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ABSTRACT

The aims of this paper were to present a reliable morphometric procedure for glioma analysis for preliminary
prognosis and to develop a semi-automatic procedure that is easy to use. The data presented are important to
the extent that they verify the reliability of the results by showing that they are consistent with the findings
from more complicated automatic analytical tools. The objects for analysis were digital images of haematoxylin-
eosin stained glioma samples. The overall analysis consisted of digital image analysis and the determination
of morphometric parameters. Interestingly, an increase in the mean values of aspect ratio with increasing
malignancy grade was found. Moreover, the morphometric parameters in relation to the histological origin
of gliomas were examined and it was found that, the cellular nuclei of glioblastoma multiforme reveal the
biggest mean values of aspect ratio compared with other gliomas.
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INTRODUCTION

The most widely accepted approach to glioma
classification is the scheme recommended by the
World Health Organization (WHO). It is a four-grade
classification (Louis et al., 2007). Low grade gliomas
(grades 1, 11, such as oligodendroglioma, ependynoma)
are well-differentiated, grow slowly, and since they may
often be removed by surgery, the prognosis for them
is relatively good (Wen and Kesari, 2004; Dymecki
and Kulczycki, 2005). On the other hand, high grade
gliomas (grade 11l such as astrocytoma or grade IV,
such as glioblastoma) are undifferentiated. They are
also anaplastic, fast growing, aggressive, difficult to
treat so that they entail a worse prognosis (Schiffer et
al., 1983; Dymecki and Kulczycki, 2005).

Routinely, gliomas are recognized thorough an ana-
lysis of haematoxylin-eosin (H&E) (Brat et al., 2008)
or immunohistochemically stained (i.e., against GFAP
factor) brain tissue sections (Dymecki and Kulczycki,
2005). The classification of the glioma tumor is based
upon the presence or absence of certain histological
features in the population of neoplasma cells (Brat et
al., 2008).
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In order to provide a precise description of cell
properties morphometric methods are now more and
more frequently applied. Moreover, “non-conventional”
methods such as morphometric analysis, may be used
to support routine histopatological diagnoses based on a
subjective assessment of them by a histopathologist.
The term “morphometry” (or more precisely “histomor-
phometry”) is a method for the quantitative description
of the morphology of histological markers, particularly
at cell or nucleus level (Inagawa et al., 2007). Unlike
a traditional microscopic histopatological analysis of
samples, it allows findings to be numerically expressed
(Adamek and Katuza, 1993) using various planimetric
features, such as perimeter, diameter, surface, as well
as the level of variability in these features (Nafe and
Schlote, 2004).

In order to determine the numerical values of these
parameters, the first morphometric measurements were
based on the application of measuring tablets (Vilanova
et al., 1982), measuring grids (Schiffer et al., 1989),
measuring oculars (Martin and Voss, 1982b) along
with much manual work. Instead of using tedious
manual measurements, as far back as thirty years ago
digital image analysis systems were introduced (Martin
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et al., 1984a). Now, modern methods for the histo -
morphometric examination of brain tumors include
methods for digital picture analysis (Nafe et al., 2000a).

The aim of morphometric studies has been to dis-
tinguish between some types and grades of gliomas.
Such analyses may be valuable due to the significance
of the glioma grade in a prognosis. In an effort to find
any significant set of morphometric parameters to
discriminate between gliomas according to their grades
or types, various histological structures have been in-
vestigated, including glioma nuclei (Nafe and Schlote,
2002b), glioma vessels (Wesseling et al., 1994) and
even nuclear DNA content (Nafe and Schlote, 2005),
and the latter is the most frequent subject of analysis.
The morphometric evaluation of histological structures
is based on an analysis of both planimetric (cross-
sectional areas (Nafe et al., 2000a), perimeter, maxi-
mum diameter (Nafe et al., 2000a; Nafe and Schlote,
2004) and volumetric parameters, such as nuclear
volume density (Adamek and Katuza, 1993). In order
to evaluate more complex properties of cells, shape-
related cellular nucleus parameters, such as aspect
ratio and the roundness factor are often examined
(Leon et al., 1996; Nafe et al., 1999). In turn, more
detailed morphometric studies apply Fourier analysis
to the outlines of objects/cellular nuclei (i.e., the
determination of Fourier amplitudes, which are in-
dependent morphometric parameters) (Leon et al.,
1996). The most advanced investigations employ
methods using topological analysis, such as the
determination of mean distances between nuclei or
the number of neighboring tumor cells (Kolles et al.,
1993). Apart from shape-describing parameters some
morphometry-based analyses employ what is known
as densitometry analysis to describe nuclear texture
parameters (Nafe and Schlote, 2003).

The basis for morphometric analysis are digital
images which show the histological sections of tissues
(Nafe and Schlote, 2004). Frequently, haematoxylin-
eosin staining is used for the purpose of morphometry
(Kros et al., 1992). This allows a description of
selected features of glioma cellular nuclei, due to the
relatively sharp contrast between cell nuclei and
surrounding tissue. In order to perform densitometry
analysis Fuelgen staining (showing the cellular nuclei
DNA content) (Cruz-Sanchez et al., 1997) and various
kinds of immunohistochemical staining are also applied
in neuro-oncological histomorphometric investigations
(Ricco et al., 1994; Sallinen et al., 2000).

