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Speech and language in autism
spectrum disorder: a view through the lens of behavior
and brain imaging
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& Kimberly Ann Stigler’

Practice points
B Impaired prosody and pragmatics are hallmarks of autism spectrum disorder (ASD).
B Communication impairments in ASD may be secondary to deficits in social reciprocity and motivation.

B Individuals on the autism spectrum have reduced activation and reduced connectivity in the frontotemporal
language network in the brain.

B |ndividuals with ASD display less functional lateralization for language or a tendency for rightward asymmetry.

B Advances in neuroimaging (EEG, magnetoencephalography, functional MRI and diffusion tensor imaging) hold
tremendous promise for early detection and designing interventions for ASD.

SUMMARY Numerous studies have examined the brain bases of autism; few, however,
have specifically examined the neurobiology of speech and language impairments in
children and adults on the spectrum, especially those characterized as low functioning or
minimally verbal, due to compliance issues. With exciting new advances in the development
of paradigms and tools, and the ability to image children at risk for autism as young as
6 months of age, functional neuroimaging (EEG, magnetoencephalography and functional
MRI) holds tremendous promise. Findings of reduced activation and structural and
functional connectivity in the language network, together with deficits in social reciprocity
and motivation, and a preference for visual over verbal information, appear to be carving out
a neurobiological profile for the impaired social-communication brain in autism.
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Approximately 25% of individuals with autism
spectrum disorder (ASD) never develop func-
tional language despite years of intervention.
The majority of cases on the autism spectrum
are idiopathic, arising from unknown causes,
and the affected individuals have wide-ranging
linguistic and intellectual abilities. This has
made ASD one of the most challenging devel-
opmental disorders to diagnose. Only a small
proportion of the cases can be traced to spe-
cific genetic syndromes such as fragile X syn-
drome or tuberous sclerosis. Given the absence
of clear neurobiological or genetic markers of
ASD, behavioral measures such as the Autism
Diagnostic Observation Schedule — Generic [1]
and the Autism Diagnostic Interview — Revised
(2] (in conjunction with expert clinical judge-
ment) have come to be accepted as the ‘gold
standard’ for diagnosing ASD, although both
these tools have surprisingly low specificity (3.
Of relevance then is the proposed change in the
new DSM-5 to reduce the three core symptom
domains (social interaction, communication and
restricted behaviors) in DSM-IV to two (social
communication and repetitive behaviors), as it
reflects an implicit recognition that social and
communicative abilities are closely interwoven.
That children and adults on the spectrum do not
orient to speech from an early age [4.5] appears
to support the view that the communication
impairment in autism may be secondary to a
broader deficit in social reciprocity and motiva-
tion [6-8]. Regardless of the constantly evolving
definition of autism since the days of Kanner
[9), language impairment remains a striking fea-
ture of ASD. As such, there is a critical need
for effective speech and language intervention
because acquiring even a few words is the single
most important predictor of positive outcomes
such as symptom reduction and increased
socialization [10].

In infancy and early childhood, the ability
to communicate with gestures is a precursor to
language and social interactions. The develop-
ment of language has a significant impact on
children’s thinking, learning and social rela-
tionships [11]. It is intertwined with cognitive,
social and emotional domains, which do not
develop simply in parallel, but influence each
other on an ongoing basis [12]. Not surprisingly
then, speech and language difficulties early on
in development pose a significant challenge for
the quality of life across the age span. An empiri-
cal understanding of the impaired speech and
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language system in autism would be important
for identification, assessment and treatment. We
present here a review of the structural and func-
tional neuroimaging studies of language in ASD,
and offer some directions for future research. To
put the neuroimaging findings in perspective,
we first present an overview of the speech and
language impairments in ASD.

Speech & language behaviors in ASD

Most individuals with autism have both receptive
and expressive language problems [13]. Whereas
the profile of these deficits may vary with age, dif-
ficulties with social skills or language pragmatics
lie at the core of the communication problems
in children and adults on the spectrum, affect-
ing their ability to use language to comment,
request information or describe events. The
problem may be traced to impaired joint atten-
tion and shared reference early in development at
9-12 months of age (14]. Impaired behaviors also
include significantly decreased speech output in
early toddler years [15], unusual prosody (flat
intonation, poor control of volume), use of rote
utterances and difficulties in verbal imitation,
especially in early years [16]. Some children with
autism may have childhood apraxia of speech,
which also limits their ability to speak; how-
ever, verbal children with autism do not show
the core symptoms of childhood apraxia of
speech [17]. Delayed babbling, a strong predic-
tor of later language impairment, has also been
observed in autism [18] and is characterized by
reduced consonant inventory, idiosyncratic order
of speech-sound acquisition and reduced use of
phonetic contrasts [17]. In children categorized
with ASD at 24 months, delays in language were
often evident by 14 months [19]. These findings
hold promise for early identification and inten-
sive early remediation of social-communication
deficits [20.21].

Receptively, children diagnosed with autism
display atypical language responses. Their lack
of orientation to speech [20-22] and to their name
when called by 6-12 months [23-25] have been
found to be predictive of broader receptive
language problems. Importantly, unlike other
neurodevelopmental disorders involving lan-
guage, children with ASD have a significantly
greater receptive language deficit, resulting in a
substantially reduced development of receptive
over expressive ability. However, it may well be
the difficulties in testing ASD individuals’ audi-

tory comprehension because of a lack of social
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responsiveness that contributes to the unusual
receptive—expressive profile in ASD [26]. Clearly,
a closer examination of speech perception and
production in relation to language and social
abilities in ASD appears to be called for.

