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Abstract— The corpus callosum (CC) is an anatomical struc-
ture which connects the two brain hemispheres. Neurological
diseases can cause atrophy of the CC resulting in a change
in its size and shape. The measurement and analysis of this
change is one of the goals of clinical research. We perform
statistical analysis of the shape of the CC extracted from
MR brain scans of a group of multiple sclerosis patients
undergoing a longitudinal (serial) study. In contrast to the
classical boundary-based, global shape variability measures,
e.g. principal component analysis (PCA) of CC boundary
vertices, we perform a deformation-specific PCA for analyzing
the global and regional shape of the CC. This deformation-
specific PCA is based on a medial-based shape representation.
The adopted shape representation describes shape variability
in terms of intuitive deformations (e.g. bending, stretching and
thickness). We present qualitative and quantitative results for
412 MR images of the CC. We show that our method is
successful in identifying and quantifying the effect of each type
of deformation on the shape variability of the CC. In addition
to analyzing the spatial shape variability in the CC, we explore
shape changes as the disease progresses. Our method allows
the exploration of the shape variability quantitatively (e.g. the
amount of variance explained by a particular principal mode of
shape variation) as well as in a qualitative visual manner (e.g.
by visualizing, say, the 2

nd principal mode of shape variation
due to bending at the 4

th sub-region of the CC) which is useful
for developing an intuitive understanding of the effects of MS
on the CC shape.

I. INTRODUCTION

The corpus callosum (CC) is an anatomical structure of

non-uniform cross-section, which is identified in a mig-

sagittal MR image (figure 1). The CC connects the two

brain hemispheres by acting as a bridge for the nerve

fibers. These nerve fibres transmit neural impulses between

the hemispheres. Multiple Sclerosis is an inflammatory and

degenerative disease of the central nervous system and is

associated with brain atrophy. This atrophy can result in a

change in the size and shape of the CC [1]. Considering the

importance of the CC for interhemispheric communication,

one of the goals of clinical research has been to find the size

and shape changes taking place in the CC for longitudinal

studies of patients with neurological diseases. Consequently,

a large volume of research has focused on the analysis of

the change in CC shape [4–12]. However, most of these

studies suffer from the following problems. First, most of

these studies are based on either a global shape analysis of

the CC, which fails to capture the regional shape changes, or
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use a regional representation that is not clinically meaningful.

Second, the few studies which have analyzed the CC shape

on the basis of a clinically meaningful CC subdivision

scheme are neither longitudinal nor based on in-vivo scans

of the patients [3].

In this paper we make following contributions: (i) we

perform longitudinal analysis of CC shape changes for MS

patients; (ii) we analyze a relatively large dataset of MR

scans (N = 412). This data is also quite suitable for a longi-

tudinal study in terms of the time frame, as it spans 300 days,

which is a clinically significant amount of time for observing

changes due to MS; (iii) we examine CC shape variability

at multiple scales (global and regional) and locations and

our subdivision of the CC is based on a clinically mean-

ingful subdivision scheme [3]; (iv) we examine the shape

changes by decomposing the shape variability into intuitive

shape deformations, such as stretch, bend and thickness of

the CC, using a medial axis based representation [2] and

by performing a deformation-specific principal component

analysis (PCA) for each deformation. Unlike previous work

[2], there is no overlap in the shape variations due to these

different deformations and these variations can be linearly

added to obtain the total variation in the dataset; (v) we

quantify and visualize the shape variations, both spatially

and temporally, due to the principal modes of variation for

each of the deformations at the different subdivisions of the

CC.

II. METHODS

A. Shape Representation Using Medial Profiles

The CCs in 2D mid-sagittal MR scans of the human

brain were first expert segmented. Following skeletonization

and pruning of the segmented data , a medial based shape

representation, ‘medial profiles’, is calculated for each CC

[2]. We use medial profiles representation because it follows

the geometry of the CC and allows for the description of

the CC shape in terms of four intuitive and independent

shape measures (profiles). These are the stretch S, bend B,

inner thickness I and outer thickness O profiles. Further, this

representation allows for the decomposition of the CC shape

variability into different intuitive deformation types (stretch,

bend, and bulge) thus enabling us to perform statistical

analysis of the shape deformation at different locations and

for different regions of the CC for each deformation type.

These profiles also allow for the reconstruction of the CC

shape. By controlling the number of medial nodes we can

capture the CC shape with different levels of details. The

characteristics captured by these four profiles (i.e., stretch,
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bend, inner thickness and outer thickness) can also be

described as deformations in shape. For details of the medial

profiles shape representation the reader is referred to [2].

