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Abstract

The superior temporal gyrus has been implicated in language processing and social perception.
Therefore, anatomical abnormalities of this structure may underlie some of the deficits observed in
autism, a severe neurodevelopmental disorder characterized by impairments in social interaction
and communication. In this study, volumes of the left and right superior temporal gyri were
measured using magnetic resonance imaging obtained from 18 boys with high-functioning autism
(mean age = 13.5 +3.4 years; full-scale 1Q = 103.6 £13.4) and 19 healthy controls (mean age =
13.7 £3.0 years; full-scale 1Q = 103.9 +£10.5), group-matched on age, gender, and handedness.
When compared to the control group, right superior temporal gyral volumes were significantly
increased in the autism group after controlling for age and total brain volume. There was no
significant difference in the volume of the left superior temporal gyrus. Post-hoc analysis revealed
a significant increase of the right posterior superior temporal gyral volume in the autism group,
before and after controlling for age and total brain volume. Examination of the symmetry index for
the superior temporal gyral volumes did not yield statistically significant between-group
differences. Findings from this preliminary investigation suggest the existence of volumetric
alterations in the right superior temporal gyrus in children and adolescents with autism, providing
support for a neuroanatomical basis of the social perceptual deficits characterizing this severe
neurodevelopmental disorder.
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1. Introduction

Autism is a pervasive developmental disorder characterized by impairments in reciprocal
social interaction, verbal and nonverbal language and communication, and a restricted range
of interests and repetitive behavior (APA, 2000). Sensory and motor signs and symptoms,
inattention with hyperactivity, emotion dysregulation, and intellectual disability are also
integral aspects of this syndrome in many, though not all, affected individuals (Rogers and
Dawson, 2009). The myriad social, language, cognitive, emotional, and behavioral problems
observed in autism suggest that the syndrome affects a functionally diverse and widely
distributed set of neural systems as evidenced by the wide range of structural abnormalities
that have been reported (Brambilla et al., 2003; Palmen and van Engeland, 2004). Several
brain regions have been examined extensively; however, the superior temporal gyrus (STG),
an established node in the “social brain” network (Baron-Cohen et al., 1999; Bigler et al.,
2007; Brothers and Ring, 1992), has received relatively little attention. In fact, a very limited
number of morphometric investigations have been conducted to examine the size of the
STG, a key structure that has been implicated in several neuropsychological and
physiological functions thought to be abnormal in this severe neurodevelopmental disorder
(Pelphrey et al., 2004).

Investigating STG abnormalities in autism is a logical endeavor given its important roles in
language processing and social perception. The STG is perhaps best known for the former as
it consists of the primary auditory cortex and Wernicke’s area. Abnormalities in these
regions can result in profound language difficulties as illustrated in the extreme cases of
cortical deafness and receptive aphasia (Eggert, 1977; Wernicke, 1874). Since the
description of cortical deafness, it has been known that the STG is bilaterally involved in the
initial stages of auditory perception (Zilbovicius et al., 1995). While the STG’s important
role in language processing has been known since the 19™ century, its role in social
perception has a much more recent history. There exists now an extensive body of literature
demonstrating the STG’s role in social perception. The STG’s importance in social
perception was spawn by the use of functional magnetic resonance imaging (fMRI) in
cognitive neuroscience research. Numerous tasks tapping social perception have been used
in conjunction with fMRI to demonstrate the involvement of the superior temporal region
such as the STG and superior temporal sulcus, and these studies have been reviewed
extensively elsewhere (Pelphrey and Carter, 2008b; Redcay, 2008). Furthermore, the STG is
highly connected to other key regions of the brain such as the superior temporal sulcus,
frontal and parietal lobes, and the limbic and associated sensory systems (Gloor, 1997;
Pandya and Yeterian, 1985; Seltzer and Pandya, 1978). Therefore, the STG may play a
critical role in processing and integrating different types of information in order to give
proper meaning to the surrounding world, and it has been suggested that temporal region
dysfunction is implicated in almost all deficits observed in autism (Boddaert and
Zilbovicius, 2002).

