Bioimaging4 (1996) 93-106. Printed in the UK

Fluorescent dot counting in
Interphase cell nuclel

Hans Netten 1§, Lucas J van Vliet {, Hans Vrolijk 1, Willem
C R Sloos {, Hans J Tanke 1 and lan T Young

1 Faculty of Applied Physics, Lorentzweg 1, Delft University of Technology, NL-2628
CJ Delft, The Netherlands

1 Laboratory for Cytochemistry and Cytometry, Wassenaarseweg 72, University of
Leiden, NL-2333 AL Leiden, The Netherlands

Submitted 27 June 1996, accepted 19 September 1996

Abstract. Fluorescencén situ hybridization allows the enumeration of chromosomal
abnormalities in interphase cell nuclei. This process is called dot counting. To estimate
the distribution of chromosomes per cell, a large number of cells have to be analysed,
particularly when the frequency of aberrant cells is low. Automation of dot counting is
desirable because manual counting is tedious, fatiguing, and time consuming.

We have developed a completely automated fluorescence microscope system that counts
fluorescent hybridization dots for one probe in interphase cell nuclei. This system

works with two fluorescent dyes—one for the DNA hybridization dots and one for the
cell nucleus. A fully automated scanning procedure has been used for the image
acquisition. After an image is acquired it has to be analysed in order to find the nuclei
and to detect the dots. This article focuses upon the dot detection procedure. Three
different algorithms are presented. The problems of ‘overlapping’ dots and split dots

are discussed. The automated dot counter has been tested on a humber of normal
specimens where DAPI was used for the nucleus counter stain and a centromeric probe
was used to mark the chromosome 12. The slides contained lymphocytes from cultured
blood. The performance of the different algorithms has been evaluated and compared
with manually obtained results. The automated counting results approximate the results
of manual counting.

Keywords: fluorescencen situ hybridization, chromosome enumeration, dot counting,
overlapping dots, image analysis

1. Introduction counting. Chromosome enumeration requires the analysis
of a large number of cells to determine the distribution
Fluorescencein situ hybridization (FISH) techniques in  of chromosomes per cell and to be able to detect small
interphase cell nuclei have great potential both in researchaperrant sub-populations. The number of cells that must
and in clinical applications such as minimal residual disease pe ana|ysed depends on the frequency of aberrant cells and
and early relapse detection in leukemias. FISH has madethe count accuracy. In practical situations this can vary
it possible to selectively stain various DNA sequences in from only a few cells to more then 10000 cells (Carothers
interphase cell nuclei. The sequences may be chosen so agg994, Castleman and White 1995, Kibbel@dral 1993).
to detect SDECiﬁC abnormalities or to facilitate the process of Current manual Counting procedures leave much to be
identification and quantification of numerical and structural desired inc]uding the need to work in a dark environment
chromosomal abnormalities (Eastmond and Pinkel 1989, and the fat|gu|ng nature of the work. An automated dot
Hopmanet al 1991, Nederlot al 1989). counting system is a practical requirement.
of multiple colors to detect multiple targets simultaneously. system that counts fluorescent hybridization dots for one
The target signals in interphase cells become visible asprope in interphase cell nuclei. Only two colors can
colored dots. Enumeration of these signals is called dot e \;sed—one for the counter stain and one to make the
§ To whom correspondence should be addressed. E-mail address:Chromosome visible. A complete description is presented
hansn@ph.tn.tudelft.nl in (Nettenet al 1997). A critical part of the system is
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the dot detection algorithm. Previous results showed that performance of the camera in terms of the signal-to-noise
an average of 11% of the cells are counted incorrectly ratio (SNR) is excellent. Due to a slow readout rate and
(Nettenet al 1997). About 6% of the cells that are counted cooling, the camera is photon limited. The SNR of a
incorrectly are caused by the dot detection algorithm. single pixel is limited only by photon statistics. Other noise
Missed dots, false dots, touching dots and split dots have asources are not significant (Mullikiet al 1994). The image
significant influence on the count accuracy of the system. SNR is limited by the variation of the gain and offset of
This paper presents a more detailed discussion about the doeach pixel. The maximum image SNR is 30 dB (Net&tn
detection algorithm. Different image processing algorithms al 1994). It is possible to correct for the pixel variation
have been developed and evaluated. using flat field correction. Because flat field correction is
The paper is organized as follows. Section 2 gives a time consuming operation and the SNR is adequate, we
an overview of the system and hardware and scanninghave not used this technique.
procedures are described. Section 3 describes the image Screening a slide consists of a number of steps that are
processing and image analysis procedures used in the dotepeated until a preset number of nuclei is analysed. This
counter. The problem of overlapping FISH dots in 2-D is called the scanning cycle. Each field of view (FOV)
images of interphase nuclei is discussed in section 4. Weis focused automatically after which an image is acquired.
have evaluated the dot detection algorithms using a set ofWhen the acquisition is finished, the image is processed
352 images acquired with the automated scanning systemand the stage is moved to the next FOV.
The experimental results are given in section 5. Finally, ~ The auto-focusing algorithm is based on a derivative

