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ABSTRACT

It is important to detect cervical dysplasia, Cervical Intraepithelial Neoplasia (CIN). CIN is the potentially premalignant
and abnormal squamous cells on surface of cervix. In this study, the spatial frequency spectra of pre-cancer cervical
tissues are used to detect differences among different grades of human cervical tissues. Seven sets of thick tissue sections
of human cervix of normal, CIN 1, CIN 2, and CIN 3 tissues are studied. The confocal microscope images of the stromal
region of normal and CIN human tissues were analyzed using Fast Fourier Transform (FFT) to generate the spatial
spectra. It is observed that higher frequency components exist in CIN tissues than those in normal tissue, as well as those
in higher grade CIN tissue than those in lower grade CIN tissue. The width of the spatial frequency of different types of
tissues is used to create a criterion for CIN grading by training a support vector machine (SVM) classifier. The results
show that the randomness of tissue structures from normal to different stages of precancer in cervical tissue can be
recognized by fingerprints of the spatial frequency. The efficacy of spatial frequency analysis for CIN grading is
evaluated as excellent since high AUC (area under the ROC curve), sensitivity and specificity are obtained by the
statistics study. This works lays the foundation of using spatial frequency spectra for a histology evaluation.
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1. INTRODUCTION

Cervical cancer is the second most precedent cancer worldwide in women after breast cancer [1]. Although not a cancer, over 12% of
cervical intraepithelial neoplasia (CIN) progress into cancer [1]. Current techniques for CIN include the Papanicolaou or “Pap” smear
and colposcopy [2]. The clinical diagnosis of potential CIN depends on histological evaluation of a biopsy of a suspected abnormal
area, which is invasive and subjective. It is well known that diagnosis of a premalignant lesion is critical for the success of cancer
therapy. Since CIN is a precursor of cervical cancer [1], it is important to find an efficient and objective way to detect CIN.

An image plane with a light intensity distribution is composed of “spatial frequencies”, which is similar to the various frequencies
making up a signal in the time domain [3]. During the development from normal to high CIN stages, the connective tissue framework
of cervix can be impaired during Neoplasia evolution [1]. Such alterations of tissue biochemistry and morphology may be revealed in
the tissue scattering and fluorescence [4]. Spatial frequency spectral analysis is able to provide information of the periodic and/or
random structures of a sample from the reflected light intensity distributions as would be seen by a pathologist. Moreover, the periodic
and/or random structures in the stromal region of CIN tissue is related to the stage of precancer progression [1, 2]; therefore, spatial
frequency spectral analysis may offer an alternative and objective way to analyze CIN grades and cancer tissues.

This paper presents the statistical criteria utilization of spatial frequency of cervical tissue microscope images to grade and distinguish
tissue change among normal and different stages of dysplasia tissues. Confocal microscope images of stromal region of normal and
different grades of CIN human tissues were analyzed using Fast Fourier Transform (FFT) to generate the spatial spectra. The results
show that the randomness of tissue structures from normal to different stages of CIN tissues can be recognized by fingerprints of the
spatial frequency, which lays the foundation of using spatial frequency spectra from FFT analysis for a histology evaluation. The
statistical analyses of the spatial frequency spectra of cervix precancer tissue demonstrate the effective criteria to grade cervix tissue
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states. The analyses of twenty-eight cervical precancer tissues with spatial frequency spectra provide the preliminary demonstration of
the effective criteria to grade CIN states.

