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The purpose c this study was to develop software algorithms for caiveniently displaying 3D images of FISH signals inthicktissue
sections and for efficient, interactive enumeration of the signals on a nucleus by nucleus basis within the intact section.

2.1 3D image display

2. METHODS

We developed a simple and fast algorithm for displaying 3D confocal images of thick (20 pm) sections double labeled with a cbro-
mosome specific FISH probe and a fluorescent nuclear stain (e.g. propidium iodide, P1). For each labeL the algOrithm prepares a
"projection" image through its 3D image. The projection image has the same (x, y) pixel coordinates as the 3D image, and the in-
tensity of its pixels is the maximum intensity along the line through the 3D image at the same (x, y) coordinate and parallel to the
z-axis (fig. 1). The z coordinate of the pixel with the maximum intensity is also recorded in a lock up table (LUT) for later usewhen
interactively marking FISH signals ( 2.2 below). Projection images from the probe and nuclear stain are combined into one color
image, where red represents the nudear stain and green the FISH label. The result is that all high intensity signals, i.e. those from
FISH signals and nuclear staining, are shown in the projection image regardless of their depths in the 3D image. The only exception
is when two signals are directly on top of each other in the 3D image (i.e. they have the same (x, y) coordinates). In this situation,
only the brighter signal is projected into the projection image and the other signal is not visible. Such overlapping signals can be

seen by exmnming projections prepared after rotating the original 3D image (fig. 1). A series of projection images at 10° rotation
intervals is prepared. When these image are viewed sequentially, the 3D image appears semi-transparent and rotating.

y

Fig. 1. Preparation of the projection image. The intensity at (x',y') in the projection image is
the maximum intensity along the line (x',y',zi; x',y',z) in the 3D image.

22 Enumerationof FISH signals in individual nuclei

Interactive enumeration of FISH signals in the individual, intact nuclei of tissue specimens is accomplished in two stages. In the
first stage, an algorithmenables the analyst to label all the FISH sigzIs in aprojection image by marking on a pixeiwithin the signal
with the computer's mouse. The color ofeach mai'ed pixel changes to purple. After marking all signals visible in o projection
image, a second projection image, prepared from a rotated version of the 3D image, is displayed. Marked pixels in the first projec-
tin image are always projected into the second projection image and are shown in purple. If spots overlapped in the original pro-
jection image, they are separated in the second projection. One of the spots would have been marked previously in the first
projection and will therefore be shown marked in purple in the second projection. The analyst now has the chance to mark the pre-
viously concealed spot. For confirmation, the analyst can inspect any of the x/y 2D slices constituting the 3D image with the marked
pixels shown in purple. It is also possible to mark pixels directly on a 2D slice. However, since FISH signals generally extend over
several slices, it requires inspection of multiple 2D slices to identify the brightest pixel within each signal. Furthermore, a signal
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Fig. 2. Enumeration of FISH signals.

The images displayed on the computer screen are in colcr, however grey-scale images are shown here. In order to convert from
color to grey, each color is converted to a binary image using a manually-determined threshold intensity. Pixels below the thresh-
olds for both colors are classified as background and given a grey level cizero. Pixels above the red threshold, but below the green
threshold correspond to nuclei and are given a grey level of 85. Pixels above both thresholds correspond to FISH signals and are
given a grey level of 170. Lines and arrows overlaid on the images are given a level of 255. Markedpixels are shown as stars.
These grey levels are shown in thekey.

A Part of a projection image prepared from an unrotated 3D image showing the P1 stained nuclei, FISH signals and two mailed
signals under consideration (arrows).

B: Vertical slice along the white line shown in A. The arrows show the same marked pixels as A.

C: Two slices from the original 3D image each showing one of the marked signals (arrows). (In practice, only one of these slice
could be displayed at a time.)

D: Menu of answer buttons. The top two buttons change the displayed slice and show the (x, y, z) coordinates of each marked pixel
in the 3D image.
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Fig 3. The results of FISH signal enumeration in a 20im thick breast cancer section. The numbers are the FISH signal copy num-
bers in individuaL intactcell nuclei. Nuclei without numbers weretruncatedby the physical sectioning of the tissue and are therefore
not enumerated. The white square is the quadrant displayed in fig. 2A.

