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Hydrolysis profiles of formalin fixed
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The aim of the study was to determine optimal hydrolysis
time for the Feulgen DNA staining of archival formalin fixed
paraffin-embedded surgical samples, prepared as single cell
suspensions for image cytometric measurements.

The nuclear texture features along with the IOD (inte-
grated optical density) of the tumor nuclei were analysed by
an automated high resolution image cytometer as a function
of duration of hydrolysis treatment (in 5 N HCl at room tem-
perature). Tissue blocks of breast carcinoma, ovarian serous
carcinoma, ovarian serous tumor of borderline malignancy
and leiomyosarcoma were included in the study.

IOD hydrolysis profiles showed plateau between 30 and
60 min in the breast carcinoma and leiomyosarcoma, and be-
tween 40 and 60 min in the ovarian serous carcinoma and
ovarian serous tumor of borderline malignancy. Most of the
nuclear texture features remained stable after 20 min of hy-
drolysis treatment.

Our results indicate that the optimal hydrolysis time for
IOD and for nuclear texture feature measurements, was be-
tween 40 and 60 min in the cell preparations from tissue
blocks of three epithelial and one soft tissue tumor.
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1. Introduction

Fresh material is considered technically superior to
archival one for the cytometric measurements; never-
theless the archival surgical samples with accompany-
ing follow-up data of the patients are a valuable source
of research material in retrospective studies. The for-
malin fixed and paraffin embedded archival tissue sam-
ples processed according to Hedley’s method yield sus-
pensions of single cells that can be used for flow cyto-
metric DNA ploidy measurements [11,12]. If the cell
suspensions are prepared as monolayers of separate
cells on glass slides, they can be used for image cyto-
metric DNA ploidy and nuclear texture measurements
as well [10,21].

The majority of the steps in the preparation of single
cell suspensions from paraffin embedded tissue which
affect the chromatin, such as the steps of enzymatic
dissociation, are standardised. The optimal time of acid
hydrolysis in 5 N HCl, required before Feulgen stain-
ing, should be defined in every study for different tis-
sue types and fixations [10]. Commonly, the optimal
hydrolysis time is determined from the integrated op-
tical density (IOD) profile of the study sample. How-
ever, there is no substantial information on the ef-
fect of hydrolysis treatment on nuclear texture features
in the cell suspensions from formalin fixed paraffin-
embedded tissues. In our previous study on fresh cy-
tologic material, we have shown that the plateau of
hydrolysis curve, which represents the optimal time
for hydrolysis treatment, was shorter, if nuclear texture
feature values instead of IOD values were plotted on
x-axis [7].

The aim of the present study was to determine the
optimal hydrolysis times of tumors, represented by
the cell preparations from archival biopsy samples, in
order to achieve optimal Feulgen staining for image
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cytometric measurements. For this purpose, hydrol-
ysis profiles of the breast carcinoma, ovarian serous
carcinoma, ovarian serous tumor of borderline malig-
nancy and leiomyosarcoma were established from IOD
measurements. Furthermore, the hydrolysis profiles of
these tumors were determined from nuclear texture
feature measurements. Diploid cell populations of tu-
mors, as well as aneuploid ones, where present, were
specifically analysed.

2. Materials and methods

Three different categories of epithelial tumors and
one soft tissue tumor were included in the study. The
epithelial tumor category was represented by breast
carcinomas (3 cases), ovarian serous adenocarcino-
mas (3 cases) and serous ovarian tumors of border-
line malignancy (3 cases). The soft tissue tumor cat-
egory was represented by three different leiomyosar-
comas. The samples were derived from surgical resec-
tion specimens, that were originally fixed in buffered
4% formaldehyde and paraffin embedded. All the spec-
imens were collected between 1990 and 1994.

Seven 50µm sections, followed by one 5µm thick
section, were cut from each tumor. The thin section
was stained with hematoxylin-eosin (HE) to check for
the presence of the tumor, while cell suspensions were
prepared from the thick sections according to modified
Hedley method [11,12]. The cell suspensions were pro-
duced by using 0.1% protease incubated at room tem-
perature with magnetic stirring for 45 min.

Three filter slides for each of the eight hydroly-
sis times were prepared from the cell suspensions of
each tumor. All slides were air-dried. Afterwards, they
were fixed in Böhm–Sprenger fixative for 30 to 120
min. One additional filter slide was prepared from each
tumor cell suspension and stained according to the
Giemsa method to check the morphology and preser-
vation of the cells.

