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Abstract: Globally, cervical cancer ranks as the fourth most prevalent cancer affecting
women. However, cervical cancer can be treated if detected at an early stage. Pap-smear is
a good tool for screening of cervical cancer but the manual analysis is error-prone, tedious
and time-consuming. The objective of this study was to rule out these limitations by
automating the process of cervical cancer classification from pap-smear images by using an
enhanced fuzzy c-means algorithm. Simulated annealing coupled with a wrapper filter was
used for feature selection. The evaluation results showed that our method outperforms
many of previous algorithms in classification accuracy (99.35%), specificity (97.93%) and
sensitivity (99.85%), when applied to the Herlev benchmark pap-smear dataset. The overall
accuracy, sensitivity and specificity of the classifier on prepared pap-smear slides was
95.00%, 100% and 90.00% respectively. False Negative Rate (FNR), False Positive Rate
(FPR) and classification error of 0.00%, 10.00% and 5.00% respectively were obtained.
The major contribution of this tool in a cervical cancer screening workflow is that it
reduces on the time required by the cytotechnician to screen very many pap-smears by
eliminating the obvious normal ones, hence more time can be put on the suspicious slides.
The proposed tool has the capability of analyzing 1-2 smears per minute as opposed to the
5-10 minutes per slide in the manual analysis.
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1. Introduction

Globally, cervical cancer ranks as the fourth most prevalent cancer affecting women with
527,624 women diagnosed with the disease and 265,672 dying from it every year [1]. In sub-
Saharan Africa, 34.8 new cases of cervical cancer are diagnosed per 100,000 women annually,
and 22.5 per 100,000 women die from the disease, with over 80% of cervical cancer detected in
its late stages [2]. Over 85 per cent of cervical cancer cases occur in less developed countries of
which the highest incidences are in Africa, with Uganda being ranked 7™ among the countries
with the highest incidences of cervical cancer. Over 85% of those diagnosed with the disease in
Uganda die from it [3]. Regular pap-smear screening is the most successful and effective attempt
by medical science and practice to facilitate the early detection and screening of cervical cancer.
However, the manual analysis of the pap-smear images is time-consuming, laborious and error-
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prone as hundreds of sub-images within a single slide have to be examined under a microscope
by a trained cytopathologist. To overcome the limitations associated with the manual analysis of
pap-smear images, computer-assisted pap-smear analysis systems using image processing and
machine-learning techniques have been proposed by several researchers [4-5].

1.1  Computer-Assisted Pap-Smear Analysis

Since the 1960’s numerous projects have developed computer-assisted pap-smear analysis
systems leading also to a couple of commercial products like AutoPap 300 QC (NeoPath,
Redmond, WA, USA) [6] and the PapNet (Neuromedical Systems Inc., Suffern, NY, USA) [7]
which were approved by the United States Food and Drug Administration (FDA). However,
these have had limited impact on cervical cancer screening in most of the low developed
countries. Ever since the first appearance of computers, significant development efforts have
been aiming at supplementing or replacing the human visual inspection of pap-smears by
computer-aided analysis, however, the problem turned out to be a lot harder than expected.

1.2 Review of Related Literature on Tools for Automated Analysis of Pap-Smear Images

Due to the fact that the manual visual screening of pap-smear images is very demanding, tedious,
and expensive in terms of labour requirements, proposals for automating the pap-smear analysis
have been proposed. It took more than 40 years before the first successful commercial systems
appeared [8]. However, still, automated screening is not sufficiently cost-effective to completely
replace the visual analysis from the relatively limited penetration of automated screening systems
in the screening operations worldwide [8]. This section presents some of the systems that have
been developed in this line.

