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Abstract. This paper presents a systematic evaluation of cortical fold-
ing, or complexity, in autism. It introduces two novel measures to analyze
folding in a specific region of interest, which, unlike traditional measures,
produce an intuitive easily-interpretable description of folding and in-
form the nature of folding change by incorporating local surface-patch
orientation. This study reports new findings of increased cortical fold-
ing in autistics in the frontal, parietal, and temporal lobes, as compared
to controls. These differences are stronger in children than adolescents.
The paper validates part of the findings using the new measures based on
comparisons with traditional measures. Unlike studies in the literature,
this paper reports new findings, via a fully 3D folding analysis on all
brain lobes, based on the consensus of virtually all 6 folding measures
used (2 new, 4 traditional) via rigorous statistical permutation testing.
In these ways, this paper not only strengthens some previous clinical
findings, but also extends the state of the art in autism research.

1 Introduction

Autism is a serious neurodevelopmental disorder that causes a variety of
cognitive deficits impairing social interaction and communication. A good un-
derstanding of the underlying neurobiological causes is absent. Mostly, brain
morphometry in autism [TI2IBI456], revealing abnormalities in both gray mat-
ter (GM) and white matter (WM), has been restricted to volumetry of tissues,
lobes, brain, etc. For instance, Carper et al. [2] found volumetric abnormalities
in the frontal, temporal, and parietal lobes, and attributed this finding to the
role of these lobes in normal behavioral function. Levitt et al. [7] create maps of
22 major sulci and report anatomical shifts for some sulci in frontal and tempo-
ral lobes. Nordahl et al. [§] report increased sulcal depths for autistic subjects
in the operculum and the intraparietal sulcus using surface-based morphometry
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(SBM). They found all abnormalities to be more pronounced in children than
adolescents.

Studies on cortical folding, or complexity, in autism have received very lit-
tle attention. The degree of cortical folding is actually closely tied to brain
volume [9]. Qualitative, visual scoring-based, analyses by Piven et al. [I0] and
Bailey et al. [I] report irregularities in folding patterns in the form of polymicr-
ogyria and hyperconvoluted temporal lobes. Polymicrogyria typically increases
the irregularity of the GM-WM interface [12]. A recent preliminary study by
Hardan et al. [I3] reports increased gyrification on one 2D coronal slice anterior
to the corpus callosum. They compute a gyrification index (GI) by manually
tracing the outer and inner cortical 2D contours. They hypothesize that the in-
creased cortical convolutions in autistics will be more pronounced in children
than in adults, finding negative correlation between GI and the autistics’ age.

Apart from GI, there are several other measures [I4JI5I16] to characterize
different aspects of cortical folding. These include measures defined using the
properties of individual cortical-surface patches (local measures) and measures
designed to extract information from the entire cortical surface taken as a whole
(global measures). While Batchelor et al. [15] use a subset of these measures to
study folding in the developing human fetal brain (region-based folding com-
putation), Tosun et al. [I6] use another subset to quantify cortical folding in
Parkinson-plus syndrome (voxel-based folding computation).

2 Materials and Methods

2.1 Clinical Cohort and MRI

The clinical cohort comprised 70 normal males and 90 autistic males, both di-
vided into 3 age groups: (i) children: 7.5 to 12.5 years, (ii) adolescents: 12.5
to 19.5 years, and (iii) adults: 19.5 to 31 years. The age distributions in the
corresponding normal and patient groups were well matched. The sample size,
mean age (in years), and standard deviation of age (in years) for the normal
groups were: (i) 20, 10.5, 1; (ii) 24, 15.9, 2.3; and (iii) 26, 25.6, 3.4; and for
the autistic groups were: (i) 48, 10.3, 1.3; (ii) 32, 15.5, 1.9; and (iii) 10, 25.7, 3,
respectively. MR images were acquired on a GE 1.5T scanner; sagittal SPGR; 2
NEX, 1.2mm?; TR=24; flip angle=45; matrix=192x256; FOV=30cm; 124 slices.

2.2 Traditional Measures for Cortical Folding Analysis

This study employs the traditional cortical-folding measures to compare and
validate the performance of the new measures introduced in the next section.
Traditional measures, described as follows, can be difficult to interpret.

1. Intrinsic curvature index (ICI) [14]: counts hemispherical features by inte-
grating across all surface patches with positive Gaussian curvature.

