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Abstract. Magnetic resonance imaging is a technique for the diagnosis and classification of brain tumors.
Discrete compactness is a morphological feature of two-dimensional and three-dimensional objects. This mea-
sure determines the compactness of a discretized object depending on the sum of the areas of the connected
voxels and has been used for understanding the morphology of nonbrain tumors. We hypothesized that regard-
ing brain tumors, we may improve the malignancy grade classification. We analyzed the values in 20 patients
with different subtypes of primary brain tumors: astrocytoma, oligodendroglioma, and glioblastoma multiforme
subdivided into the contrast-enhanced and the necrotic tumor regions. The preliminary results show an inverse
relationship between the compactness value and the malignancy grade of gliomas. Astrocytomas exhibit a mean
of 973 + 14, whereas oligodendrogliomas exhibit a mean of 942 + 21. In contrast, the contrast-enhanced region
of the glioblastoma presented a mean of 919 4+ 43, and the necrotic region presented a mean of 869 + 66.
However, the volume and area of the enclosing surface did not show a relationship with the malignancy
grade of the gliomas. Discrete compactness appears to be a stable characteristic between primary brain tumors
of different malignancy grades, because similar values were obtained from different patients with the same type
of tumor. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JMI.2.2.024503]
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Introduction

At the present time, magnetic resonance imaging (MRI) is the
leading noninvasive imaging tool. In the framework of brain
tumors, MRI acquisition and postprocessing techniques have
become the state-of-the-art technique for the diagnosis and clas-
sification of tumors.'* By using morphological information,
obtained with the current software applications and MRI tech-
niques available, it is possible to determine the approximate
three-dimensional (3-D) architecture, level of infiltration, and evo-
lution of a tumor. One of the pitfalls of using MRI for brain tumors
is the inability to objectively measure a tumor’s borders, grade of
malignancy, and sites of infiltration. Moreover, there is the fact that
this technique is always observer-dependent; a tumor’s assessment
is subjective and to some extent even biased. In this context, the
development of new mathematical tools that allows the quantifi-
cation of some morphological aspects of the tumors, such as the
volume, enclosing surface, and compactness, may be beneficial to
obtain a better understanding of brain tumors through imaging and
their relationship with biological characteristics.>

Tumor volume is easily measured by actual MRI techniques;
however, an increase in tumor volume is not necessarily related
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to its grade of malignancy. Malignancy is more closely related to
the grade of tumor infiltration.’ Because infiltration usually
occurs at the periphery of the tumor, a morphological variable,
such as tumor compactness, could indicate that a less-compact
tumor should be a more aggressive one. This hypothesis is sup-
ported by the observations found by Braumann et al.’ and
Einenkel et al.” through their analysis and quantification of
the invasion of carcinoma from the uterine cervix based on a
3-D tumoral reconstruction of the tissue data. This group
showed an inverse correlation between the compactness and
the grade of tumor infiltration; the more compact, the less inva-
sive. In other types of tumors, the group of Moon et al.®
attempted to develop a novel computer-aided diagnosis system
for the classification of breast cancer using 3-D features and
morphological variables with the objective of classifying benign
and malignant tumors from ultrasound images. Huang et al.’
proposed a computer-aided diagnosis of mass-like lesions in
breast MRI to distinguish between benign and malignant tumors
from a differential analysis of 3-D morphology. Thus, the afore-
mentioned studies suggest that other types of morphological
measures may be a new variable to consider when studying
brain tumors through MRI. Because MRI is a potent imaging
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tool that delivers high-resolution digital images, the measure-
ment of morphological variables, such as discrete compactness
(Cy), is possible. Hence, we aimed to measure the level of
compactness of different brain tumor types and brain tumor
grades in the case of glioblastoma multiforme (GBM).
GBM images can normally be divided in two areas: the con-
trast-enhancement region and the necrosis region. Therefore, it
would be interesting to determine whether there is a correlation
between the malignancy grade of gliomas and their level of
compactness.

1.1 Neuromorphometric Parameters
1.1.1 Volume

The volume is one of the inherent characteristics used to
describe a 3-D object. Volumetric representations are used for
rigid solids through spatial occupancy arrays. Thus, in the
case of digital images, the discretized objects are represented
as one 3-D array of voxels.

If a 3-D object is composed of n voxels, where each voxel
has a volume equal to one, the volume (V) corresponds to the
sum of all voxels that comprise the 3-D object.

