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The aim of this study was to confirm the existence of spe-
cific nuclear texture feature alterations of histologically nor-
mal epithelial borders nearby invasive laryngeal cancer (NC).

Paraffin sections of NC and of chronic inflammations un-
related to cancer (CI) were analysed for nuclear texture and
for integrated optical density (IOD-index) and were com-
pared to normal epithelium of patients without evidence of
cancer (NE). Several discriminant functions based on nu-
clear texture features were trained to separate different sub-
groups.

As the most important result, specific nuclear texture fea-
ture shifts were only found in NC with high-density lympho-
cytic stroma infiltrate (NC+). Classification of nuclei of NE
versus NC+ was correct in 70%. The same classifier was
correct in only 58% when nuclei of NE were classified ver-
sus CI. We also found lower values of IOD-Index within the
NC+ group when compared to NE (p < 0.001).
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gie, Justus Liebig Universität, Langhansstrasse 10, D-35392
Giessen, Germany. Tel.: +49 641 99 41114; Fax: +49 641 99 41109;
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1. Introduction

Laryngeal cancer is the most frequent malignant tu-
mour of the upper aerodigestive tract in Europe [28].
This is probably attributable to an increased use of to-
bacco in many countries [9] including the female pop-
ulation during the past decades [43]. As laryngeal can-
cer of advanced stage can only be cured by laryngec-
tomy, it is mandatory to evade such therapy by earlier
cancer detection and by microsurgical treatment [24].
Studies performed in the past revealed that at the vicin-
ity of cancer normal epithelium exhibits specific shifts
in nuclear texture feature expression [27]. We recently
found this phenomenon at the vicinity of laryngeal
cancer [12]. Such alterations of chromatin distribution
may be related to paracrine influences of cancer tissue
on surrounding normal epithelium [27].

The aim of this study was to analyse the character-
istics of such nuclear changes by careful microscopic
selection of tumour borders without dysplastic or can-
cerous changes. As the amount of inflammatory stroma
infiltrate was very different, we also correlated these
features to the density of stroma lymphocytes. In order
to estimate proliferation activity, we also measured the
integrated optical density (IOD)-Index.

2. Material and methods

We used paraffin sections of surgical specimens
of 20 cases of normal epithelium (NE), 20 cases of
chronic inflammation unrelated to cancer (CI), and of
42 cases of histologically normal borders (NC) of in-
vasive laryngeal cancer treated at the Department of
Otorhinolaryngologyof the Justus Liebig University in
Giessen. The specimens were collected from the files
of the Institute of Pathology of the Justus Liebig Uni-
versity of Giessen between 1994 and 1997.
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The density of lymphocytic stroma infiltrate was
quantified by counting the number of lymphocytes
within 10 measuring fields. By setting a threshold at
the median, which was equivalent to 50 lymphocytes
per 10 measuring fields, the NC group was then split
into subgroups of high-density (NC+) and of low-
density lymphocytic stroma infiltrate (NC−).

Sections were stained according to a Feulgen–Thio-
nin protocol [18,20]. Quantitative measurements were
performed using a high-resolution image cytometer
Cyto-SavantTM [33] and a Nikon 20× PlanApo ob-
jective with a numerical aperture of 0.75. Bright field
images were acquired using a 10 nm bandpass filter
centred at 600 nm corresponding to the spectral re-
gion of the peak absorption of the nuclear stain. The
imaging unit was equipped with a high-resolution dig-
ital camera (MicroImager 1400, Xillix Technologies
Corp.; pixel size: 6.8 × 6.8 µm2; spatial resolution:
0.34µm). At least 20 lymphocytes per section were
taken as internal standard in order to normalise features
depending on optical density. To obtain a maximum of
nuclear texture information, on average 150 nuclei per
section only of the lower half of the epithelium were
selected. All nuclei per group were then pooled to su-
perfiles.

In order to train discriminant functions to separate
nuclei of NE versus NC, a linear stepwise procedure
was performed based on a set of 65 source features of
nuclear texture. These functions were trained to opti-
mise the classification rate of NE nuclei versus nuclei
of NC− as well as of NE nuclei versus NC+. The func-
tion trained at NE versus NC+ and based on 10 out of
the 65 source features is designated as classifier 1. To
detect non-specific nuclear alterations related to lym-
phocytic stroma response (epithelial healing effects),
we also classified nuclei of NE versus CI. All classifi-
cation processes were followed by jack-knife testing.

