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ABSTRACT
Grey level co-occurrence matrix analysis (GLCM) is a well-known mathematical method for quantification
of cell and tissue textural properties, such as homogeneity, complexity and level of disorder. Recently, it
was demonstrated that this method is capable of evaluating fine structural changes in nuclear structure
that otherwise are undetectable during standard microscopy analysis. In this article, we present the results
indicating that entropy, angular second moment, variance, and texture correlation of lymphocyte nuclear
structure determined by GLCM method are different in thymus cortex when compared to medulla. A total of
300 thymus lymphocyte nuclei from 10 one-month-old mice were analyzed: 150 nuclei from cortex and 150
nuclei from medullar regions of thymus. Nuclear GLCM analysis was carried out using National Institutes of
Health ImageJ software. For each nucleus, entropy, angular second moment, variance and texture correlation
were determined. Cortical lymphocytes had significantly higher chromatin angular second moment (p <
0.001) and texture correlation (p < 0.05) compared to medullar lymphocytes. Nuclear GLCM entropy and
variance of cortical lymphocytes were on the other hand significantly lower than in medullar lymphocytes (p
<0.001). These results suggest that GLCM as a method might have a certain potential in detecting discrete

changes in nuclear structure associated with lymphocyte migration and maturation in thymus.

Key words: texture analysis, GLCM matrix, CD4, CD8, gene.

INTRODUCTION

During the past several decades, there have been
numerous research efforts to design and implement
a simple, accurate, and affordable computational
biology method for quantification and evaluation
of nuclear architecture. Many of the developed

Correspondence to: Igor Pantic
E-mail: igor.pantic@mfub.bg.ac.rs /
igorpantic@gmail.com

techniques include image analysis of cell cultures
and stained tissue micrographs, and they combine
standard morphometric measurements with second
and higher order statistical parameters. One of the
recently applied techniques that include second
order statistical texture analysis is the so-called
grey level co-occurrence matrix method (GLCM).
GLCM isarapid mathematical method for assessing
image structural properties, such as homogeneity,
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complexity and level of disorder. It was introduced
in the work of Haralick et al. (1973), who have
established a total of 14 parameters based on
pixel pair grey level occurrences within a grey
scale image. In time, GLCM was successfully
applied in nuclear magnetic resonance imaging
(Li et al. 2009), computed tomography (Huber
et al. 2011) and other clinical research areas.
In fundamental medical and biology research,
Shamir et al. demonstrated that tissue GLCM
entropy is an indicator of tissue age-related
structural degradation (Shamir et al. 2009). Losa
et al. suggested that in cell cultures, GLCM
parameters of nuclear structure may be important
for evaluation of chromatin structural changes
during apoptosis (Losa and Castelli 2005).

Today, of all GLCM parameters, entropy,
angular second moment (ASM), variance and
texture correlation are perhaps most commonly
used in experimental and clinical medicine (Shamir
et al. 2009, Pantic and Pantic 2012, Pantic et al.
2012a, Losa and Castelli 2005, Li et al. 2009,
Alvarenga et al. 2010). In recent research carried
out by our laboratory, we have suggested that
GLCM entropy and angular second moment can be
successfully used to evaluate structural properties
of a secondary lymphoid organ. In immunized
guinea-pigs, entropy of spleen germinal centers
was negatively correlated with humoral immune
response, indicating that entropy may be a good
predictor of structural deterioration and degradation
that occurs in spleen germinal center tissue (Pantic
and Pantic 2012). Also, in another study, we found
that in germinal center light zones (where the
process of B-lymphocyte selection takes place),
entropy and angular second moment of lymphocyte
nuclear structures are related to the nuclear size
(Pantic et al. 2012a). These results suggested that
nuclear GLCM parameters may be good indicators
of structural changes that follow the shrinkage
of nuclei during early stages of programmed cell
death (apoptosis) in spleen white pulp.

