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Abstract

Background—Language delay is a hallmark feature of autism spectrum disorders (ASD). The
identification of word boundaries in continuous speech is a critical first step in language
acquisition that can be accomplished via statistical learning and reliance on speech cues.
Importantly, early word segmentation skills have been shown to predict later language
development in typically developing (TD) children.

Methods—Here we investigated the neural correlates of online word segmentation in children
with and without ASD with a well-established behavioral paradigm previously validated for
functional magnetic resonance imaging. Eighteen high-functioning boys with ASD and 18 age-
and 1Q-matched TD boys underwent functional magnetic resonance imaging while listening to two
artificial languages (containing statistical or statistical + prosodic cues to word boundaries) and a
random speech stream.

Results—Consistent with prior findings, in TD control subjects, activity in fronto-temporal-
parietal networks decreased as the number of cues to word boundaries increased. The ASD
children, however, did not show this facilitatory effect. Furthermore, statistical contrasts modeling
changes in activity over time identified significant learning-related signal increases for both
artificial languages in basal ganglia and left temporo-parietal cortex only in TD children. Finally,
the level of communicative impairment in ASD children was inversely correlated with signal
increases in these same regions during exposure to the artificial languages.

Conclusions—This is the first study to demonstrate significant abnormalities in the neural
architecture subserving language-related learning in ASD children and to link the communicative
impairments observed in this population to decreased sensitivity to the statistical and speech cues
available in the language input.

Keywords
Autism; implicit learning; language; neuroimaging; speech perception

A hallmark feature of autism is a delay in language development (1-3). The absence of
functional speech before age 5 years indicates a poor prognosis (3), and up to one-half of
individuals with autism never acquire useful language (1). Even those individuals that
acquire language typically display abnormalities in syntax (4-6), semantics (6,7), and
pragmatics (8-10) (see Groen et al. [11] for review). Moreover, even high-functioning
individuals with autism with verbal 1Q scores well within the normal range often show a
developmental history of delayed or abnormal language development. Previous
investigations into the neural substrates of language processing in autism have identified
abnormal structure (12-16), function (17-22), and connectivity (23,24) within language
networks. However, to date, the neural substrate of online language-related learning in
autism has not been investigated.

One of the first steps in language learning is the identification of word boundaries within a
continuous speech stream (i.e., word segmentation). Behavioral studies in infants suggest
that the developing brain computes statistical probabilities of syllable co-occurrence within
speech streams to guide the identification of word boundaries (25-27). Importantly, the
ability to identify words in fluent speech in infancy has been linked to higher vocabulary
scores at 2 years of age and better overall language skills in preschool (28). In fact, it was
found that children with Williams Syndrome, a rare genetic disorder characterized by
language delay, also show severely delayed word segmentation abilities (29). Additionally, a
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recent study found that the learning of new object labels in 17-month-old infants was
facilitated by prior exposure to a continuous speech stream containing those novel object
names (30), providing further evidence for a direct connection between early word
segmentation and language learning. In addition, acquisition of other language skills, such as
grammar, might also rely on calculations of statistical dependencies across linguistic units
(31).

We previously examined the neural correlates of word segmentation in both healthy adults
and typically developing (TD) children and showed the involvement of unique frontal,
temporal, and striatal networks during implicit word segmentation (32,33). The aim of the
present study was to identify potential system-level differences in the neural correlates of
word segmentation in children with autism spectrum disorders (ASD), and to determine
whether children with ASD are able to capitalize on statistical and speech cues available in
the input to identify word boundaries.

