1X3]-){Jewiarems 1Xa1-)ewla1ems

1X31-)lew1a1ems

"% NIH Public Access

a8 & Author Manuscript
st

NATIG,
fly

Published in final edited form as:
Res Autism Spectr Disord. 2013 ; 7(2): 221-234. doi:10.1016/j.rasd.2012.09.007.

Corpus Callosum Area in Children and Adults with Autism

Molly B. D. Prigge®P.*, Nicholas Langed&f, Erin D. Bigler®9:", Tricia L. Merkley9, E. Shannon
Neeley!, Tracy J. Abildskov9h, Alyson L. FroehlichP, Jared A. Nielsen@P, Jason R.
CooperrideraP, Annahir N. CarielloP, Caitlin Ravichandrand, Andrew L. Alexanderik!, and
Janet E. Lainharta.P.c

aInterdepartmental Program in Neuroscience, University of Utah, Salt Lake City, UT, USA
bDepartment of Psychiatry, School of Medicine, University of Utah, Salt Lake City, UT, USA
¢The Brain Institute at the University of Utah, Salt Lake City, UT, USA

dDepartment of Psychiatry, Harvard Medical School, Boston, MA, USA

eDepartment of Biostatistics, Harvard School of Public Health, Boston, MA, USA
Neurostatistics Laboratory, McLean Hospital, Belmont, MA, USA

9Department of Psychology, Brigham Young University, Provo, UT, USA

PNeuroscience Center, Brigham Young University, Provo, UT, USA

iDepartment of Statistics, Brigham Young University, Provo, UT, USA

lwaisman Laboratory for Brain Imaging and Behavior, University of Wisconsin, Madison, WI, USA
kDepartment of Medical Physics, University of Wisconsin, Madison, WI, USA

'Department of Psychiatry, University of Wisconsin, Madison, WI, USA

Abstract

Despite repeated findings of abnormal corpus callosum structure in autism, the developmental
trajectories of corpus callosum growth in the disorder have not yet been reported. In this study, we
examined corpus callosum size from a developmental perspective across a 30-year age range in a
large cross-sectional sample of individuals with autism compared to a typically developing
sample. Midsagittal corpus callosum area and the 7 Witelson subregions were examined in 68
males with autism (mean age 14.1 years; range 3-36 years) and 47 males with typical
development (mean age 15.3 years; range 4—29 years). Controlling for total brain volume,
increased variability in total corpus callosum area was found in autism. In autism, increased
midsagittal areas were associated with reduced severity of autism behaviors, higher intelligence,
and faster speed of processing (p=0.003, p=0.011, p=0.013, respectively). A trend toward group
differences in isthmus development was found (p=0.029, uncorrected). These results suggest that
individuals with autism benefit functionally from increased corpus callosum area. Our cross-
sectional examination also shows potential maturational abnormalities in autism, a finding that
should be examined further with longitudinal datasets.
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1. Introduction

A central long-range goal of in vivo magnetic resonance brain imaging research in autism is
to help identify and describe neuropathological changes during development that are linked
to the disorder, further understand inter-individual differences in severity, course, and
outcome, and discover biological targets for the development of specific treatments
(Lainhart and Lange, 2010). Multiple lines of evidence suggest that one of the brain
structures most commonly affected in autism is the corpus callosum (CC), the major white
matter fiber system connecting the cerebral hemispheres. It remains unclear if CC pathology
in autism is primary or secondary, or how risk genes, environmental factors and daily life
experience may affect CC development. For autism imaging research to move closer to its
goal, several basic uncertainties about pathological development of CC size in autism need
to be addressed.