An Acad Bras Cienc (2013) 85 (3)

Unlike secondary lymphoid organs, there
are virtually no data regarding primary lymphoid
organ nuclear GLCM properties. In this article,
we present the results indicating that lymphocytes
located in thymus cortex have significantly diffe-
rent nuclear entropy, ASM and correlation, when
compared to the lymphocytes located in thymus
medulla. These findings suggest that GLCM as a
method might be capable of detecting fine structural
changes in cell nuclei associated with migration
and maturation of thymus lymphocytes.

MATERIALS AND METHODS

Thymus tissue was obtained from 10 male one-
month-old Swiss white albino outbred mice. All
animals were previously bread and kept under
same laboratory and environmental conditions
(standard laboratory diet, ambient temperature of
22°C, natural light cycle). The research followed
the rules presented in the Guide for the Care and
Use of Laboratory Animals, published by the U.S.
National Institute of Health (NIH Publication No. 85
— 23, revised 1985). The principal investigator (IP)
had an authorization from the Ethical Commission
of the University of Belgrade, School of Medicine,
and the Serbian Ministry of agriculture for the
experimental work with the laboratory animals
(Approval No. 323-07-03985/2012-05/1).

Thymus fixated in Carnoy
solution, mounted on glass slides (5 micrometer
thickness), and stained with hematoxylin/
eosin (H/E). An Olympus C-5060 Wide Zoom
digital camera instrument with an oil immersion
objective (x1,000 magnification) of Olympus

tissue was

BX41 microscope (1 pixel equaled 0.048 um)
was used for micrograph acquisition similarly to
our previous study (Pantic et al. 2012a). A total
of 300 thymus lymphocyte nuclei (30 randomly
selected non-overlapping lymphocyte nuclei from
each animal) were analyzed: 150 from cortex (15
per animal) and 150 from medullar regions (15 per
animal) of thymus (figure 1).
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Figure 1 - Digital micrographs (1,000x magnification) of thymus cortex (A) and medulla (B).

Nuclear image acquisition was done after
creating an automatic threshold of the nuclear
boundaries in 8-bit format using National
Institutes of Health Imagel (version 1.44p)
software. The following protocol was used for
each nucleus. The digital micrographs of thymus
cortex/medulla in tiff format were converted to
8-bit (ImageJ>Type>8-bit). The converted 8-bit
micrographs were then processed using the function
ImageJ>Adjust>Threshold. During the visualization
of the nuclei in ImageJ software, two independent
histology experts determined the values of the upper
and lower threshold level settings, which in their
opinion, provided the most accurate quality of the
segmentation. Upper threshold level was set to 110
while lower threshold level was 0. Although this
visual evaluation of automatic image processing
is subjective in nature, we assume that it has not
significantly influenced the final results, as the
values of GLCM parameters depend much more on
textural patterns of the interior of the nuclei, than on
precision of nuclear boundary determination. The
sample of non-overlapping lymphocyte nuclei was
selected by “Wand tracing tool” (Mode: Legacy,
Tolerance:0.0) and cropped (ImageJ>Image>Crop).
After the cropping process, individual nuclei images
were analyzed by GLCM method.

GLCM method was first introduced in 1973,
by Haralick et al. who developed a method able
to quantify spatial relationship between grey
tones (pixel brightness values) in an image. This

method uses “second order” statistics, which
means that it estimates the relationship between
groups of two resolution cells (pixels) separated by
a defined distance d. GLCM analysis in our study
was carried out by ImageJ and its texture analysis
plugins developed by Julio E. Cabrera, and Toby
C. Cornish.

Grey level co-occurrence matrix entropy,
angular second moment, variance and correlation
for each nucleus were calculated based on the
following formulas:

Entropy =— 2. 2. p(i, J) log(p(i, i))
]

Angular second moment= . > {p(i, j)}?
[

Variance = Z Z (i = )?p(i, J)
i

i Zj(ij) P, J) — gy

Correlation =

where i and j are coordinates of the co-
occurrence matrix, whereas o and p represent means
and standard deviations of p, and p, for a selected
distance d and angle 0 (Haralick et al. 1973).

