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Abstract
Previous research on neuronal spacing and columnar organization indicates the presence
of cell patterning alterations within the cerebral cortex of individuals with autism
spectrum disorders (ASD). These patterning abnormalities include irregularities at the
gray-white matter boundary and may implicate early neurodevelopmental events such as
migration in altering cortical organization in ASD. The present study utilized a novel
method to quantify the gray-white matter boundary in eight ASD and eight typically
developing control subjects. Digital photomicrographs of the gray-white matter boundary
were acquired from multiple positions within the superior temporal gyrus (BA 21),
dorsolateral frontal lobe (BA 9), and dorsal parietal lobe (BA 7) of each case. A sigmoid
curve was fitted to the transition zone between layer VI and underlying white matter
(subplate), and the slope of the resulting curve was used as a measure of the spatial extent
of the transition zone. For all three cortical regions examined, ASD subjects showed
“shallower” sigmoid curves compared to neurotypicals, indicating the presence of an
indistinct boundary between cortical layer VI and the underlying white matter. These
results may reflect the presence of supernumerary neurons beneath the cortical plate that
could be the result of migration deficits or failed apoptosis in the subplate region.
Furthermore, these findings raise questions regarding the validity of cortical measures
that rely on gray-white matter parcellation, since an indistinct transition zone could lead

to a misplaced cortical boundary and errors in both thickness and volume measures.
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1. Introduction

Autism spectrum disorders (ASD) are a family of developmental disabilities
characterized by impairments in social interaction, delayed or absent language
development, and restricted or repetitive behaviors and interests (Rapin, 1997).
Investigations of this disorder point to a neurodevelopmental origin; however, a clear
biological marker for autism is not currently available. Several studies have documented
both gross and microanatomical changes to the cerebral cortex that may result in
increased brain size, changes to cortical thickness, alterations to gray and white matter
volumes, connectional alterations, and changes to the cell patterning found in
neurotypical controls (Casanova et al., 2002; Bailey et al., 1998; Hutsler et al., 2007;
Hutsler & Zhang 2010). The developmental processes that bring about these
organizational changes remain largely unidentified, but several authors have suggested
that migration problems during early gestation may play a prominent role. Cell migration
abnormalities in ASD were initially suggested based upon descriptions of cell patterning
abnormalities within the cerebellum (Bauman & Kemper 1985; Kemper 1988), as well as
cerebellar abnormalities that were identified in magnetic resonance imaging (MRI)
studies (Courchesne, 1988). Cerebral cortical migration deficits in individuals with ASD
were subsequently suggested based upon structural abnormalities found in MRI studies
(Piven et al., 1990).

Perhaps the strongest support for migration abnormalities in ASD is the abnormal
expression of migration-relevant neurochemicals. ASD subjects show high rates of
dysfunction in the gene for reelin, which plays an important role in both neuronal

migration and cortical layering within the cerebral cortex (Fatemi et al., 2005; Skaar et



al., 2005; Zhang et al., 2002; Serajee, Zhong, & Huq, 2006; Fatemi, Stary, & Egan,
2002). Similarly, Janusonis, Gluncic, and Rakic (2004) have examined the role of the
serotonergic system in cortical development in the mouse and have shown that
manipulations of this system can influence both cortical patterning and reelin expression.
Markers of abnormal serotonin expression found throughout development in ASD may,
therefore, also have implications for migration disorders in autism (Chugani, 2004).

Despite the evidence for abnormal cell patterning from both postmortem
neuroanatomical studies and examinations of migration-relevant neurochemicals, one
does not see the type of cortical disarray that is found in, for example, reelin knock-out
mice (Rice and Curran, 2001). Instead, the cortex shows a quantitatively normal layering
pattern and a limited set of restricted organizational abnormalities that can include high
neuronal densities, supernumerary neurons in the molecular layer, small areas of neuronal
disorganization, neuronal heterotopias, and, most relevant to the present study, poor
differentiation of the gray-white matter boundary along with supernumerary neurons in
the subcortical white matter (Casanova et al., 2002; Bailey et al., 1998; Hutsler et al.,
2007; Simms et al., 2009). The origin of subcortical white matter neurons in ASD has
yet to be determined. In addition to speculations about migration, some researchers
suggest that this abnormality could be due to the retention of transient subplate neurons
within the subcortical white matter (Chun & Shatz, 1989; Kemper, 2010). Despite these
descriptions, there has never been a systematic neuroanatomical examination of the gray-
white matter transition zone in ASD.

