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Abstract

Within the cognitive neuroscience literature, discussion of the functional role of the superior temporal sulcus (STS) has traditionally
been divided into two domains; one focuses on its activity during language processing while the other emphasizes its role in biological
motion and social attention, such as eye gaze processing. I will argue that a common process underlying both of these functional domains
is performed by the STS, namely analyzing changing sequences of input, either in the auditory or visual domain, and interpreting the
communicative significance of those inputs. From a developmental perspective, the fact that these two domains share an anatomical
substrate suggests the acquisition of social and speech perception may be linked. In addition, I will argue that because of the STS’ role in
interpreting social and speech input, impairments in STS function may underlie many of the social and language abnormalities seen in
autism.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Fundamental questions in cognitive science, psychology,
and cognitive neuroscience include how do we process our
world, how is the brain organized, and in developmental
science, how do we acquire these processes. Neuroimaging,
particularly functional magnetic resonance imaging (fMRI),
gives the advantage of identifying the neural substrates for
cognitive processing in healthy participants. With the fMRI
method, one typically chooses a cognitive faculty and then
identifies the structures underlying the behavior associated
with this faculty. Thus, because this technique is only able to
answer the question of “where” cognitive processing is taking
place, the advent of fMRI has brought with it increased claims
of modularity. For example, when presented with auditory
language stimuli, lateral superior temporal regions will show
increases in blood oxygenated level dependent (BOLD) signal
as compared to a baseline leading researchers to suggest (or
‘confirm’ previous neuropsychological data) that these regions
within superior temporal cortex are language-specific. How-
ever, if one examines a number of studies spanning multiple
cognitive domains, it is apparent that the same structures show
signal changes to a diverse number of tasks. One such example
is Broca’s area, located in the inferior frontal gyrus. While this
region was traditionally thought to be specific to speech
production based on patients with lesions to this area, studies
have now revealed its role in visuo-motor integration, lexico-
semantic decision-making, and tone discrimination (Muller
et al, 2001). Thus, this piece of cortex likely performs a
domain-general function that underlies these diverse processes.

A greater question, then, for cognitive neuroscience may be
not where in the brain is a specific task performed, but rather,
how? What is the underlying mechanism? ‘How’ questions
are inherently more theoretical and difficult to test than
‘where’ but may be essential to advancing our understanding
of how we process our world. In this review, I will focus on
the superior temporal sulcus (STS). This region is involved in
different aspects of social cognition and language processing.
I propose that a common function it serves in both of these
domains is the parsing of sequences of inputs into discrete
units and the extraction of meaning from these units. The
STS shows the greatest response to meaningful stimuli of
communicative significance. I argue that in development this
mechanism of STS function is critical to early receptive
language development as language is learned through the
joint interaction of child and caregiver through non-verbal,
social means. Additionally, I provide evidence for STS
abnormalities in autism and propose these may relate to the
pervasive social and linguistic deficits seen in this disorder.

2. A common function is performed by the STS in both the
language and social domains

2.1. The STS and language functions

First, I will present evidence for the role of the STS in
adult language processing: both auditory and visual. In the

auditory domain, human speech is ““a continuously varying
stream of sound containing multiple frequencies (formants)
changing over time.” (Rimol et al., 2005). As such the
ability to parse information over time is inherent to speech,
and auditory, perception. To comprehend speech, one must
first be able to parse this stream of changing frequencies
into meaningful discrete elements, such as phonemes,
syllables, words, and phrases, and determine the meaning
from these elements. Evidence reviewed below suggests this
very mechanism is performed by the STS.

The STS is activated by these meaningful discrete
elements ranging in complexity and duration from tones
to narratives. However, the degree and location of
activation in the STS varies by stimulus complexity and
‘meaningfulness’. For example, greater activation is seen in
the STS to narratives, in which the meaning of the entire
passage must be tracked, than to sentences (Xu et al., 2005)
(Fig. 1A) or reversed stories (Crinion et al., 2003).
However, the response to sentences is greater than to
meaningless pseudo-word sentences (Roder et al., 2002), a
finding for which the authors suggested a specific role of
the STS in semantic processing. Other researchers finding
similarly greater activity to sentences than non-speech have
interpreted the STS, specifically anterior STS (aSTS), as
important to intelligible speech processing (Scott et al.,
2000, 2006). In one study (Scott et al., 2000), two
conditions of intelligible speech (easy sentences and
noise-vocoded speech) and two conditions of unintelligible
speech (reversed speech and reversed noise-vocoded
speech) were presented. Noise-vocoded speech is created
by manipulating the periodicity and pitch information
extracted from speech excerpts and the resulting sound is
like a harsh whisper. This speech is intelligible after a brief
training session, although difficult to understand. aSTS
activity was greater to the intelligible speech (both easy and
noise-vocoded speech) than to the unintelligible reversed
speech and noise-vocoded speech. Greater STS activation
is also seen at the single word level, as shown by greater
activation to words when compared to signal correlated
noise (SCN) (Wise et al., 2001). SCN is created by adding
white noise to the speech envelope thus producing a
stimulus with similar acoustic properties but no phonetic,
lexical, or semantic information. Wise et al. (2001) also
report STS activation in this same posterior STS (pSTS)
site during retrieval of single words from within a specified
category (i.e. fish: cod, salmon, trout). Thus, summary
of these studies suggest the STS plays a specific role in
higher-linguistic processing of meaningful (i.e. intelligible,
semantic) speech.

Interestingly, studies examining complex, meaningful
(i.e. semantic, familiar) but non-linguistic sounds such as
environmental sounds, tool sounds, animal sounds, or
human non-speech vocal sounds also elicit STS activation.
These studies suggest the STS is not responding to the
linguistic aspects of speech specifically. Meaningful sounds
(i.e. tools, animals, liquids, dropped objects) and non-
meaningful sounds (such as reversed sounds) both activate



E. Redcay | Neuroscience and Biobehavioral Reviews 32 (2008) 123—142 125

A Word vs Letter strings

@ Calvert ot al*? Lipseading (STG) Puce et al?' Eye gaze
@ Calvert et al*? Lip+eading (AG) Wicker et al.'” Eye gaze
© Puce etal® Mouth movement Hoffman and Haxby?
@ Puce and Allison Mouth Eye gaze
movement Neville et al.% ASL
Howard et al.® Body movement Bonda et al.52 Hand action

© Bonda et al.2 Body movement
® Senior et al.*2 Body movement
© Kourtzi and Kanwisher®!
Body movement
® Grossman et al.* Body movement

Grdzes et a5 Hand action
Grdzes et a1 Hand movement
Grafton et a/*° Hand grasp
Rizolatti et al.*® Hand grasp

000000 0©0OO0O

TR0ds In COgIIve SCences

Fig. 1. Activation of the superior temporal sulcus by language (A) and social (B) stimuli. (A) This image reveals variation in both the degree and location
of activation for language stimuli. Each component of a narrative (e.g. letter strings, words, and sentences) activates the STS but the greatest activation is
seen to the most complex stimulus, a narrative. This hierarchical response of the STS is seen in social perception as well as speech perception. (B) This
image, taken from Allison et al. (2000), plots the point of peak activation to various forms of biological motion perception in the left hemisphere (a) and
the right (b). The numbers in superscript refer to references found in Allison et al. (2000). Note for both (A) and (B) the distributions for activation to both
biological motion and speech perception are bilateral and along the anterior to posterior axis. Panel (A) was reprinted from Neuroimage, 25, Xu, J.,
Kemeny, S., Park, G., Frattali, C., Braun, A. “Emergent features of word, sentence, and narrative comprehension.” 1002-1015, Copyright (2005) with
permission from Elsevier. Panel (B) was reprinted from Trends in Cognitive Sciences, 4, Allison, T., Puce, A., McCarthy, G. “Social perception from visual
cues: Role of the STS region”, 267-278, Copyright (2000), with permission from Elsevier.

bilateral posterior and middle STS (pSTS and mSTS)
(Lewis et al., 2004, 2005). However, meaningful sounds
show a left lateralization when compared to non-mean-
ingful sounds (Engelien et al., 2006; Lewis et al., 2004).
Within the category of meaningful sounds, those that are
human voice-specific (i.e. laughs, cries) elicit greater STS
activation than those that are non-human environmental
or mechanical sounds (Belin et al., 2000). Animal vocal
sounds also elicit a greater degree of left STS activation
than non-vocal sounds, but this difference is smaller than
that of human vocal sounds (Belin et al., 2004; Fecteau
et al., 2004). In sum, the STS is activated by complex,
meaningful sounds that are both linguistic and non-

linguistic and preferential activation is seen to human
produced sounds.