IOD-Index, which is equivalent to integrated optical
density normalised against integrated optical density
of reference cells, was calculated as mean value per
section. The slide mean values of different subgroups
were compared (Mann–WhitneyU -test). So far, dis-
criminant functions were designed and tested at the
same material and only jack-knife testing was applied
to estimate their performance. In order to obtain data
also from completely independent test material, an ad-
ditional test was performed, where all groups were split
into sets of training (tr) and test cases (te) (Table 1).
Only the training sets were then used for development
of new functions, which were then applied to the test
sets.

Table 1

Number of cases and of nuclei per subgroup investigated

Subgroup Number of cases Number of nuclei

NEtr 10 1448

NEte 10 1353

Citr 10 1443

CIte 10 1446

NCtr+ 10 1417

NCte+ 11 1569

NCtr− 11 1512

NCte− 10 1385

NE = normal epithelium; CI = chronic inflammation; NC=
normal epithelium at the vicinity of cancer; tr= training set;
te = test set;+/− = density of lymphocytic infiltrate above (+) or
below (−) the threshold as defined above.

Fig. 1. Cell-by-cell classification data of discriminant functions
based on 65 source features. Ten runs of stepwise discriminant func-
tion analysis were performed, in which 1 to 10 of the source features
were allowed to build functions for classification of normal epithe-
lium versus normal-appearing borders of invasive laryngeal cancer
with dense lymphocytic stroma infiltrate (1). These functions were
then applied to classification of normal epithelium versus normal
borders of invasive cancer with low-density lymphocytic infiltrate
(2) as well as to classification of normal epithelium versus chronic
inflammation unrelated to cancer (3).

The function trained at ten features to classify
NEtr versus NCtr+ (classifier 2) was then analysed in
greater detail. Thereby, each of the selected single fea-
tures was used to classify NEte versus NCte+. The re-
spective classification rates are given and their level of
significance was calculated by chi-square values.

3. Results

Using stepwise discriminant functions based on 65
source features, classification was only successful for
NE versus NC+. When only 5 of these features were
selected, the classification rate was 69%. When the
number of selected features was extended to 10, classi-
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Table 2

List of features selected by classifiers 1 and 2

List of the features selected by classifier 1, created to optimise classifi-
cation of normal epithelium (NE) versus histologically normal epithe-
lial cells nearby invasive cancer with high-density lymphocytic stroma
infiltrate (NC+)

List of features selected by classifier 2, created to optimise
classification of the same groups, but trained at the training set
only

Feature abbreviation F value Feature abbreviation F value

High DNA area [hiDNAar] 775.2 High DNA Area [hiDNAar] 363.1

Short 45 runs [sh45rns] 154.2 DNA component [lwDNAcp] 313.2

Medium density object [medenob] 118.8 Low DNA amount [lwDNAat] 171.3

Medium DNA amount [meDNAat] 116.0 Medium density object [medenob] 158.1

Cluster shade [clshd] 103.0 Short 0 runs [sh0rns] 37.7

Low DNA amount [lwDNAat] 49.8 Cluster prominence [clprm] 36.9

Run 90 percent [rn90pt] 39.4 Energy – 3.42

Low density object [lwdenob] 37.6 Low density object [lwdenob] 1.9

Cluster prominence [clprm] 27.0 Run 135 percent [rn135pt] 1.0

Low DNA component [lwDNAcp] 25.7 Cluster shade [clshd] 0.1

fication rate could be increased to 70%. Using the same
function to classify nuclei of NE versus NC−, the clas-
sification rate based on 5 features was only 58% and
could not be increased further when 10 features were
involved. In order to check the specificity of the func-
tions trained to classify NE versus NC+, we also ap-
plied these functions to the classification of NE ver-
sus CI. This again resulted in only 58% correctly clas-
sified nuclei when 5 features were selected and could
not be further improved after inclusion of the other
5 features (Fig. 1). All classifications were confirmed
by jack-knife testing, which led to the same results.
Features selected by discriminant function, which was
based on 10 features to classify NE versus NC+ (Ta-
ble 2), are explained in the appendix, greater details are
given elsewhere [11]. Interestingly, two features with
high classification rates, as indicated by theirF -values,
describe the relative amount of highly condensed chro-
matin. While “high DNA area” calculates the area frac-
tion of high optical density and thereby represents a
direct measure of relative amount of condensed chro-
matin, “short 45 runs” describes the relative amount of
short pixel arrays of the same optical density. If the rel-
ative amount of short pixel arrays is high, this indicates
that within a given nucleus frequent changes of opti-
cal density predominate, which is the case when dis-
connected areas of high-density chromatin are present
(Fig. 2).