1 +
/mEMG (m) dM, (1)

ICIM) =
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where GT(m) = max(Kmin(m)Kmax(m),0); Kmin, Kmax are the principal
curvatures. Any local bump/pit with a hemispherical shape, irrespective of
its size, increases ICI by 0.5. However, ICI ignores cylindrical and saddle-like
patches that have non-positive Gaussian curvature. This separation of curved
patches, although mathematically sound, makes ICI difficult to interpret.

2. Mean curvature L2 norm (MCN) [15]: counts hemispherical and cylindrical
features by integrating the mean curvature across all surface patches:

0.5
MCN(M) = {/ H2(m)d/\/l] , (2)
meM
where H(m) = [Knin(m) + Kmax(m)]/2. However, similar to ICI, MCN
ignores non-planar surface patches having saddle-like shapes (H(m) = 0),
thereby complicating the semantics of its application to cortical folding.

3. Conwvezity ratio (CR): is a global measure of folding defined as the ratio of the
areas of the surface and its convex hull. Increased convolution/gyrification
will increase CR. CR generalizes GI to 3D.

4. Isoperimetric ratio (IPR): is a global measure of folding defined as the ratio
of surface area to the enclosed volume to the power 2/3. Convoluted surfaces
have increased IPRs. Both CR and IPR, being global measures, fail to probe
deeply into the local causes for the changes in folding.

All aforementioned measures, furthermore, ignore the orientation of surface
patches, e.g. they fail to distinguish a road surface with multiple bumps from an-
other road where the bumps are replaced by potholes. The bumps and potholes
on a surface might be compared to cortical gyri and sulci, respectively.

2.3 Novel Measures for Region-Based Cortical Folding Analysis

This section describes two novel measures to quantify the degree of cortical fold-
ing in a region of interest. These novel measures are based on Koenderink’s
seminal work in differential geometry [17], which completely characterizes local
surface patches/neighborhoods in terms of their shape index and curvedness.
While the shape index characterizes the orientation associated with a surface
patch, i.e. concave, hyperbolic (saddle), or convex, curvedness quantifies the de-
viation of the surface patch from planarity. This systematic and intuitive repa-
rameterization (shape index, curvedness) of the surface descriptors (principal
curvatures) can lead to more meaningful studies of cortical folding.

The shape index S(m), for a patch at point m on surface M, is

Kmax (m) + Kmin(m)

S(m) = —721_ arctan Koo () — Konin () (3)

For instance, (i) a patch on a sphere, which has the same curvature in all di-
rections, has S = 1; (ii) a patch on a cylinder, which has no curvature along
the axis of the cylinder, has S = 0.5; (iii) saddle-shaped patch, which is convex
in one direction and concave in the orthogonal direction, has S = 0. The shape
index changes sign based on the orientation (notion of inside versus outside) of
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the surface, e.g. a cap (S = 1) and a cup (S = —1). The shape index is indepen-
dent of the scale associated with the surface patch. In this way, the shape index
informs the type of the patch and its orientation (see Figure[d(e)).

The curvedness for the surface patch at point m, which perfectly complements
the information captured by the shape index, is

C(m) = [0.5(K i (m) + Ky ()] (4)

and measures the deviation from flatness or planarity. Thus, more convoluted
surface patches produce larger values of C'. The curvedness is, however, sensitive
to the scale associated with the surface patch. For instance, if lengths are scaled
up by A > 1, then the resulting surface patch now covers a smaller portion
of the surface, thereby reducing Kyax and K, by a factor of \. Extremely
small patches have C' — 0; indeed, all sufficiently-small patches can be well
approximated as being planar (corollary of the Taylor’s theorem).

Based on this local parameterization of surface patches in terms of the shape
index S and curvedness C', this paper proposes two novel measures to quantify
folding characteristics of cortical-surface regions. These novel folding measures
are, by design, invariant to translation and rotation (changes in the location
or orientation of the slice planes during MRI) as well as the scale (changes in
the resolution of the MR image) of the cortical surface representation (akin to
measures in previous section).

1. Average curvedness (AC): We define AC by integrating the curvedness
over the region of interest M on the cortical surface.

AC(M) = { /m » CQ(m)dM]O'i 5)

where dM is the area measure of a small surface patch. AC is invariant
to scale because C?dM is invariant to scale. Planar surface patches do not
contribute to AC. A more-convoluted cortex produces a larger value of AC.

2. Average shape index (AS): We define AS by integrating the shape index
over the region of interest M on the cortical surface

dM
AS(M):/meM S(m) laM ||’ (6)

AS measures the average convexity/concavity of a surface. Planar compo-
nents of a surface do not contribute to AS. For example, a surface having
more number of (convex) bumps/protrusions or larger protrusions will pro-
duce a larger AS. On the other hand, a surface having more number of (con-
cave) pits will produce a smaller AS. The protrusions and pits on a surface
might be compared to gyri and sulci on the cerebral cortex, respectively.

