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Toys provide an interesting account of “how” physical objects are 
able to act as support for the symbolic play of children. 

Komako Sakai

Symbolic play grows into language.
This is probably at the origin 	

of what is arguably one 	

of the trademarks of human cognition: 	

the capacity 	

to generate thoughts and concepts 	

for ourselves and 	

for the others which can be 	

verbally (and nonverbally) expressed	

with the aim to communicate.
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Stephens et al., 2010

which is inconsistent with sensory-based models of human vocali-
zation deficits in autism (21). Our results suggest that weak con-
nectivity of voice-selective cortex and brain structures involved in
reward and emotion may impair the ability of children with ASD to
experience speech as a pleasurable stimulus, thereby impacting
language and social skill development in this population.

Social Motivation Theory and Reward Circuitry in ASD. The etiology
of the pronounced social deficits in ASD remains elusive, and
several hypotheses have been proposed to explain these deficits
(39–41). The social motivation theory states that impaired salience
and reward value attributed to faces and vocal stimuli has a causal
effect on social skill development in children with ASD (18). The
reward circuit consists of a distributed set of brain regions that
includes the midbrain VTA, NAc of the basal ganglia, anterior
cingulate cortex, vmPFC, and the OFC (37), and activity in this
pathway is known to modulate auditory cortical representations
(42). Previous task-related fMRI studies have reported impaired
function in these brain structures in individuals with ASD. For
example, it has been shown that children with ASD exhibit re-
duced activation of the reward pathway, including the NAc and
OFC, while viewing smiling faces (43). Moreover, reduced acti-
vation in reward regions has also been shown for nonsocial stimuli
(44), supporting a more general reward-related impairment in
ASD. Our findings provide support for the social motivation
theory by showing diminished intrinsic connectivity between voice-
selective cortex and most of the brain regions previously impli-
cated in the social motivation theory, including the NAc, OFC,

vmPFC, and amygdala (31). These results demonstrate that ab-
normal reward-related processes are not limited to visual social
stimuli (43, 44) and that auditory voice-selective brain regions that
are important for social information processing are also affected
in ASD.
Critically, brain connectivity between voice-selective pSTS and

brain structures implicated in reward and affective processes was
predictive of the social communication scores of the ADOS and
ADI. These findings suggest that aberrant brain connectivity as-
sociated with the reward pathway may be a primary mechanism
underlying weakness in perceiving speech as a socially meaningful
and rewarding stimulus in children with ASD (17, 45). Although
the present results cannot provide information about the causal
relationship between brain connectivity of voice-selective cortex
and the ability to perceive speech as a rewarding and socially
meaningful stimulus, we suggest that this model represents a par-
simonious and plausible explanation for this auditory behavioral
phenotype. Moreover, the significant relationship between impaired
reward circuitry and social communication symptom severity are
central predictions of the social motivation theory (18, 31).

Brain Circuitry Underlying Prosody and Emotional Information in ASD.
Germane to the study of speech processing in ASD, strong em-
pirical evidence has accumulated from behavioral studies showing
that individuals with ASD have pronounced deficits for extracting
prosodic information from speech, which conveys emotional state
information regarding the speaker through intonation and rhythm
(46). Importantly, it has been shown that, in TD individuals, the
processing of prosodic information is performed in right-hemi-
sphere temporal cortex (34) and right-hemisphere amygdala (47).
Connectivity results from the present study provide evidence re-
garding the neural basis for impaired prosodic speech processing in
ASD. Specifically, our results show weak intrinsic coupling between
right-hemisphere voice-selective cortex and the amygdala. We hy-
pothesize that this disconnectionmay play a role in impeding access
of auditory-based information, such as prosodic cues, to regions of
the brain necessary for emotional learning and memory (48).
Our results also address more general hypotheses linking ASD

with amygdala dysfunction. The amygdala has long received at-
tention from ASD researchers because of its established role in
social behavior (49), and abnormal amygdala function has been
hypothesized to contribute to social deficits in ASD (20, 50).
Specifically, it has been proposed that the amygdala is critical for
identifying emotional information from complex visual stimuli
such as mental state information that can be detected from the
eye region of an individual (50). Consistent with previous findings
in the visual domain (51), results from our study provide support
for the hypothesized role of the amygdala in autism by showing
abnormal functional connectivity of the amygdala in children with
ASD. Critically, our findings extend this hypothesis by linking
amygdala dysfunction with auditory-based social processing.