1.1.2 Area of enclosing surface

To introduce the concept of the area of the enclosing surface (A),
we defined the concept of contact surface area (A.) of a 3-D
object composed of a finite number of n voxels. The contact
surface area (A,) corresponds to the sum of the areas of the sur-
faces that are common to two voxels. An example of a 3-D
voxel-based object is shown in Fig. 1(a). This object is com-
posed of 48 voxels, i.e., n =48. The contact surface area
(A,) of the 3-D object is equal to 84, i.e., A. = 84, which cor-
responds to the contact faces of the object; these are illustrated in
Fig. 1(b). Note that the area of all of the faces of the voxels is
considered equal to one.

Next, considering the same discretized 3-D object composed
of a finite number n of voxels, the area of the enclosing surface
(A) corresponds to the sum of the areas of the external plane poly-
gons of the voxels that form the visible faces of the solid.
Therefore, according to Theorem 2 defined by Bribiesca,'® the
area of the enclosing surface (A) is expressed as follows:

A = 6an —2A,, (D

where A, is the contact surface area, a is the area of the face of a
voxel (in this case a is equal to one, which means that all sides of
the voxels are a unit value), and # is the number of voxels. The

(a) (b)

Fig. 1 (a) An example of a voxel-based object composed of n = 48
voxels and (b) the contact faces of the object, where A, = 84.
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number 6 in Eq. (1) indicates the number of faces of the voxel,
which in this case is a cube. Therefore, the area of the enclosing
surface (A) of the aforementioned 3-D object, which is shown in
Fig. 1, is equal to 120, i.e., A = 120, which corresponds to the
visible faces of the object. Note that the relationship between the
areas described in Eq. (1) is preserved for solids with holes and
inner holes.

1.1.3 Discrete compactness

The classical compactness (C) is an important intrinsic property
of objects. In 3-D objects, this property relates the enclosing
surface area (A) with the volume (V), which is dimensionless
and minimized by a sphere. However, in the digital domain,
most objects have no well-defined enclosing surface, a phe-
nomenon that may produce noisy enclosing-surfaces and con-
sequently large values, which will affect the measure of the
classical compactness.® In contrast, the discrete compactness
(C,) depends in large part on the sum of the contact surface
area of the neighboring voxels of 3-D objects;'%'? thus, this dis-
crete measure is more robust than the classical measure. The
measure of C; is an intrinsic property of objects; therefore, it
is invariant under translation, rotation, and scaling.

The unique simple equation for computing the measure of C;
for 3-D objects composed of n voxels is defined by the follow-
ing equation,” which was normalized:

n—A/6

Ci=——F3.
d n— (¢n)?

(@)

The measure of C; of a 3-D objects is dimensionless and
maximized by a digital cube, i.e., its values vary continuously
from O to 1. Thus, the value of the minimum measure of C, for a
3-D object of n voxels is zero. In contrast, the value of the maxi-
mum measure is one, which corresponds to a digital cube. In this
study, the measure of C; was normalized such that its values
vary continuously from O to 1000.

Figure 2 illustrates some interesting examples of progressive
measures of compactness of some 3-D objects composed of
27 voxels; their values of contact surface areas are shown.
Figure 2(a) shows a 3-D fragmented object, which has a com-
pactness measure equal to O; i.e., it has no contact surface area.
Thus, Figs. 2(b)-2(k) present examples of progressive measures
of compactness. Notice that the minimum measure of compact-
ness corresponds to Fig. 2(a) (C,; = 0). On the other hand, the
maximum measure of compactness corresponds to Fig. 2(k)
(C4 = 1000). This measure of C; varies discretely, which is
an important advantage in 3-D objects analysis because it allows
us to classify 3-D shapes. Thus, this measure may be a useful
tool for the detection of morphological dissimilarities between
3-D objects.

1.2 Brain Tumor Characteristics

A combination of morphological information and technical
medical characteristics of brain tumors derived from MRI
data may help the development of image processing algorithms
and the quantification of neuromorphometric parameters.

Figure 3 shows magnetic resonance (MR) images of different
glioma types. The technical characteristics of the different glio-
mas are depicted in the images.