in section 6, we draw some conclusions and discuss thefilter (Boddekeet al 1994). A digital filter [1,0--1] is
results. applied in thex direction of the image. The ‘energy’ in

the resulting image is computed. This is called the focus
function and it has to be maximized with respect to the
position for the image to be in focus. A sequence of images
is acquired at different positions to find that maximum.
We have used a 40/1.3 objective (Plan NEOFLUAR,
Zeiss) in combination with 2 binning for the acquisition
of images after the focusing process. Binning is the process
of combining adjacent pixels on the CCD into one larger
pixel. This is used to increase the signal amplitude and to
reduce the spatial sampling frequency. The imaging setup
results in a spatial sampling frequency of 2.9 pixela/
The choice of the objective is mainly determined by the
2.1. Biological material high numerical aperture. A high numerical aperture has
e advantage that the integration time can be relatively
hort. The image brightness is commonly assumed to be
proportional to the fourth power of the NA (Inéul986).
We use an integration time of 1.0 s.

2. Materials and methods

We have developed a completely automated microscope
system that counts FISH dots of a single probe in counter-
stained interphase cell nuclei. This section describes the
different components that are necessary for the image
acquisition. An overview of the instrumentation is given,
along with how the actual screening is implemented and
what kind of specimens are used to test the system.

The automated dot counter has been tested on a number o
slides where DAPI is used for the nucleus counter stain and
a centromeric 12 probe (CEP 12, Wsis, Downer's Grove, Il

USA) is used to mark the desired chromosomes. The probe The two dyes are acquired simultaneously into one

s Iat_)eled with S_pectrum Ora_ngeThe samples have been monochromdmage. We have used a dual band-pass filter
provided by Wsis and contain lymphocytes from cultured block, both emission and excitation, that is suitable for

blood. All samples are normal specimens. the two dyes, DAPI counter stain and Spectrum Orange.
The dual band-pass filter block maps the blue fluorescence

2.2. Screening procedure (DAPI, peak emission spectruh = 452 nm) into the
middle gray values~ 20% at full dynamic range) and
the red signal (Spectrum Orange, peak emission spectrum
A = 615 nm) into the light gray values~( 60% at full
dynamic range). Through the judicious use of the color
filters, the image processing is based on brightness contrast
and not on color information. A typical image is shown in
figure 1.

The whole system is embedded in a ‘user-friendly’ user-
. . . interface to control the microscope, to adjust parameters,
cooled (-42°C) CCD camera. The CCD chug contains - 504 to evaluate the results. Before the system starts
1317 > 1035 pixels with a size of .8 x 6.8um". The  grreening an operator has to define a scan area on the
+ Spectrum Orange is a trademark of Wsis Corporation, Downer's Grove, Slide. The area is scanned following a meander pattern.
Illinois, USA. After a preset number of nuclei have been analysed, the

The system is built around a Zeiss Axioskop microscope.
The microscope is fully automated. Focus, scanning
stage, excitation filter wheels and shutter (Ludl Electronic
Products Ltd) are controlled by computer. A Macintosh
Quadra 840 AV computer controls all hardware and takes
care of the image processing. A KAF 1400 Photometrics
Series 200 camera (Aikeret al 1990) is used to digitize

the microscope images. It is a slow scan (500 kHz),
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a) b)

Figure 1. Double stained cells (DAPI + Spectrum Orange). These images are 143 by 165 pixels sampled at 2.8vpiXals/
Two-color FISH acquired in a true, multi-filter color image. (b) Same FOV acquired in one monochrome image. The bright dots are
easy to distinguish from the gray nuclei.

system stops, and the result can be interactively verified resulting image is segmented by an automatically-chosen
and corrected. The individual nuclei are automatically threshold (Zacket al 1977). An enclosing rectangle for
relocated under the microscope. Visual inspection can each object in the segmented image defines the region of
be done either using the monitor display or through the interest and is used for the next step.

microscope. The output of the dot counter can be a dot

histogram, a confusion matrix, and/or a gallery of images 31,2 petect nuclei in ROI. For each ROI the original

of every cell that has been analysed (Netgml 1997). image is processed again at full resolution to define a mask
for the nucleus. A gray-value opening is applied to remove
3. Image analysis the dots. The high intensity of the dots can influence

the threshold level calculated in the next step. The iso-
After the image acquisition, each image is processed todata thresholding algorithm (Ridler and Calvard 1978) is
determine the number of dots per nucleus. The image used to segment the ROI into object and background. The
analysis consists of finding the nuclei in the image, resulting object mask is then further processed using binary
detecting the dots within each nuclei, counting the number morphological operations to remove small objects and to
of dots per nucleus and updating the results including a dot separate slightly touching nuclei (Haraliek al 1987).
histogram for the entire specimen. The algorithm must be After segmentation, size, shape, and intensity features
accurate. The number of false positives and false negativesare measured for each object (Young and Roos 1988).
must be as low as possible. On the other hand the algorithmThe features are used to select single nuclei and to reject
must be fast. In a practical situation more then 70 MBytes touching nuclei, debris, etc. The selected single nuclei are
of data have to be processed to analyse 500 nuclei. used in the next step where the dots are to be detected.

