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Abstract:  

Sphere-forming assay is an in-vitro technique to assess the self-renewal and differentiation 

potential of a homogenous or heterogenous population of cells. This technique is commonly used 

in the stem cell and cancer biology fields to assess the ability of a cell that is capable of self-

proliferation and differentiation. (Schmitt, 2011, Lombaert et al., 2008) To detect proliferative 

growth, Ki-67, a marker of proliferation, is used in immunofluorescence staining of sphere-

forming cells. The current gold standard methodology to quantify cell proliferation is to manually 

count the cells on images obtained using confocal microscopy.  However, the reproducibility, the 

inter- and intra-subject variability, and the time requirement for manually counting cells are often 

major challenges for researchers. In this study, we propose a semi-automated cell segmentation 

algorithm using the FARSIGHT toolbox, to automatically count the individual three-dimensional 

(3-D) cell nuclei. The present work focused on the investigation of two aspects of the algorithm 

performance: sensitivity and specificity. We grouped images by sphere size to test specificity of 

the algorithm. For the sensitivity analysis, we tested the segmentation algorithm on both raw 

uncalibrated images and calibrated images using Fiji ImageJ software. We found that the proposed 

algorithm could efficiently identify cells and cell boundaries to overcome the background noise. 

Finally, statistical analysis showed the differentiation index had low percentage matching between 

the proposed method and the manual counting method. 

Introduction:   

Sphere-forming assays are widely used in the field of stem cell research and cancer biology to 

assess the self-renewal and differentiation potential of cells. Analysis of proliferative potential of 

spheres, which are derived from a single cell or groups of cells in a suspension cell culture, provide 

great insight on the self-renewal potential of the cell type from which the spheres are derived. 

(Chibly et al., 2016, Limesand et al., 2006, 2009, Marmary, et al., 2016)   
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Currently, there are three counting methodologies that are commonly used in the field to detect 

cell proliferation, these include (1) “eye-balling” counting method with oil microscope on a slide 

section of a tissue or sphere within a cultured liquid medium with an intermediate power, (2) 

manual counting method by electrical microscope camera-captured image, (3) and automated 

counting method by custom designed cell segmentation algorithm (Reid et al., 2015; Mukhtar et 

al., 2014). “Eye-balling” is faster (1 min average counting time) and cheap, but has poor accuracy 

and reproducibility.  The manual cell counting method is the gold standard in the field, but is a 

time consuming and tedious procedure. A well designed automatic cell counting method would be 

less time consuming, labor-intensive, and reduce subjective bias; however, the complexity and 

quality of the images often make the automatic cell counting methodologies difficult. (Choudhry 

2016, Reema et al., 2015). Complexity and variability of 3-D fluorescence microscope images 

often lead to issues such as over-segmentation or under-segmentation of the cell nuclei. This 

directly influences the output reliability of the proposed algorithm. Despite several decades of 

progress, developing robust cell segmentation algorithms, reliable 3-D segmentation algorithms 

are lacking, especially in tissue samples of higher organisms (mice and humans) where 

segmentation is particularly difficult due to tight packing of cells, varying shapes and sizes, 

accidental and non-specific staining, the highly textured nuclei due to variable chromatin structure, 

low signal-to-noise-ratio, and poor image resolution along the depth direction. Sensitivity and 

specificity parameters are evaluated for whether individual cell nuclei can be discriminated 

correctly from the surrounding cells or from other segmentation difficulties. (Filippo et al., 2017, 

Ram et al, 2016, Mukhtar et al., 2014) The aim of this project is to validate a semi-automatic cell 

segmentation method to manual cell counting method in spheres derived from mouse salivary 

glands.   
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Material and Methods:  

Mice  

Animal care and surgery protocols complied with the regulations of the University of Arizona 

Institution Animal Care and Use Committee (IACUC). All experiments were conducted in 4-6-

week-old FVB mice.  