Morphometric studies are usually supported by
simple statistical analysis to determine the mean values
of morphometric parameters and their standard de-
viations (Saito et al., 1994). A few authors have used
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more advanced statistical analysis such as statistical
tests, i.e., non-parametric Mann-Whitney U test (Nafe
and Schneider, 2000b) and discriminant analysis
(Glotsos et al., 2008). This approach is necessary to
justify the significance of differences noted between
analyzed cells/nuclei in relation to their histological
properties, using statistical quantitative procedures.
With gliomas, such investigations allow a shape-
based glioma classification (Nafe and Schlote, 2004).
The first investigation using morphological examina-
tions of gliomas for simple and automatic classifica-
tion was presented by Martin and VVoss many years ago.
Recently, morphometric-classification studies employ
more advanced classification algorithms including al-
gorithmic classifiers (Nafe et al., 2000; Nafe and
Schneider, 2000b) and neuronal networks (at present,
the most advanced approaches) (Kolles et al., 1995).

Nowadays, "medical” cellular morphometric analy-
sis is closely connected with graphical data analysis.
This is because the objects of analysis are stained
tissue sections. As an “easy” source of valuable sta-
tistical data there are a plethora of morphometric
approaches to facilitate the improvement of images.
The best example of this is one presented by Landini
and Perryer (2009). Their algorithm provides an
approach that makes a visual analysis of H&E images
possible even for a color-blind person. This also
makes further image transformations easier because of
a better contrast between a cell and its surroundings.
It should be emphasized that similar strategies may
make it possible to support (accelerate and improve)
modern histopatological methods of medical diag-
nostics, reducing the number of mistakes during the
diagnostic process (Nafe and Schlote, 2004).

Although many glioma classifications have been
established, new types are still being reported along
with their classification to the suitable malignancy
grade. These “sub-groups” vary in their responses to
treatment and in their final prognosis (Verhaak et al.,
2010). To date, only for glioblastoma multiforme
have four putative sub-types been defined as having
significant histological features. These are the proneu-
ral, neural, mesenchymal, and classical types (Cooper
et al.,, 2010). To meet the need for a robust and
efficient morphometric means of distinguishing bet-
ween them, systems enabling large-scale data pro-
cessing have recently been designed (Cooper et al.,
2010;Verhaak et al., 2010). These systems make it
possible to analyze a great variety of morphologic,
densitometric and topometric parameters using large-
scale data sets (e.g., The Cancer Genome Atlas (TCGA)
and the Repository for Molecular Brain Neoplasia
Data (REMBRANDT)) (TCGA Consortium, 2008;
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Madhavan et al., 2009). Unfortunately, many of these
systems are not freely distributed, so there is still a
need to develop robust, simple and efficient procedures
for image analysis using commonly available software.
In an effort to meet these requirements we propose
using the ImageJ software, which is freely distributed
by the U.S. National Institutes of Health (source:
www.rsh.info.nih.gov/ij) and which makes it possible
to perform shape-based morphometric studies of
microscopic images.

Our work is aimed at the design of a simple,
reproducible and semi-automatic procedure for the
morphometric analysis of H&E stained microscopic
images. In this paper we explore the possibility of
determining simple morphometric properties (e.g. the
longest perimeter, diameter, cross-sectional surface
area and other aspects) of glioma cell nuclei for
several types of gliomas using the easily available
software - ImageJ. The analytical details, therefore,
presented here have in mind any potential analyst (not
always experienced) who would like to perform a
preliminary morphometric analysis of brain gliomas.
This paper also examines the usefulness of the pro-
cedure suggested in terms of accuracy and reproduci-
bility. The results were obtained to verify morpho-
logical differences between various types of common
gliomas. In order address issues in future glioma clas-
sification the parameters of the morphometric study
were compared with tumor malignancy grades and
their histological origin. The data presented is impor-
tant to the extent that it justifies the usefulness of the
ImageJ software in our morphometric study. The
differences between groups were subjected to statistical
analysis. The reliability of the results are confirmed by
showing that they are consistent with findings from
more complicated automatic analytical tools. The diffe-
rences between the groups analyzed are subjected to
statistical analysis. Although several studies have in-
dicated that there exist some differences in the shape
and size of cells, little attention has been paid to dif-
ferences between individual cases. Thus, except from
analysis of groups of glial tumors (divided in relation

Table 1. A characterization of all cases analyzed.

to tumor grade or type), the authors also suggest a pre-
liminary study of the sources of differences (meaning
among parameters and their combinations) between
some gliomas.