Studies of the language profile of individu-
als on the spectrum provide some evidence for
phonological impairment in autism [17], although
it appears only in a subgroup with concurrent
impaired vocabulary and higher-order seman-
tic and syntax deficits [27,28]. For the most part,
phonological perception and production appears
to be intact in ASD, even in severely affected
individuals [29]. The anomalies that have been
observed in phonology are believed to be related
to a failure of individuals with autism to attend
to their linguistic environment [30]. By contrast,
semantic deficits (e.g., idiosyncratic word use,
neologisms and excessively literal interpretation
of statements) are among the few consistent find-
ings in autism [26,31]. As in the case of phonology,
findings of syntactic impairments in ASD have
been mixed [32]. Whereas mean length of utter-
ance, measured in free play, shows deficits in syn-
tactic complexity, errors with grammatical mor-
phemes (e.g., verb tense markers and articles)
appear to affect only subgroups of the disorder.
Rapin and Dunn found significant impairments
in productive morphology and syntax in young
children with ASD and initial language delay
(28]; however, the prevalence of these seems to
decline with age, as was evident in a follow-up
study [33].

Over the years, the changes in the diagnostic
criteria have broadened the scope of the ASD
diagnosis, thereby changing the clinical land-
scape of autism and further exacerbating its
inherent heterogeneity. As such, a consistent lin-
guistic (phonology, semantics and syntax) pro-
file for this population continues to be elusive.
Impaired prosody (i.e., lexical stress and affective
intonation) and pragmatics (i.e., contextually
appropriate responses during social interactions)
have, however, come to be accepted as hallmarks
of the speech and language of individuals with
ASD [34].

Neuroimaging speech & language in ASD

To date, numerous studies have examined the
brain bases of autism, but few have specifically
examined the functional neurobiology of speech
and language in the disorder. This is not surpris-
ing given the problems associated with scanning
this population, which include inability to stay
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still for extended periods of time and task-related
compliance issues. As a result, most participants
have been adults or high-functioning children
with autism, limiting the generalizability of the
findings with regard to the broader spectrum.
Additionally, younger participants have been
imaged while sedated [35) or in natural sleep
(36,37). Despite these challenges, neuroimaging
studies of autism are starting to yield some
important findings.

The presence of enlarged overall brain volume
in individuals with autism is one of the most
replicated anatomical findings in the disorder
38-40]. It has been related to an accelerated
rate of growth in total brain volume in the first
2 years of life. Importantly, the regional varia-
tions observed in brain volume have been attrib-
uted to differences in white matter volume [41],
which appears to be increased in frontotemporal
regions important for language and social cog-
nition [42]. However, others have also found
reduced gray matter volume in frontal regions
(incorporating Broca’s area) [43,44].

A key variable in the conflicting gray versus
white matter findings appears to be the age of the
participants included in the studies, as well as
the extent of language impairment noted across
subtypes of ASD. ASD involves abnormalities
in the development and growth patterns of the
brain that may be identified at different stages
in the life span. In general, older children and
adults with ASD but without language impair-
ment show fewer abnormalities in volumetric
and morphometric brain analysis [45].

Over the last few years, findings from func-
tional imaging studies of language in ASD appear
to be converging on a failure of superior temporal
areas to activate during language tasks. Using
functional MRI (fMRI), Gervais and colleagues
found that individuals with autism did not acti-
vate superior temporal sulcus voice-selective
regions in response to vocal sounds, whereas they
showed a normal pattern of activity to nonvo-
cal (i.e., environmental) sounds [4¢]. The results
may be interpreted as evidence of selective dif-
ficulties with auditory processing consistent with
results from other studies using complex auditory
stimuli such as speech [47.48]. Ceponiene and col-
leagues using magnetoencephalography (MEG)
with an oddball paradigm found no differences
in the amplitude of the mismatch negativity
responses (a preattentive index of auditory dis-
crimination) for speech (e.g., vowels) and non-
speech (e.g., simple and complex tones) stimuli
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between a group of high-functioning children
with autism and neurotypical controls, suggest-
ing that the children with autism were compa-
rable with their healthy peers in auditory percep-
tual processing [49]. However, some studies have
found differences in the latency of the mismatch
between these groups, with longer latencies in
children with ASD [50,51] similar to that observed
in children with specific language impairment
(s2) and hence, taken to reflect language impair-
ment in autism. By contrast, the P3a, a neural
index of involuntary attention orienting to a
novel or salient stimulus, was significantly dif-
ferent between the groups for speech but not for
nonspeech stimuli. Specifically, changes in the
vowel elicited a significant P3a in the control
group but not in the children with autism. Taken
together, the results suggest that individuals with
autism have difficulties with attending to speech.
To the extent that abnormalities in social behav-
ior coexist with aberrant attention patterns and
deficient language in autism, the development of
attention to socially relevant stimuli like speech
may be shortchanged in individuals with ASD,
which could partially account for their deficits
in perceiving prosodic (53] and social (54 aspects
of speech. An abnormality in voice perception
in autism [4] may then be consistent with a selec-
tive impairment in attention to speech-specific
stimuli [s5].

In older autistic children and autistic adults,
abnormal functional organization in frontal and
temporal cortices has been consistently observed
on tasks of spoken and written language com-
prehension, such as semantic categorization, sen-
tence processing and word fluency. It has taken
the form of increased responsiveness in the right
hemisphere [35,56-59] and decreased responsive-
ness in the left hemisphere [60-64]. When activa-
tion of the left and right hemispheres is directly
compared, individuals with autism generally
display less functional lateralization (65.66] or a
tendency for rightward asymmetry [67-69].

Behavioral and neuroimaging studies of lan-
guage comprehension in autism using sentence
anomalies also point to difficulties within men-
tal flexibility, such as the ability to shift to a
different thought or action according to changes
in a situation or context (70-72]. The rigid, detail-
focused cognitive style of individuals on the
spectrum may be related to the core difficulties
with executive functions, including response
monitoring and cognitive control, which are
characteristic of the disorder [73.74].
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Recent advances have made it possible to
obtain fMRI data in response to language
stimuli from infants as young as 3 months dur-
ing natural sleep [75-77). Using this method, the
group led by Courchesne presented toddlers
12—-48 months of age, at risk for autism and typi-
cally developing, three types of speech created
from a children’s story: complex forward speech,
simple forward speech and backward speech.
These data revealed deficient left hemisphere
response to speech and atypical right-lateralized
asymmetry for language in the autism group
(78.79]. The authors hypothesized that a failure
of left hemisphere specialization for speech per-
ception and language comprehension in the early
years of life may not only delay basic language
acquisition but also impair the development of
social behaviors, such as the analysis of prosodic
input, which is typically mediated by the right
hemisphere [80]. The right hemisphere activation
in these studies may actually reflect a usurping
of right hemisphere territory for language use
by nudging out social communication abilities,
once again reinforcing the social-communi-
cation link in the defining symptoms of ASD
(81-83]. Given the late age of diagnosis of autism
in many children (e.g., 4 years of age), these
findings, together with the growing behavioral
evidence in support of earlier diagnosis of ASD
at around 24 months, hold exciting potential for
neuroprognostic applications in assessment and
intervention.

