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Abstract
We have developed a completely automated fluo-

rescence microscope system that can examine 500 cells
in approximately 20 minutes to determine the number of
labeled chromosomes (seen as dots) in each cell
nucleus. This system works with two fluorescent dyes –
one for the DNA hybridization dots (e.g. FITC) and one
for the cell nucleus (e.g. DAPI). After the stage has
moved to a new field the image is automatically focused,
acquired by a Photometrics KAF 1400 camera, and then
analyzed on a Macintosh Quadra 840AV computer. After
the required number of cells has been analyzed, the user
may interact to correct the computer by working with a
gallery of the cell images. The machine accuracies are
equal to panels of human experts (manual) and limited
(ultimately) by the overlapping of dots in the 3D cell as
seen through the 2D projection.

1: Introduction

Modern molecular technology has made it possible
to selectively stain various DNA sequences in
biological cells. These sequences may be chosen so as
to detect specific abnormalities (e.g. Tay–Sachs,
Huntington’s) or to facilitate the process of counting
chromosome types. This latter possibility is especially
important in pre-natal counseling. By labeling human
chromosome 21, for example, it becomes possible to
identify three chromosomes (trisomy) in the cell
instead of the normal two chromosomes. This
particular aberration is associated with Down’s
syndrome. The labeling process reveals specific
chromosomes as dots in the (interphase) cell nucleus.

A variety of staining mechanisms have been
described for this technique (called in situ
hybridization) including labeling with radioactive
isotopes or using light absorbing dyes. The most
exciting and promising procedures, however, are based
upon the use of fluorescent dyes. These dyes are
attached to the DNA probes and when excited by one

wavelength of light emit light at a second, longer,
wavelength. Typical fluorescent dyes are described in
Table 1.

Emission
Dye Wavelength Use
DAPI 452 nm. Make nucleus visible
FITC 523 nm. Detect DNA sequence

Texas Red 615 nm. Detect DNA sequence
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The major disadvantage associated with the use of
fluorescent dyes is the weak signal emanating from a
cell or its labeled constituents. A background pixel
consists of typically 5000 photons, a DAPI-stained
nucleus pixel is an additional 3000 photons, and a
labeled chromosome pixel an additional 10000
photons. These numbers are at least a factor 100
smaller than the values that are obtained for images
acquired through conventional CCD cameras at room-
level illumination [1].

In a clinical setting it is necessary to review 500 to
1000 cells in order to determine the distribution of the
number of dots per cell and to be able to detect small
aberrant sub-populations of cells. Further, practical
considerations require that such a test be performed in
a short time (<20 minutes). Current manual counting
procedures leave much to be desired including the
need to work in darkened environments (because of
the weak fluorescent signals) and the fatiguing nature
of the work.

We have developed a completely automated
microscope system that counts fluorescent
hybridization spots for one probe in an interphase cell
nuclei. Only 2 colors, such as DAPI and FITC, can be
used – one for the stain to make the chromosome
probe visible and one for the counterstain to make the
entire nucleus visible. The images as observed through
a fluorescent microscope are then passed through a
special filter set to map the blue fluorescence into the
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middle gray values and the green values into the light
gray values. A Photometrics (KAF 1400) high-
sensitivity, low-noise cooled CCD camera is used to
acquire a digitized image of 1320 x 1035 pixels with
4096 gray levels per pixel. Each image is integrated
for 4.0 seconds to achieve images of suitable contrast
and SNR. The SNR is limited only by the photon
statistics which are themselves Poisson distributed.
This means that the noise is not additive, not
Gaussian, and not independent of the signal. A small
portion of a typical image is shown in Figure 1.

Through the judicious use of the color filters the
image processing is based on brightness contrast and
not on color information. This is necessary because
current technology does not – as yet – provide high
resolution, high sensitivity, low-noise color cameras
with three independent color channels.
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2: Procedure

A complete scanning cycle consists of automated
microscope stage motion, automated focusing on a
binned version of the fluorescent image, and then
acquisition of the entire image. After acquisition the
image is processed while the next stage motion takes
place. This continues until a preset number of cells
has been analyzed. The entire operation is under
control of a Macintosh Quadra 840AV. The software
has been written in Symantec Think C v6.0.

• Auto-focusing — A derivative filter [1,-1] is
applied in the y direction of the image, i , and the
“energy” in the resulting image is computed giving
the focus function F(z) = ∑x∑y{ i(x,y,z)–i(x,y–1,z)} 2.
F(z) is to be maximized over z. The image must be
sampled at half the Nyquist frequency in the filter
direction. The sampling frequency in the other
direction can be smaller. Binning (2x in y and 4x in x)
is used to reduce the integration time, the readout
time, and the processing time. The Nyquist frequency
can be calculated from the formula ƒN = 4NA/λ where
NA is the numerical aperture of the microscope lens

and λ the wavelength of fluorescence emission. The
focus function is first sampled with a step size of 3 µm
to localize the maximum. Around the peak a step size
of 0.75 µm is used. Focus samples around the peak are
used to fit a quadratic function. This fit gives the
position of the maximum focus [2].

• Image analysis — Our algorithm for actually
counting the number of dots per cell nucleus can be
divided into four steps: 1) Find a region that contains
a nucleus (ROI), 2) Find the nucleus in the ROI, 3)
Find the spots in the nucleus, and, 4) Count the spots
and make (update) a histogram for the entire
microscope slide.