Numerous studies implementing a wide range of research modalities have reported different
types of STG abnormalities in autism. In an influential postmortem study of the
cytoarchitecture of the cerebral cortex, Casanova and colleagues reported abnormal cortical
minicolumns (a basic functional neuronal unit) in the STG of patients with autism when
compared to healthy controls (Casanova et al., 2002). In voxel-based MRI investigations,
Waiter et al. and Salmond et al. also reported STG abnormalities such as increased gray
matter volume (Salmond et al., 2003; Waiter et al., 2004). Moreover, a number of positron
emission tomography (PET) (Boddaert et al., 2003; Castelli et al., 2002; Muller et al., 1999;
Zilbovicius et al., 1995), single photon emission computed tomography (SPECT) (Mountz et
al., 1995; Ohnishi et al., 2000), fMRI (Baron-Cohen et al., 1999; Boddaert et al., 2003;
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Gomot et al., 2006; Pelphrey and Carter, 2008a; Pelphrey et al., 2005), event-related
potential (ERP) (Bruneau et al., 2003; Bruneau et al., 1999), and magnetoencephalography
(MEG) (Gage et al., 2003; Roberts et al., 2010; Rojas et al., 2008) studies have also revealed
STG abnormalities in autism, reporting abnormal STG activation/activity both during rest
and while performing various tasks.

Despite this broad array of evidence supporting STG abnormalities in autism, a limited
number of studies have been conducted specifically examining the size of this structure. Of
these limited number of studies, most looked exclusively at asymmetry rather than group
comparison of STG volume (De Fosse et al., 2004; Gage et al., 2009; Herbert et al., 2002;
Herbert et al., 2005). There are, however, at least two studies directly comparing STG
volume between autism and control groups. One volumetric study examined total STG
volume in autism and found no significant volumetric differences when compared to a
matched control group (Bigler et al., 2007). In contrast, the voxel-based MRI study
mentioned previously, found increased STG gray matter volume when compared to controls
(Waiter et al., 2004). In light of these inconsistent findings, this study was carried out to
examine the total left and right STG size in high-functioning male children and adolescents
with autism. Given that overgrowth has been associated with dysfunction at least during
younger ages (Courchesne et al., 2004), the replicable finding of increased brain volume
(Piven et al., 1995), and evidence suggesting the frontal/temporal lobes are most affected
(Courchesne et al., 2004), it is hypothesized that STG volumes will be increased in subjects
with autism when compared to healthy controls.

Examination of the scatter plots depicting all participants’ STG volumetric data by study
group (Figure 1) revealed one typically developing control (TDC) subject who was an
outlier in all volumetric measures, including left STG (TDC mean = 18.67+2.41 cc, outlier
value = 25.06 cc) and right STG (TDC mean = 17.76+2.26 cc, outlier value = 23.89 cc). No
outliers were present in the high-functioning autism (HFA) group. This outlier is clearly
identified using box plots as depicted in Figure 2.

In light of the potential problem of a single oultier in a small sample, final analysis was
conducted after excluding this subject (N = 37; HFA = 18, TDC = 19). The resultant HFA
and TDC groups did not differ in mean age, full-scale 1Q (FSIQ), verbal 1Q, and
performance 1Q (Table 1). Right STG volume was increased in the HFA group with a trend
toward statistical significance (p = 0.075). After controlling for age and total brain volume
(TBV), right STG volume was significantly higher in the HFA group (p = 0.040). There
were no significant group differences in left STG volume before and after controlling for
age and TBV. Post-hoc comparison of right posterior STG volume revealed significant
increase in the HFA group (p = 0.038, uncorrected). After controlling for age and TBV, right
posterior STG volume remained significantly higher in the HFA group (p = 0.028,
uncorrected). The analyses for volumetric data are summarized in Table 2.

There were no age-related effects on STG volume for both the HFA group and TDC group.
For the HFA group, Pearson correlation for the age and left STG (r = 0.070, p = 0.784) as
well as age and right STG (r = 0.102, p =0.686) was not significant. For the TDC group,
Pearson correlation for the age and left STG (r = 0.295, p =0.220) as well as age and right
STG (r=0.127, r = 0.603) was not significant.