Hydrolysis was performed in 5 N HCl at room tem-
perature for 10, 20, 30, 40, 50, 60, 75 and 90 min.
The slides were stained according to modified Feul-
gen staining with thionin (thionin acetate, colour in-
dex 52000, Lot No. MY 00 209 TW, Aldrich Chemical
Company, Inc., Milwaukee, USA) for 60 min [6].

Image analysis of cell samples was performed with
an automated, high resolution image cytometer (Cyto-
SavantTM, Oncometrics Imaging Corp., Vancouver,
BC, Canada). The images of the nuclei are projected
onto a 1320× 1035 pixel scientific CCD positioned in

the primary image plane of a 20× Plan-Apochromatic
objective lens (NA 0.75). The individual sensing ele-
ments of the CCD are 6.8 µm× 6.8 µm squares and
sense light on their entire surface (100% fill factor).
A 600± 10 nm filter is used because it corresponds
to the spectral region of peak absorption of the nuclear
stain. Standard shading correction and correction for
the local backgroud are incorporated in the system. The
hardware and its performance are described in detail in
the sources listed in the references [8,13].

Nuclear images were acquired automatically by ran-
dom sampling by means of the data acquisition pro-
gram Acquire, incorporated into the system. All nu-
clear images were acquired in the best focus and the
edge relocation algorithm was applied for precise seg-
mentation of nuclei from the background [17]. The rep-
resentativity and the focus of all the nuclei acquired
was checked. Afterwards, all the artifacts, damaged nu-
clei or nuclei in poor focus were excluded from the
analysis.

Over 100 nuclear features were calculated from each
of the nuclear images. The nuclear features included
common morphometric features (area, diameter, shape
features, etc.), descriptive statistics of chromatin dis-
tribution (integrated optical density (IOD), variance of
optical density (OD), OD skewness and kurtosis), dis-
crete chromatin distribution (area and shape of high,
medium, low density chromatin components, average
distance between chromatin components of the same
optical densities, etc.), Markovian texture features (en-
tropy, energy, correlation, homogeneity, cluster shade,
etc.), local extreme features (number of local minima
and maxima in the image) and run length texture fea-
tures (short run emphasis, long run emphasis, grey
level nonuniformity, etc.). Exact formulas and feature
descriptions can be found in the references [5].

The nuclear features of the cell population in G0G1

peak of DNA histogram in the diploid tumors were in-
cluded in the statistical analyses. In the aneuploid tu-
mors (all breast carcinomas and two ovarian serous
carcinomas), the cells belonging to the G0G1 aneuploid
peak were also analysed separately. In two leiomyosar-
comas, less than 100 nuclear images were acquired per
slide, therefore they were excluded from further analy-
sis. Each study group contained between 223 and 1402
objects (nuclei).

The hydrolysis profiles were established from the
IOD and nuclear texture feature measurements for all
tumor types. Statistical significance of any differences
in the nuclear features values of the cells from one
tumor, but with different duration of hydrolysis treat-
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(A)

(B)

Fig. 1. (A) Hydrolysis profiles of diploid and aneuploid cell populations in breast carcinoma, and of diploid cell population in leiomyosarcoma
based on IOD (integrated optical density). (B) Hydrolysis profiles of diploid and aneuploid tumor populations in ovarian serous carcinoma and
of diploid cell populations in ovarian serous tumor of borderline malignancy based on IOD.

ment, were tested with ANOVA (Tukey Studentized
rang test). The differences were considered statistically
significant atp < 0.05.

3. Results

3.1. Hydrolysis profiles established from IOD
measurements

In the hydrolysis profiles of the breast carcinomas
and leiomyosarcoma, IOD was increasing from 10 to

30 min, while in the ovarian serous tumors, IOD was
increasing from 10 to 40 min of hydrolysis. Thereafter,
the IOD values reached a plateau in all the tumors and
IOD remained relatively constant for 30–60 min. Af-
terward, the IOD values slightly decreased with fur-
ther hydrolysis (Fig. 1(A, B)). The diploid and the ane-
uploid cell populations of the same tumors, namely
breast carcinoma and ovarian serous carcinoma, had
similar IOD hydrolysis profiles (Fig. 1(A, B)). The
IOD values of aneuploid cells were higher already af-
ter 10 min of hydrolysis treatment and remained higher
thereafter.
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Fig. 2. Hydrolysis profiles based on “high density objects” in breast carcinoma, ovarian serous adenocarcinoma, ovarian serous tumor of border-
line malignancy and leiomyosarcoma.