The cytoanalyzer project in the US was the first attempt at building an automated screening
device for pap-smears based on the concept of nuclear size and optical density [9].
Unfortunately, tests with the cytoanalyzer revealed that the device produced too many false rates
(false negatives and false positives). There were numerous objects of a size similar to malignant
cells present also on normal specimens. The project failed mainly because of this artefact
rejection problem. The CYBEST was developed by Watanabe and coworkers at Toshiba in Japan
based on initially special purpose electronic circuits and later with the advance in technology on
digital computers [10]. They extracted 4 features from the cell; nucleus area, nucleus density,
cytoplasmic area, and nuclear to cytoplasmic ratio. The prototypes were used in large field trials
in the Japanese screening program and showed promising results but none of them became a
product. A Precision Encoding and Pattern Recognition (PEPR) cathode ray tube (CRT)
scanning system at Nijmegen was modified to study the feasibility of developing a fully
automatic system for the prescreening of cervical smears. PEPR system was then renamed
BioPEPR and developed into a general image analysis system for cervical cancer screening [11].
The system used nuclear area, nuclear optical density, nuclear texture, and nuclear to
cytoplasmic ratio. There was no in-depth study made to assess the efficiency of BioPEPR system
in detecting abnormalities of the endometrium and hence the product did not go to market.
Another system that was developed was FAZYTAN [12], a system for fast automated cell
segmentation, cell image analysis and feature extraction based on TV-image pickup and parallel
processing. The system performed efficient and fast detection and segmentation of cells scanned
in one TV frame within one second as well as the extraction of a large number of morphologic
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features within a few seconds. However, FAZYTAN never reached the market, and an important
reason for this was lack of cost-effectiveness.

In 1981 Cervical was developed and a trial was carried out to evaluate its performance for
automated cytology prescreening system on cervical scrape specimens prepared by a suspension-
polyline-hematoxylin preparation method [13]. The results were not too good and this was
attributed to the number of false-positive signals caused by the hematoxylin stain and the number
of specimens rejected as inadequate by the scanner. In 1998, FDA approved the first company
(Tripath) with an automated cervical cancer screening product. The Tripath Company was later
acquired by BD in 2006 and the system renamed BDFocalPoint Slide Profiler which is largely
based on the AutoPap 300 system [6] with a new liquid-based specimen preparation technique
called SurePath added to it to further improve the system performance. On the other hand, a
number of academic researchers have proposed different algorithms for automated analysis of
pap-smears as presented in [4].

This paper presents a tool for automated diagnosis and classification of cervical cancer from
pap-smears using an enhanced fuzzy c-means algorithm.

2. Materials and Methods

2.1.1 Input Images

The cervical cancer classification was achieved through a sequential approach depicted in Figure
1. The approach was developed using Harlev dataset. The dataset consists of 917 single cells of
pap-smear images prepared by Jantzen et al. [14]. The dataset contains pap-smear images that
were obtained by skilled cytopathologists using a microscope connected to a frame grabber and
taken with a resolution of 0.201pum/pixel. The images were segmented using CHAMP
commercial software developed by DIMAC Imaging systems and then classified into 7 classes
[14]. Furthermore, the performance of the classifier was evaluated on samples of pap-smears
obtained from Mbarara Regional Referral hospital. Specimens were imaged using an Olympus
BX51 bright-field microscope equipped with a 40%, 0.95 NA lens and a Hamamatsu ORCA-05G
1.4 Mpx monochrome camera, giving a pixel size of 0.25um with 8-bit grey depth. Each image
was then divided into 300 areas with each area containing between 200 to 400 cells. Based on the
opinions of the cytopathologists, 10,000 cells in images derived from 98 different pap-smear
slides were selected. These included cervical epithelial cells (250 normal and 250 abnormal
cells), other types of cells and debris.
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Figure 1: The Proposed Approach for Cervical Cancer Classification from Pap-Smear Images

2.1.2 Image Enhancement

Image contrast was to ensure that all the images had the same properties and for the purpose of
stressing the regions of interest. A contrast local adaptive histogram equalization (CLAHE) [16]
was applied to a grayscale image. Conversion to RGB channel was achieved using a grayscale
technique implemented using Equation 1 as defined in [17].

New Grayscale Fmage = ((03 = B) + (0.59 =G) + (0.11=B)}, (D)

Where R=Red, G=Green and B=Blue color contributions to the new image.
2.1.3 Debris Removal

The main reason for the current limitations of many of the existing automated pap-smear analysis
systems is that they fail to differentiate between cervical cells and debris. It has been shown that
classifiers designed to differentiate between normal and pre-cancerous cells produce
unpredictable results when artefacts exist in the pap-smear [18]. In this paper, a technique to
identify cervix cells using a three-phase sequential elimination scheme (Figure 2) is presented.

' Size Analysis ‘
Texture Analysis v Shape Analysis

Figure 2: Three-phase sequential elimination approach for debris rejection

The approach sequentially removes debris from the pap-smear if deemed unlikely to be a
cervix cell. This is beneficial as it allows a lower-dimensional decision to be made at each stage.

