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In autism, severe abnormalities in social behavior coexist with
aberrant attention and deficient language. In the attentional
domain, attention to people and socially relevant stimuli is im-
paired the most. Because socially meaningful stimulus events are
physically complex, a deficiency in sensory processing of complex
stimuli has been suggested to contribute to aberrant attention and
language in autism. This study used event-related brain potentials
(ERP) to examine the sensory and early attentional processing of
sounds of different complexity in high-functioning children with
autism. Acoustically matched simple tones, complex tones, and
vowels were presented in separate oddball sequences, in which a
repetitive “standard” sound was occasionally replaced by an
infrequent “deviant” sound differing from the standard in fre-
quency (by 10%). In addition to sensory responses, deviant sounds
elicited an ERP index of automatic sound-change discrimination,
the mismatch negativity, and an ERP index of attentional orienting,
the P3a. The sensory sound processing was intact in the high-
functioning children with autism and was not affected by sound
complexity or ““speechness.” In contrast, their involuntary orient-
ing was affected by stimulus nature. It was normal to both simple-
and complex-tone changes but was entirely abolished by vowel
changes. These results demonstrate that, first, auditory orienting
deficits in autism cannot be explained by sensory deficits and,
second, that orienting deficit in autism might be speech-sound
specific.

Autism (1) is a severely debilitating developmental disorder,
characterized by aberrant social skills, deficient language,
abnormal attention, stereotyped repetitive behaviors, and often
also mental retardation.

One of the components of the social communication deficits
in autism is peculiar attentional behavior. Individuals with
autism show attentional preference to objects over people and a
lack of a drive to communicate (2). Consistent with this, Swet-
tenham et al. (3) found that 20-month-old infants with autistic
features made significantly fewer attention shifts than did their
controls from person to person and between a person and an
object. They also spent more time looking at objects and less time
looking at people. Further, 5-year-old children with autism
oriented more poorly to social (both speech and nonspeech) than
to nonsocial stimuli (4). Their impaired orienting to social stimuli
correlated with the impairment of joint attention, one of the key
features of autism.

The neurofunctional deficits underlying this pattern of behav-
ior are not yet understood, although recent research revealed
disorders in many aspects of attentional behavior in autism. They
include abnormalities in spontaneous looking (3), focused at-
tention (5-11), and voluntary shifting of attention (12-14).
Courchesne et al. (12) proposed that the majority of the atten-
tional deficits observed in autism might be caused by a cerebellar
dysfunction that slows down the adaptation of the neural systems
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to the constantly changing neural processing demands. In par-
ticular, these authors suggested that the slowed shifting of
voluntary attention in autism results in fragmented mental
representation of the external world, lacking causative associa-
tions. The social realm ought to be highly susceptible to such an
impairment due to its dynamic and highly interactive nature.

To further search for the causes of the attentional dysfunction
in autism, one has to investigate the neural processing modules
that provide input information to the attentional mechanisms. A
major candidate would be sensory domain, which provides
sensory information to perception and attentional processes.

It has been suggested that individuals with autism might have
difficulty in encoding and representing sensory features of
physically complex (but not simple) stimuli (15). Such a deficit
would place autistic individuals at a disadvantage in processing
signals of social communication (e.g., facial expressions or
speech) because of their multifaceted and rapidly changing
nature. If substantial, such an abnormality might severely com-
promise the extraction of the meaning from the ongoing stream
of social information. Furthermore, if social stimuli are not
particularly meaningful to individuals with autism, they might
develop no motivation to attend to this type of information or,
worse, they might even develop resentment to the stimuli and
situations to which they feel they should but cannot relate.
In support of this view, 5-year-old children with autism preferred
listening to nonsense sounds to their mothers’ talking (16).

On the other hand, individuals with autism not only perceive
music well (17) but also outperform their peers in pitch discrim-
ination (18) and in the perception of the detailed structure of
segments of melodies (19). These findings suggest that individ-
uals with autism are able to process well certain types of complex
nonverbal auditory input.

