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  Abstract:   The paper presents a method for nucleolus 

detection in images of nuclei in clear-cell renal carcinoma 

(CCRC). The method is based on the similarity of the nuclei 

image and the two-dimensional paraboloidal window 

function. The results of numerical experiments performed 

on almost 2600 images of CCRC nuclei have confirmed the 

good accuracy of the method. The developed algorithm 

will be used to accelerate further research in computer-

assisted diagnosis of CCRC.  
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  An important step in the research on clear-cell renal carci-

noma (CCRC) is recognition of tumor cells [2, 3, 6]. Tumor 

cells are generally large and polygonal and show distinct 

cell membranes. The cytoplasm is optically clear in most 

cells; hence the analysis is simplified to their nuclei. The 

nuclei are small, round to slightly oval, and regular. They 

can be recognized on the basis of the existence of one of 

even a few nucleoli. 

 Analysis of the image directed to the recognition of 

nuclei is the first step in the assessment of the degree of 

advancement of a cancer by applying the Fuhrman grading 

system composed of four grades [3]. Grade 1 tumors have 

round, uniform nuclei with invisible or absent nucleoli. 

Nuclear contours at grade 2 are more irregular than those 

at grade 1, and nuclei of about 15  μ m in diameter are well 

visible at high magnification with existing nucleoli. At 

grade 3, the nuclear contours are even more irregular in 

size and shape and reach diameters of about 20  μ m and 

the nucleoli are well visible. The size of cells of grade 4 

exceeds 20  μ m. The nuclei are pleomorphic and hyper-

chromatic with hardly visible or absent nucleoli. 

 The simplest methods for assessing Fuhrman grade in 

CCRC are based on the observation of nucleoli at different 

magnifications. If nucleoli are invisible even at magnifica-

tion equal to 400  ×  , it they are classified as Fuhrman 1; if 

they are visible at magnification equal to 200  ×  , they are 

classified as Fuhrman 2; and if they are visible at magnifica-

tion of 100  ×  , they are classified as Fuhrman 3 [6]. At grade 

4, the nucleoli are seldom observed, and the most visible 

sign of this stage is the existence of clumped chromatin. 

 Therefore the problem of nucleoli detection is very 

important in CCRC research. However, we should be aware 

that the final determination of Fuhrman grade usually also 

takes into account other factors characterizing the nuclei, 

like the size, regularity, texture, geometrical parameters, 

histogram, etc. All of them form a more complex set of fea-

tures used in determination of Fuhrman grade. This paper 

is devoted only to the detection of nucleoli. 

 Manual detection of nucleoli under a microscope by 

a pathologist is error prone due to the subjective percep-

tion of humans. In fact, the same pathologist might differ 

in the detection and classification of the same cell nuclei 

within the same image in a second annotation round. The 

reasons for such a discrepancy may relate to the fuzzy 

distribution of colors in the nuclei, the heterogeneity of 

nuclear features in the same tumor, the partial destruc-

tion of a cell nucleus and the subjective experiences of the 

pathologist. Therefore, decisions for grading a cancer may 

be inconsistent among pathologists. 

 The automatic computer-based recognition of nuclei 

and nucleoli in a CCRC may represent a good remedy for 

such a problem. However, it represents a challenging, 

still unsolved task for researchers. The complexity of the 

data, as well as the intensive laboratory practice needed 

to obtain them, makes the development of such automatic 

tools very difficult. 

Q1: 

Please check 

and confirm 

addition of

“the” before 

Fuhrman 

grading 

system in the 

title

Q2:

The descrip-

tion of Fuhr-

man 3 was 

not clear. 

It was not 

mentioned 

whether the 

nucleoli are 

visible or 

invisible at 

this magni-

fication. The 

copy editor 

assumed 

the former. 

