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Abstract
We have developeda completely automatedfluo-
rescence microscope system tkhah examine500 cells
in approximately 20 minute® determinethe numberof
labeled chromosomes(seen as dots) in each cell
nucleus. Thisystemworks with two fluorescentdyes—
one for the DNA hybridizationdots (e.g. FITC) and one
for the cell nucleus (e.g. DAPI). After the stage has
moved to a new field the image is automaticédlyused,
acquired by a Photometrics KAF 14@@mera,and then
analyzed on a Macintosh Quadra 840AdMmputer.After
the required number of cells has been analyzedytes
may interact to correcthe computerby working with a
gallery of the cell images.The machineaccuraciesare
equalto panelsof humanexperts(manual) and limited
(ultimately) by theoverlappingof dotsin the 3D cell as

seen through the 2D projection.

1: Introduction

Modern moleculartechnologyhas madeit possible
to selectively stain various DNA sequences in
biological cells. These sequences may be chosemsso
to detect specific abnormalities (e.g. Tay—Sachs,
Huntington’s) or to facilitate the processof counting
chromosome types. Thiatter possibility is especially
importantin pre-natalcounseling.By labeling human
chromosome?1, for example,it becomespossible 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, based
upon the use of fluorescent dyes. These dyes are
attached to thédNA probesand when excited by one

wavelengthof light emit light at a second, longer,
wavelength.Typical fluorescentdyes are describedin
Table 1.

Emission
Dye Wavelength Use
DAPI 452 nm. [Make nucleus visib
FITC 523 nm. |Detect DNA sequer
Texas Rdd 615 nm. |Detect DNA sequer

Table 1: Typical fluorescent dyes used in FisH — fluorescent in
situ hybridization

The major disadvantageassociatedwith the use of
fluorescentdyesis the weak signal emanatingfrom 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 numbersare at least a factor 100
smaller than the values that are obtained for images
acquired througlconventional CCD camerasat room-
level illumination [1].

In a clinical setting it is necessaty review 500 to
1000 cells in order taleterminethe distribution of the
number of dots per cell ano be able to detect small
aberrant sub-populationsof cells. Further, practical
considerations require that suchest be performedin
a shorttime (<20 minutes). Current manual counting
proceduresleave much to be desired including the
need to work in darkenedenvironments(because of
the weakfluorescentsignals) and the fatiguing nature
of the work.

We have developed a completely automated
microscope system that counts fluorescent
hybridization spots foone probein an interphasecell
nuclei. Only 2 colors, such d3API and FITC, can be
used — one for the stain to make the chromosome
probe visible and one fahe counterstainto make the
entire nucleus visible. The images @lsservedthrough
a fluorescentmicroscopeare then passedthrough a
special filter set to map thelue fluorescenceinto the
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middle gray values and thgreenvaluesinto the light
gray values. A Photometrics (KAF 1400) high-
sensitivity, low-noise cooled CCD camerais usedto
acquire a digitized image of 1320 x 1035 pixels with
4096 gray levels per pixel. Each image is integrated
for 4.0 secondsto achieveimagesof 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 independentf the signal. A small
portion of a typical image is shown in Figure 1.

Through the judicious use of the color filters the
image processingis basedon brightnesscontrast and
not on color information. This is necessarybecause
currenttechnology does not — as yet — provide high
resolution, high sensitivity, low-noise color cameras
with three independent color channels.

Figure 1: Double stained cells (DAPI + Spectrum Orange™). This
subimage is 160 by 111 pixels sampled at 3.6 pixels per ym. a) 2
dots; b) 3 dots plus stain debris; c¢)1 dot; d) 1 dot, and; e) 2 dots.

2: Procedure

A complete scanningcycle consistsof 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 isprocessedvhile the next stage motion takes
place. This continuesuntil a presetnumberof cells
has been analyzed. The entire operation is under
control of a Macintosh Quadra840AV. 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(2) = Fx3y{i(x.y.2-i(x,y-1,2}2.
F(2) is to be maximized over z. The image mustbe
sampledat half the Nyquist frequency in the filter
direction. The sampling frequency in the other
direction can be smaller. Binning (2x ynand 4x in x)
is usedto reduce the integration time, the readout
time, and the processingtime. The Nyquist frequency
can be calculated from the formulg £ 4NA/A where
NA is the numerical aperture of the microscopelens

Automation of dot courting in cell nuclei

and A the wavelengthof fluorescenceemission The
focus function is first sampled with a step size3gim
to localize the maximum. Around theeak a step size
of 0.75um is used. Focus samples arouhd 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 numberof dots per cell nucleuscan be
divided into four steps:1) Find a region that contains
a nucleus(ROI), 2) Find the nucleusin the ROI, 3)
Find the spots irthe nucleus,and, 4) Countthe spots
and make (update) a histogram for the entire
microscope slide.

Step 1 — To speed-upthe algorithm the original
image is subsamplelly a factor of 8. After a shading
correction based upon a gray-lewwlening,the image
is segmented by a constant threshold [3]. Becaundg
a small percentage of thereacontainscells, the first
step significantly reduces the amount of data.

Step 2 — Foreach ROI the original image is “re-
segmented’using the Isodatathresholding algorithm
[4] . Using morphological operationson the binary
image, small objects are removed and slightly
touching objects are separated[5] . Size, intensity,
and shapefeaturesare measuredfor each object [6].
These features are used to makdistinction between
real single nuclei, debris, touching nuclei, etc.

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

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

The output of dotountingin interphasenuclei can
be a confusion matrix, a dot histogram, and/or a
gallery of images oéverycell that has beeanalyzed.
The preferredform is the dot histogramwhich gives
the number of cells containing 0, 1, 2, 3, 4,>@r dots.
The uncertainty associatedwith the number of dots
countedin the six “bins” {0,1,2,3,4,>4} leads to a
multinomial distribution where the sample mean (m)
and sample standarddeviation (s) are given by m =
Npj and é= Np (1-p).
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easily be increasedby anotherfactor 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, fundamentallimits to
accuracyare basedon the size of the dots, the cells,
and the numerical aperture of the microscope lens.
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Figure 3: Example of the interactive dialog window that is used to manually correct one or more cells that have been selected from the
gallery (not shown.) “Relocation” refers to an automatic translation of the microscope table to the cell nucleus if the microscope slide is under

the lens.
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