In addition, studies with stimuli containing no lexical or
semantic information also show activation within STS,
albeit not as strong as auditory stimuli with linguistic-
communicative significance such as speech or familiar
sounds. Hearing pseudo-words elicits greater STS activa-
tion than tones (Binder et al., 2000). These authors
interpret this greater activation to complex speech and
non-speech as evidence for the STS’ role in the analysis of
complex acoustic features rather than lexical-semantic
processing described in the above paragraph. These
complex acoustic features would not necessarily have to



126 E. Redcay | Neuroscience and Biobehavioral Reviews 32 (2008) 123—142

connote meaning to elicit STS activity as seen in another
study in which monosyllabic nonsense words showed a
greater STS response than sine wave analogs (Voulouma-
nos et al., 2001). Sinewave analogs of speech maintain the
same pitch countour, amplitude envelope, relative formant
amplitude, and relative intensity of their speech counter-
parts (Vouloumanos et al., 2001), but the frequencies are
altered. Thus, when first heard these sinewave analogs
sound like an ““electronic glissado’’; however, with training,
subjects report hearing a syllable (Dehaene-Lambertz et al.,
2005). Comparison of perception of the sinewave analog as
a syllable versus perception as noise results in greater STS
activation (Dehaene-Lambertz et al.,, 2005; Mottonen
et al., 2006). Phonemes show greater mSTS activation
than non-phonemic auditory patterns (Liebenthal et al.,
2005). At an even simpler level, single consonants repeated
in a random order produce greater activity in pSTS than
noise (Rimol et al., 2005). Finally, even perception of
sounds with no phonetic components, such as sine wave
analogs not perceived as speech, show a greater response in
the STS than perception of simple tones (Vouloumanos
et al., 2001). The common denominator of activation in the
STS in these studies appears to not be meaningfulness but
rather perception of units of sound, such as sentences,
words, laughter, phonemes, and even consonants. How-
ever, with increasing complexity and linguistic or commu-
nicative relevance, activation within the STS increases.

Specht and Reul (2003) examined this hierarchical
nature of STS activation by examining the response to
words, sounds, and tones in the STS in the same
experiment. These authors found an interaction by hemi-
sphere in speech and non-speech processing. Specifically,
hearing words elicited greater activity than tones in both
left and right hemispheres but presentation of words
showed greater activity than sounds in left STS (ISTS)
while presentation of sounds showed greater activity than
words in right STS (rSTS) (Specht and Reul, 2003). In a
separate study of words, syllables, and familiar sounds
(i.e. animal and mechanical), functional variation was seen
along the anterior to posterior axis. aSTS and pSTS were
specific to speech while mSTS responded to both sounds
and speech (Giraud and Price, 2001).

Interestingly, the rate of presentation of auditory stimuli
affects STS response. In one study, rate of word presenta-
tion varied from 1 stimulus per minute to 75 per minute,
with 4 rates in between. When the linear response to rate of
word presentation was modeled, activation was found
along the anterior to posterior extent of the STS, with the
greatest response to rapid acoustic presentation rates. Wise
et al. (2001) interpret these findings, in addition to their
findings of greater STS activation to word recall and verb
generation, as evidence for the STS involvement in
“transiently representing phonetic sequences, whether
heard or internally generated and rehearsed.”

In sum, the common underlying function of the STS in
the auditory language domain is parsing of this rapid
stream of input into discrete meaningful elements. Greater

STS activation is seen with both increasing degrees of
significance (i.e. semantic or paralinguistic information)
and complexity in the auditory input, with the weakest
activation seen to the simplest, non-meaningful, non-social
sounds: tones. Because the STS is activated by auditory
sounds of almost all levels of complexity and mean-
ingfulness, to differing degrees, an important question is do
complex stimuli that engage similar semantic and linguistic
analysis but in the visual domain elicit STS activity? In
other words, is the STS specific to auditory processing or is
it responsive to the patterns associated with linguistic
processing. The literature on the brain response to sign
language can address this question.

Studies of the neural bases of sign language (SL) typically
measure the neural response to SL in deaf native signers,
hearing signers, and hearing non-signers. Evidence from
these studies suggests auditory and visual processing of
linguistic stimuli, including signed sentences, words, and
sublexical phonetic units, utilize very similar neural sub-
strates (Neville et al., 1998; Petitto et al., 2000; Sakai et al.,
2005), although some have found a greater extent of STS
activation in the right hemisphere in signers (Neville et al.,
1998). Another study found a left-lateralized response in deaf
native signers to linguistic facial expressions with a verb sign
(McCullough et al., 2005). When presented with SL alone,
non-signers may activate the STS but to a lesser degree than
signers because these gestures hold no meaning to non-
signers (Levanen et al., 2001; MacSweeney et al., 2004;
Sadato et al., 2004). Further, this STS activation in non-
signers tends to be more posterior (MacSweeney et al., 2004).
Additionally, studies of speech reading from the face find a
greater response in aSTS to speech reading as compared to
meaningless face motions (Campbell et al., 2001).

As in the auditory domain, the STS is also activated by
non-linguistic, but meaningful, inputs. In the visual
domain, these “inputs” are communicative gestures.
Studies suggest processing of these communicative gestures
is supported by STS regions (Gallagher and Frith, 2004;
MacSweeney et al., 2004; Nakamura et al., 2004), but the
activation is greater to sign language than to gestures only
to native signers (both deaf and hearing) (MacSweeney
et al., 2004). This parallels findings in the auditory domain
in which activation is greater to linguistic input than to
semantic non-linguistic input such as environmental
sounds or laughter. Overall, like spoken language, sign
language appears to be processed by a network of regions
including STS, and the degree of activation is related to the
meaningfulness of the information. Thus, linguistic activa-
tion of STS is not specific to the auditory modality but
rather is involved in parsing auditory or visual sequences of
input into discrete units that can convey meaningful,
communicative information.

2.2. The STS and social functions

A separate literature reveals the role of the STS in social
perception. Social perception refers to the initial stages of
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evaluating the social communicative intentions of others by
analysis of eye-gaze direction, facial expressions, body
movements, and other types of biological motion (Allison
et al., 2000) (Fig. 1B). Like in the language domain, an
important component to STS activation in social percep-
tion is temporal processing. Hearing a sentence requires
representing each linguistic unit heard over time and then
extracting the intended meaning. Viewing a facial expres-
sion requires representing each facial cue over time and
assigning meaning to the specific order of facial cues.
Importantly, the greatest response within the STS is seen to
dynamically changing, social stimuli, although a response
is also seen to static biologically relevant stimuli, such as
faces (LaBar et al., 2003), or stimuli with implied motion
(Jellema and Perrett 2003a). Further, perception of this
motion, or implied motion, recruits a large response from
cells within the STS only if the visual actions follow a
specific sequence (Jellema and Perrett, 2003b). Thus, while
speech and social perception appear to be separate
behavioral domains, they both share a common function
of first parsing sequences of input into units and second
interpreting meaning from those units in the STS.

Social stimuli which elicit activation within the STS fit
broadly into the category of biological motion, or the
“visual perception of a biological entity engaged in a
recognizable activity” (Pelphrey and Morris, 2006). The
perception of biological motion engages a broad network
of brain regions including superior temporal areas, and
visual regions within both ventral (object) and dorsal
(motion) regions (Vaina et al., 2001). The STS receives
inputs on both form and motion and integrates these to
identify a moving form and to extract social significance
from this form. This function is seen in a diverse number of
biological motion tasks ranging from eye gaze perception
to perception of a social, moving form from point-light
displays. While motion, or implied motion, must be present
to activate the STS, the degree and location of activation
appears to vary by degree of complexity, type of motion,
and biological relevance. Specifically, like in the language
domain, a hierarchy of STS activation is seen with the
greatest degree of activation to dynamic, complex, and
socially meaningful stimuli (e.g. emotional facial expres-
sions) and the lowest to non-meaningful, non-social
motion (i.e. random motion), with no activation seen to
static, non-socially relevant stimuli. These stimuli will be
reviewed in turn below.

Facial expressions are a complex form of biological
motion in which a number of facial muscles change over
time in a specific sequence to convey a particular emotion.
It has been proposed that the role of the STS in face
perception is to process changeable aspects of faces—
perception of eye gaze, expression, and lip movement
(Haxby et al., 2000, 2002). A separate region, the fusiform
gyrus (FG) is involved in invariant aspects of faces—
perception of unique identity (Haxby et al., 2000, 2002),
highlighting the dissociation between recognizing who a
person is and what a person is trying to communicate.

LaBar et al. (2003) presented subjects with identity morphs
in which one neutral face morphed into a different person’s
neutral face and emotion morphs in which the same face
morphed from a neutral to angry or fearful expression. In
comparison to the identity morphs, emotion morphs
elicited greater responses in aSTS and pSTS, in addition
to ventral anterior cingulate gyrus, ventromedial prefrontal
cortex, middle frontal gyrus, and medial FG (LaBar et al.,
2003). The authors suggest the STS is responsive to
changes across emotions, but not identities, because it is
sensitive to motion that is biologically plausible, such as
changes in facial muscles on the same face.