The above-mentioned findings on social stimulus-specific def-
icits in autism (4, 16) did not differentiate between sensory and
attentional processes nor did they evaluate the effects of the
physical stimulus complexity on the autistic children’s responses.
Nonetheless, to advance our understanding of the pathophysi-
ology of autism, one must determine whether the sensory
processing of information is impaired in autism and, further,
whether this possible impairment could be linked to the abnor-
malities of attention. To achieve this goal, one has to be able to
separate the sensory and attentional processes involved in the
processing of the same stimuli. Furthermore, the two processing
modules should be studied as a quantitatively controlled function
of physical stimulus complexity, with the speech sounds repre-
senting the most complex stimuli.

This paper was submitted directly (Track ) to the PNAS office.
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Table 1. Behavioral and language characteristics of children with autism

CARS scores RDLS-verbal comprehension

Age at
Age at behavioral Raw Comprehension
SS ERP test evaluation PIQ Total* Verbalt Listen® score age
S1 9.2 6.6 93 31 3 1.5 0 <1.0
S2 7.3 6.5 78 33 3 2 20 2.0
S3 6.3 7.1 70 37 3 2 7 1.1
S4 9.2 9.2 80 38.5 2.5 3 56 4.7
S5 8.8 9.2 113 35 2 2.5 57 49
S6 12.4 11.0 74 32.5 3 2 — 7.68
S7 8.7 71 88* 31 3 2 47 3.8
S8 10.3 4.4 73* 38 2.5 2.5 38 3.0
S9 6.11 6.10 102* 36 3 2.5 32 2.8

CARS, Childhood Autism Rating Scale; RDLS, Reynell Developmental Language Scale.
*Total score of >37, severe autism; 30-37, mild autism; and <30, no autism.
"The seven-point score range is from 1 to 4; 1 is age-appropriate, and 4 is typical for autism.
*Tested with WPPSI-R (52) or WISC-III (53), depending on age. The rest of the children were tested with the Leiter International

Performance Scale (54).

STested with the Finnish version of the lllinois Test of Psycholinguistic Abilities (ITPA, ref. 55) by using the Auditory Association subtest.

The goal of the present study was to determine whether
children with autism have a disadvantage in the sensory repre-
sentation of, and attentive orienting to, speech sounds (vowels)
as compared with the sensory representation of, and attentive
orienting to, acoustically matched complex and simple non-
speech sounds (tones). Recording cortical event-related brain
potentials (ERP) allows one to examine several distinct and
well-characterized stages of sensory and attentional processing.
Therefore, the tone and vowel stimuli were presented in an
oddball paradigm, permitting the elicitation of the auditory
sensory ERPs, the mismatch negativity (MMN) component (20,
21) that taps the neural sound representation underlying con-
scious auditory perception (22), and the P3a component that
indexes the involuntary switching of attention (attentional ori-
enting) to salient environmental events (23, 24).

Auditory sensory ERPs reflect the neural processing of physical
stimulus features (e.g., sound intensity or frequency). However,
their relationship with the perception of those sound features is
poor in adults (for reviews, see refs. 22 and 25) and has not yet been
established in children. In contrast, the MMN correlates with the
behavioral sound discrimination abilities in adults (26-28) and
children (29, 30). The MMN is elicited by the “deviant” sounds
occurring infrequently among the repetitive “standard” sounds, if
the deviants are perceptually distinguishable from the standards.
The MMN has been used to evaluate central auditory dysfunction
in individuals with language and reading impairment (31-34),
learning disability (29), and autism, associated with the structural
brain lesions in tuberous sclerosis (35).

If a deviant stimulus is perceptually salient, then a call for
attention toward it is generated, which may result in an actual
attention switch. If attention is switched, then the P3a response
is elicited (21, 24). The role of the P3a as an index of attention
switch has been firmly established by studies demonstrating P3a
elicitation by attention-catching novel or otherwise salient stim-
uli (36-39) and by correlations between stimulus salience and
the P3a elicitation and between the P3a elicitation and the
deterioration, due to distraction, of the behavioral task perfor-
mance in adults (40-44) and children (45). In normally devel-
oping children, the P3a response correlated with their behavioral
distractibility (46). Furthermore, the enhanced P3a indexed
pathological distractibility in adults with chronic alcoholism (for
a review, see ref. 24) and closed head injury (47) and in children
with major depression (T.L., M. Soininen, R.C., F. Almqvist,
R.N,, and E. Aronen, unpublished work). In turn, the P3a
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amplitude was diminished in adults with focal brain lesions, who
manifested an impaired ability to orient to the stimuli (48, 49).