Fig. 3. Hydrolysis profiles based on “contrast” in breast carcinoma, ovarian serous adenocarcinoma, ovarian serous tumor of borderline malig-
nancy and leiomyosarcoma.

3.2. Hydrolysis profiles established from nuclear
texture feature measurements

The hydrolysis profiles nuclear texture features es-
tablished from nuclear texture feature measurements
showed relatively constant values of the majority of nu-
clear texture features as a function of hydrolysis time.
However, some nuclear texture features reached con-
stant values after 20 or 30 min of hydrolysis treatment.
In the aneuploid tumors with diploid G0G1 cell popu-
lation, the nuclear texture features hydrolysis profiles
were similar for both, the diploid and aneuploid cell
populations.

The most variable values between different hydrol-
ysis times were found in the group of discrete nuclear
texture features for all tumors, however, the differences
were not statistically significant. The hydrolysis profile
of “high density objects”, which measures the number
of high density clumps in the nucleus, is also represen-
tative for other features of this group (not shown here)
(Fig. 2).

In the group of Markovian texture features, the “con-
trast” is based on the estimation of intensity differ-
ence between neighbouring pixels, yielding increasing
values with the increasing number and magnitude of
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Fig. 4. (A) Hydrolysis profiles based on “fractal dimension” in diploid and aneuploid cell populations of breast carcinoma. (B) Hydrolysis profiles
based on “fractal dimension” in diploid and aneuploid cell populations of ovarian serous adenocarcinoma.

density variation between chromatin particles. The val-
ues of this feature did not change significantly after
20 min of hydrolysis treatment in the breast carcino-
mas (Fig. 3). In other tumors, the “contrast” did not
change significantly throughout the hydrolysis, except
in two ovarian serous tumors of borderline malignancy
after 50 and 75 min of hydrolysis, respectively. The
results of the analysis for other features of this group
were similar.

In the fractal texture features group, the “fractal di-
mension” yields high values to the nuclear images with
spatially frequent, high contrast variations in chro-

matin condensation. In the breast carcinoma, we found
no significant differences between 20 and 60 min of
hydrolysis (Fig. 4A). In one of the three ovarian serous
carcinomas (in ovarian serous carcinoma 2) we found
significant differences in fractal dimension only after
75 min of hydrolysis treatment (Fig. 4B). The values
of this feature were constant for two serous ovarian
tumors of borderline malignancy as a function of the
hydrolysis time, in one tumor the values were stable
only after 30 min of hydrolysis (Fig. 4B). Analysing
other features of this group, we obtained similar re-
sults.
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Fig. 5. Hydrolysis profiles based on “short run emphasis” in diploid and aneuploid cell populations of breast carcinoma.

In the run length feature group, the “short run em-
phasis” gives maximal values to the nuclei with small
chromatin clumps of different condensation. The fea-
ture values were invariable as a function of hydroly-
sis time in the majority of the tumors. The exception
were two breast carcinomas (breast carcinomas 2 and
3) where the values did not change significantly after
20 and 30 min of hydrolysis (Fig. 5).

4. Discussion

It has been well established that both fixation and
hydrolysis time affect DNA staining and subsequently
DNA amount (IOD) measurements [1–4,9,14–16,18,
20,22]. In contrast, relatively little attention has been
paid to these issues in measurements of nuclear texture
features [4,9].

In this study, we found that the optimal hydroly-
sis time (hydrolysis in 5 N HCl at room tempera-
ture) for cell suspensions from formalin fixed paraffin-
embedded tumors is between 30 and 60 min for the
breast carcinoma and leiomyosarcoma, and between
40 and 60 min for the ovarian serous tumors.

Our experiments show that the plateau on the hy-
drolysis curve established from IOD measurements is
between 30 and 60 min in the breast carcinoma and
leiomyosarcoma, and between 40 and 60 min in the
ovarian serous carcinoma and ovarian serous tumor of
borderline malignancy (Fig. 1).