One type of biological motion involving the face is a
change in eye gaze direction. This powerful social cue can
convey an enormous range of social and communicative
signals including boredom, envy, disgust, fear, interest in
another object, or sharing of interest in that object, for
example. When subjects were asked to selectively attend to
eye gaze direction, more activity was seen in the left STS
and intraparietal sulcus (IPS) than when they were asked to
attend to person identity; however when attending to
identity versus gaze, greater activation was seen in right
lateral FG and inferior occipital gyrus (I0G) (Hoffman
and Haxby, 2000). Furthermore, viewing an averted as
opposed to direct gaze activates STS and IOG to a greater
extent (Hoffman and Haxby, 2000). A series of experiments
with a brain-damaged patient who had a lesion of the right
superior temporal gyrus (STG) revealed a selective deficit
in using eyes as a cue to shift attention (Akiyama et al.,
2006a, b), suggesting this region is critical to perceiving eye
gaze shifts as meaningful. A similar conclusion can be
drawn from an fMRI study in which subjects were shown
faces with eye gaze cues, faces with direct gaze and an
arrow drawn on top of the face, faces with non-meaningful
eye gaze (i.e. cross-eyes), and arrows alone (Hooker et al.,
2003). Importantly, images were presented in a way that
implied eye motion by presenting a series of pictures with
eye gaze shifts in 10 different locations. Bilateral STS
activation was found when subjects viewed a face with
averted gaze as compared to three control tasks (an arrow
pointing the same direction, an arrow pointing on a face
with direct eye gaze, and a face with eye motion with no
directional information). One could argue that an arrow is
not as complex as a face and perhaps this is why greater
activation was seen to a gaze shift than to an arrow
pointing. However, in a separate fMRI study in which
complexity is controlled, eyes still elicit greater STS
activation (Kingstone et al., 2004). In this study ambiguous
cartoon stimuli were presented to participants and in one
condition were described as eyes with a hat while in
another condition were described as a car with headlights.
In both cases, movement of the ‘“eyes” or ‘“headlights”
triggered an attentional shift to an asterisk. However, STS
activation was only seen in the condition in which subjects
were told the cartoon was eyes and a hat. Thus, activation
is greatest to a social stimulus (i.e. a face) that is conveying
information to the subject (averted gaze in this study).
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Further, from the Hooker et al. study, one might suggest
that rather than social relevance, the STS may simply be
more responsive to averted gaze than to direct. However,
an fMRI study (Pelphrey et al., 2004) examined the STS
response to averted vs. direct gaze and found greater STS
activation to direct gaze. In this case, a virtual person
appeared to be walking towards the subject with averted
gaze and as he approached he shifted his gaze to direct. In
this case, the shift to direct gaze is more socially relevant
and therefore meaningful than the averted gaze. Thus, a
socially significant gaze shift (or implied shift) seems to be
the specific stimulus that elicits STS response in studies of
eye gaze processing.

The above studies reveal that the role of the STS in face
processing is in identifying the changeable aspects of faces,
such as eye gaze, head orientation, lip-reading, and facial
expressions (particularly when conveying an emotion).
Each of these ““‘changeable aspects” convey social commu-
nicative significance through specific, sequenced move-
ments. For example, a facial expression can be thought of
as a series of visual-spatial components (of a face) that are
ordered in a specific temporal manner to convey a
particular emotion. This is very similar to a sentence that
is formed by connecting discrete elements (from the level of
consonant to word) in a specific, meaningful order to
convey a thought. Ekman and Friesen (1978) have
identified 46 discrete muscle movements of the face that
they term action units (AU). Combinations of these AUs
code for different facial expressions. In the auditory
domain, an AU can be thought of as a single phoneme,
or even letter of the alphabet, combinations of which lead
to an infinite set of possible expressions, although only a
handful do we recognize as meaningful (Fig. 2). I propose
the function of the STS is to perceive, or extract, a
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meaningful unit created from a sequence of input units (i.e.
AUs or phonemes) presented over time.

Motion in other parts of the head and body can also
elicit strong STS activity. For example, when a subject
approaches a person (through virtual reality in the scanner)
STS activation is seen when the person is making a gesture
but not when he is standing still (Morris et al., 2005). In an
fMRI adaptation experiment, Andrews and Ewbank (2004)
found greater activation in STS when head orientations
(viewpoints) were varied but identity was kept constant
than when identities varied but viewpoint was kept
constant (Andrews and Ewbank, 2004). STS activation is
seen to movement of different regions of the face and body
separately (Pelphrey et al., 2005b; Puce et al., 1998).
Finally, observation of simple finger tapping can also elicit
STS activation (Iacoboni et al., 2001).

In addition to recognizing human activity, an important
component of STS function is the ability to extract
meaning from that activity. Greater activation in the STS
is seen when the subject infers a goal or intention of the
other person as compared to simple perception of
biological motion. In fact, studies of biological motion
perception often imply goals or intentions of an observer.
A shift in eye gaze, for example, is a movement that
conveys social meaning but it also can elicit conjecture on
what the person who is doing the gaze shift is thinking.
This function may explain why STS activation appears in
studies of theory of mind (TOM) perception, or having an
understanding of the goals, intentions, or beliefs of another
person (Frith and Frith, 2003). Evidence from lesion and
fMRI studies in humans and single cell recording studies in
macaque monkeys suggests that when a person’s (or
object’s) actions implies goal-directed behavior greater
STS activation is seen. Patients with lesions to the
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Fig. 2. A shared mechanism for processing facial expressions and words. The figure on the left depicts three facial action units and the resulting
expressions from combination of these three (taken from Hager, J.C., Ekman, P. The inner and outer meanings of facial expressions. In: Cacioppo, J.T.,
Petty, R.E. (Eds.), Social Psychophysiology, Guilford Press, New York, p. 291, Copyright (1983), with permission from Guilford Press). The figure on the
right describes an analogous process in the language domain of 4 letters arranged in such a way as to form a meaningful word. The smallest unit in the
social domain of facial expression processing is a facial action unit. The smallest unit in the language domain is a letter. These units are combined to create

a form of communicative significance (i.e. a facial expression or word).
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temporoparietal junction, (which includes the STS region)
were impaired on questions which required reasoning
about another’s belief but not on questions requiring
memory or factual reasoning (Samson et al., 2004). An
fMRI study of healthy adults showed that a person
walking behind a bookcase and pausing before stepping
out from the bookcase led to greater STS activation than
someone not stopping behind the bookcase (Saxe et al.,
2004). The authors suggest the subject is detecting goal-
directed behavior by the person stopping behind the
bookcase. A second fMRI study presented simple moving
geometric shapes and similarly found the greatest STS
response when the shape appeared to perform a goal-
directed behavior, such as anticipating the path of a second
shape (Schultz et al., 2004). A third study employed a
virtual reality game in which participants became taxi cab
drivers (Spiers and Maguire, 2006). Subjects reviewed the
game they played outside of the scanner and reported their
spontaneous mental thoughts during different events.
These thoughts were divided into either attributing
intentions to agents in the environment of the game (e.g.
pedestrian crossing the street) or thinking about their own
thoughts with regard to their customers or the experi-
menters. The control was ‘“‘coasting” in which they were
not thinking about anything in particular. Only a region
within the right pSTS was more active in response to all
mentalizing thoughts than to coasting. Thus, the STS
region is involved in mentalizing, especially during
attributing an intention or goal-directed behavior towards
something (usually someone) in the environment.

Single cell recording studies of macaque monkeys can
shed light on how the function of the STS region is to
integrate across a number of different types of moving
forms and extract meaning from them. These studies have
revealed that the STS contains neurons selectively respon-
sive to a variety of different parts of the body and face, and
also specific head, body, and eye orientations (reviewed in
Jellema et al., 2000). Additionally, certain neurons will fire
in response to specific actions and in particular when these
actions are performed with an object. An impressive
finding from single cell recording is that other neurons in
the STS will fire when a person reaches for an object only if
the gaze of the other person matches the object. This
finding provides strong evidence that the STS is involved in
attributing intentions or goals to another person. The close
proximity of these cells which show responses to different
parts of the body and to specific movements and sequences
of action makes the STS well suited to interpreting goal-
directed behavior of another person based on the other
person’s actions (Jellema et al., 2000).

