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Cerebral laterality for phonemic and prosodic cue decoding
in children with autism
Yasuyo Minagawa-Kawaia,c, Nozomi Naoib,c, Naoko Kikuchib,
Jun-ichi Yamamotob,c, Katsuki Nakamurac,d and Shozo Kojimab,c

This study examined the cerebral functional lateralization,

from a phonological perspective, in children with autism

spectrum disorder (ASD) and typically developing children

(TDC). With near infrared spectroscopy, we measured

auditory evoked-responses in the temporal areas

to phonemic and prosodic contrasts in word contexts.

The results of TDC showed stronger left-dominant

and right-dominant responses to phonemic and prosodic

differences, respectively. Furthermore, although ASD

children displayed similar tendencies, the functional

asymmetry for phonemic changes was relatively weak,

suggesting less-specialized left-brain functions. The typical

asymmetry for the prosodic condition was further

discussed in terms of acoustic-physical perceptual ability

of ASD children. The study revealed differential neural

recruitment in decoding phonetic cues between ASD

children and TDC and verified the applicability of near

infrared spectroscopy as a suitable neuroimaging method

for children with developmental disorders. NeuroReport
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Introduction
Developmental language disorders – including language-

specific impairment, dyslexia, and autism – are often

discussed in relation to immature or atypical brain

structures and networks with multiple genes involved

[1–3]. In particular, atypical hemisphere specialization

in speech processing has been one of the key issues that

is not yet fully understood [1–3]. This study focuses

on hemispheric specialization at the phonological level

of speech processing in children with autism spectrum

disorder (ASD).

The characteristics of the language problem in children

with ASD vary considerably across children; of these

children, some are unable to acquire speech. Even in

children with verbal ability, language difficulties are

often characterized by the atypical use of pragmatics

[4]. However, some populations with ASD display phono-

logical problems exemplified by impaired phonemic

perception or difficulties in understanding prosody

[5–7]. Deficits in this type of auditory perception have

often been discussed in the context of the hemispheric

specialization of the auditory cortex in processing

temporal and spectral acoustic characteristics – that is,

a specialized role of the left auditory cortex in processing

rapidly changing stimuli (i.e., temporal variable) as in

phonemes and that of the right cortex in tonal pitch

perception (i.e., spectral variable) as in prosody [8–10].

In healthy participants, the neural recruitment of the

temporal areas is determined by such acoustic factors

as well as linguistic factors including semantics and

phonology. As these two types of factors influence the

brain activations differently depending on the task and

stimulus patterns such as phonological category, con-

text, and presentation, previous studies have found brain

lateralization to sometimes be inconsistent [10–13].

However, it is at least clear that children with develop-

mental disorders tend to show an atypical lateralization

pattern in speech processing. In fact, previous near

infrared spectroscopy (NIRS) studies [14,15] with

phoneme and pitch contrasts have shown an abnormal

cerebral lateralization pattern in children and adults who

stutter. In ASD, atypical hemispheric specialization has

been suggested as a possible cause of language disorder,

as shown by a reduced right-ear advantage in dichotic

listening tests [3] and atypical patterns of evoked

responses to vowel or tone stimuli [1,2,8,16]. Despite

this, however, only a few imaging studies have examined

functional brain asymmetries in ASD by contrasting two

types of stimuli that differ in acoustic properties.

This study examines functional lateralization (FL) from

the perspective of phonological processing in children

with ASD and typically developing children (TDC).

Evoked responses to phonemic and prosodic contrasts

were measured using NIRS. These phonemic and
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prosodic contrasts differed in terms of spectral and

temporal acoustic properties at the speech level.

This study has two purposes. Our principal aim is to

examine cerebral lateralization associated with phonetic

cue-decoding in children with autism. Second, we

examine the practical use of NIRS to assess children

with autism. NIRS is a noninvasive technique that can be

used in natural experimental settings that do not require

the participant’s head to be fixated. To our knowledge,

this study is the first in the literature to report an

attempt to apply NIRS to children with autism.

Methods
Thirteen children with ASD and nine TDC participated

in the NIRS recording. Data from nine children with

ASD were analyzed as the final dataset, as some data

were discarded due to motion artifacts. The mean

age of the ASD group (seven boys and two girls) was

9.2 years (6–11 years, SD = 1.8). TDC (seven boys and

two girls) had a mean age of 7.3 years (5–9 years,

SD = 1.7). Handedness of TDC and the ASD group

was assessed by using the Edinburgh Handedness

Inventory [17]; the averaged laterality quotients (LQs)

were 98.8 (SD = 4) for TDC and 96.6 (SD = 6) for ASD

group with no significant difference between them

(t = 1.75, P = 0.27). The quotients ranged from 88.2 to

100, showing all the participants are right handed.

