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Heterogeneity of DNA distribution in diploid
cells: a new predicitive discriminant factor for
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Spatial nuclear DNA heterogeneity distribution of Feulgen-
stained DNA diploid cells was studied by image cytometry
in voided urine of 119 patients without bladder tumonur=£

20) and with initial ¢ = 23) or previous®{ = 76) diagnosed
bladder tumour. For each patient, repetitive DNA measure-
ments were performed during 1-4 years of follow up. Only
cells of diploid DNA histograms and diploid subpopulations
of aneuploid DNA histograms were used for analysis. DNA
heterogeneity distribution of these diploid cells was quanti-
fied by statistical parameters of each nuclear optical density
distribution. Discriminant analysis was performed on three
groups of DNA histograms. Group A.(= 44): aneuploid
DNA histograms of patients with bladder tumour. Group D
(n = 55): 38 diploid DNA histograms of the 20 patients
without bladder tumour (subgroup D1) and 17 diploid DNA
histograms of patients with a non-recurrent bladder tumour
(subgroup D2). Group Ra(= 27): diploid DNA histograms

of patients with bladder tumour recurrence. No statistically
significant discriminant function was found to separate D1
and D2. However, the first canonical discriminant function
C1 differentiated diploid cells of diploid DNA histograms
(group D and group R) from diploid cell subpopulations of
aneuploid DNA histograms (group A). Mean C1 values were
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1.06, 0.84 and —1.45 for groups R, D and A, respectively.
The second canonical discriminant function C2 differenti-
ated diploid DNA histograms of patients with bladder tumour
recurrence (group R) from diploid DNA histograms of pa-
tients without bladder tumour or without bladder tumour re-
currence (group D). Mean C2 values were 1.78 and -0.76
for groups R and D, respectively. In 95% confidence limit,
the rate of rediscrimination using the two first canonical dis-
criminant functions C1 and C2 were 86.4, 74.5 and 74.1%
for groups A, D and R, respectively. Percent of “grouped”
cases correctly classified was 78.6%. Thus spatial DNA het-
erogeneity distribution of diploid cells seems to quantitate
probable genetic instability as a function of clinical evolu-
tion such as tumour recurrence, and suggests the possible
presence of aneuploid stemlines in a heterogeneous tumour,
even if a diploid DNA histogram is observed in a single sam-
ple. From standardized C1 and C2 canonical discriminant
function coefficients, a DNA heterogeneity index (2c-HlI) is
proposed to characterize diploid cells providing a descrip-
tive and predictive discriminant factor for solid tumour be-
haviour.

Keywords: DNA content, ploidy, solid tumours, image cy-
tometry, heterogeneity, bladder cancer

1. Introduction

For several years, measurements of DNA content
or ploidy status (i.e., identifying diploid vs. aneuploid
tumours) have been shown to be relevant for diagno-
sis, prognosis, and treatment of patients with solid tu-
mours. Usually, aneuploidy has been found to corre-
late with increasing tumour grade and stage and with
a worse prognosis as well as with recurrence than sur-
vival [1,2,6,15].

By definition, diploid tumours have a “normal”
amount of DNA while aneuploid tumours have an
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“abnormal” amount of DNA. In fact, when referring
to a diploid tumour, quantitative DNA analysis (flow

J. Assallly et al. / Heterogeneity of DNA distribution in diploid cells

bladder tumour, and 20 had no bladder tumour. For
each urine DNA measurement, clinical status, conven-

and image cytometry) measures gross differences in tional cytology, fibroscopy and histology were regis-

DNA content and does not detect chromosomal abnor-
malities such as translocations or deletion. The clini-
cal behaviour of malignant cells seems to be strongly
correlated to their ploidy status [11]. However, DNA
diploid content is an unclear indication of premalig-
nant change or malignancy potential, and, moreover, it

tered. During this period, one to 6 DNA-ploidy mea-
surements were obtained for each patient at each fi-
broscopy or scheduled clinical controls.

Several groups of DNA content measurements were
selected according to their DNA-ploidy status and well
known clinical status. Group An( = 44) consisted

has been observed that ploidy status can change dur-of aneuploid DNA histograms of patients with blad-

ing tumour evolution and treatment. Although diploid
tumours with apparently normal DNA content have a
better prognosis than DNA aneuploid tumours, recur-
rences were observed in many diploid solid tumours,
particularly in more than half of recurrent bladder can-
cers [5]. In cases of prior tumour diagnosis, and es-
pecially in detection of premalignant or borderline le-
sions, diploid DNA content is not very useful either in
routine clinical practice or in terms of individual prog-
nosis and survival for each patient during follow up of
their tumour.