B. Deformation Specific Statistical Analysis

Our goal is to calculate the statistical influence of each

deformation on the variation in CC shape. In this manner we

will be able to capture the deformation with the largest con-

tribution to the variation in global or regional CC shape for

longitudinal studies. To this end, we perform a deformation-

specific PCA of the CC shape which captures the shape

variation due to the specific deformation. To perform this

deformation-specific PCA we use the four profiles (stretch,

bend, inner thickness and outer thickness) that were extracted

for each of the CCs. We calculate four mean profiles S̄, B̄,

Ī and Ō. These mean profiles can be used to reconstruct

a mean CC shape, which is the mean shape of the whole

data set of the segmented CCs. In order to perform a PCA

specific to one of the deformations, say a stretch specific

PCA, we set the other three profiles of each CC to their

mean values, i.e. B = B̄, I = Ī and O = Ō, and the stretch

profile S for each CC is left unchanged. These profiles are

used to reconstruct the boundary of the CCs. All the CCs

reconstructed in this manner have the same average bend,

inner and outer thickness. The variation in the shape of these

CCs is only due to the variation in their stretch. We perform

a PCA on the boundary points of these reconstructed CCs.

The eigenvalues from this PCA correspond to the magnitude

of the principal modes of shape variation specific to only

one deformation; stretch, in our example. The sum of these

eigenvalues ΓS =
t∑

k=1

λS

k
, where λS

k
is the kth eigenvalue

for the stretch deformation, provides the magnitude of total

variation due to the stretch deformation. Similarly we obtain

ΓB , ΓI and ΓO for the other three deformations. We then find

the percentage contribution of each deformation to the total

CC shape variation present in our dataset. The contribution of

the stretch deformation to the total variation in CC shape can

be written as ΓS/(ΓS+ΓB+ΓI+ΓO). Similarly we calculate

the percentage contributions of the other three deformations.

We perform this analysis and find the variation in both the

global (section II-C) and regional CC shape (sections II-D

and II-E).

C. Longitudinal Analysis of the Global CC Shape

We perform a longitudinal analysis of the change in the

global CC shape. The longitudinal MR scans for each patient

are sorted into three temporal bins. The first bin contains

the baseline scans and the scans performed within the first

100 days of the baseline scan. The second bin contains the

scans performed between 100 and 200 days from the baseline

scan. The third bin contains the scans performed between 200

and 300 days of the baseline scan. On average each patient

underwent seven scans in the 300 days after his/her first scan.

For each bin, we perform the deformation-specific PCA and

calculate the percentage contribution of each deformation to

the variation in the global CC shape, as explained in II-B.

Fig. 1. CC in the human brain outlined in white on a mid-sagittal MR
image (left). The Witelson subdivision of the CC (right).

D. Shape Analysis of the Witelson-Based CC subdivisions

We perform a non-longitudinal shape analysis of the

regional change in the CC shape. Each CC is divided into

seven subdivisions. This division is based on the established

Witelson framework which divides the CC into seven sub-

divisions according to specific geometric constructs [3]. The

subdivisions of a sample CC are shown in figure 1. Next, we

obtain four ‘sub-medial profiles’ for each CC subdivision.

We perform a deformation-specific PCA for each CC sub-

division and calculate the percentage contributions of each

deformation to the variation in its shape.

E. Longitudinal Analysis of the Witelson CC subdivisions

We also perform a longitudinal analysis of the regional

change in the CC shape. The CCs are subdivided using the

Witelson framework as well as sorted into temporal bins

based on the scan date. In this manner, a combination of the

techniques in sections II-C and II-D is utilized. We perform

the deformation-specific PCA for each CC subdivision in

each temporal bin and calculate the percentage contributions

to the variation in its shape.

