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Abstract. Autism spectrum disorder (ASD) is characterized by deficits in social functioning and language and communication,
with restricted interests or stereotyped behaviors. Anatomical differences have been found in the parietal cortex in children with
ASD, but parietal subregions and associations between Sylvian fissure (SF) and parietal anatomy have not been explored. In
this study, SF length and anterior and posterior parietal volumes were measured on MRI in 30 right-handed boys with ASD
and 30 right-handed typically developing boys (7-14 years), matched on age and non-verbal 1Q. There was leftward SF and
anterior parietal asymmetry, and rightward posterior parietal asymmetry, across groups. There were associations between SF and
parietal asymmetries, with slight group differences. Typical SF asymmetry was associated with typical anterior and posterior
parietal asymmetry, in both groups. In the atypical SF asymmetry group, controls had atypical parietal asymmetry, whereas
in ASD there were more equal numbers of individuals with typical as atypical anterior parietal asymmetry. We did not find
significant anatomical-behavioral associations. Our findings of more individuals in the ASD group having a dissociation between
cortical asymmetries warrants further investigation of these subgroups and emphasizes the importance of investigating anatomical
relationships in addition to group differences in individual regions.
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1. Introduction

Both lesion and neuroimaging studies have shown
that the left inferior parietal lobule (supramarginal
gyrus, Brodmann area, BA 40) plays a critical role in the
representation of learned, skilled movements (i.e. prax-
is representations) (for review [1]). Both action pro-
duction and action understanding are thought to relate
to language development and understanding of speech
and gestures [2]. Action understanding and production
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are the building blocks of language, allowing commu-
nication between a sender and receiver [3] Planning
tool-use actions has been shown to activate the same
regions, including left parietal cortex, as planning com-
municative gestures [4]. Action production involves a
distributed network that includes the anterior intrapari-
etal cortex, which has strong connections to the supple-
mentary motor cortex that functions in action planning
and motor preparation [2]. Action understanding in-
volves the mirror neuron system (MNS) [2,5]. Mirror
neurons have been found in the inferior frontal gyrus,
as well as in parietal areas, namely the supramarginal
gyrus, providing further support for the importance of
the inferior parietal cortex in action production and un-
derstanding [6,7, for review, 8]. Theoretically, when
we witness actions performed by another the informa-
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tion is subjected to sensory processing of elemental
sensory inputs (e.g. visual gesture or auditory verbal)
onto higher order association areas (i.e. visual analy-
sis of object representation). These representations in
turn must be mapped onto conceptual systems for the
individual to know what others are doing (i.e. knowl-
edge of action). These independent, but related pro-
cesses, must develop and function in an integrated and
efficient way if the individual is to acquire a gestural
and language communication system. The right pari-
etal cortex is more critical than the left homologue in
mediating spatial perception, including the direction of
visually guided movements and in directing attention
with reference to body schema (for review [9,10]).

Parietal regions develop in relation to the Sylvian fis-
sure (SF), which is formed by the overgrowth of adja-
cent brain regions (i.e. opercula), including the inferior
frontal, superior temporal, and inferior parietal lobes,
and is anatomically asymmetric. The left SF is longer
in its posterior horizontal extension compared to the
right (i.e. a longer horizontal length), while the right
SF is shorter and tends to angle up more sharply (i.e.
longer vertical length) (for reviews [11,12]). This con-
figuration is found in over 75% of adults and children
and SF anatomy has been found to be related to handed-
ness [13,14] and language abilities [15]. In addition, a
study examining the radiographic correlate of the pos-
terior extent of the Sylvian fossa found an association
with language laterality based on Wada testing [16].
Several post-mortem studies have shown that the ad-
jacent parietal operculum develops asymmetrically in
relation to these prominent SF asymmetries. Rubens
and colleagues found an increase in the parietal oper-
culum, rostral to the posterior ascending ramus in the
left hemisphere (associated with the greater horizontal
SF length) and an expansion caudal to the posterior
ascending ramus in the right cerebral hemisphere (as-
sociated with the shortened horizontal SF length) [17].
A more recent MRI study of healthy adults showed
the same relationships with the anterior and posterior
segments of the parietal cortex linked to the SF anato-
my [11]. These gross anatomical asymmetries may re-
late to hemispheric differences in parietal lobe func-
tions.

Autism spectrum disorder (ASD) is an umbrella
term, including classic autism, pervasive developmen-
tal disorder — not otherwise specified (PDD-NOS), and
Asperger syndrome. ASD is a neurodevelopmental
disorder defined by social deficits, language and com-
munication impairments, and the presence of restrict-
ed or unusual interests or stereotyped behaviors [18].

