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Abstract. Morphological changes of the brain lateral ventricles are kno-
wn to be a marker of brain atrophy. Anatomically, each lateral ventricle
has three horns, which extend into the different parts (i.e. frontal, occipi-
tal and temporal lobes) of the brain; their deformations can be associated
with morphological alterations of the surrounding structures and they are
revealed as complex patterns of their shape variations across subjects. In
this paper, we propose a novel approach for the ventricular morphometry
using structural feature descriptors, defined on the 3D shape model of
the lateral ventricles, to characterize its shape, namely width, length and
bending of individual horns and relative orientations between horns. We
also demonstrate the descriptive ability of our feature-based morphom-
etry through statistical analyses on a clinical dataset from a study of

aging.

1 Introduction

The brain lateral ventricles are cavities filled by cerebrospinal fluid (CSF) limited
by an epithelial membrane called ependymal. The morphological deformations
on the lateral ventricles have been related to neurodegenerative diseases [7] and
cognitive decline [2]. It has also been reported that the ventricular volume and
width may be predictors to determine the quality of brain surgical treatments,
such as deep brain stimulation surgery [4] and ventricular catheter placement
[20].

Deformations of the lateral ventricles have been investigated through various
approaches that involve assessing the volume [3], ventricular surface [13] and me-
dial thickness [10]. However, the analysis of the ventricular deformations is still
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challenging. Since the lateral ventricles are essentially a brain cavity with irreg-
ular shape, its shape changes can be atypical and revealed as complex patterns
across subjects. This not only applies to each horn individually, but also to the
“C-shape” that curves from the temporal horn into the beginning of the frontal
horn [18], which also varies across subjects. The atrium of the lateral ventricles
is the place where the three horns meet, and it can also change depending on
each horn’s enlargement and on changes in the shape of the surrounding struc-
tures. Due to the adaptive capacity of the ventricular system filled by CSF, its
structural changes may be related to the alteration of the surrounding parenchy-
mal structures [13]. Therefore decomposing the structural changes of the lateral
ventricle anatomically can lead to a better understanding of the ventricular de-
formations in relation to the surrounding structures.

For the morphology analysis of the brain ventricles, several indices quantifying
the structural characteristics of the ventricles have been proposed. With respect
to the interior and exterior of the lateral ventricles, these shape indices of the
ventricles can reveal the atrophy of the interior structures of the medial temporal
lobe or the global and lobar atrophy of the brain [8]. For instance, the radial
width of the temporal horn was introduced to measure the enlargement of the
temporal horn [8] and to investigate the atrophy of the hippocampus where
the memory consolidates [5]. Some clinical studies reported that the atrophy of
the frontal lobe is related with aging and cognitive decline [2,5], diabetes and
drug addiction [13,15]. To trace the enlargement of the frontal horn of the lateral
ventricle, the structural measures, such as ventricular angle and frontal horn
radius, has been used [4,17] as well as 3D shape models of the ventricle. These
structural indices can provide a straightforward description of the ventricular
shape and its changes. However, the manual measurement of them makes it
susceptible to human errors and imaging protocols.

By providing an automated modeling strategy that consistently characterizes
the shape of the lateral ventricle across subjects, we are addressing the needs on
computational analyses: intuitive shape description and reproducibility. Based
on the surface mesh of the lateral ventricle, we propose a set of the explicit fea-
ture descriptors as a pre-defined layout of its shape description to quantify the
structural characteristics (e.g. horn length, radius and bending) independently.
We propose two types of feature descriptors: (1) individual features for quanti-
fying the shape and size of each horn, and (2) inter-horn features for character-
izing the C-shape and the atrium of the lateral ventricles. We also demonstrate
the descriptive ability of our feature-based morphometry through the statistical
analysis on a dataset from a study of aging.

2 Ventricular Shape Representation

We model the shape of lateral ventricles as a smooth surface mesh and its cen-
tral skeleton. These model components form the basis of our approach allowing
quantifying the structural characteristics of the individual horns and between
the horns.
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First of all, the surface mesh of lateral ventricle is constructed from binary
masks, obtained from brain MR images, via a template-based surface modeling
approach [14]. We construct a template mesh of the lateral ventricle using an aver-
age shape image, generated from the binary masks via a image registration based
approach [12]. We optimally align the template mesh to each binary mask and
propagate it to the image boundary while minimizing the distortion of its point
distribution against arbitrary size variations. This method builds a pairwise corre-
spondence between the template of average shape and the targets of each subject.

