypersensitivities cannot be
explained as outcomes of abnormally enhanced sensation (29–31).
An alternative account of hypersensitivities comes from con-

sidering the complementary question: How do neurotypical indi-
viduals avoid being overwhelmed by sensory stimulation? A key role
in suppressing sustained stimulation is played by our ability to ha-
bituate. A direct corollary is that reduced habituation reduces
stimulus suppression. Immersion in an unrelentingly salient stim-
ulus is known to be anxiogenic, as studies of the consequences of
sensory bombardment have shown (32). Thus, aversion to envi-
ronmental sounds that individuals with autism exhibit could arise
from reduced habituation (33). However, this account begs the
question, what kinds of factors might reduce habituation in autism?
A key determinant of habituation is stimulus predictability.

For typically developing subjects, predictability of a sequence is
directly proportional to the extent of habituation it induces (22,
34–36). Reduction in discerning predictive relationships between
events in a stimulus sequence would reduce a person’s ability to
predict the onset of the next event. Such a lack of predictability
would compromise habituation and lead to hypersensitivity.
Support for this idea can be found in a distasteful domain—
torture techniques. Several studies have demonstrated that un-
predictability of stressors is one of the key aspects of torture and
leads to the development of anxiety, fear, and aversion (19, 37).
“Acoustic bombardment” has long been used as an instrument of
torture. Unfamiliar, and hence unpredictable, music is found to
be especially effective (38). Tying this back to the domain of au-
tism, the PIA hypothesis suggests that an endogenous predictive

Fig. 1. (A) A simple Markov system comprising probabilistically linked
states. The domains that serve as diagnostic criteria for autism (language
processing, social interactions, and behavioral repertoire) can all be modeled
as temporally evolving Markov systems. The computation of transition
probabilities is a key requirement for estimating a Markov system. (B) The
task of transition probability estimation: from an observed temporal history
of multiple state-to-state transitions, estimate P(BjA, Δt); the conditional
probability of one state (“B”) given the other (“A”) and temporal duration,
Δt, beyond A’s occurrence. The PIA hypothesis states that autism may be
associated with inaccuracies in estimating this conditional probability and,
hence, in one’s ability to discern predictive relationships between entities.
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L’hypothèse d’un déficit de prédiction 

Altérations des 
capacités 

prédictives

Ritualisation 
Un moyen de faire face à l’anxiété générée 

par l’imprévisibilité

Surcharge sensorielle 
Par manque d’habituation

Déficit de théorie de l’esprit 
Les interactions sociales sont complexes, et donc 

particulièrement vulnérable à un déficit de 
capacités prédictives

Compétences isolées 
Dans des domaines qui sont le plus souvent 

statiques (mathématiques, recherche visuelle, dessin) 
et fortement basés sur des règles

Difficultés à généraliser 
Généraliser requière de s’appuyer sur les prédictions 

et associations, plutôt que sur les informations 
sensorielles uniquement
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