Deficits in language and communication are a core fea-
ture of ASD, however, a range of language abilities is
seen in ASD, from those who never develop functional
language, to those who score normal or above on stan-
dardized language tests [19]. Subtle language problems
exist in all individuals with ASD, particularly pragmat-
ic or social aspects of language, non-literal interpreta-
tion, and semantic processing [20]. Although not part
of the diagnostic criteria, motor deficits have consis-
tently been found in individuals with ASD, including
impairments in imitation (for review [21]) and in praxis
functions [22]. Differences in motor planning [23,24]
and difficulties in action understanding [25] have also
been found in people with ASD. Some studies have re-
ported deficits of the MNS in ASD (for review [26]) and
although still unresolved [27,28], several groups have
proposed that a dysfunction in the MNS is responsible
for core social and language deficits in ASD (i.e. the
broken mirror neuron theory of ASD) (for review [26,
29]). Given the importance of the parietal cortex in ac-
tion planning and understanding and in the MNS, these
behavioral findings suggest that there may be dysfunc-
tion within these neural systems that could be found at
the level of macroscopic anatomical anomalies in the
parietal region.

Several recent studies have examined the anatomy
of the parietal lobe in ASD, with some differences be-
ing noted. A larger parietal volume has been found in
children, after controlling for total brain volume [30],
and in adolescents and young adults with ASD [31]
relative to controls. Increased cortical thickness has
been documented in parietal regions in children [32]
and adolescents with ASD [33] compared to typically
developing individuals. In contrast to these findings,
one recent study found that the left parietal cortex was
thinner in children and adults with ASD relative to con-
trols with this thinner parietal cortex found bilaterally
in children [34]. Differences in cortical folding have al-
so been found in the parietal cortex in ASD. One study
reported increased cortical folding in ASD relative to
controls with a stronger effect in children compared to
adolescents [35]. Another study investigated monozy-
gotic twins discordant for ASD compared to typically
developing controls and found increased cortical fold-
ing in the right parietal lobe in children with ASD and
their unaffected co-twins relative to controls [36]. A
study of young children found increased white matter
in parietal regions in the ASD group compared to con-
trols [37]. A recent study examined the relationship
between parietal size and language and motor functions
in children with ASD [38]. They reported a signifi-
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cant correlation between left parietal gray matter vol-
ume with age of first word, such that larger volume was
associated with more delayed language. Differences
in the anterior and posterior subregions of the parietal
lobe and associations with current language measures
have not been examined in ASD. In addition, anatom-
ical relationships between cortical regions, such as as-
sociations between parietal subregions and SF anatomy
have not been investigated in ASD, despite evidence
of differential cortical development and the importance
of these anatomical asymmetries in the development of
lateralized language and praxis functions [39—41].

Few studies have examined SF anatomy in individ-
uals with ASD. One study, however, by Levitt and col-
leagues [42] mapped the location of major cortical sulci
in children with ASD and found an anterior and/or su-
perior shift in location in frontal, temporal, and parietal
regions in the ASD group relative to controls, suggest-
ing that differences in the fissures and sulci that demar-
cate the adjacent opercular structures may be found in
ASD. Findings included an anterior shift of the supe-
rior temporal sulcus (STS) and a superior shift of the
intraparietal sulcus and ascending rami of the STS, bi-
laterally. This effect was larger in the left hemisphere,
suggesting that temporal and parietal cortical regions in
the left hemisphere may be more anatomically anoma-
lous compared to these same regions in the right hemi-
sphere. The SF was also shifted rostrally by about 6 mm
in the right hemisphere in the ASD compared to control
groups. In both groups, however, the SF extended more
posteriorly in the left relative to the right hemisphere,
consistent with the most typical SF configuration.

The first goal of this study was to develop a valid
and reliable method for measuring the full extent of the
anterior and posterior parietal subregions on MR im-
ages using anatomical landmarks to define functional-
anatomical regions of interest (ROIs). The second goal
was to examine the anatomy of these regions, as well
as their relation to SF anatomy, in a group of children
with ASD compared to a matched group of typically
developing children, ages 7 to 14 years. Another goal
was to determine whether scores on standardized lan-
guage tests were associated with anatomical measure-
ments of perisylvian anatomy. It was predicted that
the typically developing children would have a longer
left than right horizontal SF, leftward asymmetry of an-
terior parietal volume, and the posterior parietal vol-
ume would be expanded in the right hemisphere rela-
tive to the left, similar to what has been shown with
length measurements on the cortical surface in healthy
adults [11,17]. It was also postulated that there would

