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ABSTRACT

Software strictly dedicated to DNA tumour measurement was previously developed,
providing an automatic sorting of cellular elements based on a multiparametric analysis.
Prospective research now focuses on the simplification of the sorting procedure. Mathematical
morphology was used for pre-elimination of debris and aggregates. The results were compared
to those obtained with multiparametric analysis. It is concluded that mathematical morphology
is a promising tool.
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INTRODUCTION

Flow cytometry has been widely used to evaluate DNA content of archival tumours.
Though this technique allows the measurement of large populations of nuclei in a short amount
of time, it is a well-known "blind" technique which is unable to eliminate, in a simple and
reliable way, unwanted cell categories such as inflammatory and stromal elements as well as
debris generated by dewaxing. Image analysis, an alternative tool for DNA quantification,
allows sorting of unwanted elements under visual control, but is reputed to be time consuming
and unable to give statistically valuable results in an acceptable delay in clinical oncology (Lee
et al,, 1994). Since the last "consensus review of the clinical utility of DNA cytometry of the
breast" recommended the elaboration of fully automatic image cytometers (Hedley et al., 1993),
software strictly dedicated to this task was developed in Caen. It offers automatic sorting of
cellular elements based on a multiparametric analysis (MA) by reference to a specific
knowledge base (Masson et al., 1994). Technical research now focuses on the simplification of
the sorting procedure in order to save further time and compete with flow cytometry. For this
task, specific programs for pre-elimination of debris and aggregates based on mathematical
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morphology (MM) were developed. Preliminary results are presented and compared with those
obtained with MA.

MATERIAL AND METHODS

Biological material

The study was done on archival brain tumours corresponding to one case of
astrocytoma grade 2 (Ast2), one case of astrocytoma grade 3 (Ast3), one case of glioblastoma
multiform (Gbm) and one case of medulloblastoma (Med). 50 pm thick paraffin sections were -
prepared according to Van-Driel Kulker et al. (1987) and DNA stained according to Feulgen
and Rossenbeck (1924) as described previously (Herlin et al., 1992).

Image cytometry

The image cytometer consists of a BH2 Olympus microscope, a moving stage, a matrox
PIP 1024 frame grabber and a Sony CCD camera. Integrated optical density measurements
were done at a resolution of 512x512 pixels in 8 bits (1 pixel=0.11pm?) from the rectangular
frame of the recorded image. The same sequences of stored images (200 images of normal
tissue and 50 images of each tumour) were used to compare sorting procedures. The software
for DNA measurement and sorting by MA, implemented on PC and workstations, has been
written in C language and runs under the UNIX operating system. Visilog 4 software (Noesis
France) also running under the UNIX operating system provided mathematical morphology
routines.

Sorting methods

- Manual sorting (reference): For each tumour, sorting of the various nuclear elements was
done manually assuming they corresponded to the reference. Segmented events were classified
in eleven categories of normal nuclei, abnormal nuclei and debris. This manual sorting allowed
an estimation of the percentage of each nuclear category, debris and aggregates for each
tumour. About 1000 elements per tumour were studied.

- Automatic sorting by MA: This method is based on the multiparametric analysis of 38
parameters calculated on each segmented element (size, texture and intensity) and on learning
of nuclear morphology. A knowledge base was obtained by manual sorting of well preserved
nuclei. Debris and aggregates represented the sorting group by deficit (not learned). Automatic
sorting for each tumour was done by reference to its own knowledge base.

- Automatic sorting by MM: For this preliminary approach, the automatic method developed
allows the classification of all the undamaged nuclei in one group, as opposed to another group
of debris and aggregates. After transformation of the rectangular frame of the recorded image
to an hexagonal one (Serra and Lay, 1984), an area filter is used to characterize debris smaller
than the smallest nuclei. Four form parameters were tested to characterize aggregates and
larger debris:

- p2a: the classical parameter obtained from the calculation of the area (A;) and perimeter (P;)
of the initial particle:

p2a = (P;)*/ (4xmxA;).
- gl: the index of geodesic lengthening (Lantuejoul and Maisonneuve, 1984):
gl = (4xA;) / 7  (geodesic diameter)”.
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- Pci: perimeter concavity index which corresponds to the sum of the Feret diameters (F)
divided by the sum of intercepts (I) in the three directions of the hexagonal frame. Calculation
of intercepts on the hexagonal convex hull is used to determine F (Figure 1).