MATERIALS AND METHODS
SAMPLE DESCRIPTION

Digital morphometric analysis was performed on
human autopsy samples stained with haematoxylin-
eosin, while 13 histopathological slides were prepared
and diagnosed in the Department of Neuropathology,
Institute of Neurology, Jagiellonian University, Medical
College in Krakow. All microscopic images were ex-
ported to the “tiff” format, conserving both the same
resolution (1280 x 960 which is equivalent to 310.7
pm x 233.0 um) and magnification. Nineteen other
cases were drawn from The Cancer Genome Atlasl
(TCGA) project data set (TCGA Consortium, 2008).
All images were captured at the same magnification
and adjusted to the same resolution as above. In all,
thirty two cases of brain gliomas were studied. These
comprised nine diagnosed histopatologically as glio-
blastoma multiforme (GM), seven cases of oligoden-
droglioma (O), four cases of anaplastic oligodendro-
glioma (OA), four cases of anaplastic astrocytoma
(AA), three cases of diffuse astrocytoma (ADm) and
five cases of gemistocytic astrocytoma (AG). A short
description of all cases, including symbols represen-
ting the sample, histopatological diagnosis, WHO-
grade, and the number of analyzed images is presen-
ted in Table 1.

DESCRIPTION OF PROCEDURE
APPLIED

The morphometric analysis included both image
post-processing and a determination of the morpho-
metric properties of cell nuclei. All image transfor-
mations and morphometric parameter calculations
were carried out using “ImageJ” software (source:
www.rsh.info.nih.gov/ij).

Case ID Diagnosis WHO grade Number of analyzed images
0] Oligodendroglioma 1 24 (7 cases)
OA Anapl. Oligodendroglioma 1l 15 (4 cases)
ADm Diffuse Astrocytoma I 13 (3 cases)
AG Gemistocytic Astrocytoma I 18 (5 cases)
AA Anaplastic Astrocytoma Il 15 (4 cases)
GM Glioblastoma [\ 26 (9 cases)
Sum (cases) 111(32)
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In order to single out the cellular nuclei in each
image, a few transformations were carried out.
“ImageJ” treats every black grouping as an object so
every cell in each image needs to be transformed into
black pixel groups on a white background (this is
called segmentation). The image transformations were
carried out in the following stages:

Scale-bar calibration;

e Color deconvolution, by means of a “Color de-
convolution” plugin (for vectors dedicated to

H&E images) (cf., Fig. 1);

Binarization of analyzed images (with one appro-
priate threshold);

Application of “Open” and “Close” morphological
transformations;

A “Fill holes” operation on the cell nuclei sur-
faces;

Separation of ‘bonded’ nuclei (watershed transfor-
mation);

Application of the “Erode” transformation;
The use of a median filter (radius = 2.0);

Application of the “Dilate” transformation, by
means of “Binary Dilate No Merge 8” plugin
(www.rsb.info.nih.gov/ij).

The results of the most important transformations
to make an image ready for morphometric analysis
are graphically presented in Fig. 1.

Finally, the data was transferred to ROl manager
to verify the segmentation quality. This tool facilitates
the marking of all analyzed object contours on the
original image. This operation allows for the correction
of unwanted artifacts (endothelial cells, vessels and
other non-glioma components) which occur as a result
of image transformations and also facilitates the mar-
king of weakly stained glial tumor cells.

Subsequently, for the quantitative characterization
of the geometric properties of glioma cell nuclei the
morphometric parameters were determined. The simp-
lest parameters, such as cross-sectional nucleus area
(A), perimeter (P) and the longest diameter (D, Feret’s
diameter) were determined. The more “complex” para-
meters were also calculated. One of them is circula-
rity (C). This parameter can be determined according
to equation (1) (Ferreira and Rosband, 2012).

Circularity describes the degree of similarity of an
object to a circle, i.e., for a circular object (Area =
[T*R? and Perimeter = 2*J[*R, where R is the length
of the radius of the circle) circularity is equal to one,
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while when a shape is more elliptical it is less than one.

Original Image

Segmentanon, flltratlon,
morphological transformations
N e R ._"! -

-: \,.\ .". .-

Measurements

Fig. 1. Stages of segmentation process.
C = (4*T]*Area)/(Perimeter?). 1)

A further parameter of morphometric analysis is
the aspect ratio (AR). This factor was calculated using
expression (2) (Ferreira and Rosband, 2012).

AR = (a_max)/(a_min), (2)

where: a_max — is the length of the major axis of
ellipse fitted to an object (um), a_min — is the length
of the minor axis of ellipse fitted to an object (um).
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The aspect ratio describes the object’s elongation.
It is clear that for a circular object (a_max =~ a_min)
the AR tends to one, but for elliptical objects (non-
circular, a_max >a_min) the AR is more than one.

The statistical data evaluation was performed using
the STATISTICA 10.0 package. Data were analyzed
by the method of descriptive statistics. Moreover, a
non-parametric Kruskal-Wallis test was applied to the
comparison of groups.