be associations between SF anatomy and parietal vol-
umes, based on previous studies in typical adults [11,
17]. In children with ASD, we hypothesized that the
parietal anatomy would be atypical compared to con-
trols. Specifically, it was postulated that there would be
differences in anterior parietal anatomy, especially in
the left hemisphere, based on findings that individuals
with ASD have impairments in praxis [22] and motor
planning [23,24]. Based on findings of impairments
of the MNS in ASD (for review [26]), it was postulat-
ed that there would be differences in posterior parietal
anatomy. It was also hypothesized that there would be
more dissociations between SF and parietal anatomy in
the ASD group [39-41]. Zoccante and colleagues [38]
found an association between left parietal volume and
language delay in children with ASD, leading us to fur-
ther predict associations between language and anato-
my in ASD, such that subjects with atypical anatomy
would be more likely to have impaired language, based
on standardized tests.

2. Material and methods
2.1. Subjects

Subjects included 30 boys with ASD and 30 typical-
ly developing boys, 7-14 years old. All subjects had
English as their first language and were right-handed,
based on scores from the modified Dean handedness
inventory [43]. This inventory consists of 12 uniman-
ual tasks, with scores ranging from —24, indicating
complete left-handedness, to +24, indicating complete
right-handedness, and all subjects had positive scores.
Groups were matched on age and non-verbal IQ. Indi-
viduals with frank neurological damage, with a known
genetic disorder, who were born prematurely (less than
35 weeks), or who had had seizures within the last 3
years were excluded from the study. Typically develop-
ing individuals also had no history or current diagnosis
of developmental, learning, psychiatric, or neurologic
disorders and no immediate family members with an
ASD diagnosis.

For ASD participants, diagnosis was based on DSM-
IV criteria [18] using the Autism Diagnostic Interview-
Revised (ADI-R) [44] and the Autism Diagnostic Ob-
servation Schedule, Module 3 (ADOS) [45] adminis-
tered by trained examiners. In addition, an expert clini-
cian confirmed that all individuals met criteria for ASD.
Individuals with ASD were high-functioning, with non-
verbal IQ scores of 90 or higher.
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Table 1
Subject characteristics
ASD Controls
Age 10.75 (2.12) 10.79 (2.35)
Handedness 16.83 (6.49) 19.10 (4.56)
Verbal IQ 103.77 (19.32)  113.23 (13.55)
Non-verbal 1Q 109.60 (10.22)  111.87 (11.05)
Full scale 1Q 108.03 (13.80)  114.97 (11.89)

101.69 (15.52)
97.48 (16.04)

113.63 (16.67)
109.50 (12.83)

Receptive language
Expressive language

Total language 99.66 (15.96)  112.73 (13.92)
ADOS communication 3.53(1.36) —
ADOS social 9.27 (2.65) —
ADOS total 12.80 (3.51) -

Parents and participants were informed of the pro-
cedures and parents gave written consent prior to the
child’s participation in the study. Children 12 years and
older also provided written assent prior to participation.
All data in this manuscript were collected in compli-
ance with the Boston University School of Medicine
Institutional Review Board.

2.2. Standardized tests

The Kaufman Brief Intelligence Test (KBIT-1I) [46]
was administered to all subjects in order to assess 1Q
and the Clinical Evaluation of Language Fundamentals
(CELF, 3rd ed) [47] was administered to assess recep-
tive and expressive language. One subject did not com-
plete language testing. For the CELF, 4 subtests were
administered, which varied based on the age of the sub-
ject. For participants 7-8 years old, Concepts and Di-
rections, Sentence Structure (receptive language), Re-
calling Sentences, and Word Structure (expressive lan-
guage) subtests were given. For participants 9 years
and older, Concepts and Directions, Word Classes (re-
ceptive language), Formulated Sentences, and Recall-
ing Sentences (expressive language) subtests were ad-
ministered. See Table 1 for subject characteristics.

2.3. MRI acquisition

All participants were trained in a mock scanner prior
to the actual MR scanning. Volumetric MR images
were acquired on a Philips 3 T Intera scanner. T1-
weighted images were obtained as a series of 160, 1 mm
gapless sagittal images. Turbo field echo (TFE) was
used, with technical factors of: TR = 9.9 s, TE = 4.6,
256 x 256 pixel matrix, 24 cm field of view, and 8°
flip angle. Data sets were rotated into alignment in the
sagittal, axial, and coronal planes in order to eliminate
any head rotation and MRI scans were maintained in

real space. Each MRI scan series was assigned a blind
number to assure subject confidentiality and to ensure
that all measurements were performed blind to group
and subject.

