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Nuclear Morphometry Features Extracted from
Liquid-based Cytology Samples

A System Based on Logistic Regression Model
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OBJECTIVE: To investigate the potential of a computer-
ized system for the discrimination of benign from malig-
nant endometrial nuclei and lesions.

STUDY DESIGN: A total of 228 histologically con-
firmed liquid-based cytological smears were collected:
117 within normal limits cases, 66 malignant cases, 37
hyperplasias without atypia, and 8 cases of hyper-
plasia with atypia. From each case we extracted nuclear
morphometric features from about 100 nuclei using a
custom image analysis system. Initially we performed
feature selection, and subsequently we applied a logistic
regression model that classified each nucleus as benign or
malignant. Based on the results of the nucleus classifica-

tion process, we constructed an algorithm to discrimi-
nate endometrium cases as benign or malignant.
RESULTS: The proposed system had an overall accuracy
for the classification of endometrial nuclei equal to
83.02%, specificity of 85.09%, and sensitivity of 77.01%.
For the case classification the overall accuracy was
92.98%, specificity was 92.86%, and sensitivity was
93.24%.

CONCLUSION: The proposed computerized system
can be applied for the classification of endometrial nuclei
and lesions as it outperformed the standard cytological
diagnosis. This study highlights interesting diagnostic
features of endometrial nuclear morphology, and the pro-
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posed method can be a useful tool in the everyday practice
of the cytological laboratory. (Anal Quant Cytopathol
Histopathol 2014;36:189-198)

Keywords: computer assisted diagnosis, cytopa-
thology, endometrial cytology, image processing,
liquid based cytology, logistic regression.

The endometrium is a complex tissue system that
undergoes cyclic regeneration during each men-
strual cycle under the effects of estrogen. Unop-
posed estrogen effect, sex steroids, oncogene prod-
ucts, growth factors, and various peptides!? result
in premalignant and malignant transformation of
the endometrium. It is crucial to make the diagnosis
as early as possible because early detection is as-
sociated with excellent prognosis. Although over
the last decades the incidence of endometrial can-
cer has increased rapidly,® there is no established
screening method worldwide for the early detec-
tion of endometrial cancer.

Japan is the country with the best developed
screening program, and the initial screening meth-
od for endometrial cancer is based on a cytological
examination,? resulting in improvement of the rate
of long-term surviving patients. Up to now the stan-
dard procedure for endometrial samples has been
the cytomorphologic evaluation of Papanicolaou-
stained direct smears. Despite the long experience
in this traditional technique, sampling errors due
to the remaining cells on the sampling device> and
screening errors due to the presence of protein,
mucus and blood components® occur in many
cases.

These errors are thought to be widely eliminated
with liquid-based cytology (LBC), which in the last
decade has largely replaced the conventional direct
smear preparation. This was first applied in cervical
cancer and now is also used in the assessment of
endometrial lesions by LBC.7° LBC enables the
cytomorphologic discrimination of nuclear features
based on geometric and densitometric features.

This report describes an approach that aims to
classify endometrial lesions based on cytomor-
phometric data obtained from liquid-based cytol-
ogy material. First the morphometric variables that
are important for the classification of endometrial
lesions are defined (the histological result is used as
the golden standard). Subsequently, classifiers are
constructed which aim to classify individual cell
nuclei and according to those results to classify in-
dividual cases.
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Materials and Methods
Data

This study included 228 women from whom a
cytology sample was taken from the endometrial
cavity. The EndoGyn Sampler (Biogyn S.n.c., Mi-
randola, Italy) was used in all patients. The device
was inserted in the endometrial cavity to the uterus
fundus without any kind of anesthesia and then
was rotated at least 4 times. Then the sampler was
withdrawn and the material was immersed into
CytoLyt (Cytyc Corporation, Marlborough, Massa-
chusetts, U.S.A.), a vial that contains 30-50 mL of a
solution appropriate for proteinolysis, mucolysis,
and hemolysis. This solution facilitates the material
collection from the sampler and provides the opti-
mal environment to preserve the collected cells at
temperatures from 4°C up to room temperature for
up to 7 days until cell fixation.!® CytoLyt also re-
duces artifacts by removing all the unnecessary
material collected during sampling.