VERIFICATION OF APPLIED
PROCEDURE

To validate the presented algorithm (cf., Fig. 1), it
is crucial to evaluate the suggested procedure in
terms of accuracy and reproducibility. For this pur-
pose, two additional evaluations were carried out. All
calculations were based on the analysis of 6 small
(200 pm x 100 um) microscopic images (see Fig. 9)
showing the most representative areas of each ana-
lyzed tumor (one image for each kind of glioma).
Thus, we started by investigating the values obtained
using traditional manual counting/marking. To this
end, three independent evaluators, specialized in the
field of histopathology, marked — by computer mouse
- all outlines of cellular nuclei visible in each image
analyzed. Measurements of all manually marked cells
were carried out using Imagel. All non-glial elements,
including epithelial cells, were excluded from further
analysis. Following the manual measurements, each
evaluator calculated the set of the mean values of all
morphometric parameters taken into account for each
microscopic image analyzed (Fig. 9). Finally, based
on these three observations the mean values, along
with their unbiased estimations of standard deviation,
were calculated for all morphometric parameters. These
values were treated as a set of reference parameters.
In other words, these measurements gave us the oppor-
tunity to evaluate how the mean values of morphometric
parameters may vary from one manual measurement
to another. Secondly, using the semi-automatic proce-
dure (Fig. 1), each microscopic image was analyzed
10 times. All evaluations included the calculation of
representative mean values of ten measurements,
together with their unbiased estimators of standard
deviation. In turn, these measurements gave us an
opportunity to evaluate how the mean values vary
from one semi-automatic measurement to another.
Thus, based on these ten semi-automatic calculations,
reproducibility was calculated for each photo (glioma)
and for each morphometric parameter as a ratio of
their unbiased sample standard deviation and mean
value multiplied by 100%. Finally, the accuracy was
calculated for each microscopic image as the percentage
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difference between the mean value of a morphometric
parameter obtained via manual evaluation (standard
value) and the mean value obtained as a result of 10
repetitions (measured value) of a whole semi-auto-
matic procedure.

RESULTS

In this paper, the authors offer a simple and
reproducible algorithm for the morphometric analysis
of some glial tumors, along with a verification of the
procedure and a preliminary analysis of numerical
values. For this purpose over 39 000 cell nuclei were
measured. The statistical evaluation of data was per-
formed using two criteria of data separation. For the
first one, the results of the morphometric description
were analyzed in relation to the malignancy grade of
brain gliomas according to the latest WHO classifi-
cation (Louis et al., 2007). Tumors representing the
second (1), third (I11) and fourth (IV) malignancy
grade were studied. The distribution of the measured
objects in relation to malignancy grade is presented in
Fig. 2. This graph shows that the nuclei of grade IV
gliomas constituted the most numerous group and
those of grade I11 gliomas the least. The population of
grade Il gliomas is somewhere between those of
grades Il and 1V. The second criterion involved the
tumor type. In this case the results of the morpho-
metric analysis of brain glioma nuclei were divided
onto six groups according to histopathological recog-
nition of tumors. The distribution of the cardinality of
measured nuclei with respect to histological origin is
presented in Fig. 3. This diagram shows that there
were the most of GM nuclei analyzed. On the other
hand, the smallest population out of the cells ana-
lyzed is that of O cellular nuclei.
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Fig. 2. The distribution of measured cellular nuclei in
relation to their malignancy grade.

Using each method of separation for all morpho-
metric parameters, the group mean values, standard
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errors of the mean values and the width of confidence  in Figs. 4 and 5, showing tumors of different grades
interval were calculated. These values are presented  of malignancy and various tumors types, respectively.
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Fig. 3. The distribution of measured cellular nuclei in relation to glioma type.
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In order to verify the variability of geometric
features for a given type of glioma, an individual
comparison of morphometric parameters within the
given group of gliomas was performed. Such analysis
was carried out for seven cases of oligodendroglioma,
four cases of anaplastic oligodendroglioma, nine cases
of glioblastoma multiforme, five cases of gemistocytic
astrocytoma and four cases of anaplastic astrocytoma.
Due to the relatively low number of cases, the results
for diffuse astrocytoma are presented in Fig. 7 with-
out further statistical analysis. For a visual representa-
tion of the mean values of morphometric parameters
for all oligodendroglioma tumors (oligodendroglioma
and anaplastic oligodendroglioma), astrocytic gliomas
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(gemistocytic astrocytoma, diffuse astrocytoma and
anaplastic astrocytoma) and glioblastoma multiforme
taken into account, the reader is referred to Fig. 6,
Fig. 7 and Fig. 8, respectively.

As mentioned above, the differences between the
analyzed groups, for each criterion of data separation,
and for all analyzed morphometric parameters were
verified using the non-parametric Kruskal-Wallis test
(H). A non-parametric test was applied because the
data set did not fulfill the criteria required for para-
metric statistical tests. As mentioned above, due to
the relatively low number of cases representing diffuse
astrocytoma, this group was excluded from deeper
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statistical data retrieval. The overall measurement significant differences between given cases were
results of the Kruskal-Wallis test are summarized in  observed, are presented in Tables 2-4; i.e., first row
Tables 2-5. In particular, Tables 2-4 show all para-  of Table 2 may be interpreted as follows: between O1
meters for which differences between analyzed cases and O7 cases only one statistically significant diffe-
within a given tumor type were observed. These tables  rence in relation to the circularity parameter was ob-
were constructed using the results of the Kruskal-  served. On the other hand, for OA cases there were
Wallis test for multiple comparisons, meaning that all ~ no statistically significant differences in relation to
glioblastoma, oligodendroglioma, etc. cases are com-  the circularity parameter.
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The percentage differences relating to each para-
meter among various glioma types are presented in
Table 5. This value was calculated for each tumor
type based on the results attached in Tables 2-4, and
in particular the ratio of the number of statistically
significant differences for a given parameter to the
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number of all comparisons for this parameter (bet-
ween various individuals). Additionally, the mean
values of the percentage differences for each glioma
type were calculated. The data presented in Table 6
show those morphological parameters for which dif-
ferences between various tumor types were found.