All the participants in the ASD group met the criteria

for autistic spectrum disorders [5] on the Autism Screen-

ing Questionnaire. The Vineland Adaptive Scale [18] and

Weschler’s Intelligence Scale for Children - third edition

or the Kyoto Scale of Psychological Development were

used to test their social and cognitive functions. Sub-

groups of high-functioning and low-functioning ASD were

determined on the basis of a cut-off criterion of a

complete intelligence quotient/developmental quotient

score of 70 obtained in either Weschler’s Intelligence

Scale for children-third edition or The Kyoto Scale of

Psychological Development. The ASD group included

four low-functioning and five high-functioning children.

Children with Asperger syndrome were not included

in this group. Our experimental protocol was approved

by the Ethic Committee of Keio University (No. 04001),

and written informed consent in accordance with the

protocol was obtained from the children’s guardians before

the experiment.

Three different forms of the Japanese verb /iku/ (go)

were used as the stimuli: an affirmative form /itta/ (he/

she has gone), an imperative form /itte/ (go away), and a

interrogative form /itta?/ (has he/she gone?) [19]. The

stimuli were produced using an analysis by the synthesis

system (ASL, Kay Elemetrics Corporation, New Jersey,

USA) based on a speech signal produced by a male adult.

These three stimuli have identical first syllables and

differ only in the final syllables. The phonemic contrast-

ing pair /iita/ versus /itte/ has a different final vowel due

to the manipulation of formants 1 and 2 but has identical

falling pitches. The prosodic contrasting pair /iita/ versus

/itta?/ is only different in pitch contours.

In the phonemic condition, the stimulus /itta/ was

repeated at every 1 s for 20 s as a baseline block fol-

lowed by another 20 s of a target block where /itte/ and /

itta/ were presented in a pseudorandom order at every

1 s. These two blocks were repeated at least five times.

In the prosodic condition, similar procedures were

performed by using the prosodic contrasting stimuli

/itta?/. The presentation order of these two conditions

was counterbalanced.

Bilateral auditory areas were measured using NIRS (ETG

7000, Hitachi Medical Corporation, Tokyo, Japan). Using

this instrument, changes in the concentration and

oxygenation of hemoglobin (Hb) accompanying regional

brain activities can be noninvasively measured by

emitting and detecting continuous near-infrared lasers

with two wave lengths. Two studies on adults used either

NIRS or magnetoencephalography [14,19] and revealed

auditory-evoked responses to the present stimuli in the

auditory cortices. Therefore, in this study, the number

of NIRS probes was limited to only cover the bi-

lateral auditory areas. Accordingly, two incidents and

two detection probes, each of which was separated by a

3-cm square lattice, were placed in each temporal area

(Fig. 1). To make the probe positioning uniform for all the

participants, the detector probe D was set to the T3

position and the located probe C-D line to approximately

fit to the T4-Fp1-Fp2-T3 line in the international 10-20

system. The same procedure was undertaken for the right

hemisphere. According to the estimation of the responses

in the brain areas by using the NIRS channels through

the spatial registration procedure of functional NIRS [20]

and the findings of the previous studies [14,19], the

auditory area including Wernicke’s area were roughly

covered in CH 1, CH 2 and CH 3.

The NIRS recording was performed in a sound-attenu-

ated room, and stimuli were generated from an audio

interface (Firewire 410; M-Audio, Irwindale, California,

USA) and presented through a loud speaker (65 dB sound

pressure level). During the stimulus presentation, the

children were made to listen to the stimuli with one

experimenter who tried to reduce their body movements

by entertaining them with toys. All the experiments were

DVD-recorded to monitor the children’s body movement.

After each session, the children were asked three

questions to measure their phonetic and phonological

perception of the presented stimuli: (i) did you hear only

one type of sound or word? (correct answer: no), (ii) how

many sounds did you hear? (correct answer: two), (iii) can
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you tell me what those sounds are like? (correct answer:

/itta/ and /itte/ or /itta/ and /itta?/). Each correct answer

was counted as 1 point, adding up to a full score of

4 points in each condition. Although we asked the

participants to listen to the stimuli carefully to answer

the questions before the session, complete behavioral

data from four ASD children were not successfully

obtained due to the difficulty in getting clear answers.