By definition, contrast enhancement is absent in gliomas of
grade Il [e.g., the astrocytoma that is shown in Fig. 3(a)]. Their
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Fig. 2 Examples of objects with various measures of compactness and their values of contact surface
areas; each object is composed of 27 voxels. (@) A, =0, C,=0.0; (b) A, =6, Cy=111.111;
(c) A, =10, Cy=185.185; (d) A, =16, C,; =296.296; (e) A, =22, C, = 407.407; () A, =26,
Cy, =481.481; (g) A, =32, C; =592.592; (h) A, =38, C;, =703.703; (i) A. =44, C, =814.814;
() A =48, C, = 888.888; and (k) A, =54 C4; = 1000.0.

Fig. 3 T1w gadolinium-enhanced magnetic resonance (MR) images of the sagittal view of gliomas:
(a) grade Il glioma [astrocytoma (astro)], (b) grade lll glioma [oligodendroglioma (oligo)], and

(c) grade IV glioma [glioblastoma multiforme (GBM)].

intensity often resembles that of gray matter, which is darker
than the surrounding white matter. Their contour cannot always
be clearly delimited. Grade III gliomas [e.g., the oligodendro-
glioma shown in Fig. 3(b)] can be fully enhanced (i.e., bright
due to gadolinium enhancement) or show only some areas of
enhancement. Grade IV gliomas [e.g., the GBM shown in
Fig. 3(c)] commonly have both regions of enhancement and
regions of necrosis (dead cells), the latter of which indicates
fast-growing tumors, and surrounding edema.'?

In particular, the most important clue for the diagnosis of
GBM is the MRI-based identification of a thick, irregularly
enhancing ring of neoplastic tissue surrounding the necrotic
core,!*1® which is regularly localized on the supratentorial
white matter.'?

There are some helpful magnetic resonance sequences for
GBM, such as the following:

(a) T1-weighted images, where a GBM can be observed
as an irregular isointense/hypo-intense mass of
white matter and presents a region of necrosis or
the presence of cysts in the interior and irregular
contours;
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(b) T2-weighted images, which present the GBM as a
heterogeneous and hyperintense mass with adjacent
tumor infiltration and a vasogenic edema, although
necrotic regions, cysts, haemorrhages, and neovascu-
larity may also be observed,;

(c) Fluid-attenuated inversion recovery (FLAIR) images,

which show the GBM as a heterogeneous and hyper-

intense mass with adjacent tumor infiltration and a

vasogenic edema; and

(d) Fast low-angle shot or spoiled gradient recalled echo

(SPGR) images, which show GBM as an irregular

hyperintense mass accompanied by a region of

necrosis and irregular contours, which allows us to
differentiate the enhancement region and necrotic
region of GBM.

1.3 Aim of the Study

We are interested in studying brain tumors, particularly grade IV
gliomas, through neuromorphometric analysis. The morpho-
logical parameter proposed in this work is C, which was
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proposed as a parameter that can be used to identify and quantify 2.2 Data Acquisition
the grade of malignancy between different types of gliomas. The
impact of C, as a neuromorphometric measure for the diagnostic
of gliomas is the final goal of this research study.

The data from whole-brain MRI were acquired from two differ-
ent datasets. The first MRI dataset was acquired from a retro-
spective study of 11 patients admitted to the National Institute of
Neurology and Neurosurgery “Manuel Velasco Sudrez” in

2 Methods Mexico City. All of the images were T1w gadolinium-enhanced
MR acquired on a 1.5 T GE Signa HDxt (GE Medical System)
2.1 Patients and Tumor Characteristics using 3-D axial SPGR sequences, where the sequences have dif-

ferent slice thickness (1.4, 1.5, and 1.6 mm) and pixel size
(0.4688 % 0.4688, 0.5078 x 0.5078, and 1.0156 x 1.056); how-
ever, all images were resampled to 1.0 mm isotropic resolution
in a standardized axial orientation, by linear interpolation with
the use of MATLAB® tools. These images correspond to the
MRIs of the first 11 patients cited in Table 1.