Finally, intratumoural heterogeneity in DNA distri-
bution patterns and genetic evolution, which have re-
cently been described in some solid tumours [9,12—-14,

der tumour. Group D»( = 55) included 38 diploid
DNA histograms of the 20 patients without bladder tu-
mour (subgroup D1) and 17 diploid DNA histograms
of patients with a non-recurrent bladder tumour (sub-
group D2). Diploid DNA histograms of patients with

a non-recurrent bladder tumour were selected as the
second diploid histogram of three consecutive diploid
DNA measurements with normal endoscopic control at
a three month time interval. Group R (= 27) con-
sisted of diploid DNA histograms of patients with blad-
der tumour recurrence. To test the classification ob-
tained by discriminant analysis, an independent sam-
ple A’ (n = 29), D (n = 36), R (n = 18) of DNA
histogram groups A, D, R, respectively, was selected

16], suggests the possible presence of aneuploid stem-from urine sample of patients analysed at the Pathol-

lines in heterogenous tumours, even if a diploid DNA
histogram is observed in a single sample of the tumour.
The purpose of this study was to evaluate spatial
nuclear DNA heterogeneity distributions in nuclei of
DNA diploid cells, as a means of identifying a reli-
able individual malignant precursor index, when ge-
netic instability induces relatively small DNA alter-
ations in relation to total DNA content, at the current
level of quantitative DNA content detection by image

ogy Center during 1997 and 1998.
2.2. Preparation of samples for image cytometry

Following recommendations described in the
ESACP report on standardization of DNA image cy-
tometry [3], cellular DNA content measurements were
determined by image analysis using a SAMBA 2005
cytometer (TITN-ALCATEL) and routinely processed

analysis. We have shown that spatial DNA heterogene- Feulgen stained cytocentrifuged prepaparations of urine

ity distribution parameters of diploid cells could iden-
tify diploid stemlines from diploid cells forming part of
aneuploid stemlines and discriminate between differ-
ent clinical states, such as, for example, patients with
diploid bladder tumour recurrence.

2. Materials and methods
2.1. Patient characteristics

Between 1994 and 1997, 442 DNA-ploidy measure-
ments on voided urine cells were performed on 119 pa-
tients followed up in the Urology Department of Am-
broise PARE hospital. 23 patients had an initial diag-

sediments. Rat liver hepatocytes were used as external
standard. The coefficient of variation of the reference
cell population never exceeded 6%.

2.3. DNA measurements and statistical analysis

From the Feulgen slide, the image of each nucleus
was digitized by a video camera in a series of units
called pixels. To each pixel is assigned an amount of
light converted in optical density (OD). Correlated by
the Beer Lambert Law, the integrated optical density
(I0OD) of the N nuclei pixels gives the DNA amount
of the cell. For each nucleus, surface (SURF), Inte-
grated Optical Density (I0OD), Mean Optical Density
(MOD), and statistical parameters of the OD distri-

nosed bladder tumour, 76 had a previous diagnosed bution (Standard Error (ODSE), Skewness (ODSKE),



J. Assallly et al. / Heterogeneity of DNA distribution in diploid cells

105

Number of cells

2c 4c

|
6c

Standardized DNA content

Fig. 1. Selection of diploid DNA cellsl) from diploid or aneuploid DNA histograms. Diploid DNA cells were selected in theghge of the

2c stemline reference of rat hepatocytes.

Table 1
Statistical parameters used to quantitate DNA heterogeneity of diploid cells
VAR? SE* Cve SKE* KU«

*SURF var_surf  se_surf cv_surf ske_surf kur_surf
*I0D var_iod se_iod cv_iod ske_iod kur_iod
*MOD var_mod se_mod cv_mod ske_mod  kur_mod
*ODSE var_odse se_odse cv_odse ske_odse kur_odse
*ODSKE var_odske se_odske cv_odske ske_odske kur_odske
*ODKUR var_odkur se_odkur cv_odkur ske_odkur  kur_odkur

*Parameters obtained from optical density for each nucleus of diploid cells.
@Statistical parameters relate to selected diploid cell populations of each patient.
Heavy type parameters: variables selected for canonical discriminant analysis.

Kurtosis (ODKUR)) were calculated. The stochiomet-
ric relation between staining intensity and DNA con-
tent (IOD) was used to generate DNA histograms and
select diploid cell subpopulations.

Diploid cell populations of each diploid DNA his-
togram and diploid subpopulations of aneuploid DNA
histograms were selected in @ fange calculated from

the 2c stemline reference of rat hepatocytes (Fig. 1).

This selection was performed to avoid possible inter-
actions induced by heterogeneity of nuclear DNA con-
tent in a subpopulation of DNA diploid cells.