The algorithm can be divided into four steps: (1) find

a region that contains a nucleus, (2) find the nucleus in the 3 5 pot getection
region, (3) find the dots in nucleus, and (4) count the dots
and update the results. This paper focuses on the third stepJo count the dots, the original image is segmented
the dot detection procedure. Three different approachesagain within the mask of the nucleus. Three different
are presented. The nucleus segmentation (steps 1 and 2echniques are presented. The first algorithm is the most
is discussed only briefly. A more detailed discussion is Simple one and is based on a tophat transform followed
presented in Netteat al (1997). by constant threshold. This technique is calleghat
threshold The second technique is callddaplacian
threshold (nL threshold) and is an extended version of the
tophat threshold. After the tophat transform a nonlinear
3.1.1. Find region of interest (ROIl). The goal of this Laplacian (nL) filter is applied to separate touching dots.
first step is to find those regions that contain cell nuclei. The third technique is again based on the tophat transform
To speed up the algorithm the original image is first sub- but instead of a constant threshold a variable threshold is
sampled by a factor of 8. The reduced image is then filtered used to label the dots. This third technique is narded
to suppress the noise and to correct for shading. The entirelabel.

3.1. Cell detection
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Figure 2. An example of tophat threshold and nL threshold. (a) Original image. (b) Intensity plot of a line crossing the two dots.

(c) Tophat transform, tophat[Im] = ImMaxs[Mins[Im]]. (d) Laplacian, nL[tophat-Maxs[tophath-Mins[tophat]- 2tophat. The index
of the Max/Min operator defines the size of the square kernel.

3.2.1. Tophat threshold. A tophat transform (Meyer  Therefore, an extra step is included after the tophat
1979) is performed on the original image to remove threshold. A nonlinear Laplacian (Van Vliet al 1989)
the DAPI counter stain. For light objects, on a darker is performed on the tophat image. This step is only applied

background, the tophat transform is given by within the mask of the tophat threshold. A threshold on
a negative level will separate touching dots (see figure 2).

Tophat(A, B) = A — max(min(A)) (1) The threshold leve®, ;. is determined by half the minimum
B B intensity of the Laplacian image. The mask of the tophat

transform and nL are combined into a mask of detected

where max() and min() are maximum and minimum filters, dots

respectively, over a regioB. We typically chooseB to
be a 5x 5 window. This is illustrated in figure 2. The
tophat transform is only applied within the mask of the 3.2.3. Dot label. The tophat threshold has the
nucleus. The resulting image only contains the Spectrum disadvantage that it is difficult to define a proper threshold
Orange dots on a noisy background. The size of the tophatlevel. Figure 2 shows that if the threshold level is too high
kernel must be slightly larger then the dots. A constant a dot will be missed, and if it is too low, two dots will be
threshold is performed on the tophat transform to find the merged. The nL filter is used to separate touching dots but
dots. The threshold level is given 1), = ppie + kopg has the disadvantage that it is sensitive to noise. False dots
where upi, and oy, are the mean and standard deviation could be the result. To overcome these problems a different
of the background inside the mask of the nucleus. The approach is presented.
mean and standard deviation are estimated using the pixels  Again a tophat transform is performed on the original
below the 90% percentile intensity of the tophat image. The jmage. In contrast with the tophat threshold, the dot label
parametek has to be determined on the basis of a limited a|gorithm uses a variable threshold level. The basic idea
number of nuclei used as a training set. of the algorithm is that pixels with an intensity that is
equal to a threshold level are assigned to a dot if they
3.2.2. nL threshold. Most dots are detected properly are connected to that dot. If they are not connected to
with the tophat threshold, but some dots appear merged.an existing dot, a new dot is created. The threshold level
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3.3. Feature extraction

Pixel b\ To refine the result of the dot detection algorithm a number

of features are measured. Those features can be used to
verify if a detected dot is a real hybridization dot, to detect
split dots, or to distinguish ‘overlapping’ dots from single
dots. The problem of overlapping dots is discussed in the
next section. This section presents a number of features
that can be measured and how they can be used to improve
the result.

