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Abstract. A new fluorescencén situ hybridization (FISH) technique calldeastFISH in combination with semi-automated

image analysis was applied to detect numerical aberrations of chromosomes 8 and 12 in interphase nuclei of peripheral blood
lymphocytes and bone marrow cells from patients with acute myelogenous leukemia (AML) and chronic lymphocytic leukemia
(CLL). Commercially availablex-satellite DNA probes specific for the centromere regions of chromosome 8 and chromo-
some 12, respectively, were used. After application ofRastFISH protocol, the microscopic images of the fluorescence-
labelled cell nuclei were recorded by the true color CCD camera Kappa CF 15 MC and evaluated quantitatively by computer
analysis on a PC. These results were compared to results obtained from the same type of specimens using the same analysis
system but with astandardFISH protocol. In addition, automated spot counting after both FISH techniques was compared

to visual spot counting after standard FISH. A total number of about 3,000 cell nuclei was evaluated. For quantitative bright-
ness parameters, a good correlation between standard FISH labellifrgsifdSH was found. Automated spot counting after
FastFISH coincided within a few percent to automated and visual spot counting after standard FISH. The examples shown in-
dicate the reliability and reproducibility ¢fastFISH and its potential for automatized interphase cell diagnostics of numerical
chromosome aberrations. Since fastFISH technique requires a hybridization time as low A20Lof established standard

FISH techniques, omitting most of the time consuming working steps in the protocol, it may contribute considerably to clinical
diagnostics. This may especially be interesting in cases where an accurate result is required within a few hours.
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1. Introduction

Specific chromosomal abnormalities play an important role in the initiation and progression of neo-
plastic diseases. Cytogenetic analysis is an integral part of the routine evaluation of patients suffer-
ing from hematological malignancies. Structural or numerical karyotypic abnormalities of neoplastic
cells [20] can be viewed as disease-associated markers providing not only diagnostic but also prognostic
information. They can be employed for monitoring the remission or the relapse status of a patient and
thus affect the therapy [22,26,28,32].
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Trisomy of chromosome 8 in acute myelogenous leukemia (AML) is associated with low remission
rates and short remission duration [1]; in chronic myelogenous leukemia (CML) involved in karyotypic
aberrations in addition to the Philadelphia chromosome, it indicates the development towards the termi-
nal phase of the disease [7,14,21,27]. Polysomies of chromosome 8 are mostly associated with a poor
prognosis, i.e., a short survival time [30,31]. In chronic lymphocytic leukemia (CLL), cases with tri-
somy 12 represent a subgroup with a typical morphology associated with an advanced stage of disease
and worse prognosis [19]. Thus, the detection of the size of polysomal clones may be helpful to select
the intensity of the therapy.

Interphase cytogenetics [9] by means of fluorescencgtu hybridization (FISH) has offered new
perspectives to a large scale analysis of tumour cells [8,15,29]. This has provided the possibility to delin-
eate very small chromosomal subclones and their importance in clinical oncology. The early discovery
of minute abnormalities can serve as an indicator for the beginning of leukemogenesis, early relapse,
minimal residual disease or therapy response, and can have an impact on clinical decisions.

Although established FISH techniques have reached a certain standard [5], especially when apply-
ing commercially available probe kits, requirements for improved automatization exist in order to ob-
tain a more rapid, highly reproducible FISH diagnosis from bone marrow or lymphocyte cell nuclei in
hemato-oncological routine use. Nearly all standard FISH techniques [18] are based on chemical (typi-
cally formamide) denaturation of prol@dtarget DNA supported by heat treatment. This is followed by
a prolonged hybridization time (overnight up to several days) and a time consuming post-hybridization
and washing procedure.

The recently develope#@fastFISH technique [6,16] omits chemical denaturing agents and conse-
guently all working steps correlated in their application. The stringency of probe binding is controlled
only by hybridization temperature and tinfeastFISH has reproducibly been proven as a rapid proce-
dure well suited for quantitative microscopy by digital computer image analysis [10-13,17].

Here, first applications ofFastFISH to hematological specimens are reported analyzing numerical
aberrations of chromosomes 8 and 12 in bone marrow and peripheral blood cell nuclei. In each case the
size of the disomic, trisomic and tetrasomic clones was analyzed by three different methods: standard
FISH with visual counting of hybridization signals, standard FISH with quantitative image analysis, and
FastFISH with quantitative image analysis. The comparison between the three methods revealed a good
correlation and demonstrated the application potentiastFISH for semi-automated, i.e., interactive
computer analysis of numerical chromosome aberrations in hematological malignancies.