2.4. MRI measurements

2.4.1. Total hemisphere volume

Total hemisphere volume was measured with the
MEASURE program [48]. The BET tool in FSL [49]
was first used to remove as much skull as possible,
without removing any brain. The contrast was then set
and the MEASURE algorithm automatically outlined
the brain. The midline image was identified and all out-
lining on this image was removed. This image was not
included in the measure of left or right hemisphere vol-
ume. The outlining was then manually edited in each
image to remove any remaining non-brain regions from
the outline. This measurement included gray and white
matter and the thalamus, but excluded the cerebellum
and brainstem. The MEASURE algorithm calculated
the volume in cm?®, based on the slice thickness and the
area outlined on each image. For inter-rater reliability,
a subset of five brains (ten hemispheres) was measured
by four investigators. An intra-class correlation (ICC)
was calculated between the investigators’ volume mea-
surements across both hemispheres of the five brains.
The ICC for total brain volume was 0.97.

2.4.2. Regions of interest

Each ROI was measured in each hemisphere, using
MRIcro [50]. Sagittal and axial views were primari-
ly used. Boundaries were located and marked in the
sagittal and coronal planes and the axial plane was used
to measure the lateral portions of the regions. MRI-
cro algorithms calculated the number of voxels within
the ROI. Length was calculated in cm based on vox-
el size and volume was calculated in cm?® based on
voxel size and slice thickness. Intra-rater reliability
was established using a subset of 5 brains (10 hemi-
spheres). ROIs were re-measured in these 5 brains and
ICCs were calculated between the first measurements
and the second measurements of each region, across
both hemispheres.

2.4.2.1. Sylvian Fissure (SF) length

The length of the horizontal SF was measured on
three consecutive sagittal images in each hemisphere
and the average length was calculated. The medial
point was defined as the sagittal image where the SF
begins to open into the Sylvian fossa, but prior to the
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(b)

Fig. 1. The Sylvian Fissure measurement in the sagittal plane in a.) the left hemisphere and b.) the right hemisphere of the same brain.

insula being visible. The sagittal image chosen was the
slice that was 1/4 the distance from the medial point
to the most lateral and 1 image on either side of this
image was included in the measure. This is similar
to the method used by Hellige et al. [51] and allows
the Sylvian fissure to be measured at its longest hor-
izontal extent. The anterior boundary was the point
where the anterior horizontal and ascending rami bi-
furcate. In cases where the anterior ascending ramus
branched off the anterior horizontal ramus, rather than
the SF, the point where the anterior horizontal ramus
turned upward was used. The posterior boundary was
the end of the horizontal ramus, where it turns upward
into the posterior ascending ramus. Refer to Fig. 1 for
a view of this ROI. The ICC for intra-rater reliability
was 0.83. There is much individual variability in this
region, especially in the posterior portion of the SF,
which can make reliable measurements difficult. Sev-
eral distinct configurations were seen and defined as
L-shaped (posterior ascending ramus only), T-shaped
(bifurcation into posterior ascending and descending
rami, with rami of similar size), and T,-shaped (bifur-
cation into posterior ascending and descending rami,
with descending ramus much smaller than ascending).
Pseudo posterior ascending rami were also sometimes
seen and the posterior ascending ramus was defined
as the most anterior point of turn-up, posterior to the
post-central gyrus. In some cases, the SF gently sloped
upward, which can make determination of the posterior
boundary difficult. In these cases, the sharpest turn-up
point was determined and the superior temporal gyrus
was also used to aid in finding this boundary, as it of-
ten follows a similar pattern as the SF. For unusual or
difficult cases, investigators met to discuss and a con-
sensus was reached. For our reliability, the same shape
was generally measured, with some slight variability in
the precise location of the posterior boundary, however,

due to the small size of the measurement, extremely
small differences caused a large impact on the ICC.

2.4.2.2. Anterior parietal volume

This region is located superior to the SF and cau-
dal to the central sulcus as depicted in Fig. 2. This
ROI is largely composed of the supramarginal gyrus
(BA 40), postcentral sulcus, and posterior bank of the
central sulcus. The anterior boundary was determined
by Heschl’s transverse gyrus, along the superior bank
of the STS. This anterior boundary was defined in the
coronal plane as the most anterior image in which Hes-
chl’s gyrus was clearly visible, with a small amount of
white matter lateral to it. The posterior boundary was
defined as the end of the horizontal ramus of the SF in
the sagittal plane. The inferior boundary was demar-
cated by the horizontal SF and all cortex superior to
this structure was included in the measure. The medial
boundary was defined as the sagittal image where the
SF begins to open into the Sylvian fossa, but prior to
the insula being visible. The axial plane was used to
measure the lateral edge, so that the entire cortex lateral
to the medial boundary was included in the ROI. The
intra-rater ICC for this region was 0.96.