Size Analysis: The area is one of the most basic features used in the field of automated
cytology to separate cells from debris. One of the key changes with nucleus area assessment is
that cancerous cells undergo a substantial increase in nuclear size [18]. Therefore, determining
an upper size threshold that does not systematically exclude diagnostic cells is much harder, but
has the advantage of reducing the search space. The method presented in this paper is based on a
lower size and upper size threshold of the cervical cells as shown in Equation 2.
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If Areay, = Area,, = Areag,, then < fereground > else < Backgraund =  (2)

The objects in the background are regarded as debris and discarded from the image. Particles
with area which fall in the rage of Area,,.. and Area,,,, discarded during the next stages.

Shape Analysis: The shape of the objects in a pap-smear is a key feature in the differentiation
between cells and debris [14]. A region-based method (perimeter2/area (P2A)) has been used
[19] for shape analysis. The P2A was chosen on the merit that it describes the similarity of an
object to a circle. The P2A is sometimes referred to as shape compactness and is defined by
Equation 3:

c=p°lA 3)

Where c is the value of shape compactness, 4 is the area and p is the perimeter of the nucleus.
Texture analysis: Within a pap-smear, the distribution of average nuclear stain intensity is much
narrower than the stain intensity variation among debris [18]. This fact was used as the basis to
remove debris based on their image intensities and colour information using Zernike moments
(ZM) [20]. The ZM of order n with repetition / of function f{7,#), in polar cordinates inside a

disk centered in square image I{x,¥) of size m x m is given by Equation 4 as used in [18].
afl
f‘l»: = = E.r E}-‘ ’v;ﬂ (1“, 9:[{(.’3-} F) 4)
vy (7 %) denotes the complex conjugate of the Zernike polynomial v {r.&). To produce a
texture measure, magnitudes from #,; centered at each pixel in the texture image are averaged.

2.1.4 Boundary Detection

Boundary detection is an image processing technique for finding the boundaries of objects within
images. It works by detecting discontinuities in brightness [21]. An approach based on a canny
edge detection method was implemented to detect edges in an image by locating pixel locations
where the gradient was higher than its neighbours [22]. This paper uses a 5x5 Gaussian filter
with standard deviation = 1.5 to smooth the image in order to remove the noise.

2.1.5 Segmentation

Image segmentation was achieved through a locally adaptive thresholding and morphology.

(a) Adaptive Threshold
Due to the varying illumination in a pap-smear, a locally adaptive thresholding was used. A
local adaptive thresholding technique developed by Niblack [23] was adopted where a local
threshold 7(x, y) at point (x, y) was calculated within a window of size w*w as shown in
Equation 5.
T(x,y)=m(x,y)+kd(x,y) (5)
Where m(x, y) andd(x, y) are the local mean and standard deviation of the pixels inside the

local window and £ is the bias which controls the level of adaptation varying the threshold value.
Satisfactory segmentation results were obtained at k = -0.2 and w=15.

(b) Morphology

The two major techniques in morphology are dilation and erosion. Morphological techniques
probe an image with a small template called a structuring element [49]. The dilation of an image
f by a structuring element s produces a new binary image g = f® s with ones in all locations (x,
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y) of a structuring element's origin at which that structuring element s hits the input image f, i.e.
g(x, y) = 1 if s hits f and 0 otherwise, repeating for all pixel coordinates (X, y). On the other hand,
the erosion of a binary image f by a structuring element s produces a new binary image g = f®s
with ones in all locations (x, y) of a structuring element's origin at which that structuring element
s fits the input image f, ie. g(x, y) = 1 if s fits f and 0 otherwise, repeating for all pixel
coordinates (x, y) [24].

2.1.6 Feature Extraction

The features extracted from the images in this paper included the morphology features that have
been extracted in [14] [25-26]. These features include: nucleus area, cytoplasm area, nucleus to
cytoplasm ratio, nucleus gray level, cytoplasm gray level, nucleus shortest diameter, nucleus
longest diameter, nucleus elongation, nucleus roundness, cytoplasm shortest diameter, cytoplasm
longest diameter, cytoplasm elongation, cytoplasm roundness, nucleus perimeter, cytoplasm
perimeter, nucleus relative position, maxima in nucleus, minima in nucleus, maxima in
cytoplasm, minima in cytoplasm. Due to the biological significance of the nucleus in cancer
classification, 3 more geometric (solidity, compactness and eccentricity) and 6 (mean, standard
deviation, variance, smoothness, energy and entropy) textual features were extracted from the
nucleus giving a total of 29 features. A method based on prior knowledge has been developed
that extracts features from segmented images using pixel level information.