The STS also contains neurons sensitive to both auditory
and visual stimuli (Bruce et al., 1981; Benevento et al.,
1977; Barraclough et al., 2005). This integration of
auditory and visual stimuli within individual neurons in
the STS may contribute to its performance of a similar
function in both the auditory and visual domains. Social
cognition in the auditory domain includes perception of

emotional prosody, vocal sounds, and the sound of human
action, to name a few. For example, identification of
emotional intonation as compared to vowel identification
revealed a region in the right STS (Wildgruber et al.,
2005). Greater bilateral mSTS activation is seen to angry
word-like utterances as opposed to neutral utterances
(Grandjean et al., 2005). Further, the STS has been called
the ‘auditory face’ region because it responds maximally to
human vocal as opposed to non-human vocal or non-vocal
sounds (Belin et al., 2004). Finally, pSTS activation is seen
to the sound of footsteps which overlaps with the same
region which is responsive to the visual display of a person
walking (Bidet-Caulet et al., 2005). While auditory stimuli
are generally not described in terms of ‘motion’, auditory
stimuli inherently contain a temporal component in that
units of information must be presented over time and the
sequence of temporal presentation is critical. Thus,
perception of these auditory social stimuli would necessi-
tate similar processing as that of a social, visual stimulus
that changes over time through motion. In sum, an
analogous function can be seen in both auditory and
visual social perception in the STS.

As mentioned previously, a hierarchical response is seen
within the STS such that the greatest response is seen
during meaningful biological motion perception (either
visual or auditory as reviewed above) as compared to non-
biological motion perception. However, non-biological
motion perception still elicits greater STS activation than
static, non-social images. In a study aimed at elucidating
the hierarchical nature of responses in the STS, subjects
were shown four stimuli: two types of biological motion
stimuli (human and robot) and two types of mechanical
motion stimuli (grandfather clock and random mechanical
motion) (Pelphrey et al., 2003). Both types of stimuli
elicited activation within the right STS; however biological
motion stimuli elicited greater right STS activation than
non-biological motion. In general, when presented with
non-biological motion stimuli, the degree of activation
within the STS is greatest if the motion is articulated (like
that of typical human motion) as opposed to simple
translational or rotational movement. For example,
Beauchamp et al. (2002) presented subjects with human
and tool stimuli that were static, showed articulated
motion (i.e. jumping jacks) or showed unarticulated
motion (i.e. rotation or translation or body or tool).
Activity in the STS was elicited by all stimuli however a
greater response was seen to biological than non-biological
and to articulated as compared to unarticulated motion.
Static images also activated the STS (to a lesser degree than
moving) but these static images did have implied articu-
lated motion. For example, the static image of a person had
arms and legs extended as if in the middle of a jumping
jack. In a separate series of experiments in which point-
light displays, silhouettes, and words were presented,
Peuskens et al. (2005) identified a similar response
hierarchy within the STS and conclude that the STS is
maximally responsive to human action. Activation in the
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right STS was greatest to the point-light display of
biological motion, which contains both the form of a
figure and articulated motion, than in any other condition.

The STS is also responsive to motion that is non-social,
non-articulated, but is still complex. Specifically, rSTS
showed greater activation to second order as compared to
first-order motion (Noguchi et al., 2005). Second-order
motion was created by selecting dots in a rectangle area to
move 3 times as fast as the background dots. This is
contrasted with first-order motion in which the dots within
the rectangle area simply change luminance. Detecting
motion cues from a motion background is more complex
than detecting motion without background noise, and
presumably this complexity elicits greater STS activation.

From the above studies it is clear that the STS is central
to the perception of meaningful and complex motion.
Specifically, it is responsive to motion that is articulated
and produced by a form which conveys significance (i.e.
person, tool, or robot). Static images that imply motion or
coherent patterns of motion also activate the STS but to a
lesser degree. Importantly, the greatest degree of STS
activation is seen to dynamic stimuli which elicit mentaliz-
ing, or attributing intentions or goals to the social form
that is producing the motion. In sum, these studies suggest
that the STS is involved in biological motion perception
because it responds to motion and parses that motion into
meaningful, coherent units. An analogous function in the
auditory domain is seen in its role in prosody, emotion
perception, and semantic, linguistic analysis. What is the
common denominator? Speech is a sequence of auditory
units of different frequencies presented over time. Biolo-
gical motion is a sequence of changes in spatial location
over time. The STS appears to parse these units and
integrate them into a meaningful whole.

2.3. The role of STS connections with other brain regions

Research into the anatomical connections of the STS
from the non-human primate literature gives evidence for
why the STS is so well suited for its ability to parse streams
of information from both auditory and visual domains
and also extract meaning from these inputs. The STS
has reciprocal connections to visual, auditory, and even
somatosensory cortices (Barnes and Pandya, 1992). In
addition, higher-order association cortices project to the
STS, including prefrontal and parietal areas (Ban et al.,
1991; Cusick et al., 1995; Seltzer et al., 1996; Seltzer and
Pandya, 1989). This convergence of overlapping inputs
from multiple areas is particularly apparent in area TPO, a
polysensory association area located in the pSTS (Seltzer
et al., 1996). Different regions of TPO have reciprocal
projections to different areas of prefrontal cortex. Speci-
fically, rostral TPO projects to ventral (BA 13, 12, 11),
medial (BA 24, 32, 14, 9) and lateral (BA 10, 12, 46) regions
of prefrontal cortex while the mid-portion of TPO projects
to dorsal areas (BA 46, 9, 10) and the caudal portion
projects to caudal areas (BA 46, 8, 6) (Seltzer and Pandya,

1989). The polysensory neurons and the overlapping
connections from primary cortices and higher-order
cortices make the STS particularly suited for parsing
streams of input across modalities and extracting meaning
from them.

2.4. Hemispheric biases are seen in the STS

The review of both domains suggests a preference of the
left STS in processing language stimuli and the right STS in
processing social and emotional stimuli. However, most
studies reveal STS activation within both hemispheres,
with one side showing a greater extent or intensity of
activation (Fig. 1). Some have suggested that the reason for
lateralization effects is that the left hemisphere is sensitive
to temporal qualities of sound while the right is sensitive to
spectral, such as pitch (Zatorre and Belin, 2001). Recent
evidence suggests that, in the STS, both hemispheres are
sensitive to temporal structure (Boemio et al., 2005).
Specifically, for sounds with and without spectral varia-
tion, the ISTS showed a bias for sound segment lengths of
25-30ms while rSTS showed a bias for sound segment
lengths of 200-300 ms. Thus, stimuli of shorter processing
duration, such as rapidly changing auditory, linguistic
stimuli may show a left-bias in STS while stimuli of longer
processing duration, such as changes in facial expression,
body movement, or emotional vocal expressions may show
a right-bias.

When do these “‘specializations” emerge? If the mechan-
ism of STS function is similar across both social and speech
perception, are these behavioral domains separate in early
childhood? Behavioral evidence suggests not. Many of the
behaviors described above and additional behaviors that
are supported by STS are critical to language acquisition.
These will be reviewed in the discussion below.

3. The STS is important to receptive language acquisition

3.1. Behaviors important to language acquisition are
mediated by the STS

While there is evidence for speech perception ability (e.g.
phonetic discriminations) in early infancy, receptive
language acquisition (including word and sentence com-
prehension) does not occur until the end of the first year
and into the second year of life. Typically, a child’s first
comprehended word occurs around 8 months of age (Bates
et al., 2003; Fenson et al., 1994). Before language is
acquired, children must utilize non-verbal cues to both
make sense of their world and to communicate. Their first
means of communicative input is often from their mother’s
and other’s facial expressions. As children develop, more
complex non-verbal skills are acquired such as initiating
and responding to joint attention (RJA) and interpreting
and making gestures. Researchers have proposed that these
joint engagement interactions are ‘‘based on social
processes more basic than language and that they therefore
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make language acquisition possible by creating a shared
referential framework within which the child may experi-
entially ground the language used by adults.” (Carpenter
et al., 1998, p. 24) In fact, time spent in joint engagement at
10 months correlates significantly with language compre-
hension between 10 and 15 months (Carpenter et al., 1998).

In the above section, I proposed a common neural
substrate underlying social and speech perception, namely
the STS. This supports the idea that a child’s ability to
interpret social communicative cues is necessary for the
acquisition of receptive language. It follows then that the
STS’ role in interpreting social and non-verbal, prelinguis-
tic cues early in development could be the same mechanism
for interpreting linguistic cues once language is acquired. In
other words, cortex specialized for auditory language
reception later in life may have been responsible for
interpreting non-verbal communicative cues early in life via
its ability to parse sequences of auditory or visual inputs
and extract communicative meaning. This same ability then
becomes critical to perceiving streams of speech. In fact,
Carpenter et al. (1998) suggests that language should be
thought of as another social skill and as such it fits into the
social communicative behaviors of following gaze, point-
ing, and gesture. Interestingly, all of these functions are
mediated by the STS at least in the adult, lending a neural
basis to this hypothesis.