Please check

sto
Sticky Note
OK

sto
Sticky Note
OK



2      M. Kruk et al.: Nucleolus detection in the Fuhrman grading system

 In this paper, we consider an automated processing 

pipeline for the detection of nucleoli in images of the 

nuclei in CCRC. The procedure consists of several con-

secutive tasks, which can be mapped to machine learn-

ing challenges. To get satisfactory results with the nuclei 

extraction, we have to solve different sub-tasks of image 

processing by applying a mathematical morphology 

(erosion, dilation, closing and opening), Gaussian filter-

ing, gradient operators for edge detection, different types 

of color-based operations and, finally, the watershed algo-

rithm to separate the glued nuclei. The segmented nuclei 

data saved in a file are subjected to further processing, 

leading finally to the detection of nucleolus present in 

the nucleus. The last task will be the main subject of this 

paper. The results of this research represent an important 

part of our work directed at describing the morphological 

features of nuclei and nucleoli in CCRC, leading finally to 

the evaluation of Fuhrman grade on the basis of histologi-

cal images of renal tissues. 

 The segmentation of nuclei from a slide of CCRC 

requires performing a few steps. After reading the original 

image in RGB format, smoothing is needed, which means 

removal of small particles that disturb the image. This 

operation is implemented in three steps: histogram equal-

ization which enhances the contrast of the image by trans-

forming the values of pixel intensity for better visibility of 

chromatin structure, morphological erosion (at circular 

structural element of 5 pixels in size) and, finally, applica-

tion of a Gaussian filter [4, 9]. After all these operations, we 

obtain a smoothened image, ready for further processing. 

 The next step is edge detection which is the crucial 

part of nuclei segmentation. To counteract the differ-

ent luminosities of some parts of the image arising from 

hematoxylin and eosin staining, we solved the edge detec-

tion problem by using a gradient method, instead of the 

often used automatic thresholding [1, 5, 8]. We found that 

the discrimination function of the gradient is significantly 

resistant to the noise of the background. 

 After the edge detection, the binary mask represent-

ing the nuclei discovered in the image is prepared. It is 

obtained through the morphological operations of closing 

and opening using the structural element of the disk 

shape and size equal to 3. These operations allow to avoid 

the disturbances on the circumference of the nucleus. The 

mask is then multiplied by the original image and, as a 

result, we obtain the nucleus without edge disturbances. 

In the following step, Gaussian filtering of the nucleus 

image is applied. It helps to smoothen the image by elimi-

nating small local minima and maxima representing some 

irregularity in color distribution. 

 In an automatic nuclei extraction process, the struc-

tures not representing the nuclei may also be extracted. 

A B

C D

 Figure 1      Typical examples of different grades of the nuclei of CCRC: (A) grade 1, (B) grade 2, (C) grade 3 and (D) grade 4.    
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For the nuclei, we treat only the structures described by 

similar shape factors which may slightly differ from the 

circular shape. Therefore any segmented structure must 

go through the test of circularity. We estimate the major 

and minor axis of each structure. The extracted structure 

is accepted as a nucleus if the ratio between its major 

and minor axis does not exceed the value of 1.5. After the 

image is segmented, all nuclei data are saved to a file as 

separate objects for further processing. 

 All numerical experiments were performed by using 

the base of histological images of CCRC representing dif-

ferent Fuhrman grades, collected from the archive of the 

Warsaw Military Institute of Medicine and annotated 

by medical experts. The images represent microscopic 

images with a magnification of 400  ×   and a resolution 

of 2070  ×  1548 and are saved in Tiff format. Almost 2600 

nuclei were automatically segmented using the presented 

procedure. Examples of automatically segmented nuclei, 

corresponding to different Fuhrman grades, are shown in 

 Figure 1 . 

  The images are presented in a scale preserving as 

much as possible the proportion of the sizes of different 

grades of the nuclei. The representatives of each grade 

differ by size, texture, presence or absence of the nucleoli, 

details of color, homogeneity of the structure, etc. 

 As can be seen, there are no (or it is very hard to 

observe) nucleoli in the nuclei images representing grades 

1 and 4. In grades 2 and 3, the nucleoli are well visible at 

a magnification of 400  ×  . The size of the nucleoli with 

grades of 2 and 3 is also different. This fact can be used to 

create additional features in the process of recognition of 

the grades of the CCRC. In this paper, we concentrate on 

the method of finding the nucleoli. 