2.1.7 Feature Selection

Feature selection also called variable/attribute selection is the process of selecting subsets of the
extracted features that give the best classification results. The method used in this tool combines
the simulated annealing with a wrapper approach. This has also been proposed in [26] for feature
selection. The performance of the feature selection is evaluated using a double-strategy random
forest algorithm [27]. The search for the global optimum function is guided by a fitness value
[28]. When simulated annealing is finished, all the different subsets of features accepted are
saved, their fitness is then compared to find the one that performs the best. The fitness value
search was obtained with a wrapper where K-fold cross-validation was used to calculate the error
on the classification algorithm. The wrapper method considers the selection of a set of features as
the search problem [29]. Different combinations from the extracted features are prepared,
evaluated and compared to other combinations. A predictive model is then used to evaluate a
combination of features and assign a score based on model accuracy. The features that give the
least error are used to construct the classifier.

2.1.8 Classification

Cervical cancer classification is a complex task; therefore, classification models are also usually
complex. However, the more complex the classification model, the less the chance to find a
model that fits well to the data [36]. This was handled by dividing the problem into subproblems
and tackling them one by one using the defuzzification method in future selection. This approach
is referred to as hierarchical [30] and has been reported to yield better classification results [26].

The performance of a classifier was evaluated using accuracy, false positive, false negative,
sensitivity, specificity and ROC Area metrics. Sensitivity measures the proportion of actual
positives that are correctly identified as such whereas specificity measures the proportion of
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actual negatives that are correctly identified as such. Sensitivity and specificity are given by
Equation 6.

Sensitivity (TPR) = —— ™

Tharm - Spectfteity (TNR) = =2 (©)

Where TP=True positives, FN=False negatives, TN=True negatives and FP=False positives

3. Results

3.1  Pap-Smear Automated Analysis Tool Description

The methods described above are executed via a Java graphical user interface (GUI) shown in
Figure 3. The GUI has a panel where a pap-smear is loaded and a cytotechnician selects an
appropriate method for debris removal, boundary detection and segmentation, after which
features are extracted using the extract features button. Features of one intermediate and
superficial cells are displayed. Once the features have been extracted, the cytotechnician presses
the classify button and the tool emits a diagnosis (normal/abnormal) and classifies it to one of the
7 classes/stages (normal superficial, normal intermediate, normal columnar, mild dysplastic,
moderate dysplastic, severe dysplastic or carcinoma in situ).

| £/ - o e

Pap-smear Automated Analysis Tool

Image Manipulation: Full Slide Image Analysis Results

Debris Removal: DR-1 |7 | Apply Invert

Specimen Adequancy. 4200
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’ Load pap-smear Image ] l ResetImage panel J [ Extract Features J [ Classify Disease Stage Normal Superficial

Figure 3: Graphical User Interface for the Pap-Smear Analysis Tool

3.2 Classification

A confusion matrix for the classification results on single cells is shown in Table 1. Of the 242
normal cells, 237 were correctly classified as normal and 5 were incorrectly classified as
abnormal (1 normal intermediate and 4 normal columnar). Of the 675 abnormal cells, 674 were
correctly classified as abnormal and 1 was incorrectly classified as normal. The overall accuracy,
sensitivity and specificity of the classifier on this dataset was 99.35%, 99.85% and 97.93%
respectively. A false negative rate (FNR), false positive rate (FPR) and classification error of
0.15%, 2.07% and 0.65% respectively were obtained.
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Table 1: Cervical Cancer Classification Results from Single Cells

Abnormal Normal

False Negative 1 True Negative 237

True Positive 674 False Positive 5

Total 675 Total 242

Furthermore, the classifier was evaluated on a dataset of 60 full pap-smear images (30 normal

and 30 abnormal pap-smear images) that had been prepared and classified by a cytotechnologist
as normal or abnormal at Mbarara Regional Referral Hospital. Of the 30 normal pap-smears, 27
were correctly classified as normal and three were incorrectly classified as abnormal. All the 30
abnormal slides were correctly classified as abnormal. The overall accuracy, sensitivity and
specificity of the tool on this dataset was 95.00%, 100% and 90.00%, respectively. A false
negative rate, false positive rate and classification error of 0.00%, 10.00% and 5.00%,
respectively were obtained as shown in the confusion matrix in Table 2.