Methods and Materials

Participants

Participants were recruited through flyers posted around the University of California at Los
Angeles (UCLA) campus and the greater Los Angeles area as well as through referrals from
the UCLA Autism Evaluation Clinic. Twenty-four high-functioning boys with ASD (12.62
+ 2.50 years) with normal full-scale 1Q (FSIQ; 102.17 + 19.82) as assessed by the Wechsler
Abbreviated Scales of Intelligence—Revised (WASI-R) (34) or Wechsler Intelligence Scale
for Children—3rd edition (WISC-I11) (35) and 24 age- and 1Q-matched TD boys (11.64 +
1.58 years; FSIQ = 104.00 + 12.36) were scanned in this study. Of the ASD participants,
five subjects were excluded due to excess motion and one subject was excluded for falling
asleep during the scan, resulting in a final group of 18 participants. Within the TD subjects,
five participants were excluded due to excessive motion, resulting in a final group of 18
subjects. The final groups did not significantly differ in age, FSIQ, performance 1Q or verbal
IQ (TD: verbal 1Q =102.83 = 12.92; ASD: verbal 1Q =96.11 + 17.93). For the ASD group,
prior clinical autism diagnosis was confirmed by the Autism Diagnostic Observation Scale-
General (ADOS-G) (36) and/or Autism Diagnostic Interview—Revised (ADI-R) (37) (Table
1). Sixteen participants met full criteria for autism, and 2 participants met criteria for autism
spectrum. Additionally, participants with ASD were given the Peabody Picture Vocabulary
Test—3rd ed. (PPVT-I111) (Pearson Assessments; Minneapolis, Minnesota) to measure
receptive language abilities. The average PPVT standard score was within the normal range
(103.47 £ 21.33). Table 1 includes a full description of the demographic information for
each of the ASD participants. By report, none of the participants had any known loss of
consciousness longer than 5 min or any neurological (e.g., epilepsy), genetic (e.g., Fragile
X), or major psychiatric (e.g., schizophrenia) disorder other than autism. Additional
exclusion criteria for the TD children included any first-degree relative with an ASD.
Written informed assent and parental consent was obtained from participants and their
parents, respectively, according to the specifications of the UCLA Institutional Review
Board.

Experimental Stimuli and Activation Paradigm

We used the exact same speech stream exposure procedure as described in McNealy et al.
(32,33). Children listened to three counterbalanced streams of nonsense speech, which lasted
for 144 sec each and were separated by 30 sec of rest, within one continuous block. Children
were not explicitly instructed to perform a task except to listen, in light of a recent study that
demonstrated that implicit learning can be attenuated by explicit memory processes during
sequence learning (38). The paradigm construction is depicted in Figure 1. The artificial
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speech streams were created from three different sets of 12 syllables following the same
procedure used in previous infant and adult behavioral studies (25-27,32,33,39). Within the
speech stream, first-order transitional probabilities (i.e., the odds that one syllable will
follow another in a given language) for syllables within a word and across word boundaries
were 1 and .33, respectively. Thus, as the words were repeated, transitional probabilities
could be computed and used to segment the speech stream. In the Unstressed Language
condition (U), the stream contained only transitional probabilities as cues to word
boundaries. In the Stressed Language condition (S), the speech stream contained transitional
probabilities as well as prosodic cues introduced by adding stress (i.e., increasing amplitude,
duration, and pitch) to the initial syllable of each word, one-third of the time it occurred. A
Random Syllables condition (R) was also created to control for activity related to merely
listening to a series of concatenated syllables. In this condition, the 12 syllables were
arranged pseudorandomly such that no three-syllable string occurred more than twice in the
stream (the frequency with which two-syllable strings occurred was also minimized).
Therefore, in this condition, the statistical likelihood of any one syllable following another
was very low (with an average transitional probability between syllables in the stream of .1;
range .02—.22), thus affording minimal cues to word boundaries. Please note that
participants heard a different set of syllables associated with each of the speech streams,
ensuring that any difference between conditions could not be attributed to different degrees
of familiarity with a given set of syllables.

Behavioral Task

A post-test was given outside the scanner to investigate whether children were able to
explicitly discriminate between words and part words (i.e., trisyllabic sets of syllables
spanning word boundaries) from the speech streams, and behavioral measures (response
times and accuracy scores) were collected. Children listened to the trisyllabic sets of
syllables and responded yes or no as to whether they thought each combination could be a
word in the artificial languages they had previously heard. Responses from six ASD and
three TD children were not recorded due to a computer malfunction.