In this section, evidence for the role of non-verbal
behaviors (such as joint attention, gesture, and temporal
processing) in receptive language learning will be reviewed.
Evidence from the adult literature suggests these skills are
mediated by the STS. An important caveat to keep in mind
is that the neural substrates underlying behaviors in the
adult may not be the same as those in the child. Thus,
evidence for STS involvement in these behaviors in infants
and children needs to be empirically tested before strong
assertions can be made.

One behavior that has consistently been shown to be
predictive of later language skills is a child’s ability to
engage in joint attention. Joint attention can be divided
into two separate behaviors: initiating joint attention (IJA)
and RJA. RJA is the ability to follow gaze or point
towards an object and to infer that the person is requesting
shared attention of the joint attention initiator and the
object. Coordination of joint attention is a platform by
which caregivers can label words. Tomasello and Todd
(1983) were the first to provide direct evidence for the
critical role of joint attention in language development.
They showed that the amount of time spent engaging in
joint attention between mother and child dyads during a 6
month period was predictive of vocabulary development at
the end of this period. Other subsequent studies have
supported this finding through significant correlations
between RJA bids in the second year of life and later
vocabulary development (Morales et al., 2000; Mundy
et al., 2003; Mundy and Gomes, 1998). In the joint
attention situation, word learning is dependent on the
ability for a child to follow attention to the object being

labeled, to integrate the auditory label with the visual input
of the object, and to infer the speaker’s intention in labeling
that object.

Evidence from the adult fMRI literature suggests the
STS is involved in the three components listed above as
critical to learning language in a joint attention context:
following a speaker’s attention, auditory—visual integra-
tion, and inferring a speaker’s intention. First, T will
present behavioral evidence that suggests a link between
these separate components of joint attention and language
learning. Second, I will provide evidence suggesting that
these components of joint attention may be mediated by
the STS.

Following a speaker’s attention involves the ability to
follow eye gaze shifts, head turns, and points to a target
either within or beyond a child’s visual field. Following
attention (either through gaze or point following) at 9-10
months is shown to correlate significantly with referential
language at 12 months of age (Carpenter et al., 1998). An
infant’s ability to match his mother’s direction of gaze at 6
months significantly correlates with his receptive language
vocabulary at 12 months and expressive vocabulary at 18
months (Morales et al., 1998). The ability to respond to
joint attention through gaze and point cues at 14-17
months is predictive of vocabulary development 4 months
later (Mundy and Gomes, 1998). Additionally, an infants
ability to locate targets outside of his visual field at 15
months predicts expressive language ability at 24 months
(Delgado et al., 2002). A combination of these cues, such as
head turn or pointing, from the adult may help the child
follow attention to more difficult objects such as those
behind the child’s head (Deak et al., 2000). Studies
reviewed above suggest that in the adult, the ability to
follow eye gaze, head movement, and pointing involves the
STS. These abilities may be mediated by the STS in infants
and children as well; however, as noted previously, future
studies are needed to verify this as often brain regions
utilized for a particular task in an adult or not the same as
those utilized early in development.

Auditory—visual integration is necessary for being able to
understand that the object one sees “‘matches” the word
one hears in a joint attention context. This skill is
particularly important for successful mapping of a referent
with its label during the joint attention context. Molfese
(1990) recorded brain auditory evoked responses (AER) to
novel words that were correctly matched with the object
the infant was looking at and words that were incorrectly
matched (Molfese, 1990). A “‘correct match’ refers to a
novel object being paired with the label learned several
days prior to AER testing. A difference was seen in the
brain response to auditory and visual matched pairings as
compared to unmatched word-object pairings in 14-month-
old infants over bilateral frontal electrodes soon after the
stimulus is presented and over left frontal, temporal, and
parietal electrode sites later. Spatial localization is not a
strength of the ERP method and thus, it remains unknown
whether the STS is involved in auditory—visual integration
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in infants. In adults, however, the integration of auditory
and visual inputs involves the STS, suggesting this might be
an important region for auditory—visual integration in
infants and children. Auditory combined with visual
presentation of congruent words resulted in greater activity
within the STS than to either the written or heard word
alone in an fMRI study (Wright et al., 2003). Auditory and
visual matching for objects is also seen in the STS.
Beauchamp et al. (2004) examined the neural response to
pictures of objects, sounds they made, and the integration
of the two. They found that the only regions which showed
equal response to both auditory and visual conditions
alone and enhanced response when auditory and visual
conditions were presented together was the pSTS and
MTG (Beauchamp et al., 2004). Single cell recording from
monkeys revealed that single neurons within STS show
multimodal responses, in that firing is elicited by auditory
and visual stimuli alone but is greatest when these two
inputs are paired, given that they are congruent (i.e. sound
of foot tapping paired with image of foot tapping)
(Barraclough et al., 2005). Sestieri and colleagues suggest
the STS serves to bind “‘semantic’” audiovisual information
as compared to “‘spatial” audiovisual information (Sestieri
et al., 2000).

In addition to following attention, and correctly
integrating auditory and visual input, a child must be able
to understand that the adult is intending to label a specific
object. Two-year-olds presented with a series of labeled
objects can use cues to determine which object the speaker
is intending to label. In one example, an adult is searching
for an object and rejects certain other objects in doing so.
Two-year-olds will learn the label for the object that is
searched for but not the one that is rejected (Tomasello and
Barton, 1994). Two-year-olds also understand that an
adult is more likely to label an object that is novel to that
adult (Akhtar and Tomasello, 1996). In this study, 2
experimenters, an adult, and a child play with 3 toys. The
adult leaves and the 2 experimenters and the child play with
the fourth toy. When the adult returns he looks into the
bag and proclaims, “Look, that’s a gazzer.” The child is
more likely to guess the 4th toy is a gazzer than any of the
other toys, suggesting they understand that the adult labels
the toy that is novel to the adult. Diesendruck et al. (2004)
demonstrated that learning the label for this 4th toy was
not due to contextual changes alone. In their study, the 4th
toy was labeled in a different context (e.g. at a separate
table) either due to intentionally moving to a new spot or
accidentally (e.g. dropping the toy) (Diesendruck et al.,
2004). Two-year-olds associated the experimenters label
with the toy presented in a novel context only when the
experimenter intentionally manipulated the novel context,
suggesting the 2-year-olds understood that this toy was
intentionally different from the other three. While these
studies were conducted on 2-year-olds, younger children
also show evidence for understanding other’s intention as
being critical to word learning. Eighteen-month-old infants
successfully learned a word label if the verbal label was said

by a person looking at the toy the infant was holding but
did not learn the label if the word was said through a
speaker (Baldwin et al., 1996). At 16 months of age, infants
successfully learned the label for an object either when an
adult labeled the object they were playing with or when an
adult looked at another object and labeled it (Baldwin,
1991). Thus, the infant is not just performing a simple
auditory—visual mapping. Rather, the infant can under-
stand that the speaker is intentionally labeling a specific
object. Understanding the intentionality of pointing and
labeling a specific object is critical to being able to learn
new words through joint attention. In the previous section,
evidence suggested that in adults interpreting the intentions
or goals of another person based on their actions involves
the STS. In sum, three components important to RJA bids
are mediated by the STS in adults, suggesting RJA is also
mediated by the STS but this study has not yet been
published.

In addition to joint attention ability, gesture has been
shown to be important to language learning. Goldin-
Meadow (2000) has suggested that an important behavior
in cognitive development is the use and interpretation of
gesture. Children who are about to progress in a cognitive
area often show a mismatch between what they gesture and
what they say. Auditory language comprehension has been
shown to correlate with both comprehension and produc-
tion of meaningful gestures in normal and aphasic adults
(Wang and Goodglass, 1992). Gesture may aid in language
production as well as comprehension. Congenitally blind
children gesture while they speak even if speaking to other
blind children (Iverson and Goldin-Meadow, 1997). This
suggests that gesture is a tool to aid in the speaker’s, as well
as the listener’s, comprehension. Furthermore, Bates and
Dick (2002) review over 15 references marking language
milestones and their gestural correlates between ages 6 and
30 months. Briefly, at age 6-8 months, canonical babbling
occurs as well as rhythmic hand movements. During the
8—-10-month period, word comprehension increases as do
deictic gestures, such as showing and pointing, and gestural
routines, such as waving goodbye. As word production
begins, often between 11 and 13 months, recognitory
gestures, such as putting a brush to the hair or a cup to the
lip, are seen. Finally, at 18-20 months, when children
typically begin using word combinations, gesture—word
and gesture—gesture combinations are seen. These temporal
correlations between gesture and language development
suggests gesture may be tightly linked with language
development. In fact, Goldin-Meadow (1998) suggests that
“gesture and speech share a common cognitive representa-
tion; that is, before the communication unfolds, gesture
and speech are part of a single idea.”” As discussed above,
the STS fires in response to meaningful gestures and speech
in adults. Thus, the STS may serve as the neural link
between gesture and speech, which after all “share a
common cognitive representation.” Furthermore, research
on native ASL signers reading ASL and English speakers
reading English has shown that both utilize the STS,
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although signers recruit greater right hemisphere STS than
English speakers (Neville et al., 1998). This finding suggests
that the STS is activated by ‘gesture speech’ or written
speech. It would therefore make sense that a similar
neural substrate for speech comprehension would be
involved in the acquisition of ‘visual speech’, or gesture,
comprehension.