After that the sample was centrifugated at 2,500
rounds per minute for 5 minutes and then the pellet
was placed into PreservCyt (Cytyc Corporation).
PreservCyt contains fixative solution and mildly
fixes the endometrial cells within 10-15 minutes.
That gave us the opportunity to safely preserve our
specimens!! before we inserted them into an auto-
mated slide processor (ThinPrep TP2000, Cytyc
Corporation). TP2000 prepares a smear in a 2-cm-—
diameter area in 90 seconds. For every patient we
prepared 1 Papanicolaou-stained slide using an au-
tomated staining machine (Varistain 24-3, Thermo
Electron Corporation, Runcorn, U.K.).

For every case both cytological and histological
examination from endometrial curettage and/or
surgical specimen was applied. Cytological di-
agnosis was based on the Fox!! classification, and
the histological diagnosis was based on the Interna-
tional Society of Gynecological Pathology? classifi-
cation. In Table I we present the correlation be-
tween cytological and histological diagnosis. For
the purpose of this study we selected cases for
which the cytological result was in agreement
with the histological conclusion. In histology, the
117 cases of “within normal limits” (WNL) con-
sisted of atrophic endometrium (26 cases), secre-
tory phase (34 cases), and proliferative phase (57
cases); the 37 cases of “hyperplasias without atyp-
ia” consisted of simple hyperplasias (15 cases) and
complex hyperplasias (22 cases); the “hyperplasias
with atypia” consisted of 8 cases of atypical hyper-
plasia; and “carcinomas” consisted of endometrioid
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Table | Correlation of the Cytological with the Histological Results

i IR

Cytological category

Hyperplasia Hyperplasia
without with
Histological category WNL atypia atypia Carcinomas Totals
WNL 117 117
Hyperplasia without atypia 37 37
Hyperplasia with atypia 8 8
Carcinomas 66 66
Grand total 117 37 8 66 228

WNL = within normal limits.

carcinomas (62 cases) and serous carcinomas (4
cases).

Image Analysis System, Measurements and Their
Biological Relation

We selected approximately 100 representative nu-
clei from every case via a manual selection process
requiring about 10-20 minutes. A single nucleus
was measured by the computer in less than a sec-
ond, as it operates mainly on an identified nucleus.
There were 22,837 total selected nuclei. The nuclei
were either isolated or were from cell groups that
fulfill the cytological criteria. Detailed information
for extracted nuclear features (summarized in Table
IT) and in relation to the determination of the vari-
ous quantities and the algorithms is already report-
ed in the literature.3-16

A computer with a Pentium IV CPU equipped
with a frame grabber and a digital camera (Sony
DFW-X700, Sony Corporation, Tokyo, Japan) was
used for the image analysis. The microscope (Leica

Table 11

Microsystems GmbH, Wetzlar, Germany) had the
camera attached on the top and the images were
captured with a 40x objective and subsequently
digitized to 1,024 x 768 pixels using 24 bits depth (8
bits for each individual color: red, green and blue).

For the image analysis we used 2 software pack-
ages. PathSight version 4.3 (Medical Solutions PLC,
U.K.) was applied for the image capturing from the
microscope, and Image-Pro Plus Version 4.5 (Media
Cybernetics, Inc., Bethesda, Maryland, U.S.A.) was
used for image analysis. Background correction
was made with Image-Pro Plus by removing the
noise that could be caused by the microscope’s
optics, as the remaining dust can never be fully
cleared. Furthermore, a light calibration was made
in order to ensure that all images were captured
under similar conditions.