Summarizing, the present study aimed at determining whether
high-functioning children with autism show abnormalities in the
sensory module of information processing, attentive orienting,
or both, and whether these possible abnormalities depend on
stimulus complexity and speechness quality.

Materials and Methods

Subjects. Brain responses were recorded in nine high-
functioning autistic children (eight males, 6.3-12.4 yr old,
mean 8.9 yr) and in 10 controls (nine males, 6.6-12.4 yr old,
mean 8.4 yr) with no reported hearing or academic problems.
The patients were diagnosed according to the Diagnostic and
Statistical Manual of Mental Disorders-I1V (DSM-1V) criteria
for autism in Helsinki University Central Hospital (HUCH).
As indexed by audiometry, their hearing sensitivity was nor-
mal. No abnormalities were revealed in their electroencepha-
lograms or brain images (MRI in six and computer-assisted
tomography in two patients; no quantitative volumetric anal-
yses were performed). The Childhood Autism Rating Scale
(50) was administered at the ages of 5-9 years by an experi-
enced nurse in the HUCH and the Finnish version of Reynell
Developmental Language Scale (51) was administered at the
ages of 5-11 years (Table 1). At the time of the ERP testing,
seven children were attending special education classes for
autism, and two patients were integrated in regular classrooms
with aides. Four children had very low language levels (needed
pictures to communicate), whereas the rest spoke with sen-
tences and were able to read. All were receiving speech
therapy. No patient was on medication at the time of the ERP
experiment. The study was approved by the Ethical Committee
of the HUCH.

Stimuli and Experimental Design. One standard and one deviant
stimulus were generated for each of the three stimulus classes:
simple tones, complex tones, and vowels. The goal was to create
a set of stimuli ranging from acoustically simple to complex and
to ensure the best possible acoustic correspondence among the
stimuli of the three classes. Therefore, the stimulus synthesis was
started by generating the standard vowel. The vowel (Finnish/
6/) was synthesized by using the Semisynthetic Speech Gener-
ation (SSG) method (56), which enables one to create quanti-
tatively controlled yet natural-sounding speech stimuli. The
speech, synthesized with the SSG, sounds natural, because this
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method uses natural human utterances to extract a waveform of
a glottal flow, representing the fluctuation of the vocal folds
during utterance. The glottal waveform is then used to excite an
artificial vocal tract, which shapes the waveform according to the
phoneme to be produced. The formants’ of a phoneme, created
in such a way, can be adjusted as needed. The four lowest
formants of the standard vowel/6/(450, 1,420, 2,200, and 3,500
Hz) were neighbored by the lower-energy harmonics* rendering
the “speechness” quality to the stimulus. The deviant vowel/
0/was created by raising the frequencies of the formants of the
standard vowel by 10% each. The complex tone was composed
of four sinusoidal tones (458, 1,370, 2,054, and 3,537 Hz), with
the frequency and intensity levels matching the strongest har-
monics in the vicinity of the formants of the vowel/6/. The
simple tone corresponded to the strongest formant of the
vowel/6/spectrum, 458 Hz. Finally, the simple- and complex-
tone deviants were created by raising all their frequencies
by 10%.

Stimuli of each class were presented in separate blocks, 400
stimuli each, with a stimulus-onset asynchrony of 700 ms and an
intensity of 55 dB sound-pressure level at the subject’s head. Of
all stimuli, 86% were standards (260 ms in duration), and the rest
were randomly occurring frequency (P = 7%) or duration (P =
7%; responses not reported here) deviants of the same stimulus
class. The frequency deviants were 10% higher in frequency,
including all formants.

At least three blocks (1,200 stimuli) of each stimulus class were
presented to each subject. Sounds were delivered via two loud-
speakers, located at each side of a television monitor situated at
a 1.8-m distance in front of the subject. Subjects were instructed
to ignore auditory stimuli and concentrate on watching silent
videos of their choice. Their attention was visually monitored
throughout the recording.