In addition to its relevance to migration, the transition zone between gray and

white matter is also pragmatically relevant to MRI studies of the cerebral cortex that rely



on tissue parcellation. Differences in cell patterning at the gray-white matter transition
zone are likely to influence MRI intensity values and the subsequent, algorithm-
dependent placement of the lower boundary of the cortex. Results from studies
examining volume in ASD are mixed, with findings of increased cortical volume, volume
decreases, and no differences between ASD subjects and neurotypicals (Courchesne et
al., 2001; Hazlett et al., 2005; Hazlett et al., 2006; Palmen et al., 2005; Herbert et al.,
2003; McAlonan et al., 2008; Bonhila et al., 2008; Frietag et al., 2009; Hallahan et al.,
2009; Harden et al., 2001; Rojas et al., 2002; Boddaert et al., 2004).

Although measures of cortical thickness are less common in the literature, cortical
thickening has been reported in ASD (Harden et al., 2006). But, like the literature on
cerebral volume, other studies show only slight or no thickening (Hutsler et al., 2007) or
a decrease in cortical thickness (Chung et al., 2005; Hadjikhani et al., 2006). Naturally,
variability in the results of both volumetric and thickness measures may be explained by
the specific methodology employed, the specific regions examined, the nature of the ASD
sample, or some combination of these factors.

In the present study, we employed a novel methodology to quantify the
abruptness of the transition zone between the gray and white matter from eulaminate
isocortex (Bailey and von Bonin, 1951) in frontal, parietal, and temporal locations.
Sigmoid functions were used to model the abruptness of the transition in order to
determine if systematic differences in cell patterning at this boundary might be present in
ASD subjects. Such differences may indicate early alterations to the prenatal
development of the cortex in the form of either migration deficits, alterations in

apoptosis, or differences in other developmental factors that influence cell patterning.



Furthermore, if early cell patterning events are the source of abnormalities at this
boundary, we predict that they will not be regionally specific.
2. Results

The transition zone between gray and white matter was found to be less clearly
delineated in ASD subjects compared to typically developing controls as evidenced by
higher slope values in ASD (i.e., shallower slopes) for the sigmoid functions that were fit
to the boundary (F[1,26.8] = 6.4, p = .017; see figures 1 and 2). For each region
examined, ASD subjects had shallower gray-white matter transition boundaries relative
to typically developing subjects. Slope values acquired from three regions of eulaminate
isocortex taken from three cortical lobes (BA7, BA9, and BA21) did not differ from each
other (F[2,25.1] = 1.15, NS) and, in addition, cortical region did not interact with subject
diagnosis (F[2,25.1] = .41, NS; see figure 2).

Although positive relationships between the sigmoid slope values and age (r =
399, NS), postmortem interval (PMI; r = .280, NS), and brain weight (r = .45, NS) were
found, they were never reliable in this small sample. To further explore their impact on
the differences between ASD and typically developing subjects, these variables were also
included as covariates in the mixed model analysis both singly and in combination. In
each of these analyses the pattern of results remained unchanged: ASD subjects always
showed significantly shallower slope values relative to typically developing subjects,
while both region and the interaction between region and diagnosis were nonsignificant.