2.4.2.3. Posterior parietal volume

This region is located superior to the horizontal SF
and extends caudal to the anterior parietal ROI as de-
picted in Fig. 3. This ROI included the angular gyrus
(BA 39), aposterior portion of the supramarginal gyrus,
and portions of the precuneus. The anterior boundary
was the same as the posterior boundary of the anteri-
or parietal ROI (i.e. the end of the horizontal ramus
of the SF). The entire cortical area located posterior
to this vertical-anterior boundary was included in the
ROI. The inferior boundary was defined by extending
a straight horizontal line from the end of the horizon-
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Fig. 2. The anterior parietal measurement in the sagittal, coronal, and axial planes.

tal ramus of the SF to the occiput. The same medial
boundary was used as described for the anterior parietal
ROL. The ICC for intra-rater reliability was 0.95.

2.5. Analyses

2.5.1. Behavioral measures

A multivariate analysis of variance (MANOVA) was
used to examine differences in IQ between the ASD
and control groups. Diagnosis (ASD, control) was the
independent variable and K-BIT verbal and non-verbal
standard scores were the dependent variables. Similar-
ly, differences in language scores were examined via
MANOVA, with diagnosis as the independent variable
and CELF receptive and expressive standard scores as
dependent variables. ANOVA was used to examine
group differences in degree of handedness, with diag-
nosis as the independent variable and Dean handedness
score as the dependent variable.

2.5.2. Size and asymmetry

To control for differences in total brain size, volumes
were calculated as a proportion of total hemisphere
volume and this proportion was used for all volume
analyses. To examine differences between the ASD

and control groups, MANOVA was used with hemi-
sphere as the within-subjects independent variable, di-
agnosis (ASD, control) as the between-subjects inde-
pendent variable, and posterior parietal volume, ante-
rior parietal volume, and SF length as the dependent
variables. An asymmetry quotient (AQ) was calculat-
ed for each region, as (L-R)/[(L+R)/2], so that a pos-
itive AQ indicated leftward asymmetry and a negative
quotient indicated rightward asymmetry. AQs between
—0.025 and 40.025 were considered symmetric. In
order to examine group differences in degree of asym-
metry, MANOVA was used, with diagnosis as the in-
dependent variable and posterior parietal, anterior pari-
etal, and SF AQs as dependent variables. To examine
differences in the direction of asymmetry, chi-squares
were calculated for each region.

2.5.3. Anatomical associations

To examine associations between parietal anatomy
and SF configuration, the sample was divided into those
with typical, leftward SF asymmetry, and those with
atypical (rightward or no asymmetry) asymmetry of
the SE. MANOVA was used with hemisphere as the
within-subjects independent variable, diagnosis (ASD,
control) and SF (typical, atypical) as the between sub-
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Fig. 3. The posterior parietal measurement in all 3 planes.

jects independent variables, and posterior and anterior
parietal volumes as dependent variables. Similarly, to
examine differences in parietal AQs, a MANOVA was
calculated with diagnosis and SF configuration as the
independent variables and posterior and anterior pari-
etal AQs as dependent variables. Chi-squares were also
performed in each diagnostic group separately to exam-
ine differences in the direction of asymmetry between
typical and atypical SF asymmetry groups.

Pearson correlations were calculated in each group
to examine anatomical relationships. Correlations be-
tween posterior and anterior parietal volumes, SF and
posterior parietal volume, and SF and anterior parietal
volume, in each hemisphere were performed. Associ-
ations between AQs were also examined for posterior
and anterior parietal, SF and posterior parietal, and SF
and anterior parietal.

2.5.4. Relation to language

Several methods were used to explore potential rela-
tionships between behavioral and anatomical measures.
Pearson correlations between ROI size and asymmetry
with verbal IQ, nonverbal 1Q, and CELF receptive and
expressive scores were examined in the ASD group.

The ASD sample was divided into those with low
language and average/high language, based on stan-
dardized tests. Any subject with a score of 85 or less
(below 1 standard deviation) on either the verbal IQ, re-
ceptive, or expressive language subtests was classified
as low language and those with scores higher than 85
on all 3 language subtests were put in the average/high
language group. To examine differences in volume be-
tween these groups, MANOVA was used with hemi-
sphere as the within-subjects independent variable and
language group (low, average/high) as the between sub-
jects independent variable, and SF length and anteri-
or and posterior parietal volumes as dependent vari-
ables. Similarly, to examine differences in asymmetry,
MANOVA was performed with language group as the
independent variable and SF and anterior and posterior
parietal AQs as dependent variables.