Placing the sources of the unattended auditory stimuli in front
of the subject and just outside the spatial focus of their visual
attention facilitated the elicitation of the P3a (57, 58). Finally,
moderate rather than salient stimulus changes were used, be-
cause both sensory discrimination of, and attentive orienting to,
subtle changes in the environment are critical prerequisites to
language and communication skills, both of which are aberrant
in autism.

Electrophysiological Recordings. The electroencephalogram (am-
plified by SynAmps (El Paso, TX) at DC-30 Hz and digitized at
250 Hz) was recorded at the left and right frontal (F3, F4) and
central (C3, C4) electrode sites, according to the International
Electrode Placement 10-20 system. Eye movements were mon-
itored with two electrodes placed below and at the outer corner
of the right eye. Off-line, the data were rereferenced to the
algebraic average of the right and left mastoid recordings,
digitally filtered (bandpass 1-15 Hz), and baseline corrected with
respect to the mean amplitude of the 100-ms prestimulus period.
Epochs with voltage exceeding 150 wV in any channel, the first
three epochs of each block, and those immediately after the
deviants were omitted from averaging. The deviant-stimulus
averages included at least 90 trials per subject.

The MMN and P3a (Fig. 2) were measured from the differ-
ence waves obtained by subtracting the standard-stimulus ERP
from the deviant-stimulus ERP of the same stimulus class. The
peak latencies were measured from the time intervals that
included the corresponding peak of each individual in that
group. The amplitudes of the sensory ERP peaks (the P1 and N2,

t*A formant is the resonance of a vocal tract (expressed in frequency, Hz), specific to a
speaker and a phoneme; the formants are defined by the characteristics of the vocal tract.

*The harmonics are lower-frequency acoustic components neighboring the formants; they
are defined by the characteristics of the vocal folds of the speaker.
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Fig. 1. The auditory sensory ERPs elicited by the repetitive "‘standard"”
sounds in the children with autism and in the controls in the vowel (Top),
complex-tone (Middle), and simple-tone (Bottom) conditions. There was a
tendency for the P1 peak to be smaller in children with autism as compared
with that of the controls.

Fig. 1), the MMN, and the P3a (Fig. 2) were measured at the
latencies of their maximal amplitudes in the grand-average
waveforms, specific to each group (Table 2). The peak ampli-
tudes were used in the sensory ERP peak analyses due to their
high signal-to-noise ratio. The MMN and the P3a were measured
as the means of the 50-ms intervals centered at their grand-
average peak latencies.

Two-tailed ¢ tests were used to determine the statistical
presence (difference from 0 wV) of the ERP peaks across the
groups and conditions. To test the between-group differences
and the effects of the stimulus class, three-way mixed ANOVAs
(group X stimulus class X electrode) were performed on the
component amplitudes and latencies. The least-significant dif-
ference post hoc test was used to calculate the sources of the
significant main effects and interactions. Greenhouse—Geisser
adjustments were performed when appropriate.

Results

Sensory ERPs. In both groups, the stimuli of each type elicited the
P1-N2-N4 complex, typically obtained in children with fast
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Table 2. The latencies (in milliseconds) used for ERP
amplitude measurements

Standard class  Group P1 N2 MMN P3a
Vowels A 120 272 240-248  360-368*
C 120 264 220-232  360-368
Complex tones A 120-128 260 176 336-360
C 120 264-272 184-192  328-340
Simple tones A 128 256 200-268  348-360
C 124 264 208-224 304-324

The noted latency intervals were used in those cases in which there were
latency differences among the four electrodes (A, autism group; C, control
group).

*Because in the autism group no distinctive P3a could be distinguished in the
vowel condition, the P3a amplitudes in this group were measured at the
latencies of the grand average P3a of the control group.

stimulus presentation (refs. 59-61; Fig. 1). These peaks were
highly significant in both healthy children and those with autism.
Statistical analyses revealed only a trend for the P1 to be smaller
in amplitude in the autistic children than in the healthy controls
(P < 0.07). No group differences were found in the latencies of
the sensory ERP peaks.

The MMN. A significant MMN was elicited by all stimulus classes
in both groups of children (Fig. 2 and Table 3), and there were
no significant ANOVA effects involving group. The stimulus
class effect was significant at F(2, 32) = 8.73, P < 0.001 and
originated from the complex-tone MMN being larger in ampli-
tude than that elicited by simple tones (P < 0.0003) in both
groups of children. These results indicated that, in the sensory
domain, children with autism were able to discriminate fre-
quency changes in the simple and complex tones and in the vowel
at the level of accuracy comparable to that of their healthy peers.