GLCM parameters were determined separately
for direction angles 0 equal to 0°,45°, 90° and 135°,
aswell as distances d=1,d=2 and d =3, after which
the average values were calculated similarly to the
work of Losa and Castelli (2005). This way, a total
of 3,600 individual GLCM measurements were
calculated. For details regarding the mathematical
protocol of the study, the reader is referred to our
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previous articles on this subject (Pantic and Pantic
2012, Pantic et al. 2012a), the work of Haralick
et al. (1973), as well as technical data of National
Institutes of Health ImageJ software.

Statistical analysis was done using GraphPad
Prism software (La Jolla, CA, USA) and SPSS
statistical package (v. 10; SPSS Inc., Chicago,
IL, USA). Student’s t-test was used to determine
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possible statistically significant difference between
cortical and medullar lymphocytes.

RESULTS

Average values of GLCM entropy, angular second
moment and correlation for different GLCM
distances d are presented in table I. All parameters
presented statistically significant difference.

TABLE |
Average values of chromatin entropy, angular second moment,
variance and correlation for different GLCM distances (d).

GLCM feature d=1 d=2 d=3
Cortex 6.389+0.253 6.537+0.264 6.611+0.270
Entropy Medulla 6.510+0.280*** 6.675+0.294*** 6.756+0.301***
Angular second Cortex 0.0021+0.0006 0.0018+0.0005 0.0016+0.0005
moment Medulla 0.001940.0007*** 0.0016+0.0006*** 0.0014+0.0006***
. Cortex 174.3+102.8 170.8+98.1 170.8+96.4
Variance
Medulla 216.4+ 108.5*** 212.1+£104.3*** 211.4+102.9%**
Correlation Cortex 0.0065+0.0030 0.0058+0.0025 0.0048+0.0019
Medulla 0.0055+0.0038* 0.0050+0.0033* 0.0043+0.0027*

*p<0.05, **p<0.01, ***p<0.001.

For distance d = 1, mean entropy was 6.389 +
0.253 for cortical lymphocytes and 6.510 + 0.280
for medullar lymphocytes. The difference between
the two lymphocyte populations was statistically
highly significant (p < 0.001, figure 2). Average
angular second moment for cortical lymphocytes
was 0.0021 £+ 0.00006, and it was significantly higher
than the ASM of medullar lymphocytes (0.0019 +
0.0007, p <0.001, figure 2). Mean GLCM variance
in cortical and medullar lymphocytes were 174.3 +
102.8 and 216.4 £ 108.5, respectively (p < 0.001).
Mean texture correlation of cortical lymphocytes
was significantly higher than correlation of
medullar lymphocytes (0.0065 + 0.0030 versus
0.0055 £ 0.0038, p < 0.05, figure 2).

For distance d = 2, mean entropy was 6.537 +
0.264 for cortical lymphocytes and 6.675 + 0.294
for medullar lymphocytes. The entropy of medullar
lymphocytes was significantly higher (p < 0.001,
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figure 2). Similar results were found for textural
variance (p < 0.001; 170.8 + 98.1 versus 212.1 +
104.3). Cortical lymphocyte population had higher
ASM (0.0018 + 0.0005 versus 0.0016 + 0.0006, p
<0.001, figure 2) and texture correlation (0.0058 £+
0.0025 versus 0.0050 &+ 0.0033, p < 0.05, figure 2).

For distance d = 3, mean ASM was 0.0016 +
0.0005 for cortical lymphocytes and 0.0014 + 0.0006
for medullar lymphocytes. The difference between
the two lymphocyte populations was statistically
highly significant (p < 0.001, figure 2). Cortical
lymphocyte population had lower entropy (6.611 +
0.270 versus 6.756 = 0.301, p < 0.001, figure 2) and
variance (170.8 + 96.4 versus 211.4 + 102.9) as well
as higher texture correlation (0.0048 £ 0.0019 versus
0.0043 £0.0027, p < 0.05, figure 2).