Autism as a disconnection syndrome:
implications for understanding language
impairment in ASD

Communication between frontal and temporal
cortices in the human brain is crucial for normal
language development. Autistic infants and tod-
dlers, however, display pathological overgrowth
of these lobes [84,85] and several studies using
diffusion tensor imaging have revealed white
matter disruptions in the dorsal and ventral lan-
guage pathways connecting these regions, as well
as in tracts spanning other brain areas in autism
(86-92]. The arcuate fasciculus and superior lon-
gitudinal fasciculus, which together make up
the dorsal language pathway, connect Broca’s
and Wernicke’s areas [93,94] and are thought to
be involved in mapping sound to articulation
(95,96 and, more broadly, in the analysis of serial
sequences as phonological and syntactic process-
ing. These fibers are distinct from the ventral
language pathway that connects the middle
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temporal lobe and ventrolateral prefrontal cor-
tex via the extreme capsule [94]. It has been
suggested that the ventral stream is involved in
mapping sound to meaning (i.e., comprehension
and semantic retrieval) [97].

In a recent neuroimaging study using a pic-
torial problem-solving task that targeted both
language and visuospatial abilities, Sahyoun
and colleagues found fMRI and related struc-
tural connectivity (diffusion tensor imaging)
evidence for a disrupted language network in
a group of high-functioning adolescents with
autism [98]. The authors showed reduced white
matter in the superior longitudinal fasciculus
in the ASD group compared with neurotypical
controls. By contrast, the ASD group showed
increased ventral temporal white matter and
increased activation in the corresponding lat-
eral occipito-temporal sulcus compared with the
healthy controls, possibly supporting a height-
ened reliance on visual processing associated
with this area by the individuals with ASD [99],
in the face of typically poor language abilities.
The results are consistent with earlier findings
of an apparent preference for visual processing
over linguistic processing in autism, evident in
increased activation of extrastriate and pari-
etal region areas [100] and decreased activation
of frontal/prefrontal areas in ASD [100,101]. In
summary, these findings point to aberrant acti-
vation of and collaboration between language
areas in autism. Importantly, a recent finding
of atypical, blunted trajectories of white matter
fiber tract development in very young high-risk
infants who go on to develop autistic symptoms
suggests an altered neurobiological foundation
in advance of the onset of clinical symptoms
(102]. This has exciting implications for the
identification of imaging biomarkers for risk
of ASD.

In addition to structural connectivity, mea-
sures of functional connectivity using fMRI and
MEG have shown reduced long-range synchro-
nization of neural activation [60,74,103,104] and
increased local functional connectivity in ASD
(105,106]. However, in a recent MEG study, Khan
and colleagues found both local (i.e., cross-
frequency phase-amplitude coupling within a
region of interest) and long-range (i.c., phase
locking between regions of interest) connec-
tivity to be reduced in individuals with high-
functioning autism on a passive face perception
task [107]. The reduced short-range (i.e., local)
connectivity runs counter to the existing view
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in the field and highlights the need for addi-
tional research about the functional organiza-
tion of brain networks in ASD. Despite the lack
of consistent findings (i.e., overconnectivity vs
underconnectivity) across studies, aberrant con-
nectivity patterns appear to be characteristic of
the brains of individuals with ASD [108,109].

Speech perception, speech production

& the language network in ASD
High-resolution temporal and spatial brain
imaging methods such as EEG, MEG and fMRI
have revealed the workings of the human brain
as a dynamic, well-orchestrated series of hierar-
chically organized interactions between brain
regions. As such, reduced activation in frontal-
temporal language areas in ASD may relate
to a larger problem of a failure of these areas
to develop effective functional connections in
early development due to a lack of coordinated
activity among widespread areas [79]. As early as
6-12 months of age, infants recruit both tra-
ditional auditory areas in the superior tempo-
ral gyrus, as well as motor areas in the frontal
lobe in response to auditory signals [110]. Simi-
larly, 2—3 year olds recruit multiple brain areas,
including frontal, temporal and cerebellar cor-
tices, while listening to bedtime stories during
sleep fMRI 77. It stands to reason that compro-
mised functional connectivity between language
areas due to neurodevelopmental perturbations
may underlie the social-communication deficits
in autism [111,112].

Over the course of the first year of life, infant
speech perception and vocalizations are gradu-
ally shaped by the sounds of the language in
their environment to approximate what they hear
and are attempting to imitate [113]. For the child
with autism, especially the 30% on the spec-
trum who remain minimally verbal despite years
of intervention, the challenge is to understand
the impediments to their acquisition of normal
speech and language abilities. Neurobiological
(114,115 and psycholinguistic [116-118] models have
long claimed a link between speech perception
and speech production. Neuroimaging studies
have shown that during auditory presentation
of syllables and words, areas in the left infe-
rior frontal and premotor cortex activate along
with superior temporal areas [119-121]. Ongoing
studies using neurocomputational models of
speech production, such as the Directions Into
Velocities of Articulators (DIVA) model, with
its detailed mechanistic account of the brain
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regions involved in speech production, as well
as the neural pathways that connect these
regions [122,123], provide an opportunity to inter-
rogate the disruption in the speech network in
autism by generating specific predictions about
their neural bases that may then be tested with
neuroimaging.