Circularity [a.u.]

SUROWKA AD ET AL: A morphometric characterization of brain gliomas

« Mean
EMean+Standard dev.
T Mean+0,95 Confidence int.

&
L
5 ?

:

24

GM1 GM2 GM3 GM4 GMS GM6 GM8 GM9 GMI10

Case number

b)

.
Y

x

8,8
8,6
& 8,4
82
8,0
7,8
7,6
7,4
7,2
7,0
6,8

ot
Diameter [um]

6,6

GM1 GM2 GM3 GM4 GM5 GM6 GM8 GM9 GMI0

Case number

d)

GM1I GM2 GM3 GM4 GM5S GM6 GMS GM9 GMI0
Case number

5 7

GM1

GM2 GM3 GM4 GMS GM6 GM8 GM9 GMI0

Case number

22,0
215
E 21,0
=
= 20,5

ete

£ 20,0

19,5
g

19,0

1

Per

18,5

i

:
@ @ﬂ

;

GM1 GM2 GM3 GM4 GM5 GM6 GM8 GM9 GMI0

e)

Case number

Fig. 8. Comparison of mean values of morphometric parameters between all glioblastoma cases, where: a)
aspect ratio; b) area c) circularity d) diameter e) perimeter.

The results of validation procedure including, among
others the values of accuracy and reproducibility are
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shown in Table 7. In turn, all images used in our
verification procedure are presented in Fig. 9.
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Fig. 9. Set of images used as a validation set. Each image is 100 um x 100 pum in size.

Table 2. Results of Kruskall-Wallis test. Sets of parameters with differences (p < 0.05) between analyzed oligo-
dendroglial cases.

Types of compared oligodendrogliomas

Number of parameters Parameter(s) o) OA
1 C (1): 1-7; 0**
P.C (2): 2-5; 3-6; 0**
2 P,D (1): 2-4; 0**
C, AR (2): 2-3; 5-6; 0**
AP,C (1): 4-6; 0**
AP, D (2): 1-4; 1): 4-2;
3 A, P, AR (2): 2-6; 0**
A, C, AR O** (1): 4-5;
P,C, AR (1): 3-5; 0**
APCD (7): 1-3,6;7-2,3; 4-5,7; 5-7 (3): 1-2,4; 3-2;
4 AP,D,AR (1): 6-7; 0**
P,.C,.D,AR 0** (1): 1-5;
5 ALL (2): 1-2,5;* (4): 3-1,4,5; 5-2;*
0 NOT (1): 3-4; 0**

*The comparisons with differences in relation to all parameters are in bold. **Differences not found.
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Table 3. Results of Kruskall-Wallis test. Sets of parameters with differences (p < 0.05) between analyzed astro-

cytic cases.
Type of compared astrocytomas
Number of parameters Parameter(s) AA AG
1 A 0** (2): 1-2;
AR 0** (2): 1-4; 2-3;
9 AP 0** (1): 1-3;
C, AR 0** (2): 1-5; 4-5;
3 C,D, AR (1): 2-4; 0**
AP,CD (2): 4-5; (2): 3-4;
4 A, P, C, AR (1): 3-4; 0**
A,P,.D,AR (1): 2-3; 0**
5 ALL (2): 5-2,3* (3): 2-4,5; 3-5;*
0 NOT 0** 0**

*The comparisons with differences in relation to all parameters are in bold. **Differences not found.

Table 4. Results of Kruskall-Wallis test. Sets of parameters with differences (p < 0.05) between analyzed glio-

blastoma multiforme cases.

N GM: Pairs of cases indicating statistically significant
umber of parameters Parameter(s) di .
ifferences related to given set of parameters
1 C (1): 3-10;
AC (1): 4-8;
2 C,D (3): 1-10; 5-6; 5-10;
C,AR (5): 2-6;3-5,6; 4-10; 6-10;
AP, D (1): 9-10;
A C,D (2): 1-8; 2-10
3 A, C, AR (2): 1-9; 4-9;
P,C, AR (2): 1-6; 4-6;
P,D, AR (2): 1-2;
C,D, AR (2): 1-5; 8-9;
AP.CD (4): 2-8,9; 3-8; 5-9;
4 AP,D,AR (1): 5-8;
A,C,D,AR (1): 3-9;
P,C,.D,AR (2): 2-4; 4-5;
5 ALL (3): 6-8,9; 8-10;*
0 NOT (5): 1-3,4; 2-3,5;3-4

*The comparisons with differences in relation to all parameters are in bold.

Table 5. The percentage of differences regarding each parameter among various glioma types.

Type Area Per Circ Diameter AR Mean
@] 62 81 81 57 33 63
OA 100* 83 100* 83 67 87*
AG 90* 60 90* 60 90* 78
AA 83 83 83 83 83 83
GM 42 36 78 53 56 53

*The percentages with the most differences (>85%) are in bold.
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Table 6. Results of Kruskall-Wallis test. Sets of parameters with differences (p < 0.05) between analyzed types

of gliomas.
Number of parameters Parameter(s) Types of_gl?omas i_ndi_cgting an occurrence of
statistically significant differences

1 AR (1): AA-G;

3 A P, D (2): AA-AG; ADm-0;

4 AP.CD (4): OA-AA, ADm; AG-OA; O-OA
AP,D,AR (3): ADm-AA AG; AG-0; AA-OA

5 ALL (5): GM-AA, ADm, AG, O, OA%*;

0 NOT 0**

*The comparisons with differences in relation to all parameters are in bold. **Differences not found.