The ASD sample was divided based on anatomical
asymmetry; those with expected asymmetry of all 3
ROIs (L>R SF, L>R anterior parietal, R>L posterior
parietal) were put in the expected anatomy group and
those who had atypical asymmetry of any one of the
ROIs were classified as unexpected anatomy. To com-
pare these groups on behavioral measures, MANOVA
was calculated with anatomical group (expected, unex-
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Table 2
ROI and total hemisphere size and AQ
ASD Controls
Left SF length 0.7281 (0.1126) 0.7302 (0.0781)
Right SF length 0.6720 (0.0804) 0.6602 (0.0801)
SF AQ +0.0751 (0.1892)  4-0.1016 (0.1375)

Left hemisphere volume

Right hemisphere volume

Left anterior parietal volume
Right anterior parietal volume
Anterior parietal AQ

Left posterior parietal volume
Right posterior parietal volume
Posterior parietal AQ

671.02 (62.23)
676.74 (61.59)
0.0302 (0.0066)
0.0238 (0.0067)

+0.2477 (0.2635)
0.0351 (0.0122)
0.0380 (0.0099)

—0.1181 (0.4896)

671.04 (52.37)
665.54 (54.98)
0.0296 (0.0080)
0.0259 (0.0069)

10.1398 (0.3823)
0.0349 (0.0108)
0.0402 (0.0079)

—0.1591 (0.3461)

Volumes are proportional to total hemisphere volume.

pected) as the independent variable and verbal 1Q, re-
ceptive language, expressive language, ADOS commu-
nication, and ADOS social scores as dependent vari-
ables.

3. Results
3.1. Behavioral measures

For 1Q, at the multivariate level, there were no sig-
nificant group differences. For language, at the mul-
tivariate level, there was a significant main effect of
group (Fo 56 = 5.78, p = 0.005). At the univariate
level, this was significant for both receptive (Fi 57 =
8.10, p = 0.006) and expressive (F1 57 = 10.14, p =
0.002) language scores, with the typically developing
group having significantly higher language scores than
the ASD group. There were no significant group differ-
ences in degree of handedness. See Table 1 for means
and standard deviations.

3.2. Size and asymmetry

At the multivariate level, there was a significant
hemisphere effect (F3 56 = 8.53, p < 0.001), with no
group or group by hemisphere effects. The univari-
ate level indicated that SF length (F; 55 = 16.75, p <
0.001) and anterior parietal volume (F; 58 = 19.08,p <
0.001) were significantly larger in the left hemisphere
compared to the right and that there was significantly
larger right than left volume for the posterior parietal
(F1,58 = 5.53, p = 0.022). There were no significant
group differences in degree or direction of asymmetry
for any region. See Table 2 for means and standard
deviations.

3.3. Anatomical associations

The MANOVA examining associations with SF
anatomy revealed a significant hemisphere by SF inter-
action (Fo 55 = 26.03, p < 0.001). At the univariate
level, this was significant for anterior (Fy 56 = 16.09,
p < 0.001) and posterior parietal volumes (F1 56
42.02, p < 0.001). For the anterior parietal ROI, we
found that those individuals with typical SF asymme-
try (leftward) had larger volume in the left than right
hemisphere and those with atypical SF asymmetry did
not demonstrate differences between the hemispheres.
For the posterior region, those with typical SF asym-
metry had larger right than left volume, while those
with atypical SF asymmetry had larger volume in the
left hemisphere compared to the right. When AQs were
examined, we found a significant SF configuration ef-
fect (Fa 55 = 22.73, p < 0.001), which was significant
for both parietal regions (anterior F 56 = 14.09, p <
0.001; posterior Fy 56 = 37.35, p < 0.001). Both SF
groups had leftward asymmetry of the anterior pari-
etal ROI, however, the asymmetry was significantly
stronger in the typical than atypical SF group. For
the posterior parietal, those with typical SF asymme-
try had rightward asymmetry and those with atypical
SF asymmetry demonstrated leftward asymmetry. The
chi-square for controls was significant for the anterior
parietal region (2 = 8.68, p = 0.013), with more sub-
jectshaving leftward asymmetry in the typical SF group
and more having rightward asymmetry in the atypi-
cal SF group. The chi-square for ASD, however, was
not significant (X2 = 2.94, p = 0.087), with both SF
groups having more individuals with leftward anterior
parietal asymmetry (Fig. 4). For the posterior parietal,
chi-squares were significant in both groups (ASD x? =
13.03, p < 0.001; controls x? = 13.38, p = 0.001).
In the typical SF group, there were more subjects with
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Fig. 5. The number of subjects with rightward posterior parietal asymmetry (typical) and leftward or no asymmetry by SF group and diagnostic

group.

rightward asymmetry, while in the atypical SF group,
there were more with leftward asymmetry (Fig. 5).