Many studies have suggested that structural pathology contributes to cortical
underconnectivity in autism and that there is reduced CC area, volume, and white matter
(WM) density in autism compared to typical development (Alexander et al., 2007; Casanova
etal., 2011, 2009; Chung et al., 2004; Frazier and Hardan, 2009; Freitag et al., 2009; Hardan
etal., 2009; He et al., 2008; Hong et al., 2011; Keary et al., 2009; Kilian et al., 2008; Waiter
et al., 2005) with a few exceptions (Elia et al., 2000; Kilian et al., 2008; McAlonan et al.,
2002; Rice et al., 2005; Tepest et al., 2010). Genetic research aimed to benefit individuals
with autism depends more strongly on individual phenotypes than it does on clinical group
means. Although decreased mean CC size is one of the most replicated findings in autism
neuroimaging research, the CC size distribution has not been examined in detail and the
proportion of affected individuals with abnormally small CC not yet reported. Previous
reports show that not all individuals with autism present with larger head circumferences,
increased numbers of prefrontal neurons (Courchesne et al., 2011; Lainhart and Lange,
2011), and abnormalities in CC microstructure (Alexander et al., 2007); such is likely the
case for small CC size. Decreased CC size appears most evident when it is considered
relative to total brain volume (TBV; BogerPage Megiddo et al., 2006; Just et al., 2007),
though an exception has been found in a high-functioning adult sample (Tepest et al., 2010).
However, scaling CC size to TBV in autism and the age-invariance of such scaling have not
yet been examined. Similarly, although studies report atypically decreased mean CC size in
individual samples of young children, older children, adolescents, and adults with autism,
information about age-related changes in CC area is limited (Chung et al., 2004). Other
investigators have shown the danger of assuming a typical relationship between age and
changes in WM tracts in individuals with developmental neuropsychiatric disorders (Jones
et al., 2006).

Clinico-pathological studies using structural MRI have suggested a relationship between CC
size and clinical features of autism (Hardan et al., 2009; Keary et al., 2009). Functional
magnetic resonance imaging (fMRI) studies have shown correlations between the size of CC
subregions and functional connectivity measured during tasks that tap cognitive skills
frequently impaired or relatively preserved in autism (Damarla et al., 2010; Just et al., 2007,
2004; Kana et al., 2009, 2006; Keary et al., 2009; Mason et al., 2008; Schipul et al., 2011).
Nonetheless, the relation between severity of core diagnostic features of autism, intelligence
quotient and CC size from childhood into adulthood is not yet known.
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In this study we examined CC size from a developmental perspective across a 30-year age
range in a large cross-sectional sample of individuals with autism. Consistent with the
underconnectivity theory of CC involvement in autism, we hypothesized 1) smaller mean
CC size in autism, especially when considered relative to TBV, and 2) association of small
CC size with more severe core features of autism, lower 1Q, and slower processing speed. In
addition, we predicted that there are 3) atypical age-related changes in CC size, and 4)
differences in the distribution of CC area in the autism group.

2. Materials and Methods
2.1 Participants

Sixty-eight (68) individuals with autism spectrum disorder (lifetime diagnosis autistic
disorder in 62, PDD-NOS in 6) and 47 typically developing controls were selected from a
large, ongoing neuroimaging study. Participants were selected if they met the following
inclusion criteria: male; age between 3 and 36 years; performance 1Q =70; quantitative
handedness score, which ranges from completely left-handed (-100) to completely right-
handed (+100), = 0; and very good quality of scan at the 15t wave of data collection. The
inclusion criteria were chosen to decrease heterogeneity other than age in the autism sample
and potential associated neuroanatomic heterogeneity, and, as a result, increase statistical
power. Handedness in particular may be associated with CC morphology in both typical and
atypical development (Gilliam et al., 2011; Witelson, 1985).

Diagnoses of autism were based on the Autism Diagnostic Interview-Revised [ADI-R; (Lord
et al., 1994)], Autism Diagnostic Observation Schedule-Generic [ADOS-G; (Lord et al.,
2000)], and DSM-1V (American Psychiatric Association, 1994). Participants were excluded
if history, Fragile-X gene testing, karyotype, or examination identified medical causes of
autism or other medical conditions that could affect brain morphometry, such as history of
severe head injury, hypoxia-ischemia, seizures, and other neurologic disorders. Forty-one
percent of the autism participants were taking psychotropic medication (28% serotonin
reuptake inhibitor, 13% stimulant, 9% neuroleptics, 1.5% atypical agents, 16% multiple
medications). Possible effect of psychotropic use on CC size was explored in the data
analysis.

Control participants underwent neuropsychological testing, standardized psychiatric
assessments (Leyfer et al., 2006), and were assessed with the ADOS-G (Lord et al., 2000) to
confirm typical development. Controls with any history of developmental, learning,
cognitive, neurological, or neuropsychiatric conditions were excluded. All autism and
control participants were recruited, assessed, and scanned at the University of Utah.