A final behavior important to language learning
discussed here is a child’s ability to temporally sequence
and parse language. As a child’s production increases, so
does the rate at which a word is anticipated in a sentence.
Whereas 12-month-old infants may process the sentence
“Where’s the Baby?”” by the time the speaker got to ““..by”,
24-month-old infants would respond by “Ba..” (Fernald

et al.,, 2001). The STS’ role in learning temporal and
acoustic sequences specific to speech stimuli may contri-
bute to a faster processing rate as speech comprehension
and production increase. Parsing in the visual domain
appears much earlier in infants. Baldwin et al. (2001) show
that 10—11-month-old infants are able to parse actions into
discrete units. A study using fMRI with adults (Zacks
et al., 2001) shows that the STS is involved in parsing
events at least in the visual domain. In this study, subjects
viewed movies of everyday events, such as ironing or
making the bed, and were asked to segment the activity
into natural and meaningful events (Zacks et al., 2001).
A network of regions, including STS (Zacks et al., 2006),
was found to be more active during the trials in which
subjects marked a natural boundary. Activation was even
greater when this boundary marked a large event than
when it marked a small event. An analogous function in the
language domain would be parsing natural boundaries for
words or sentences.

While these behaviors do not account for all necessary
components to language processing, they are nonctheless
significant. A child’s ability to follow eye gaze and integrate
auditory and visual inputs is important for the develop-
ment of joint attention, which has been shown to be
necessary for word learning (Moore et al., 1999). Further-
more, interpretation and performance of gestures are
important to a child’s verbal and non-verbal communica-
tion skills and cognitive development. The common
denominator across all of these functions sub-served by
the STS is the parsing of a sequence of inputs into a
meaningful, coherent whole.

3.2. The STS becomes tuned to respond to meaningful input

I propose that cells within the STS become tuned to
respond to meaningful auditory input, such as words, and
visual input, such as shifts in eye gaze or pointing,
throughout development. STS neurons have been found
in adult non-human primates that are responsive to specific
sequences of actions that convey meaning. Jellema and
Perrett (2003b) presented pictures of sequences of body
postures to monkeys while recording from cells within the
STS. If a monkey learned that posture ‘X’ following

posture ‘B’ is meaningful, cells would fire to ‘X’ if it
followed ‘B’ but not if it followed posture ‘A’. Previous
studies reveal involvement of the STS in perceiving point-
light displays when they appear to move in a biological way
(Grossman and Blake, 2002), however, when the dots
forming the perception of biological motion are overlaid
on noise, this perception becomes more difficult. When
subjects were trained to recognize the moving figure form
from the noise, activation was seen in right STS (Grossman
et al., 2004). These findings suggest the STS is maximally
responsive to coherent sequences of input and that perhaps
with repetition, the STS can be tuned to decipher socially
or linguistically meaningful from non-meaningful se-
quences of input. Early on, if the child learns that following
gaze or gestures of the caretaker often results in finding a
new or interesting object, and perhaps more importantly in
jointly sharing in a social venture, these cues may become
more salient to him or her. With repeated occurrences, the
cells within the STS may receive feedback that this
behavior is socially meaningful, and thus may become
tuned to respond preferentially to specific eye gaze or
gesture acts. The child may then begin to substitute words
for gestures and requests for points.

By adulthood, the neural response to these words and
requests is left-biased while the response to gestures and
points is right-biased. However, early on this lateralization
may not be so evident. Interestingly, language directed at
infants tends to be rich in prosody, with wide pitch
contours. The brain response to this type of prosodic
speech is typically seen in right as opposed to left STS in
adults. Perhaps the right STS is particularly critical in early
language learning because the functions of the right STS
(detecting prosody, biological motion, gestures, and inter-
preting intentions) are the communicative skills available
to the pre- or peri-linguistic child. In fact, studies that have
examined language skill in young children with early focal
lesions suggests the right hemisphere, not left, is particu-
larly important in word comprehension (review: Bates,
1997). Furthermore, a PET study of children 18 days to 19
years provides some evidence for a shift in metabolic
activity from the right to left hemisphere at around the
fourth year of life (Chiron et al., 1997). These findings
suggest an early developmental importance of the right
STS in particular for social processing and initial language
learning. Perhaps, as speech perception requires increas-
ingly rapid parsing, the left hemisphere, which is anatomi-
cally better suited for rapid auditory processing (Hutsler,
2003) may take over.

3.3. Other regions involved in language learning

As discussed above, this review is not intended to argue
that behaviors mediated by the STS subserve all of
language acquisition. Rather the function of the STS
appears to be specific to perception, rather than production.
For example, STS activation is elicited by hearing words,
seeing biological motion and interpreting intentions, to
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name a few. A child’s productive activity through interac-
tion with his or her own world is also of fundamental
importance to acquiring language. Correlations are seen
between an infant’s initiating of joint attention or social
interactions with the mother and language ability (Gold-
stein et al., 2003; Mundy et al., 2003). Studies have linked
IJA as well as other social behaviors with prefrontal brain
regions including medial frontal cortex (Mundy, 2003;
Mundy et al., 2000, 2003).

Another region in prefrontal cortex, inferior frontal
gyrus (IFG), has been linked to early language learning not
only because of its role in adult language production and
acquisition of a second language (Sakai, 2005) but also
through behaviors that are important for language learning
such as imitation. Mirror neurons, which are activated
when an animal, or human, is planning a specific arm
movement or gesture and when an animal observes
someone ¢lse doing that same movement are found in area
F5 (for which the human homolog is the inferior frontal
gyrus and adjacent ventral premotor cortex) and rostral
inferior parietal lobule (reviewed in Rizzolatti et al., 2001;
Iacoboni, 2005). Thus, some researchers have focused on
the role of the inferior frontal regions in the link between
gesture, imitation, and language learning (e.g. Rizzolatti
and Arbib 1998; Bates and Dick, 2002). Interestingly,
fMRI activity that reflects a pattern congruent with mirror
neuron activity is also observed in the STS (Iacoboni et al.,
2001). While imitation of a gesture or word is important to
word learning and production, the ability to signal mean-
ing from a sequence of gestures, such as eye gaze or
pointing, and from a sequence of auditory inputs is also
crucial to receptive language acquisition.

Thus, a network of regions is clearly important in the
acquisition of both expressive and receptive language. The
evidence reviewed above on the role of the STS in the
perception of speech, gesture, and in skills critical to early
social communication and language learning, provides
strong evidence for the STS as a neural component to the
acquisition of receptive language.

4. Given the above, abnormalities in this region may be
critical to the emergence of autism

Understanding the role of the STS in normal language
acquisition could have a significant impact on our under-
standing of autism: a disorder characterized by abnormal
language and social cognition. The above evidence suggests
these two domains may share a common substrate of the
STS and may be linked particularly early in development.
Thus abnormalities in this region may be critical to the
behavioral phenotype seen in autism. The STS has
previously been proposed to be a critical component of
the abnormal neural circuitry underlying deficits in social
perception (Pelphrey et al., 2004; Zilbovicius et al., 2006)
and basic visual perceptual abnormalities, such as motion
perception (Dakin and Frith, 2005) in autism. I extend
these proposals by suggesting that disruption to the STS,

particularly early in development, may contribute to the
perceptual, social, and language deficits seen in autism.

4.1. Anatomical evidence of STS abnormalities in autism

A large body of neuroanatomical and neurofunctional
evidence suggests the temporal lobes, and particularly the
STS/STG, are abnormal in autism. Rapid brain growth is
seen in autism between birth to 6-14 months of age
(Courchesne et al., 2003). This rapid rate of brain growth
continues into early childhood, after which time brain size
is not significantly different from normal (Courchesne
et al., 2001; Redcay and Courchesne, 2005). Evidence
suggests this rapid growth occurs in an anterior to
posterior gradient with frontal and temporal lobes most
affected (Courchesne et al., 2004). Specifically, MRI
volumetric studies reveal significant enlargement of gray
matter in the frontal and temporal lobes in 2—4-year-old
children with autism as compared to controls (Carper
et al., 2002). A voxel-based morphometry study found
decreased concentrations of gray matter in autism localized
bilaterally to the superior temporal sulci (Boddaert et al.,
2004b). Analysis of cortical sulcal maps in autistic children
revealed bilateral anterior and superior shifting of the
superior frontal sulci and right anterior shifting of the STS,
sylvian fissure, and left inferior frontal sulcus (Levitt et al.,
2003). The authors interpret anterior shifting of sulci as
indicating delayed or incomplete sulcal development based
on developmental sulcal mapping studies of typical
children. Furthermore, cortical thickness has been shown
to be reduced in a number of brain regions in autism and
this reduction correlates significantly with autism symp-
toms in the STS and inferior frontal gyrus in addition to a
number of parietal regions (inferior parictal lobule,
supramarginal gyrus, and superior parietal lobule) and
one occipital region (IOG). Reduced cortical thickness
suggests either early primary neural abnormalities in these
regions or secondary abnormalities resulting from aberrant
cortical connectivity (Hadjikhani et al., 2006).