Often features are based on the resulting mask of
the segmentation procedure. For example the area is
commonly estimated by counting the number of pixels
in the mask. Because the dots are relatively small (area
of dot ~ 11 pixels), the area strongly depends on the
Figure 3. An example of the definition of connectivity. The threshold level. To make the features independent of the
light gray pixels are already labeled with 1 or 2. The dark gray S€gmentation procedure, the measurements are not based
pixels have an intensity within the threshold-band. Pixaill on the dot mask. The features are measured using the
be assigned to dot 1. Pixelwill create a new dot if the pixels that have an intensity larger than a fractipnof
intensity is equal t®;cc- the maximum intensity of the dot. The maximum intensity
L.q, Of @ dot is the maximum intensity within the dot mask.
As an example, the total intensity is defined as the sum of
the intensities that are larger thgi,,,, and is given by:

Pixel a = |

Byeeq Starts at the maximum intensity of the imagg,,
and runs down until it is just above the background_ level Ly = Z 1Gx, y)elip T, y) — yIma)  (2)
Oyeea = Mikg + koprg. A second threshold leved,,,, is x,yedor mask

introduced to avoid false dots. Small variations in the image

due to noise can create false dots. Instead of a thresholdVhere 1 250

level, a threshold-band is used. Pixels within a threshold- clip(q) = {0 1 -0

band Eeed > I(x,y) > O,) are assigned to a dot if a

they are connected to that dot. Pixels that are equal toand the set(x, y) is chosen within the dot mask. The
the threshold leveB,,.;, and not connected to a dot will fraction y is an arbitrary value between O and 1. If
create a new dot. The width of the threshold-band is related ¥ IS close to zero, background noise will influence the
to the SNR of the images, specifically the associated measurements. | is too high the measurements will

with the noise. The second threshold level is defined as P& based on only a few pixels. We have used a value
Oy = Osuet — 3uumera WHETE Gommers is the standard y = 0.33. The input imagel (x, y) is assumed to be
deviation df the camera at the intensidy,.. corrected for background variation. The tophat image is

L . . used as the input image. The tophat transform subtracts
A pixel is connected to a dot if there is a path from - . A
. - S . the estimated background signal from the original image.
that pixel to one pixel of the dot, considering all the pixels

o . o The following features are measured: maximum
within the threshold-band. An example-ls given in figure 3.. intensity, area, total intensity, average intensity, relative
Two dots have been created and the pixels are labeled W'thintensity, and eccentricity.

1 or 2. The dark gray pixels have an intensity within the

threshold-band. Considering pixe| there is a path, ina o Maximum intensity /,,,, is the maximum intensity
4-connected neighborhood, along the gray pixels to a pixel within the dot mask.

of dot 1. So this pixel would be labeled as 1. Considering e Area Ay, is the number of pixels with/ (x,y) >
pixel b, there is no path to one of the dots. If the intensity Y Ly

of pixel b is greater than or equal .., then this pixel e Total intensity I,,, is the sum of the intensities with
is the seed of a new dot with label 3. Figure 4 shows three ~ 1(x,y) > ¥ Lax-

intermediate steps of the algorithm. The threshold level ® Average intensityl,,, is the total intensity divided by
Oseeq Starts at the maximum intensity of the image. This the area.

pixel is the seed of the first dot. Pixels within the threshold- *® Relative_intensitylre,_is the_ tota_l intensity relative to
band are labeled if they are connected to that dot. The the maximum total intensity within a nucleus and is

second dot is created whe.., is equal to the maximum defined as:
intensity of that dot. The threshold levél,.., decreases Lo (d)

LT 1) = @
until it is just above the background level. rel\di) = max(Ly, (dy). . ... L (dy)
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Brightness

Figure 4. Three steps of the dot label algorith,,., starts at the maximum intensity of the image. Dot 2 is created véhen is
equal to the maximum intensity of that dot. The algorithm stops when is just above the background level.

wherel,,, (d;) is the total intensity of dot. The relative FOV. Finally the effect of the focus position of a dot must
intensity of a dot with the maximum total intensity will  be considered.

always be one. Because nuclei are not flat, the dots are not always in

e Eccentricity. The definition for the eccentricity is: the same focal plane, and it is possible that a dot is out of
focus. It is also possible that the auto-focusing routine fails
Egor = 7120 4) because it focuses on debris instead of the dots. Figure 5

02 shows the relative error for each feature as a function of

where 9 and 5o, are the invariant second order the focus position. The relative intensity is not included.
normalized moments (Gonzales and Woods 1990). For The features are measured at different focus positions. The
a circular dot with a brightness distribution, that is relative error of a featur¢ for a dot at positiorz is defined
circularly symmetric, the eccentricity will be one. as:

| f(zo) — f(2)

There are several factors that can influence the measure- &r(2) = f(z0) ©)

ments. The number of pixels per dot, which is related to where - is the in-focus position of the dot. The average
the sample density, affects the accuracy of the feature esti- N P L ) 9
relative error for 12 dots is plotted in figure 5. All features

mators. A number of publications (Van Vliet 1993, Young . v d d the f it A f .
1988) have reported on the relationship between the sam->10ONgly depend on the focus position. ocusing error
of 0.5um yields a relative error of more then 15% for the

ple density and the coefficients of variation (CV) of sev- X . d . . ; v th
eral estimators. Considering the area, the theory predictsarea' average intensity and maximum intensity. Only the

a percentage error below 10% (Young 1988), even thoughmtal intsn_sity and thg eccentr_icity have a relative error less
the dots are relatively small. However, the measured Cv than 10%if the focusing error is on the order gih. Each

of the area is 35% (the percentage error and the CV areSOUrce that influences the measurements will contribute to
roughly equivalent measures). Thus the variation causedthe large variation of the features. We have measured CVs
by a limited number of pixels is not a complete explana- from 22% for the relative intensity to 51% for the average
tion of the difference between theory and experiments. A INtensity.