The second MRI dataset includes data from nine patients and
was received from the Montreal Neurological Institute’s Brain
Images of Tumors for Evaluation database.!! All of the images
were acquired on a 1.5T GE Signa EXCITE (General Electric,
Milwaukee, Wisconsin) with 1-mm slice thickness and
0.5 x 0.5 mm? in-plane pixel size (3-D axial SPGR sequences,
TE =8 ms, TR =23 ms, and flipangle = 20 deg, and the

The data used in this article consists of 20 biopsy-proven tumors
from seven women and 13 men with a mean age of 53 & 18 yr
and an age range of 31 to 76 yr. As the most common type of
primary brain tumors, gliomas were the only type of tumor
included in this study: five low-grade gliomas (LGG) of
grade II and 15 high-grade gliomas (HGG) ranked grade III
or IV. Table 1 further divides the gliomas into subtypes: astro-
cytomas (astro), oligodendrogliomas (oligo), and GBM.

In this study, we included five astro cases, three oligo cases,
and 12 GBM cases. Table 1 also indicates the patient data (iden-
tification number, sex, and age) and shows the hemisphere and
lobe in which the tumor was located, the general tumor type, and
the specific tumor subtype.

Table 1 Overview of brain tumor cases included in this study: patients’ number, sex, age, hemisphere, and lobe in which the tumor was located,
general tumor type, and specific tumor subtype.

Patient no. Sex Age Tumor location Tumor grade Tumor subtype
1 M 49 Left temporal LGG Astro grade I
2 M 37 Right frontal LGG Astro grade I
3 M 50 Right frontal HGG Oligo grade I
4 M 74 Left parietal HGG GBM
5 F 64 Right temporal HGG GBM
6 F 63 Left frontal HGG GBM
7 F 59 Left parietal HGG GBM
8 M 42 Left temporal HGG GBM
9 M 69 Right parietal HGG GBM
10 M 49 Right frontal HGG GBM
11 F 53 Left frontal HGG GBM
12 M 31 Right frontal LGG Astro grade I
13 F 40 Right frontal LGG Astro grade I
14 M 70 Right temporal LGG Astro grade I
15 M 39 Left frontal HGG Oligo grade Il
16 F 49 Left frontal HGG Oligo grade Il
17 F 42 Right frontal HGG GBM
18 M 70 Left parietotemporal HGG GBM
19 M 40 Left frontal HGG GBM
20 M 76 Right parietal HGG GBM

Journal of Medical Imaging 024503-4 Apr=Jun 2015 « Vol. 2(2)
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Table2 Values of the morphological features of the brain tumors in the dataset (astro, oligo, and GBM): volume (V), area of enclosing surface (A),
and discrete compactness (Cy).

Patient no. Tumor subtype Volume (cm?q) Area of enclosing surface (cm?) Discrete compactness
1 Astro grade I 7.99 31.58 957
2 Astro grade I 161.10 188.52 984
3 Oligo grade llI 126.35 79.24 947
4 GBM 30.81 161.15 947
5.10 80.01 817
5 GBM 68.03 610.40 823
52.56 414.24 855
6 GBM 48.55 309.68 868
20.89 188.38 809
7 GBM 45.83 133.89 945
9.39 76.00 825
8 GBM 43.98 212.48 931
6.81 91.14 776
9 GBM 75.91 586.09 922
26.68 330.18 872
10 GBM 28.61 174.69 868
37.54 81.59 967
11 GBM 15.25 121.71 927
5.83 53.31 921
12 Astro grade Il 69.34 383.44 966
13 Astro grade |l 41.85 119.47 990
14 Astro grade I 32.31 174.71 970
15 Oligo grade llI 0.20 3.89 919
16 Oligo grade llI 7.91 60.28 961
17 GBM 1.95 20.24 951
0.12 417 795
18 GBM 43.82 256.60 965
9.22 83.35 947
19 GBM 16.87 190.67 924
15.22 108.38 946
20 GBM 23.90 185.12 952
2.97 47.65 897

For all of the GBM cases, the value on top corresponds to the enhanced region and the value on the bottom corresponds to the necrotic region.
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Table 3 Mean values of volume (V), enclosing surface (A), and discrete compactness (C,) of group | and Il for each glioma subtype: astrocytoma
(whole tumor region), oligodendroglioma (whole tumor region), and GBM (enhancement region and necrotic region).

Group  Astrocytoma (whole tumor region)  Oligodendroglioma (whole tumor region) ~ GBM (enhanced region)  GBM (necrotic region)

[ V 85+ 108 V 126 £ 0 V 45+20 V21+17
A110+ 111 A79+0 A 289 + 200 A 164 + 136
Cy 970 £ 19 Cy 947 £0 C,y 904 + 45 C, 855 + 63

Il V 48+ 19 V4ts V22417 V77
A 226 + 138 A32+40 A 163 + 101 A61+45
Cy 975+ 13 C, 940 + 30 Cy 948 £17 C, 896 + 71

voxel size was normalized to 1.0 1.0x 1.0 mm?. These
images correspond to the MRIs of the last nine patients cited
in Table 1.