- Aci: area concavity index which corresponds to the initial area (A;) divided by the area of the
hexagonal convex hull (A.) of segmented elements (Figure 1). Since the correlation coefficient
between the real convex hull (Sati and Laroye, 1994) and the hexagonal one calculated using
linear regression for Ast2 was 0.82 (p<0.001, n=1079), the hexagonal convex hull was used
allowing time saving.
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Fig. 1. Calculation of Aci and Pci: (a) Initial area; (b) difference between the area of hexagonal
convex hull and initial area; (c) representation of the Feret diameter of the particle
(corresponding to the intercepts of convex hull); (@) intercepts of the particle in the horizontal
direction.

To determine a sorting model for each tumour, the distribution of each parameter was
first divided in quintiles. The proportions of debris and aggregates versus undamaged nuclei
were compared between quintiles with the chi-square test. Threshold values retained for each
parameter were those which gave the best contrast. Using a logistic regression model (Pagano
and Gauvreau, 1993), the combination of thresholds of the more pertinent parameters (p<0.05)
permitted to characterize a population of undamaged nuclei against a population of debris and
aggregates. The combination which gave a proportion of debris and aggregates greater than or
equal to 50 % was used for sorting models.

Evaluation of performances of the 2 automatic methods by reference with manual sorting

- Global comparison: The sensitivities (Q)) representing the global sorting quality of the
methods used were first compared. The sensitivity is defined as the percentage of debris and
aggregates correctly classified by automatic methods by reference to manual sorting:

Qi=100 x (Nmanu M Naulo) / Ninanu

where Nian and N, are the numbers of debris and aggregates obtained by manual and
automatic sorting, respectively.

The false positive (FP) rate is defined as the percentage of undamaged nuclei
misclassified as debris and aggregates. 95 % confidence intervals for Q; and FP rates were
calculated assuming a binomial distribution of rates.
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- Cell by cell comparison. For each nuclear category, the number and proportion of false
positives were calculated. The exact Fischer test was used to assess if the proportion of debris
and aggregates in each nuclear category was independent of nuclear category itself.

- DNA histogram comparison: DNA ploidy histograms were built after elimination of debris
and aggregates by manual and automatic methods. DNA ploidy distribution of false positive
events was also evaluated.

Evaluation of the concordance between the 2 automatic methods, cell by cell comparison
The concordance factor Q¢ was calculated as follows:

Q.=100 x (nMA nnMM)/0.5 x (n MA + nMM)

where n MA and n MM are the numbers of debris and aggregates obtained by MA and MM
sorting, respectively. Q. represents the cell by cell comparison of labeling by the 2 automatic
methods used.

RESULTS

After the manual sorting, debris and aggregates represented 46 to 75 % of the
segmented elements from the tumours studied.

Automatic elimination of debris by MM compared with manual elimination

As the analysis has shown that gl was useless to characterize debris and aggregates, this
parameter was no longer used in the models.
Sensitivities and the FP rates obtained with MM are given in Table 1 (a).

Table 1. MM (a) and MA (b) sorting. 95% confidence intervals are given in parentheses.

a MM b MA

# Sensitivity (Q;) |False positive # Sensitivity (Q;) [False positive
Ast2 | 1079 |78% (75-82) 22% (1927) |Ast2 (1079 [77% (73-80) 20% (16-24)
Ast3 |766 [90% (87-93) 24% (20-30) |Ast3 (766 [90% (87-93) 23% (19-29)
Gbm | 1441 |83% (80-85) 41% (3646) |Gbm [1441 [81% (78-83) 27% (23-37)
Med |887 |[66% (61-70) 26% (22-31) |Med |887 [62% (57-66) 10% (7-13)

# represents the number of elements analyzed.

Whatever the tumour, FP events were not generated in the same proportions in the
eleven nuclear categories (p<0.005) (data not shown). FP events were more numerous in
abnormal nuclear categories (mean = 39 %) than in normal ones (mean = 22 %).