2.2 Assessments

Severity of Core Features of Autism—ADOS-G Algorithm scores were used as
estimates of autism severity (Lord et al., 2000). Because all participants were cognitively
high-functioning and standardized methods are not yet available to calculate severity scores
across all 4 modules (Gotham et al., 2009), raw Social scores were used and Communication
and Total algorithm scores across modules were equated by prorating.

IQ—Verbal (VIQ) and performance 1Q/non-verbal ability (PIQ) were ascertained with the
Differential Abilities Scale (DAS) or WISC-I111 in children, and the WAIS-II1 in adults
(Elliott, 1990; Wechsler, 1997, 1991). For the DAS, VIQ was estimated from the Verbal
Cluster, and PIQ estimated from the Nonverbal Cluster (preschool) and Special Nonverbal
Composite (school-age) Standard Scores.
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Processing Speed—A difference score from the Trail Making Test (Trails B — Trails A)
was used as a measure of processing speed (Lezak et al., 2004). This score removes the
common motor component, providing an estimate in processing time to complete attention
set shifting, working memory, and executive functioning required by the more complex
Trails B (Sanchez-Cubillo et al., 2009). Both the child (age <15 years) and adult (age =15
years) Trail Making Test versions were administered and results examined separately.

Head circumference—It was measured as maximal occipital frontal head circumference.

Handedness—The Edinburgh Handedness Inventory (Oldfield, 1971) was used.

2.3 Magnetic Resonance Imaging

Magnetic resonance images were acquired on a single Siemens Trio 3.0 Tesla Scanner. An
8-channel, receive-only RF head coil was used to acquire 3D T1-weighted image volumes
with 1mm isotropic resolution using an MP-RAGE sequence (T1=1100msec, TR=1800msec,
TE=2.93msec, flip angle=12degrees, sagittal, field of view=25.6cm, matrix=256x256x160).

2.3.1 Corpus Callosum Measurement—DICOM images were converted to
ANALYZE® format (Robb, 2001, 1995) and re-sampled to a 1mm3 volume. The
midsagittal slice was selected in MRIcro (Rorden and Brett, 2000). Images were imported
into ImageJ (Rasbhand, 1997-2011) and the midsagittal image was rotated (pitch-adjusted)
such that a horizontal line was fit from the most anterior to the most posterior CC. Manual
thresholding classified white matter voxels. The CC was subdivided into 7 Witelson regions
using an automated macro (see Figure 1; Witelson, 1989). The CC was measured 4 times per
individual. Two independent raters (MBDP, TLM) blind to diagnosis and age measured
each CC twice and intra-rater CC areas were averaged. Final CC areas were calculated by
averaging inter-rater areas. Intra-rater reliability was ICC > 0.95 and inter-rater reliability
ICC > 0.90.

2.3.2 Brain and Total Intracranial Size Measurement—Total brain volume (TBV)
and total intracranial volume (TICV) were generated using Freesurfer version 4.3.1. TBV
included GM and WM of the forebrain and hindbrain (cerebellum and brainstem). Although
only the forebrain is directly connected by the CC, 95% of the variance in TBV as measured
is explained by forebrain volume (Jancke et al., 1997).

2.4 Statistical Analyses

Linear regression models were used to assess group differences in demographics and brain
measures. Models examining group differences in total CC area and the seven subregions
included the following:

CC area = Intercept + B1*group + po*age + [33*age2 + Bg*group by age +

Age was centered and quadratic age was included to allow for nonlinear CC growth with age
(Giedd et al., 1999). The inclusion of a group by age? interaction term was based on model
fit according to the Akaike Information Criterion (AIC; Akaike, 1974). The inclusion of
handedness did not improve the model fit. Analyses were repeated including TBV as a
covariate because evidence suggests the CC is smaller than expected for TBV in autism
(Boger-Megiddo et al., 2006). 1Q, and group by 1Q interaction effects were also examined.
The relationships between CC area and autism severity and processing speed measures were
examined using linear regressions controlling for age and TBV. A Bonferroni correction of
p=0.05/7=0.007 was employed to calculate a significance value that controlled for multiple
comparisons of the seven CC subregions.
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Within group linear regressions were also used to examine the relationship between CC area
and TBV. Total CC area and a ratio of total CC area/TBV were examined. Centered age,
age?, TBV, TBVZ and TBV by age interactions were included as potential covariates. In
accordance with the study byJancke et al. (1999), our descriptive correlations between TBV
and CC area and ratio of CC/TBV were performed in our groups split into child (age <14)
and adult (age 218) samples.