second source that can effect the measurements is the image

brightness noise. In our case using a Photometrics camera 4. Dot classification

and an average dot intensity above 500 ADU (camera range

is 4095 ADU) the SNR will be about 30 dB (Nettex al The total intensity and the relative intensity are used to
1994). Again a variation in the intensity of less then 4% due Vverify if a detected dot is a real hybridization dot. If
to noise is not significant in comparison to the measured the value of a feature is not within a certain interval the
variation. CVs of 21% and 42% for the intra- and inter- detected dot will be rejected. The interval is defined from
nuclear distribution, respectively, of the total intensity have the minimum value to the maximum value of that feature
been reported (Nederlat al 1992). The non-uniform illu-  as observed in a training set. The training set contains only
mination of the fluorescence microscope is another sourcehybridization dots and no false dots.

that can contribute to the large variation of the intensity The relative intensity is also used to detect split dots.
features. We have measured a shading of 20% . The shadAs a result of cell replication, one target chromosome can
ing is defined as th&l,,.. — L.in)/l.e Of @ homogenous  appear as two dots that are close together. This is called
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Figure 5. The relative error for five different features as a function of the focus position. Each data point is an average of the relative
error measured for 12 dots. At= 0 the dots are in focus. The error intervals of each plotted point are not included because they are
significantly smaller than the estimated relative error.

a split dot. Those two dots should be counted as one dot.4.1. Probability of an overlap
Mis-interpretation of a split dot can lead to an apparent high
percentage of trisomy cells in what is actually a normal
specimen. Figure 6 shows a gallery of cell nuclei that
contain split dots. All these cells should be interpreted as
cells containing two dots. The two dots of a split dot are
always close together and the intensities of both dots are in
general weaker then the third dot. Two ddtsandd; will

be classified as a split dot if the following rule is true:

We have calculated the probability that in a nucleus with
two dots the projected dots overlap by modeling the nucleus
as an oblate spheroid. Cell nuclei in suspension have a
spherical shape. In the process of slide preparation they
turn into bodies of revolution called oblate spheroids, i.e.
ellipsoids with principal axeR., R., R, whereR, is the
radius of a nucleus in they-plane andr;, is the principal
axis parallel to thez-axis. Given an oblate spheroid, the
D(d;. d;) < Dypiis heighti(x, y) of the body in thevy-plane is then given by:

and ) h(x.y) = 2Ryy/1— (x2 + y2)/R2. (7)

Ire[(...,di+d‘,...)>Ire[(...,d,‘,dj,...) (6)
If the position &, y, z) of a dot is equally likely to be
where D(d;, d;) is the projected distance between the two anywhere within the volume of the nucleus, the probability

dots ¢; andd) and I, is the average relative intensity density function to find a dot inside an oblate spheroid at
within a nucleus. Two dots are combined; & d;) if position (, y) is:

the average relative intensity is larger than if they are not
combined ¢, d;). In other words the relative intensity of P, y) = h(x,y) _ 3y1—(?+y*)/R?
the combined dots must be closer to one. This rule is only ' ia‘nRCZ - Ry, 27 R?

applied to a cell with more than two detected dots.

(8)

where the denominator is the volume of an oblate spheroid.
The two dots overlap when the second dot lies inside a
cylinder with radiusrg that is centered at the, y position

of the first dot. This is illustrated in figure 7. The radius
ro is the smallest distance between two projected dots that
can still be separated. The probability of an overlap is then
I given by:

4. Overlapping FISH dots in 2D images

It is important to realize that we are observing a three-
dimensional nucleus through a two-dimensional projection,
and thus one dot can hide ‘behind’ another dot. Normal
int_erphase c_eII m_JcIei co_ntain two copie_s of aI_I autosomes. py(D(dy, do) < ro) = /p(x, V) (p(x, y)nrg)dxdy
Microscope imaging projects the three dimensional nucleus

onto a two dimensional sensor. Two dots can be 5
distinguished if the projected dots do not severely overlap. _ 9 (E) )
Overlapping dots means in this article that the projected 8 \ R,

distance between two dots is too small to separate the dotswith D(dy, d2) the lateral distance between the two dots.
properly. The above calculation assumes that: (1) the probability

X,y
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. Gallery -

Figure 6. A gallery of images of cells that contain split dots.

density function of the positionx( y, z) of a dot inside

a nucleus is uniformly distributed; (2) the positions of the
dots are independent; (3) <« R.. Frequency distribution
curves of observed distances between two targets have
been compared with a model that assumes uniform and
independent distribution of point-like targets. There is
evidence that chromosomes occupy distinct territories in
cell nuclei. Dietzekt al have shown a significant difference
between observed data and this model (Dieteelal
1995). But the differences are small, especially when the
distance between the targets is small. Although the above
assumptions are not completely correct, equation (9) yields
a good approximation of the probability of an overlap.