2. SAMPLES AND METHOD

Seven sets of human cervix of normal, CIN 1, CIN 2, and CIN 3 tissues of 5 um thickness stained by H&E are used in this study.
These stained tissue sections were irradiated by 514 nm (Argon ion laser) and fluorescence images captured at emission wavelength
532 nm using a confocal microscope (Leica TCS SP5). Figures 1 (), (b), (c), and (d) show a typical set of confocal microscope
images of the normal, CIN 1, 2, and 3 tissues, respectively. The intensities distribution of these images can be expressed as the two
dimensional (2D) functions f(x,y) in spatial coordinates (x,y) [3]:

foy)= ;F[u,v]exp[iZﬁ(uervy)J, (1)
u=0v=0 Lo L,

where u and v are the numbers of cycles of f(x,y) with a periodic Ly and L, in the x and y directions, respectively. Discrete Fourier
Transform (DFT) is usually-used mathematical tools to convert 2D spatial intensity distribution function f(x,y) into the 2D spatial
spectrum F(u,v) by sampling a finite extent N x N [3]:
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Fig.1. A typical set of cropped portions of confocal microscope images of stromal regions of (a) normal, (b) CIN 1, (c) CIN 2, and (d)
CIN 3 cervical tissues

The magnitude spectra, [F(u,v)|, are calculated by [3]:

[F(u,v) =yR*(uv)+1%(uyv) . 3)

where R(u,v) and I(u,v) are the real and imaginary parts of the spatial frequency spectrum, respectively.
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3. EXPERIMENTAL RESULTS AND DISCUSSIONS

In order to obtain the spatial spectral information of randomness and aperiodicity of CIN tissues for different grades, the 2D DFT of
Figs. 1 was performed by sampling N = 256. Figures. 2 (a), (b), (c), and (d) display the 2D amplitudes spectra of normal, CIN 1, 2,
and 3 tissues, respectively. For visual purposes, the amplitude spectra shown in Figs. 2 were truncated by linear mapping of the initial
amplitudes and exhibited as logarithms of amplitudes [7] in the color range of [0, 255].

Figures 2 (a) to (d) are typical results of spatial frequencies distribution where the dominant spatial frequency is at the origin (u=0,v =
0), and increases in all directions away from the center [8]. The salient differences observed among Figs. 2 (a) to (d) are that higher
frequency components are dominant in CIN tissues than in normal tissue, and higher grade CIN over the lower grade CIN tissue. The
features displayed in Figs. 2 are thus stated as follows: for the normal tissue and the lower grade CIN tissues, the lower frequency
amplitudes mostly dominate over the mid-range and high-frequency ones, but the mid-range and high-frequency amplitude spectrum
can be perceived more clearly with the evolution from normal to CIN, and development from low grade to high grade CIN.
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Fig. 2. 2D spatial frequency of (a) normal, (b) CIN 1, (c) CIN 2, and (d) CIN 3 tissues obtained from their corresponding
confocal microscope images shown in Figs 1; Spatial frequency (dot line) and their corresponding fitted Gaussian distributions
(solid line) at the most dominant cross section along horizontal direction of (e) normal, (f) CIN 1, (g) CIN 2, and (h) CIN 3.

These differences among the different types of tissues can be more distinctly seen from their spatial frequency distributions at the
same pixel row along horizontal direction. Figs. 2 (€), (f), (g), and (h) show the digital spatial cross section frequency distributions of
the Figs. 2 (a), (b), (c), and (d), respectively using dotted lines. The spatial frequency obtained by Fourier transform of different types
of images shows that higher the grade of CIN tissue, more and wider is the spatial frequency range. This observation is in good
agreement with the cervical precancer development [2].

CIN can start in any of the three stages, and can either progress, or regress [1, 2]. CIN 1 is the least risky type, confined to the basal 1/3
of the epithelium; CIN 2 is the moderate neoplasia confined to the basal 2/3 of the epithelium; and CIN 3 is the most severe, involving
almost the entire thickness [1, 2]. The lesion of CIN 3 is sometimes referred to as cervical carcinoma in situ [1]. The patterns of
normal and low grade CIN tissues consist of evenly placed uniform epithelial cells supported by a well-structured surrounding
extracellular matrix (ECM), which is composed mainly by collagen [1, 2]. As grade advances, the tumor cells proliferate, thus
degrading ECM and cause loss and randomness of collagen fibers [1, 2]. The images shown in Fig.1 taken from the stromal region of
cervical tissue, show the collagen in the normal tissue to be more ordered in layers and uniform in shape and size while those in CIN
precancer tissues are aperiodic random, anti-symmetrical, different sizes, and disordered in structure. The randomness in size and
shape gives rise to wider spatial frequency range in the higher grades in comparison with lower grade CIN and normal cervical tissues.
Such features of disorder, aperiodic random, anti-symmetrical collagens in different size are also hallmarks of prostate [4, 5], breast [6,
7] and other types of dysplasia and/or tumor.