Examination of the symmetry index did not yield statistically significant between-group

differences. Specifically, there were no significant differences in the symmetry index
between HFA and TDC groups when examining left and right STG volumes (HFA =
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0.49+16.49, TDC = 4.94+15.46, t = —0.847, p = 0.403). In both groups, the positive
symmetry index values indicate that the region is larger in the left hemisphere than in the
right, though this appears to be more so for the TDC group.

3. Discussion

Given the STG’s important roles in language processing (left hemisphere) and social
perception (right hemisphere), the main goal of this study was to examine STG volumes in a
sample of children and adolescents with autism. It was hypothesized that STG volumes
would be greater in subjects with autism compared to healthy controls based on the
replicable finding of brain overgrowth (which is associated with dysfunction) which is more
prominent in the frontal/temporal lobes. The results of this study provide support to this
hypothesis. Enlarged right STG in the autism group was the only statistically significant
finding observed in the current study, but only after controlling for age and TBV. Notably,
in the present study, there were no significant differences in the right-left asymmetry of the
STG between the two groups, a finding which is also consistent with most, but not all
studies investigating STG asymmetry in autism (De Fosse et al., 2004; Gage et al., 2009;
Herbert et al., 2002; Herbert et al., 2005).

The STG volumetric findings reported in the current study differ from the only known study
to date specifically examining whole STG volume in autism. Bigler and colleagues
measured whole STG volumes in a sample of children and adolescent males with autism and
compared them with matched typically developing subjects (Bigler et al., 2007). Their study
consisted of 30 subjects with autism (mean age = 12.6+3.5 years, FSIQ = 100.1+22.2, TBV
=1398.0£137.2 cc) and 26 typically developing subjects (mean age = 11.8+3.7 years, FSIQ
=105.7+17.8, TBV = 1436.8+145.9 cc). They did not find any significant between-group
differences in STG volumes. The reason for this inconsistency is unclear, but likely owing to
differences in study procedures including site differences in subject samples, scanning
parameters, morphometric measurements, and image-processing methods. Notable
differences with the current study include subject characteristics. The subjects with autism in
the present investigation have slighter larger TBV than control subjects; however, the
opposite is true in the Bigler study. While the TBV differences are not significant in both
studies, controlling for TBV in the current study draws out additional significant
enlargements of STG volumes in the autism group. Group-wise comparison of STG volumes
in the Bigler study were not performed controlling for TBV. Other clear differences that
might contribute to lack of agreement include imaging protocol (i.e. magnet strength,
resolution, etc) and method used to measure STG volumes (i.e. software package, tracing
procedures, etc).

In contrast, the findings reported here are concordant with mounting evidence suggesting
STG abnormalities in autism as supported by postmortem, neuroimaging, and
electrophysiology studies. In a postmortem study of the cytoarchitecture of the cerebral
cortex, Casanova and colleagues reported abnormal cortical minicolumns in the posterior
STG of autistic patients compared to controls; cell columns in the brains of autistic patients
were significantly smaller and less compact in their configuration, with less neuropil space
in their periphery (Casanova et al., 2002). In a voxel-based investigation of brain structure in
male adolescents with autism, Waiter and colleagues found the brains in the autism group to
be associated with increased grey matter volume in the superior and middle temporal
cortices when compared to controls (Waiter et al., 2004). Several PET studies have also
reported temporal lobe abnormalities (Boddaert et al., 2003; Castelli et al., 2002; Muller et
al., 1999; Zilbovicius et al., 1995). In their PET study, Boddaert and colleagues reported
abnormal STG activation in autistic patients while listening to speech-like sounds (Boddaert
et al., 2003). Castelli and colleagues showed diminished activation in Brodmann areas 21/22
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(superior temporal sulcus) in a group with autism and Asperger’s syndrome while
performing mentalizing tasks (Castelli et al., 2002). Muller and colleagues demonstrated
reduced bilateral temporal activations in adults with autism while performing an auditory
task when compared to a group of control subjects (Muller et al., 1999). Zilbovicius and
colleagues reported significant hypoperfusion in the bilateral STG in a group of children
with autism (Zilbovicius et al., 1995). SPECT studies have also shown a reduction in
regional cerebral blood flow in the superior temporal region of children and adults with
autism (Mountz et al., 1995; Ohnishi et al., 2000). In an fMRI study using a theory of mind
task, Baron-Cohen and colleagues demonstrated greater STG activation in a group of
individuals with autism when compared to controls (Baron-Cohen et al., 1999). In a more
recent fMRI study, Gomot and colleagues reported reduced activation in the bilateral
superior temporal region during a novelty detection task in children with autism (Gomot et
al., 2006). Finally, ERP (Bruneau et al., 2003; Bruneau et al., 1999) and MEG (Gage et al.,
2003; Roberts et al., 2010; Rojas et al., 2008) studies have also revealed STG abnormalities
in autism. Although heterogeneous, these abnormal findings across multiple research
modalities involving the STG strongly suggest a possible link between STG dysfunction/
structure and autistic behavior.