Of all determined parameters, entropy in
both thymus regions showed the highest degree
of homogeneity with inter and intra-individual
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Figure 2 - GLCM entropy (a), angular second moment (b), correlation (c) and variance (d) of

thymus cortical and medullar lymphocyte nuclei.

variability lower than 10%. There was no significant
difference in GLCM parameters between individual
animals (ANOVA, p > 0.05).

Foreach GLCM parameter a receiver operating
characteristic (ROC) curve was constructed to
illustrate the performance of the parameter as a
binary classifier of lymphocyte nuclei in terms of
their location in thymus. As presented in figure 3,
the areas under the ROC curves were 0.652 for
entropy, 0.649 for angular second moment, 0.626
for correlation and 0.637 for variance.

DISCUSSION

The results of our study suggest that lymphocytes
of thymus medulla might have higher nuclear
GLCM entropy and variance than lymphocytes
in thymus cortex. Angular second moment and
texture correlation are on the other hand lower
in medullar lymphocytes. In biology research,
these GLCM parameters are generally seen as
indicators of cell/tissue structural complexity
and heterogeneity. High entropy and variance
usually implies elevated level of disorder and
disorganization, whereas angular second moment
is a measure of homogeneity (Shamir et al. 2009,

Haralick et al. 1973). Texture correlation is a
measure of grey level linear dependencies in a
micrograph (Haralick et al. 1973) and can have
values from 0 (uncorrelated micrograph) to +1 and
-1 (perfectly correlated). GLCM parameters are
today commonly used for quantification of cell/
tissue texture, and for detection of fine cell/tissue
structural changes that are otherwise undetectable
during standard microscopy analysis.

Thymus is a primary lymphoid organ with
various biological functions regarding immune
system development and its ability to respond to
infections. Cortex and medulla are two major thymus
histological compartments. Both compartments
consist primarily of T-lymphocytes (T-cells), cells
which are essential for adaptive immune responses.
One of the main events that take place in thymus
environment is selection and maturation of T-cells.
In cortex, these cells undergo the so-called “T-cell
receptor gene rearrangement”, a process involving
random joining of gene segments in nucleus in order
to form a genetic sequence responsible for creation
of cell surface T-cell receptor (TCR), which is an
essential property of a functional T-lymphocyte
antigen recognition ability (Sleckman 2005, Nitta et

An Acad Bras Cienc (2013) 85 (3)
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Figure 3 - Receiver operating characteristic (ROC) curves for GLCM parameters.

al. 2008, Krangel 2009, Seitan et al. 2011). After this
TCR gene rearrangement, the T-cell expresses two
surface TCR co-receptor CD molecules: CD4 and
CD8 (double positive CD4+CD8+ immature T-cell).

Another process that takes place in thymus
cortex is positive selection of immature T-cells
(Teng et al. 2011, Takahama et al. 2010, Klein et
al. 2009, Gommeaux et al. 2009). Lymphocytes
that have T-cell receptor capable of binding to
a major histocompatibility complex (MHC)
molecule, receive pro-survival signal. It is thought
that during positive selection approximately 90%
of immature T-cells (double positive CD4+CD8+)

An Acad Bras Cienc (2013) 85 (3)

fail to receive this signal as their TCR is unable to
interact with MHC molecule (Clarke et al. 2009).
As a result, these cells go through programmed cell
death (apoptosis). The remaining, surviving T-cells
become either CD4+CD8- or CD4-CD8+ (single
positive) through the process of downregulation
and upregulation. This lineage commitment is
followed by migration of single positive T-cells
to thymus medulla (Teng et al. 2011, Kurobe et al.
2006, Choi et al. 2008).