Changes in the concentrations of oxygenated Hb,

deoxygenated Hb, and total Hb [14] were calculated

from the attenuation data of the 780 and 830 nm laser

beams sampled at 10 Hz. After the removal of inappro-

priately fitted channels and blocks including motion

artifact, all the data were averaged synchronously to the

onset of the target blocks and smoothed with a 5 s moving

average. After normalizing the target block data with a

10-s baseline period just before the target block, the

response peaks of the averaged target block were

evaluated. For further statistical analysis, by averaging

the data of two conditions in each channel, one of the

auditory channels on each side that showed maximal

changes were chosen. Although the total Hb data was

indicated, statistics was applied exclusively to values of

the laterality index. This is to avoid the contamination of

differential path length factors in Hb values as there had

been two groups of participants who differed in age and,

thus, in thickness of scalp and skull.

Results
For both the TDC and ASD groups, consistent hemo-

dynamic responses – peaking at 6–12 s after the stimulus

onset – to the stimulus changes were observed in the

auditory areas (Fig. 1). The averaged values of response

peaks in mM mm on the left and right sides for the ASD

group are: phoneme condition, left, 0.178 (SE 0.02);

right, 0.171 (SE 0.02); prosody condition, left, 0.135 (SE

0.03); right, 0.174 (SE 0.04). Those for TDC are:

phoneme condition, left, 0.173 (SE 0.02); right, 0.103

(SE 0.03); prosody condition, left, 0.126 (SE 0.01); right,

0.143 (SE 0.02). To examine the cerebral lateralization

depending on the stimulus characteristic, a LQ was

calculated using the formula (L – R)/(L + R), where L

and R are the maximum total Hb responses on the left

and right side, respectively (Fig. 2). Overall, TDC

displayed positive values for the phonemic condition

against negative values for the prosodic condition. A

similar tendency was observed in the ASD group;

however, the differences between the two conditions

are relatively small in comparison to the TDC group. The

FL score was calculated by inverting the signs of the LQ

values for the prosodic condition. The FL scores indicate

the amplitude of hemispheric functional specialization;

the higher the FL score, the stronger the leftward

dominance for phonemic processing and the stronger the

rightward dominance for prosodic processing. As seen in

the strong FL in normal adults [14], the typicality of FL
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(a) Approximate near infrared spectroscopy (NIRS) channel locations
in the left hemisphere. The channel positions in the right side are
symmetrical to this. (b) The optode and channel grids placed onto the
participant’s head. The detector below channels 3 was placed in the T3
position of the head. (c) The averaged NIRS responses [oxygenated
hemoglobin (oxy-Hb), deoxygenated-Hb (deoxy-Hb), and total-Hb] to
phonemic and prosodic conditions in the left and right hemispheres for
children with autism. Moving average of 3 s was applied in this figure.
Two vertical lines indicate the target block which has 20 s of duration.
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is also reflected in the FL score (Fig. 3). An analysis of

variance with participant group and stimulus condition as

factors was applied to the FL scores. As the interaction

between the participant group and the stimulus condition

was statistically marginal [F(1,35) = 3.82, P = 0.065],

post-hoc tests were performed in addition. The results

revealed a significant difference between the two groups

exclusively in the phonemic condition (P < 0.05,

t = 2.13), which indicates weaker lateralization for the

ASD only in the phonemic condition.

The phonological behavioral scores for the phonemic

condition were significantly lower in the ASD group

(mean = 45.0%, SD = 20.9) than in TDC (mean = 80.5%,

SD = 16.6) (t = 3.50, P < 0.004). The scores in the

prosodic condition were also significantly lower in the

ASD group (mean = 65.0%, SD = 28.5) than in TDC

(mean = 91.6%, SD = 17.6) (t = 2.18, P < 0.049). The

correlation coefficients between LQ and other measures

including age, the handedness score, and the phonemic

and prosodic behavioral scores did not reach significance.

For the ASD group, only a moderate correlation was

observed between age and the phonemic LQ (R = 0.62,

P = 0.09), and an inverse correlation between LQ and

prosodic behavioral score (R = 0.80, P = 0.09).

Discussion
This study tested a group of children with ASD for their

FL in speech processing and some behavioral measures

(Fig. 3). We then compared their LQ to phonemic and

prosodic stimuli to the LQ of TDC. Although TDC

clearly exhibited asymmetrical LQ in the phonemic and

prosodic conditions, the ASD group showed a similar LQ

pattern only in the prosodic condition, suggesting a

weaker or differential cerebral lateralization with speech

processing in children with ASD. In accordance with

NIRS data, the ASD group exhibited lower scores for

behavioral perception tests, although these behavioral

data should be considered with a caution as different

levels of intelligence and cognitive abilities may have

lowered the score of the ASD group.