At first glance, the finding of right-sided STG abnormalities appears counterintuitive given
that language (one core impairment in autism) is usually left-lateralized. However, this
finding is consistent with the right STG’s key role in social perception. Social perception
refers to the processing of face expressions, eye gaze, body movements, and other type of
biological motion with the overall goal of gauging the mental states of others (Allison et al.,
2000). Abnormality in social interaction is the sine qua non of autism spectrum disorders,
and is essential for the diagnosis of autistic disorder, Aspeger’s disorder, and pervasive
developmental disorder not otherwise specified (APA, 2000). A large number of reports
comparing groups with autism to healthy controls have reported abnormal activity in the
superior temporal region (STG and the related superior temporal sulcus) using fMRI in
conjunction with tasks tapping social perception skills (Redcay, 2008). Abnormal volume of
this structure supports the possible existence of structural defects which may help explain
the array of aforementioned functional abnormalities. Perhaps more intriguing, however, is
the finding of increased right posterior STG volume in the post-hoc analysis. This region
includes the well-known posterior superior temporal sulcus, an area of intense research
which has been implicated in explaining the social perceptual deficits in autism (Pelphrey
and Carter, 2008b).

To date, this is study is one of few specifically addressing whole STG volume in autism,
reporting increased right-sided STG volume in children and adolescents with autism.
However, the findings of this study must be interpreted in the context of several limitations.
First, the sample size was relatively small; therefore, type I error cannot be excluded,
especially in light of a previously reported negative study (Bigler et al., 2007). Second, the
sample consisted of only high-functioning males with autism ages eight to 18 years. This
narrow demographic profile limits the generalizability of the results. Moreover, it may not
be the case that the STG alterations found in HFA are also found in lower-functioning
autism because their underlying etiology and neurobiology may differ. Third, clinical
characterization of the HFA group is limited and detailed assessments of social and language
deficits are unavailable for correlation with imaging data. Fourth, the volumetric measures
obtained in this study are for the whole STG only and do not separate gray and white matter
volumes; therefore, it is not possible to know what type of brain tissue is driving this effect.
Finally, significant results were apparent only after exclusion of an extreme outlier in the
control group. This strategy, while not ideal, was necessary to avoid the risks of artificially
skewing the statistical analysis by a single outlier in a small study sample.
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The STG is a critical node of the social brain as evidenced by its role in language processing
(left hemisphere) and social perception (right hemisphere), and anatomical interconnection
to association cortices and the limbic system. Therefore, abnormalities in this structure could
possibly explain some of the core and secondary symptoms of autism. While preliminary,
this study provides evidence for structural abnormalities of the right STG, and its posterior
subdivision, in a sample of children and adolescent males with autism. This finding is
consistent with the numerous reports of superior temporal abnormalities using a multitude of
research modalities. Most notable are right posterior STG (right superior temporal sulcus)
abnormalities detected using fMRI during tasks tapping social perceptual skills. However, in
light of the aforementioned limitations, additional studies are needed before any conclusions
can be made regarding abnormal STG structure in individuals with autism. Additional cross-
sectional and longitudinal studies using larger sample sizes are warranted. Future studies
ideally should include subjects carefully matched for age and sex and should incorporate
periodic longitudinal clinical evaluations to assess relationships between imaging and
clinical data. Finally, combining multiple neuroimaging modalities such as high-resolution
structural MRI, MR spectroscopy, fMRI, and diffusion tensor imaging would also be helpful
in understanding the role of the STG and help clarify its altered development in individuals
with autism.