Figure 2 presents DNA curves obtained for Ast2 case. On one hand, the proportion of
nuclei in the tetraploid range was lower after MM sorting (17.2 %) (Figure 2c) than after
manual sorting (22 %) (Figure 2b). On the other hand, the proportion of nuclei in the diploid
range was higher after MM sorting (81.6 %) than afier manual sorting (76.6 %). Ploidy curve
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of FP events showed that the proportion of nuclei in the tetraploid range is important after MM
(33.9 %) (Figure 2d).
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Fig. 2. Astrocytoma grade 2. (a) Crude DNA histogram (undamaged nuclei, debris and aggregales);
(b) DNA histogram of undamaged nuclei afier manual elimination of debris and aggregales;

(c) DNA histogram of undamaged nuclei after elimination of debris and aggregates by MM;
(d) DNA histogram of false positive generated by MM.

Automatic elimination of debris by MA compared with manual elimination

Global results obtained with MA are presented in Table 1b.

These results did not statistically differ from those obtained with MM (Table 1a).
Extraction of FP events in the eleven nuclear categories was not randomly observed (p<0.005)
for the four studied tumours (data not shown). FP events were more numerous in normal
nuclear categories (mean = 27 %) than in abnormal ones (mean = 23 %).

The elimination of debris and aggregates for Ast2 is given in Figure 3. Results must be
compared with that of manual sorting (Figure 2b).

Nuclei situated in the tetraploid range represented 29.4 % after elimination of debris and
aggregates by MA (Figure 3a) as compared with 22 % after manual sorting (Figure 2b).
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Fig. 3. Astrocytoma grade 2. (a) DNA histogram of undamaged nuclei afier elimination of debris
and aggregates by MA; (b) DNA histogram of false positives generated by MA.
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Moreover, the proportion of nuclei situated in the diploid range was lower after MA
than after manual sorting.

Ploidy curve of FP events showed that the proportion of nuclei in the tetraploid range is
very low after MA (4.2 %) (Figure 3b).

Agreement between the 2 automatic methods

The percentage of elements labelled as debris and aggregates by the 2 automatic
methods (agreement rates Qc: 73 % for Ast2, 87 % for Ast3, 80 % for Gbm and 68 % for
Med) was relatively low considering the similarity of their sensitivities.

DISCUSSION AND CONCLUSION

Software dedicated to automatic DNA measurements previously developed in our
laboratory allows a fully automatic sorting of cellular elements based on multiparametric
analysis (MA). This method gives fairly good results, but needs to be improved for nuclear
debris and aggregates (Masson et al., 1994). To further introduce image analysis DNA
measurements into routine clinical oncology, research now focuses on simplification of the
sorting procedure in order to save time while increasing efficiency.

The principle of mathematical morphology (MM) is to compare analyzed structures to
elements with well known geometry. To the best of our knowledge, most classification tools
used in biology are based on the calculation of parameters excluding image transformations
(Wheeless and Robinson, 1994, Pauwels and Kiss, 1994); in addition, parameters derived
directly from MM such as gl, Pci and Aci are rarely used. In examples of MM utilization
reported in the literature, global transformations are applied on images without calculating
parameters (Meyer, 1979, Gimenez-Mas et al., 1995). In the present study, parameters derived
from MM were used because they allow statistical analysis and offer the possibility to practice
sorting in reference to a knowledge base.

The parameter gl, which describes the lengthening and the global shape of elements and
is a robust parameter, could have been useful to characterize debris and aggregates, but the
statistical analysis has shown a lack of adequacy to our data. The parameter p2a which is not
very robust (Coster and Chermant, 1989) and is too general to be very selective, was used
because of its simplicity and disclosed efficiency for the models. The statistical analysis also
showed that Pci and Aci, which allow a robust estimation of concavity of particles were useful.

Results of new methods have to be evaluated and compared with the existing ones
before their introduction in the software. For this evaluation, manual sorting is the only
standard available despite its lack of reproductibility. Comparison must concern the quality of
global results (i.e. cell by cell labelling) as well as the persistance of the pertinent information
(i.e. ploidy curves). As a matter of fact, the comparison between MM and MA showed that
even these methods have the same global performances, the pertinent information (ploidy
abnormality) is not restored in the same way.

The results presented in this paper show that the method developed using MM is
promising for pre-elimination of debris and aggregates (simplicity, global performances) even if
the approach requires further improvements. In particular, the use of grey level images could
reduce the disadvantages of the method proposed using functionnal MM in addition to binary
MM.
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