Sphere forming assay  

Each individual set of experiments required a pair of mice for primary sphere formation culture 

assay. Following dissection, parotid glands of mice were minced within a mixture of Collagenase 

and Hyaluronidase (5 mg/ 5mL of modified Hanks solution per gland), 0.1% CaCl2, gentamycin 

(0.1 mg/mL, Life Technologies, Carlsbad, CA), and fungizone (5μg/mL, Roche) for 15 minutes 

at room temperature then incubated at 37°C with gentle agitation.  Glands were then filtered 

through 40 μm sterile mesh filters and centrifuged at 4000 rpm for 10 minutes. Pellets were re-

suspended in DMEM/F12 culture media, supplemented with Fetal Bovine Serum (FBS) 

(Hyclone, Logan, UT) and plated at density of 200,000 cells per well in ultra-low attachment 

plate (Corning, Corning, NY). Salispheres were collected at day 4-7 in culture for 

immunofluorescence staining. 

Immunofluorescence staining 

Collected salisphere samples were fixed in 10% buffered formalin for 20 minutes at room 

temperature. Salispheres were washed in 0.2% Triton X in PBS for another 20 minutes at room 

temperature prior to being labeled with anti-Ki-67 (12201, Cell Signaling, Danvers, MA) at a 

1:100 dilution overnight at 4°C. Secondary anti-rabbit Alexa 594 (A-11307, Invitrogen, 

Carlsbad, CA) was applied at a 1:500 dilution. Finally, salispheres were counterstained with a 

solution of 50% glycerol in 10 mM Tris-HCl (pH 8.0) with a DAPI (1μg/mL). All fluorescent 

staining slides were stored at 4 °C before imaging.  
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Image Acquisition  

The original 3-D images were acquired with an Intelligent Imaging Innovations (Danvers, 

Colorado) configured fluorescence microscope including a Zeiss Marianas 100 Microscopy 

Workstation (Oberkochen, Germany), Yokogawa CSU-X1 M1 Spinning Disk (Musashino, 

Tokyo, Japan) and Photometrics Evolve 512 EMCCD (Tucson, Arizona). Images were acquired 

with a Zeiss EC Plan-Neifluar with magnification of 40X, numerical aperture was 1.3 with oil 

objective, and a pixel size of 0.25 µm in x and y-direction, and a pixel size of 0.5µm in z-

direction between the slices in the stack with automatic focusing. The images were processed at 

the Histology Laboratory in the Department of Biochemistry at the University of Arizona main 

campus. The Spinning Disk included a Semrock Di01-T488/568 dichroic beam splitter and a 

Em01-R488/568 dual bandpass emission filter for 488 nm and the ex-BP 525/43 em and 561 nm 

ex-BP 642/117 em imaging. Positive signals of images were transmitted light intensity according 

to the absorbed light in different wavelengths by a photomultiplier tube in the microscope 

device. In our study, the positive signals represented by either Ki-67 or DAPI markers at a 

specific wavelength channel that were captured upon the same salisphere data set. Thus, we 

could overlap the Ki-67 and DAPI images to ensure there was cell proliferation in further images 

processed by using the Fiji ImageJ software.  

The Fiji ImageJ software pre-calibration on 3-D images  

The second processing step of our proposed algorithm was conducted by the Fiji ImageJ 

software with GUI options. The software carried an intensity processing function called the 

Adjust brightness and contrast window. This function normalized the displayed intensity in a 

linear histogram plot and allowed to change to a desirable pixel value which also displayed as the 

intensity as the brightness or darkness option in the images throughout the whole stacks in z-

direction (Chouhry, 2016). To obtain uniform intensities on all image datasets in this work, we 
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designed a manual adjustment for both maximum and minimum intensity values by 

mathematical equations (1) and (2):  

Adjusted minimum intensity = minimum intensity * 10 (1) 

Adjusted maximum intensity = maximum intensity / 2 (2)   

The adjusted minimum intensity resulted in increasing the brightness for fluorescent signals and 

the adjusted maximum intensity resulted in dampening the background non-specific staining.  

For example, see Figure 2B with non-nuclear staining indicated with a red arrow.    

