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Abstract
Despite the fact that several theories link cortical development and function to the development of
white matter and its geometrical structure, the relationship between gray and white matter
morphology has not been widely researched. In this paper, we propose a novel framework for
investigating this relationship. Given a set of fiber tracts which connect to a particular cortical
region, the key idea is to compute two scalar fields that represent geometrical characteristics of the
white matter and of the surface of the cortical region. The distributions of these scalar values are
then linked via Mutual Information, which results in a quantitative marker that can be used in the
study of normal and pathological brain structure and development. We apply this framework to a
population study on autism spectrum disorder in children.

1 Introduction
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The shape of brain structures is an important feature thought to reflect various
neurodevelopmental processes, which makes it of particular interest in neuroscience. A large
body of neuroimaging literature has been devoted to studying the geometry of the brain’s
cortical surface, in terms of measures such as curvature, area, thickness, gyrification (e.g.,
[1]). However, the relationship between gray and white matter morphology has not been
extensively studied, despite the fact that several theories link cortical development and
function to the development of white matter and its geometrical structure (e.g., [2]). In fact,
most in vivo neuroimaging investigations of white matter have focused on voxel-based
diffusion tensor imaging (DTI) measures such as fractional anisotropy (FA), mean, radial
and axial diffusivities. As this type of information is of very different nature (i.e. nongeometrical), it is not clear how to combine such DTI-based findings on the white matter
(WM), with morphological findings in the gray matter (GM).
Possibly as a result of this discrepancy, the problem of mapping white matter properties onto
cortical geometry has not been widely investigated. In [3], tractography information is used
to help determine corresponding points on the cortical surface of different subjects. More
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recently, [4] define correspondence between WM tracts and GM locations by extending the
tract in a straight line from the tip of the tract to the boundary of the cortex. This approach is
rather heuristic, and does not take into account the complex cerebral cortex structure which
often causes axons to bend when they enter the gray matter.
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In this paper, we introduce a novel framework to associate geometrical information from the
white matter and the cortical surface without such severe restrictions. To quantify cortical
surface geometry, standard features from the differential geometry of surfaces exist and have
been widely used in the medical image community. Such features include functions of the
surface’s principal curvatures, e.g. the mean and Gaussian curvatures, or the shape index and
curvedness [1]. However, a lot less work has been done on the geometry of white matter
fibers. In the diffusion MRI community, the sub-voxel geometry of fibers has been defined
based for example on the diffusion-weighted signal, e.g. [5], or based on neighborhood
regularization, e.g. [6]. However, for the purposes of the present work, we need larger scale
macrostructural white matter geometry features, i.e. in features that span more than a single
voxel. A method that provides such features is that of [7], where fiber geometry is computed
based on the differential geometry of curve sets. By measuring the variation of a curve’s
tangent vector in all directions orthogonal to the curve, this method provides a quantitative
measure of fiber dispersion, or spread.
While it may be self-evident that the geometry of the white matter and that of the gray
matter must somehow be related, it is not currently known whether a precise relationship
actually exists, or what its formulation is. One could attempt to provide an explicit model for
this relationship via formulas linking cortical folding with the spread and curvature of white
matter fibers. However, such an approach would require extensive knowledge of brain tissue
biomechanics and is essentially impossible with current neuroimaging technology.
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In this work, we propose a simpler approach based on information theory. Given a set of
fiber tracts which connect to a particular cortical region of interest (ROI), we first compute a
scalar field over the fiber tracts, and separately a second scalar field over the cortical region.
These two scalar fields represent a geometric characteristic of the white matter and of the
gray matter, respectively. Then, we capture the relationship between them through the
Mutual Information function. This type of approach is general, in that it can be applied with
any scalar characteristics of the gray and the white matter. It also avoids the need to specify
one-to-one correspondences between individual fibers and specific points on the cortex, as
such correspondences are inherently unstable and depend on various parameters and
tractography algorithm specifics.
We illustrate our approach with a small-scale study on autism. We focused our experiments
specifically on the pars orbitalis region of the inferior frontal gyrus (IFG), a region that has
been involved in semantic processing of language. We chose this region as the IFG and the
pars orbitalis have been previously implicated in autism (e.g., [8]) and other
neurodevelopmental disorders.

2 Methods
Our approach is summarized with the following four steps:
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1.

Perform tractography to define the white matter tracts of interest.

2.

Compute the geometry of these tracts.

3.

Compute the geometry of the cortical regions they connect to.

4.

Quantify the relationship between the geometry of white matter and that of gray
matter.

