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Abstract In this article, we describe a new image analysis
software that allows rapid segmentation and separation of
fluorescently stained cell nuclei using a fast ellipse
detection algorithm. Detection time ranged between 1.84
and 3.14 s. Segmentation results were compared with
manual evaluation. The achieved over-segmentation rate
was 0.11 (0.1 double counts and 0.01 false positive
detections), and the under-segmentation rate was of 0.03
over all images. We demonstrate the applicability of the
proposed algorithm to automated counting of fluorescent-
labeled cell nuclei and to tissue characterization. Moreover,
the performance of the proposed algorithm is compared
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with preexisting automated image analysis techniques
described by others.
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Introduction

High-throughput microscopic imaging technology pro-
vides enormous amounts of digital image data, involving
potentially thousands of images to be analyzed for each
assay. Thus, manual evaluation can be time consuming.
The main advantage of computer-based image analysis is
that a large amount of visual data may be processed in a
short period of time [1-5]. However, it is essential that the
analyzed images are well standardized to obtain reliable
results. This concerns imaging parameters, such as
contrast and magnification during the acquisition process,
as well as standard preparation of cell assays. Simple
imaging techniques, such as thresholding and simple edge
detection, are inadequate if cells overlap. Thus, the user
must ensure that cells do not overlap in cultures, or
algorithms for the separation of touching cells in images
must be used [6, 7].

In this report, we describe a simple method for
separating touching cell nuclei using a fast ellipse detection
method, adapted from a Hough transform. The proposed
method uses fluorescence imaging in which cell nuclei are
visualized by a special fluorescent stain to visualize cell
nuclei (human fibroblasts were used). Touching cell nuclei
are separated by an adapted ellipse detection algorithm. The
results obtained can either be used for cell counting
appliances or characterization of tissue, using Voronoi
diagrams or Delaunay triangulation.
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Methods
Surface samples

One type of biocompatibility measurement was per-
formed on feldspathic ceramic VM13 (VITA Zahnfabrik,
H. Rauter GmbH & Co. KG, Bad Séckingen, Germany).
The samples were disk-shaped (diameter, 12+0.5 mm;
thickness, 2+0.5 mm). Other biocompatibility growth
tests were performed on sand-blasted and autoclaved
titanium plates, supplied by the Institut Straumann
(Basel, Switzerland). Sheets of grade 2 unalloyed Ti
(ASTM F67 “unalloyed Ti for surgical implant applica-
tions,” 1 mm in thickness) were punched to a diameter of
15 mm. Disks were degreased by washing in acetone and
processing through a 2% ammonium fluoride/2% hydro-
fluoric acid/10% nitric acid solution at 55°C for 30 s.
Before use, the disks were washed, sonicated, and
sterilized in an oxygen plasma cleaner (PDC-32 G,
Harrick Plasma, Ithaca, NY).

Cell cultures
Fibroblast culture assay

Human gingival fibroblasts (Lonza, Basel, Switzerland; no.
CC-7049) were cultured in an incubator with 5% CO, and
95% air at 37°C. Cells were passaged at regular intervals,
depending on their growth characteristics, using 0.25%
trypsin (Seromed Biochrom, Berlin, Germany). Fibroblasts
were grown in stromal cell growth medium (Lonza, Basel,
Switzerland) with a 1% penicillin—streptomycin—neomycin
antibiotic mixture, 10% fetal calf serum (FCS), and 500 ng
basic fibroblast growth factor per 500 mL medium. The
cells were transferred to the ceramic and titanium samples
and incubated for 24 h. Vital staining of the cells was
performed with a green cell tracker (Molecular Probes,
Invitrogen, Karlsruhe, Germany), according to the manu-
facturer’s staining protocol. Stock solution (15 pL) was
added to 100,000 cells suspended in 5 mL basal medium.
After 30 min of incubation at room temperature, cells were
centrifuged and further processed. Preliminary studies
revealed stable fluorescence activity over at least 72 h. Cell
nuclei were then stained using 4',6-diamidin-2'-phenlindol-
dihydrochloride (Roche Diagnostics GmbH, Mannheim,
Germany).