None of the correlations between anatomical ROI
measurements was significant, after correction for mul-
tiple comparisons.

3.4. Relation to language

After correcting for multiple correlations, there were
no significant correlations between any anatomical and
behavioral measures.

Dividing the ASD group into low language and aver-
age/high language resulted in 10 in the low group and
20 in the average/high language group. The MANO-
VA examining size did not reveal any significant group

or group by hemisphere interaction effects. Similarly,
when AQs were examined, there were no significant
group differences.

When the ASD sample was divided based on anatom-
ical asymmetry, there were 13 with expected anatomy
and 17 with unexpected anatomy. There were no sig-
nificant differences between these groups in any behav-
ioral measures.

4. Discussion

This study was designed to evaluate anatomical dif-
ferences in SF length and in anterior and posterior pari-
etal lobe volumes in right-handed boys with ASD com-
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pared to matched controls, ages 7 to 14 years. There
were three major findings in this study. First, the ex-
pected morphological asymmetries were found, with
a longer left horizontal SF length, a larger left anteri-
or parietal volume (leftward asymmetry) and a larger
right posterior parietal volume (rightward asymmetry),
in the majority of participants in both groups. Sec-
ond, there were significant associations between pari-
etal volume and SF configurations, with some subtle
differences between the groups, particularly in the an-
terior parietal region. As predicted, SF length was as-
sociated with anterior parietal volume in the typically
developing right-handed boys. Specifically, individu-
als with the typical leftward SF asymmetry had a larger
left than right anterior parietal volume and those indi-
viduals with the atypical rightward SF asymmetry had
a larger right than left substrate. These expected asso-
ciations differed in the ASD group. Boys with typical
SF asymmetry had leftward asymmetry of the anteri-
or parietal, but in the group with atypical SF asym-
metry there were more equal numbers of individuals
with rightward and leftward anterior parietal asymme-
try. Third, within the ASD group, there were no asso-
ciations between SF length and parietal anatomy with
standardized language tests. Each of these results will
be discussed in more detail below.

One main objective of this study was to develop a
method of examining parietal subregions in reference
to SF length. Our results indicate that our method is
reliable, with findings consistent with previous length
measurements [11,17]. Overall, we found a leftward
asymmetry of the SF and anterior parietal region and
rightward posterior parietal asymmetry in both groups.
Posterior temporo-parietal regions of the brain subserve
the asymmetric representation of linguistic, motoric,
spatial and emotional processing functions. Anatomi-
cal asymmetries of these regions are thought to be re-
lated to cortical development and functional lateraliza-
tion. The longer left extension of the SF is associated
with language laterality determined from Wada test-
ing [16] and differs in right and left-handers [14]. The
anterior parietal region corresponds to areas shown to
be involved in praxis representations (for review [1]).
The left hemisphere has been shown to play a pre-
dominant role in praxis functions, with lesion studies
demonstrating increased rates of apraxia in individuals
with left hemisphere damage to this portion of the infe-
rior parietal lobule, compared to those with right hemi-
sphere damage (for review [1]). There is evidence that
parietal regions contain mirror neurons, with the left
hemisphere involved in mediating the formulation of

goal directed actions, including the elemental processes
of response selection, programming and initiation that
precede the production and execution of an action. This
region therefore also plays a role in action understand-
ing and lesions produce impaired tool gestures and ges-
ture recognition/discrimination [52]. In contrast, the
right posterior parietal region functions as a topograph-
ic map to orient and initiate actions in peri-personal
and extra-personal space. Right hemispheric lesions
to this region produce spatial neglect [53] and mediate
visuomotor spatial actions [9]. Based on these well-
established inter-hemispheric differences, we postulate
that subtle differences in brain anatomy can inform re-
garding “neural risks” for specific developmental dis-
orders, like ASD, and may reflect biological vulnera-
bilities that are in turn likely related to the development
of some behavioral anomalies.