In thymus medulla, the single positive T-cells
that show affinity to self-antigens presented on
MHC molecules receive pro-apoptotic signal (Le



TEXTURAL ANALYSIS OF THYMUS NUCLEI 1069

Borgne et al. 2009, Qiu et al. 2010, Atibalentja et
al. 2009, McCaughtry et al. 2008). This elimination
of auto-reactive T-cells is called negative selection,
and its main purpose is to prevent the development
of autoimmunity. Although negative selection can
also occur in double positive T-cells in cortex, it
is much more pronounced and efficient in medulla.

Therefore, cortical and medullar lymphocytes,
although all being T-cells, have some major
differences in their functional and maturational
status. First, these two populations have different
expression of TCR co-receptor CD molecules:
cortical lymphocytes are predominantly double
negative (CD4-CD8-) or double positive
(CD4+CD8+), while medullar, more mature
lymphocytes are mostly single positive (CD4+CD8-
or CD4-CD8+). Second, the microenvironment
of thymus cortex is substantially different than in
medulla; this refers to different interleukin levels,
presence or absence of certain growth factors,
as well as differences in epithelial reticular cell
functions (Nitta et al. 2008, Benz et al. 2004, Ma
et al. 2013). All these factors can have an impact
on nuclear structural organization of the two
lymphocyte populations.

Our results indicate that GLCM as a method
may be capable of detecting discrete nuclear
structural changes that are associated with thymus
lymphocyte migration and maturation. This is in
accordance with the study of Losa and Castelli
(2005) who suggested that some GLCM parameters
(i.e. textural correlation) may be very efficient in
identifying chromatin organizational changes in
cell cultures, in some cases with greater sensitivity
than conventional molecular biology methods such
as TdT-mediated dUTP nick end labeling assay,
FACScan Sub G0/G1 peak, or Annexin-V labelling.
In our study, of analyzed GLCM parameters,
changes in entropy, variance and angular second
moment were more pronounced than in correlation.
In our study, in addition to the standard statistical
difference tests, the ability of the GLCM parameters

to discriminate the two lymphocyte populations
was tested by ROC analysis. In clinical sciences,
ROC analysis is essential for evaluating potential
value of the studied diagnostic test. ROC curve is
constructed based on the fraction of true positives
out of the positives (sensitivity) and the fraction of
false positives out of the negatives (1-specificity),
taking into account different thresholds. In our
work, in SPSS software “state variable”=1 was
assigned to the cortical lymphocytes, while
“state variable”=0 was assigned to the medullar
lymphocytes. Therefore, cortical location would
be equivalent to “positive” diagnosis in a clinical
diagnostic test.

Potential discriminatory performance of the
test is evaluated by analyzing the area under the
ROC curve. A test with no diagnostic value would
have the area under the ROC curve approximately
higher than 0.5 and lower than 0.6. Area between
0.6 and 0.7 indicates “poor” performance, area
between 0.7 and 0.8 “fair” performance, and area
between 0.8 and 0.9 “good” performance (Zweig
and Campbell 1993, Sandelowsky et al. 2011). Tests
that belong to the category “excellent” usually have
the ROC areas higher than 0.9.

In this study, all four tested GLCM parameters
had ROC areas between 0.6 and 0.7, with entropy
having the highest accuracy and correlation the
lowest. Although these values show relatively low
discriminatory performance of GLCM parameters,
it should be noted that at present there is no known
image analysis method that would represent a gold
standard for nuclear structure classification in
thymus. Also, we cannot exclude the possibility that
in some future study, a scoring system combining
various GLCM parameters could be designed
and would have much higher performance than
individual GLCM parameters taken separately.
Alternatively, one could combine GLCM method
with other known image complexity analysis
techniques, such as fractal analysis, particularly
having in mind that some computational biology
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programs (i.e. ImageJ) can be easily upgraded to
apply both techniques on same digital micrographs
(Pantic et al. 2012h).