Temporal lobe abnormalities have also been found in
post-mortem studies. Four of the six autism brains that
Bailey et al. (1998) examined contained temporal lobe
abnormalities. These abnormalities include mild widening
of temporal sulci in one case (Case 1), abnormal temporal
laminar patterns in two cases (Cases 1 and 4), thickening of
the STG in two cases (Cases 2 and 4), and scattered mature
neurons within white matter in the STG in one case
(Case 5). Neuronal integrity, as measured by levels of NAA
recorded during MRS Spectroscopy, is impaired in the
lateral temporal regions in one study (Hisaoka et al., 2001).
The primate anatomical literature has shown that the STS
has rich projections to the frontal lobes (Seltzer and
Pandya, 1989) and the cerebellum (Schmahmann and
Pandya, 1991); areas which have been consistently im-
plicated as abnormal or impaired in autism (Carper and
Courchesne, 2000). Finally, a study of cerebral blood
flow during sedation in children with autism revealed
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hypoperfusion of bilateral STG/STS (Ohnishi et al., 2000;
Zilbovicius et al., 2000) and in fact this hypoperfusion in
the left STG/S correlated with degree of autism severity
(Gendry Meresse et al., 2005). Thus, the above evidence
suggests that dysfunction of the temporal lobes may play a
significant role in the development of autism.

4.2. Functional evidence of STS abnormalities in autism

Behavioral and neurofunctional data also suggest
impairments of the STS in autism. As described above, a
primary social cognitive function that recruits the STS is
biological motion perception, or the identification of a
social form from a moving entity, and attributing inten-
tions or goals to that entity. In the language domain, the
STS is involved in identifying linguistic units from a stream
of auditory information and extracting the communicative
significance of these units. Thus, behaviors that engage the
STS include attributing intentions to others, perception of
a social form from sparse, moving information, perception
of the changeable aspects of faces such as eye gaze and
expressions, complex motion perception, prosody percep-
tion, and narrative comprehension, to name a few. Many
of these behaviors are impaired in autism and elicit
abnormal STS activation. In the following section,
behavioral and neurofunctional studies of these behaviors
in autism will be reviewed.

Much behavioral work in autism reveals deficits in
understanding that another person has a mental state that
is different from one’s own (or ToM). As reviewed above,
the role of the STS in ‘mentalizing’ is primarily in
determining the goals or intentions of a social being (or
object) based on its actions. One such example is in
determining the intention of another person based on eye
gaze direction. Behavioral studies of eye gaze perception in
autism suggest that individuals with autism can be cued by
eye gaze direction or shifts in direction but that extracting
meaning from eye gaze direction is not an automatic
process and may be completely impaired. In one study,
children were presented with pictures of a face below two
candy bars; one to the left and one to the right (Baron-
Cohen et al., 1995). The children were presented with
images of the face looking towards one of two candy bars
or looking forward (i.c. at the participant). They were
asked to determine what candy bar the face in the picture
wanted. Children with autism could detect the gaze shift
but they were not able to answer which candy bar the face
would want based on eye gaze direction. This suggests that
while they processed a gaze shift, they were not able to
extract meaning from the gaze direction. A second
behavioral study found that children with autism were
most impaired relative to their verbal mental age- and
chronological age-matched controls at matching gaze
direction and facial expressions and relatively less impaired
at matching identity, gender, and lip-reading (Gepner
et al., 2001). Thus, while perceiving and interpreting gaze
directions and expressions may be a natural function for

typical individuals, the interpretation of gaze does not seem
to be automatic in the case of autism.

An fMRI study by Pelphrey and colleagues (Pelphrey
et al., 2005a) provides a neural correlate for these
behavioral findings. Autism and control participants were
presented with a face that made eye gaze shifts after a
flickering checkerboard appeared in one of the four corners
of the screen. In congruent trials, the eye gaze shifts were in
the direction of the checkerboard, while in incongruent
trials, the shifts were made to a corner of the screen that
did not contain the checkerboard. STS activity was seen in
both groups to shifts of eye gaze; however, while controls
showed greater right STS activation to incongruent than to
congruent gaze shifts, individuals with autism did not show
differential STS activation between the conditions. The
authors suggest the greater STS activation to incongruent
than to congruent gaze shifts in controls reflects the greater
processing demand placed on the STS when the action of
the face violates the expectation of what the subject
thought the face would do. In other words, greater STS
activity may index mentalizing about the goals and
intentions of the face on the part of the subject. Thus,
the finding of no difference in STS activation between
conditions suggests that in autism, the STS can be recruited
to detect shifts in eye gaze; however, unlike controls, no
greater processing demand is placed on the STS when the
face acts in a way that is not congruent with the subjects’
expectations of the actions or intentions of the face.
Presumably, this is because expectations of another’s
intentions are not automatically formed in autism based
on eye gaze shifts.

Intentions can be attributed based on actions even when
the moving entity is not a human form. In one study,
participants were presented with moving shapes, some of
which appeared to be performing actions, such as coaxing
or tickling (Castelli et al., 2002). Autistic subjects were less
likely to attribute mental states to the action of the shapes.
When viewing the actions that elicited mentalizing in
controls, reduced functional activity was seen in the autism
group in the medial prefrontal cortex, STS, and temporal-
parietal junction. Interestingly, the difference between
conditions is simply whether an intention, or mental state,
can be attributed to the movement of geometric figures. In
autism, STS activity did not reflect this distinction.

Social stimuli that change over time such as facial
expressions and vocal sounds elicit greater STS activity in
controls than in autism. Given the above studies, the
reduced STS activity in autism may be due to an absence of
extracting social communicative meaning of the gaze
directions, expressions, or vocal sounds. In a study of face
processing in autism, Pierce et al. (2001) presented a series
of static faces that contained neutral expressions. The
autism group showed reduced STS activity to faces (as well
as reduced FG and amygdala activation) as compared to
controls. In the auditory domain, additional STS proces-
sing is seen in controls, but not in autism, to the
presentation of vocal as compared to non-vocal sounds
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(Gervais et al., 2004). As described above, vocal sounds are
stimuli of social relevance and have been described as
auditory ‘faces’. Unlike static faces, vocal sounds contain a
temporal component. Presumably the lack of additional
STS processing in autism to vocal sounds reflects an
absence of implicit social processing similar to that seen in
the eye gaze and face tasks of Pelphrey et al. (2005a) and
Pierce et al. (2001), respectively. The perception of a
human activity from point-light animations is also
impaired in children with autism (Blake et al., 2003) but
surprisingly this has not yet been tested with fMRI.
Presumably, activation would be seen in the STS to both
conditions in both groups but controls would show greater
activation to the point-light displays that were perceived as
biological motion.

Based on findings from the studies above, it appears that
while controls recruit additional activation within the STS
to extract an agent’s motive, goal, or intention, subjects
with autism do not. This would imply the STS abnorm-
alities in autism are restricted to higher-order socio-
emotional processing in autism. However, some evidence
suggests that even more basic motion perception might be
impaired in autism as well (reviewed in Dakin and Frith,
2005; Milne et al., 2005). When viewing a large radial flow,
typical children make postural adjustments; however, this
is not the case in autism. In fact, the degree of postural
hypo-reactivity positively correlated with autism severity
(Gepner and Mestre, 2002). Additionally, when viewing
dots in motion, children with autism require a greater
number of dots moving coherently to be able to detect their
direction (Milne et al., 2002; Pellicano et al., 2005; Spencer
et al., 2000). Some (Spencer et al., 2000) have attributed
this to a dorsal stream deficit, while others (Pellicano et al.,
2005) to a global integration deficit, and yet others
(Bertone et al., 2003) to a difficulty in perceptual processing
of complex stimuli. It has also been suggested that these
more basic deficits may contribute in some way to the
higher-order deficits seen in autism (Rivera and Koldewyn,
2005). It is unclear whether these behavioral abnormalities
in motion perception in autism would be reflected in the
STS as these tasks have not yet been performed with fMRI
in autism to the best of my knowledge. The few extant
imaging studies of motion processing, albeit higher-order
motion processing, reviewed here suggest the STS is
recruited in autism for some types of motion processing,
but not to use motion cues to make an inference of
another’s intentions or goals. Further imaging work of
basic motion and biological motion perception in autism is
needed to disentangle this apparent discrepancy.