Implications for Models of Auditory and Speech Processing in Indi-
viduals with ASD. Auditory perception in individuals with ASD is
poorly understood and includes a number of paradoxical observa-
tions. For example, many children with ASD experience an in-
creased sensitivity to the loudness of sounds (52), yet they often
display insensitivity to the human voice, one of the most common of
sounds in their environment (11, 45). A model for considering dif-
ferent stages of voice perception inTDadults was proposed byBelin
et al. According to this model, speech is first subjected to a low-level
acoustical analysis, followed by voice structural analysis, then, in
parallel, vocal content, affect, and speaker recognition units are
processed (53). This is a useful model for considering auditory and
speech information processing in ASD given the variety of audi-
tory deficits reported in this population. Because all levels of
auditory processing described in the model of Belin et al. have
been implicated in behavioral (11, 45, 54) and neurobiological

Fig. 4. Voice-selective pSTS connections entered into regression models for
brain-behavior analyses. Functional connectivity between bilateral pSTS and
the distributed reward circuit, including VTA, NAc, OFC, and anterior insula, as
well as the amygdala, predicted communication subtests of the ADOS (R2 =
0.713, P = 0.008) and ADI (R2 = 0.740, P = 0.003) in children with ASD. Because
of the narrow range of clinical symptom scores, logistic regression was per-
formed, and scatter plots are not depicted for the ADOS and ADI measures.

Table 1. Participant demographics

Characteristic ASD (n = 20) TD (n = 19) P value

Age 9.96 ± 1.59 9.88 ± 1.61 0.88
Sex, M/F 16/4 15/4 0.94*
Full-scale IQ 112.6 ± 17.8 112.2 ± 15.8 0.95
ADOS social† 8.2 ± 2.1 — —

ADOS communication† 3.6 ± 1.5 — —

ADI-A social 20.4 ± 5.4 — —

ADI-B communication 15.9 ± 5.1 — —

ADI-C repetitive behaviors 5.8 ± 2.5 — —

Word reading 113.8 ± 12.3 109.8 ± 12.5 0.31
Reading comprehension 109.9 ± 14.9 104.1 ± 18.5 0.28
Movement (RMS), mm 0.33 (± 0.23) 0.30 (± 0.24) 0.70

ADI, Autism Diagnostic Interview; ADOS, Autism Diagnostic Observation
Schedule.
*χ2 test.
†Score missing for one participant.
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Here we examine intrinsic functional circuitry of voice-selective
temporal cortex in TD children and children with ASD to test
competing models of social and communication impairments in
ASD.Models that view ASD symptomatology as a deficit in social
motivation and cognition would predict abnormal connectivity
between the posterior STS (pSTS) and the reward circuit, in-
cluding the ventral tegmental area (VTA), nucleus accumbens
(NAc), orbitofrontal cortex (OFC) (31), and the amygdala (19,
20). In contrast, models based on sensory processing deficits in
ASD (21) would predict that a key component of pSTS connec-
tivity would include abnormal connectivity with primary auditory
cortical regions, which are critical for acoustical processing of
speech (32). We investigated voice-selective regions of left- and
right-hemisphere pSTS (23) based on their putative roles in
speech comprehension. Bilateral pSTS are critical for a number
of speech and language-related processes (33) whereas right-
hemisphere pSTS is also associated with the analysis of the
emotional content of speech (34). Based on the social motivation
theory of ASD (18), we hypothesized that children with ASD
would show aberrant intrinsic connectivity of voice-selective
pSTS throughout brain regions implicated in reward and emo-
tion, including the OFC, NAc, insula, and amygdala (31). Such
findings would support a role for motivational and affective fac-
tors, rather than low-level sensory abnormalities, in speech-related
communication deficits in children with ASD.