Conclusion & future perspective

Over the past decade, functional neuroimag-
ing studies of language in ASD have revealed
inconsistent findings. Interpretations have been
limited by sample size, absence of standard-
ized diagnostic measures, sample heterogene-
ity, and difference in age or extent of language
impairment across participants and studies [124].
Given the complex interactions between genes
and environment, and the fact that most of
these studies have been performed in older and
high-functioning individuals with autism, the
brain structure—function correlations to date
may well reflect years of aberrant learning or

experience rather than the neurodevelopmental
disruption at the core of the disorder. Armed
with this knowledge and the unprecedented

technological advances, the field is poised to
make both basic and clinical breakthroughs
in our understanding of autism. In fact, recent
imaging studies, especially with pediatric pop-
ulations, have made significant headway by
revealing structural and functional atypicalities
in very young infants at risk of ASD who go on
to develop autistic symptoms. These studies are
also helping carve out a neurobiological profile
of reduced left hemisphere language lateral-
ization and disrupted connectivity within the
language network in the autistic brain.
Technical developments, such as pediatric-
friendly size-optimized head coils [125], faster
data acquisition protocols, online head motion
correction and a powerful new MRI machine
called the Siemens (Erlangen, Germany) 3T
‘Connectome’ (Figure 1) capable of imaging
white matter fiber tracts in exquisite detail,
are making it easier to obtain quality data
even from difficult-to-test populations and are
some of the special features being incorporated
in our current neuroimaging work with ASD.
Resting state fMRI paradigms allow for the
collection of functional brain data without any

Figure 1. Left-hemisphere view of the fiber pathways of white matter, the ‘wiring’ of the brain obtained in a normal volunteer.
These images were acquired as a single study and show (A) the predominant short-range cortico-cortical association pathways closest
to the surface of the brain, and (B) the superior longitudinal fasciculus and corona radiata, major information thoroughfares that lie
deep beneath the surface, near the center of the brain. These scans were obtained using a new MRI method, diffusion spectrum MR,
which is sensitive to the shapes and directions of cells on a microscopic scale, effectively a noninvasive microscope applicable in living
subjects. They were acquired using the first of a new generation of MRl instruments for imaging pathways, the Siemens (Erlangen,
Germany) 3T ‘Connectome’, built for the MGH/Harvard Medical School/MIT Athinoula A Martinos Center under the aegis of the NIH
Blueprint Human Connectome Project. (B) Illustrates a basic principle of brain wiring recently discovered, that brain pathways are
typically laid out as simple perpendicular grids of crossing pathways in 3D [12¢]. It is hoped that this new discovery will make it possible
to more accurately track changes in the structure of the brain during development, in health and in disease.
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task requirement of the subject, thereby making
it possible to investigate the functional orga-
nization of the brain in normally developing
infants and young children, as well as in ASD
participants who may not be able to comply
with simple task demands. Finally, in light of
the dynamic changes in brain development,
the importance of longitudinal studies cannot
be underestimated. Taken together, the child-
friendly paradigms and tools, along with the
ability to combine data from multiple imaging
modalities like EEG, MEG, fMRI and diffu-

sion tensor imaging, hold tremendous promise

References

1 Lord C, Risi S, Lambrecht L ez a/. The autism 0
diagnostic observation schedule—generic: a
standard measure of social and
communication deficits associated with the 10

spectrum of autism. /. Autism Dev. Disord.

30(3), 205-223 (2000).

2 Rutter M, Le Couteur A, Lord C. The Autism
Diagnostic Interview, Revised (ADI-R). 1
Western Psychological Services, CA, USA
(2003).

3 Risi S, Lord C, Gotham K ez a/. Combining 12
information from multiple sources in the
diagnosis of autism spectrum disorders. /. Am.
Acad. Child. Adolesc. Psychiatry 45(9),
1094-1103 (2006). 13

4 Klin A. Young autistic children’s listening
preferences in regard to speech: a possible
characterization of the symptom of social
withdrawal. /. Autism Dev. Disord. 21(1),

29-42 (1991). 14

5 Kuhl PK, Coffey-Corina S, Padden D,
Dawson G. Links between social and
linguistic processing of speech in preschool
children with autism: behavioral and
electrophysiological measures. Dev. Sci. 8(1), 15

F1-F12 (2005).

6 Dawson G, Meltzoff AN, Osterling ], Rinaldi
J, Brown E. Children with autism fail to
orient to naturally occurring social stimuli.
J. Autism Dev. Disord. 28(6), 479-485 16
(1998).

7 Swettenham J, Baron-Cohen S, Charman T
et al. The frequency and distribution of
spontaneous attention shifts between social 17
and nonsocial stimuli in autistic, typically
developing, and nonautistic developmentally
delayed infants. /. Child. Psychol. Psychiatry
39(5), 747753 (1998).

8  Schultz RT, Gauthier I, Klin A et al. 18
Abnormal ventral temporal cortical activity
during face discrimination among individuals

fsg

future science group

Speech & language in autism spectrum disorder

for the identification of neurobiological markers
for ASD that have, thus far, remained elusive.

Financial & competing interests disclosure

KA Stigler receives research support from Bristol-Myers
Squibb Co., Eli Lilly & Co., Forest Research Institute, Janssen,
Novartis, Seaside Therapeutics and SynapDx. The authors
have no other relevant affiliations or financial involvement
with any organization or entity with a financial interest in or

Jfinancial conflict with the subject matter or materials discussed

REVIEW

in the manuscript apart from those disclosed.

No writing assistance was utilized in the production of

this manuscript.

with autism and Asperger syndrome. Arch.

Gen. Psychiatry 57(4), 331-340 (2000).

autism. /. Commun. Disord. 39(3), 217-231
(2006).