We additionally defined the optimal hydrolysis time
by nuclear texture feature analysis, since nuclear tex-
ture features have been proposed to yield additional
(and possibly superior) information compared to DNA
ploidy, and may be of both diagnostic and prognostic
significance [19]. The plateau values of the nuclear tex-
ture features cover the range of the optimal hydrolysis
time of IOD, since they are either constant as a func-
tion of hydrolysis time or ultimately reach the plateau
after 20 or 30 min of hydrolysis treatment (Figs 2–5).
The exception are discrete texture features, i.e., high
density objects, where the values are quite diverse be-
tween different hydrolysis times. Discrete texture fea-
tures, namely high, medium and low density objects,
are expressed as integer values in contrast to other fea-
tures, which are real numbers. This fact as well as the
way these features are calculated makes them sensitive
to small changes in nuclear image, which leads to un-
stable feature values and their high CV’s. This limits
the use of such features to the cases, where feature val-
ues can be averaged over a very large number of cell
nuclei.

The established optimal hydrolysis time for the cell
preparations from formalin fixed paraffin-embedded
tumors in our study confirms the range 40–60 min re-
ported earlier for similar preparations from hyperplas-
tic laryngeal epithelium [23]. Moreover, the optimal
hydrolysis time for DNA staining in our study is sup-
ported by the constant values of nuclear texture fea-
tures in this range.
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The IOD and specifically nuclear texture features
in the cell suspensions from formalin fixed paraffin-
embedded tissues in our study reach the plateau on
hydrolysis curve earlier than cells from fresh tissues
fixed mainly by alcohol fixatives [7,22]. It is known
that formaldehyde fixation induces the formation of
cross-links between DNA and nucleoproteins, which
enhances the access of dye to potential dye-binding
sites [14].In contrast, previous studies on the effect
of formalin fixation on IOD values, where the IOD
plateau in the formalin fixed cells appeared later than
in the alcohol fixed cells, analysed the cells obtained
from fresh tissue by imprinting, or from cell cultures,
where no enzymatic disaggregation was used in the
preparation procedure. We suppose that the DNA of
cells obtained from formalin fixed paraffin-embedded
tissues is more accessible to dyes after protease di-
gestion. However, there is no clear evidence in what
manner the protease digestion step affects the nuclear
membrane or nuclear proteins themselves.

In addition, the plateau range of nuclear texture
features in the cell preparations from formalin fixed
paraffin-embedded tissue is not restricted only to the
IOD plateau. Furthermore, the plateau of the nuclear
texture feature in such cells is even longer than that
of IOD (Figs 2–5). The cross-linking of nuclear pro-
teins to DNA by formalin fixation forms a mesh,
which probably entraps depolymerized DNA frag-
ments within chromatin, and delays their extraction
with longer hydrolysis times [14]. The longer plateau
probably reflects that the chromatin structure is pre-
served better and longer in formalin fixed tissue during
hydrolysis treatment. In contrast, alcohol fixed tissue is
less protected against the harmful effect of hydrolysis
and depolymerized DNA fragments are extracted ear-
lier. Consequently, IOD decreases and nuclear texture
features deteriorate earlier [7,22].

In our study, we found that the optimal hydrolysis
times are identical for the diploid and aneuploid cell
populations of the same tumor (Fig. 1(A, B)). This im-
plies that the optimal DNA staining of different cell
populations from the same tumor can be assured at the
chosen optimal hydrolysis time. Besides, we observed
higher IOD of the aneuploid tumor cells compared to
the diploid cells of the same tumor already after 10
min of hydrolysis treatment, which probably reflects
the higher DNA content available for the staining at the
beginning of the procedure.

To summarize, we have shown that the optimal
hydrolysis time for Feulgen based DNA staining of
the cell suspensions from formalin fixed paraffin-

embedded tumors, which is commonly used in image
cytometry, is between 30 and 60 min for the breast
carcinoma and leiomyosarcoma, and between 40 and
60 min for the ovarian serous carcinoma and ovarian
serous tumor of borderline malignancy. The IOD based
optimal hydrolysis time is supported by the constant
values of nuclear texture features in this range. Also,
the optimal hydrolysis times of the diploid and aneu-
ploid cell populations from the tumors in the study fall
into the above range. Considering longer plateau times
of nuclear texture features, it appears that chromatin
structure in the cells from formalin fixed paraffin-
embedded tumors is preserved longer during hydroly-
sis treatment.
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