2.4 Folding Analysis in a Level-Set Framework
The basic components of the pipeline, described as follows, are shown in Figure[Il

Brain Tissue Segmentation: The skull stripping and initial alignment of the
images into AC-PC space were performed manually using Analyze (Figure[(a)).
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Fig.1. (a) MR image, after skull stripping and CSF removal, showing GM and WM
only. (b) Segmentation (only cortical GM shown) after labor-intensive manual editing
of the WM-GM interface. (c¢) Parcellation of the GM+WM mask into lobes and sub-
cortical region. (d) The cortical surface shown as a zero crossing of a level set (level-set
embedding not shown). Note that the cortical surface is stored at a much higher reso-
lution (0.4mm?) as compared to (a)-(c) (1.2mm?); so the view in (d) is an interpolated
view at approximately the same slice as that in (a)—(c). (e) A visualization of the shape
index computed at each point on a small part of the cortical surface. (red = convex,
blue = concave, and yellow/green = hyperbolic/saddle-like patch).

Cerebrospinal fluid (CSF) was removed by thresholding prior to the automatic
binary GM segmentation by the method developed by Zeng et al. [18]. Although
this segmentation method [I8 has been shown in one comparison to be the
most sensitive and accurate of more than half dozen such algorithms [19], it is
imperfect. Thus, in a slice-by-slice manner (across 3 orthogonal views), an expert
amongst us manually corrected the cortical GM-WM interface returned from
the automated procedure. This allowed for extremely accurate measurements
of the inner cortical surface (Figure [[[(b)) (intraclass correlation coefficients for
all component ROIs exceed 0.9). We use these binary segmentations, as initial
segmentations to the method developed by Awate et al. [20021], to produce
accurate probabilistic/fuzzy tissue segmentations.

Brain Parcellation into Lobes: A standard procedure was employed to man-
ually (expert) delineate the boundaries of the lobes in both hemispheres. The
lobes are the regions of interest for the study in this paper (Figure [Il(c)).

Cortical Surface Delineation: Typical clinical MR images, with limitations
on resolution and the ensuing partial-volume effects, provide significantly better
contrast at the GM-WM interface (inner cortical surface) than the GM-CSF
interface (outer cortical surface). Consequently, some SBM studies [14] select the
mid-cortical surface manually. Some SBM approaches estimate the outer cortical
surface relying on the accuracy of the inner cortical surface and assuming that
the outer cortical surface has a similar shape as the inner one. Subsequently,
they select the mid-cortical surface [§] which is even more similar to the inner
cortical surface than the outer surface.

The lobe-specific study in this paper treats the inner cortical-surface contour
that corresponds to a GM membership of 0.5 as the fiducial surface (similar to
the approach in [I5]) in order to achieve reliable and clinically-relevant results.
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Conducting this lobe-specific folding study on the outer- or mid-cortical surface,
instead, may not alter current findings because: (i) clinical evidence shows that
polymicrogyria specifically affects the inner cortical surface, increasing its irreg-
ularity [12], (ii) an estimated outer/mid cortical surface would have a similar
shape as the inner one, (iii) all folding measures, being scale invariant, would
be unaffected by isotropic changes in size, and (iv) the integration involved in
computing lobe-based folding measures produces robust estimates.

Representing the Cortical Surface as a Level Set: Unlike typical methods
that encode the cortical surface via an explicit mesh representation, we employ
an implicit level-set representation [22]. To improve the accuracy of the distance
map that embeds the cortical surface as the zero level set (Figure[I(d)), especially
near adjacent sulci that can come quite close to each other, we first supersample
the tissue segmentation maps/images to a high resolution (0.4mm?®) and then
fit [22] a level set, to the cortical surface, to subvoxel accuracy.

Compute Folding Measures: For every lobe, we compute the novel and the
traditional folding measures. The surface gradients and derivatives of the level
set, used to compute the principal curvatures and area measures of the cortical-
surface patches, are obtained via standard numerical schemes [22].

2.5 Statistical Analyses Via (Nonparametric) Permutation Testing

Typical statistical analyses use the (parametric) Student’s t test [T4JT6], which
assumes that the observations are independent. Permutation tests, on the other
hand, are nonparametric and rely on the less inclusive assumption that the
observations are exchangeable, thereby making the test more stringent. Under the
permutation-test null hypothesis (both samples generated by one distribution),
the independent and identically-distributed observations are exchangeable.