To create statistical criteria to distinguish the different types of tissue, the width of the spatial frequency spectra needs to be quantified.
The data shown as the dotted line in Figs. 2 (e) to 2 (h) were then fitted by the Gaussian distribution function with zero mean:
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where £ the mean or expectation of the distribution (which is zero in all of our cases), ois the standard deviation which is the diversity
or “dispersion” of the data away from the mean. A lower o indicates that the contributing frequencies are close to the mean or zero
frequency, whereas higher o-suggests that the data are spread over a larger range of frequencies. The fitting curves obtained by a built-
in function of Origin 8.5 are shown as solid lines in Figs. 2 (e) to 2 (d).

The differences in o-among different types of tissues may be used to evaluate different risk levels, which are reflected by their spatial
frequencies. Figure 3 (a) shows extracted o of normal (delta), CIN 1(inversed delta), CIN 2 (circle), and CIN 3 (square) tissues,
respectively, using the experimental data to fit Gaussian function of equation (4). An increase of spatial frequency range from normal
to CIN tissues, and from low grade CIN to high grade CIN tissues is seen in Fig 3 (a). In spectral analysis, the expanding spectral
range refers to more frequency components. This phenomenon is also render as “whitening of signal” [8]. The whiter spatial
frequency spectra of CIN tissue compared with normal tissue maybe provide a diagnostic criterion for grading CIN tissues.
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Fig. 3 (a) The extracted o of the Gaussian distribution for the spatial frequency of total seven sets of normal, CIN 1, 2, and 3 tissues.
The separating lines were calculated using SVM. Accuracy evaluated by ROC curve using the extracted o for distinguishing significant
criterion to classify the tissues into two groups for (a) normal vs. three types of CIN tissues; and (c) normal, CIN 1 and CIN 2 vs. CIN
3 tissues.

It is important to provide pathologist a simple but efficient way in form of quantitative criteria to differentiate the normal from the
diseased tissues, and discriminate CIN3 from other three types of tissues. The success of the first issue decreases the false positive rate
to avoid the overtreatment while the second aim meets the challenges for precancer detection and helps discriminate potential
aggressive cancer from indolent disease. In order to evaluate the potential use of extracted o as a criterion for these goals, the Support
Vector Machine (SVM) [9] is used to analyze the alterations of o reflected in the changes of normal to different grades of CIN tissues.

SVM is well-known one of the most powerful classifiers. In general, the SVM classifier is determined by a number of components for
the most effectively discriminating, the support vectors, located at the boundary of the groups of data [9]. Since the data of o to be
categorized is just one dimensional in our case, it may be better to render as Support Component Machine (SCM) and Support
Component (SC). In our study for separating normal and CIN tissues, the SCs are chosen from the components of ¢ between

oot —kand o) +k, where k is a self-defined threshold value for optimum, and o< and o, is the minimal  for CIN tissues,

and maximal o for normal tissues. Same method was applied for chosen SCs for grouping CIN 3 vs. non CIN 3 tissues.

In a diagnosis test, the outcome may be positive (disease) or negative (healthy), which can be either true or false. To evaluate the
potential of a diagnosis method using o, the criteria for categorizing the true or false positive and negative groups in our study were
determined using the SCM algorithm on all 28 (7 sets for 4 types of tissues) tissue sections. It was found that ¢ = 5.80 and ¢ = 15.82

for separating normal vs. CIN tissues, and non CIN 3 vs. CIN 3 tissues, respectively, which is shown as solid lines in Fig. 3 (a).
According to these two separating lines, the sensitivity and specificity for these two cases can be calculated.
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Subsequently, the receiver operating characteristic (ROC) curves were generated to evaluate the performance of criterion of the
extracted o of the spatial frequency combined with SCM for grading CIN tissues. Accuracy can be measured by the AUC (area under
the ROC curve). ROC curves shown in Figs. 3 (b) and 3 (c) were generated from the cases of normal vs. CIN tissues, and non CIN 3
vs. CIN 3 tissues, respectively, to determine the accuracy of classification using o of the spatial frequency combined with SCM. The
AUC values of the ROC curves shown in Figs. 3(b) and 3(c) were then calculated.