The images were neither corrected for intensity nonuniform-
ities nor normalized in any way because this was not judged
necessary.

2.3 Tumor Segmentation

A semiautomatic method of segmentation by thresholding was
applied for segmentation of the tumor (Anatomist—DBrainvisa
4.0.2.—CEA/NeuroSpin/SHFL on a Linux PC) from gadolin-
ium-enhanced MRI axial SPGR sequences. The tumor
segmentation was realized and validated by one neuroradiolo-
gist and three neurosurgeons from the National Institute of
Neurology and Neurosurgery ‘“Manuel Velasco Sudrez” and
the Neurological Center—ABC Medical Center.

In the case of astrocytomas and oligodendrogliomas, the
region of interest was the whole region of the tumor (V1),
and in the case of GBM, we considered two regions of interest,
namely: the enhanced region (V2) and the necrotic region (V3).
Figure 4 shows axial and sagittal views of the segmentation and
a 3-D reconstruction of the two regions of interest (V2 and V3)
from a patient with GBM.

2.4 Feature Analysis

After segmentation (whole tumor region—V1, enhancement
region (GBM)—V2, and necrotic region (GBM)—V3), some
features were proposed to describe the morphological character-
istics of the tumors. These morphological features were the vol-
ume (V), the area of enclosing surface (A), and the discrete
compactness (C,). To quantify C,; we calculated the volume
and the area of enclosing surface. In this study, the measure
of C, was normalized such that the C; values vary from 0
to 1000.

A quantification of these morphological variables (V, A, and
C,) was obtained from the whole tumor in the case of astrocy-
tomas and oligodendrogliomas. Because GBM commonly has
both a region of enhancement and a region of necrosis, we cal-
culated the values of the morphological variables for both
regions. All of the algorithms used to measure the morphologi-
cal variables were implemented with a high-level language and
interactive environment for numerical computation, visualiza-
tion, and programming (MATLAB®—2013a, version 8.1).
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Fig. 4 Three-dimensional segmentation and reconstruction of the
enhanced-region V2 (in green) and necrotic region V3 (in blue) of
a patient with GBM.

3 Results

3.1 Feature Analysis

The values of the volume (V), area of enclosing surface (A), and
discrete compactness (C,) for all of the patients are listed in
Table 2.

In the Sec. 2.2, we mentioned that the MRI sequences were
obtained from two different studies: (1) a retrospective study in
which the MRI sequences were not the same, due to variations
in the pixel size and slice thickness (group I); and (2) a study in
which all of the MRI sequences were acquired using the same
acquisition protocol (group II). However, note that C; is scale-
invariant. Therefore, we compared the mean values of these
morphological variables between both studies.

Table 3 shows the mean values of volume (V), enclosing sur-
face (A), and discrete compactness (C,) of both groups I and II.
For all glioma subtypes, the mean values of volume and area of
enclosing surface were different, but the mean values of C,; were
similar in both groups, as shown in Table 3 and Fig. 5.
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Fig. 5 Values of V, A, and C, for each region and subtype of gliomas (astro, oligo, enhancement region
of GBM, and necrotic region of GBM). (a) Values of volume, (b) values of area of the enclosing surface,
and (c) values of discrete compactness.

3.2 Tumor Classification

As mentioned in the previous paragraph, the values of C,; were
found to be similar between both MRI datasets for the different

subtypes of gliomas. Thus, we consider both datasets as a single Table 4 Mean values of volume (V), enclosing surface (A), and dis-
group for the following statistical analyses. The mean values of crete compactness (Cy) for all patients included in the dataset and all
volume (V), area of enclosing surface (A), and discrete compact- glioma subtypes: astrocytoma (whole tumor region), oligodendro-

glioma (whole tumor region), and GBM (enhancement region and

ness (C,) for all patients are shown in Table 4. ) !
necrotic region).