The P3a. In healthy children, the P3a was significant in all stimulus
conditions and was smaller in response to changes in the simple tone
than to changes in either the complex tone or the vowel (P < 0.01
and P < 0.05, respectively). In contrast, in children with autism,
no P3a was elicited by changes in the vowel (Fig. 2 and Table 2),
whereas changes in both types of tones elicited significant P3a
responses. Accordingly, the group X stimulus class interaction in
the ANOVA analysis was significant at F(2, 34) = 3.82, P < 0.03.
This interaction resulted from a significant between-group differ-
ence in the vowel-P3a amplitude (P < 0.0004), whereas there was
only a slight trend toward a group difference in the complex-tone
P3a amplitude (P = 0.14) and no significant group difference in the
simple-tone P3a amplitude (P = 0.96). There was also a slight trend
toward P3a latency being longer in children with autism than in
control children (P = 0.19; Table 2), regardless of stimulus type.

Discussion

The present study was aimed at determining whether high-
functioning children with autism have difficulty in sensory
processing of complex sounds and in particular vowels, and
whether such a possible difficulty could be linked with atten-
tional preferences. Our results indicated that sensory sound
processing, including pitch discrimination, was largely intact in
high-functioning children with autism, regardless of the acoustic
sound complexity or “speechness” quality. In contrast, their
attentional orienting to sound changes was impaired, albeit
exclusively for the speech sound (vowel).

One of the aims of the present study was to determine how
children with autism centrally process sounds of different acous-
tic complexities. Sound detection by the sensory systems and the
transient encoding of acoustic sound features are reflected by
sensory ERPs (22, 62). A typical sensory childhood response,
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Fig.2. Thedeviant-minus-standard difference waves in children with autism
and in the controls, obtained in the vowel (Top), complex-tone (Middle), and
simple-tone (Bottom) conditions. There were no significant group differences
in the MMN amplitude. In contrast, the P3a response was absent in children
with autism, but in the vowel condition only.

consisting of the P1, N2, and N4 peaks (60—62), was elicited in
children of both groups by all three types of standard stimuli
(Fig. 1). Among these sensory peaks, only the P1 showed a
tendency to be smaller in children with autism (Fig. 1), albeit
regardless of stimulus type. The possibly diminished P1, echoing
the diminished P1 in adults with autism (ref. 63, but see ref. 64),
and an abnormal intensity modulation of the auditory N1 wave
in children with autism (65, 66) suggest that certain early sensory
processes might be mildly dysfunctional in autism. These dys-
functions, however, probably concern the feature nonspecific
aspects of stimulus processing (e.g., stimulus detection, facilita-
tion/inhibition, and sensorimotor integration), because both the
P1 and N1 are sensitive to arousal (67, 68) but show poor
sound-feature specificity (22, 25). Further, the N2 and N4 peaks
of auditory sensory ERP were normal in the autism group (see
also ref. 69). Therefore, the present study found no evidence
for abnormalities in the processing of the sensory sound fea-
tures (refs. 63, 70 and 71; for reviews, see refs. 72 and 73) in high-
functioning children with autism.
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Table 3. The mean amplitudes (over all four electrodes, in microvolts) and latencies (at the F3 electrode, in
milliseconds) of the MMN and P3a in children with autism (A) and their controls (C)

MMN P3a MMN P3a
Amplitude Latency (SD)
Stimulus class A C A C A C A C
Vowels —2.92% —-3.26" —0.52 (ns) 3.52t 252 (34) 245 (30) 394 (43) 395 (33)
Complex tones —5.15% —5.05% 2.66* 3.94% 184 (36) 187 (22) 342 (43) 323 (29)
Simple tones —1.61 (ns) —1.70* 2.08" 2.23% 231 (45) 242 (37) 356 (34) 340 (41)

At the F3 electrode: *, P < 0.05; , P < 0.01; #, P < 0.005; ns, nonsignificant.