Because assessments of the transition zone could be nonsystematically affected by
measures that are not perfectly orthogonal to the gray white matter boundary, the

influence of two potential sources of measurement error were also explored. The first was



the in-plane tilt of the gray-white matter boundary. Images were initially acquired so that
the gray-white matter boundary was perpendicular to the long axis of the image;
however, there was no practical way to systematically ensure the precision of this
orientation. To both measure and correct for orientation error, we used multiple sigmoid
functions that were fit to the transition zone every 150 micrometers (i.e., six per image).
A linear fit was generated to the offset values of these sigmoids to automatically find the
boundary in each image. Although the absolute angle of tilt as assessed by this measure
was typically small (x =3.76° = 1.08°) and did not differ systematically between ASD
and control cases (t[14] = .122, NS), these measures were applied to the raw sigmoid
slope values as a correction. As expected, the pattern of results was unchanged. Slope
values continued to differ between ASD and neurotypical subjects (F[1,30.0] =8.2,p =
.007) while neither region (F[2,23.2] = 0.48, NS) nor the interaction between region and
diagnosis (F[2, 23.1] = 0.07, NS) were significant.

The second potential source of measurement error is similar to the first but
concerns tilt that occurs out of the image plane that is due to variation in the angle of cut.
Although we attempted to cut all tissue blocks orthogonal to the cortical surface, it is
possible that an oblique angle of sectioning could result in shallower sigmoid slopes. As a
result, sigmoid slopes from every image were also corrected for out of plane errors as
assessed by cortical thickness measures.

CorrectedSlope = SigmoidSlope(a/b)
Here a represents the smallest cortical thickness measurement in a subject case for a
particular region, and b represents the actual cortical thickness measure taken at the

location where a specific image was acquired. Although this correction is not ideal,



because it assumes that the tissue section with the smallest thickness was cut
perpendicular to the cortical surface, it does attempt to reduce nonorthogonal cutting
error within a single tissue block. Correcting the sigmoid slope for cortical thickness did
not change the pattern of results as indicated by a significant main effect (F[1, 21.8] =
8.2, p =.009), and no effect of region (F[2, 23.5] = 1.6, NS) or an interaction between
region and diagnosis (F[2, 23.3] = .41, NS).

To explore the subject characteristics of our sample, bivariate correlations
between age, brain weight, PMI and diagnosis were considered. Only age and brain
weight were reliably associated with each other (» = .52, p <.05; table 2), and, as
indicated previously, correlations between these variables and the sigmoid slope of the
gray-white matter transition zone never reached significance. In addition to quantitative
considerations of age, PMI, and brain weight, we also considered several other
qualitative characteristics in individual subjects including their general level of cognitive
functioning and any history of seizure activity. Seven of the eight individual ASD
subjects in this study showed shallower sigmoid slope angles relative to the mean of the
neurotypicals (z = -.61 to -3.44; see figure 3), while the one remaining ASD subject
showed a positive z value (+.71) relative to the neurotypical subjects. This autistic subject
was described as being severely mentally retarded without a history of seizure activity.
Seven of the eight subjects had some degree of mental retardation, while one subject,
who was diagnosed as having Asperger's, was high functioning with normal full-scale IQ
measurements. This highest functioning case had a history of seizures and a z value
relative to neurotypicals of -1.89, which was comparable to several other autistic cases

with mild to moderate mental retardation. Only one other case had a documented history



of seizure activity, and this subject also showed a shallower transition zone relative to the
mean of the control group (z =-1.98). In sum, level of cognitive functioning did not
appear to relate in a systematic manner to the average slopes found at the gray-white
matter boundary in individual cases, and although both cases with a documented history
of seizures had shallow slope values, these were not dissimilar from the other ASD
subjects.
3. Discussion

Using a novel method for gray-white matter boundary quantification, we have
shown that the subcortical boundary is less distinct in subjects with autism spectrum
disorders relative to neurotypical control subjects. To our knowledge this is the first
postmortem tissue study in ASD individuals to attempt to quantify this cell patterning
abnormality at the gray-white matter transition zone. Although substantial group
differences between typical subjects and controls were found, like previous
neuropathological studies in autism (for example, Simms et al., 2009; Whitney et al.,
2008) not every case reliably demonstrated the effect, An examination of subject
characteristics that might distinguish between subgroups of ASD patients did not reveal a
salient pattern.
3.1 Cell Patterning at the Gray-White Matter Boundary

Neurons that extend into the cortical subplate region could have several potential
origins during development. Here we describe three hypotheses. First, these neurons
could be the result of incomplete neuroblast migration into the cortical plate during
prenatal development. Migration deficits in ASD individuals were first proposed based

upon evidence from the cerebellum (Bauman and Kemper 1985; Kemper, 1988).