Kanner L. Early infantile autism. /. Pediatrics 19 Landa R, Garrett-Mayer E. Development in
25(3), 211 (1944). infants with autism spectrum disorders:
Howlin P, Goode S, Hutton J, Rutter M. a prospective study. /. Child. Psychol.
Adult outcome for children with autism. Psychiarry 47(6), 629-638 (2006).
. Child. Psychol. Psychiatry 45(2), 212-229 20 Osterling JA, Dawson G, Munson JA.
5y ) i g
(2004). Early recognition of 1-year-old infants with
Mody M, Silliman ER. Brain, Behavior, and autism spectrum disorder versus mental
Learning in Language and Reading Disorders. retardation. Dev. Psychopathol. 14(2),
Guilford Press, NY, USA (2008). 239-251 (2002).
Im-Bolter N, Cohen NJ. Language 21  Bebko JM, Weiss JA, Demark JL, Gomez P.
impairment and psychiatric comorbidities. Discrimination of temporal synchrony in
Pediatr. Clin. North Am. 54(3), 525-542, vii intermodal events by children with autism
(2007). and children with developmental disabilities
without autism. /. Child. Psychol. Psychiatry
Hudry K, Leadbitter K, Temple K ez al.
> ’ 47(1), 88-98 (20006).
Preschoolers with autism show greater ¢ ) ( )
impairment in receptive compared with 22 Nadlg AS, Ozonoff S, Young GS’_ROZga A,
expressive language abilities. /nz. J. Lang. Sigman M, Rogers S]. A prospective study of
Commun. Disord. 45(6), 681-690 (2010). response to name in infants at risk for
si M. Ruskin E. Arbeile S ef a autism. Arch. Pediatr. Adolesc. Med. 161(4),
igman , Ruskin £, Arbelle S et al.
378-383 (2007).
Continuity and change in the social ( ) ] o
competence of children with autism, Down 23 Baranck CTT' A.utlsm durl.ng infancy: a
syndrome, and developmental delays. Monogr. retrospective video analysis of sensory-motor
Soc. Res. Child Dev. 64(1), 1-114 (1999). and social behaviors at 9-12 months of age.
. . . J. Autism Dev. Disord. 29(3), 213-224
Mitchell S, Brian J, Zwaigenbaum LI ez al. (1999)
Early language and communication .. -
development of infants later diagnosed with 24 Ofterllng J" Daws'on G. Eatly recognition of
autism spectrum disorder. /. Dev. Behav. C}}lldren with autism: a study Ofﬁr“
Pediatr. 27(2 Suppl.), S69-S78 (2006). birthday home videotapes. /. Autism Dev.
Disord. 24(3), 247-257 (1994).
Smith V, Mirenda P, Zaidman-Zait A. z.mr 3) ( )
Predictors of expressive vocabulary growth in 25 Samt-Geor_ges G, Ca.ssel RS, Cohe.n D et al.
children with autism. /. Speech Lang. Hear. What studies of family home movies can
Res. 50(1), 149-160 (2007). teach us about autistic infants: a literature
Shriberg LD, Paul R, Black LM, Van Santen veview. Res. Autism Spectr. Disord. 4(3),
’ ’ ; 355-366 (2010).
JP. The hypothesis of apraxia of speech in ( ) ]
children with autism spectrum disorder. 26 Rutter M, Ma.whood L, Howlin P. Lan‘guage
J. Autism Dev. Disord, 41(4), 405-426 delay and social development. In: Specific
(2011). Speech and Language Disorders in Children:
MeCl IP, Tully L, Sleve LR, Schreib Correlates, Characteristics and Outcomes.
Cleery JB Tully L, sleve LR, schreibman Fletcher P, Hall D (Eds). Whurr Publishers
L. Consonant production patterns of young London, UK 63-78 (1992).
severely language-delayed children with
www.futuremedicine.com 229



REVIEW Mody, Manoach, Guenther et al.

27

28

29

30

31

32

33

34

35

36

37

38

39

40

230

Kjelgaard MM, Tager-Flusberg H. An
investigation of language impairment in
autism: implications for genetic subgroups.
Lang. Cogn. Process. 16(2-3), 287-308 (2001).

Rapin I, Dunn M. Update on the language
disorders of individuals on the autistic

spectrum. Brain Dev. 25(3), 166-172 (2003).

Tager-Flusberg H. Brief report: current theory
and research on language and communication
in autism. /. Autism Dev. Disord. 26(2),
169-172 (1996).

Schoen E, Paul R, Chawarska K. Phonology
and vocal behavior in toddlers with autism
spectrum disorders. Autism Res. 4(3), 177-188
(2011).

Vogindroukas I, Papageorgiou V, Vostanis P.
Pattern of semantic errors in autism: a brief
research report. Autism 7(2), 195-203 (2003).

Eigsti IM, Bennetto L, Dadlani MB. Beyond
pragmatics: morphosyntactic development in
autism. /. Autism Dev. Disord. 37(6),
1007-1023 (2007).

Rapin I, Dunn MA, Allen DA, Stevens MC,
Fein D. Subtypes of language disorders in
school-age children with autism. Dew.

Neuropsychol. 34(1), 66—-84 (2009).
Mundy P, Markus J. On the nature of

communication and language impairment in
autism. Ment. Retard. Dev. D. R. 3(4),
343-349 (1997).

Boddaert N, Chabane N, Belin P ez 4/.
Perception of complex sounds in autism:
abnormal auditory cortical processing in
children. Am. J. Psychiatry 161(11), 2117-2120
(2004).

Redcay E, Kennedy DP, Courchesne E. fMRI
during natural sleep as a method to study
brain function during early childhood.
Neuroimage 38(4), 696707 (2007).

Hazlett HC, Poe MD, Gerig G ¢t al. Early
brain overgrowth in autism associated with an
increase in cortical surface area before age

2 years. Arch. Gen. Psychiatry 68(5), 467-476
(2011).

Petersson S, Pedersen NL, Schalling M,
Lavebratt C. Primary megalencephaly at birth
and low intelligence level. Neurology 53(6),
12541259 (1999).

Courchesne E, Redcay E, Morgan JT,
Kennedy DP. Autism at the beginning:
microstructural and growth abnormalities
underlying the cognitive and behavioral
phenotype of autism. Dev. Psychopathol. 17(3),
577-597 (2005).

Hazlett HC, Gu H, McKinstry RC ez al. Brain
volume findings in 6-month-old infants at

high familial risk for autism. Am. J. Psychiatry
169(6), 601-608 (2012).