Inconsistent with our hypotheses, we did not find sta-
tistically significant group differences in size or asym-
metry in any of the regions measured. Previous stud-
ies have found differences in the parietal lobe in ASD,
but results have been variable and only one study has
demonstrated an association between parietal anatomy
and behavior in ASD [38]. Some studies have found
increased volume [30,31], one found increased cortical
folding [35], and another found increased cortical fold-
ing only in right parietal [36]; some studies have shown
increased cortical thickness [32,33], but another study
found cortical thinning [34] in ASD compared to con-
trols. These differences are likely due to differences in
samples, especially given the heterogeneity of behav-
iors seen in ASD, as well as differences in methods.
Two previous studies have examined parietal volume
and found larger parietal lobe size in individuals with
ASD [30,31]. These earlier studies, however, differed
from the present in several important ways. Palmen
and colleagues [30] found increases in gray matter vol-
ume, whereas, our method did not segment the tissue
into gray and white matter compartments. Piven and
colleagues [31] performed measures on the cortical sur-
face and we measured the full volumetric extent of the
parietal regions. Furthermore, there are not any studies
which have examined anterior and posterior subregions
of the parietal lobe, as was done in the current study.
Differences in the sample characteristics may also be
important. Both previous studies found increased to-
tal brain size in the ASD group relative to controls,
which we did not find in our sample. Although this
was controlled for when examining lobe size in the cur-
rent study, it indicates potential important differences
in the samples. In addition, Piven and colleagues [31]
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examined individuals 12 years and older and included
some lower-functioning individuals. Our sample was
limited to right-handed boys, 7-14 years old, and in-
cluded high-functioning individuals, with a non-verbal
IQ higher than 90. It is unclear if differences in these
subregions may be found in lower-functioning individ-
uals with ASD and whether other differences may be
partially mediated by sex-linked and handedness fac-
tors.

Consistent with the a prior hypothesis, there were
significant associations between SF and parietal anato-
my in the typically developing boys. As expected, the
majority of the typically developing boys had a longer
horizontal extension of the SF in the left compared
to right hemisphere, with this configuration associated
with leftward asymmetry of the anterior parietal ROI
and a rightward asymmetry of the posterior parietal
ROL. In the atypical SF asymmetry group, there were
more individuals with reversed anterior and posteri-
or parietal asymmetry. In the ASD group, similar to
controls, most had leftward SF asymmetry associated
with leftward anterior and rightward posterior parietal
asymmetry. In the atypical SF asymmetry group, how-
ever, there were not more individuals with reversed an-
terior parietal asymmetry, suggesting that in the ASD
group there may be slightly more individuals with dis-
sociations between anterior parietal and SF measures.
These subgroups, demonstrating anatomical dissocia-
tions, warrant further investigation and future studies
should examine the relation between cortical region
anatomy, in addition to differences in individual ROI
size and asymmetry.

In this study, we did not find associations between
language and anatomy in the ASD group, as we had pre-
dicted. Our measures of language, however, were lim-
ited to general receptive and expressive abilities, based
on standardized tests. It may be that more specific as-
pects of language, more related to action understand-
ing or production, would be associated with anatomical
measures of the SF and parietal subregions. Functions
subserved by posterior perisylvian regions are affected
in ASD, such as deficits in language, difficulties with
motor planning and mapping other’s movements, atten-
tional problems, and superior visuospatial skills. Al-
though there is still controversy and competing theories
regarding the central neural defects or vulnerabilities
in ASD, a recent review postulated that a multi-modal
intervention that would target the MNS could facilitate
expressive language development and better social in-
teractions [54], supporting the view that a better under-
standing of neural structural anomalies and the behav-

ioral correlates in ASD could facilitate the development
of targeted therapies to improve the level of functioning
of many people. Future studies should examine these
functions in conjunction with morphological measures
of these posterior perisylvian regions.

There are several limitations to this study. First,
this study was limited to high-functioning individuals
with ASD and to right-handed males. It would be
interesting to examine these anatomical measures in
lower-functioning individuals with ASD, as well as to
examine the effect of sex and handedness. In addi-
tion, although there was a range of language abilities in
our sample, inclusion of lower-functioning individuals
could result in even more variability in language func-
tions, allowing us to better probe anatomical-behavioral
associations. Another limitation is that we only had
standardized language measures. More specific as-
pects of language or other behavioral measures of mo-
tor dexterity-skill and cognitive motor ability (i.e. prax-
is) may reveal interesting relationships between poste-
rior perisylvian anatomy and behavior. Another lim-
itation to this study is that we did not examine gray
and white matter separately, which may have revealed
differences between the groups. Future studies should
take these factors into account in order to enhance our
understanding of neural dysfunction in individuals with
ASD and the link of anatomical-functional anomalies
to behavioral deficits.
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