2. Materials and methods
2.1. Specimen

Peripheral blood lymphocytes were collected from four patients with B-cell origin chronic lympho-
cytic leukemia (B-CLL). Three of them (12-1, 12-2, 12-3) were characterized by trisomy 12; patient 12-C
had no trisomy 12 (used as control). The specimens were hybridized with a chromosome 12 specific cen-
tromere probe.

Bone marrow cells were collected from patients with acute myelogenous leukemia (AML). Patient 8-1
was characterized by trisomy 8, patient 8-2 by trisomy and tetrasomy of chromosome 8. No numerical
aberration of chromosome 8 was seen in patient 8-c (used as control). These specimens were hybridized
with a chromosome 8 specific centromere probe.
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According to standard methods, the cells were cultured in RPMI-1640 medium with 10% fetal calf
serum for 24—-48 hours without mitogenes and harvested after 30 min Colcemid exposure. After incuba-
tion with 75 mM KCI at 37C for 20 min the cells were fixed with methanol: acetic acid (3:1; v:v).

2.2. Standard FISH

For standard FISH, commercially available biotinylated (Oncor, Gaithersburg, MD, USA) or digox-
igenin labelled (Boehringer Mannheim, Mannheim, FRG) DNA probes specific for the centromere re-
gions of chromosomes 8 and 12, respectively, were used according to a protocol established in the routine
laboratory of the Institute of Hematology, Tel-Hashomer:

(a) Pre-hybridization treatment of specimen slides:

— air drying at 37C overnight;

— RNase (10Q:g/ml in 2x SSC; pH 7.0) treatment at 3¢ for 1 hour;

— washing in 2x SSC for 3 min;

— dehydration by an ethanol series (70, 80, 90, 100%) at room temperature;

— denaturation in 70% formamide inRSSC at 73C for 3 min;

— dehydration by an ethanol series (70, 80, 90, 100%) &tG20

— proteinase K (60—10Qg/ml in 20 mM Tris-NaCl/2 mM CacCl; pH 7.5) digestion at%7 for
7.5 min;

— dehydration by an ethanol series (70, 80, 90, 100%).

(b) Pre-hybridization preparation of the probe:

— mixing of 1.5ul probe/slide with 3Qul Oncor Hybridizol VI (containing 65% formamide) at
37°C for 5 min;
— heat denaturation at 70 for 5 min.

(c) Hybridization:

— adding denatured probe solution on prewarmed specimen slidesGt 37
— incubation of slides covered with a cover slip in a humidified chamber°&@ 8t 16-18 h.

(d) Post-hybridization washing:

— three times in 50% formamide’2SSC (pH 7.0) at 45C for 3 min each;
— twice in 2x SSC (pH 7.0) at 37C for 4 min each.

(e) Detection of labelling sites:

According to the manufacturer’s protocol, digoxigenin labelling was visualized by anti-dig-
oxigenin—FITC followed by an amplification with a rabbit—anti-sheep and FITC-anti-rabbit anti-
body system. Biotinylated probes were visualized by FITC—avidin followed by an amplification
with a FITC-anti-avidin antibody system. The unlabelled DNA of the cell nuclei was counter-
stained with propidium iodide (0.bg/ml).

2.3. Fast-FISH

For FastFISH, commercially available digoxigenin labelledsatellite DNA probes (Boehringer
Mannheim, Mannheim, FRG) specific for chromosomes 8 and 12, respectively, were used according
to the protocol recently published [10] but with minor modifications:
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(a) Pre-hybridization treatment of specimen slides:
— not necessary.
(b) Pre-hybridization preparation of the probe:

— mixing of 20 ng DNA probe=£1 ul DNA probe solution) with Sul Tris-HCI (10 mmol/l)/NaCi
(30 mmol/l) and 2u:l NaCl (800 mmol/l) at pH 8.0;
— diluting in deionized HO up to a final volume of 1(l.

(c) Hybridization:

— pipetting of hybridization mix on specimen slides;

— denaturing of both, probe and target, at@%or 5 min in a closed stainless steel chamber after
sealing the slides with a cover slip by rubber cement (Fixogum, Marabu, Tamm, FRG);

— hybridization in the reaction chamber af T4for 15 min. (In order to optimize the hybridization
conditions various studies at 60, 68,74 and 15, 30, 60, 120 min were performed.)