The color image was converted to grey using the procedure desibed in the caption to fig.2.
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projecting the maximum intensity pixels (fig. 4B). This projection method is more suitable for visualizing FISH signals and deter-
mining their 3D positions. This is because it preserves depth information about FISH signals in the original 3D image, by recording
the z coordinate of each projected pixel in separate LUTs. This depth information is lost if the 3D image is simply collapsed into a
2D representation. Each projection image shows all high intensity signals regardless of their depth in the 3D image. The arrows in
fig. 4A point to tbe same FISH signal, which is visible in two different slices. This makes enumeration of FISH signals difficult in
these images, because multiple slices must be examined and the signals tracked. The advantage of the projection images (fig. 4B)
is that all signals are simultaneously displayed in the same 2D image, but the display is busier. The only exception is when two

FISH signals are directly on top of each other resulting in only the brighter signal being visible (arrow in the projection at 0° in fig.

4B). However, both signals are visible at other projection angles (arrows in the projection image at 45°infig. 4B).

Depth=5jtm Depth=6jim Depth=7jim

A

B

50 tIn

Fig. 4. Confocal images of a thick (20 jim) breast tumor section labeled with the nuclear stain, P1 and a FISH probe specific for
chromosome 1.

The color image was converted toy using the procedure described in the caption to fig. 2.

A: Three 2D slices from the acquired 3D image. Enumeration of FISH signals in each nucleus is difficult using these images,
because it requires careful visual examination of multiple slices for each signal. For example, the arrows in the images at depths
of 5 imand 6 jim indicate the same FISH signal.

B: Projection images through the 3D image that were generated using the 3D display algorithm. The arrow in the projection at

0° indicates two FISH signals directly on top of each other, resulting on only the brighter signal being visible. However both
signals are visible at other projections (the two arrows in the projection at 45°)
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3.2 Enumeration ofFISH signals in a breast cancer specimen

Fig. 3 shows the results of enumerathig FISH signals in a 20 im thick breast cancer section. The number od signals in eh indi
vidual, intact nucleus is overlaid m the image. Nt1ei withit numbers were truiated by the physical sectioning o the tissue and
therefore t1ir FISH signals were not enumerated. In this specimen, there were 23 intact nuclei and approximately 15 truncated
nnclei. (In a standard 4 pm section none cd tI nnclei would be intact.) Of the intactnuclei, 1 had 1 signal, 19 had 2 signals, 1 had
3 signals and 2 had 4 signals. Therefore 19i23 (83%) of the nuclei had two signals.

4. DISCUSSION

We have developed two algorithms for analyzing 3D, confocal images ofthick(w 20 pm) tissue sections. A display algorithm makes
prqjection images through tI 3D image, which has the advantage that all FISH signals and fluorescence labeled cell nuclei aie vis
ible in c 2D image regardless ci their depth in the 3D image. A secaid algorithm enables the analyst to efficiently enumerate the
number oIsignals in each intact nucleus. The efficiency stems from the fact that nearly all signals can be marked by a single mise
click inone 2D image. An additional advantage cftk method is that it is very difficultto bias theresulis. This is because the analyst
decides if a pair c( signals are in the same or different nucleus or shild be rejected withxit knowing the decisicns that were made
for previous pairs of signals. A drawback o the technique is that it can not enumerate nuclei with zero signals. However, this lim
itaticm will be solved by intrOducing intertive tools for directly defining the nuclear boundaries.

The technique was tested ai a paraffin-embedded breast cancer specimen. It was possible to enumerate FISH signals in 60% of the
nlElei indicating the potential of this tecbnique to analyze eiiough nuclei to thid low frequency sub-populations ci abemant nuclei.

The current algorithms represent a first step towards the development of automated enumeration. This is needed because it is ex-
pected thathundreds ofnuclei per section will require analysis in order to develop anunderstanding ofthe underlying cancer biology

mechanisms in tl specimens. Automatici has begun and has been tested on 2D images4. Other plans include increasing the sen
sitivity of the technique to allow enumeration of locus specific probes, which give small, less intense signals and measurement cI
the total DNA content of intzt nuclei.
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