III. RESULTS

We present quantitative and qualitative results of our

experiments. The experiments were conducted on 2D mid-

sagittal MR brain scans from a longitudinal study involving

412 scans of 51 MS patients over a period of 300 days from

the baseline scan. The quantitative results are displayed in

figures 2, 3 and 4, where figures 2 and 3 present results for

the longitudinal analysis of global and regional CC shape, re-

spectively, and figure 4 presents results for a non-longitudinal

analysis of the regional CC shape. Figure 2 displays the

percentage contribution of the first three principal modes due

to the four deformation types to the variation in the global

CC shape for the longitudinal study. The first three images

(from left to right) represent the first three principal modes

of variation and the fourth image is the aggregate of the first

three modes. Figure 3 shows the percentage contribution of

the deformations to the shape variation in the Witelson based

CC subdivisions for a longitudinal study. The first two rows

represents the first two modes of variation and the third

row is the aggregate of the first two modes. The columns

(from left to right) in figure 3 represent the seven Witelson

subdivisions. We observe in figures 2 and 3 that the CC

stretch increases and the CC bending decreases with time.
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Fig. 2. Percentage contribution of the deformations to the variability in the global CC shape, for a longitudinal study. The first three images (from left
to right) represent the results for the first three principal modes of shape variation. The fourth image (far right) is the aggregate of the first three principal
modes. The three bars in each image represent the three temporal bins. The first bin contains the baseline scans and the scans performed within the first
100 days of the baseline scan. The second bin contains the scans performed between 100 and 200 days from the baseline scan. The third bin contains
the scans performed between 200 and 300 days of the baseline scan. The color coding of each bar displays the individual percentage contribution of each
deformation to the shape variation . The legend for the color codes is available at the far right of the figure.
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Fig. 3. Percentage contribution of deformations to the shape variability of the Witelson CC subdivisions, for a longitudinal study. The columns represent
the seven Witelson subdivisions. In each column the first two rows represent the first two principal modes of shape variation. The third row is the aggregate
of the first two principal modes. The bars and the color coding follow the same scheme as in figure 2.
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Fig. 4. Percentage contribution of the deformations to the shape variability of the Witelson CC subdivisions, for cross-sectional study of inter-individual
variability. The seven images (from left to right) represent the seven Witelson regions. In each image the first bar represents the sum of percentage
contributions of the first principal mode of variation for all four deformations. Similarly the second and the third bars represent the sum of the contributions
of the second and third principal modes, respectively. The fourth bar represents the aggregate contribution of the first three bars. The color coding scheme
is same as in the previous figures.

This suggests that the CC shape tends to straighten out with

the progression of disease and loses some of its curvature.

We also observe from row 1 in figure 3 that the effect of

the first principal mode of variation due to the deformations

tends to increase with time for almost all CC subdivisions,

but this effect is particularly more pronounced for the first

subdivision. Figure 4 displays the percentage contribution

of the deformations to the shape variation in the Witelson

based CC subdivisions for a cross-sectional study. The seven

images (left to right) represent the seven Witelson subdivi-

sions. The results show that the stretch deformation has a

more dominant contribution in the first three CC subdivisions

(∼40%) as compared to the last four subdivisions (∼30%).

It is also of note that the contribution of the inner and outer

thickness tend to increase as we move towards the latter

half of the CC. The contribution of the bend deformation is

maximum for the 6th CC subdivision. Generally, we observe

that the effect of the stretch tends to decrease and the effects

of the bend, inner and outer thickness tend to increase

in the latter half of the CC. In figure 5 we qualitatively
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Fig. 5. Reconstruction of the global and regional CC shape variation for the four deformations for cross-sectional analysis of inter-individual variability.
The four rows represent the CC shape variation corresponding to the four deformations i.e. stretch, bend, inner thickness and outer thickness. The first
column represents the CC shapes reconstructed from varying the first principal mode of shape variation for the global CC shape over standard deviation
values ranging from -2.0 to 2.0 in steps of 1.0. The second and the third columns represent the second and third principal modes of shape variation for
the global CC shape. The fourth and the fifth column represent the first and second principal modes of shape variation for the regional CC shape.

present the variation in the global and regional CC shape by

reconstructing the CCs for different principal modes of shape

variation. The four rows represent the four deformations. The

first column represents the CC shapes reconstructed from

varying the first principal mode of global CC shape variation

over standard deviation values from -2.0 to 2.0 in steps of

1.0. The second and the third columns represent the CC

reconstructions for the second and third principal modes of

the global shape variation, respectively. The fourth and the

fifth column represent the first and second principal modes of

shape variation for the regional CC shape. The reconstructed

CCs provide a useful visualization of the trends that were

observed in the quantitative results of the earlier figures,

e.g. it is clear that whereas stretch is dominant primarily for

the first mode of variation, the effect of the bending is well

distributed for both first and second modes and is in fact the

largest contributor of shape variation for the second mode.

It is also evident that stretch and bending contribute more

to the variation in CC shape than inner and outer thickness,

which is a validation of the earlier plots.

IV. DISCUSSION

We have performed a medial-based global and regional

statistical analysis of the CC shape. We have shown that the

adopted shape representation allows for an intuitive descrip-

tion of shape variability. In addition to decomposing shape

variability spatially, we have also explored the temporal CC

shape changes. We have analyzed the shape variability both

qualitatively and quantitatively. Our results have shown that

the effect of the four deformations on the shape variation is

significantly different for the various CC subdivisions and

this effect changes with the progression of the pathology.

We have observed that stretch and bending of the CC have a

more dominant influence on the variation in CC shape. Future

work includes the correlation of clinical MS measures with

CC shape changes.
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