As detailed below, Step 1) is performed with the multi-fiber tracking algorithm of [9], and is
used as in [7]. Step 2) implements the geometry method of [7], while steps 3) and 4) are the
contribution of the present paper, and are described in more detail. Fig. 1 summarizes these
steps.
2.1 Geometry computation (steps 1–3)
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Following the work of [7], we first computed whole-brain tractography using the HARDI
multi-fiber tractography method of [9]. This tractography algorithm is robust to partial
volume effects and to complex fiber configurations. The next step was done with the help of
FreeSurfer (http://surfer.nmr.mgh.harvard.edu), a freely available software tool. We
extracted the interhemispheric tracts connecting the pars orbitalis area of the inferior frontal
gyrus of both hemispheres, using the FreeSurfer cortical parcellation of these areas as
extraction masks.
Once the tracts were extracted, we computed the Total Dispersion (T D) measure of [7].
Given a set of curves that represent white matter fibers, and a tangent vector ET at each point
along each curve, we measure the rate of change of ET in 20 directions uniformly distributed
on the unit circle, in the plane orthogonal to ET. At each point along each curve, this samples
the “dispersion distribution function” (DDF) of [7], a function that represents the amount of
fibre dispersion in each direction orthogonal to the fibre. The T D measure at each point is
then defined as the average value of the DDF. As the DDF can be computed at a variety of
spatial scales [7], we used an empirically selected scale parameter value S = 10mm.
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In addition to performing cortical surface parcellation, the FreeSurfer tool also extracts the
GM/WM boundary surface. This surface is represented as a mesh, with the principal
curvatures calculated at each vertex. At each vertex in the pars orbitalis cortical region, we
computed the mean curvature Cm, defined as the mean of the surface’s two principal
curvatures κ1 and κ2. Note that while the FreeSurfer parcellation was registered to the
diffusion MRI space to allow for cortical ROIs to be used as extraction masks for the
tractography, all surface curvature computations are performed in the original FreeSurfer
space, to avoid the introduction of registration artifacts.
As an illustration, we show in Fig. 2 the fibers connecting to the pars orbitalis region in the
right hemisphere, colored by the T D value at each point. Note the ‘bottleneck’ with low T D
(yellow/red), and the fibers’ dispersion towards the cortex (green/blue). We overlay these
fibers onto a volume representing the mean curvature of the GM/WM boundary surface. To
create this visualization, the mean curvature values were rasterized into a 3D volume with
the mri surf2vol utility (part of the FreeSurfer toolkit). The resulting volume was then
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registered to the diffusion MRI space (which gives a thickness to the surface as a
byproduct). As an anatomical reference, we also show the fibers over the T1 image.
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2.2 Fusion of WM and GM geometry information via Mutual Information (step 4)
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The above preprocessing steps give, at each point along the fiber tract of interest, a scalar
quantifying the dispersion of the tract at that point. In addition, at each point on the cortical
surface ROI, we have a scalar quantifying the mean curvature (or possibly another feature)
of the surface at that point. The probability density functions (pdf) of these values can then
be estimated, and the relationship between them captured via a quantity known as Mutual
Information (MI) [10]. The MI between two random variables measures the amount of
information they share. The higher the MI value, the more ‘dependent’ the variables are, i.e.
the more knowledge we gain of one by knowing the value of the other. MI should not be
confused with the correlation between two variables, which measures the strength of the
linear relationship between them. MI is much more general, as it does not assume any
particular form for the relationship between the two variables. MI has been widely used in
medical imaging, in particular for image registration (e.g., [11]). Here, the use of MI allows
us to combine information between geometrical measures on the white matter and on the
gray matter.
The Mutual Information of two continuous random variables X and Y is defined as follows
[10]:
(1)
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where p(x, y) is the joint probability density function of X and Y, and p(x) and p(y) are their
respective marginal probability densities. In our implementation, to compute M we used the
MILCA estimator [12], which is available online. This is a robust estimator which does not
require a priori knowledge of the joint density of the two variables. This is in contrast to MI
computations typical to the image registration literature, which usually require explicit
correspondence between two images to compute their pixel-based joint density. In our work,
we do not compute MI between two images. Rather, we use kernel density estimation [13] to
compute one probability density estimate for Cm over the cortical area and another one for T
D over the connecting white matter tract. We treat these two density estimates as two onedimensional signals, and we then use the method of [12] to compute MI between them.
Because of this, explicit pointwise correspondence between white matter and cortical
locations is not required.

3 Experiments
3.1 Subjects and Data Acquisition
We illustrate our method with a small-scale study on autism. Autism has been characterized
as a disorder in which the brain undergoes an early period of overgrowth, from birth to
approximately age 4. This early period of excessive growth is thought to be followed by
abnormally slow or even arrested growth [14]. Based on this knowledge, we hypothesize
that our MI based measure will reveal a difference in the trajectory of brain development

Med Image Comput Comput Assist Interv. Author manuscript; available in PMC 2014 June 03.