Table 7. Comparison of numerical values of morphometric parameters obtained during manual measurements,
automatic measurements, together with accuracy and reproducibility parameters.

Type |Numberofcells| Area[um?] | Perim[um] | Circ [a.u.] | Feret[um] | AR[au]
Values calculated by three independent histopathologists
AA 711 279+£04 19.8+£0.2 0.87 £0.01 75+0.1 152 +£0.01
ADm 381 27.3+£0.7 194+0.1 0.88 £0.01 7.29 £0.03 1.48 £ 0.05
AG 22+1 191+04 16.8+0.1 0.81£0.01 6.41 +£0.04 1.65 +0.05
GM 97+3 31.8+£0.6 21.5+£0.2 0.84 £0.01 8.30£0.04 1.66 + 0.02
) 85+2 30.3+0.6 20.3+0.1 0.889 + 0.001 75+01 1.38 £0.01
OA 83+1 33.1+£0.9 21.3+£0.3 0.891 + 0.001 7.9+0.1 1.43+£0.03
Values calculated by means of ImageJ*
AA 72 +1 (1.4%) [27.6+0.5 (1.1%)[19.7 + 0.2 (<1%)[0.874 + 0.004 (<1%)| 7.4 + 0.1 (1.4%) [1.45 + 0.02 (4,8%)
ADm | 37+1(2.7%) [27.6+0.7 (1.1%)19.5 + 0.3 (<1%) | 0.88+0.01 (<1%) | 7.3+ 0.1 (<1%) | 1.4+ 0.2 (4.1%)
AG 21+1(<1%) | 19.7 + 0.4 (3%) |16.7 0.2 (<1%)| 0.84 +0.01 (3,6%) | 6.3 + 0.1 (1.7%) [1.55 + 0.04 (6.1%)
GM 99 +1(2.1%) |31.8+0.8(<1%)|21.4 +0.3 (<1%)| 0.84 +0.01 (<1%) 8.1+ 0.1 (2.4%)|1.58 + 0.02 (4.8%)
0 84 +1 (1.2%) |30.5+ 0.6 (<1%)|20.4 + 0.3 (<1%) |0.883 + 0.003 (<1%)| 7.5 + 0.1 (<1%) |1.34 + 0.01 (2.9%)
OA 84+ 1 (1.2%) |32.0+0.7 (3.3%)/20.9 + 0.3 (1.9%)/0.892 + 0.003 (<1%)| 7.5 + 0.1 (5.1%) |1.33 + 0.02 (3.5%)
Reproducibilty [%]
AA 99.0 98.3 99.1 99.6 98.9 98.9
ADm 97.7 97.4 98.6 99.3 98.5 98.8
AG 97.9 98.2 98.9 98.3 98.9 97.4
GM 99.3 97.5 98.7 99.3 98.5 99.7
) 99.0 97.7 98.8 99.6 98.9 99.2
OA 99.3 97.9 98.7 99.6 98.5 98.3

*Value in parenthesis represents the percentage difference between the mean value of a given parameter by means of

presented algorithm and manual marking.

DISCUSSION

As shown in Fig. 9 oligodendroglioma cells exhibit
the most circular shape compared with other gliomas
(Engelhard et al., 2002). This is a natural consequence
of the histological origin of this tumor, which shares
the most common histological properties with oligo-
dendrioma cells (Engelhard et al., 2002). This obser-
vation is justified by our morphometric analysis. We
found that oligodendrioma tumors show the lowest
value of aspect ratio (the tendency towards a regular-
circular shape, cf., Fig. 5). Moreover the data pre-
sented in Fig. 6 and in Table 5 suggest that this group
is relatively the most homogenous regarding aspect
ratio (AR). It was also observed that two individuals
with pure oligodendroglioma (i.e., O1 and O7) exhibit
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many statistically significant differences in relation to
most morphometric parameters, including perimeter,
diameter and area (Table 2). This suggests that in the
cellular nuclei of individual glioma cases, there can
be radical changes of shape and size. Furthermore, it
can be seen that they indicate the highest mean values
of these parameters compared with other oligodendro-
glioma cases (cf., Fig. 6). However, most cases are
rather homogenous in relation to all the morphometric
parameters analyzed. Interestingly, there are also
statistically significant differences between two major
oligodendroglioma types, those being oligodendro-
glioma and its anaplastic form — anaplastic oligoden-
droglioma (higher grade Ill, cf. Table 6). As follows
from Table 6, there are in these types of gliomas
many statistically significant differences in relation to
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the parameters of area, perimeter, circularity and
diameter. This observation implies that the anaplasia
of oligodendrioma cells may affect the elongation,
shape and size of the nucleus. In particular, cellular
nuclei belonging to OA exhibit the biggest mean
values of area and perimeter compared with O (see
Figs. 5, 9 and Table 6). The mean value of area for O
is 26 um?, while for OA it is 28 um® Furthermore,
the mean value of circularity (C) is 0.903 for O and
about 0.884 for OA showing that the increase in the
malignancy grade of oligodendroglioma tumors coin-
cides with distinct changes in the shape of nuclei (cf.,
Fig. 9). All the results mentioned above are consistent
with other morphometric studies which contain com-
parable observations (i.e., Nafe et al., 1999). Further-
more, for OA individuals we observed the most indi-
vidual differences for all morphometric parameters
(cf., Table 5). More precisely, these cells may exhibit
the most individual differences in relation to area,
circularity and diameter compared with other types.
This suggests that the anaplasia of oligodendrioma
tumors may affect the homogeneity of both cell shape
and size.