Following this, cerebral cortical migration deficits were proposed based upon MRI
evidence (Piven et al., 1990) and have been qualitatively supported in a subset of
postmortem cases where increased neurons have been found in the subplate region
(Bailey, 1998; Hutsler et al., 2007). As discussed, reelin and serotonin expression, which
both play a role in cortical migration, are also abnormally expressed in ASD cases
(Fatemi et al., 2005; Skaar et al., 2005; Zhang et al., 2002; Serajee, Zhong, & Hugq, 2006;
Fatemi, Stary, & Egan, 2002; Janusonis, Gluncic, & Rakic, 2004). Unlike the previous
qualitative descriptions of this phenomenon in ASD subjects that indicate only a subset of
subjects have supernumerary cell in this region, the present work shows a quantifiable
alteration in seven of the eight ASD subjects examined. Notably, migration problems
have also been associated with the diagnosis of epilepsy (Rice and Barone, 2000;
Battaglia et al., 1996). Although epilepsy and ASD are highly comorbid (Canitano,
2007), in the present study there did not appear to be a consistent relationship between
cell patterning abnormalities at the gray-white matter transition zone and a history of
seizure activity, although the two cases that did have comorbid seizures did have
shallower slopes relative to the control group. In addition, it should be noted that
hypotheses that posit migration anomalies in ASD subjects must be reconciled with the
limited abnormalities found in cell patterning and layering within the cerebral cortex in
ASD (Hutsler et al., 2007). Thus, if a migration anomaly is a consistent characteristic in
ASD cases, it must be limited in its scope given the qualitatively unremarkable
appearance of cerebral cortical histology.

The second hypothesis that might explain abnormal cell patterning in ASD is that

there may be incomplete apoptosis of neurons in the subplate region. In humans, subplate



neurons have their origin in the lower portion of the primoridal plexiform layer, which is
present at the outer wall of the neural tube prior to the arrival of the first neuroblasts that
will form the cortical plate (MarinPadilla, 1998). Neurons in the subplate play a role in
guiding cortical development, particularly with regard to connections to the thalamus
(McConnell, Ghosh, & Shatz, 1994), and it has been suggested that the majority of these
neurons die after migration is complete (Al Ghoul & Miller, 1989; Chun & Shatz, 1989).
If this is true, then the retention of transient cell populations in both the subplate and
layer I in ASD subjects might indicate incomplete apoptotic processes that would then
contribute to the less distinct gray-white matter boundary (Kemper, 2010).

Finally, an indistinct boundary between the cortical ribbon and the subplate could
be the result of modifications to other factors that affect cell patterning in the developing
cortex. Altered neurochemical expression, gene expression, neuronal activity, calcium
signaling, and glial cells have all been shown to participate in cell patterning and could
potentially affect boundary-related cell patterning in ASD subjects (e.g., Nomura et al.,
2008; Puelles & Rubenstein, 2003; Mennerick & Zorumski, 2000; Bushong et al., 2003).
Factors such as abnormal genetic and neurochemical expression may be especially
relevant in ASD (Muhle et al., 2004; Newshaffer et al., 2007). Importantly, cell to cell
interactions between reelin expressing Cajal Retzius cells and arriving neuroblasts are
thought to be responsible for the boundary that is found between the cell-sparse layer I
and the adjacent cell-dense layer II (Marin-Padilla, 1998). Similar interactions between
subplate neurons and layer VI cell may also play an important role in cell patterning at

the gray-white matter boundary (Hevner et al., 2001).
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3.2 Cell Patterning and Boundary Placement