2 "overlapping" dots

X

It is interesting to see that the probability of an overlap Figure 7. Two ‘overlapping’ dots when we are observing a
is independent of the spheroid’s eccentricity and is inversely three-dimensional nucleus through a two-dimensional projection.
proportional to the projected area of the nucleus. In other The two dots overlap when the second dot lies inside a cylinder

words, flattening the nuclei on a slide, which increases the
area, will reduce the probability of an overlap.

with radiusrg that is centered at the, y position of the first dot.

The distance depends on the radius of an observed physical size of a dot and the point-spread-function of the
dot R; and on the capability of the image processing optical system which depends on the NA of the objective
algorithm to separate the dotsR; is determined by the and the emission wavelengghof the fluorescent dye. If
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the physical dots are smaller than a wavelength of light, computer disk. Afterwards the images have been checked
each observed dot is approximately an Airy disc with manually to see if they were properly focused. Because
R; = 0.610./NA. The probability of an overlap becomes: the purpose of the experiments was to investigate the
performance of the image analysis algorithms, focusing

Po = 0.42(cx)./NAR,)* (10) errors have been excluded. A total of 352 images have

been acquired, containing 1014 nuclei. A subset of 113
images with 200 nuclei has been used as an independent
training set to adjust the parameters of the algorithms. The

where o is a parameter that represents our ability to
segment two adjacent dots. In this cageis defined as

ro = aRq. If @ =1, 10 is equal to the Rayleigh criteria.  oher 239 images have been used to test the system.
The Rayleigh criterion defines a distance at which two  The result of the dot counter is a dot distribution that
superimposed Bessel functions can still be separated basegjyes the proportion of cells containing 0, 1, 2, 30r3

on the maximum intensity. As an example fer= 1, dots. The proportiorp; is estimated by

A = 0.615um (peak emission spectrum), NA 1.3, and

R. = 5um, the probability of an overlag?y = 0.4%. pi =
In our case, using a centromeric probe, the radius of an N

observed dot is generally larger than the radius of an Airy wheren; is the number of cells with dots andN is the

disc. The physical size of a dot is significantly larger than (o¢a| number of cells. Assuming that the probabilities of the

the wavelength of light. In this case, the radigshas 10 cqynting errors are constant and the selection of the cells

be determined experimentally. is random, the proportiop; is a multinomial distribution.
The standard deviatios is then given by:

n;

11)

4.2. Overlapping dots detection
, pil—p)
The problem of ‘overlapping’ dots is especially important Si=—7nN (12)
for the detection of a monosomy. Monosomy means that ) S )
a proportion of the nuclei has only one copy of the target For IargeN the multinomial dlstrlbuthn is approxmately
chromosome instead of two. 'Overlapping’ dots mainly Ga_us&an. In tha_t case a 950_/0 confidence interval of the
affect the estimated proportion of cells that contain one dot. €Stimated proportion is approximately betwggnt 1.96s;
In practice most cells have two copies of a chromosome (Castleman and White 1995).
and only a small sub-population of cells have an aberrant
number of chromosomes. Due to overlapping, some of the 5.1. Counting results

cells with two chromosomes are counted as one. Becausel_he dot distribution of the test set has been estimated

the proport_lon o_f cells with two dots IS muck_\ Ia_r_ger than with the three different algorithms; tophat threshold, nL
the proportion with one dot, the error will be significant for .
: : . threshold and dot label (table 1). Together with these fully
the estimated proportion of cells with one dot. Although . .
. . . automated counting results, manually obtained results are
overlapping also occurs with cells with three dots, the .
. X : also given. Each nucleus from the test set has been counted
effect on the estimated proportion of cells with two dots - . - )
) . . - manually using the monitor display. The first row of table 1
is much smaller. The proportion of cells with three dots is L ; X
. . . shows the dot distribution for a normal specimen, given by
in practice much smaller than those with two dots. e
: - . the product specification of the CEP 12 Spectrum Orange
To improve the results of the image processing . . o .
- . ... > probe (Wsis). This dot distribution will be used as the
algorithm we want to include an extra step that classifies . g :
ground truth’. The manually obtained results of the test

detected dots into single dots or ‘overlapping’ dots based . o . .
. . set are comparable with the specifications. Using a monitor
on these features. We may expect that two ‘overlapping’ . ; . :
dots will have twice the total intensity of a single dot or display instead of the microscope does not influence the
that the eccentricity of two touchin d)(;ts is lar gr then the counting result.  The automated resuilts differ from the
eccentricity of a si)r/1 le dot. A nea?rest nei hbgor classifier manually obtained dot distribution. The best result has been
y 9 - 9 obtained with the dot label algorithm. About 2% of the

ff“"‘f"”?‘gi 1?90)|has_ be’eg 't“'S?d to s_eel i (;[ Its Eoss?le tonuclei are counted incorrectly. Using the tophat threshold
iscriminate ‘overlapping’ dots from single dots based on " . percentage increases to 8%.