Measurements of IOD-Index revealed lower values
within the NC+ group when compared to the NE group
(p < 0.001, WhitneyU -test), whereas all other groups
did not reveal significant differences.

Finally, a second training procedure restricted to the
training sets was performed. These functions were then

Fig. 2. Nucleus containing disconnected areas of high-density chro-
matin. This nucleus would reveal a high value of “high DNA area”
and “short 45 runs” (A). Nuclei with disperse low-density chromatin
reveal lower values for both features (B). As features describing pixel
arrays depend on directions, they cannot be regarded as rotationally
invariant.

applied to the respective test sets, resulting in nearly
the same data (Fig. 3). When 10 features were used to
classify NEtr versus NCtr+ (classifier 2), this function
was still correct in 67% of the corresponding test nuclei
(NEte versus NCte+). Again, poor classification data
were obtained when this function was applied to the
classification of NEte versus NCte− as well as to the
classification of NEte versus CIte.

Mean values and variation per group of the features
selected by classifier 1 or 2 are given in Table 3, single
feature classification rates are given in Table 4. These
data demonstrate significant differences between nu-
clei of NEte and NCte+ when features are used which
describe the spatial distribution of chromatin at dif-
ferent condensation states, whereas features describing
the length of pixel arrays of similar density running
into specified directions are not rotationally invariant,
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Table 3

Group mean values and coefficients of variation (%) of features selected by classifier 1 or 2

Feature NEtr NEte CItr CIte NCtr+ NCtr− NCte+ NCte−
Energy 0.09 (14.05) 0.08 (13.86) 0.09 (13.97) 0.09 (14.89) 0.09 (13.61) 0.08 (14.82) 0.08 (15.72) 0.08 (15.48)

HiDNAar 0.52 (52.23) 0.61 (43.48) 0.4 (72.01) 0.54 (59.24) 0.33 (81.86) 0.46 (60.4) 0.41 (69.43) 0.56 (48.23)

LwDNAat 0.04 (138.2) 0.03 (177.0) 0.05 (148.9) 0.06 (210.9) 0.08 (132.6) 0.05 (145.5) 0.07 (159.1) 0.04 (175.1)

MeDNAat 0.33 (79.0) 0.25 (98.73) 0.46 (62.88) 0.31 (92.27) 0.51 (53.75) 0.38 (70.51) 0.42 (66.47) 0.29 (90.86)

Lwdenob 4.68 (76.11) 3.41 (96.09) 4.81 (72.8) 3.24 (97.08) 4.86 (67.99) 4.88 (72.6) 4.57 (71.63) 3.65 (87.65)

Medenob 2.46 (78.48) 4.15 (62.89) 1.85 (85.56) 2.9 (77.85) 1.68 (78.92) 2.42 (78.68) 2.2 (83.73) 2.74 (81.21)

LwDNAcp 2.15 (75.16) 1.52 (91.08) 2.36 (69.17) 1.79 (90.35) 3.32 (57.85) 2.41 (69.03) 2.51 (65.09) 1.96 (86)

Clshd 0.08 (432.2) 0.03 (1180) 0.05 (702.6) 0.1 (345.1) 0.07 (459.1) 0.04 (722.0) 0.02 (1927) 0.12 (256.7)

Clprm 2.48 (16.88) 2.46 (16.6) 2.54 (18.97) 2.49 (18.83) 2.52 (19.21) 2.45 (17.83) 2.44 (19.52) 2.39 (18.38)

Sh0rns 0.69 (9.5) 0.71 (9.4) 0.68 (9.25) 0.68 (9.25) 0.67 (8.92) 0.69 (9.06) 0.69 (9.15) 0.70 (9.23)