(d) Post-hybridization washing:
— once in 0.9% NaCl/0.2% Tween 20 at room temperature for 5 min.
(e) Detection of labelling sites:

— adding of 60ul anti-digoxigenin—fluorescein Fab fragments200 ng/ml stock solution in
1 x PBS; Boehringer Mannheim, Mannheim, FRG);

— incubation at 37C for 30 min;

— single washing in 0.9% NaCl/0.2% Tween 20 at room temperature for 2 min;

— mounting in Vectashield antifade medium and counterstaining with propidium iodideg0.2
ml).

2.4. Microscopy and image analysis

2.4.1. Visual analysis

Each specimen slide was analyzed twice using an Olympus BH 2 fluorescence light microscope
equipped with a PlanApo objective 1001.4 oil, appropriate spectral filter, and a 100 W mercury arc
lamp. Between 200 and 335 nuclei were evaluated per case. Cell nuclei without FISH signal were not
considered for evaluation.

2.4.2. Semi-automated analysis

A Leica DMR fluorescence light microscope was used, equipped with a PlanApd @3oil objective
and a 100 W mercury arc lamp. Excitation took place via a 450-490 nm band pass filter and emission via
a 515 nm long pass filter. Cell nuclei carrying FISH signals were chosen by random access. Their images
were recorded with the cooled true color CCD camera Kappa CF 15 MC (Kappa Mel3technik, Gleichen,
FRG) [2]. The images were transferred to a color frame grabber (ITI Vision Plus Color (CFG 512; Kappa
Mel3technik)) and digitized. Controlling of the camera and evaluation of the images was performed inter-
actively using the commercially available software package OPTIMAS (BioScan, Edmonds, WA, USA)
running on a PC under Windows 3.1 with the MS-DOS operating system. In this software package a
specially designed program called FISHSPOT was implemented for semi-automated quantitative image
analysis (see, e.g., [6]).
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Fig. 1. Schematic description of the spot finding algorithm. The digitized raw image (left) was subjected to several analysis
steps. The results are an image with segmented labelling sites (right) from which quantative values of intensity or area, for
instance, can be calculated.

In FISHSPOT, the FISH signals of the labelling sites were automatically identified and segmented
in the RGB-image plane corresponding to their colour (here green image plane for FITC). The user
interactively selected a region of interest (ROI) on the screen. For segmentation, local intensity maxima
were fully automatically determined within the ROI and the surrounding intensity distributions were
analysed. Along the points comparable to the local maxima in the second derivative the segmentation
borderline was fixed. Besides spot counting per nucleus a pattern of quantitative spot parameters was
obtained (Fig. 1).

For comparing the labelling quality of the applied FISH techniques, three different intensity parameters
were used: (a) mean intensify of all pixels of a spot; (b) maximum intensit§iax of the pixels of a
spot; (c) integrated intensity of a sptx F' (F' = area of the spot in pixels). These spot parameters were
further processed by a standard commercially available spreadsheet program and graphically visualized.
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Furthermore, scan lines with a width equivalent to 10 pixels were interactively drawn through the
labelling spots in individual images. Profiles representing the intensity distribution in the green image
plane along the scan line were obtained to get an information about image contrast. Per case and FISH
technique, between 102 and 258 cell nuclei were evaluated.

3. Results

Standard FISH an#lastFISH were compared according to signal quality (image contrast and image
intensity) and signal number (number of labelling sites) by semi-automated image analysis for all pa-
tients and controls. The signal number representing the detected numerical chromosome aberrations was
correlated to results obtained by routine visual spot counting to get an estimate of the error rate and its
tolerability.

Figure 2(A) shows typical digitized images of cell nuclei from 8-2, 12-1 and 12-C edisFISH in
comparison to cell nuclei after standard FISH. In Fig. 2(B) the corresponding intensity profiles through
the labelling sites are shown. The figures indicate a several-fold contrast between the intensity of the
labelling sites and the registered fluorescence background along the scan line. No FISH technique de-
pendent differences in the general contrast behaviour was found. The figures also support the visual
impression that considerable differences in the FISH efficiency expressed by FISH signal brightness
were not found for bone marrow and peripheral blood cells (e.g., 8-2 compared with 12-1).