To estimate the distributions of CC size in the autism group relative to our control sample,
we calculated age-normalized z-scores for total CC area and the ratio of total CC area/TBV,
using our control data as the reference data in four age-bins (3-5yr, 6-11yr, 12-18yr,
19+yr). Levene’s Test of Homogeneity of Variance was used to examine group differences
in the variances of the z-score distributions. Participants were also classified as having an
abnormally large or small CC (“macro-CC” and "micro-CC”, respectively) using standard
clinical criteria for abnormality of size of a structure: z-scores > 1.88 standard deviations
from the control mean (Lainhart et al., 2006). Group differences in rates of macro-CC and
micro-CC were tested with independent samples t-tests. Analyses were performed in PASW
Statistics 18.0.

As indicated in Table 1, the sample groups do not significantly differ in age or handedness,
and 1Q is decreased in the autism group. After controlling for age, no group differences are
found in mean head circumference, TBV, or total intracranial volume (TICV).

3.1 Typically Developing Sample

Because the generalization of the results of our case-control comparisons depends on the
representativeness of our control group, we compared our control sample to published
findings in other typically developing samples. Age-related changes in CC size in our
control group are similar to changes in two very large mixed cross-sectional and longitudinal
typically developing samples from other studies (Giedd et al., 1999; Gilliam et al., 2011).
Similar to these larger samples, our control group shows an anterior-posterior gradient of
age-related increase in CC area from early childhood to the early twenties (Section 3.2.2).
Compared to other typically developing samples, our control group shows similar scaling of
CC area to TBV (Jancke et al., 1999, 1997; Section 3.2.4), a roughly symmetric distribution
of age-standardized CC area particularly when adjusted for TBV (Section 3.2.5), and
negative correlations between CC area and intellgence quotient (1Q) (Ganjavi et al., 2011;
Luders et al., 2011) and positive correlations with processing speed (Jancke and Steinmetz,
1994; Section 3.2.6).

3.2 Autism Sample

3.2.1 Mean Corpus Callosum Areas—Table 2 provides CC group means and group
effects from linear models controlling for linear and nonlinear age and group by age
interactions. In the total CC, rostrum, genu, rostral body, anterior midbody, and isthmus, the
inclusion of the group by age? interaction term improved model fit. Total CC, isthmus, and
splenium areas are smaller in the autism group than the control group. After adjusting for
TBV, the total CC and isthmus remains smaller, suggesting that case-control differences are
not due to global TBV effects. None of these results survive our correction for multiple
comparisons (p<0.007). Neither P1Q nor VIQ were significant predictors of CC area but the
inclusion of P1Q improved model fit for the rostrum only, where a group by 1Q interaction
emerged. This finding is discussed in Section 3.2.6.
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3.2.2 Age-related Changes in Corpus Callosum Area—Figure 2 shows the cross-
sectional age-related changes in the total CC and subregional areas for the autism and
control groups. In the total CC area, similar age-related changes were found in autism.
Figure 2 suggests that the trend toward decreased mean total CC area in the case-control
analysis appears due to slower-than-typical age-related increase during late childhood and
adolescence.

Anterior corpus callosum: rostrum and genu: Similar age-related changes were found in
autism to typical development in the rostrum and genu. The trend toward smaller genu area
in autism (p=0.08 controlling for TBV) appears to be present from early development.

Body of the corpus callosum: The rostral body, anterior midbody and posterior midbody
all showed similar cross-sectional age-related changes to typical development.

Posterior corpus callosum: isthmus and splenium: The isthmus was the only subregion
where cross-sectional age related changes differed in autism relative to typical development
(group by age? t=2.2, p=0.029, uncorrected). Visual inspection of Figure 2 suggests that
there is a lack of expected increase in isthmus area in autism during childhood and
adolescence found in typical development. Although no significant group by age
interactions were found in the splenium, visual inspection of Figure 2 suggests that the trend
toward decreased mean area in autism is possibly related to lack of normal growth during
childhood.

