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ABSTRACT ume and shape [2, 3], volumetric and tissue-speci ¢ asym-

In this paper, we describe the use of three different shajge meVTeel'[lrfssr[eA"-S]' and increases in global cortical compleaity

i : gional gyri cation [2, 5].
sures — i.e., shape index, curvedness, lapchorm of mean
curvature — to quantify cortical gyri cation and complexit The work presented in this paper is motivated by the need
thereby evaluating brain structural differences betweeiri  for automated and robust cortical morphometry analysis-tec
viduals with Williams syndrome (WS) and healthy controls.niques to quantify the impact of altered gene expression on
Unlike traditional measures of gyri cation, the proposedan  cortical development, particularly on cortical gyri cati, which
sures analyze the intrinsic geometry of the cortex in threeis disturbed in WS. Traditionally, measures from two dimen-
dimensional (3-D) space. We analyzed the local and globadional (2-D) cross-sections are used to quantify cortigaig
cortical folding patterns of 39 WS and 39 controls using ¢hes cation [6, 2]. Analysis based on these 2-D measures not only
shape measures, showing increased gyri cation in the eingudepends on brain orientation and the direction of image slic
late, visual cortex, superior parietal lobule, and cerswddus ~ ing, but may be limited by the accuracy and speed of raters
regions (more pronounced in the left brain hemisphere), anigh manual tracing. Recent advances in reconstructingaadrti
increased cortical complexity in left temporal and leftipeal ~ surfaces from 3-D MR brain image volumes [7, 8, 9] have
lobes in WS. These ndings agree with, and extend, previled to the development of techniques to analyze corticakcom
ously published studies and may relate to the characteristplexity in 3-D, often focusing on subregions (e.g.,., Igbafs

clinical and cognitive pro les of individuals with WS. the cortex. A unique approach based on shape analysis of 3-D
cortical surface models was proposed in [5, 10] to assess bot
1. INTRODUCTION local and global sulcal/gyral complexity of the cortex byaan

Research on diagnostic imaging modalities such as magne#)zing its 3-D intrinsic surface geometry. This approackhbo
resonance (MR) |mag|ng has led to the use of Computers t@ddresses the issues with preViOUS measures utilized te qua
noninvasively extract anatomic and physiological infotio  tify the cortical gyri cation and provides dense estimatés

to understand the neurobiology of brain development and diglegree of cortical folding throughout the cortical surface

ease. Brain imaging is of particular interest in studying WS | this paper, inspired by the work presented in [5, 10],
arare developmental disorder associated with a genee delye describe the use of other measures to quantify cortical
tion of approximately 1 to 2 Mb in the 7q11.23 chromoso-¢omplexity and thereby identify and localize brain struetu
mal region [1]. WS is characterized by disrupted cortical de giferences between individuals with WS and controls. tFirs
velopment and mild to moderate mental retardation but relage introduce two local shape measures — i.e., shape index
tive pro ciencies in language skills, social drive, and iwa$  ang curvedness — to analyze the sulcal/gyral pattern of cor-
ability [1]. Findings frompost mortemandin vivo studies tey in terms ofshapeandsize separately. These measures are
on WS include structural deviations in terms of brain vol-ge ned at every point of the cortical surface model yielding

Supported by grants R21 EB01651, R21 RR019771, AG01657a, ko dense (i.e., local) analysis of cortical gyri cation. Sedowe
MHO01142, R01 HD31715, P01 HD33113, and U54 RR021813 . introduce a global shape measure to quantify the folding-com



plexity of speci ¢ cortical subregions— e.g., lobes. Them,
present our empirical ndings using these measures to asses
structural differences between WS and control subjechbrai

2. METHOD

Data Set. A total of 39 subjects with genetically con rmed Fi9: 1. lllustration of how Sl and C measures complement
WS (29.9 8.9 years of age: 17 males and 22 females) an&ach other in de ning the local surfaskapeand thesize

39 age-matched controls (27.17.6 years of age; 16 males Shape index
and 23 females) were analyzed in this study. All WS par-

ticipants (who had no history of epilepsy or other neurclogi

cal conditions) were evaluated at the Salk Institute asqfart

a program project on genetics, neuroanatomy, neurophysiol

ogy, and cognition. Control subjects (with no history of oraj

psychiatric, neurological, or cognitive impairment) weee Curvedness
cruited at both the Salk Institute and Stanford Universgly [ j’;l

Data were acquired on a GE Signa 1.5 Tesla MR scanner us-

ing a T1l-weighted spoiled gradient echo (SPGR) pulse se- o)

guence with the following parameters: TE = 5 ms; TR = o

24 ms; 45 ip angle; matrix size = 256 192; FOV = @) (b) 1

240 mm 240 mm; slice thickness = 1.2 mm, with 124 con-

tiguous slices. Fig. 2. Shape measures for (a) an individual with WS and (b)
Cortical Surface Reconstruction and Spatial Normaliza- @ healthy control.

tion. The rst processing step was to remove nonbrain tissue

(i.e., scalp, orbits, etc.) from the 3-D MR image volumesthe Gaussian curvature vanishes both at planar points (i.e.

followed by the af ne transformation of the remainingimage 1 = 2 = 0), and at parabolic points (i.e., 6 0 and
volume into the standard space of the International Consor-2 = 0), thereby failing to distinguish these two shapes.
tium for Brain Mapping-53 (ICBM-53) average brain [11].  In[13], shape indexndcurvednessneasures were intro-