Results
pSTS Functional Connectivity in TD Children and Children with ASD.
To understand the basic functional circuitry associated with hu-
man voice-selective areas in children, we first examined functional
connectivity of the pSTS separately within the TD andASD groups
(Fig. 1, Left). Results indicate that the left-hemisphere pSTS has
significant connectivity with superior temporal gyrus (STG) and

STS bilaterally in TD children and children with ASD, with con-
nectivity extending posteriorly into bilateral angular gyrus (AG) in
the ASD group and anteriorly into mid-STS, STG, and planum
temporale in the TD group. TD and ASD groups also showed
significant connectivity with ventrolateral prefrontal cortex; how-
ever, in the TD group, this connectivity was limited primarily to
left-hemisphereOFC, whereas, in theASD group, connectivity was
present bilaterally in pars triangularis (Brodmann area 45). TD
children also showed significant connectivity with the basal ganglia,
including the NAc, putamen and ventral caudate; however, there
was no significant connectivity with the basal ganglia in children
with ASD. Similarly, TD children showed significant connectivity
between the left-hemisphere pSTS and visual cortical structures,
including bilateral occipital pole and left-hemisphere lingual gyrus;
however, the left-hemisphere lateral occipital cortex was the
only occipital lobe structure that showed significant connectivity
with the left-hemisphere pSTS in the ASD group.
Next, we examined within-group functional connectivity for the

right-hemisphere pSTS seed. Results show that TD children have
extensive connections between right- hemisphere pSTS and several
frontal, temporal, and parietal cortical regions; however, in chil-
dren with ASD, connectivity was limited to a relatively small region
of superior temporal cortex (Fig. 1, Right). Specifically, TD and
ASD groups showed significant connectivity with right-hemisphere
mid-STS; however, in the TD group, connectivity extended ante-
riorly along the STS and was also present in similar regions in left-
hemisphere superior temporal cortex. TD individuals also showed
significant connectivity in left-hemisphere OFC, bilateral ventro-
medial prefrontal cortex (vmPFC), AG, and subcortical structures,
including right-hemisphere thalamus, caudate, and putamen.

Aberrant pSTS Connectivity in Children with ASD.We then examined
group differences in connectivity patterns between children with
ASD and TD children for the left-hemisphere pSTS seed. Results
for the TD>ASD contrast showed a specific and striking pattern
of ASD-related underconnectivity between the left-hemisphere
pSTS and distributed structures of the dopaminergic reward
pathway (Fig. 2). ASD-related underconnectivity was evident in
bilateral VTA of the brainstem, the NAc and putamen of the
basal ganglia, vmPFC, as well as the left-hemisphere caudate,
anterior insula, and OFC. One structure outside of the reward
pathway, the left-hemisphere supplementary motor area, also
showed ASD underconnectivity. Group differences in connectivity
strength were driven by relatively strong positive connectivity in TD
subjects and significantly reduced positive connectivity in the ASD
subjects (Fig. 2, Lower). Importantly, ASD underconnectivity was
not evident in any regions in parietal, occipital, or temporal cortex,
including auditory cortical structures. No voxels in the brain showed
significant differences for the ASD>TD contrast, indicating that
there was no ASD hyperconnectivity between left-hemisphere
pSTS and other brain structures.
We then examined differences between TD and ASD groups in

intrinsic connectivity patterns for voice-selective right-hemisphere
pSTS regions. Results for the TD>ASD contrast from the first of
these two right-hemisphere pSTS functional connectivity analyses
showed no ASD underconnectivity with any cortical structures;
however, results for the second pSTS seed showed widespread
ASDunderconnectivity across a range of cortical structures (Fig. 3).
These structures included bilateral hippocampus, precentral and
superior frontal gyri, left-hemisphere OFC, mid-STS, and middle
frontal gyrus, and right-hemisphere amygdala, vmPFC, and crus I
of the cerebellum. Again, group mean results showed that group
differences in connectivity strength were driven by relatively
strong positive connectivity in TD subjects and significantly re-
duced positive connectivity in ASD subjects (Fig. 3, Lower). Im-
portantly, there was no ASD underconnectivity between either of
the right-hemisphere pSTS seeds and the VTA or structures of the
basal ganglia. Consistent with left-hemisphere pSTS connectivity