Beyond the neurodevelopmental implications of abnormal cell patterning at this
cortical boundary, cell patterning alterations may also influence measures of cortical
thickness and cortical volume. In MRI studies, Harden et al. (2006) showed that
individuals with autism display an increase in cortical thickness in the temporal lobe.
Cortical thickening has also been reported in postmortem tissue studies (Bailey 1998);
however, the magnitude of this effect appears to be small (Hutsler et al., 2007). Cortical
thinning has also been reported, but this finding is most typical in voxel-based
morphometry (VBM) studies (McAlonan et al., 2005; McAlonan et al., 2008; Boddaert et
al., 2004). Other studies have also reported thinning of the autistic cortex (Chung &
Robbins, 2005; Hadjikhani et al., 2006). Most studies that have examined the volume of
gray matter in autism report increased volume compared to neurotypicals (Hazlett et al.,
2006; Palmen et al., 2005; Bloss & Courchesne, 2007; Bonhila et al., 2008; Piven et al.,
1995; Freitag et al., 2009); however, other studies have reported no differences in lobar
volume (Hallahan et al., 2009) or decreases in volume (Rojas et al., 2002; Herbert et al.,
2003). Several studies have also documented age-specific alterations to cortical volume
(Courchesne et al., 2001; Carper et al., 2002). Disagreement amongst results may be due
to varying methods as well as varying ages and types of ASD subjects utilized in each
study. Despite this, difficulties delineating between gray and white matter in MRI
images may also contribute to conflicting outcomes. Although we cannot directly
examine how our results might impact MRI thresholding from these studies, a less
distinct gray-white matter transition in the autistic brain could result in a misplaced

boundary and subsequent errors in volume and thickness measures, especially when
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employing threshold-based tissue parcellation techniques. This issue could be directly
assessed in individuals where both postmortem tissue samples and MRI images are
available.
3.3 Methodological Considerations

Automated algorithms have been used in a variety of tissue preparations to
explore cell patterning. Perhaps most notable in the context of ASD is the Buxhoeveden
algorithm (Buxhoeveden et al., 2000), which not only has been utilized to document an
increased distance between cortical columns in ASD subjects (Casanova et al., 2002) but
also has been applied to dyslexia (Casanova et al., 2002) as well as comparative primate
studies (Buxhoeveden & Casanova, 2002). Although these types of algorithms when
applied to photomicrographs of the cortex can provide useful information, several caveats
should be noted. First, one should strive to approximate a random sampling method. In
the present study semi-random selection of regions for examination was determined by a
lack of cortical folding while the operator was blind to diagnosis. In addition, the sections
selected for analysis were chosen according to stereological sampling principles. Area
selection could be automated in an attempt to create a systematic random sample of
photomicrographed regions. Second, although we attempted to control for curvature by
selecting subjectively noncurved locations, another viable approach might be to quantify
the curvature and then partial out its influence on the transition zone measure. Finally, in
certain contexts, values acquired automatically from two-dimensional photomicrographs
could suffer from bias introduced by the use of nonstereological sampling methods.
Although automatic image analysis algorithms may be inappropriate for certain types of

neuroanatomical measures, the careful application and interpretation of such measures
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provide an avenue for quickly collecting data from neuroanatomical samples and
quantifying relative cell patterning differences between subject groups that were
previously dependent upon qualitative assessments. Previous approaches to the
examination of abnormalities in the subcortical white matter have either been qualitative
or have relied upon stereological or nonstereological density counts within the white
matter (Conner et al., 2009). This type of approach is potentially problematic given the
dramatic decrease in density that occurs with increasing distance from the cortical
boundary.

It should also be noted that the current sigmoid fitting method could be extended
to other boundaries within the brain as well as other boundaries within the cortex (e.g.,
layer placement). Sigmoid functions might not be appropriate for less distinct boundaries,
but this technique could be extended through the use of multiple data types acquired from
the images (i.e., object size, object shape, object distribution) in conjunction with
functions that might better model the data from less distinct boundaries (Hutsler and
Avino, in prep.). Such an approach to cortical cell patterning abnormalities in ASD has
been insufficiently explored.
3.4 Conclusions