Functional Magnetic Resonance Imaging Data Acquisition

Functional images were collected with a Siemens Allegra 3 Tesla head-only magnetic
resonance imaging scanner. For each child, a high-resolution structural T2-weighted echo-
planar imaging volume (spin-echo, repetition time = 5,000 msec, echo time = 33 msec,
matrix size = 128 x 128, field-of-view = 20 cm, 36 slices, 1.56-mm in-plane resolution, 3-
mm thick) was acquired coplanar with the functional scans to allow for spatial registration
of each child's data into a standard coordinate system. One functional scan lasting 8 min and
48 sec was acquired covering the whole cerebral volume (174 images, echo planar imaging
gradient-echo, repetition time = 3,000 msec, echo time = 25 msec, flip angle = 90°, matrix
size = 64 x 64, field-of-view = 20 cm, 36 slices, 3.125-mm in-plane resolution, 3-mm thick,
1-mm gap).

Children listened to the auditory stimuli through a set of magnet-compatible stereo
headphones (Resonance Technology, Northridge, California). Stimuli were presented with
MacStim 3.2 psychological experimentation software (Darby, WhiteAnt Occasional
Publishing and CogState, 2000, Melbourne, Australia).

fMRI Data Analysis

Preprocessing of the functional magnetic resonance imaging (fMRI) data were conducted in
exactly the same manner as described in McNealy et al. (32,33). Statistical analyses were
implemented in SPM99 (http://www.fil.ion.ucl.ac.uk/spm/;Wellcome Department of
Cognitive Neurology, London, United Kingdom). For each child, contrasts of interest were
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Results

estimated according to the general linear model with a canonical hemodynamic response
function. We investigated changes in neural activity as a function of exposure to the speech
stream within each activation block—similar to our previous studies with neurotypical
populations (32,33). Each condition (R, U, S) was modeled with the exponential decay
function in SPM99 (which closely approximates a linear function) with respect to the
baseline condition. Contrast images from these fixed effects analyses were then entered into
second-level analyses with random effects models to allow for inferences to be made at the
population level (40). Corrected cluster volumes were determined by applying Random
Field Theory (full-width-at-half-maximum = 8.8, 8.5, 8.1 mm) to estimate significant cluster
volumes at a corrected o= .05.

Separate one-sample t tests were implemented for each condition (U, S, and R vs. resting
baseline) to identify blood-oxygenation level dependent signal increases associated with
listening to each speech stream within each group. Direct contrasts between conditions were
masked by the combined liberal (p < .05 uncorrected) within-group contrasts for all
conditions compared with rest. To compare neural activity between children with and
without ASD, two-sample t tests were run on primary contrasts of interest, including the
combined U+S contrast (mean and signal increases) versus rest. There were no between-
group differences in the mean amount of head motion, calculated as the average
displacement across all voxels in all functional images relative to their mean position in
millimeters (41) [ASD mean = .63 mm; TD mean = .54 mm; t(34) = .66, p = .50].
Correlation analysis within the ASD group to identify regions related to the Qualitative
Impairments in Communication subscale of the ADI-R was conducted. This analysis was
masked by the combined (ASD + TD) mask of liberal (p < .05 uncorrected) within-group
contrasts for the U+S conditions vs. rest and including the basal ganglia, an a priori region
of interest. Small volume correction for a 9-mm sphere was applied to clusters falling within
basal ganglia nuclei. Parameter estimates for significant clusters were extracted from each
participant and plotted for graphical representation. For all comparisons reported activity
survived correction for multiple comparisons at the cluster level (voxel: t > 2.54, p < .01,
cluster: p < .05, corrected; reported peaks are t > 3.33).