The sensitivity, specificity and the AUC values for using the extracted o of the spatial frequency combined with SCM for grading
CIN tissues are summarized in Table I:

Table I: Evaluation of performance for criterion using
o combined with SCM for separating CIN tissues

evaluated components sensitivity specificity AUC
normal vs. CIN 95.2% 71.4% 0.90
non CIN 3 vs. CIN 3 85.7% 90.5% 0.93

It can seen from Table | that the good sensitivity, specificity, and AUC values demonstrate the excellent efficacy of the spatial
frequency combined with SCM as a promising diagnostic tool for CIN detection [7].

Moreover, the increase of o of the Gaussian distribution of the spatial frequency from normal to CIN tissues, and from lower grade of
CIN to higher grade of CIN tissues may provide an alternate diagnostic criterion for grading CIN tissues. In order to evaluate this
potential, Fig. 4 shows the extracted o (square) of the spatial frequency as a function of normal and CIN grade. It is important to note
that the o exhibits a monotonous growth and a good correlation with the CIN grades. This linear dependent property can be
schematically shown as the solid line in Fig. 4, which can be characterized by correlation coefficient: r* = 0.91 using linear regression
analysis by taking normal, CIN 1, CIN 2, and CIN 3 as 0, 1, 2, and 3, respectively. The linear increase of the extracted o as the
function of CIN grades actually reflects more spatial frequency components contained in the higher grades of CIN tissues in
comparison with lower grade CIN and normal cervical tissues. Identifying the metastatic potential of cancer is critical in cancer
detection and staging. This study is highly relevant and serves as a key step to predict the metastatic potential of cervical cancer using
spatial frequency analysis [10]. This research will help in understanding the use of native fluorescence to identify potential metastatic
cervical cancer using intact tissue specimens. Based on this study, a new optical technique may have potential to be developed as a
classifier to determine tumor stages.
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Fig. 4. The increase of ¢ as a function of normal and CIN grade.
4. CONCLUSION
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In conclusion, this preliminary investigation on human normal, CIN 1, CIN 2, and CIN 3 cervical tissues applies Fourier analysis of
their confocal microscope images to obtain information of the 2D spatial frequency spectra of these samples. With the evolution from
normal to CIN tissues, and the development from low grade to high grade CIN tissues, an increase of o of the Gaussian distribution of
the spatial frequency from normal to CIN tissues, and from lower grade of CIN to higher grade of CIN tissues was observed [5]. This
can be understood by more ordered layers and uniform collagen fibers in the normal and low grade CIN tissue, but aperiodic random,
anti-symmetrical, different sizes, and disordered structure of collagen in high grade of CIN tissue. Differentiation between normal vs.
CIN tissues and non CIN 3 vs. CIN 3 tissues can be highlighted using spatial frequency spectra analysis combined with the SCM.
ROC curves were used to evaluate the performance of this criterion. Excellent sensitivity, specificity, and AUC values were achieved.
This approach of using spatial frequency could discriminate the normal and three grades CIN tissues in vitro and in the future could
be useful for in vivo detection. Further, based on o of the Gaussian distribution of the spatial frequency as a function of CIN grade, a
spatial frequency grading in parallel with CIN grading could be established with the linear fit in excess of 0.91. This preliminary study
presents a potential criterion to diagnose early stage cervical tumor and other types of tumor or dysplasia having tissue structural
changes [4-7]; therefore, spatial frequency spectra offers a simple and efficient method in optical biopsy and pathology.
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