An important observation regarding motion perception
in autism is made by Gepner and Mestre (2002). They
found autistic children were better at processing small
squares moving if they were moving slowly (5-15mm/s)
than if they were moving quickly (30-50 mm/s). They
suggest many of the social-emotional impairments, such as
face and emotion processing can be explained by an
underlying deficit in rapid motion processing. While they

propose that the abnormalities in the cerebellum and
magnocellular pathways may account for this deficit, the
STS may likely be a part of this circuit as well. As reviewed
above, the STS is activated by stimuli of complex motion,
or implied motion, and also shows a hierarchical response
in the degree of activation with both complexity and socio-
emotional significance of the stimuli. Perhaps, the lack of
STS recruitment in higher-order tasks of social cognition
involving emotion could be ameliorated with slowed
presentation of these stimuli. In fact, slowed presentation
of videos of actors performing an emotion did lead to
emotion recognition in a group of autistic children (Gepner
et al., 2001). However, this group of autistic children also
was able to recognize emotions on still face actors, a
finding contrary to previous studies (Gepner et al., 1994).
Clearly this is a topic that needs to be re-addressed.
Interestingly, anecdotal reports offer some support for the
hypothesis that rapid temporal processing may underlie
some of the communication deficits seen in autism. For
example, an article by Noens and vanBerckelaer-Onnes
(2005) describes an engineer with high functioning autism
who “‘needs time to process incoming stimuli step-by-step.
Since natural communication modes are so fast and
transient, he frequently fails to understand the most
essential information” (Noens and vanBerckelaer-Onnes,
2005, p. 143). Someone unable to parse rapidly changing
input would likely have difficulties following and inter-
preting meaningful facial cues. Additionally, difficulties in
processing rapid input over time could lead to difficulties in
speech perception.

One diagnostic indicator of autism disorder is delayed or
absent language. Children with autism are significantly
impaired on both language comprehension and produc-
tion. In a study utilizing the MacArthur Communicative
Development Inventories (CDI), sentence and phrase
comprehension were more delayed than word production
relative to a normative sample. The authors suggest this
may be due to a greater deficit in processing sequences of
words, rather than words alone (Charman et al., 2003).
Often it is noted that the typical sequence of word
production following gains in comprehension, is not
followed in autism, resulting in inappropriate word
production. These findings suggest deficits in speech
comprehension may be particularly detrimental to lan-
guage development overall. The profile of language
abnormalities in autism is different from language delay
or specific language impairment (Fisher et al., 2005).
Children with autism show the most consistent and greatest
difference from typical children on language tasks that
require an understanding of an other’s communicative
intentions (reviewed in Sabbagh, 1999), such as prosody,
metaphor, extracting themes from a narrative, or discourse
(reviews, Lord and Paul, 1997; Wetherby et al., 2000). They
perform best at responding to direct requests as opposed to
indirect requests (Paul and Cohen, 1985) suggesting
implicit processing of a speakers intent in language is
impaired. Some linguistic structural abnormalities are
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present, such as deficits in vocabulary, syntax, grammar,
and morphology but these are more variable than
pragmatic deficits (review, Tager-Flusberg and Joseph,
2003).

Only a handful of studies have examined the neural bases
of language processing in subjects with autism and have
found mixed results with regard to STS activation. Two
studies of passive listening to speech-like sounds (one study
was performed under sedation) revealed significantly
reduced temporal lobe activity (STG and MTG) in autistic
patients as compared to controls (Boddaert et al., 2003,
2004a). Interestingly, three fMRI studies of high-function-
ing adults with autism, one of irony comprehension (Wang
et al., 2006), one of semantic vs. perceptual processing
(Harris et al.,, 2006), and one of explicit sentence
comprehension (Just et al., 2004), found greater activity
in STG/S in participants with autism than in IQ matched
controls. Two of these (Harris et al., 2006; Wang et al.,
2006) contained a number of participants with Asperger’s
disorder. Asperger’s disorder is characterized by deficits in
social behavior but not by language impairments and thus
studying language with a mix of Asperger’s and autism
participants could possibly confound group results. None-
theless, these studies do offer valuable information that
suggests that high-functioning adults with autism spectrum
disorders (ASD) can engage STG/S for language proces-
sing. Given the pattern of behavioral abnormalities, it is
possible that high-functioning ASD individuals are able to
perform a language task (although often with more effort
and poorer performance), but, unlike controls, without
explicit instruction or other motivation they are not
compelled to do so. This is analogous to evidence from
the social perception literature as discussed above. Beha-
vioral evidence does show that autistic individuals are
worse at extracting speech signal from noise (Alcantara
et al., 2004) and show reduced orienting to speech as
compared to non-speech sounds (Klin, 1991). Together
these findings suggest speech perception is not an
automatic process in autism and this lack of automatic
orienting, perception, and interpretation of speech may be
a critical deficit. Perhaps, as discussed above, the lack of
automatic interpretation of speech is due to a deficit in
rapid “auditory motion” integration. Speech requires a
very quick integration of multiple words, stress patterns,
and intonational cues. High-functioning autistic indivi-
duals may be able to parse the simple word content but
integrating other contextual cues creates a task that is too
complex.

4.3. Role of connectivity in STS impairments in autism

A large body of neuroanatomical, neurofunctional,
behavioral, and anecdotal evidence (reviewed above)
suggests the temporal lobes and particularly the STS/
STG, are impaired in autism. While more research is
required, an emerging picture of STS dysfunction in autism
is not specifically in the ability to parse streams of

information, but rather the ability to extract meaning
from them automatically. However, some evidence sug-
gests there is a deficit in integration of rapidly presented
information (Gepner and Mestre, 2002; Noens and
vanBerckelaer-Onnes, 2005) or complex motion processing
(Bertone et al., 2003). The ability to extract meaning from
inputs may require not only intact STS but also intact
input from other higher-order association regions such as
frontal cortex. Much current research has identified
abnormalities in both structural connectivity (which refers
to the anatomical connections between regions as measured
through integrity of white matter tracts or volume of white
matter) and functional connectivity (which refers to the
coherence in activity patterns between regions) in autism
(Belmonte et al., 2004; Courchesne and Pierce, 2005). For
example, white matter tracts (measured through DTI) are
abnormal (Barnea-Goraly et al.,, 2004). White matter
volume is increased at young ages in autism (Courchesne
et al.,, 2001; Herbert et al., 2004) and higher-order
association cortices are relatively more impaired structu-
rally (Carper and Courchesne, 2005; Carper et al., 2002).
Studies of functional connectivity have found reduced
connectivity in autism, particularly within and between
frontal and parietal (or occipital) regions, during sentence
comprehension judgments (Just et al., 2004), executive
function (Just et al., 2006), working memory (Koshino
et al., 2005), and visuomotor performance (Villalobos
et al., 2005). The only study to examine connectivity during
a task that produced reduced STS activity in autism
(Castelli et al., 2002) found reduced connectivity between
STS and extrastriate cortex. In this study, the connectivity
was assessed relative to a region in extrastriate cortex, not
STS. It would be interesting to know if reduced con-
nectivity was present between the STS and medial
prefrontal cortex in this study and whether that reduced
prefrontal input contributed to the inability to attribute
intentions to the shapes. At the present time, however, it is
not clear how much prefrontal cortical input contributes to
TOM processes in the STS.

5. Conclusion

I argue that a common mechanism for both social and
speech perception is performed by the STS, namely parsing
rapidly changing auditory and visual input and extracting
meaning from this input. The ability to integrate changing
auditory and visual cues (both within and across mod-
alities) and extract social or communicative significance of
these cues may be critical to word learning. Based on the
behavioral and functional literature currently available,
the particular deficit in STS function in autism may be the
automatic extraction of meaning from rapidly presented
visual or auditory cues. However, some deficits in simple
parsing of these rapidly presented cues may also exist. This
inability to assign meaning to cues may be an underlying
cause for the impaired language learning, particularly in
pragmatic aspects of language, which are characteristic of
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autism. Further research is needed to determine the role of
the STS and its connectivity with other regions in the
emergence of the pervasive communicative deficits seen in
autism.

A complex neurobehavioral disorder such as autism
cannot be explained by abnormalities in one brain area,
nor is language acquisition dependent on the development
of just one area. Development progresses through a
complex interaction of many brain and behavioral changes
and experiences. The current review aimed to focus on the
role of an adult ‘language comprehension region’ from a
developmental ontogenetic perspective based on evidence
of its role in both non-verbal behaviors important to
language acquisition and speech perception itself. Evidence
that this area may be abnormal in a disorder characterized
by language and social communication adds additional
support to this hypothesis and suggests STS dysfunction
may be a critical contributing factor in the emergence of
the autistic phenotype.
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