the total intensity and eccentricity. The classification is

only applied to the cells with one detected dot. .
5.2. Overlapping dots

5. Results The percentage of nuclei containing one dot is significantly
larger for the automated results obtained with the tophat
The performance of the dot counter has been evaluated. Athreshold and nL threshold than with manual counting. This
set of images has been used to test the different algorithmsis especially true when the tophat threshold has been used.
Two slides have been scanned automatically. From eachMost errors occur because 'overlapping’ dots cannot be
FOV an image has been acquired and has been saved oproperly separated. The proportieg of nuclei that are
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Figure 8. The frequency distribution histogram of the projected distance between two dots within a nucleus. The distance is normalized
by the radius of the nucleus. The measured distribution curves are given for all nuclei with two detected dots obtained (1) with the
tophat threshold and (2) with the distribution of a model which assumes uniform and independent distribution of point-like dots.
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Figure 9. The cumulative frequency distribution curves of the projected distance between two dots as observed in cells with two
detected dots. The distance is normalized by the radius of the nucleus. The curves have been obtained with the three algorithms. The
0.5% level definesy. Only a small range near zero is plotted.

counted as one instead of two has been obtained. TheThe result is also given in table 2, together with the
results of the three algorithms are examined visually using estimated probability of an overlap, using equation (9).

the monitor display. Each nucleus that has an automatedFor each algorithm the distances between two dots have
scoring of one dot has been classified manually as a singlebeen measured for all nuclei with two correctly detected
dot or an ‘overlapping’ dot. Table 2 shows the number dots. Because the frequency distribution of distances does
of ‘overlapping’ dots for each algorithm as a percentage not contain those cells for which the dots are not properly
of the number of nuclei containing two dots. The error separated, we may expect that the smallest distance that
interval is defined as two times the standard deviation given occurs in the distribution is the smallest distance for which
by equation (12). The smallest distangge that can be the dots can be separated. But it is possible that the
separated is estimated using the frequency distribution of smallest distance of the distribution is an outlier caused
the distances between two dots. The distance betweerby noise. In other words, two touching dots, at a certain
two dots is normalized by the radius of the nucleRis distance, are sometimes properly separated and sometimes

102



Fluorescent dot counting in interphase cell nuclei
Table 1. Percentage of cells containing various numbers of dots jatected dots. As we expected, the average total intensity
for the test set as identified manually using a monitor display fe | S dots is twi th’ total intensity of sindl
and with full automation using three different algorithms. The O OVeriapping' dots Is twice the total intensity Or single

dot distribution for normal specimens is also given (Wsis). The dots. Also the eccentricity is larger for ‘overlapping’ dots.
number of cells that have been count¥d= 814. The variation, however, is also larger. A scatter plot

(figure 10) illustrates the overlap between the two classes.
A nearest neighbor (NN) classifier (Fukanaga 1990) has
Manual been applied to these data. The set of 1452 single dots and
Spectrum Orand¥  0.2% 15% 97.1% 1.2% 0.1% 57 ‘overlapping’ dots has been used as a training set and

Chromosome 12 0 1 2 3 >4

Monitor display 0.6% 1.4% 97.2% 0.6% 0.3% 553 test set. Because the number of ‘overlapping’ dots is
Automated . . . . . small, we did not want to split the set into a separate training
Iﬁﬂuféstm?sho'd 00;5?) /f’ 38970 /f’ 984?'23; /f’ 11'010 /f’ 00'43; /f’ set and test set. Table 4 gives the result of 6-NN classifier.
Dot label 05% 1.8% 95.1% 21% 0.5% Because the training set has been used as the test set these

results are optimistic. The classifier has been trained in
such a way that the number of false negatives (single dots
Table 2. Because ‘overlapping’ dots cannot always be properly that are classified as ‘overlapping’ dots) is close to zero.
separated, some nuclei are counted as having one dot instead of Only 54% of the ‘overlapping’ dots are classified correctly.

two. The proportions of ‘overlapping’ dots, as a percentage of  Tpjs result shows that an extra classification step only

the total number of cells containing two dots, observed with the . .
three different algorithms are given, together with the measured slightly improves the result. The results of the nL threshold

ratio ro/R. and the estimated probability of an overlap given by ~algorithm and dot label algorithm are still better than the

equation (9). The number of cells with two dotsNs~ 800. results of the tophat threshold with the extra classification
step. The large variation of the features makes it difficult
Algorithm €0 ro/R. Po(ro/R.) to distinguish ‘overlapping’ dots from single dots.
Tophat threshold Z7+1.8% 026+0.02 76+1.2%
nL threshold 2A4+10% 017+£0.01 31+04% ;
Label dot 09+06% 013+001 19+ 0.3% 5.3. Split dots