3.2.3 Age-related Changes in Total Brain Volume—Our findings are similar to
results reported previously in published cross-sectional analysis of TBV in autism: a
tendency toward larger mean TBV in younger children with autism, followed by an
atypically low rate of subsequent growth in later childhood and resulting in similar or
decreased mean TBV compared to typically developing controls by young adulthood (Figure
3).

3.2.4 Relationship of Corpus Callosum Area to Total Brain Volume—Figure 4 is
a scatterplot of total CC area and TBV in the autism and control samples. CC area is related
to TBV in a strongly linear manner in the typically developing control sample (t=3.8,
p<0.001). In both autism and control samples, bivariate correlations between total CC area
and TBV are higher during childhood, as expected when both CC area and TBV increase
(typical children age <15 years, n=23, r=0.52, p=0.010; typical adults age >18 years, n=18,
r=0.20, p=0.431; autism children, n=39, r=0.53, p<0.001; autism adults, n=20, r=0.36,
p=0.113).

To examine scaling of CC and TBV across the broad age range, we examined the
relationship between the ratio of total CC to TBV and age in the autism and control groups
(Figure 5). A significant and common nonlinear quadratic age effect (t=3.0, p=0.003) is
found in both groups; there is no significant group effect or group by age interaction. These
findings suggest scaling of CC and TBYV is similar in autism and typical development.

We then studied the relationship between CC area and TBV in small vs. large brains (Jancke
etal., 1999, 1997) by first examining the relationship between total CC area/TBV and TBV.
In regression analysis, TBV does not significantly predict CC/TBYV in the typical controls
(p=0.55) and there is no age by TBV interaction. When correlations between CC/TBV and
TBYV are examined in typical children and adults separately, there is a trend for a significant
negative correlation in adults (= 18 years, r=-0.462, p=0.054) but not in children (< 14
years, r=-0.052, p=0.81). In the autism group, the relationship is more clear-cut with larger
TBVs predicting a lower CC/TBYV ratio than smaller TBVs. There are significant linear
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(t=2.2, p=0.020) and quadratic TBV (t=2.2, p=0.030) effects on CC area/TBV in the autism
group, but the results do not survive Bonferroni correction.

3.2.5 Distribution of Corpus Callosum Area—Figure 6 shows the distributions of
age-standardized total CC areas (zCC, defined in Section 2.4). The estimated distributions of
total standardized CC area in autism, in both the unadjusted (zCC) and adjusted for TBV
(zCCbyTBV) conditions, show a mean shift to the left and increased variance relative to the
typical control sample for the zCCbyTBYV condition only (F=5.6, p=0.019). Figure 7 shows
the percentage of autism and control participants with abnormally small and large CC total
and subregional areas (defined in Section 2.4 as 1.88 SD below or above the typical group).
The rates of abnormally small area are increased for several CC subregions in the autism
group compared to the control group. Surprisingly, several individuals with autism show
abnormally large areas of two CC subregions, the anterior and posterior midbody, relative to
TBV.

3.2.6 Relationship of Corpus Callosum Area to Autism Severity, Intelligence,
and Processing Speed

Autism Severity: In the autism group, we examined the relationship between areas of total
CC and the seven CC subregions and ADOS social and communications algorithm scores.
ADOS social scores are related significantly to anterior midbody (t=-3.1, p=0.003) and genu
area (t=-2.1, p=0.040); the former survived Bonferroni correction. Figure 8 provides
evidence that higher (more severe) ADOS social algorithm scores are associated with
smaller midsagittal anterior midbody area (correlation controlling for age r=—0.36, p=0.003).
Lack of a significant interaction between age and CC area suggests the significant
relationship between anterior midbody and severity of core social features is similar across
the broad age range of the individuals with autism studied. No significant relationships
between ADOS communication scores and CC subregions are found.

Intelligence: We first determined if differences in VIQ and PIQ in the autism and control
groups may have affected the case-control comparison of mean CC areas. Including VIQ
and PIQ separately in our regression analysis results in an improved model fit for the
rostrum only, where a group effect emerges (VIQ analysis: group effect t=2.5, p=0.011; PIQ
analysis: group effect t=2.1, p=0.031). VIQ or PIQ by itself does not predict CC midsagittal
area but group by VIQ and group by PIQ interactions suggest the relationship between 1Q
and rostral area is different in the autism and control groups (V1Q analysis: group by VIQ
interaction t=2.7, p=0.007; PIQ analysis: group by PIQ interaction t=2.3, p=0.022). The
group by VIQ interaction survives multiple comparisons. Results are similar when only
participants with autism and VI1Q > 90, in the range of the typically developing group, are
included in the analysis. Figure 9 shows decreased rostral area associated with increased
VIQ in the typically developing group but decreased VIQ in the autism group.