Step 1 — To speed-up the algorithm the original
image is subsampled by a factor of 8. After a shading
correction based upon a gray-level opening, the image
is segmented by a constant threshold [3]. Because only
a small percentage of the area contains cells, the first
step significantly reduces the amount of data.

Step 2 — For each ROI the original image is “re-
segmented” using the Isodata thresholding algorithm
[4] . Using morphological operations on the binary
image, small objects are removed and slightly
touching objects are separated [5] . Size, intensity,
and shape features are measured for each object [6].
These features are used to make a distinction between
real single nuclei, debris, touching nuclei, etc.

Step 3 — A threshold is performed on a TopHat
Transform of the original image to find the spots [7].
Most spots are detected properly with the TopHat
transform, but some spots are merged. Therefore a
nonlinear Laplacian (nL) is performed on the TopHat
image [8]. A threshold at a negative level will
separate the spots (see Figure 2). The binary image of
the TopHat transform and nL are combined. Once
again, features of the putative dots (intensity and size)
are measured to refine the procedure.

Step 4 — The spots are counted and the final result
of the spot counter algorithm can be interactively
verified and corrected. The individual nuclei are
automatically relocated under the microscope. Visual
inspection can be done using the monitor display or
through the microscope.

The output of dot counting in interphase nuclei can
be a confusion matrix, a dot histogram, and/or a
gallery of images of every cell that has been analyzed.
The preferred form is the dot histogram which gives
the number of cells containing 0, 1, 2, 3, 4, or >4 dots.
The uncertainty associated with the number of dots
counted in the six “bins” {0,1,2,3,4,>4} leads to a
multinomial distribution where the sample mean (m)
and sample standard deviation (s) are given by m =
Npi and s2 = Npi(1-pi).
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3: Results

This procedure has been tested on a number of

slides where DAPI was used for the nucleus

counterstain and either Spectrum Orange, Spectrum

Green, or an FITC-based fluorescent dye was used to

mark the desired chromosome. Further, one slide was

used to train the entire automated system and

independent slides were used to test the system. A

panel of experts established the “ground truth” called

Manual. The results of one typical test are given in

Table 2.

Chromosome 8 N 0 1 2 3

Manual

Spectrum Orange™800 0.3% 1.5% 97.5% 0.4%

Spectrum Green™ 800 0.2% 2.2% 95.6% 1.7%

FITC-based Dye 2000 0.7% 2.6% 96.0% 0.7%

Automated

Slide #1 282 1.1% 5.3% 93.3% 0.4%

Slide #2 183 0.6% 5.5% 93.4% 0.6%

Slide #3 666 2.6% 7.2% 89.3% 0.9%

Automated + Correction

Slide #1 282 0.7% 1.1% 97.5% 0.7%

Slide #2 183 0.6% 2.2% 97.3% 0.0%

Slide #3 666 3.0% 2.7% 93.8% 0.5%
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By interactively correcting the dot counts using the

gallery, the results can be significantly improved to

the point that they are equivalent to a panel of experts

(Manual).

It is important to realize that we are observing a

three-dimensional nucleus through a two-dimensional

projection and thus one dot can be “behind”

another. We have shown that the probability of an

overlap of two dots is given by Po = (9/8)α2(r/R)2

where r is the radius of a dot, R the radius of a cell,

and α  is a parameter that represents our ability to

segment two adjacent or slightly overlapping dots [9].

The case α=1 corresponds to the ability to segment at

the level of the Rayleigh criterion for overlap and α=2

meets the ability to segment two just-touching dots. As

the physical fluorescent dots are generally smaller

than a wavelength of light, each observed dot is an

Airy disc and Po becomes Po = 0.42(αλ/NA•R)2. For

α = 1, λ = 0.55 µm, NA = 0.60, and R ≈ 5 µm, Po =

1.4%. For an experimental situation where (r/R)2 = 60

and α  = 1, we have Po = 1.9%. In other words, the

values given in the above tables approach the limits

associated with the fundamental overlap problem

which can not be further resolved with the single 2D

image.

An analysis of screening times for the complete

system is given in Table 3. The improvements in the

next generation system will be based upon a faster

computer (2.0x improvement), a faster camera transfer

rate (4.0x improvement), a higher NA lens which will

reduce integration time (1.3x improvement), and

greater use of parallel (overlapping) operations (1.3x

improvement).

Action per Image Low Density High Density

Cells per Image 1.8 14.6

Move Stage (sec.) 0.2 0.2

Focusª (sec.) 8.0 8.0

Integrate (sec.) 4.0 4.0

Transfer (sec.) 2.6 2.6

Find ROI's (sec.) 0.6 0.6

Analyze ROI (sec.) 1.3 10.2

Parallel Ops. (sec.) (0.2) (0.2)

Time / image (sec.) 16.4 25.4

Time / cell (sec.) 9.1 1.7

Time / 500 cells (mins.) 76 14
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4: Conclusions

The fully automated enumeration of chromosomes

in doubly-stained cells is possible. The system

contains all of the components common to image

processing and image analysis: automated focusing,

acquisition, restoration, segmentation, measurement,

and classification. Unique to this application is that

this is done at reasonable speeds with a “handful” of

photons on a personal computer. The accuracy is

comparable to panels of experts. The speed is

currently comparable to human counting (without

taking human fatigue into account). The speed can
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easily be increased by another factor of 2. The user
can review and correct the data in a rapid manner
(currently <5 minutes) through the use of galleries.
(See Figure 3 below.) Finally, fundamental limits to
accuracy are based on the size of the dots, the cells,
and the numerical aperture of the microscope lens.
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