The ability to separate touching dots means that a split
dot could be detected as two dots. Mis-interpretation of a
split dot can lead to a high percentage of trisomy cells
in normal specimens. A simple rule has been used to
detect split dots based on the distance between the two
dots and the relative intensity. This rule is only applied on
nuclei with more than two dots. If two dots are classified
as a split dot, these dots are combined into one dot. To
test this rule the test set has been analysed again using
the three algorithms but without split dot detection. The
results given in table 1 were obtainadth the use of split

dot detection. The results of the two experiments are now
compared. Table 5 gives the proportion of nuclei that have
been counted incorrectly because of a split dot, with and
without the use of split dot detection. Because the tophat
threshold does not have the ability to separate touching
dots, no split dots have been detected as two dots and the
tophat threshold is therefore not included. If the ability
to separate dots improves, the number of split dots that
have been detected as two dots increases. Using the split
dot detection, most of the split dots have been combined
into one. Four nuclei have been counted incorrectly due to
split dots using the dot label algorithm and cause a slightly
ehigher percentage of trisomies (table 1).

not. Thereforery is defined as the distance at the 0.5%
level of the cumulative frequency distribution. In our case
with N ~ 800, ro becomes equal to the fourth smallest
distance (sample) in the distribution. The error interval
is defined as the difference between the third smallest
distance and the fifth smallest distance. Figure 8 shows the
measured frequency distribution as a result of the tophat
threshold in combination with the distribution of a model
which assumes the uniform and independent distribution
of point-like dots. The model frequency distribution is
obtained from simulations. Figure 9 shows the cumulative
distributions for the three algorithms with the resulting
ro distance at the 0.5% level. The dot label algorithm
has the best performance in segmenting ‘overlapping’ dots
followed by the nL threshold. The nL filter significantly
improves the result of the tophat threshold. There is no
significant difference between the estimated probability of
an overlap using equation (9) and the measured proportion
of ‘overlapping’ dotseg, but the error intervals are large.
Including an extra classification step to distinguish
‘overlapping’ dots from single dots has been evaluated.
The result of the tophat threshold has been used to se
if it is possible to improve the results based on the total
intensity and eccentricity. Table 3 gives the mean and 6. Discussion
standard deviation of the total intensity and the eccentricity
for 'overlapping’ dots and single dots. The number of We have developed a completely automated fluorescence
single dots is much larger than the number of ‘overlapping’ microscope system that can examine interphase cell nuclei
dots because we have used all dots from cells with two in order to determine the proportions of cells containing
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Table 3. The mean and standard deviation of the total intensity and the eccentricity for single dots and ‘overlapping’ dots. The result of

the tophat threshold is used to calculate these values.

Features Total intensity (ADU)  Eccentricity
n o " o

Single dots iV = 1452) 7458 4079 15 05

Overlapping dots§ = 57) 14823 7677 31 13

Table 4. A confusion matrix for a 6-NN classifier using the total intensity and the eccentricity to distinguish ‘overlapping’ dots from

single dots. The learning set was also used as test set. More than 99% of the single dots are classified as single dots but only 54% of

the ‘overlapping’ dots are classified correctly.

Classification\ Test set

Single dotsM = 1452)

Overlapping dotsN = 57)

99.7%
0.3%

Single dots
Overlapping dots

45.6%
54.4%

=

Eccentricity

0 10 20 30 40
Total Intensity (10 ADU)

n Overlapping dots

@ Single dots

Figure 10. Scatter plot of the total intensity and the eccentricity for single dots (light gray) and ‘overlapping’ dots (dark gray).

Table 5. The proportion of cells that have been counted
incorrectly due to a mis-interpretation of a split dot. The
percentages are given for nL threshold algorithm and dot label
algorithm with and without split dot detection. The split dot
detection combines most of the split dots. The total number of
cells isN = 814.

Algorithm No split dot detection ~ Split dot detection
nL threshold 3.2% 0.4%
Dot label 9.1% 1.2%

0, 1, 2, 3, or> 3 dots.

Because we wanted to evaluate the image processing
algorithms, the images have been checked manually in
order to avoid errors caused by the image acquisition.

The results of the dot label algorithm approximate the
manually obtained results. Only 2% of the cells are counted
incorrectly. Using nL threshold or tophat threshold the
error rates increase to 3% and 8%, respectively. Because
the images of the test set have been checked manually the
error rate of the complete system, automated scanning and
image analysis, will be higher. Previously presented results
(Nettenet al 1997) showed an error rate of 3% (out of the

This paper describes the total 11%) to be caused by focusing errors. These results

image processing algorithms that are responsible for theshowed also that the variance of the dot distribution, using

dot detection.

Three techniques have been presentedfull automation, is significantly larger than the expected

tophat threshold, nL threshold, and dot label. The different variance of a multinomial distribution. Our experience is
techniques have been evaluated and the results have beethat the large variation is related to the slide quality. Clean
compared with manual counting. All experiments have slides will make the error rate of the dot counter more
been done with a set of images stored on computer disk.predictable.
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