FARSIGHT software automatic cell segmentation  

Cell segmentation was the final processing step in our proposed algorithm. This step integrated 

and modified the existing codes online in FARSIGHT toolbox. From the previous study by Ram 

S. et al. 2016, the semi-automatic cell counting method included several steps in detection of 

initial markers within a given image. This included the distance transformation by the Fast 

Radial Symmetric Transform (FRST) method to detect a single nucleus among the densely 

populated area. h-dome transformation, extended minima transformation, Laplacian of Gaussian 

(LoG) filtering to refine the point of interest on a radially symmetric object due to intensity 

thresholding. Thus, resulting superposed seeds correlated to describe the localization points of 

the cell-like region within 3-D image, we called that the operation of initial segmentation by 

using random walker algorithm. Then, the final post-segmentation was solved by the 

morphological reconstruction procedure with a 3-D active contour method. This gave circulated 

outlines that were very close to the true nuclei edges.    

Manual Counting methodologies  

For the manual counting of microscope camera-captured images method, each image with 

positive Ki-67 signal that overlapped DAPI signal was counted as a proliferating cell. This was 

repeated with every fifth slide in the z-direction using the ImageJ software cell counting 
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function. All data for the manual cell counting procedure was conducted consistently by the 

same individual. The resulting proliferation index from each sphere was calculated by the total 

number of Ki-67-positive cells divided by the total number of DAPI-positive cells. All 

mathematical calculations were done in Microsoft Excel.     

For the semi-automatic cell counting method, the resulting voxels in z-direction of each sphere 

were summed up then subjected into the calculation on cell proliferation ratio on a given 

condition for a specific salisphere dataset. Finally, we conducted a comparison analysis between 

these two counting methods to test the proposed algorithm on sensitivity and specificity 

performance.    

Statistical analysis 

We used a Two-sample of proportions Z-Test on a comparison between Group 1 (Ds = 50-150 

μm sphere size) versus Group 2 (Ds >150 μm sphere size) for performance assessment based on 

sphere size. Three categories were evaluated: the percent within range, the percent over-

estimation and the percent under-estimation. Group 1 had a sampling size of n=151, and Group 2 

had a sampling size of n=41 to if test the logarithm effectiveness might affected be by the sphere 

size or number of cells using p < 0.05 with a 95% confidence interval (CI) by the prtesiti Code.  

Results: 

In this study, the original 3-D microscope images were obtained from the dual fluorescent 

staining slides on formalin-fixed spheres from adult FVB mice. Next, to test efficiency of the 

proposed cell segmentation method, we conducted test runs on the original images using the 

FARSIGHT software. To improve algorithm performance on cell nucleus segmentation and 

detection, we designed a technique to adjust cell intensity on images to create robust contrast to 

background noise via the Fiji ImageJ software. Then, these pre-calibrated images were subject 

into the proposed semi-automatic segmentation algorithm in FARSIGHT software. This software 
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package contains a collection of Python scripting language to solve a variety of automated image 

analysis tasks, such as image data handling, pre-processing, segmentation and editing, and post-

processing (Ram et al. 2016).  

Flow chart of cell imaging and processing   

Figure 1 illustrates an overview of sequential experiments to extract the microscope images for 

our proposed semi-automatic cell counting method. We randomly chose a total of 192 salivary 

parotid gland-derived sphere datasets that had a diameter range from 50 μm to 400 μm that were 

grown in various experimental conditions for the secondary analysis in this study.  

The manual cell counting method was only conducted in two image processing stages to finalize 

the cell proliferation index which was described when Ki-67-positive cells overlapped with 

DAPI-positive cells in the same 3D location over the same salisphere dataset. This was done by 

overlapping both original microscope images of the same salisphere dataset and manual counts 

by an expert using the Fiji ImageJ software. According to recent studies, we also considered the 

proliferation index by the manual counting method to be the standard classification parameter for 

comparison in this study. (Reid. et al. 2015)  

In contrast, our proposed semi-automatic cell counting method had a three-step image processing 

method rather two-steps for manual cell counting method. Both methods shared the same initial 

stage. The Fiji ImageJ software was the final stage to conduct the manual cell counting method 

by using the overlapping function. For our proposed algorithm, we designed a mathematical 

formula as the pre-calibrated processing image to manually increase the marker intensity against 

the background by using the over each individual image in the final stage of algorithm 

segmentation. The stage of post-segmentation had an automatic function to overlap Ki-67-
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positive onto the DAPI-positive cells in same 3D location that yield the resulting cell 

proliferation index.   