One of the aims of this work was to propose a morphological
variable that can be used to identify differences between various

types of brain tumors or to characterize the development of Astrocytoma  Oligodendroglioma GBM GBM
one subtype of gliomas. Figure 6 shows the values of C, (whole tumor (whole tumor (enhanced (necrotic
for each analyzed region of the different gliomas. The compari- region) region) region) region)
son of 'the Cy Val.ues reyealed that. these values follow a V 63 4 59 V 45 4+ 71 V 37 4 92 V16416
decreasing pattern in the different glioma subtypes: the most

compact glioma subtype was the astrocytoma group (973 +£ 14), A 180+ 130 A 48 + 39 A247+179 A 130+ 122
followed by the oligodendroglioma group (942 + 21), the GBM

enhancement region (919 4 43), and then the GBM necrotic Cq 973£14 Cq 942+ 21 919051 43 Cq 869+ 66

region (869 =+ 66).
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Fig. 6 Mean values of C, for each subtype/region of gliomas (astro, oligo, enhancement region of GBM,

and necrotic region of GBM).

The preliminary results show an inverse correlation between
the compactness value and the malignancy grade of gliomas
(r = —0.7060, p = 0.0005). The correlation between the vol-
ume and the malignancy grade, and the area of enclosing surface
and the malignancy grade were not significant.

4 Discussion

Tumor resection is a crucial part of treatment, as shown by the
fact that the majority of patients have better outcomes after gross
total resection.'*!®!7 In particular, GBM aggressiveness makes
it imperative to perform an extensive resection of the tumor.'
Therefore, the aim of the surgery is to maximize tumor resection
without affecting the surrounding brain structures in order to
avoid postsurgery neurological deficits.'* The size, localization,
and extent of the tumor can be identified by conventional MRI, '8
and advanced MRI techniques render it possible to characterize
the anatomical and functional properties of the tumor and its
surroundings before tumor resection. When a brain tumor is
detected, several MRI tools are used, including perfusion-
weighted imaging analysis, spectroscopy, and FLAIR.!*!
All of these techniques provide detailed information about
the eloquent brain areas adjacent to the tumor as well as the ap-
parent tumor edges and morphology, although the intrinsic char-
acteristics of the tumor, such as the sites of necrosis and
neovascularization, are not well-identified. Until now, informa-
tion regarding this kind of tumor is obtained using the aforemen-
tioned MRI techniques and through correlation with postsurgery
histopathological reports.

Therefore, a measurement of the tumor compactness may
be beneficial to understanding the level of tumor growth
and may be useful for grading the malignancy of different
types of tumors. Because this is an early report on the measure
of C, in brain imaging, it is necessary to evaluate the correla-
tion between the C,; values within a histopathological standard-
ized diagnosis in a significant number of patients. The
establishment of a correlation between compactness and
tumor activity could be beneficial for the planning of tumor
resection, for determining the characteristics of tumor growth
and response to treatment, and for comparisons between cases.
In this first approach, we found that C; may be a morphologi-
cal variable capable of distinguishing different subtypes of
gliomas, as shown in Table 4. In fact, Table 4 demonstrates
that astrocytoma has a high value of C, and is the type of
glioma with the lowest malignancy grade. In contrast, the
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regions of GBM (enhancement region and necrotic region)
show the lowest values of C; but these subtypes of gliomas
present a high malignancy level. In particular, the values of
C, in the necrotic region show decrease in comparison with
the values observed in the enhancement region, as shown
in Fig. 6.

It should be noted that this work presents some limitations
associated with the acquisition of the images. However, the C,;
glioma subtype differences were similar across two datasets. A
semiautomatic method of segmentation by thresholding is not
the best method because this is operator-dependent, which is
why we are currently working on implementation of an auto-
matic segmentation method.

5 Conclusion

The neuromorphometric parameter of discrete compactness (C,)
may have the potential to differentiate gliomas of different
malignancy grade (e.g., astrocytomas, oligodendrogliomas,
and GBM) and may therefore be a useful MRI-postprocessing
method for the analysis of brain tumors. Our preliminary results
show that this morphological variable is a stable neuromorpho-
metric characteristic of tumors, as demonstrated by the finding
that the quantified C, values of all of the regions of interest are
very similar according to the type of tumor in all of the patients.
Differences in the value of C,; were found among intrinsic
regions of the same tumor (enhancement region and necrotic
regions in GBM). The measure of C, can be standardized by
computer software such that it is user-independent. Further stud-
ies on histopathological correlations are needed to thoroughly
understand this phenomenon.
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