Astrocytic tumors were also featured in our study.
As follows from Fig. 9 the cell nuclei of astrocytic
tumors are more elongated and non-circular than those
of oligodendrioma tumors (Dymecki and Kulczycki
2005; Cooper et al., 2010). Three types of astrocytic
tumors were analyzed - anaplastic astrocytoma (AA,
grade 1), gemistocytic astrocytoma (AG, grade I1)
and diffuse astrocytoma (ADm, grade Il). Based on
the results of the Kruskal-Wallis test (cf., Table 6,
Fig. 5), we found that the AG and ADm astrocytoma
cells have statistically significant bigger mean values
of area, perimeter and diameter compared with pure
oligodendroglioma (O) cases. In other words, all
astrocytoma nuclei reveal significant changes in
shape compared with those of oligodendroglioma.
Moreover, AG, ADm and AA (especially AA) show
higher mean values of AR compared with all
oligodendrogliomas (oligoendrogliomas are less
elongated — see Fig. 9) analyzed. It was also observed
that the mean values of the circularity parameter are
usually lower for AG and AA than for oligodendrioma
(O) cases (see Fig. 5). In other words, these astrocytic
cells are more non-circular than pure oligodendrioma
(O) ones. These findings are consistent with previous
histopathological observations (Dymecki and Kulczycki
2005; Cooper et al., 2010) and with other morphometric
studies of this family of neoplasmas, providing further
confirmation of the good quality of the results ob-
tained (Nafe et al., 2000; Sallinen et al., 2000). It is
interesting that astrocytoma tumors show an increase
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in AR with increasing malignancy grade (from 1l-nd
[i.e., ADm] to Ill-rd [i.e. AA] grade). These are
similar to the findings of Ricco, et al. (Ricco et al.,
1994). As can be seen in Fig. 5, all astrocytic tumors
show a decrease in area and circularity as the
malignancy grade of tumors belonging to this family
increases (i.e., grade Il AA have the lowest mean
area values, while grade Il ADm has the highest).
These observations are not in conflict with other
studies of this family of neoplasmas because parallel
results were reported by (Nafe and Schlote, 2004b).
However, these authors presented only a comparison
of area and roundness (the roundness factor being
analogous to the concept of circularity used in our
work). Nevertheless, they found that the area mean
values of all grade Il astrocytomas are higher that the
values obtained for AA, and this is consistent with
our study. It should be mentioned that all AA and AG
cases show some statistically significant differences
among individual members of these groups (see Fig.
7, Table 3). This may highlight individual variations
in the shape and size of these nuclei. As can be seen
in Table 5 astrocytic tumors overall show the most
individual differences in relation to aspect ratio (see
Table 3), which would be the source of individual
variation in cell elongation. However, it is very difficult
to find analogous observations in the literature be-
cause most authors usually analyze glial tumors using
large scale data sets, without comparing individual
cases.

According to histological observations glioblastoma
is the most distinctive brain glioma (Van den Bent,
2008). As shown in Fig. 9, its cells are bigger, and
more elongated compared with other gliomas (Kong
et al., 2011). It can be seen that our morphometric
study provided similar observations as well. From
Fig. 3 it is obvious that many more cases had to be
analyzed, because of the level of internal cell varia-
bility. As can be seen from Table 4 and Fig. 8 both
statistical data analysis and a visual evaluation of the
mean values of differences of morphometric parame-
ters imply that GM constitutes a family of neoplasmas
within which there are some significant differences.
These observations highlight the histological variability
of these cells, as suggested in other work (Nafe and
Schlote, 2004). As regards morphologic properties
we observed that GM shows the highest mean values
of aspect ratio, which implies that these tumors have
the most elongated nuclei (cf. Fig. 5). Interestingly,
we noticed that OA cells are much smaller and less
circular than GM (Fig. 5). This observation on cir-
cularity is not common in other histology-related
works in the literature (Nafe and Schlote, 2004).This
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may be explained by certain properties peculiar to the
particular OA cases used in this study.