Since the aim of this study was not only to test the feasibilitfFastFISH but also the suitability
of this technique to semi-automated microscopy, three image parameters (see Section 2) were tested. In
all cases, the signal paramet&fsSmax, S x F showed compatible values for both FISH techniques
and all labelling sites. In some experiments the brightness valueastFISH signals appeared to be
slightly increased compared to standard FISH. In Fig. 3 the results are shown for 8-2, the patient with
a certain amount of tetrasomic cells. The figure shows the mean values and standard deviation of the
four possible spots averaged over 132 (standard FISH) orB28FISH) cell nuclei, respectively. For
all three parameters, the values vary over a certain range. Howfever;' depending on the spot area
segmentation shows the largest variability. Thereférer Smax were used as the preferred parameters
for automated image analysis and spot classification.

To further test the diagnostic variability of the applied techniques, spot counting was performed and the
percentage frequencies of cell nuclei with one, two, three and four spots were determined (Table 1). From
the control cases 12-C and 8-C, where the expected number of labelling sites was 2, an error rate due
to insufficient hybridization, optical fusion (the image is a 2-dimensional projection of a 3-dimensional
object) or reduced stringency may be estimated. About 94% of two spot cell nuclei were found by visual
analysis, 90% by (semi-)automated analysis after standard FISH, and about 87% by (semi-)automated
analysis aftefFastFISH. For the latter it should be considered that a lower number of cell nuclei was
analyzed.

The results obtained by the three analytic techniques were in good correlation. In case 12-3, less than
30% of the cell nuclei were trisomic and aboyB2of all cell nuclei showed the normal karyotype (two
chromosomes 12). In case 12-1 about 40% and in case 12-2 more than 50% cell nuclei with a trisomy
were found. Compared to the control, all values confirmed a significant increase of trisomic cell nuclei.
In case 8-1, about 19% of the cell nuclei had a trisomy 8, about 70% showed a normal karyotype. In
case 8-2, about 20% of the cells had a tetrasomy 8. This means that more than 50% of the analyzed cell
nuclei were already aberrant.
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Fig. 2. (A) Digitized images of typical cell nuclei of the patients 8-2 (AML with tetrasomy 8), 12-1 (B-CLL with trisomy 12),

and 12-C (no numerical aberration of chromosome 12) &fietFISH and standard FISH. (B) Intensity profiles from the green
image plane along the scan lines indicated in (A). The ordinate shows gray values in arb. units. On the abscissa the length of
the scan in arb. units is shown.
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Fig. 3. The classification parameters of labelling sites shown for standar&zst&ISH for patient 8-2 (AML with tetra-

somy 8). 132 cell nuclei (standard FISH) or 1FagtFISH), respectively, were evaluated. According to their brightness the

spots of each nucleus were classified. The brightest, second brightest, third brightest, etc., spots were listed (abscissa) and
averaged. The points represent the mean values with their standard deviation.

Figure 4 shows two correlation curves comparing visual with semi-automated analysis for standard
FISH, and standard FISH witRastFISH for semi-automated analysis. Both correlation curves showed
a highly proportional behaviour according ®? (= square of the Pearson correlation coefficient). In
Fig. 4(a) comparingFastFISH with standard FISHR? was 0.96 corresponding to 98% of the vari-
ance depending on linear regression effects. In Fig. 4(b) comparing semi-automated to visual evaluation,
R? was 0.95 corresponding to 97% of the variance depending on linear regression effects. These results
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Table 1

Spot counting in cell nuclei from the same specimen after three techniques: (A) visual counting after standard FISH; (B) semi-
automated counting after standard FISH; (C) semi-automated countind-a$tefISH. For all cases, the absolute number of

cell nuclei N and the percentage frequencies of cell nuclei with 1, 2, 3, 4 hybridization spots are given. Cells without any
hybridization signals were not considered. For the control cases 12-C and 8-C, always two spot cell nuclei were expected. Thus
the measured percentages of one and three spot cell nuclei can be used as a measure for the methodological error rates due to
insufficient hybridization, optical fusion and reduced stringency. (See also Fig. 4)