After image capturing, 2 types of features were
measured for every nucleus: geometric and densit-
ometric.'417-21 Geometric features are characteris-
tics based on nucleus boundary and are related to

Morphological Characteristics Measured by Image Analysis Software

Geometrical characteristic

Densitometric characteristic

Nucleus area (AREA)

Nucleus major axis (MAJORAX)
Nucleus minor axis (MINORAX)

Aspect ratio (ASPECT)

Maximum caliper (MAXCALIP)
Minimum caliper (MINCALIP)

Average value of caliper (MEANCALIP)
Maximum nucleus radius (MAXRADIUS)
Minimum nucleus radius (MINRADIUS)
Radius ratio (RADIUSRATIO)

Nucleus perimeter (PERIMETER)
Nucleus roundness (ROUNDNESS)
Fractal dimension (FRACTDIM)

Integrated optical density (IOD)

Mean value of nucleus red color (RED)

Mean value of nucleus green color (GREEN)
Mean value of nucleus blue color (BLUE)

Mean value of optical density (DENSITY)
Maximum value of optical density (DENSMAX)
Minimum value of optical density (DENSMIN)
Standard deviation of optical density (DENSDEV)
Margination (MARGINATION)

Heterogeneity (HETEROGENEITY)

Name in parentheses is the short name of each feature.
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nucleus shape. During carcinogenesis, the nucleus
skeleton and cytoskeleton are destroyed, thus nu-
clei are deformed and the geometric characteristics
can reflect a marker of nuclear alteration from car-
cinogenesis side effects. Densitometric characteris-
tics are related to DNA status and are based on the
pixel content of each nucleus, measuring the nucle-
us color and texture. The DNA amount and distri-
bution are expressed via nuclear color characteris-
tics and optical density (i.e., margination and
heterogeneity).

Classification Levels

We were interested in discriminating into 2 or 4
groups. For the four-group classification we com-
bined the data according to the histological result
as follows: (1) “WNL” included the subcategories
Atrophy, Secretory, and Proliferative; (2) “Carcino-
mas” included Adenocarcinoma, Serous Carcino-
ma, Endometrioid Carcinoma, and Endometrioid
Carcinoma grade I; (3) “Hyperplasias without
Atypia” (denoted as Hyperlasia—) and “Hyperpla-
sia with Atypia” (denoted as Hyperplasia+). For the
two-group classification we combined the data as
follows: (1) “WNL” included Atrophy, Secretory,
Proliferative, and Hyperplasia without Atypia; (2)
“Carcinomas” included Adenocarcinoma, Serous
Carcinoma, Endometrioid Carcinoma, Endome-
trioid Carcinoma grade I, and Hyperplasia with
Atypia.

Nuclei Classification

The nucleus classification process includes the fol-
lowing steps: (1) identify important morphometric
features, based on the correlation coefficients, (2)
from the remaining variables use analysis of vari-
ance (ANOVA) to find and use only the features
that are related to the histological categories, and
(3) apply logistic regression to construct 1 or more
models classifying the nuclei into the 2 or 4 histo-
logical categories.

Case Classification

We constructed 2 case classifiers using an approach
similar to a system created by our laboratory in the
past for the classification of thyroid and endometri-
al lesions.'®22 The complete architecture of the case
classification system is depicted in Figure 1. Initial-
ly the cytopathologist performs the selection of nu-
clei from the slide and subsequently follows the
measurement in each individual nucleus. The re-
sulting feature vectors are fed to the two-class lo-
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gistic regression model, and the outcome of this
procedure is a block of the model results with the
estimations of the histological category of each one
(i.e., benign or malignant).

For the classification of individual cases we used
2 variants of the same method. For the first variant

Nuclei selection

A 4

Nuclei measurement

!

Logistic Regression model for the
classification of individual nuclei

'

Block of results for all the nuclei
measured from the slide/s
Extraction of statistics

(number of nuclei in each category or
percentages of nuclei in each category)

!

Application of case classifier
{numeric classifier or percentages classifier)

'

Case classification
(benign or malignant)

Figure 1 Architecture of the system for the classification of
individual cases.
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we involved 2 features: the number of nuclei classi-
fied as benign and the number of nuclei classified as
malignant (called subsequently the numeric classi-
fier). The second variant was based on the percent-
ages of nuclei classified as benign and as malignant
(subsequently called the percentages classifier).