Processing Speed: Increased isthmus area predicts faster processing speed (t=2.6, p=0.013)
in the autism sample only (correlations: autism r=—0.40, p=0.041; control r=—0.33,
p=0.147). Processing speed is significantly correlated with total CC area and posterior
midbody area in controls but not the autism group (total CC: controls r=-0.57 p=0.007,
autism r=-0.03 p=0.86; posterior midbody: controls r=—0.50 p=0.021, autism r=0.06,
p=0.78).

There are case-control differences in participants tested with the adult version of the Trail
Making Test (age =15 years; autism n=27, control n=22) but not the child version (autism
n=18, control n=17). Significantly slower processing speed is found in autism (t=3.7,
p=0.001). Processing speed improves with age from mid-adolescence into adulthood in the
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control group but not in the autism group (control r=-0.48, p=0.025; autism r=-0.18,
p=0.37).

4. Discussion

This study has presented a collection of new findings regarding atypical and typical age-
related changes in corpus callosum (CC) areas, increased rates of abnormally small
subregions even in the absence of case-control differences in mean area, an association
between anterior midbody area and severity of impairment in the social domain, and atypical
relationships between area and verbal 1Q and processing speed in individuals with autism.
Overall, we found evidence of pathology involving CC area in autism to be more complex
than previously described. Most importantly, we found evidence of multiple functional
implications of atypical changes in CC area in autism.

4.1 Age-related changes

Similar to longitudinal MRI studies of typical development (Giedd, 2004; Giedd et al., 1999;
Gilliam et al., 2011), our cross-sectional sample of typically developing individuals had an
anterior-to-posterior gradient of age-related increase in midsagittal CC area. During later
childhood, adolescence, and young adulthood, area increased mainly in posterior regions.
Although our autism sample showed typical age-related change the CC as a whole and most
subregions, these changes were atypical in the isthmus. The tendency toward decreased area
in total CC, the genu, isthmus and splenium, present by late childhood and persisting into
adulthood in our autism sample, is consistent with results of a previous 2-year follow-up
study of CC volume in adolescence in autism (Frazier et al., 2012).

Atypical age-related isthmus changes in the autism sample were complex. In the autism
sample, the isthmus appeared to increase at a much slower rate than the typically developing
group during later childhood and adolescence. Fibers traversing the isthmus connect
superior temporal and parietal regions in the two hemispheres (Pannek et al., 2010; Park et
al., 2008; Witelson, 1989; Zarei et al., 2006), regions strongly implicated in idiopathic
autism (Bigler et al., 2007, 2003; Boddaert et al., 2004; Hoeft et al., 2011; Lange et al.,
2010; Lee et al., 2009, 2007).

4.2 Mean Area and the Distribution of Corpus Callosum in Autism

Smaller mean area in autism was found in the total CC, isthmus, and splenium, although
case-control differences were modest and did not survive correction for multiple
comparisons. Although a meta-analysis of CC size in autism found case-control mean
difference effect sizes largest in the anterior part of the CC (Frazier and Harden, 2009),
studies using voxel based morphometry (VBM) have shown strong effects both anteriorly
and in the splenium (Chung et al., 2004; Vidal et al., 2006).

Examination of the distribution of CC areas provided additional information. Increased
variance was observed in the autism distribution while controlling for TBV and increased
rates of abnormally small CC subregional areas were found even in subregions not showing
group differences in mean area. The proportions of individuals with abnormally small CC
areas in the anterior third of the CC and the isthmus were increased in the autism group.
Surprisingly, increased variation in the autism sample was not only due to a tendency toward
small CC areas. The middle third of the CC areas were larger than expected given TBV.
Similar to the distribution of head circumference in autism (Lainhart et al., 2006), the
distribution of CC area in autism is abnormally wide.