These results demonstrate that in the ASD brain, the boundary between gray
matter and white matter is not as clearly delineated as it is in neurotypicals. This finding
has relevance to claims of neuronal migration disturbances in ASD, as the
indistinctiveness of the transition zone may be driven by supernumerary neurons in the
subplate. However, the origin of this pattern could also be found in alterations to the

developmental apoptosis that is present in the cortical subplate or modifications to the
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many factors that influence cell patterning and layer formation in the developing cerebral
cortex. In addition, the finding has direct relevance for the interpretation of both MRI
volumetric and thickness measure of the cerebral cortex in ASD populations. Finally, the
method described in this study could be extended to explore other laminar boundaries
within the central nervous system and could prove useful in quantifying other cell
patterning abnormalities that could provide insights into cortical development in ASD.
4. Experimental Procedure

All of the cerebral cortical tissue samples utilized in this study were acquired with
the assistance of the Autism Tissue Program (ATP, Los Angeles, CA), and all procedures
for tissue collection, case identification, and data storage were reviewed by the
Biomedical Institutional Review Board at the University of Nevada, Reno. Cortical tissue
samples fixed in formalin were acquired from eight male individuals with ASD as well as
from eight neurotypical individuals matched for age and sex (see table 1). Identification
of the ASD subjects was based upon available medical and psychological records, and the
diagnosis was subsequently confirmed with the Revised Autism Diagnostic Inventory
(ADI-R; Lord et al., 1994) given to the primary caregiver following tissue donation.

In the present group, all cases met the criteria for a diagnosis of autism except for
Case 008 (see table 1), who did not meet the cutoff in the area of communication and was
diagnosed as having Asperger's syndrome. For comparison to the ASD cases, control
cases were selected based upon age, PMI, and tissue block availability to obtain a final
set of eight age- and sex-matched pairs. Control cases had no history of neurological

disorders, and brain weights for both groups were collected at autopsy prior to fixation.
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From these cases, formalin-fixed cortical tissue samples were obtained from three
locations: the lateral surface of the middle temporal gyrus (Brodmann's area 21; posterior
middle temporal gyrus, ventral to the termination of the Sylvian fissure), the dorsolateral
frontal lobe (Brodmann's area 9; anterior portion of the first frontal convolution, anterior
to the premotor cortex, and lateral from the longitudinal fissure by 5 cm), and the dorsal
lateral parietal lobe (Brodmann’s area 7, superior parietal lobule, posterior but not
adjacent to the primary sensory cortex and lateral from the longitudinal fissure by 5 cm).

Tissue block locations were provided to the brain banks using these location
descriptors as well as photomicrographs indicating the specific location of the blocks.
Following collection, block locations were confirmed with the detailed cytoarchitectonic
descriptions provided by von Economo and Koskinas (1925). In several cases, one or
more of these regions was unavailable for analysis, and thus, a total of 42 blocks was
used in the final study. Tissue blocks were stored in 10% formalin until two weeks prior
to processing, when they were transferred to 4% paraformaldehyde. Subsequently, the
blocks were cryoprotected in 25% sucrose for 72 hours and cut at a thickness of 50pum on
a freezing microtome (American Optical). Every sixth tissue section was mounted onto a
gelatin-subbed slide and air dried prior to Nissl staining. Briefly, the sections were
dehydrated in a series of alcohols and cleared in toluene. Sections were then rehydrated
and transferred into .25% thionin and .4% sodium acetate diluted in .1M phosphate
buffer. Sections were then rinsed repeatedly in water prior to dehydrating in a graded
series of alcohols and then cleared in toluene. All sections were coverslipped in Permount

(Fisher Scientific).
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Images of the gray-white matter boundary were acquired using an Olympus BX51
microscope and a Q5 color digital camera (Olympus, Inc). Thirty-two bit (2560x1920
pixel) images of the gray-white matter boundary were taken at final magnification of
100x from segments of the cortical ribbon where there was no curvature. This was
achieved by restricting image acquisition to the gyral walls and flat portion of the gyral
crown where column orientation was parallel. The boundary between gray and white
matter was oriented orthogonally to the long axis of the image and bisected the image
area. At each location a measure of total cortical thickness was taken using an eyepiece
reticule at a magnification of 40x. These linear measures were taken from the top of
cortical layer I to the bottom of cortical layer VI parallel to the orientation of cortical cell
columns.