However, for both variants a threshold had to be
determined. For this purpose we evaluated the case
classification results for a broad range of thresholds
starting from 0 and increasing up to the maximum
number of measured nuclei per case: to 160 (for the
numeric classifier) or to 100 (for the percentages
classifier) the increment step was 1; for each thresh-
old value we calculated the percentage of the cases
that had been correctly classified. The threshold
that maximized the overall accuracy was selected as
most suitable threshold.

Statistical Techniques and Tools

Statistical analysis was performed by SAS 9.2 for
Windows (SAS Institute Inc., Cary, North Carolina,
U.S.A.). For the determination of the variables hav-
ing strong correlation, the correlation matrix was
extracted, and variables with a Pearson correlation
coefficient >90% were excluded. The algorithms for
the determination of the optimum threshold values
were calculated with in-house developed software
for the MATLAB v2011b environment (Math-
Works, Inc., Natick, Massachusetts, U.S.A.).

Results
Identification of Variables with Discrimination
Capabilities
Initially we calculated the correlation matrix of all
the variables; variables that had a Pearson corre-
lation coefficient >90% were excluded from sub-
sequent evaluation because they were highly cor-
related. After this step 13 variables remained for
evaluation: AREA, ASPECT, MINRADIUS, RA-
DIUSRATIO, ROUNDNESS, FRACTDIM, RED,
BLUE, DENSMAX, DENSMIN, DENSDEV, MAR-
GINATION, and HETEROGENEITY. Subsequent-
ly, we examined variables highly related to the his-
tological result.

The variables that were statistically related to the
4 categories were identified via the ANOVA; we
kept variables that had an important F value. After
this selection, 9 variables remained in the study:
AREA, MINRADIUS, RED, BLUE, DENSMAX,
DENSMIN, DENSDEV, MARGINATION, and
HETEROGENEITY.

Additional filtering of important variables was

e o]
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performed by logistic regression analysis for the
4 histological categories. Obviously the most influ-
encing variables were AREA, MINRADIUS, RED,
DENSMAX, DENSMIN and, to a lesser degree,
MARGINATION and HETEROGENEITY. The con-
cordance percentages were, respectively, 57.8%,
55.6%, 53.9%, 50.9%, 57.8%, and finally 49.9% and
44.7% for the 2 textural features. These discrimina-
tion results into the 4 categories were not satisfac-
tory; however these are promising results for the
discrimination into the 2 histological categories.
The application of logistic regression for the dis-
crimination into 2 categories for each individual
characteristic of the final 9 variables is presented in
Figure 2. For these models the percentages of data
concordant to are, respectively, 87.2, 81.4, 67.9, 64.8,
60.0,73.3, and 58.3.

Nuclei Classification Results

We applied a logistic regression approach using a
backwards elimination where variable interactions
having a significance level <0.01 were removed; in
addition, up to 2 variable interactions were allowed
to enter the model. This model had 89.1% of the
data concordant; the best concordance percentages
for single variable prediction models was 87.2%
and 81.4% for AREA and MINRADIUS, respec-
tively; therefore variable combination proved to be
useful and increase the concordance percentage by
about 2%, a percentage statistically different (p <
0.0001). The model that predicts the histological
outcome based on the nucleus morphometry data is

Logit(HistologicalCategory) =-23.2419 + 0.4423 * AREA
-1.7687 * MINRADIUS+0.00561 * AREA * MINRADIUS +
0.2458 * RED +0.0461 * DENSMAX +0.000941 * AREA*
DENSMAX +-0.2742* DENSMIN -0.00167 * AREA *
DENSMIN +0.0283 * MINRADIUS * DENSMIN —
0.00104*RED * DENSMIN + 74.2592 * MARGINATION -
1.5873 * AREA* MARGINATION -0.5841*RED *
MARGINATION-0.1887* DENSMAX*
MARGINATION +1.019 * DENSMIN *
MARGINATION -49.8244* HETEROGENEITY —