 After segmenting the nuclei from CCRC slides, the 

next step is to detect the presence of nucleoli in them. 

The nucleoli are of fuzzy nature, weakly differing from 

the nuclei background. Furthermore, several artifacts, 

such as clumped chromatin, may be falsely treated as the 

nucleoli. For these reasons, application of thresholding 

methods, for example, between-class variance of Otsu, 

Gaussian mixture modeling, minimum error threshold-

ing [1, 5, 8], etc., results in an unacceptable misrecogni-

tion rate of nucleoli in the population of analyzed nuclei 

images. 

 The proposed approach to nucleoli detection uses the 

idea of correlation. Analyzing the three-dimensional (3-D) 

view of the images of the nuclei, we can see that the shape 

of the nucleolus resembles the paraboloid placed on the 

platform formed by the background of the nucleus. 

 Examples of the 3-D visualization of CCRC images 

of different grades are depicted in  Figure 2 . It is easy to 
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 Figure 2      Typical examples of different grades of the nuclei of CCRC 

(left) and their 3-D views (right): (A) grade 1, (B) grade 2, (C) grade 3 

and (D) grade 4.    

observe that the 3-D images representing grade 1 are flat. 

Images of grades 2 and 3 containing visible nucleoli have 

characteristic hills of different sizes and shapes. The 

existence of a hill is very characteristic for the presence of 

nucleoli. Hence our method of discovering the nucleolus 

in the image uses the measure of similarity of the potential 

hills and paraboloids of different sizes located at different 

positions in the image. The highest measure of similar-

ity is obtained for the location of paraboloid compatible 

with the nucleolus and for the size of paraboloid com-

parable to the size of the nucleolus. In this way, we get 
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the information for both the location and the size of the 

nucleolus. 

  In the images of grade 4, the clumped chromatin is 

well visible and this is reflected on the 3-D plot [7] as a 

hilly landscape with many low-height hummocks with 

heights much smaller than those found in images of 

grades 2 and 3. In general, researchers agree that nuclei 

images of grade 4 CCRC contain no nucleoli. 

 The general procedure of nucleoli detection is pre-

sented in  Figure 3 . After reading the segmented image of 

the nuclei, the first step of processing is image normali-

zation. The intensity of pixel at any ( x,y ) position of the 

image is normalized by using the following equation: 

     

( ) min( )
( , )

max( ) min( )

L xy LL x y
L L

−=′
−  

(1)
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 Figure 3      Diagram of the procedure leading to the detection of 

nucleoli.    

 where  L  ′ ( x,y)  and  L ( x,y)  are, respectively, the normalized 

and original values of pixel intensity at position ( x,y ), 

and max and min represent, respectively, the highest and 

lowest values of pixel intensities in the original image. 

 In the next step, the paraboloid window  H  in 2-D 

space ( x  and  y  coordinates) is generated. It is described by 

the following equation 

    

⎛ ⎞
=− +⎜ ⎟⎝ ⎠

2 2

( , )
2 2

x yH x y
 

(2)

 

 The size of window  H  (called  hsize)  represents the 

dimension of the square within which the values of  H ( x,y ) 

are calculated. The size of  H  should be correlated with the 

size of the nucleolus. To determine its proper value, we 

have tried different values changing from the minimum 

 hsize  (equal to 8 pixels in experiments) to half of the 

nucleus size ( l/ 2). 

 The paraboloid window is first normalized using the 

same equation (Equation 1) as in the original image. Then 

background flattening of the window is applied to make 

its 3-D shape resemble the shape of the intensity of the 

pixels in the nucleolus. The operation of flattening is done 

by using the following transformation 

    

⎧ ≥⎪=⎨ <⎪⎩

( , ) if ( , ) mean( )
( , ):

mean( ) if ( , ) mean( )

H x y H x y
H x y H x y

I
I I

 

(3)

 

 The result of the flattening performed on the parab-

oloid window after normalization and flattening is 

presented in  Figure 4 . Figure 4A depicts the normal-

ized paraboloid and Figure 4B the shape of it after the 

flattening. 