Algorithm three steps processing    

Figure 2 shows an example image dataset that was performed by the proposed algorithm in a 

sequential three stage processing.  The selected example images had a salisphere diameter of 

56μm, and consisted of 41 x 512 x 512 voxels in 3-D dimension. Microscopic images A, B and 

C represent a 2-D image slice out of the same 3-D salisphere dataset.  Figure 2A shows the 

original microscope image captured by the Zeiss Marianas 100 Microscopy Workstation. Figure 

2B. shows the signal intensity pre-adjusted image by the Fiji ImageJ software. The response 

image showed a much stronger signal texture for intensity within the nuclear regions compared 

to Figure 2A. This led to easier detection of jagged edges as the blue outlines surround the 

nucleus using the proposed FARSIGHT algorithm in Figure 2C. In this case, we observed some 

non-circular spots that failed to detect as a single nucleus in post-segmentation due to some non-

specific staining and fluctuated intensities.  

Sensitivity assessment  

To show the effect of the post processing step in the algorithm, we tested both with and without 

the pre-calibration step by using the Fiji ImageJ software. We ran more than 192 confocal 

microscope image data sets by computing the segmentation accuracy in both cases subjected to 

the manual cell counting results.  Only the resulting proliferation index along with the pre-

calibrated segmentation was included in the analysis because most raw images were not able to 

be analyzed by the software. This suggested the importance of the pre-calibration step for our 

proposed semi-automatic cell counting method. Accordingly, in many cell-based researches, 

such as Piccini et al., reported a statistically calculated ≤10% difference as the absolute 
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percentage error (E%) that was obtained by two operators to define a true positive. Due to 

various conditions such as the non-specific staining, non-circular spots, uneven texture or tightly 

clustered nuclei, there were difficulties in initializing the post-segmentation. Thereby, we also 

believed an E% value of 10% difference between two image-based cell counting methods in the 

reliability assessment. Figure 3 is a plot of salisphere size of 50-400 μm versus the cell counting 

difference. A red line marks the 10% difference threshold between manual cell counting and 

semi-automatic cell counting. In a total 192 salisphere image dataset, we reported a calculated 

E% value of 58% in good performance for this semi-automatic cell counting method.  

Specificity assessment   

Figure 4A and 4B are the plots of resulting proliferation index for the manual cell counting 

method versus the proposed semi-automatic cell counting method. Cell segmentation became 

more challenging in larger salispheres (diameter size >150μm) due to the larger salispheres 

containing more densely packed cells. Thus, we classified salisphere images in groups based on 

the diameter size. Figure 4A is denoted as Group 1 and had 151 salisphere images datasets with 

diameters between 50-150μm. Figure 4B consists of 41 salisphere images datasets with the 

size >150μm. From Figs. 4A and 4B, we observe that the goodness of fit measure (R2) for a 

linear line between the proliferation index obtained using manual cell counting versus the semi-

automated cell counting in Group 1 is better as compared to Group 2, even though both R2 values 

are considered bad in theory. This in turn suggests that the proposed semi-automated algorithm is 

capable of segmenting the smaller cell nuclei with more accuracy as compared to segmenting 

larger cell nuclei. 

Validation between two methods 
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The proposed algorithm was evaluated with respect to how well it performed on different sizes 

of cell nuclei between the two groups. Group 1 consisted of cell nuclei whose salisphere size was 

within 50-150 μm (small cells) and Group 2 consisted of cell nuclei whose salisphere was greater 

than 150 μm (large cells). Table 1 shows the results of the proposed semi-automated 

segmentation algorithm on the two groups of data. From Table 1 we observe that 61% of the 

time the algorithm can accurately count the number of cells in comparison to manual counting, 

whereas 23% of the time the algorithm underestimates the count and 17% of the time the 

algorithm over estimates the count. Also, as the size of the cell nuclei increase between Group 1 

and Group 2, we observe from Table 1 that the cell count accuracy of the proposed algorithm 

drops by 15% and the algorithm now over estimates the number of cells present within the 

images by 15%. A two-sample test of proportions is carried out on the percent accuracy of the 

count between the two groups and the p-values are reported in Table 1. From p-values (Row 1-2) 

in Table 1, we observe that there was no significant difference between the two groups with 

respect to the accurate counts.  