Behavioral Results

Response times and accuracy on the postscan behavioral test are reported in Table S1 in
Supplement 1. Children were not expected, on the basis of evidence from prior behavioral
studies, to be able to explicitly identify whether these trisyllabic combinations were words in
the artificial languages after such a short exposure to the streams (26,42). Participants were
unable to explicitly recognize trisyllabic word combinations from the artificial languages
they heard during the exposure task, consistent with previous studies with this paradigm in
adults (32) and children (33). Accuracy for both groups was at chance, and there were no
significant differences in reaction time between words compared with part words. There
were no significant between-group differences on any of the behavioral measures.

fMRI Results

Main Effect of Language Cues—Contrasts examining main effects of each artificial
language condition compared with rest revealed a pattern of increasingly more focal activity
as the number of available language cues to word boundaries increased (i.e., R>U > S
activity) in TD children. That is, as the number of cues increased, activity in several regions
decreased. Children with ASD, however, did not show a clear decrease in cortical
recruitment among the R, U, and S language conditions (Figure 2; Table S2 in Supplement
1) but rather activated a more circumscribed network including primarily bilateral superior
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temporal cortices for all conditions. Direct contrasts between conditions in the TD group
support significantly greater activity in the R condition relative to U in left dorsolateral
frontal cortices and in U relative to S in bilateral middle frontal gyrus (Table S3 in
Supplement 1). Contrasts between the R and U conditions revealed significantly increased
frontal activity in the ASD group such that R > U. However, no regions were significantly
more active during the U condition relative to S. Between-group comparisons further
support these findings and are reported in Table S4 in Supplement 1.

Learning-Related Changes in Neural Activity as a Function of Exposure to Speech Streams

Because transitional probabilities and the identification of word boundaries are calculated
online, we examined where activity might be increasing as a function of exposure to the
speech streams. To do so, we modeled signal increases over the course of the block for the
two language conditions (1U and 1S) within each group with respect to rest. The same
patterns of activation were observed for both the U and S conditions separately within each
group, and as such we report results collapsing across these two conditions. Similar to
previous findings in typical children and adults (32,33), this contrast identified significant
increases in left supramarginal gyrus (SMG), left inferior parietal lobule (IPL), and bilateral
striatum in the TD group (Figure 3A, Table 2). In contrast, there were no significant signal
increases observed in the ASD group for either the U or S language conditions. This
difference was reliable in a between-group comparison, such that TD children showed
greater signal increases than ASD children in left superior temporal gyrus, SMG, and IPL as
well as in the right superior parietal lobule and right caudate (Figure 3B, Table 3).
Importantly, there were no significant signal increases observed during the R condition in
either group, nor were there any regions that showed greater signal increases in ASD than
TD children. These results held when the increases in the two language (1U and 1S)
conditions were compared with increases in the R condition.

Correlation with Symptom Severity in ASD

We next examined the relationship between changes as a function of exposure to the
artificial languages (tU+1S) and impairments in communication as measured by the ADI-R
subscale algorithm in all regions active during exposure to the two languages compared with
rest. We found reliable negative correlations between the score on the ADI-R
communication subscale and signal increases during the language conditions (1U+1S) in left
IPL and putamen (Figure 4, Table 4), such that children with more severe communicative
deficits showed smaller signal increases in these regions. Importantly, these are the same
regions where activity was shown to increase significantly during exposure to the artificial
languages (1U+1S) in TD children.