Savadjiev et al.

Page 5

NIH-PA Author Manuscript

with age. Of course, the main purpose of this study is to illustrate the method, and not to
make any conclusive clinical claims about autism. The study is only preliminary, as it uses a
relatively small number of subjects, and is focused on a single cortical region.
Diffusion and structural MRI data were acquired from 15 healthy male controls (HC, age
range: 6.4 – 13.9 years, mean: 10.3, std dev: 2.4) and 14 male autism spectrum disorder
patients (ASD, age range: 6.4 – 13.3 years, mean: 10.0, std dev: 2.1).
All imaging was performed using a Siemens 3T Verio™ scanner with a 32 channel head
coil. Structural images were acquired on all subjects using an MP-RAGE imaging sequence
(TR/TE/TI = 19s/2.54ms/.9s, 0.8mm in plane resolution, 0.9mm slice thickness). In
addition, A HARDI acquisition was also performed using a monopolar Stejskal-Tanner
diffusion weighted spin-echo, echo-planar imaging sequence with the following parameters:
TR/TE=14.8s/110ms, b=3000s/mm2, 2mm isotropic resolution, and 64 gradient directions as
well as two b0 images. The DW-MRI images for both acquisitions of each subject were then
filtered using a joint linear minimum mean squared error filter for removal of Rician noise.
Eddy Current Correction was then performed using registration of each DWI volume to the
unweighted b0 image.
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3.2 Results
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To test our hypothesis, we computed the correlations between subject age and M̃ ≡ M (Cm,
T D). The correlations in the left hemisphere were not significant, so we focus on the right
hemisphere. In the HC group, we obtained a significant Pearson correlation coefficient
(p=0.0403). However, due to the presence of apparent outliers, we also computed the
correlation using a robust linear regression method, as implemented with the ‘robustfit’
Matlab routine. This robust correlation was more significant (p=0.00022). As for the ASD
group, we did not obtain a significant correlation (p=0.95 for the Pearson correlation, p=0.98
for the robust correlation), which may indicate a pathology-based alteration of the normal
course of brain development. These results are shown in Fig. 3, and appear to fall in line
with the notion that autism may be characterized by early brain overgrowth (till about age
4), followed by a reduced or arrested brain growth [14]. Our regression results suggest that
at age 6, ASD children have a higher M̃ value than healthy controls. This value doesn’t
appear to change at later age in ASD children, while there is a steady change in healthy
controls. Again, this study is based on a single cortical region (previously implicated in
ASD), thus a more global analysis is needed prior to making strong clinical claims.
Nevertheless, our results illustrate potential applications of the method.

4 Summary and Discussion
We introduced the motivation and groundwork for a novel analysis of the relationship
between white matter geometry and cortical surface geometry. This relationship could be
informative in many contexts in neuroscience, such as the study of neurodevelopment or the
progression of atrophy in neurodegenerative diseases. Our proposed approach is relatively
simple, yet we showed it holds a potential for discovering pathology-based differences. Our
preliminary results suggest that normal age-related changes in the brain may be altered by
ASD pathology. It is particularly interesting that in controls, we find significant correlations
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in the right hemisphere (as opposed to the left), as previous work on lateralization has
implicated the right hemisphere in autism (e.g., [15]).
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The basic framework described in this paper can be extended in several ways. First of all,
metrics other than Mutual Information can be used, such as kernel-based methods [16].
Methods based on machine learning can also be applied to ‘learn’ the relationship between
the two types of geometry. In future work, we will perform an investigation over a
parcellation of the entire cerebral cortex, which will then be incorporated into a network
analysis framework in order to detect global patterns of change. Finally, a promising
application area of our methods lies in longitudinal studies.

Acknowledgments
Work supported by NIH grants R01 MH092862, R01 MH074794, R01 MH082918, R01 MH097979, P41
RR013218, P41 EB015902, Pennsylvania Department of Health grants SAP 4100042728, SAP 4100047863, and
Swedish Research Council (VR) grant 2012-3682.