We performed one-tailed permutation testing (more stringent than the cor-
responding t tests) to test if the autistics exhibited higher values for novel and
traditional cortical-folding measures, for every lobe. A larger AC implies a more
convoluted surface, while a larger AS indicates a surface with more (convex)
bumps/protrusions. The permutation-test statistic was the difference of means
between the normal and autistic samples; 200,000 permutations.

3 Results and Discussion

Significantly-Increased Folding in Children: P values and effect sizes (D)
in Table 1 indicate that virtually all measures consistently inform significantly-
increased folding in frontal, temporal, and parietal lobes in both hemispheres.
Unlike traditional measures, increased AS informs that increased folding resulted
from more protrusions, not pits, on the WM at the WM-GM interface. While the
differences are most significant in frontal and parietal lobes, they are insignificant
in the occipital lobe (not reported) at the p = 0.05 level. These results are
consistent with the preliminary folding study (on one coronal slice) by Hardan et
al. [13] and extend those findings to other brain regions.
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Table 1. Children: Cohen’s effects sizes (D) and permutation-test p values (P) for
6 folding measures. AC and AS are proposed novel measures; ICI, MCN, CR, IPR are
traditional measures. D values indicate the separation of the distributions independent
of sample size (D < 0.2 is low, D > 0.8 is large separation). * indicates P > 0.10.

Lt. Parietal Lt. Temporal Lt. Frontal Rt. Parietal Rt. Temporal Rt. Frontal

D P D P D P D P D P D P
AC 0.720.002 0.44 0.04 0.65 0.009 1 0.0003 0.46 0.02 0.76 0.002
AS 0.61 0.001  0.34 0.02 0.60 0.002 0.64 0.0001 0.54 0.002 0.48 0.003
ICI  0.500.02  0.49 0.03 0.66 0.008 1  0.0001 0.71 0.0007  0.56 0.01
MCN 0.56 0.01 0.56 0.01 0.68 0.005 1 0.0001 0.72 0.0007  0.77 0.002
CR  0.84 0.0005 0.37 0.08 0.550.02 1.1 0.0001 1 0.0001 0.50 0.03
IPR 0.54 0.01 0.08 0.35* 0.92 0.0007 0.79 0.002 0.79 0.01 0.67 0.008

Table 2. Adolescents: Cohen’s effects sizes (D) and permutation-test p values (P)

Lt. Parietal Lt. Temporal Lt. Frontal Rt. Parietal Rt. Temporal Rt. Frontal

D P D P D P D P D P D P
AC  0.41 0.05 0.23 0.17* 0.70 0.005 0.56 0.02 0.44 0.05 0.59 0.01
AS  0.380.01 0.49 0.01 0.35 0.01  0.42 0.03 0.58 0.005 1 0.001
ICT 0.23 0.19* 0.22 0.18* 0.73 0.005 0.33 0.09 0.72 0.006 0.38 0.08
MCN 0.36 0.09 0.36 0.08 0.71 0.005 0.51 0.03 0.68 0.007 0.35 0.09
CR  0.58 0.01 0.33 0.10%* 0.42 0.06  0.38 0.08 0.65 0.008 0.33 0.11%*
IPR 0.44 0.05 0.29 0.13* 0.60 0.01  0.55 0.02 0.76 0.003 0.27 0.14%*

Increased Folding in Adolescents: P values and effect sizes (D) in Table 2
indicate folding changes similar to those in children, but less significant overall.
Most measures consistently inform significant, or close-to significant, increase in
folding in all cases except the left temporal lobe. The differences were insignif-
icant in the occipital lobe (not reported) at the p = 0.05 level. These findings
are consistent with [I3I8] where such differences were expected, but were found
insignificant. Hardan et al. [I3] also report that GI correlates negatively with
autistics” age. In this way, these results extend previous research. Observe that
many p values in this case are only slightly higher than 0.05 and the correspond-
ing D values are not too low.

Adults: We found insignificant differences in adults, consistent with previous
hypotheses/findings [I318]. However, the autistic adult sample size (10) is small.

Age-Independent Comparison: Permutation tests comparing the entire nor-
mal sample to the entire autistic sample, irrespective of age, produced p values
(not reported) for all measures in all lobes that were consistently smaller than
the p values in tables 1 and 2, thus indicating most significant differences. This
finding supports the claim that the close-to-significant findings (0.05 < p < 0.1)
for adolescents may increase significance with larger sample sizes.
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