EPC culture assay
Mononuclear endothelial progenitor cells (EPCs) were
isolated by density gradient centrifugation with Biocoll

(Biochrom KG, Berlin, Germany) from peripheral blood
of healthy human volunteers as previously described [8].
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Immediately following isolation, total MNCs (8 x 106 cells
per milliliter of medium) were plated on 6-well plates with
human fibronectin (Sigma, Steinheim, Germany) and
maintained in EBM supplemented with EGM Single-
Quots, VEGF (100 ng/mL), and 20% FCS. Different
bisphosphonates (clodronate, pamidronate, and ibandro-
nate) were added in a concentration of 50 pmol. No
bisphosphonates were added to the control group. After
72 h, EPC were stained. Vital staining of the osteogenic
cells was performed with green cell tracker (Molecular
Probes, Invitrogen, Karlsruhe, Germany) according to the
manufacturer’s staining protocol. Fifteen microliters of the
stock solution was added to 5 ml basal medium. After
30 min of incubation at room temperature, cells were
washed with basal medium and microscopic evaluation
proceeded.

Image acquisition

To assess counting accuracy, cell cultures were photo-
graphed under a light microscope at 20x magnification
using a Zeiss AcioCam MRC camera (Zeiss Microlmaging
GmbH, Goéttingen, Germany) with 4.45-um physical pixels
at 2x2 binning mode. Three cultures were cultivated: one
for counting tests on standard culture dishes and two for
assessment of growth characteristics by means of increasing
cell numbers and total covered areas after 72, 84, and 96 h.

Image segmentation

Because the two different staining methods used here
produced fluorescent images at different wavelengths, cell
soma were gathered in the green channel of the RGB
images, while cell nuclei were visible in the blue channel.
Thus, cell nuclei images were gathered by copies of the
blue channel of acquired images to 8-bit gray-level images.
Centroids of the cells’ nuclei were then detected by
calculating the derivatives of the image g in the x- and y-
directions (g, and g,) using sobel masks:

1 0 -1

g=gx|2 0 =2
1 0 -1
1
1 2 1 M
g =gX 0 0 0
-1 -2 -1

A gradient image d was calculated of these derivatives:

d=,/g2+g (2)
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Fig. 1 Original image (a) and
the derived edge magnitude (b).
The nucleus centers are accu-
mulated in parameter space (c¢)
for labeling (d)

Then, a binary image of g was calculated using a simple
threshold ¢#; to obtain the edge pixel candidates Ey, (x, y) of
the cells and nuclei.

1 if d>t

atwn) — B g o o)

Then, the nuclei’s centroids ¢; (x., y.) were detected by

accumulating them in a two-dimensional parameter space
using the following equation [9, 10]:

Xe = Xe — R(gx/g)

ye =ye — R(g,/g) @

The parameter space P (x;, ;) was scanned for maxima
above the scan threshold #,. If one of these was reached, the
corresponding area was labeled by a seed fill procedure,
and the segmented region’s centroid was saved as location

Fig. 2 Derived Delaunay trian-
gulation and Voronoi diagram
using the calculated centroids as
seen on the fibroblast culture
assay

of a cell nucleus (Fig. 1d). For quantification of cell growth
characteristics, cell size was measured in the green channel
of RGB images using a threshold method described by
Zinnreich et al. to count the size of area covered by the cells
visible in the image [11].

Results

In total, 40 images were evaluated using the software. The
image size was 1388 x 1040 pixels (Fig. 2a and b). Detection
time ranged from 1.84 to 3.14 s (median, 2.07 s; standard
deviation, 0.17) and correlated with the number of cells in
the image (Fig. 3). Software results were printed and
evaluated visually by performing manual counts. The
proposed method also separated touching nuclei of circular,
elliptical, and ovoid shapes. Over all images, the software
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achieved an over-segmentation rate of 0.11 (0.1 double
counts and 0.01 false positive detections) and an under-
segmentation rate of 0.03 (Table 1).

The software performed an average of 3.95 double
counts per image (median, 3; standard deviation, 3.89;
minimum, 0; maximum, 18). An average of 0.39 false
positive detections were performed per image (median, 0;
standard deviation, 1.14; maximum, 6). False negative
detections occurred at an average of 1.29 counts per image
(median, 1; standard deviation, 1.05; maximum, 5).