41

42

43

44

45

46

47

48

49

50

51

52

Herbert MR, Ziegler DA, Makris N ez al.
Localization of white matter volume increase
in autism and developmental language
disorder. Ann. Neurol. 55(4), 530-540
(2004).

Radua J, Via E, Catani M, Mataix-Cols D.
Voxel-based meta-analysis of regional white-
matter volume differences in autism spectrum
disorder versus healthy controls. Psychol. Med.
41(7), 1539-1550 (2010).

Abell F, Krams M, Ashburner J ez al. The
neuroanatomy of autism: a voxel-based whole
brain analysis of structural scans. Neuroreport

10(8), 1647-1651 (1999).
McAlonan GM, Suckling J, Wong N ez al.

Distinct patterns of grey matter abnormality
in high-functioning autism and Asperger’s
syndrome. /. Child. Psychol. Psychiatry
49(12), 1287-1295 (2008).

Tager-Flusberg H, Lindgren K, Mody M.
Structural and functional imaging research
on language disorders: specific language
impairment and autism spectrum disorders.
In: Adulr Learning Disorders: Contemporary
Issues. Wolf L, Schreiber HJW (Eds).
Psychology Press, NY, USA 127-157 (2008).

Gervais H, Belin P, Boddaert N ez al.
Abnormal cortical voice processing in autism.
Nat. Neurosci. 7(8), 801-802 (2004).

Boddaert N, Belin P, Chabane N ez al.
Perception of complex sounds: abnormal
pattern of cortical activation in autism.

Am. ]. Psychiatry 160(11), 2057-2060 (2003).

Samson F, Mottron L, Jemel B, Belin P,
Ciocca V. Can spectro-temporal complexity
explain the autistic pattern of performance on
auditory tasks? /. Autism Dev. Disord. 36(1),
65-76 (2006).

Ceponiene R, Lepisto T, Shestakova A ez al.
Speech-sound-selective auditory impairment
in children with autism: they can perceive but
do not attend. Proc. Natl Acad. Sci. USA
100(9), 5567-5572 (2003).

Oram Cardy JE, Flagg EJ, Roberts W,
Roberts TP. Delayed mismatch field for
speech and non-speech sounds in children
with autism. Neurorepors 16(5), 521-525
(2005).

Roberts TP, Cannon KM, Tavabi K ez a/.
Auditory magnetic mismatch field latency: a
biomarker for language impairment in
autism. Biol. Psychiatry 70(3), 263-269
(2011).

Roberts TP, Heiken K, Kahn SY ez al.
Delayed magnetic mismatch negativity field,
but not auditory M100 response, in specific
language impairment. Neuroreport 23(8),
463-468 (2012).

Neuropsychiatry (2013) 3(2)

53

54

55

56

57

58

59

60

61

62

63

64

Hesling I, Dilharreguy B, Peppe S, Amirault
M, Bouvard M, Allard M. The integration of
prosodic speech in high functioning autism:
a preliminary fMRI study. PLoS ONE 5(7),
el1571 (2010).

Groen WB, Tesink C, Petersson KM P et al.
Semantic, factual, and social language
comprehension in adolescents with autism: an
fMRI study. Cereb. Cortex 20(8), 19371945
(2010).

Kasai K, Hashimoto O, Kawakubo Y ez .
Delayed automatic detection of change in
speech sounds in adults with autism: a
magnetoencephalographic study. Clin.
Neurophysiol. 116(7), 1655-1664 (2005).

Wang AT, Lee SS, Sigman M, Dapretto M.
Neural basis of irony comprehension in
children with autism: the role of prosody and

context. Brain 129(Pt 4), 932-943 (20006).

Kleinhans NM, Muller RA, Cohen DN,
Courchesne E. Atypical functional
lateralization of language in autism spectrum
disorders. Brain Res. 1221, 115-125 (2008).

Knaus TA, Silver AM, Lindgren KA,
Hadjikhani N, Tager-Flusberg H. fMRI
activation during a language task in
adolescents with ASD. /. Int. Neuropsychol.
Soc. 14(6), 967-979 (2008).

Mason RA, Williams DL, Kana RK, Minshew
N, Just MA. Theory of mind disruption and
recruitment of the right hemisphere during
narrative comprehension in autism.

Neuropsychologia 46(1), 269-280 (2008).
Just MA, Cherkassky VL, Keller TA,

Minshew NJ. Cortical activation and
synchronization during sentence
comprehension in high-functioning autism:
evidence of underconnectivity. Brain

127(Pt 8), 1811-1821 (2004).

Gendry Meresse I, Zilbovicius M, Boddaert N
et al. Autism severity and temporal lobe
functional abnormalities. Ann. Neurol. 58(3),

466-469 (2005).
Harris GJ, Chabris CF, Clark J ez /. Brain

activation during semantic processing in
autism spectrum disorders via functional

magnetic resonance imaging. Brain Cogn.

61(1), 54-68 (2006).
Galffrey MS, Kleinhans NM, Haist F ez al.

Atypical [corrected] participation of visual
cortex during word processing in autism: an
fMRI study of semantic decision.
Neuropsychologia 45(8), 16721684 (2007).
Lai G, Schneider HD, Schwarzenberger JC,
Hirsch J. Speech stimulation during
functional MR imaging as a potential
indicator of autism. Radiology 260(2),
521-530 (2011).

future science group



65

66

67

68

69

70

71

72

73

74

75

76

fsg

Minagawa-Kawai Y, Naoi N, Kikuchi N,
Yamamoto J, Nakamura K, Kojima S.
Cerebral laterality for phonemic and prosodic
cue decoding in children with autism.

Neuroreporr 20(13), 1219-1224 (2009).

Anderson JS, Lange N, Froehlich A ez al.
Decreased left posterior insular activity
during auditory language in autism.

Am. J. Neuroradiol. 31(1), 131-139 (2010).
Dawson G, Finley C, Phillips S, Lewy A.

A comparison of hemispheric asymmetries in
speech-related brain potentials of autistic and
dysphasic children. Brain Lang. 37(1), 26—41
(1989).