Then each individual's cortical surface was extractedgiaim ~ duced as a pair of local shape indicator measures. The shape
automated software [7] yielding a spherical cortical scefa index, Sl, and the curvedness, C, are de ned as

coordinate system. Each resulting cortical surface wa®rep 5 + r— -

sented as a triangle mesh comprised of 65,536 mesh nodes. S| = Zarctan>—2; C= 1 2. (1)

To empower the group analysis presented in this paper, we 2 1 2

used a surface-based 3-D cortical warping technique driveBl speci es the local surface geometry up to a scaling fac-
by manually identi ed anatomical curves [12]. Using this tor (i.e., similarity), and takes values [n 1;+1]. The ex-
method, we warped corresponding hemispheres of 78 subjeat@me values of Sl represent local shapes that look likeeith

to each other and also warped the left and right cortical hemihe inside 81 = 1) or the outside$l = 1) of a spherical
sphere of each subject to each other. This process smoothidyirface, and intermediate values correspond to the local su
reparameterizes each cortex such that the major sulcad curface shapes observed when these shapes smoothly morphed
landmarks in the cortex are placed at the same coordinate lone to the other. In contrast, C is inversely proportional to
cations across all 78 subjects. Detailed descriptionseseh the sizeof the surface patch. Therefore, unlike the Gaussian
processing steps can be found in [5]. and mean curvature measures, Sl and C measures comple-
Local Shape Measures to Analyze Sulcal/Gyral Folding ment each other in de ning the local surfaskapeandsize
Patterns. To help identify developmental differences betweerirhis is made clear by referring to Fig. 1 where the two syn-
individuals with WS and controls, we require tools to an-thetic shapes have the same Sl value at the local geometry
alyze the geometry of the cortical surface — i.e., analyzgointed out by arrows while relatively narrower folds in the
the cortical folding pattern. The two principal curvaturgs second shape possess larger C values.

and ;, where ; 2, have the necessary information to Figs. 2(a) and (b) show Sl and C measures for a sample
fully describe the local shape of any given surface. Howeveindividual with WS and a sample control, respectively. The
curvature-based analysis of the folding pattern requinds i Sl successfully distinguishes the cortical features sscuki
vidual measures that possess a coordinate indepegdent and gyri and C gives the intensity of the folding. One can also
metrical meaning such that thehapeof the surface can be see that C is relatively larger in the individual with WS.

speci ed independent of theize The widely used Gaussian Global Shape Measure to Quantify Complexity of Corti-

and mean curvature measures, by themselves, fail to captucal Subregions. A global measure that quanti es the com-
the intuitive notion of local shape very well. In particylar plexity of the surface and allows group analysis should be




scale-invariant to capture information about the shap&ef t corroborate previously published work [4, 2, 5], encounggi
surface. Our global shape measure is based oh th@orm  further investigation of the proposed measures in quantfy

of mean curvaturekH k» [14], which is de ned as cortical gyri cation in related neuroanatomy studies.
S _—» C_ortical Complexity. The §econd analy_sis we carried out
_ 1 20 - aimed to compare the cortical complexity of WS and con-
kHk, = — HZ2dA; 2 o . "
4 trols. Each subject's cortical surface model was partégbn

_ _ into four lobes — i.e., frontal, occipital, parietal, andne
whereH is the mean curvature. The measltek, is ap-  poral lobes of left and right hemispheres — using an atlas
proximated by discrete differential geometry operato.[1 pased method (see [5] for details). Then, we computed the
This is a global measure of extrmsm geometry, and is Miniylobal shape measuked k, on the partitioned lobes, yield-
mal for a sphere of arbitrary radius —i.&Hk, = 1. kHk2  jng a surface complexity measure for each lobe. The mean
gets larger as the degree of surface folding increases. surface complexity for each lobe was calculated for WS and

3. RESULTS AND DISCUSSION controls, separat_ely. Each lobe's mean surface co_mplapity _
Ipeared larger —i.e., more convoluted surface — in left hemi-

Cortical Gyri cation. Local shape measure maps —i.e., S . :
and C — were computed for 39 individuals with WS and 3gsphere compared to right hemisphere for both groups, how-
er, the difference was signi cantly (® 0.05) only for oc-

controls. The shape measure maps were smoothed by avel-

aging in a geodesic neighborhood of radius 20 mm. ThenC|p|taI lobes in WS group. Similarly, we found that the mean

we calculated group means for each scalar measure at e lflgace complexity for the lobes was consistently high_er in
node of mesh model in ICBM space. The mean differenc compar_ed FO controls. Only left temporal_and parietal
between shape measure maps of WS and controls, mapped 8Hes were signi cant!y (R~ 0.05) more complex n .WS than
an averaged surface mesh model in ICBM space, are sho ﬁ)ntr_ols. Future studies at the genetlc_: and cogn|t_|ve laxeel
in Figs. 3(a) and (c), and the regions with signi cant meanrequlred to understand how these regional alterations may r

difference are highlighted in Figs. 3(b) and (d). An inceshs I:;:te to thebbe_zawt(_)fra_\l ar}{g physmlogflctal d|ﬁerertw_ceis in WS,
S| measure indicates a difference in folding pattern — i.e. owever, by ldentilying the Scope ot these corlical ahoma-

shift to a more convoluted surface. The WS group had in[les, the impact of the genetic deletion in WS will be better

creased convolution in the left anterior cingulate, panaed, established.
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