The presented findings regarding entropy and
angular second moment are also in accordance
with the results of our previous study concerning
GLCM analysis of B-lymphocytes (B-cells) in
spleen germinal center (Pantic et al. 2012a). We
suggest that nuclear structural entropy and ASM of
spleen germinal center light zone B-cell nuclei are
correlated with nuclear structural reorganization
during apoptosis. This reorganization may have
included chromatin condensation, marginalization
and fluctuations in euchromatin / heterochromatin
ratio. The chromatin changes that occur during
lymphocyte maturation in thymus (and migration
from cortex to medulla) are probably more discrete
than the ones taking place in germinal center, which
makes GLCM as a method potentially even more
sensitive than previously thought.

Our study had several potential limitations.
First, all 300 analyzed lymphocyte nuclei originated
from thymus tissues of one-month-old mice. It
is well known that with age, thymus as a primary
lymphoid organ begins to atrophy, followed by its
decreased function (Calder et al. 2011, Gruver et al.
2007). It remains unclear whether GLCM method
would detect the same differences between cortical
and medullar lymphocyte chromatin in older tissues.
Perhaps, inthe future, itwould be of interest to conduct
a similar, but larger study which would investigate
possible effects of aging on T-cell chromatin GLCM
parameters. Second, if we consider the total number
of T-cells that are present in thymus at a given
time, the sample of 300 nuclei is somewhat limited.
Nevertheless, we should have in mind that GLCM as
a mathematical and computational biology method
is relatively exact and when combined with NIH
ImageJ software, it significantly lowers possible
measurement variations that would otherwise be the
result of subjective interpretation, researcher bias, or
small sample size.

An Acad Bras Cienc (2013) 85 (3)

In conclusion, our findings suggest that grey
level co-occurrence matrix entropy, angular second
moment, variance and correlation might be useful in
detection of discrete structural changes of lymphocyte
nuclei in thymus. Although discriminatory perfor-
mance of the calculated GLCM parameters is
relatively poor, we assume that in the future, a more
sensitive scoring system based on a combination of
individual GLCM features could be designed. Along
with results of other studies, it would represent a
basis for further research regarding applicability of
GLCM method in medical and biological sciences.
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RESUMO

Andlise da matriz de co-ocorréncia de niveis de cinza
(GLCM) é um método matematico bem conhecido para
a quantificacdo das propriedades estruturais das células
e tecidos, incluindo homogeneidade, complexidade
e nivel de desordem. Recentemente foi demonstrado
que esse método é capaz de avaliar as mudancas
estruturais finas do nucleo que, de outra forma nio sio
detectaveis pela analise microscopica habitual. Nesse
artigo, apresentamos resultados indicando que a entropia,
segundo momento angular, varidncia, e correlagdo de
textura da estrutura nuclear de linfdcitos, determinada
pelo método de GLCM, diferem na cortex do timo
em comparagdo a medula. Um total de 300 nucleos de
linfocitos do timo de 10 camundongos de um més de
idade foram analisados: 150 ndcleos da cortex e 150
nlcleos da medula do timo. Anélise de GLCM nuclear foi
realizada usando o software ImageJ do National Institutes
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of Health (NIH). Para cada nucleo, entropia, segundo
momento angular, varidncia e correlagdo de textura
foram determinadas. Linfocitos corticais continham

significativamente maiores o0s pardmetros segundo

momento angular da cromatina (p<0.001) e correlagdo
de textura (p<<0.05) comparados a linfocitos medulares. A
entropia GLCM nuclear e variancia de linfocitos corticais
eram por outro lado significativamente menores que nos
linfécitos medulares (p<<0.001). Esses resultados sugerem
que GLCM como método tenha um potencial de detector
mudancgas discretas na estrutura nuclear associadas a
migragdo e maturagéo de linfécitos no timo.

Palavras-chave: analise de textura, matriz GLCM,
CD4, CD8, gene.
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