Sh45rns 0.69 (9.38) 0.7 (8.33) 0.69 (8.0) 0.7 (9.31) 0.69 (8.99) 0.69 (10.03) 0.71 (9.59) 0.71 (9.82)

Rn90pt 0.62 (10.57) 0.66 (10.04) 0.63 (10.06) 0.62 (10.9) 0.63 (9.91) 0.64 (10.23) 0.66 (11.49) 0.64 (11.3)

Rn135pt 0.64 (10.85) 0.66 (9.88) 0.63 (10.15) 0.64 (10.8) 0.64 (10.61) 0.65 (11.15) 0.66 (10.78) 0.65 (11.38)

Fig. 3. Cell-by-cell classification data obtained from a discriminant
function trained at the training set of normal epithelium (NEtr) ver-
sus the training set of normal-appearing epithelium with dense lym-
phocytic infiltrate nearby cancer (NCtr+) (1). These functions were
then applied to classification of the test sets of normal epithelium
(NEte) versus normal-appearing borders of invasive laryngeal cancer
with dense lymphocytic stroma infiltrate (NCte+) (2), to NEte ver-
sus normal-appearing epithelium nearby cancer of low density lym-
phocytic infiltrate (NCte−) (3) as well as to classification of NEte
versus chronic inflammation (CIte) (4).

and therefore, were not confirmed at independent test
set material.

While the slide means of IOD were significantly
lower within the NCte+ group in comparison to the
NEte group (p < 0.02) such difference was not ob-
served at the corresponding training sets. Additionally,
IOD values of all nuclei of these groups were directly
compared separately for training and test sets. Thereby,
both sets of NC+ revealed significantly smaller val-
ues in comparison to their corresponding NE sets (p <

0.001) (Fig. 4).

Table 4

Classification rate of single features selected by classifier 1 or 2 for
nuclei of NEte versus NCte+

Feature Classification Level of

rate [%] significance

Medenob 68.7 p < 0.0001

LwDNAcp 64.2 p < 0.0001

HiDNAar 63.5 p < 0.0001

MeDNAat 62.1 p < 0.0001

LwDNAat 59.0 p < 0.0001

Lwdnob 58.0 p < 0.0001

Sh0rns 56.2 p < 0.0001

Clshd 51.9 p < 0.05

Rn135pt 51.3 n.s.

Clprm 50.4 n.s.

Sh45rns 49.9 n.s.

Rn90pt 49.8 n.s.

Energy 49.0 n.s.

Significance was tested by the chi-square value. n.s.= not signifi-
cant.

4. Discussion

Most importantly, these results indicate that specific
shifts in nuclear features of histologically normal ep-
ithelial cells occur under the influence of adjacent la-
ryngeal cancer [12]. These features predominantly de-
scribe changes in spatial chromatin distribution mea-
sured as texture feature alterations. The current obser-
vations are consistent with findings of others that also
indicate that shifts in nuclear texture features of nor-
mal cells can be found at the vicinity of cancers [6,7,
17,41].

In this preliminary study, classifier 1 was trained and
tested at the same material and only jack-knife testing
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Fig. 4. IOD histograms of all measured nuclei per subgroup. (A) and (B): training set of normal epithelium (A), and of benign epithelium with
inflammatory stroma infiltrate (B), (C) and (D): training set of normal-appearing epithelium with low-density (C) and high-density (D) inflam-
matory infiltrate of the stroma nearby invasive cancer, (E) and (F): test set of normal epithelium (E) and of benign epithelium with inflammatory
infiltrate (F), (G) and (H): benign- appearing epithelium nearby invasive cancer with low-density (G) and high-density (H) inflammatory stroma
infiltrate.

was used for estimation of classification rate. While
this test performs well in feature estimation, it does not
compensate for training errors based on feature selec-
tion. Hence, data of jack-knife classification still may
be too optimistic in comparison to testing the same
classifier at completely independent material [26,34].
Furthermore, training procedures based on nuclei in-
crease the number of objects in comparison to slide-
based classification. However, nuclei of the same sec-
tion were processed in the same way. Therefore, fea-
tures sensitive to staining and fixation variability may
reveal highly correlated data at such nuclei. Hence,
the number of independent objects cannot be regarded

as equivalent to the total number of nuclei measured.
Total independence can only be expected from differ-
ent specimens. Thereby, the number of sections (spec-
imens) is also limiting the independence of nuclei [37,
38].