  In our algorithm, the size  hsize  of window  H  is 

changed from the minimum value assumed as 8 to half of 

the nucleus image size. The lowest value corresponds to 

the minimum size of the nucleoli that has been observed 

in practice. The highest limit is based on the observation 

that the nucleoli size never exceeds half the size of the 

nuclei. 

 In the next step, we estimate the similarity between 

 H  and different subimages  I ′   of the analyzed nuclei image 

with the central point of  I ′   located in the  i, j th position of 

the analyzed image for all possible values of  i  and  j . This 

calculation is repeated for each value of  hsize  in asso-

ciation with the  i, j th pixel treated as the central point 

of  I ′   of the nucleus. The experiments with the similar-

ity measure defined on the basis of the 2-D correlation 

function [7] did not lead to the satisfactory results of rec-

ognition. Hence we propose the following definition of 

similarity 
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 where  sim ( hsize, i, j ) means the estimated similarity value 

dependent on the  hsize  and position of the central point 

of image  I ′  . For each value of  hsize , the maximum of the 

 sim  measure is determined. The highest value of  sim  at a 

particular location of  i  and  j  indicates that, in this loca-

tion, the nucleolus can potentially exist. After checking all 

possible values of  hsize  as the optimal one, we selected 

this one, which provides the absolute maximum among 

all checked values. 

 We illustrate this process for two types of nuclei 

images: one containing the visible nucleolus and one 

without the nucleolus.  Figure 5 A depicts the case with the 

visible nucleolus. Its 3-D plot ( Figure 5 B) confirms this fact 

A B C

 Figure 5      Example of nuclei with a visible nucleolus: (A) the original image of the nuclei, (B) its 3-D shape and (C) the discovered nucleolus 

denoted by a circle.    
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 Figure 4      Normalized paraboloid visualization of size 21: (A) the original paraboloid and (B) paraboloid after  “ flattening ” .    

by the presence of a hill inside of the plot.  Table 1  shows 

the change in similarity  sim  with the  hsize  parameter 

varying from the minimum to the maximum value. As the 

optimal size, we treat this one which provides the highest 

value of  sim  (in this case  hsize  = 14).  Figure 5 C depicts the 

position and size (the encircled region) of the identified 

nucleolus. 

   The alternative case of an image containing no visible 

nucleolus is presented in  Figure 6 . The dependence of 

similarity measures on the value of  hsize  is presented in 

 Table 2 . This time the similarity parameter  sim  assumes 

low values, only slightly varying with the change in  hsize.  
No visible maximum point of this relation significantly 

differing from the other values was observed. 

   An interesting comparison of the cases represent-

ing different Fuhrman grades of visible and nonvisible 

 Table 1      Dependence of the  hsize  parameter and the similarity value in the case of visible nucleolus in the nucleus image.  

  sim   0.34  0.51  0.74   0.88   0.81  0.67  0.55  0.45  0.36  0.29  0.22  0.15 

  hsize   8  10  12   14   16  18  20  22  24  26  28  30 
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nucleoli is presented in graphical form in  Figure 7 . As 

can be seen, the distribution of similarity values differs 

for all grades. We can observe a great change in the simi-

larity measure for the images with well-visible nucleolus 

(grades 2 and 3). In the case of images (grades 1 and 4) 
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 Figure 7      Dependence of the  sim  measure versus  hsize  for the images representing different Fuhrman grades: (A) grade 1, (B) grade 2, 

(C) grade 3 and (D) grade 4.    

A B C

 Figure 6      Example of nuclei without a visible nucleolus: (A) the original image of the nuclei, (B) its 3-D shape and (C) a graphical representa-

tion of the recognition  –  the red point indicates only the darkest region; no nucleolus was discovered.    

 Table 2      Change in similarity value for different values of the  hsize  parameter in the case of no visible nucleolus in the nucleus image.  

  sim   0.12  0.14  0.16  0.22  0.31  0.34  0.31  0.24  0.16  0.07  0.07  0.06 

  hsize   8  9  10  11  12  13  14  15  16  17  18  19 

with no visible nucleolus, the similarity measure is rela-

tively insensitive to the change in  hsize  and assumes 

significantly lower absolute values of  sim . 