Discussion

We found evidence of disrupted language network activity in children with ASD, consistent
with previous investigations of language processing in autism (17,18,20,21,23,24). Previous
fMRI findings of word segmentation in healthy adults (32) revealed a consistent pattern of
decreasing cortical activity within fronto-temporal-parietal networks as the number of cues
to word boundaries increased from the R (minimal statistical cues) to the U (strong
statistical cues) and S (strong statistical cues + prosodic cues) conditions. The TD children
in this study demonstrated the same pattern of more focal activity as speech parsing cues
increased, a pattern supported by direct comparisons between conditions. Specifically, we
found that recruitment of dorsolateral frontal cortices, including middle frontal gyrus,
decreased with increasing cues to word boundaries. These findings further support a role for
the middle frontal gyrus, previously shown to be important for phonological and sequential
processing (43), in language learning. In contrast, the ASD children showed more similar
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activation profiles across conditions, involving primarily bilateral temporal cortices, without
evidence for frontal involvement. Direct comparisons between conditions in this group
revealed some greater activity for the R than the U condition in right and left dorsolateral
prefrontal cortices but no regions of greater activity for the U compared with the S
conditions. These results suggest that ASD children might be less sensitive to the implicit
cues that guide word segmentation during language acquisition, particularly when both
statistical and prosodic cues (e.g., stress) are present. This is noteworthy because infants as
young as 8 months of age have been shown to weight prosodic cues more heavily than
statistical regularities to identify word boundaries (39,44).

As in our prior studies with neurotypical populations (32,33), we further characterized the
neural correlates of online word segmentation by examining changes in activity that
occurred as a function of exposure to the speech streams (i.e., as transitional probabilities are
computed as stimuli repeat over time). The TD children showed increased recruitment of
regions subserving statistical learning (i.e., basal ganglia) (33) and language processing (i.e.,
left SMG) (see Gitelman et al. [45] for review) while listening to the speech streams
containing high transitional probabilities and prosodic cues, but no significant signal
increases while listening to the speech stream containing minimal cues to word boundaries.
In contrast, children with ASD did not demonstrate significant signal increases over time for
any speech stream. A between-group comparison indicated that the difference for the two
artificial language conditions was reliable between groups, further suggesting that the ASD
brain might fail to capitalize on two important cues to word boundaries (i.e., transitional
probabilities and prosodic cues).

Next, we investigated whether this failure to rely on statistical and speech cues to guide
word segmentation might be related to the linguistic and communicative impairments that
are hallmark features of autism. To address this question we examined the relationship
between communicative impairments in our sample of children with ASD (as indexed by the
ADI-R communication subscale) and signal increases during exposure to the two artificial
languages (1U+1S). We found a significant negative correlation between a participant's
communicative deficits and signal increases in the left putamen and IPL during exposure to
the artificial language streams, such that children with less impairment showed greater
signal increases in these areas. Importantly, the regions where activity was found to correlate
with the degree of communicative impairments are the same as those showing significant
learning-related increases during the artificial language conditions in TD children. The ADI-
R communication subscale taps into atypical development of communicative skills and
captures delayed language abilities. The negative correlation observed between this reliable
index of atypical development and signal increases in regions shown to be involved in word
segmentation supports the hypothesis that involvement of these structures during word
segmentation is related to the development of language and communicative skills.
Behavioral research has shown that the ability to correctly segment words from continuous
speech is predictive of future language development (28). Our results further indicate a
critical role of word segmentation abilities for normative language development while also
implicating a corticostriatal network as the neural substrate of this fundamental process.

We hypothesized, on the basis of the persistent impairments in higher-order syntactic
abilities in individuals with ASD (2) and the demonstrated link between statistical learning
and grammar acquisition (46), that differences in the neural substrate of statistical learning
might underlie the abnormal development of language in children with ASD, a population
characterized by language impairment. Our findings indicate significant abnormalities in the
neural architecture subserving language-related learning in ASD children and relate
communicative impairments observed in this population to decreased sensitivity to the
statistical and speech cues available in the language input. To elucidate the underlying
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causes of these abnormalities, further studies are warranted to determine whether longer
exposures to similar speech streams would result in significant behavioral learning and to
characterize the functioning of this corticostriatal network in ASD. An additional limitation
of the current study is that our ASD and TD participants were matched on verbal 1Q.
Although this controls a potential confound in the interpretation of our findings, future
studies should include individuals with autism who continue to demonstrate language
impairments. Furthermore, greater characterization of the linguistic abilities of individuals
with ASD (i.e., central auditory processing) and their relation to word segmentation abilities
would be valuable in future studies. Interestingly, genetic investigations of language ability
in ASD have identified a variant that is associated with the disorder (47,48) and is expressed
in fronto-temporal and striatal regions of the developing brain (49). Thus, it might be
particularly informative to examine the role that this genetic variant plays in establishing
aberrant patterns of corticostriatal connectivity in ASD as well as in other developmental
disorders characterized by marked linguistic impairments, such as Williams syndrome and
specific language impairment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
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Unstressed Language:
1. “pabikudaropitibudogolatudaropipabiku...”
2. “pofimubafuginovukavikogabafugiviko...”
3. “manutonimoluvorifaliduranimolulidura...”