Fig. 1. Within-group functional connectivity results for left- and right-
hemisphere voice-selective cortex. (Left) TD children and children with ASD
showed significant connectivity between left-hemisphere pSTS and a dis-
tributed cortical network. The seed region used in this analysis was a 6-mm
sphere centered at the Montreal Neurological Institute (MNI) coordinates
[−63, −42, 9] (23). (Right) In contrast to TD children, right-hemisphere pSTS
connectivity is sparse for children with ASD and is restricted primarily to
superior temporal cortex. The seed used in this analysis was a 6-mm sphere
centered at MNI coordinates [57, −31, 5] (23). Images are thresholded at P <
0.000001 for voxel height and an extent of 100 voxels. aMTG, anterior middle
temporal gyrus; BA 45, Brodmann area 45 (pars triangularis); FG, fusiform
gyrus; pSTG, posterior superior temporal gyrus; OP, occipital pole; PT, planum
temporale; Thal, thalamus.
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Robota !
(interactions with a user 
by means of elementary 

conversation Billard, 
2004) 

Keepon !
(acquire and maintain visual 
contact, elementary 
conversation !
Kozima, 2007) 

Tito !
(remote operated, upper 
limbs and head moving, 

camera in eye, vocal 
dictionary Michaud, 2002)

Roboto !
(animated face, mouth, eyebrows, 
eyes which can!
cause imitation!
Gaussier & Nadel, 2004)

Aurora Project (tools !
encouraging a child to communicate and to 
develop socially interactive abilities 
Dautenhahn, 2002)

Roball !
(ball shaped robot  

that moves!
automatically   !

Michaud & Caron 
2002)

Pleo (a dinosaur !
encouraging a child to develop socially 
interactive abilities Scassellati, 2012)

neurotypical children

20 children (10 boys & 10 girls)	

Mean chronological age: 	

6 years & 7 months	

Mean developmental age:	

6 years & 8 months	

Without any neurological, cardiac 	

and/or psychiatric disorders

20 children (14 boys & 6 girls) 	

Mean chronological age:	

8 years & 10 months	

Mean developmental age: 	

6 years & 8 months	

First words at 2 years & 7 months 
(mean & sd);	

All verbal	

Diagnostic: 	

DSM IV, CARS-T 

autistic children

Method
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Respiratory	
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Overall 
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System

Spinal Cord

The physiological data of 
the study reflects the 
modifications of 
orthosympathetic and 
parasympathetic 
autonomous nervous system 
which is dynamically (and 
bidirectionally) connected to 
the central nervous system. 

Discussion
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prefrontal cortex

medial temporal cortex
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mobilisation hypo-activation

speaker: autistic child

the hypothesis of mental mobilisation

cingulate cortex
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human !
Central	
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Nervous	
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System

Autonomous Nervous System

robot

Somatic Nervous System

Although both groups performed the task, everything 
happens as if the robot allowed autistic children to 
elaborate a multivariate equation encoding and 
conceptualizing within his/her brain, 	

and externalizing into unconscious emotion (heart rate) 
and conscious verbal speech (words). 

An InterActor robot characterized by predictable behavior, 
better engages autistic children in multimodal verbal and 
emotional interaction than a human. 	

!
Toy robots, i.e., minimalist artificial environments could 
improve brain activity in order to support the embrainment of 
cognitive verbal and emotional information processing.

Conclusion


