
Supplementary Material 

Computerized Analysis of Cytologic Features 

Digital cytological images in matrices of color pixels were collected for computerized analysis. The 

computerized analysis was performed using AmCAD-CA (AmCad BioMed Corp., Taipei, Taiwan). The detailed 

algorithm used by the software can be seen in the patent [1] filed by the software company. Briefly, the 

pixel values in the Red-Green-Blue (RGB) color space were first converted into the color space of hue (H), saturation 

(S), and value (V), with Hij, Sij, and Vij, i=1,…, I and j=1,…, J, respectively, representing the H, S, and V values of 

the pixel at position (i, j) of the IJ matrix image. Based on color values, pixels were grouped using Otsu’s method 

into 3 sets, i.e., nucleus, cytoplasm, and background sets [2, 3]. N, C, and B denote the sets of nucleus, cytoplasm, 

and background, respectively, and nN, nC, and nB denote the numbers of pixels grouped in N, C, and B, 

respectively. The cytological features, including nuclear-cytoplasmic ratio (NCR), nuclear-cytoplasmic 

hue ratio (NCHR), nuclear-cytoplasmic saturation ratio (NCSR), and nuclear-cytoplasmic value ratio 

(NCVR), were then calculated using the following formulae 
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With the color pixels of cytoplasm and nuclei differentiated, the discrete nuclei were further 

segmented using the Canny edge detection method [4, 5]. The segmented margin of the nuclei could then 

be used for statistical values, such as the sample mean (M), the sample standard deviation (SD), and the 

coefficient of variation (CV=SD/M) of the morphological features including nuclear size, circularity, 

ellipticity, elongation, nuclear polarity, inclusion, and overlapping. With the total number of pixels within 

the margin of the kth discrete nucleus represented by nk, where k=1,…, K, and K were the total numbers 

of segmented discrete nuclei, the mean nuclear size (MNS) and standard deviation of nuclear size (SDNS) 

were then calculated using:   
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With the perimeter of the kth discrete nucleus consisting of pk pixels, the circularity of the kth nucleus 

was quantified as: 
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The mean nuclear circularity (MNC) and standard deviation of nuclear circularity (SDNC) were 

calculated using: 
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With a and b as the long and short axis of the nucleus, the ellipticity of the kth nucleus was quantified 

as: 
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The mean nuclear ellipticity (MNEllip) and standard deviation of nuclear ellipticity (SDNEllip) were 

calculated using: 
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The elongation of the kth nucleus was quantified as: 
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The mean of nuclear elongation (MNElon) and standard deviation of nuclear elongation (SDNElon) 

were calculated using: 
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For quantification, the area of the overlapped nuclei (nON) was first calculated by subtracting the total 

number of pixels in the nuclear area by the total number of pixels in the area of discrete nuclei: 
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The overlapping index was then defined as the ratio of overlapped nuclei to the total nuclear area: 

Overlapping Index (OI)= ON
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Similarly, to quantify cytoplasmic inclusion bodies, the number of pixels in the area of cytoplasm 

within nuclei (nCN) was first calculated and the index was then defined as the ratio: 

Inclusion Index (II)= CN
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For quantification of nuclear polarity, the angle of the long axis of the kth nucleus (k) was first 

calculated. The index of nuclear polarity (NP) was then defined as the variability of nuclear long-axis 

angles and calculated using the sample standard deviation of k. 
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