Each image was post-processed using the ImageJ software package (http://
rsbweb.nih.gov/ij/). Images were first converted to 8-bit grayscale and then made binary
using Imagel's variation of the iterative intermeans thesholding algorithm described by
Ridler and Calverd (1978). Following this procedure, noise and most erythrocytes were
removed from each image by removing all objects that were less than 88 pm?, which
eliminated 100% of single erythrocytes and 75% of overlapping erythrocytes.

Sigmoid curves (y = [1/1+e”-bx]) were then overlaid on to each binary image by
iteratively searching the image for a “best fit.” This procedure required identifying a
linear boundary between gray and white matter, which was done using an automated
technique. Each image was divided into strips that were perpendicular to the orientation
of the boundary, and a count of black pixels was made for each vertical column of the

strip and then normalized to a range from zero to one using the maximum pixel count
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found in that strip. For each sequence of pixel counts, a sigmoid function with a fixed
slope, but varying horizontal offsets, was iteratively moved across the image and the
error between the sigmoid and the normalized pixel counts was summed across each
column of the image. The center of the sigmoid with the least error was recorded. For
each image, six continuous nonoverlapping strips were analyzed across the image,
resulting in six best-fit sigmoid centers. Simple linear regression was then used to
determine the line of best fit for these six center points. The resulting line was used to
correct any gray-white matter boundary misalignments by recording the resulting angle
of each regression line and then adjusting for the rotational error. A single best-fit
sigmoid was then fit to the entire image. This was achieved by counting all of the pixels
in a one pixel column-wide fashion across the image. These pixel counts were smoothed
using a moving average across the image that was 111 um wide and then normalized to a
range from zero to one using the maximum pixel count found in each image. Sigmoid
functions with varying slopes and offsets were iteratively fit to this trace, and the offset
and slope with the lowest error were automatically recorded.

A 2 x 3 mixed-model analysis of variance was used to evaluate the difference
between autistic subjects’ and control subjects’ sigmoid slopes for the three regions
examined (BA7, BA9, and BA21). To assess the influence of other potentially relevant
subject characteristics, age, postmortem interval, and brain weight were included in the
model as covariates. Finally, seizure activity and level of cognitive functioning were

qualitatively assessed alongside each subjects boundary measure.
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Case ID
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Cause of Death
Drowning

Motor Vehicle Accident
Seizure

Drowning

Cardiac Arrhythmia
Congestive Heart Failure
Myocardial Infarction

Pulmonary Embolism

Internal Bleeding
Trauma

Motor Vehicle Accident
Asphyxiation/Hanging
Arteriosclerosis
Gunshot Wounds
Cardiovascular Disease

Myocardial Infarction

* = Estimated

NA = Not available
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Age x PMI 254
Age x Brain Weight 520
Age x Sigmoid Slope 446
PMI x Brain Weight -.357
PMI x Sigmoid Slope 356

Brain Weight x Sigmoid Slope 365

N of pairs
8

7

NS

047

NS

NS

NS

NS
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Appendix B: Figures

Figure 1. Quantification of the transition zone between cortical gray and white matter
using overlaid sigmoid functions in binary images. Neurotypical subjects (A) boundaries
were typically more distinct than those found in ASD subjects (B). Scale bar = 100um.
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Figure 2. Sigmoid slope value comparisons between ASD and neurotypical subjects
within eulaminate isocortex taken from frontal (BA9), parietal (BA7), and temporal (BA
21) lobe locations. In all three cortical regions examined ASD subjects showed shallower
(higher) sigmoid slope values as compared to neurotypicals. Error bars indicate the
standard error of the mean.
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Figure 3. Average angle of the sigmoid slope values (corrected for in-plane image tilt)
collected from each subject irrespective of cortical location. In seven of the eight ASD
cases examined, the angles of the sigmoid slopes were shallower than the mean angle of
the control cases. Horizontal line indicates the average angle of the sigmoid slopes of the
eight neurotypical subjects. NT = Neurotypical; ASD = Autism Spectrum Disorder
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