Growth tests revealed different growth characteristics
of cells on titanium vs. ceramic plates. Cell counts on
ceramic plates increased more slowly than on titanium
plates, from 55 to 76 after 72 h and 97 after 84 h. The
total covered area increased from 48,659.9 to
53,619.8 pum” and to 57,172.5 um?® As expected, the
average cell size decreased, from 1,787.3 to 1,425.3 pum?
and to 1,190.72 pum? after 24 h. Cell size and numbers
growing on titanium plates showed a different behavior:
cell counts increased, from 56 to 86 after 84 h and to 120
after 96 h. The total covered area increased, from 48,408.5
to 45,282.1 um? after 84 h and to 72,990.7 um? after 84 h
on titanium plates. The average cell sizes decreased from
1,746.3 to 1,063.70 um? after 84 h and to 1,228.8 um?
after 96 h (see Fig. 3).
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Inhibition tests with EPC showed 145 cell counts
performed by the software vs. 150 cells counted by the
observer for cells cultivated in the raw culture media. For
culture media incubated with ibandronate, the software
found 149 cell counts; the same value was counted by
the observer. In the culture well incubated with pamidr-
onate, the software counted 78 cells after 72 h vs. 80
cells counted by the observer and indicated a significant
cleavage inhibition for pamidronate (see Fig. 4). Analysis
of the area in the images totally covered by the cells
revealed difference of the total covered area of initially
73,794 pixels for the raw culture and 81,602 pixels for the
cells cultured in ibandronate containing media and 30,989
for pamidronate, respectively (see Fig. 4).

Discussion

Different algorithms for separation of touching cells or
cell nuclei have been described [12-14]. The achieved
over-segmentation rate of 0.11 (0.1 double counts and
0.01 false positive detections) and under-segmentation
rates of 0.03 over all images correspond to the rates
achieved by Li et al. [12] for under-segmentation. Bernard
et al. correctly identified mammalian fibroblasts 91% of

Table 1 Statistical evaluation of

the software’s counting Hand count Double counts False positive False negative
performance
Mean 3.95 1.05 1.29
Median 3 0 1
Standard deviation 3.89 1.137 1.05
Minimum 0 0 0
Maximum 18 6 5
Sum 1,615 162 16 53
Manual counts were used as Percent 0.10 0.01 0.03

gold standard
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Fig. 4 Change of cell size and cell counts during inhibition test with
EPCs as seen after a time period of 72 h. Only slight differences were
seen between the raw culture media (/) and the one containing
ibandronate (2). The result indicated a significant cleavage inhibition
for pamidronate as seen by the significant lower number of cells
counted in the image (3)

the time in a model-based automated detection algorithm
[14, 15]. Pal et al. accurately identified cells 82% of the
time when comparing their algorithm using dominant
contour feature points with manual evaluation [7]. A major
problem in our proposed method is double segmentation.
However, we think that double counts could be lowered by
smoothing the parameter space prior to maxima detection
or by implementing distance constraints. However, the
algorithm proposed here proved its ability to detect blue
cell nuclei (as shown in the fibroblast culture) as well as
green round cell soma in the inhibition tests with the EPC
assay. In both assays, the predicted effect was evidently
shown: the growth test showed an increase in cell number
and covered area, whereas inhibition test with pamidronate
showed a decrease in cell number and size of the covered
area (Fig. 4).

The proposed segmentation algorithm for cell nuclei
or round cells can be used for the assessment of tissue
characteristics during growth or pathological classifica-
tion. Centroids of cell nuclei can be used for the
quantification of tissue characteristics, based on distri-
bution of cell nuclei using Delaunay triangulation or cell
separation using watershed [6] transformation or Voronoi
diagrams. As an example, we used the algorithm
described by Bourke [16] for a fast calculation of
Delaunay triangulation. In a set V= {vy,..., vy} of points,
any edge spanned by v,, v;, and v; is a Delaunay edge if
and only if there exists a point x such that the circle
centered at x and passing through v, v;, and v; does not
contain in its interior any other point v [17]. Based on the
acquired Delaunay graph, descriptive measures that
characterize tissue or cell cultures can be calculated
[18]. Theoretical frameworks defining generalized finite
Voronoi neighborhoods are proposed to serve as hetero-
geneous generators of the resulting model tissue, and
simulations of the position of cell centers showed the
feasibility of Voronoi methods generating realistic cell
shapes [19]. However, if cell separation using approxi-
mated graphs derived from Delaunay triangulation and
Voronoi diagrams are inspected visually (Fig. 4a, b), it
seems that Voronoi diagrams are not always exact for cell
separation in growing tissues. Correlation between dia-
grams and cell borders may be more exact in areas where
cells are in close contact and at short distances from each
other. Thus, separation of touching cells might only be
valid for densely packed cells (Fig. 5).

As a summary, the developed software allows fast and
uncomplicated quantification of initial cell number and
average size. Thus, it can serve as a reliable tool for
biocompatibility screening of surface modifications. We
think that the segmentation of cell nuclei can be easily
adapted for the counting of touching cells of circular,
elliptical, and ovoid shapes.

Fig. 5 Derived Delaunay triangulation using the calculated centroids
as seen on the EPC culture assay. Even for structure with other color,
the software is able to separate the touching round structures (see
arrows)
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