Nevertheless, our study clearly shows that classifica-
tion rates obtained from independent test material were
similar to those obtained from all cases. Therefore, we
conclude that our finding is similar, if not identical, to
the phenomenon described as Malignancy Associated
Changes (MAC) [3,8,14,21,23,30,32,47].

To date the biological background of this particular
phenomenon remains poorly understood.
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In the head and neck area very early stages of field
cancerisation responsible for the development of syn-
chronous [10,36] or metachronous primaries [39] are
the place where the origin of common chromosomal
aberrations is expected [4]. Following this concept,
MAC might be interpreted as a very early stage of
preneoplastic change, where chromosomal alterations
induce changes in nuclear texture expression identi-
fied as MAC but not visible by conventional histology.
However, this concept is not in agreement with the ob-
servation that MAC-feature expression is reversible af-
ter tumour removal [27].

Another possible explanation is that specific im-
mune response to tumour antigens mediated by differ-
ent cell types specialised in antigen presentation and
mediatd by T-lymphocytes [25] might also cause spe-
cific alterations of normal epithelial cells at the tumour
vicinity identified as MAC. This could explain the ab-
sence of MAC feature expression in the absence of
lymphocytic immune response.

Extracellular signals mediated by cytokines and
growth factors may also be involved in MAC-feature
expression [40]. Their influence on activation and re-
pression of transcription of various genes may also ex-
plain the observed shifts in nuclear texture features of
histologically normal epithelium at the vicinity of can-
cer [1,5,35].

Another possible concept is that the MAC-pheno-
menon reflects very early and thereby subvisible stages
of apoptotic cell death. This concept would be con-
sistent with two observations of our study. Firstly, the
features detecting texture differences between benign
changes versus epithelium at the vicinity of invasive
cancer describe chromatin clumping as it is typically
the case in the late-stage apoptosis, which is only
then clearly visible by means of conventional light mi-
croscopy. This especially refers to “high DNA area”
calculating the relative amount of condensed chro-
matin. This feature revealed the highestF -values for
classification of NE versus NC+ indicating that texture
alterations of this feature group are typical for normal-
appearing cells at the vicinity of laryngeal cancer.
Moreover, some of the features selected in this study
are identical to those that are already suggested to be
specific for apoptotic changes of nuclear chromatin ar-
rangement. This is typically the case for “run length”
features as well as for “cluster shade” [29]. This is even
more interesting as both studies rely on different mate-
rial. While Matthews and co-workers used cell cultures
of a Chinese hamster ovary, our study was based on
paraffin sections. Secondly, in this study MAC-feature

expression was observed in the NC+ group whereas
the NC− group was clearly MAC-negative. In contrast
to the other groups, NC+ also revealed a significantly
reduced group mean value for IOD-Index. Because
DNA measurement at tissue sections cannot be used
for single cell or single slide classification for several
reasons [2,15,16,19,46], this method has to be avoided
for diagnostic purposes. However, in this study we only
compared the group mean values of IOD-Index. Even
these data are affected by sectioning artefacts, nuclear
overlapping and other sources of errors typically re-
lated to this procedure. Nevertheless, despite of the
technical restrictions, the group mean difference be-
tween NE and NC+ was highly significant and there-
fore cannot be readily explained by any of the known
sources of errors. These findings lead to different pos-
sible interpretations. As apoptosis is known to be re-
lated to the cell cycle, one possible explanation would
be that in this study apoptosis occurred predominantly
as a post-mitotic event resulting in diploid nuclei. Al-
ternatively, if apoptosis occurs during the S-phase, the
DNA content of these cells may be increased but the
proliferation activity may be down-regulated. Both in-
terpretations would explain our observation of reduced
DNA-Index in comparison to normal epithelium.