Table 2: Cervical Cancer Classification Results from Pap-Smear Cells

Abnormal Normal

False Negative 0 True Negative 27
True Positive 30 False Positive 3
Total 30 Total 30

A Receiver Operating Characteristic (ROC) curve was plotted to analyze how the classifier
can distinguish between true positives and negatives. This was necessary because the classifier
needs to not only correctly predict a positive as a positive, but also a negative as a negative. This
was obtained by plotting sensitivity (probability of predicting a real positive as positive), against
100-specificity (the probability of predicting a real negatgve as negative) as shown in Figure 4.

100 | ~ 100}
80 F 80 :
N 2 [
£ eof 5 60f
B A D I
5 4of a 40 :
20f AUC = 0.990 201 AUC = 0.952
F P < 0.001 i P < 0.001
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0 20 40 60 80 100 0 20 40 60 80 100
100-Specificity 100-Specificity

Figure 4: ROC curve for the classifier performance on Herlev and Prepared pap-smear slide Datasets.

The tool’s performance was compared with state of art classification algorithms available in
the literature. Results showed that our method outperforms some of the existing algorithms in
classification accuracy (99.35%), specificity (97.93%) and sensitivity (99.85%), when applied to
the Herlev benchmark pap-smear dataset as shown in Table 3.

Table 3: Comparison of the developed tool’s performance with methods in [25], [31] and [32]

Method Method Sensitivity Specificity Accuracy

Zhang et al. [25] Deep Convolutional Networks  98.2% 98.3% 98.3%

Bora et al. [32] Ensemble Classifier 99.0% 89.7% 96.5%

Marinakis et al. [31] Genetic Algorithm 98.5% 92.1% 96.8%

Our Approach Enhanced Fuzzy C-means 99.85% 97.93% 99.35%,
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4. Discussion

This research described the automated diagnosis and classification of cervical cancer from pap-
smear images. The results in Table 1 are representative of the results that can be obtained from
pre-processed smears, hence they provide a lower limit for the false positive and false negative
rates on the cell level of 2.07% and 0.15% respectively. This implies that if the classier is
presented with well-prepared slides then higher sensitivity values (>99%) can always be obtained
as seen from the ROC curve in Figure 4. The classifier shows promising results in the
classification of the cancerous cells with an overall accuracy of 99.35% on this dataset.

The results in Table 2 are representative of the results that can be obtained from a pap-smear
slide from the pathology laboratory. A smear level false negative rate of 0.00% means that no
abnormal cells were classified as normal, and therefore, the misclassification of an abnormal
smear is unlikely. However, the 10.00% false positive rate means that some normal cells were
classified as abnormal. However, confirmation tests are required to be carried out by the
cytopathologist. The overall accuracy, sensitivity and specificity of the classifier on full pap-
smear slides from the pathology lab was 95.00%, 100% and 90.00% respectively. The higher
sensitivity of the classifier to cancerous cells could be attributed to the robustness of the feature
selection method which selected strict nucleus constrained features that potentially indicate signs
of malignancy.

5. Conclusion

In this paper, we have presented a tool for automated diagnosis and classification of cervical
cancer from pap-smear images. The major contribution of this tool in a cervical cancer screening
workflows is that it reduces on the time required by the cytotechnician to screen very many pap-
smears by eliminating the obvious normal ones, hence more time can be put on the suspicious
slides. Normally, a conventional pap-smear slide of size (5.7x2.5) mm obtained using a multi-
head Olympia microscope may contain around 5,000-12,000 cells and it may take 5-10 minutes
for manual analysis. The proposed tool has the capability of analyzing 1-2 smears per minute.
With increased computer speed, efficiently written programs and implementation of this project
using deep learning the potential to increase the number of smears analysed per minute. The
evaluation and testing conducted with the Herlev database and pap-smear slides from Mbarara
Regional Referral Hospital prove the validity of the tool. The tool currently uses a chain of
methods and this makes it computationally expensive. In the future we shall implement the tool
using deep learning. More so, in the future work, we plan to include a cervical cancer risk factors
assessment and evaluation model into the tool.
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