Spatial DNA heterogeneity distribution parameters
were obtained for each selected diploid cell popula-
tion by calculating the variane€? (VAR), standard er-
ror (SE), coefficient of variation (CV), skewness (SKE)
and kurtosis (KUR) of SURF, 10D, MOD, ODSE,
ODSKE, ODKUR (Table 1). A minimum threshold of
thirty selected diploid cells on each DNA histogram
was used. Mean values of SURF, IOD, MOD, ODSE,
ODSKE, ODKUR, were not used in canonical dis-
criminant analyses to take into account only DNA het-

were first performed on these parameters with canoni-
cal discriminant analysis tools of SPSS.

3. Results

Canonical discriminant analysis on DNA hetero-
geneity distribution parameters was first performed on
the two diploid DNA histogram subgroups D1 (pa-
tients without bladder tumour) and D2 (patients with-
out bladder recurrence) of group D. No statistically
significant discriminant function was found to separate
D1 and D2.

Successive canonical discriminant analyses were at
once performed on selected diploid cells of 126 DNA
histograms of the three groups A, D (B1D2), and
R, to eliminate DNA heterogeneity distribution param-
eters (variables) which have non significant statistical
contributions for discrimination. A 0.30 absolute cor-
relation threshold between each variable and any dis-

erogenity distribution parameters. Statistical analyses criminant function was used. Twelve of the 36 vari-
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Table 2
A A
R a. Classification results of groups D, A and R
4 |-
5 ¢ * R No. of Predicted group membership
i . Group  cases D (%) A (%) R (%)
2 - .. °® 4 a . b a A
~ o %00 Jtaa At s a D 55 41(74.5) 11 (20.0) 3(5.5)
(&) | A
1 . o .o ot io % o A 44 6(13.6) 38(86.4) 0(0)
oL L ‘: @ om oo R 27 3(11.1) 3(14.8) 20 (74.1)
% 00w’ o ® _“ )
1 e ® e g O e ©° (%%o b. Reclassification results of independent groupsAd and R
B o * L4 [}
2 | % :o '%o 0 © ° No. of Predicted group membership
| | | | | | | Group  cases D (%) A (%) R (%)
82 10 o2 8 D’ 36 27(75.0) 4 (11.1) 5 (13.8)
o A’ 29 3(10.3) 24(82.8) 2 (6.9)
R’ 18 2(11.1) 3(16.6) 13 (72.2)

Fig. 2. Scattergram of 126 cases obtained by canonical discriminant
analysis on DNA heterogeneity distribution parameters of diploid
cells. C1 and C2, first and second canonical functions respectively,

R and A groups, the four with the largest statistical

are clustered in three separate territories corresponding to groups D ~gntributions were cv iod. cv surf. ske iod. kur iod

(o): diploid DNA histograms f = 55) of patients without bladder
tumour or without bladder tumour recurrence, e @neuploid DNA
histograms of patients with bladder tumour & 44) and R 4):
diploid DNA histograms of patients with bladder tumour recurrence.

ables were thus selected (Table 1) in the following re-
sults.

for C1 and kur_surf, ske_surf, se_odse, cv_mod for
c2.

DNA heterogeneity distribution parameters seem to
allow characterization and quantitation of abnormal in-
stability of diploid cells both for tumour identifica-
tion and for differentiating two clinical conditions such

Figure 2 is a scattergram of 126 cases obtained by as tumour recurrence. From these results, standardized
canonical discriminant analysis, where C1 and C2 are C1 and C2 canonical discriminant function coefficients
the first and the second canonical functions, respec- can be used as co-ordinates of a DNA heterogeneity in-
tively. The cases are apparently clustered in three sep- dex (2c-HlI) for diploid cell differentiation in the differ-
arate territories. The canonical discriminant function ent canonical discriminant analysis territories. In this

C1 differentiated diploid cells from diploid DNA his-
tograms (groups D and R) from diploid cell subpopu-
lations of aneuploid DNA histograms (group A). Mean
C1 values were 1.06, 0.84 and —1.45 for groups R, D
and A, respectively.

The canonical discriminant function C2 was also
able to separate diploid DNA histograms of patients
with bladder tumour recurrence (group R) from diploid
DNA histograms of patients without bladder tumour or
without tumour recurrence (group D). Mean C2 values
were 1.78 and —0.76 for groups R and D, respectively.

Separation of the three groups A, D, R by both
C1 and C2 axis, was not ambiguous, although it had
slightly overlapping nearness borderlines. In 95% con-
fidence limit, the mean percentage of “grouped” cases
correctly classified was 78.6% (Table 2a). WhéenX
and R independent groups were reclassified with stan-
dardized canonical discriminant function coefficients,
the percentage of “grouped” cases correctly classified
was 76.6% (Table 2b).