  An important step is how to determine the optimal 

similarity threshold value that allows to recognize the 
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existence of nucleolus in the image of nuclei. We have 

done it in an experimental way by trying different values of 

 sim  threshold on the set of available images of the nuclei. 

The threshold value providing the best fit of an automatic 

recognition of nucleoli to the results of a human expert is 

treated as the optimal one. 

 To obtain this value, we performed experiments 

which included all images of nuclei existing in our data-

base with threshold values changing from 0.1 to 1 with 

a small step size. The total number of all nuclei images 

used in these experiments was equal to 2588.  Table 3  

depicts the statistical results, presenting the number of 

discovered nucleoli in the investigated set of images of the 

nuclei. Column 12 of  Table 3  (denoted as the expert score) 

depicts the reference distribution of the population of the 

analyzed images. The analyzed base of images contained 

970 cells with nucleoli and 1618 cells without nucleoli. 

These numbers, estimated by an expert, are treated as the 

reference. The results of the application of our approach 

to nucleoli identification at each threshold value, tried in 

experiments, are then compared to the expert results. The 

misrecognition rates are presented in the last row of the 

table. Row 2 shows the estimated number of nuclei images 

without nucleolus and row 3 shows the number of images 

with recognized nucleolus. 

   The most important sources of the misrecogni-

tion are the very high level of fuzziness of the nucleolus 

colors because of the stain applied to the cells and the 

great similarity to the background. A typical example of 

this difficulty is presented in  Figure 8 . According to the 

human expert, the existence of nucleolus in this image is 

dubious, although possible. The 3-D shape of it shows a 

very faint increase in the height corresponding to the posi-

tion of the potential nucleolus. The actual maximum  sim  

value in this case was below 0.3, and our algorithm treated 

this image as one without nucleolus. 

  Summarizing, the paper has presented a computer-

ized automatic method for recognition of nucleoli in slide 
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 Table 3      Results of nucleoli detection with changing threshold value of  sim.   

  sim threshold   0.1  0.2  0.3  0.4   0.5   0.6  0.7  0.8  0.9  1  Expert score 

 Without nucleolus  1618  1618  1614  1602   1598   1398  1242  1090  960  848  1618 

 With nucleolus  0  128  366  682   878   880  902  932  956  970  970 

 Relative error, %  37.48  32.53  23.49  11.75   4.33   11.98  17.16  21.87  25.97  29.75   –  

  The minimum relative error was around the  sim threshold  equal to 0.5. To confirm this result, we calculated this error at a much smaller 

step size (equal 0.01), around the estimated optimal value. The results of these experiments are presented in  Table 4 .  
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 Figure 8      A nucleus image with a hardly visible nucleolus (A) and its 3-D shape (B).    

 Table 4      Relative error of nucleoli detection at reduced step size of the threshold value of  sim.   

  sim  threshold  0.45  0.46  0.47  0.48  0.49   0.5   0.51  0.52  0.53  0.54  0.55 

 Relative error, %  6.49  5.33  4.75  4.48  4.33   4.33   4.40  4.75  5.41  6.45  7.65 

  The last row of the table depicts the total relative error of recognition of the nucleoli at different values of the applied threshold, taking the 

expert score as the reference. As we can see, its lowest value equal to 4.33% corresponds to the similarity threshold values of 0.49 and 

0.5. The value of 0.5 has been confirmed and it is treated as an optimal one.  
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images of clear-cell renal carcinoma (CCRC). The devel-

oped method explores the idea of 2-D correlation between 

a specially created paraboloidal window and an investi-

gated nucleus image of CCRC. The experiments carried out 

on a set of a few thousand images show that the average 

nucleoli misrecognition rate is below 5%, and such level 

of error is acceptable in a biomedical image analysis. The 

developed algorithm will be used to accelerate research in 

computer-assisted diagnosis of CCRC.  
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