Although interhemispheric specialization in the temporal

area may be chiefly driven by acoustic-physical factors

of stimuli (temporal vs. spectral) [10–12], it is now

apparent that linguistic factors play a crucial role in

cerebral specialization in healthy adults [13]. For

example, segmental features tend to induce left-domi-

nant activations, whereas vowels are less likely to evoke

left-dominance than consonant vowel syllables due to

their acoustic nature [11,21]. However, linguistic infor-

mation such as whether the vowel contrast is phonemi-

cally distinctive in the native language and whether it

appears in the word context, seems to enhance the left-

ward lateralization [13,14,19,22–24]. In fact, as our

stimuli occur in the context of words in which case

changes in vowels switch the word meaning, left-

dominant activation may be evoked in healthy adults

[14]. In contrast, speech prosody is mediated primarily by

the right hemisphere. However, there are far more

complex factors that explain the laterality: although

emotional prosody is basically processed in the right

hemisphere, results from patients and imaging studies on

linguistic prosody report both right-ward and left-ward

dominance [14,24–26]. This divergence derives from the

task or stimulus-dependent neural activation mechanism

of linguistic prosody. The present investigation tested

children with ASD using two types of stimuli that

typically activate different hemispheres [14,19] without

the need to perform any task. We revealed differential

hemispheric asymmetries for two conditions in ASD

children as compared with the case in TDC. The analysis

of variance results showed an interaction between the

participant group and stimulus condition. These were

resulted from atypical FL for the left temporal area in

response to phonemic changes in ASD children, in

contrast to a typical pattern in prosodic processing.

According to previous studies employing a similar task to

ours on the left-hemispheric specialization in vowels

[22,23], weak left dominance may be a cause of language

disorders. A lack of left dominance suggests less-

specialized brain functions and less-efficient cerebral

networking for phonemic processing. This may impair

phonemic or other higher processing such as morphology

or semantics processing. The other possible interpreta-

tion of this data is that it is not the left temporal area but

the right side that aggravates the function. Specifically,

the hyperactivities in the right hemisphere in ASD

children [27] may have affected the neural recruitment of

the phonemic processing and lowered the LQ values. The

total Hb values in the right auditory area, in fact, yielded

larger values for the ASD than for TDC groups. However,

Fig. 3
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due to the possible difference in the light path length

of NIRS for different age groups, we cannot directly

compare the Hb values for our participants in this study.

Therefore, this interpretation of right-hyperactivity

remains speculative.

In this section, it is important to discuss why the ASD

group showed a typical LQ pattern only in the prosodic

condition, regardless of their lower behavioral scores. This

can be explained by two levels of neural processing:

acoustic-sensory and linguistic levels. Unlike the left-

dominant network for phonemic or semantic processing,

the extent to which pure linguistic factors are related to

the right temporal network for speech prosody [28] is

unclear. It is possible that speech prosody is chiefly

processed in the right hemisphere – not because of

this hemisphere’s distinct network solely dedicated to

linguistic prosody but because of its shared networks that

process the acoustic properties of long-term spectral

changes [26], as in music. It is well known that musicians

perform better in extracting prosodic information than do

nonmusicians [29]. Given this, it is possible that in ASD,

right-dominant responses to prosodic changes reflect

perceptual processing at the acoustic-physical level and

indicate normal or considerably enhanced sensory pro-

cessing at this early level. However, ASD may exhibit a

problem at a later stage when a prosodic contour is

combined with semantic or syntactic factors. This

inference is supported by the fact that children with

autism show normal or over-specialized music and pitch

perceptions [30]. Recent behavioral studies have

reported that children with ASD are superior in

perceptually processing speech contours but inferior in

semantically judging contour meaning [6]. Further study

using speech and nonspeech stimuli, perhaps consi-

dering additional NIRS channels, is required to elucidate

whether the right dominance in the ASD group is

attributable to the acoustic-perceptual level or linguistic

aspects of prosody. Furthermore, the prefrontal region

may also be another factor contributing to impaired

prosodic processing in relation to attention deficits [31].

It is possible that such attentional deficits may have

reduced the behavioral scores in the ASD group.

Conclusion
This study shows that the use of NIRS for functional

imaging is particularly suitable for children with dis-

abilities who are often resistant to staying still. Although

almost all the previous imaging studies on ASD tested

high-functioning children with ASD, our NIRS study

successfully measured low-functioning children with

ASD. Above all, by using temporally and spectrally

different speech stimuli in linguistic contexts, this study

reveals a dissociated pattern of functional cerebral

lateralization in phonemic and prosodic changes in

children with ASD.
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31 Čeponiené R, Lepisto T, Shestakova A, Vanhala R, Alku P, Näätänen R,
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