As reflected by the MMN, an ERP index of sound discrimi-
nation, the integrated sound representation, underlying auditory
perception, was also normal in these children. This is in agree-
ment with Gomot et al. (74), who found no significant differences
in the tone-frequency MMN amplitude between children with
autism and their controls, and with Kemner et al. (75), who found
no abnormalities in the speech-sound-elicited MMN in children
with autism.

As indexed by the present MMN data, children with autism
were able to form short-term neural representations of repetitive
sounds with an accuracy permitting the detection of moderate
pitch deviations in these stimuli. Further, neither the acoustic
complexity nor the “speechness” quality of these stimuli affected
the sensory discrimination of pitch in the autism group, as shown
by their normal MMN amplitudes. This finding is in good
agreement with the generally good behavioral performance on
auditory target (acoustically simple and complex) detection
tasks by adults and adolescents with autism (6, 7, 11) and with
the normal behavioral pitch discrimination abilities in adults
with autism (18).

In contrast to the largely intact auditory sensory processing,
the P3a response, indexing involuntary attention switch (21, 23,
24, 39, 41), was abnormal in high-functioning children with
autism. Importantly, this abnormality varied as a function of
stimulus type: in these children, changes in both simple and
complex tones elicited normal P3a responses, whereas changes
in the vowel elicited no P3a (Fig. 2).

In both groups of children, the simple tones evoked the
smallest P3a responses (Table 2, Fig. 2 Bottom), and there was
no difference in P3a amplitude between the groups (see also ref.
11). Thus, simple auditory tones appear to effectively catch
attention in high-functioning children with autism.

The complex-tone deviants, rich in acoustic content, elicited
the largest P3a responses in both groups of children (Table 3, Fig.
2). In children with autism, the complex-tone P3a tended to be
somewhat smaller in amplitude than that in their healthy peers,
albeit insignificantly. This finding indicated that, to a certain
extent, acoustic complexity might affect autistic children’s ori-
enting. However, according to existing behavioral evidence (4,
76), it is unlikely that physical stimulus complexity could entirely
account for social attention deficits in autism, because children
with autism oriented to physically complex nonsocial stimuli
similarly as their healthy peers.

In contrast, the present children with autism oriented very
differently to vowel deviants than to complex tone deviants,
regardless of the fact that both of these stimuli were acoustically

.
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complex. Strikingly, children with autism showed no P3a, an
ERP index of orienting, to vowel changes.

One might suggest that orienting to vowel changes was abol-
ished in children with autism, because acoustically, vowels were
even more complex than complex tones. However, the present
MMN data show that frequency changes were discriminated
equally well in vowels as in the complex tones by children with
autism. Therefore, accurate sensory information on the vowel
and its changes was available in children with autism. Further-
more, the complexity of the complex tones of the present study
was substantial; it covered a broad range of sound frequency and
intensity, typical for speech. Also, as a function of tone com-
plexity, the autistic children’s P3a changed in the same manner
as did that in the controls; it was larger in response to the
complex-tone than simple-tone changes (Table 2). Therefore, it
is feasible that the “speechness” quality of the vowel stimulus was
the main factor compromising the autistic children’s orienting.
Consistent with the present ERP results, behavioral evidence
indicates that children with autism orient and attend to physically
complex nonsocial stimuli similarly as do their healthy peers but
show deficient orienting to complex social stimuli (4, 76).

Therefore, the present findings demonstrate that, despite the
availability of the sensory information on the vowel and changes
in its pitch, autistic children’s orienting could not be triggered by
those changes. Therefore, there appears to be a striking disso-
ciation between the sensory (normal) and attentional (impaired)
processing of speech sounds in high-functioning children with
autism.

In summary, high-functioning verbal children with autism
showed no significant abnormalities in sensory processing of the
spectral characteristics of a simple tone, a complex tone, or a
vowel. In contrast, their involuntary orienting was selectively
impaired to changes in the vowel but not to changes in simple or
even complex tones. Therefore, it appears that the impairment
of auditory processing of vowels in these children occurred
beyond the stage of sensory processing, and that the vowel-
exclusive attentional orienting deficit might be contingent on the
“speechness” quality of sound stimuli. If such an orientation
deficit is present as early as in infancy, it profoundly compro-
mises the development of verbal and nonverbal communication
skills in the affected children.
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