Bruneau N, Roux S, Adrien JL, Barthelemy
C. Auditory associative cortex dysfunction in
children with autism: evidence from late
auditory evoked potentials (N1 wave-T
complex). Clin. Neurophysiol. 110(11),
1927-1934 (1999).

Flagg EJ, Cardy JE, Roberts W, Roberts TP.
Language lateralization development in
children with autism: insights from the late
field magnetoencephalogram. Newrosci. Lett.

386(2), 82-87 (2005).

Hill EL. Executive dysfunction in autism.

Trends Cogn. Sci. 8(1), 2632 (2004).

Pijnacker J, Geurts B, van Lambalgen M, Kan
CC, Buitelaar JK, Hagoort P. Defeasible
reasoning in high-functioning adults with
autism: evidence for impaired exception-
handling. Neuropsychologia 47(3), 644-651
(2009).

Tesink CM, Buitelaar JK, Petersson KM, van
der Gaag R], Teunisse JP, Hagoort P. Neural
correlates of language comprehension in
autism spectrum disorders: when language
conflicts with world knowledge.

Neuropsychologia 49(5), 1095-1104 (2011).
Thakkar KN, Polli FE, Joseph RM et al.

Response monitoring, repetitive behaviour
and anterior cingulate abnormalities in autism
spectrum disorders (ASD). Brain 131(Pt 9),
2464-2478 (2008).

Kenet T, Orekhova EV, Bharadwaj H ez al.
Disconnectivity of the cortical ocular motor
control network in autism spectrum disorders.
Neuroimage 61(4), 12261234 (2012).

Dehaene-Lambertz G, Dehaene S, Hertz-
Pannier L. Functional neuroimaging of
speech perception in infants. Science
298(5600), 2013-2015 (2002).

Dechaene-Lambertz G, Hertz-Pannier L,
Dubois | ¢z al. Functional organization of
perisylvian activation during presentation of
sentences in preverbal infants. Proc. Natl
Acad. Sci. USA 103(38), 14240-14245
(2006).

future science group

77

78

79

80

81

82

83

84

85

86

87

88

89

Speech & language in autism spectrum disorder

Redcay E, Courchesne E. Deviant functional
magnetic resonance imaging patterns of brain
activity to speech in 2-3-year-old children
with autism spectrum disorder. Biol. Psychiatry
64(7), 589-598 (2008).

Redcay E, Haist F, Courchesne E. Functional
neuroimaging of speech perception during a
pivotal period in language acquisition. Dev.
Sci. 11(2), 237-252 (2008).

Eyler LT, Pierce K, Courchesne E. A failure of
left temporal cortex to specialize for language
is an early emerging and fundamental property

of autism. Brain 135(Pt 3), 949-960 (2012).

Friederici AD, Alter K. Lateralization of
auditory language functions: a dynamic dual
pathway model. Brain Lang. 89(2), 267-276
(2004).

Sandson TA, Manoach DS, Price BH, Rentz
D, Weintraub S. Right hemisphere learning
disability associated with left hemisphere
dysfunction: anomalous dominance and
development. /. Neurol. Neurosurg. Psychiatry
57(9), 1129-1132 (1994).

Manoach DS, Sandson TA, Weintraub S. The
developmental social-emotional processing
disorder is associated with right hemisphere
abnormalities. Neuropsychiatry Neuropsychol.
Behav. Neurol. 8(2), 99-105 (1995).

Mody M, Belliveau JW. Speech and language
impairments in autism: insights from behavior
and neuroimaging. North Am. J. Med. Sci.
5(3), 157-163 (2012).

Carper RA, Moses P, Tigue ZD, Courchesne
E. Cerebral lobes in autism: early hyperplasia
and abnormal age effects. Neuroimage 16(4),
1038-1051 (2002).

Schumann CM, Bloss CS, Barnes CC et a/.
Longitudinal magnetic resonance imaging
study of cortical development through early
childhood in autism. /. Neurosci. 30(12),
4419-4427 (2010).

Barnea-Goraly N, Kwon H, Menon V, Eliez S,

Lotspeich L, Reiss AL. White matter structure

in autism: preliminary evidence from diffusion
tensor imaging. Biol. Psychiatry 55(3), 323-326
(2004).

Alexander AL, Lee JE, Lazar M ez al. Diffusion
tensor imaging of the corpus callosum in

autism. Neuroimage 34(1), 61-73 (2007).

Keller TA, Kana RK, Just MA.

A developmental study of the structural
integrity of white matter in autism.
Neuroreport 18(1), 23-27 (2007).

Lee JE, Bigler ED, Alexander AL ez al.
Diffusion tensor imaging of white matter in
the superior temporal gyrus and temporal stem
in autism. Newurosci. Lett. 424(2), 127-132
(2007).

www.futuremedicine.com

90

91

92

93

94

95

96

97

98

99

100

101

102

REVIEW

Fletcher PT, Whitaker RT, Tao R ez al.
Microstructural connectivity of the arcuate
fasciculus in adolescents with high-
functioning autism. Neuroimage 51(3),

1117-1125 (2010).

Sahyoun CP, Belliveau JW, Mody M. White
matter integrity and pictorial reasoning in
high-functioning children with autism. Brain

Cogn. 73(3), 180188 (2010).
Travers BG, Adluru N, Ennis C ez al.

Diffusion tensor imaging in autism spectrum
disorder: a review. Autism Res. 5(5), 289-313
(2012).

Catani M, Jones DK, Ffytche DH.
Perisylvian language networks of the human

brain. Ann. Neurol. 57, 8—16 (2005).
Petrides M, Pandya DN. Distinct parietal

and temporal pathways to the homologues of
Broca’s area in the monkey. PLoS Biol. 7(8),
¢1000170 (2009).

Warren JE, Wise RJ, Warren JD. Sounds
do-able: auditory—motor transformations and
the posterior temporal plane. 7rends Neurosci.

28(12), 636-643 (2005).
Hickok G, Poeppel D. The cortical

organization of speech processing. Nat. Rev.

Neurosci. 8(5), 393—-402 (2007).
Saur D, Schelter B, Schnell S ez al.