On the reconstructed meshes, we easily determine the tips of the individual
horns, owing to the point correspondence with the template. They are used
for the construction of the skeleton. For the skeleton construction, we use a
Voronoi diagram-based approach where the centers of the maximal inscribed
spheres (MIS) are defined within and along the surface mesh [1]. We used the
vascular modeling toolkit (VMTK, Ver. 1.2) for this process. Technically, from
two terminal points and the surface model, the skeleton is constructed by finding
a path between two points, which minimizes the integral of the inverse radius of
the MIS on the Voronoi diagram of the surface model [19].

In the ventricular shape representation, the most important structure is the
central skeleton which consists of the atrium center and the horn skeleton (See
Figure 1). The atrium center is defined as a center of the ventricular atrium re-
gion. To determine the atrium center, we first compute three tip-to-tip skeletons;
the frontal-temporal, the temporal-occipital, and the occipital-frontal skeleton.
Then, the atrium center is computed by finding an optimal position which has
equal minimum distance to the three tip-to-tip skeletons on the Voronoi diagram.
The atrium center is assigned to be a common terminal point for constructing
the skeletons of the three horns, which are referred each as “(frontal /temporal/
occipital) horn skeleton”. The horn skeleton is the skeleton connecting the atrium
center and the tips of each horn.

Other feature landmarks necessary to determine the domain of the feature
measurement characterizing each horn’s morphology are the starting and ending
points for each horn-skeleton. The starting point is determined by the center of
the MIS that passes through the atrium center in the horn skeleton, and the
ending point is the center of the last MIS passing through the tip of each horn.
We also define two vectors for each horn — starting and ending vectors — from
the atrium center to the starting and ending points, respectively.

3 Structural Feature Descriptors for the Lateral Ventricle

On the representation model of the lateral ventricle, we define the two types of
feature descriptors, the individual horn descriptors and the inter-horn descrip-
tors, which quantify the geometric characteristics for the lateral ventricle.

As individual horn structural descriptors, we define the width, length, and
bending of each horn with respect to its skeleton. The width descriptor informs
how large the cross-section of the horn is. Once we determine the closest distance
from each vertex of the surface mesh to the skeleton, we calculate the width at
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Fig. 1. Ventricular shape model with its skeleton and landmarks. The green and blue
points indicate respectively the starting and ending point of each horn skeleton, and
the red point indicates the atrium center. The starting vectors (dotted arrow) and the
ending vectors (dashed arrow) are referred to measure the angles between two horns.

each sampled point of the skeleton as the average of the closest distance to
the vertices of the surface mesh, which are nearest to the sampled points. The
skeleton is segmented at a regular interval of a unit distance to determine the
sampled points. We use the average value of the width at each sampled point
and the width at the starting point as ventricular feature descriptors. The length
of each horn refers to the geodesic length of the skeleton, which is calculated by
summing the Euclidean distances between the sampled points of the skeleton.
The bending of each horn is estimated as the ratio of the geodesic length to the
Euclidean distance between the starting and ending points for each horn.

As inter-horn structural descriptors, we define the width at the atrium center
and the angles representing the relative orientations between horns and the C-
shape of the lateral ventricle. Since the three skeletons encounter each other at
the atrium center, the atrium width is estimated by averaging the width at the
atrium center for the three horn skeletons. We define a pair of angle measures —
starting and ending angles — with respect to two neighboring horns. The starting
and ending angles are the angles between the starting and ending vectors of
two horns, respectively. The starting angle estimates the degree of the relative
orientations of each horn nearby the atrium, and the ending angle quantifies the
angle between the tip of the horns with respect to the atrium center.