If the MAC-phenomenon is related to apoptotic cell
death the contradiction of reversibility of MAC-feature
expression after successful tumour removal on the one
hand versus irreversibility of cell death on the other
hand has to be explained. One possible approach to this
problem is that behaviour of cell populations cannot
be projected to behaviour of single cells. While MAC-
feature analysis usually requires analysis of cell popu-
lations, apoptosis typically is an observation at single
cell level [22]. Thereby, the reversibility of the MAC-
feature expression after complete tumour removal only
means that this feature cannot be identified any longer.
It is therefore conceivable that the MAC-phenomenon
precedes cell death and thus can be irreversible. Af-
ter successful tumour treatment these cells would die,
then be removed and only normal cells would be left.
In this case the MAC-phenomenon would be reversible
at population level [27,40] but irreversible at the cellu-
lar level. Thereby, specific shifts in texture feature ex-
pression might reflect early stages of apoptotic DNA
digestion [45].

Another phenomenonmust also be explained. Apop-
tosis usually appears in the absence of inflammatory
response, while in this study the MAC-feature expres-
sion was found exclusively in the presence of lympho-
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cytic stroma infiltrate. For further explanation the na-
ture of the lymphocytic infiltrate would have to be anal-
ysed in greater detail, which needs different sample
preparation and therefore was beyond the scope of this
study. However, one possible explanation might be that
the lymphocytic infiltrate is primarily directed against
the tumour cells but not against the epithelial cells at
the tumour vicinity. Malignancies are capable of induc-
ing apoptosis of anti-tumour effector cells (activated
T-lymhocytes) thus escaping the host’s immune re-
sponse to tumour cells [31]. The presence of a dense
lymphocytic infiltrate thereby might only reflect the
conflict between the immune system attacking the tu-
mour and the tumour counterattacking the immune re-
sponse. In this case the lymphocytic stroma infiltrate
also present at the vicinity of cancer does only indicate
that the tumor is able to induce apoptose not only at
the epithelium but also at the lymphocytes of the vicin-
ity.

As the MAC-phenomenon per definition describes
subvisible changes, it has to be explained why apopto-
sis was not detected visually. This can be explained by
the fact that the visible features typically observed in
apoptotic cells only last for less than 1 hour [44]. Thus,
even if the frequency of apoptotic cells is increased,
visible changes still remain a rare event.

These data do not provide a final concept regarding
relationship between MAC phenomenon and apopto-
sis. Nevertheless, a considerable amount of evidences
does indicate that the MAC-phenomenon is related to
apototic cell death.

As fresh material was not available for this ret-
rospective investigation additional prospective studies
are necessary to analyse the role of apoptosis at the
vicinity of cancer.

Acknowledgement

This study was supported by DLR. We thank Jagoda
Korbelik for her slide imaging work and for her assis-
tance while operating the image analysis system. We
also thank Paul Lam for his laboratory work.

Appendix

The following description refers to features selected
by discriminant functions. The images are represented
by a matrix of pixels,Pi,j , spanningi = 1,L columns
andj = 1,M rows and with the upper left hand pixel

as the co-ordinate system origin,i = j = 1. The binary
object mask function defines the group of image pixels
belonging to the object:

Ω = (Ω1,1, Ω1,2, . . . , Ωi,j , . . . , ΩL,M ),

where

Ωi,j =

{
1 if (i, j) ∈ object,
0 if (i, j) /∈ object

and where, “(i, j) ∈ object” means pixels at co-
ordinatesi andj are part of the object, and “(i, j) /∈
object” means pixels at co-ordinatesi andj are not part
of the object.

A.1. IOD Index

This feature is the normalised measure of the inte-
grated optical density of the object:

IOD Index=
IOD Amount

iodnorm
,

where iodnorm is the mean value of theIOD Amount
for a particular object population from the slide (e.g.,
lymphocytes).IOD Amountis the raw (unnormalised)
measure of IOD.

A.2. Low/medium/and high DNA area

These discrete texture features classify optical den-
sity into classes of low, medium (med), and high (hi).
Here, only the ratio of the area of high optical density
regions of the object to the total object area is measured
[hiDNAar]:

hiDNAar =

∑L
i=1

∑M
j=1 Ωhi

i,j∑L
i=1

∑M
j=1 Ωi,j

=
Ahi

A
,

whereA is the object area.