A number of reasons for discrepant results in past studies of CC area in autism were
apparent, in addition to known effects of gender and handedness. Our data support past
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reports suggesting clinical heterogeneity in 1Q and severity of autism may affect results
(Boger-Megiddo et al., 2006; Elia et al., 2000; McAlonan et al., 2002), and strongly
implicate the effect of age and stage of development (Frazier and Hardan, 2009; Tepest et
al., 2010). The wide distribution of CC area in autism suggests studies using small samples
will, by chance alone, differ in the proportion of subjects with small CC area. Given the
known variability of CC area in normative samples (Giedd et al., 1999), representativeness
of control groups can also affect the results of case-control studies particularly when sample
sizes are small. Our data provide additional evidence of a complex interaction between CC
area and TBV. Scaling of CC area to TBV differs in individuals with autism who have larger
versus smaller brains (Kilian et al., 2008; Rice et al., 2005), a finding consistent with those
ofJancke et al. (1997), who found that CC area increased proportionately less in typical
individuals with larger total brain volumes.

4.3 Clinical Correlations

CC pathology, manifested by atypical changes in cross-sectional area, was related to
clinically important types of inter-individual variation in the autism sample. Variations in
social impairment, 1Q, and processing speed were related to variations in the area of CC
subregions. Age-invariance of the relationships between CC area and social impairment and
1Q suggests that a biological link between CC area and these clinical features is established
early in childhood and persists into adulthood.

4.3.1 Smaller Corpus Callosum Area and Greater Social Impairment in Autism
—Inter-individual variation in severity of social impairment, as measured by the ADOS
social algorithm score, was associated with variation in area of the anterior midbody.
Smaller anterior midbody area was associated with more severe social impairment in autism.
Despite this association, only a trend toward smaller anterior midbody area in autism was
found in the group comparison. This trend may be due to a number of different factors, one
of which may be the high level of functioning in the autism group. These results are in
agreement with other studies suggesting a relationship between smaller CC volume and
more severe impairment of core diagnostic features of autism (Hardan et al., 2009), worse
performance on related neuropsychological tasks (Keary et al., 2009), lower fMRI
functional connectivity while performing tasks (Mason et al., 2008; Schipul et al., 2011),
and decreased interhemispheric transfer of information (Hardan et al., 2009).

The anterior midbody contains fibers connecting the premotor and supplementary motor
cortices and part of the pars opercularis of the inferior frontal gyrus (Hofer and Frahm,

2006; Pannek et al., 2010; Witelson, 1989; Zarei et al., 2006). Anterior midbody connections
are thus involved in guidance, planning, coordination of motor movements, and in language.
Reduced gray matter in the pars opercularis in individuals with autism or Asperger’s
disorder has been associated with more impairment in a social communication factor that
included imitation and verbal and nonverbal communication (Yamasaki et al., 2010).

4.3.2 Smaller Corpus Callosum Area and Lower Intelligence in Autism—
Rostrum area was associated with verbal 1Q in our typically developing and autism samples
but in different directions: smaller rostrum area was associated with higher verbal 1Q in
controls but with lower verbal 1Q in autism. The rostrum contains interhemispheric fibers
connecting homotopic orbitofrontal cortex and the subgenual part of the ventromedial
prefrontal cortex (Hofer and Frahm, 2006; Huang et al., 2005; Pannek et al., 2010; Peltier et
al., 2010a; Witelson, 1989; Zarei et al., 2006). Volumetric abnormalities have been found in
the orbitofrontal cortex in autism (Girgis et al., 2007; Hardan et al., 2006). The rostrum also
contains heterotopic fibers connecting orbitofrontal cortex with contralateral temporal pole
and running through the temporal stem, the “callosal radiations of Peltier” (Peltier et al.,
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2010a, 2010b). Temporal pole and orbitofrontal cortex are both important in social
cognition, particularly inferring the mental state of others (Kringelbach, 2005; Vollm et al.,
2006), a cognitive process involved in Theory of Mind and empathy, impaired in many
children and adults with autism (Baron-Cohen and Belmonte, 2005).

This opposing structure-function relationship between the groups suggests that CC
subregions may be similar in size but have very different functional correlates and
neurodevelopmental mechanisms. Similar group differences between structure and function
has been found in cortical thickness and 1Q in individuals with autism and typically
developing controls, interestingly in the orbitofrontal cortex (Hofer and Frahm, 2006; Huang
et al., 2005; Pannek et al., 2010; Witelson, 1989; Zarei et al., 2006). Thinning of the cortex
with age was previously associated with increased 1Q in typical controls but not autism
spectrum disorder subjects (Misaki et al., 2012). Our data suggest that smaller rostrum area
may be functionally adaptive in typically developing controls and functionally maladaptive
in autism.