It is also worth noting that recent studies show
that glioblastoma seems to be the most problematic
from a morphometric point of view (Cooper et al.,
2010). Firstly, an overlap with data coming from
other tumors is observed (Nafe and Schlote, 2004).
Secondly, as mentioned above (see Introduction),
recent studies (carried out on the TCGA data set)
show that there may be four clinically significant
“sub-families” of glioblastoma, namely proneuronal,
neuronal, mesenchymal and classical (Verhaak et al.,
2010). The classification issue thus raised is based on
an analysis of genomic abnormalities observed among
GM affected individuals. This information is highly
valuable because these types might vary in relation to
severity and stage (Cooper et al., 2010), suggesting
some variation in the individual properties of cellular
nuclei. Right now, there is much evidence which
gives an insight into the morphometric classification
of these sub-types (Cooper et al., 2010). However,
one must be careful when positing subgroups and
analyzing the properties of big groups of glioblastoma
multiforme cases in terms of average values alone. It
is clear that one of the main challenges for modern
morphometric studies is to overcome problems with
the correct classification of glioblastomas (Cooper et
al., 2010; Kong et al., 2011). These classification
issues hinder morphometric studies of glioblastomas,
because it might prove difficult to determine the
representative mean value of a parameter for an
apparent single group (GM), when it may actually
split into several “sub-groups”.

Based on the analysis of Fig. 4 and the results of
the Kruskal-Wallis test, it was noticed that mean
values of all morphometric parameters, calculated se-
parately for each glioma grade (lII, 1lI, 1V) indicate
that there are statistically significant differences rele-
vant to all parameters. Interestingly, the mean values
of the AR and C parameters exhibit an interesting
association with the level of glioma grade; that is, AR
increases the higher the grade, while C decreases (cf.,
Fig. 4). This suggests that the most malignant gliomas
are more elongated and less circular than those of the
second and third grades. It is clear that this obser-
vation is a natural consequence of gliomas belonging
to families of certain grades, viz. the most circular
oligodendrolgiomas (grade 11) and the most elongated
glioblastomas (grade 1V). For a visual representation
of the interdependence of aspect ratio with malig-
nancy grade the reader is also referred to Fig. 9,
where this is partially visible. It is also worth noting
that although these results do not provide any new
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insight on the properties of brain gliomas to the best
of our knowledge, there is no contribution in the lite-
rature which has analyzed and presented morpho-
metric findings which show a similar relationship.

As shown in Fig. 4, since both an increase in the
aspect ratio and a decrease in circularity coincided
with increasing malignancy grade, it seems possible
that these results are due to type of glioma in each
grade in this specific study. In particular, as shown in
Fig. 9, one can notice that OA and AA cases re-
present malignant grade I11. However, as presented in
Fig. 4, these types of gliomas have generally lower
mean values of area, diameter and perimeter compa-
red to the other glioma subtypes. This remark, there-
fore, suggests that area, perimeter and diameter are
less useful measures for distinguishing malignancy
grade than the aspect ratio and circularity (Fig. 4). In
short, this overall conclusion is consistent with other
findings found in the literature, suggesting that our
procedure produced results which corroborate of a
great deal of the previous work in this field (Nafe and
Schlote, 2004).

To illustrate the quality of the algorithm presented,
an analysis of accuracy and reproducibility factors
was performed. Based on the results presented in
Table 7, one may conclude that the percentage diffe-
rence (here, accuracy) between the mean values of
morphometric parameters obtained via manual and
automatic counting did not exceed 5%, except for the
AR parameter in the case of ADm (6% difference,
Table 7). This anomaly may be due to the fact that
these cells have an irregular shape, together with the
occurrence of lightly stained artifacts/nuclei. This
may also generate many problems for the appropriate
classification of an object as an actual nucleus, both
for the manual practitioner and the computer. How-
ever, the method here outlined may be an effective
way to improve manual morphometric measurements
of glial nuclei, because these differences uncovered
are usually robust. As can be seen from Table 7, the
AR parameter indicates the lowest relative accuracy.
This fact might be the result of errors arising from
evaluation of minor and major axes (a_min, see Eq.
2) and from the calculation of their ratio. As regards
reproducibility, the mean values of such parameter
did not usually exceed 5%, and the calculations of
circularity were of the best quality. On the other
hand, the evaluations of area exhibit the lowest, but
still adequate reproducibility. The latter may be due
to small variations in the manual binarization of ana-
lyzed images. To overcome this problem, it is neces-
sary to adopt an automatic (adaptative) alternative for
the binarization needed in our procedure.
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CONCLUSIONS

The results of our work show that the semi-auto-
matic algorithm presented is completely applicable to
the morphometric analysis of images of haemato-
xylin-eosin stained tissue sections. It should be
mentioned that for gliomas indicating relatively high
cell density some problems with cell segmentation
and separation may occur. In such cases cells were
therefore (eventually) manually marked. Thus, the
results of the statistical analysis of the data suggest
the presence of statistically significant differences
between particular glioma grades of malignancy and
tumor types in relation to some simple morphometric
parameters. For example, the mean value of the aspect
ratio increases with increasing malignancy grade and
the cellular nuclei of glioblastoma multiforme have
the biggest mean values of aspect ratio compared to
the other gliomas. These results could be applied to
morphometry-based glioma differentiation and diag-
nostic neuro-oncology.

In our study we designed, applied and verified a
methodological approach that may be applied as a
method for the quantitative description of brain
gliomas. We would emphasize that we presented the
approach for the purpose of morphological analysis,
rather than to perform a complete morphometric
study as such. We would hope that this work can be
used as an instruction tool for those who need to do
any morphometric analysis of brain gliomas.
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