4 Morphology Analysis Using the Feature Descriptors

In order to assess the descriptive ability of the feature descriptors, we performed
two analyses on a dataset of a study of aging: (1) a feature-based description
of the shape variations of the lateral ventricle within a population, and (2)
a ventricular enlargement analysis using the feature descriptors in relation to
general brain atrophy. Without loss of generality, we present the experiment
results of the left lateral ventricle only. The morphology of the right lateral
ventricle can be quantified in the same way.
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The dataset includes T1-weighted MR images obtained at a GE Signa HDxt
1.5T scanner, (General Electric, USA) from 33 participants (10 women and 23
men, age = 72.7 £ 0.7 years) randomly selected from The Lothian Birth Cohort
1936 study [6]. The scanning protocol is described in detail elsewhere [21]. The
dataset also contains the brain tissue volume (BTV) and intracranial volume, and
the binary masks of the lateral ventricles, following the segmentation procedure
described in [3]. The results were visually assessed by a trained image analyst
and manually corrected. From these binary ventricular masks we obtained the
surface models as described previously. We validated the accuracy of this process
using the Dice coefficient and the symmetric mean distance between the models
and the target volumes. The reconstructed models showed high accuracy with
the segmentations: Dice coeflicient was 0.954 £+ 0.013, and the mean distance
was 0.642 + 0.763 mm for all subjects.

4.1 Feature-Based Description of Shape Variations across all
Subjects

In order to investigate the shape variations of the lateral ventricles across the
sample, we first computed the mean surface shape and its deviations using prin-
cipal component analysis (PCA) and transformed them into the feature space.
For the PCA, we normalized the surface models via isotropic rescaling using the
intracranial volume, and aligned them optimally by matching the atrium center
and rotating each of them to minimize the between-surface distance via a Pro-
crustes analysis [9]. The mean surface model was computed simply by averaging
the corresponding points on the surface models: z = Y1 | x;, where z; is a
3 x k vector describing the surface model with k£ points and n is the number of
subjects. The covariance matrix is given by: D = nil S (=) (2 — z)"
The eigen-decomposition on D delivers the min(n— 1, 3k) principal modes of the
variation [11]. A mode with a high variance (i.e. large eigenvalue of D) repre-
sents a larger part of the shape variation of the lateral ventricle across subjects.
The percentage of the shape variability of each mode is determined by the ratio
between the corresponding eigenvalue and the sum of the eigenvalues [16]. We
generated the surface models showing the shape variations of each mode between
+ 3 standard deviations (SD) and extracted the feature descriptors from them.
Figure 2 shows the surface meshes of the largest and smallest size with the
average surface mesh and the surface models representing the shape variation of
the first and second modes between + 3 SD with their skeletons. The percent-
age of the shape variability of the first mode was 50.75 % in this population,
and the second mode was 13.62 %. The shape variability of each mode can be
explained more intuitively using the feature descriptors. For example, the visual
observation of the morphological variation along the ‘frontal horn’ of + 3 SD
of the first mode in Figure 2 can be described based on the measured values of
feature descriptors (Table 1) as follows: the average width, starting width, and
the geodesic length of the frontal horn decreased, while the bending increased
from the -3 to the +3 SD. Moreover, the morphological relationship between two
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Fig. 2. (Left) ventricular surface meshes (white) of the largest and smallest size with
the average surface mesh (red). (Right) Surface meshes with their skeletons representing
the shape variation of the first and second modes between + 3 standard deviations (SD).
The surface, skeleton and bars on blue color correspond to + 3 SD, and those on green
color to — 3 SD. F: frontal horn, T: temporal horn and O: occipital horn.

horns is expressed by the inter-horn feature descriptors. For instance, the bending
of the temporal and occipital horns highly increased towards the -3 SD. On the
other hand, the start and ending angles between these two horns increased on
the +3 SD surface model, which reflected the two horns were widely opened
than -3 SD. Therefore, analyzing both sets of feature descriptors together we
can interpret that the temporal and occipital horn are bending to each other
when ventricular shapes differ from the mean going from +3 to -3 SD of the first
mode. Observe on Figure 2 that the other values of the feature descriptors were
also reflecting consistently the shape differences between the surface models of
+ 3 SD of the first mode.

Table 1. Measure values of the feature descriptors on the surface meshes of + 3 SD of
the first mode

Individual-horn Feature Descriptors
Frontal Horn Temporal Horn Occipital Horn
MW SW GL Bend MW SW GL Bend MW SW GL Bend
+3SD  4.71 5.16 90.43 0.20 1.50 4.60 51.89 0.13 2.55 5.18 23.01 0.05
Avg 4.67 4.28 89.24 0.21 1.77 4.18 50.67 0.11 2.23  4.74 22.42 0.03
-3SD 4.65 4.29 88.56 0.22 2.00 4.47 49.29 0.10 2.39 4.00 22.86 0.02

Inter-horn Feature Descriptors
AW SA (FT) SA (TO) SA (OF) EA (FT) EA (TO) EA (OF)