Discussion:  

For the semi-automatic cell counting method, our proposed algorithm was designated and 

integrated with some existing commands online by using the FARSIGHT toolbox.  The proposed 

algorithm intended to solve two main tasks on nucleus/seed segmentation and detection where 

performance in terms of sensitivity and specificity. We grouped images by sphere size to test 

specificity of the algorithm and validated with the resulting manual cell counts. For the 

sensitivity analysis, we tested the segmentation algorithm on both raw uncalibrated images and 

calibrated images using Fiji ImageJ software. The key finding to the algorithm is novel in the 

sense that it can efficiently identify cells and cell boundaries that vary in size and shape. This 
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was observed by test run images separated into two different groups by varying sphere size with 

respect to the accurate counts.  

In this work, the semi-automatic proposed algorithm was found to be very sensitive when 

comparing segmentation with or without using the Fiji ImageJ pre-calibrate images. Also, the 

proposed algorithm can perform specifically to discriminate a nucleus edge and to overcome 

various imaging difficulties. The proposed algorithm is moderately reliable based on accuracy 

validation to the standard proliferation index from the manual cell counting method. The nuclear 

identification by a near correctly performed semi-automatic counting method was effective and 

applicable, but it had a high demand for improvement in several issues. First, since the pre-

calibration stage laid the foundation of nucleus segmentation, an altered mathematic formula or 

combination with other confocal image processing software might help to increase the sensitives 

or accuracy performance. Second, we might need to largely modify the algorithm code to change 

automatic programing in future studies since many steps are manually conducted. For example, 

all the proliferation index calculations are done in Microsoft Excel. Finally, the proposed 

algorithm has most issue with respected to computational time. Most images in Group 1 (Ds < 

150 μm) had average of 5-10 minutes; however, Group 2 (Ds >150 μm) often spent more than a 

half hour. Therefore, further modification is needed due to our proposed cell counting method 

having difficulties in application and needing improvement.           
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Figures:  

 
 

Figure 1: Flowchart representing the processing steps of overview experiments from the cell 

samples preparation to the semi-automatic cell image segmentation. 
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Figure 2. 

  

 
Figure 2:  Microscopic images A, B & C are example 2D slice out of the same 3D salisphere 

dataset from before or after semi-automatic segmentation.  A. shows the original microscope 

images captured directly by the Zeiss Marianas 100 Microscopy Workstation; B. shows the 

intensity adjusted microscopic image the ImageJ software post-calibration; Red arrow points to 

non-specific staining. C. shows the segmentation result from the FARSIGHT proposed 

algorithm.  
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Figure 3:  A plot of Salisphere size vs Cell counting difference between manual cell counting 

method and semi-automatic method. Red line shows 10% differences between manual cell 

counting and Semi-automatic cell counting.   
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Figure. 4A:  A plot of ratio Ki-67+/DAPI+ for the manual counting method vs. the semi-

automated segmentation method in 50-150 um Salisphere size. The linear trendline indicates 

expected theoretical line.   
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Figure. 4B: A plot of ratio Ki67+/DAPI+ for the manual counting method vs. the automated 

segmentation method in >150 um Salisphere size. The linear trendline indicates expected 

theoretical line. 
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Table 1 

 
Table 1:  A two-sample test of proportions is carried out on the percentage accuracy of the count 

between the two groups and the p-values are reported in Table 1. Group 1 (Ds=50-150 μm), 

n=151, Group 2 (Ds>150 μm), n = 41.  The p-values for both row 1 and 2, we observe that there 

was no significant difference between the two groups with respect to the accurate counts.  
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