Stressed Language:
1.“pabikudaropitibudogolatudaropipabiku...”
2.“pofimubafuginovukavikogabafugiviko...”
3.“manutonimoluvorifaliduranimolulidura...”

Random Syllables:
1.“daburogopitutiburodotitubukubilagodo...”
2.“vifukopogamubafukogibamufukavufi...”
3. “madunuvotofalidunuralifadulumorivo...”

Unstressed Stressed Random
Language Language Syllables
\* =
rest rest _‘_ rest
144s 30s 144s 30s 144s 30‘1
Transitional Transitional No Transitional
Probabilities  Probabilities & Probabilities &
Only Prosodic Cues  No Prosodic Cues

Activation paradigm. In the speech stream exposure task, three different sets of 12 syllables
were used to create the three sets of four words (A). The Unstressed and Stressed languages
were formed by concatenating these words to form two artificial languages, whereas the
random syllables stream was formed by pseudorandomly concatenating individual syllables
(B). Participants listened to each of three counterbalanced speech streams (C) containing
statistical regularities (unstressed language), statistical regularities and prosodic cues
(stressed language), and minimal cues to guide word segmentation (random syllables).
Reprinted from McNealy et al. (32), with permission.
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Typically Developing Autism Spectrum

Figure 2.
Mean activity for each condition compared with resting baseline within groups; t > 2.57, p

<.05, cluster corrected. (A) Random Syllable. (B) Unstressed language. (C) Stressed
language.
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Figure 3.

Signal increases during both artificial language conditions (tU+1S). (A) Significant
increases in typically developing children in bilateral basal ganglia and left supramarginal
gyrus (x = =52, z = 4). (B) Significant between group differences in signal increases in right
caudate and left supramarginal gyrus. x = =52,z = 2, t > 2.57, p < .05 cluster corrected. L,
left; U, Unstressed language; S, Stressed language.
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Figure 4.

Correlation with communicative impairment. Significant negative correlation in left
putamen and left inferior parietal lobule (IPL) between signal increases during the two
languages and total score on the qualitative impairment in communication subscale of the
Autism Diagnostic Interview-Revised (ADI-R). Scatterplot displays mean parameter
estimates extracted from each significant cluster as a function of ADI-R subscale score. x =
—48,y = 12. Putamen cluster: t = 3.59 psyc(g mm) < -05. IPL cluster t = 3.71, p < .05 cluster
corrected. L, left.
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Detailed Demographic Information on Participants with an Autism Spectrum Disorder

Subject Age Verbal IQ Full Scale IQ PPVT
1 9.01 104 130 —_
2 9.26 105 125 116
3 9.56 111 122 133
4 9.66 79 89 112
5 9.78 107 120 94
6 11.14 127 129 124
7 1135 74 80 87
8 1243 104 108 132
9 1254 91 89 96

10 13.02 89 83 74
11 1327 74 88 83
12 14.18 81 87 81
13 14.28 86 80 85
14 1454 98 99 128
15 14.99 102 106 109
16 15.62 94 94 95
17 15.7 69 76 76
18 16.91 135 134 134

All patients were diagnosed with autism, except for Subjects 16 and 18, who had a diagnosis of autism spectrum disorder.

PPVT, Peabody Picture Vocabulary Test.
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