A.3. Low/medium/and high DNA amount

These discrete texture features represent the total ex-
tinction ratio for low-, medium-, and high- optical den-
sity regions of the object, calculated as the value of the
integrated optical density of the low-, medium-, and
high-density regions, respectively, divided by the total
integrated optical density. Out of this group only low
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DNA amount [lwDNAat] and medium DNA amount
[meDNAat] were selected:

lwDNAat =

∑L
i=1

∑M
j=1 ODi,jΩlow

i,j∑L
i=1

∑M
j=1 ODi,jΩi,j

,

meDNAat=

∑L
i=1

∑M
j=1 ODi,jΩmed

i,j∑L
i=1

∑M
j=1 ODi,jΩi,j

,

whereOD is the optical pixel density.

A.4. Low/medium/high/and medium-high DNA
component

These discrete texture features are characteristic of
the compactness of low-, medium-, high-, and com-
bined medium- and high-density regions, respectively,
treated as single disconnected objects. In this study we
only used “low DNA component” [lwDNAcp], which
is defined as follows:

lwDNAcp =
(P low)2

4π Alow
,

A = area;P = perimeter.

A.5. Low-/medium-/and high-density object

These discrete texture features are the numbers of
connected subcomponents of the objects consisting of
more than one pixel of low, medium, and high density.

A.6. Entropy/energy

Only energy was selected in this study which rep-
resents a measure of “order” in object grey level or-
ganisation: large values correspond to large regions of
constant grey level:

energy=
∑
l

(Hs
l )2 +

∑
m

(Hd
m)2,

whereHs
l is the probability of neighbouring pixels

having grey levels which sum tol, andHd
m is the prob-

ability of neighbouring pixels having grey level differ-
ences ofm, where an 8-connected neighbourhood is
assumed [42]. Values of grey levels,l, m, used in the
sum and difference histogram are obtained by quanti-
sation of the dynamic range of each individual object
into 40 levels.

A.7. Cluster shade [clshd]

This feature gives large absolute values for objects
with a few distinct clumps of uniform intensity hav-
ing large contrast with the rest of the object. Nega-
tive values correspond to dark clumps against a light
background while positive values indicate light clumps
against a dark background:

clshd=

∑
l(l − 2Iq)3Hs

l

(
∑
l(l − 2Iq)2Hs

l )3/2
,

Hs
l , Hd

m, l, m are defined above,Iq represents the
mean intensity of the object calculated for the grey
scale quantized to 40 levels.

A.8. Cluster prominence [clprm]

This feature measures the darkness of clusters:

clprm =

∑
l(l − 2Iq)4Hs

l

(
∑
l(l− 2Iq)2Hs

l )2
,

Hs
l , Iq, andl are defined above.

A.9. Short 0/45/90/and 135 runs

These features belong to a group called run length.
This group describes texture in terms of grey level
runs, representing sets of consecutive, collinear pixels
having the same grey level value. The length of the run
is the number of pixels in the run. These features are
calculated over the image with intensity function val-
ues transformed into 8 levels. The run length texture
features are defined using grey level length matrices,
<Θ
p,q for each of the four principal directions:θ = 0◦,

45◦, 90◦, 135◦, where the directions are defined clock-
wise with respect to the positivex-axis [13]. Each ele-
ment of matrix<Θ

p,qspecifies the number of times that
the object contains a run of lengthq, in a given di-
rection,é, consisting of pixels lying in the grey level
range,p (out of 8 grey levels). LetNg = 8 be the num-
ber of grey levels, andNr be the number of different
run lengths that occur in the object; then this feature is
described as follows: large values for objects are ob-
tained if short runs, oriented at 0◦, 45◦, 90◦, or 135◦

dominate. In this study only the features “short 0 runs”
[sh0rns] and “short 45 runs” [sh45rns] were selected:

shθ rns=

∑Ng

p=1

∑Nr

q=1(<Θ
p,q/q

2)∑Ng

p=1

∑Nr

q=1<Θ
p,q

.
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A.10. run 0/45/90/and 135 percent

These features are calculated as the ratio of the total
number of possible runs to the object’s area, having its
lowest value for pictures with the most linear structure.
In this study, only “run 90 percent” [rn90pt] and “run
135 percent” [rn135pt] were selected.

rnθpt =

∑Ng

p=1

∑Nr

q=1<Θ
p,q

A
,

whereA is the object area.
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