4. Experimental Procedure

Participants

Subjects were 18 individuals with HFA between the ages of 8 and 18 years of age and 20
TDC individuals between 9 and 18 years of age. The study was confined to right-handed
boys because the sample size was insufficient to accommodate for the structural variability
associated with handedness and gender. While restricting the study to high-functioning
individuals generally leads to greater success in completing MRI scanning procedures, it
does exclude a larger number of individuals with autism who are lower functioning.

The diagnosis of autism was established through expert clinical evaluation in accordance
with published clinical descriptions of high-functioning individuals with autism (Minshew,
1996) and two structured research diagnostic instruments, the Autism Diagnostic Interview-
Revised (Lord et al., 1994) and Autism Diagnostic Observation Schedule (Lord et al., 1989).
Subjects meeting these instruments’ criteria for autism, but without delayed or deviant
language development, were considered to have Asperger’s Disorder and were excluded
from this study. The TDC group consisted of children and adolescents recruited from the
community through advertisements in areas socially and economically comparable to the
subjects with autism. Potential control subjects were screened by questionnaire, telephone,
face-to-face interview, and observation during screening psychometric tests. All subjects
were medically healthy and had FSIQ scores of 70 or higher.

Potential subjects with autism were excluded if found to have evidence of an associated
infectious, genetic, or metabolic disorder such as tuberous sclerosis and fragile X. Potential
TDC and HFA subjects were excluded if found to have evidence of birth asphyxia, head
injury, or seizure disorder. Exclusions were based on medical/neurological history, physical
examination, chromosomal analyses, or metabolic testing if indicated. Potential TDC
subjects were also screened to exclude those with family history of autism, developmental
cognitive disorder, learning disability, affective disorder, anxiety disorder, schizophrenia,
obsessive-compulsive disorder, or other neurological/psychiatric disorders thought to have a
genetic component. The socioeconomic status of the family of origin was assessed using a
modification of the Hollingshead method (Hollingshead, 1975). The age appropriate version
of the Wechsler Intelligence Scales (Wechsler, 1991; Wechsler, 1997) was administered to
measure FSIQ, performance 1Q, and verbal 1Q. Methodology of the study, including MRI of
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minors, was approved by the Institutional Review Board. Procedures were fully explained to
all subjects and, when appropriate, to their parent or legal guardian. Written informed
consent was obtained from subjects and/or their guardians.

MRI scans—All scans were obtained using a General Electric (Milwaukee, WI, USA) 1.5
Tesla Signa scanner. The imaging protocol consisted of two Tq-weighted (repetition time =
500 ms, echo time = 20 ms) series: a sagittal series of 3 mm slice thickness parallel to the
midline structure, and an axial series of 5 mm slice thickness. An additional 1.5 mm SPGR
(spoiled gradient recalled echo in steady state) coronal series (repetition time = 35 ms; echo
time = 5 ms, number of excitations = 1, flip angle = 45 degrees) was acquired. Data were
assigned an alphanumeric label to preserve patient anonymity and transferred from the
acquisition facility to the image analysis laboratory via File Transfer Protocol and archived
on compact disks.

Volumetric Measurements—Anatomical measurements of the left and right STG were
conducted on a Linux workstation using the semi-automated software suite, BRAINS2
(Magnotta et al., 2002). The STG was identified bilaterally in reference to standard brain
atlases (Jackson and Duncan, 1996; Matsumoto et al., 2001). STG tracing was done
manually in the coronal plane by a trained evaluator, blind to group assignment and to the
subjects’ identity. The intraclass correlation coefficients were established by tracing 10
random MRI scans. For right STG, intraclass correlation coefficient was 0.91. For the left
STG, intraclass correlation coefficient was 0.90.