4.3.3 Smaller Corpus Callosum Area and Slower Processing Speed in Autism
—We found slower processing speed in autism during adolescence and adulthood, as in
similar previous studies (Kleinhans et al., 2005; Minshew et al., 2002; Rumsey and
Hamburger, 1988). Case-control differences in processing speed, as measured by the Trail
Making Test, were not evident in young individuals in our study. Processing speed improved
between mid-adolescence and adulthood in the typically developing group but not in the
autism group. In the typical group, processing speed had a strong linear relationship with
total CC area, apparently driven by posterior midbody area. In adolescents and adults with
autism, smaller isthmus area was associated with slower processing speed. A previous study
by our group found a strong relationship between processing speed and CC diffusion tensor
imaging (DTI) measures (radial diffusivity in particular; Alexander et al., 2007). Although
microstructural properties of the CC cannot be identified by area alone, future studies
linking multi-modal imaging will help identify properties of the CC that may be developing
abnormally in autism.

4.4 Limitations

The most important limitation of the study is the cross-sectional nature of the dataset, the
results require verification by longitudinal data. In addition, only males with autism with
general cognitive normality (P1Q>70) were studied; thus, findings may not apply to females,
individuals with low-functioning autism, or very young or old individuals with the disorder.
Future research will benefit from the use multimodal imaging measures of CC growth,
development, pathology, and function beyond CC area. Postmortem studies of the corpus
callosum are needed to determine the microscopic histological basis of abnormalities
identified using in vivo neuroimaging. Finally, demonstrating the specificity of our findings
to autism will require comparison to groups of individuals with other neurodevelopmental
disorders.

4.5 Implications for Treatment and Intervention

Assuming CC area is an index of structural connectivity in autism, our findings imply that
young people with the disorder may benefit from interventions that normalize
interhemispheric communication, and CC growth and development. In some regions of the
CC, the greatest opportunity for change may continue into the late twenties (Pujol et al.,
1993). Given complex excitatory and inhibitory effects of CC fibers on cortical neurons
(Innocenti, 2009) and the interaction of interhemispheric connectivity and cerebral
lateralization, it is not known if increasing or decreasing interhemispheric connectivity in
autism will provide the most benefit.
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Figure 1.

Sample image of midsagittal corpus callosum area and Witelson regions. Subregions are
labeled as follows: (1) rostrum, (2) genu, (3) rostral body, (4) anterior midbody, (5) posterior
midbody, (6) isthmus, (7) splenium
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Cross-sectional age-related changes in total corpus callosum area and Witelson subregions
unadjusted for TBV. Smooth lines show development in autism participants (solid line and
stars) versus typically developing controls (dashed line and open circles).
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Figure 3.
Cross-sectional age-related changes in TBV in the autism and typically developing
participants.
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Figure 4.
Scatterplot demonstrating the relationship between total corpus callosum area and TBV in
the autism and typically participants.
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Figureb5.
Scatterplot of cross-sectional age-related changes in the ratio of total corpus callosum area to
TBV in the autism and typically developing groups.
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Figure®6.

Distribution of age-standardized corpus callosum area in the control and autism samples
unadjusted (zCC) and adjusted for TBV (zCCbyTBV).
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Figure7.

Bar charts displaying the percentage of individuals with micro-CC (> 1.88SD below control
corpus callosum areas normalized by age) or macro-CC (> 1.88SD above control corpus
callosum areas normalized by age). CC area unadjusted for TBV and ratio of CC/TBV are
shown. Gray bars represent control participants, black bars represent autism participants.
Significant differences between group percentages are indicated: *significant difference

between groups at p<0.05, **significant at p<0.007
= Control
B Autism
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Figure8.

Scatterplot demonstrating the relationship between anterior midbody area and ADOS Social
algorithm scores in autism adjusting for age. Larger midbody areas are associated with
lower Social algorithm scores.
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Figure9.

Scatterplot showing the relationship between rostrum area and VIQ in autism and typical
development. Larger rostrum area is associated with higher VIQ in autism and lower VIQ in
controls.
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