Combining functional and anatomical
connectivity reveals brain networks for

auditory language comprehension.

Neuroimage 49(4), 3187-3197 (2009).

Sahyoun CP, Belliveau JW, Soulieres I,
Schwartz S, Mody M. Neuroimaging of the
functional and structural networks
underlying visuospatial vs. linguistic
reasoning in high-functioning autism.

Neuropsychologia 48(1), 86-95 (2010).
Manjaly ZM, Bruning N, Neufang S ez al.

Neurophysiological correlates of relatively
enhanced local visual search in autistic
adolescents. Neuroimage 35(1), 283-291
(2007).

Koshino H, Carpenter PA, Minshew NJ,
Cherkassky VL, Keller TA, Just MA.
Functional connectivity in an fMRI working
memory task in high-functioning autism.

Neuroimage 24(3), 810-821 (2005).
Silk TJ, Rinehart N, Bradshaw JL ez a/.

Visuospatial processing and the function of
prefrontal-parietal networks in autism
spectrum disorders: a functional MRI
study. Am. J. Psychiatry 163(8), 1440-1443
(20006).

WolffJJ, Gu H, Gerig G ez al. Differences in
white matter fiber tract development present
from 6 to 24 months in infants with autism.

Am. ]. Psychiatry 169(6), 589-600 (2012).

231



REVIEW Mody, Manoach, Guenther et al.

103

104

105

106

107

108

109

232

Kana RK, Keller TA, Cherkassky VL,
Minshew NJ, Just MA. Sentence
comprehension in autism: thinking in
pictures with decreased functional
connectivity. Brain 129(Pt9), 2484-2493
(2006).

Mizuno A, Liu Y, Williams DL, Keller TA,
Minshew NJ, Just MA. The neural basis of
deictic shifting in linguistic perspective-
taking in high-functioning autism. Brain

134 (Pt 8), 2422-2435 (2011).

Belmonte MK, Allen G, Beckel-Mitchener A,
Boulanger LM, Carper RA, Webb SJ. Autism
and abnormal development of brain
connectivity. /. Neurosci. 24(42), 9228-9231
(2004).

Rippon G, Brock J, Brown C, Boucher J.
Disordered connectivity in the autistic brain:
challenges for the “new psychophysiology”.
Int. J. Psychophysiol. 63(2), 164-172 (2007).

Khan S, Gramfort A, Shetty NR ez al. Local
and long-range functional connectivity is
reduced in concert in autism spectrum
disorders. Proc. Natl Acad. Sci. USA 110(8),
3107-3112 (2013).

Noonan SK, Haist F, Muller RA. Aberrant
functional connectivity in autism: evidence
from low-frequency BOLD signal
fluctuations. Brain Res. 1262, 48—63 (2009).

Jones TB, Bandettini PA, Kenworthy L ez al.
Sources of group differences in functional
connectivity: an investigation applied to

autism spectrum disorder. Neuroimage 49(1),

401-414 (2010).

110

111

112

113

114

115

116

117

118

Imada T, Zhang Y, Cheour M, Taulu S,
Ahonen A, Kuhl PK. Infant speech perception
activates Broca’s area: a developmental
magnetoencephalography study. Neuroreport
17(10), 957-962 (20006).

Dinstein I, Pierce K, Eyler L e al. Disrupted
neural synchronization in toddlers with
autism. Neuron 70(6), 1218-1225 (2011).

Pierce K, Eyler L. Structural and functional
brain development in autism: the impact of
early brain overgrowth and considerations for
treatment. In: 7he Neuropsychology of Autism.
Fein D (Ed.). Oxford University Press,
Oxford, UK 407-450 (2011).

Vihman MM, de Boysson-Bardies B.

The nature and origins of ambient language
influence on infant vocal production and early
words. Phonetica 51(1-3), 159-169 (1994).

Fuster JM. Linkage at the top. Neuron 21(6),
1223-1224 (1998).

Pulvermuller F. Words in the brain’s
language. Behav. Brain Sci. 22(2), 253-279;
discussion 280-336 (1999).

Liberman AM, Cooper FS, Shankweiler DP,
Studdert-Kennedy M. Perception of the
speech code. Psychol. Rev. 74(6), 431-461
(1967).

Fowler CA. An event approach to the study of
speech perception. J. Phonetics 14, 3-28
(1986).

Liberman AM, Whalen DH. On the relation

of speech to language. Trends Cogn. Sci. 4(5),
187-196 (2000).

Neuropsychiatry (2013) 3(2)

119

120

121

122

123

124

125

126

Zatorre R], Evans AC, Meyer E, Gjedde A.
Lateralization of phonetic and pitch
discrimination in speech processing. Science

256(5058), 846—849 (1992).
Siok W'T, Jin Z, Fletcher P, Tan LH. Distinct

brain regions associated with syllable and
phoneme. Hum. Brain Mapp. 18(3), 201-207
(2003).

Pulvermuller F, Huss M, Kherif F, Moscoso del
Prado Martin F, Hauk O, Shtyrov Y. Motor
cortex maps articulatory features of speech
sounds. Proc. Natl Acad. Sci. USA 103(20),
7865-7870 (2000).

Guenther FH, Ghosh SS, Tourville JA. Neural
modeling and imaging of the cortical
interactions underlying syllable production.

Brain Lang. 96(3), 280-301 (20006).

Golfinopoulos E, Tourville JA, Guenther FH.
The integration of large-scale neural network
modeling and functional brain imaging in

speech motor control. Neuroimage 52(3),

862-874 (2010).

Stefanatos GA, Baron IS. The ontogenesis of
language impairment in autism: a
neuropsychological perspective. Neuropsychol.
Rev. 21(3), 252-270 (2011).

Keil B, Alagappan V, Mareyam A ¢t al. Size-
optimized 32-channel brain arrays for 3 T
pediatric imaging. Magn. Reson. Med. 66(6),
1777-1787 (2011).

Wedeen V], Rosene DL, Wang R ez 4.
The geometric structure of the brain fiber
pathways. Science 335(6076), 1628-1634
(2012).

future science group