+3SD 6.11 108.19 102.10 149.22 33.05 133.80 200.13
Avg 5.92 102.78 112.43 144.65 32.88 137.83 198.67
-3SD 5.59 112.61 120.92 126.13 33.08 143.81 162.52

MW.: mean width (mm), SW.: starting width (mm), GL.: geodesic length (mm), Bend.: bending,
AW.: atrium width (mm), SA.: starting angle (°), EA.: ending angle (°), FT.:frontal-temporal, TO.:
temporal-occipital, and OF'.: occipital-frontal

+3SD: surface mesh corresponding to £3 SD of the first mode, and Avg.: average surface mesh
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4.2 A Morphological Feature Analysis with a General Brain
Atrophy Measure

It is known that cerebral atrophy is a common accompaniment of aging and
manifests as decreased total brain volume and increased ventricular volumes [3].
In order to evaluate the descriptive ability of the feature descriptors in relation to
brain atrophy, we examined the associations between each feature descriptor and
brain tissue volume (BTV). For this we performed a robust multilinear regression
using the function “robustfit” from MATLAB Statistical Toolbox. The regression
model includes the feature descriptors as the dependent variable and BTV as
the independent variable, with gender and age as covariates.

The regression analysis showed that the average width of each horn was in-
creased as the BTV decreased (B = -8.197 ~ -10.470, P < 0.05). The width of
the atrium also increased as the BTV decreased (B = -20.652, P < 0.05). Near
the atrium of the lateral ventricle, the width of the frontal and occipital horns
were not significantly associated with brain atrophy (P > 0.05), but it was for
the temporal horn (B = -17.791, P < 0.05). The geodesic length and bending
of each horn were not significantly related to brain atrophy and the angular
measurements between horns with respect to the atrium center were not asso-
ciated to the brain atrophy either. These results indicate that the association
between ventricular enlargement and general brain atrophy is manifested as the
significant increase of the width along the ventricular central axes (i.e. skeleton)
despite of the complex patterns of shape variations observed in this population
sample through PCA.

Table 2. Association between a brain atrophy measure (brain tissue volume) and the
feature descriptors of the lateral ventricle using a robust multilinear regression (beta,
P).

Linear Regression on Individual Horn Structural Feature Descriptors

Mean Width Starting Width Geodesic Length Bending
Frontal
-10.470, 0.011 -12.552, 0.100 28.109, 0.328 0.283, 0.068
Skeleton
Temporal Skeleton| -8.197, 0.002 -17.791, 0.003 -4.239, 0.849 -0.043, 0.820
Occipital Skeleton -8.763, 0.039 -9.820, 0.104 -60.131, 0.370 0.165, 0.132

Linear Regression on Inter-horn Structural Feature Descriptors

Atrium Width -20.652, 0.035

Angle between Starting Points with | Angle between Ending Points with
Atrium Center Atrium Center
Frontal-Temporal 18.224, 0.749 -21.239, 0.159
Temporal-Occipital -11.750, 0.826 23.766, 0.501
Occipital-Frontal -22.718, 0.603 -18.809, 0.871

Regression Model: Structural Feature (Enlargement) = B1* Brain Tissue Volume/Intracranial Vol-
ume + P2 * Gender + B3 * age
beta, P : Unstandardized coefficients and P-values of the regression models

Significant values (P < 0.05) are highlighted as boldface
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5 Conclusion

In this paper, we introduce a set of descriptors, that characterize the lateral
ventricle’s morphology, with an explicit measurement basis that includes the
definitions of the ventricular skeleton and atrium center on the shape model.
We demonstrate through statistical analyses on 33 randomly selected datasets
from a study of aging how the feature descriptors can express the changes of
the lateral ventricle with respect to the general brain atrophy. We also present
the descriptive ability of the feature descriptors using PCA-based shape models
representing the shape variations across subjects. The structural feature de-
scriptors can provide a precise description of the ventricular shapes based on
anatomical knowledge for the morphology analysis of the lateral ventricle. We
anticipate that these shape feature descriptors of the lateral ventricle would
be useful in characterizing its deformation more systematically. Further work
is needed to investigate the relationships between each feature descriptor and
the role they play in the volumetric changes observed on the lateral ventri-
cles. In addition, the application to larger samples is also needed to general-
ize the sensitivity of the feature descriptors and to validate the consistency of
the anatomical landmarks (e.g. tips of the ventricular horns) across subjects.
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