Superior Temporal Gyrus (STG)—The methodology for tracing the STG for volumetric
measurement was based on previously published studies (De Bellis et al., 2002; Matsumoto
et al., 2001; Rajarethinam et al., 2000) and will be briefly described here. Total left and total
right STG volumes were calculated by first measuring anterior and posterior sections which
are separated by the mammillary bodies. The anterior division extended from the first slice
anterior to the appearance of the mammillary bodies to the point where the superior
temporal sulcus dividing the STG and the middle temporal gyrus could no longer be clearly
visualized in either coronal or sagittal views. The posterior division extended caudally from
the first slice containing the mammillary bodies to the upward angulation of the Sylvian
fissure, or to the caudal end of the splenium of the corpus callosum, whichever came first.
Each coronal slice within this range containing the STG was manually traced along the gyral
boundaries (Figure 3). An automated algorithm was used to multiply cross sectional area by
slice thickness to obtain volume measurements for each division of the STG. Anterior and
posterior subdivisions were later added to determine the total STG volumes separately for
left and right hemispheres.

Asymmetry—Comparisons between STG volumes in the left and right hemisphere were
expressed as the symmetry index (Galaburda et al., 1990). This was calculated for each
region in each brain as 2*(left — right)/(left + right), and multiplied by 100 to provide a
percentage value. Positive symmetry index values indicate that the region is larger in the left
hemisphere than in the right. Negative symmetry index values indicate that the region is
larger in the right hemisphere than in the left.

Total Brain Volume (TBV)—Measurements were made on a Gateway 2000 graphics
workstation (Gateway Inc., Irvine, CA, USA) using locally developed custom graphics
software. A semiautomated thresholding procedure was used for segmenting brain from
cerebral spinal fluid and extracerebral tissue, as described elsewhere (Aylward et al., 1998).
Measurements were performed blind to diagnosis. Intrarater reliability for obtaining brain
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volumes with this procedure yielded an intraclass correlation coefficient of 0.99 on 10
brains. Since two different programs were used to conduct the morphometric studies, TBV
measurements were obtained from 10 scans using both software and revealed high reliability
between the two programs (0.95) and acceptable intraclass correlation coefficient (0.85).

Data Analysis—All data analyses were performed using Statistical Package for the Social
Sciences (SPSS Inc., Chicago, IL, USA). Scatter plots (Figure 1) and box plots (Figure 2)
were generated for all variables to identify potential outliers. Descriptive statistics were
performed for the data set. All volume measurements between the two groups were
compared using Student’s t test (independent-samples t test). Data are expressed as mean +
standard deviation unless otherwise specified. An analysis of covariance was used to
compare the two groups on STG measurements while controlling for age and TBV. A two-
tailed statistical significance level was set at p <0.05 for all analyses. Post-hoc t tests of
posterior STG volumes were conducted due to growing interest in its role in social
perception (Pelphrey and Carter, 2008b). Given that the age of the children and adolescents
in both groups span nearly ten years, during a time of major maturational change and
development, age-related effects were examined with volume-age Pearson correlations for
each group.
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Abbreviations

STG superior temporal gyrus

HFA high-functioning autism

TDC typically-developing control

TBV total brain volume

FSIQ full-scale 1Q

fMRI functional magnetic resonance imaging

PET positron emission tomography

SPECT single photon emission computed tomography
ERP event-related potential

cc cubic centimeter
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Figure 1.

Scatter plots depicting superior temporal gyral volumes (y-axis) for individual participants
separated by study group membership (x-axis). The asterisk indentifies the outlier excluded
from the final analysis. HFA = high-functioning autism, TDC = typically developing
controls, STG = superior temporal gyrus, cc = cubic centimeters
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Figure 2.

Box plots representing superior temporal gyral volumes (y-axis) separated by study group
membership (x-axis). The outlier excluded from the final analysis is clearly identified by the
solid dot. HFA = high-functioning autism, TDC = typically developing controls, STG =
superior temporal gyrus, cc = cubic centimeters
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Figure 3.

Manually tracing the outer boundaries of the superior temporal gyrus. The superior temporal
gyrus was identified bilaterally in reference to standard brain atlases. Each coronal slice
containing the STG was manually traced along the gyral boundaries. An automated
algorithm was used to multiply cross sectional area by slice thickness to obtain volumetric
measurements.
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