0.2016 * AREA* HETEROGENEITY +0.3621 *RED *
HETEROGENEITY -0.0624 * DENSMAX *
HETEROGENEITY -0.309 * DENSMIN *
HETEROGENEITY +130.2 * MARGINATION *
HETEROGENEITY

where the logit function is defined as

fy=—4—=—1

et+1 1+et’

and the Histological Category was set to 1 for be-
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Figure 2

Logistic regression effect plots for the
discrimination into the 2 histological
categories for each individual variable.
Each diagram indicates the probability of
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nign and 2 for malignant nuclei. Although the
model formula is quite complex to use via a calcu-
lator, it is a relatively easy task to program it into a
computer or web page to serve as a tool for outcome
prediction.

Performance on Nuclei Classification

The confusion matrix of the 2 nuclei classification
models is presented in Table III. For the model dis-
crimination into 2 classes, the performance metrics
are as follows: sensitivity =77.01%, specificity =
85.09%, positive prediction value (PPV)=63.99%,
negative prediction value (NPV)=91.49%, false
positive rate (FPR)=14.91%, false negative rate
(FNR)=22.99%, and overall accuracy (OA)=83.02%.

Similar to the two-class model, a model to esti-
mate the histological category of individual nuclei
into one of the 4 categories (WNL, Hyperplasia—,

Hyperplasia+, and Carcinomas) was applied; this
model classified the nuclei only as WNL or Carci-
nomas, and no nucleus was assigned to hyperplasia
with or without atypia. In addition, the perform-
ance metrics were as follows: sensitivity =71.84%,
specificity = 84.94%, PPV =64.66%, NPV =88.72%,
FPR =15.06%, FNR=28.16%, and OA=81.31%. As
these results were worse than the two-class model,
we did not proceed to further analysis.

Case Classification Results and Performance

For the percentages classifier the best overall accu-
racy was obtained for a threshold value equal to
29%. This means that if a case has >29% of the nu-
clei classified by the logistic regression models as
malignant, it should be considered as malignant;
otherwise the case should be considered as benign.
The variation of the overall accuracy for various
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Table Ill  Confusion Matrix of the Two-class and Four-class Regression Models

Predicted histological category

Benign Malignant Grand total

Actual histological category No. (%)** No. (%)** No. (%)***
Two-class model

Benign 14,458 (91.5) 1,344 (8.5) 15,802 (69.2)

Malignant 2,533 (36.0) 4,502 (64.0) 7,035 (30.8)

Grand total 16,991 5,846 22,837
Four-class model*

WNL 10,655 (88.7) 1,353 (11.3) 12,008 (52.6)

Hyperplasia— 3,364 (88.7) 430 (11.3) 3,794 (16.6)

Hyperplasia+ 377 (52.9) 336 (47.1) 713 (3.1)

Carcinomas 2,109 (33.4) 4,213 (66.6) 6,322 (27.7)
Grand total 16,505 6,332 22,837

*The four-class regression model assigned all cases into only the 2 categories.

**Percentages in the parentheses in these columns are related to the classification within the specific histological category (e.g., 91.5% of the benign nuclei

were classified as benign).

***percentages in the parentheses in this column are relevant to the distribution of categories in the complete data set (e.g., 3.1% of the nuclei in the data set

were Hyperplasia+).

threshold values (0-100%) is depicted in Figure 3.
The complete classification system identified cor-
rectly 143 of the 154 benign cases (11 misclassified)
and 69 of the 74 malignant cases (5 misclassified),
yielding a sensitivity of 93.24%, specificity of
92.86%, PPV of 86.25%, NPV of 96.62%, FPR of
7.14%, FNR of 6.76%, and OA of 92.98%.

Similarly, for the numeric classifier the optimal
threshold was 32, meaning that if a case has >32
nuclei classified as malignant by the logistic regres-

sion model, then this case would be considered as
malignant, and otherwise as benign. This system
correctly identified 146 of the benign cases (8 mis-
classified) and 64 of the malignant cases (10 mis-
classified), yielding a sensitivity of 86.49%, specific-
ity of 94.81%, PPV of 88.89%, NPV of 93.59%, FPR of
5.19%, FNR of 13.51%, and OA of 92.11%.