Among the 12 of 36 variables (DNA heterogeneity
distribution parameters) used for discrimination of D,

study, we have observed that in 27% of cases, only
DNA aneuploid histograms in urine sediments predict
bladder tumour recurrence, althought conventional cy-
tology remains normal [4]. When, during follow-up,
2c-HI DNA heterogeneity index was used to charac-
terize the different registered diploid DNA histograms
obtained from patients with bladder tumour, the per-
centage of predicted recurrence increased from 27 to
52%.

4. Discussion

Numerous studies correlating abnormalities of cel-
lular DNA content with clinical behaviour have been
reported [5—15]. Aneuploidy is a well recognised fea-
ture of human solid tumours, but its clinical signif-
icance has been hampered by the poor evolution of
some DNA diploid malignant tumours [8]. Cancer
progression is associated with increasing chromoso-
mal anomalies that can be grossly assessed by mea-
suring tumour cell DNA content. It has been shown
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that, when minor genomic or chromosomal abnormal-
ities are not taken into account by DNA content mea-
surements, chromatin fine structure could differentiate
DNA diploid carcinomas [10]. The present study was
designed to validate, on a long follow-up of bladder
cancer patients, the heterogeneity of diploid cell DNA
distribution as a predictive discriminant factor for solid
tumours.

The 2c-HI DNA heterogeneity index of diploid cells,
obtained from canonical discriminant analysis of pa-
rameters describing variance within the DNA nuclear
distributions of each cell, has been shown to allow
guantitation of probable genetic instability of these
diploid cells. The results reported in the present study
on diploid cells are in agreement with those obtained
on chromatin texture analysis [7,10]. Stability of DNA
heterogeneity distribution parameters calculated from
20 range diploid cells, can be evaluated on the 38
repetitive diploid histograms obtained from 20 patients
without bladder tumour measurements during follow-
up. Whatever inherent differences in measurement’s
conditions (staining, standardization, different anal-
yser), these 38 diploid histograms are well grouped in
diploid group D. This suggests that, through detection
of modifications of diploid DNA heterogeneity distri-
bution parameters (i.e., predicted group membership)
in different repetitive DNA histograms registered over
a period of time, progression or regression of bladder
tumour, could be significantly predicted.

For each clinical application, both for tumour de-
tection and for prognosis (progression or evaluation of
recurrence risk), a discriminant analysis on retrospec-
tive data pools of DNA ploidy measurements could
be performed to determine thresholds of 2c-HD in-
dex co-ordinates (C1 and C2 functions) according to
the required discrimination. Each patient with a series
of diploid DNA histograms could be followed up by
monitoing multiple 2¢c-HD index values to obtain indi-
vidual predictive factor.

Thus, if a 2c-HI index of a diploid histogram is
in the C1, C2 co-ordinate range of 2c-HI index of
diploid subpopulations of aneuploid DNA histograms,
or of diploid histograms corresponding to tumour re-
currence, this may suggest possible future clinical evo-
lution. From several apparently identical diploid DNA
histograms, results on bladder tumours have pointed
out the ability of heterogeneity of DNA distribution to
discriminate different tumour behaviours.

This method could be applied to detection of precan-
cerous lesions in which slight alteration of DNA con-
tent occurs without modification of the total amount of
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DNA. During repeated DNA examinations performed
over time on each with bladder tumour patient, we
observed different DNA ploidy status. Aneuploidy or
diploidy status of a tumour can change during clini-
cal evolution and treatment. It is not, as frequently re-
ported in the past, an immutable specific characteris-
tic. In our study of bladder tumours followed up during
1-4 years, 49% of patients had changed their DNA-
ploidy status; 46% had changed from aneuploidy to
diploidy, 23% from diploidy to aneuploidy and 30%
had alternated three times [4]. These variations in DNA
ploidy status are certainly induced either by intratu-
moural heterogeneity or by reversible DNA repair or
DNA impairing, which slightly affects DNA content of
some diploid cells, without possible detection of sig-
nifiant DNA content variation by image analysis.

In the case of numerous heterogeneous tumours,
knowledge of DNA ploidy status on biopsy or sin-
gle histological section cannot ensure the absence of
aneuploid cell populations in another part of the tu-
mour. Multiple-site sampling is very important for de-
termination of DNA ploidy patterns, because some tu-
mours having heterogeneous DNA content can be erro-
neously diagnosed as diploid when only a single sam-
ple is examined. In a preliminary study, we also ob-
served diploid and aneuploid DNA histograms in a few
series of sequential tumour sections in breast cancer.
Indices of 2c-HD obtained on diploid imprints, were
well correlated with the presence of aneuploid DNA
histograms on more distant sections.

In conclusion, it can be expected that DNA hetero-
geneity analysis of diploid cell populations, will renew
the interest of DNA ploidy in solid tumours by ob-
taining both a non-binary diploid-aneuploid result and
an individual predictive discriminant factor for tumour
patients.
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