Case A B C
N 1 2 3 4 N 1 2 3 4 N 1 2 3 4

12-1 210 3.1 564 404 0 149 6.7 54.4 389 0 102 16.7 38.2 451 0
12-2 280 5.2 443 505 0 237 6.3 312 624 0 158 5.1 424 525 0
12-3 200 3.2 742 225 0 152 59 658 283 0 140 86 643 27.1 0
12-C 250 50 945 0.5 0 238 8.4 895 2.1 0 139 129 84.9 2.2 0
8-1 218 13.2 64.8 19.8 0 202 5.0 76.2 18.8 0 221 59 742 19.9 0
8-2 335 95 418 36.7 113 132 53 386 333 227 129 85 349 326 240
8-C 250 51 93.2 1.7 0 216 4.2 91.7 4.2 0 108 8.3 898 2.8 0

x*(B; C) = 37.69 > X%s;om: X*(A;B) = 4857 > Xi5;0.01-

indicate that the three analytic techniques tested can be applied equally for the analysis of numerical
chromosome aberrations. This was supported by the applicatioysfest. For Fig. 4(a)x? = 37.69,

and for Fig. 4(b)x? = 48.57 were found which supports the equality of the compared techniques on the
0.1% significance-level.

4. Discussion

The aim of this study was to test the suitability FdstFISH in combination with semi-automated
image microscopy for the analysis of numerical chromosome aberrations in interphase cell nuclei of
bone marrow and peripheral blood cells of hemato-oncological patients. For this purpose, a comparison to
standard FISH under the same image analysis procedure and standard FISH with routine visual evaluation
was performed.

The major advantage &astFISH is that the number of preparative steps in the protocol is extremely
reduced. This reduces the time necessary for the specimen preparation for microscopy to g&20eaist 1
the standard technique. Using several probes simultaneously with different colors (L. Schi3ler, M. Durm,
H. Minch, M. Hausmann, C. Cremer, unpublished results) a further acceleration may be obtained, since
this approach may allow the simultaneous detection of different numerical aberrations by means of a
true color CCD camera in combination with an appropriate multi-band pass filter set. Although so-called
“low-stringency” conditions were used with respect to the ingredients of the hybridization buffer and the
washing procedure (omitting formamide or other chaotropic agents), the stringency can be controlled by
the physical parameters hybridization temperature and time [17]. Furthermore, the quantitative evaluation
of the hybridization spots obtained with repetitivesatellite probes for chromosomes 8 and 12 showed
that no considerable differences in the relative brightness were found between the two FISH protocols.

Since single image parameter 8sor Smax can be used to classify the labelling spots, the semi-
automated procedure applied here may be used for an easy standardization evaluation protocol. This is
supported by the excellent correlation between automated spot countingastéil SH and visual spot
counting after standard FISH. The results of all three compared analysis techniques coincided signifi-
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Fig. 4. Correlation of the percentage frequencies from Table 1. (a) Correlation of the values of column C to the values of
column B. (b) Correlation of the values of column B to the values of column A. In both cases the automatically calculated fit
curve (y = ax + b) is given with their confidence interval? (= square of Pearson correlation coefficient)yAtest was
applied. This revealed that the compared techniques give the same results on the 0.1% significance level (see Table 1).

cantly. Such a result has to be seen under the aspect that intercellular as well as intracellular variations in
FISH labelling are known for both standard as welFastFISH (see, e.g., [6,23]).

An additional influence on the results may be due to “optical fusion”. The conventional epifluorescence
microscope image is always a 2-dimensional projection of a 3-dimensional object. This is especially true
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for the camera system used. In case of the visual analysis, a skilled person usually focuses slightly
through the object. This may support a certain depth discrimination and perhaps be the reason for the
differences in the spot counting results of the controls 8-C and 12-C. This may, for instance, be overcome
by the analysis of a higher number of cell nuclei or by axial tomography [3]. This technique works
with glass fibers on which the cell nuclei are fixed so that they can always be rotated into an optimal
perspective [4].

The FastFISH technique in combination with the described semi-automated image acquisition and
analysis device has the potential to become a tool in clinical diagnostics. Hundreds of cell nuclei can be
easily evaluated in a few hours including the specimen hybridization. So far, the image analysis system
used here requires an interactive operation. However, a recently developed fully automatized system
including automated allocation of cell nuclei, automated image focussing and acquisition allows the
examination of about 500 cells in approximately 15 min [24,25]. This system works with two fluorescent
dyes, one for the hybridization spots and one for the counterstain of the entire cell nucleus. The user is
no longer forced to look into a microscope for many exhausting hours since one can interactivly verify
or correct the results from the monitor display. The combination of commercially available DNA probes,

a fast hybridization procedure with only a few protocol steps, and digital image microscopy can be seen
as a step towards higher reproducibility. The user will select any given combination of quantitative spot

parameters. Together with several kinds of graphical visualization of the results, an appropriate data
representation containing an optimum of diagnostic information appears to be possible.
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