Analysis of Misclassified Cases

For the percentages classifier, the detailed analysis

Threshold determination results for the percentages classifier

100 T T T S ) s

Percentage

30H

] EEST R RE O T

Figure 3
Overall accuracy, specificity,

20 Sensitivity .
o e SEORANT TR I R Specificity |
Overall Accuracy
0 | 1 | 1 1 1 .
0 0.1 02 03 04 05 06 0.7 0.8 09 1

Threshold value

and sensitivity of the
percentages classifier for the
applied thresholds.
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of the 5 misclassified malignant cases revealed that
1 case was hyperplasia with atypia (67 measured
nuclei), 3 cases were serous carcinomas, and finally
there was 1 case of endometrioid carcinoma. From
the 11 misclassified benign cases 10 were of pro-
liferative phase and a single case was of secretory
phase.

Further analysis of the missed cases of the nu-
meric classifier indicated that the 8 misclassified
benign cases were histologically proliferative, and
out of the 10 misclassified malignant cases 1 was the
same hyperplasia with atypia case, the same 3 cases
of serous carcinoma, 4 cases of endometrioid carci-
nomas, and the remaining 2 cases were adenocarci-
nomas.

It is worth noting that the missed malignant cases
by the percentages classifier is a subset of the
missed cases by the numeric classifier, i.e., all cases
missed by the percentages classifier were missed by
the numeric classifier as well.

Discussion

The standard cytological examination of the en-
dometrium is a very subjective method because
there is no measuring process; this poses a strin-
gent requirement related to training and skills for
specialized cytopathologists. Therefore, nowadays
endometrial cytology is not the worldwide accept-
ed method for the investigation of endometrial
lesions, mainly due to the lack of objective and
reproducible criteria,?3?* especially related to the
diagnosis of endometrial hyperplasias. As a conse-
quence, there is an increased number of proposed
classification systems and inconsistent manage-
ment of these lesions.?>

However, during the last decade many research-
ers have reported that cytology could be used as an
alternative or ancillary to dilation and curettage
(D&C) as a diagnostic tool.”926-42 According to
these data and the authors’ experience,”?22643 nu-
clear morphological characteristics may have an
important role in endometrial cytology irrelevant of
the technique (conventional or LBC). However, the
application of LBC is in line with the required ob-
jectivity of our study. The advantage of LBC is re-
lated mostly to common diagnostic criteria because
there is a standardized procedure related to fixa-
tion, transfer, and cytopreparation of the biological
material. Using LBC, the cellular overlap is related
only to the real 3-dimensional structures and is not
due to the slide preparation method.

In this study we introduce objective and repro-
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ducible criteria related to nuclear characteristics,
and, subsequently, we tried to analyze them based
on machine-based algorithms. The final goal and
clinical application was towards the discrimination
of endometrial lesions requiring immediate referral
to D&C from those that could be under pharmaceu-
tical treatment or monitoring through follow-up.

According to our results the most important dis-
crimination characteristic was nucleus area, a fea-
ture that is the primary evidence examined by
cytopathologists during screening. Therefore, the
proposed system mainly operates on characteristics
similar to these that are examined by cytopatholo-
gists during endometrium sample examination.

Despite the overlap in the feature space that was
observed in our material and in other studies,*4-4°
the proposed system gave encouraging results in
the discrimination between the nuclei from cases of
hyperplasia with cytological atypia and carcinoma
from those of benign endometrial cases and cases
without cytological atypia. The proposed case clas-
sification algorithm had excellent discrimination
capabilities in comparison to the standard cytologi-
cal examination as it is performed nowadays (i.e.,
without use of measurements). Therefore, if addi-
tional evaluation and validation with new cases is
performed, a potential use of this method as an ad-
junctive technique in the everyday practice of the
cytological laboratory could be of benefit for in-
creased diagnostic accuracy.
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