References
NIH-PA Author Manuscript
NIH-PA Author Manuscript

1. Awate SP, Yushkevich PA, Song Z, Licht DJ, Gee JC. Cerebral cortical folding analysis with
multivariate modeling and testing: Studies on gender differences and neonatal development.
NeuroImage. 2010; 53(2):450–459. [PubMed: 20630489]
2. Van Essen DC. A tension-based theory of morphogenesis and compact wiring in the central nervous
system. Nature. 1997; 385:313–318. [PubMed: 9002514]
3. Oguz, I.; Niethammer, M.; Cates, J.; Whitaker, R.; Fletcher, T.; Vachet, C.; Styner, M. Cortical
correspondence with probabilistic fiber connectivity. In: Prince, JL.; Pham, DL.; Myers, KJ.,
editors. IPMI 2009, LNCS 5636. Springer; Heidelberg: 2009. p. 651-63.
4. Tozer DJ, Chard DT, Bodini B, Ciccarelli O, Miller DH, Thompson AJ, Wheeler-Kingshott CAM.
Linking white matter tracts to associated cortical grey matter: A tract extension methodology.
NeuroImage. 2012; 59(4):3094–3102. [PubMed: 22100664]
5. Kaden E, Knösche TR, Anwander A. Parametric spherical deconvolution: Inferring anatomical
connectivity using diffusion MR imaging. NeuroImage. 2007; 37:474–488. [PubMed: 17596967]
6. Savadjiev P, Campbell JSW, Descoteaux M, Deriche R, Pike GB, Siddiqi K. Labeling of ambiguous
sub-voxel fibre bundle configurations in high angular resolution diffusion MRI. NeuroImage. 2008;
41(1):58–68. [PubMed: 18367409]
7. Savadjiev, P.; Rathi, Y.; Bouix, S.; Verma, R.; Westin, CF. Multi-scale characterization of white
matter tract geometry. In: Ayache, N.; Delingette, H.; Golland, P.; Mori, K., editors. MICCAI 2012,
Part III, LNCS 7512. Springer; Heidelberg: 2012. p. 34-41.
8. Raznahan A, Toro R, Proitsi P, Powell J, Paus T, Bolton FP, Murphy DGM. A functional
polymorphism of the brain derived neurotrophic factor gene and cortical anatomy in ASD. J
Neurodev Disord. 2009; 1(3):215–23. [PubMed: 21547716]
9. Malcolm JG, Shenton ME, Rathi Y. Filtered multi-tensor tractography. IEEE Trans on Medical
Imaging. 2010; 29:1664–1675.
10. Cover, TM.; Thomas, JA. Elements of Information Theory. Wiley; NYC: 1991.
11. Wells WM III, Viola P, Atsumi H, Nakajima S, Kikinis R. Multi-modal volume registration by
maximization of mutual information. Med Image Anal. 1996; 1(1):35–51. [PubMed: 9873920]
12. Kraskov A, Stögbauer H, Grassberger P. Estimating mutual information. Physical review. E,
Statistical, nonlinear, and soft matter physics. 2004; 69(6 Pt 2)
13. Bowman, AW.; Azzalini, A. Applied Smoothing Techniques for Data Analysis. Oxford University
Press; New York: 1997.

Med Image Comput Comput Assist Interv. Author manuscript; available in PMC 2014 June 03.

Savadjiev et al.

Page 7

NIH-PA Author Manuscript

14. Courchesne E. Brain development in autism: early overgrowth followed by premature arrest of
growth. Mental Retardation and Developmental Disabilities Research Reviews. 2004; 10:106–111.
[PubMed: 15362165]
15. Tager-Flusberg H, Joseph RM. Identifying neurocognitive phenotypes in autism. Phil Trans Royal
Soc London B: Biol Sci. 2003; 358(1430):303–314.
16. Gretton, A.; Bousquet, O.; Smola, A.; Schölkopf, B. Measuring statistical dependence with
Hilbert-Schmidt norms. In: Jain, S.; Simon, HU.; Tomita, E., editors. ALT 2005, LNCS 3734.
Springer; Heidelberg: 2005. p. 63-77.

NIH-PA Author Manuscript
NIH-PA Author Manuscript
Med Image Comput Comput Assist Interv. Author manuscript; available in PMC 2014 June 03.

Savadjiev et al.

Page 8

NIH-PA Author Manuscript
Fig. 1.

A schematic illustration of the four steps in our pipeline.
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Fig. 2.
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A zoom-in on an anterior coronal view of the right hemisphere with fibers connecting the
pars orbitalis. The fibers are colored by TD, such that low TD values are indicated with red/
yellow, and high values with green/blue. Please keep in mind that fiber dispersion is a 3D
phenomenon. Left: a volume rendering of the mean curvature of the GM/WM boundary
surface, such that blue/purple intensities denote the curvature sign and magnitude. Right: the
T1 image, shown for anatomical reference.
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Fig. 3.

Correlation in the Right hemisphere between Age (x-axis) and M̃ = M (Cm, T D). Top row:
Control (HC) subjects (Left). ASD subjects (Right). Bottom row: Both groups shown in the
same plot. The lines indicate the fit obtained by robust correlation for each group, with the
corresponding p-values indicated.
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