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Background: Acquisition of DNA ploidy histograms by
image analysis may yield important information regarding
the behavior of premalignant cervical lesions. Accurate
selection of nuclei for DNA measurement is an important
prerequisite for obtaining reliable data. Traditionally, man-
ual selection of nuclei of diagnostic and reference cells is
performed by an experienced cytotechnologist. In the
present study, a method for the fully automated identifi-
cation of nuclei of diploid epithelial reference cells in
Feulgen- restained Papanicolaou (PAP) smears is de-
scribed.
Methods: The automated procedure consists of a deci-
sion tree implemented on the measurement device, con-
taining nodes with feature threshold values and multivar-

iate discriminant functions. Nodes were constructed to
recognize debris and inflammatory cells, as well as diploid
and nondiploid epithelial cells of the uterine cervix. Eval-
uation of the classifier was performed by comparing re-
sulting diploid integrated optical densities with those
from manually selected reference cells.
Results and Conclusion: On average, automatically ac-
quired values deviated 2.4% from manually acquired val-
ues, indicating that the method described in this paper
may be useful in cytometric practice. Cytometry 47:
256–264, 2002. © 2002 Wiley-Liss, Inc.

Key terms: DNA ploidy analysis; reference cells; image
analysis; texture features; cervix

Diagnosis of cervical smears is based on the cytomor-
phology of microscopically identified diagnostic cells.
Only a small proportion of cervical intraepithelial neopla-
sia (CIN) lesions detected will eventually progress to can-
cer, whereas the majority of lesions will be persistent or
regress to normal epithelium (1,2). Cytomorphologic ex-
amination of Papanicolaou (Pap)-stained cervical smears
has been shown to lack specificity and reproducibility in
predicting progression (2). When used in a population-
screening program, this deficiency leads to overtreatment
of a large number of women. Promising results were
reported in predicting the progressive behavior of CIN
lesions based on the cytomorphometric analysis of Feul-
gen-stained smears (1,3–6). Cytomorphometry, using dig-
ital image analysis, is capable of assessing the characteris-
tics of individual cell nuclei and describing their size,
shape, DNA content, and chromatin distribution (7).
Based on these features, statistical classifiers were con-
structed to predict the progression of a CIN lesion. Com-
pared with traditional cytomorphology, cytomorpho-
metric evaluation offers more objective and accurate
information (8,9).

Selection of cells for cytomorphometric evaluation may
be performed interactively by an experienced cytotech-
nologist (10,11). Next to diagnostic cells, which are most
likely to contain clinically relevant information, a number

of diploid reference cells have to be measured (11). The
average integrated optical density (IOD) of diploid refer-
ence cells is used for calibration of features describing
DNA content and chromatin distribution. In many studies,
leukocytes are used as internal diploid reference cells.
Due to the highly condensed DNA of leukocytes, the
hydrolysis is suboptimal when using protocols designed
for epithelial cells, resulting in underestimation of the IOD
(12,13). The IOD of dense objects is also underestimated
by the image cytometer due to diffracted light (11). Use of
a corrective factor (11) will not reduce additional variabil-
ity caused by deviating IOD values of dense objects. Nor-
mal epithelial reference cells of the uterine cervix do not
require a corrective factor.

Manual selection and classification of cells may lack
observer reproducibility (10,14) and are time-consuming.
Reproducibility may be increased by using a fully auto-
mated method, which includes automated identification
of both diagnostic and diploid cervical epithelial cells for
use as an internal reference (10,15). Classification of indi-
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vidual cells, based on parameters measured by an auto-
mated measurement device, requires construction of sta-
tistical classifiers. Classifiers, such as feature thresholds
and discriminant functions (DF), may be constructed from
training sets of manually classified cells (14,16,17). The
aims of the present study were to construct classifiers for
the fully automated recognition of nuclei of normal dip-
loid epithelial cells for use as an internal diploid reference
and to evaluate the classifier results against manually se-
lected diploid epithelial reference cells. To achieve this,
classifiers are required that discriminate between debris
and nuclei, between nuclei of inflammatory cells and
epithelial cells, and between nuclei of diploid and non-
diploid epithelial cells. To reduce the coefficient of varia-
tion (CV) of the diploid reference IOD, a homogeneous
population of diploid reference cells is desirable. There-
fore, an attempt was made to make a further distinction
between nuclei of diploid intermediate squamous cells
and of other diploid epithelial cells.

MATERIALS AND METHODS
Patient Selection

A training set of 50 conventional Pap-stained cervical
smears (Pap smears) was used for construction of statisti-
cal classifiers. Pap smears in this training set displayed all
cytological diagnostic classes commonly encountered in
cytodiagnostic practice: 13 cases within normal limits
(WNL), 9 cases of atypical squamous cells of unidentified
significance (ASCUS), 10 cases of CIN 1, 9 cases of CIN 2,
and 9 cases of CIN 3. The average time since smear taking
was 9.7 years (range 1–19 years). In order to construct a
statistical classifier for recognition of debris (i.e., non-
nuclear objects or poorly recognized nuclei), a training
subset of smears of six patients was selected from the full
training set, consisting of one WNL, one ASCUS, one CIN
2, and three CIN 3.

Staining Procedure

All Pap smears were destained and subsequently
restained by application of the thionin-Feulgen staining
procedure, using an automated staining device (Varistain
24-4, Shandon, Pittsburgh, PA). Hydrolysis was performed
for 1 h, using 5 M HCl at room temperature. After thionin
staining for 75 min, smears were rinsed three times in SO2

solution, dehydrated, and mounted. Resulting smears
show a strong staining intensity of nuclei, whereas the Pap
staining had disappeared (Fig. 1).

Measurement Device

Automated measurement of Feulgen-restained Pap
smears was performed using a Cyto-Savant system with a
predefined feature set coded FB5 (Oncometrics Imaging,
Vancouver, British Columbia, Canada; 16). This device
uses an automated slide loader and a motorized xyz-stage.
Acquisition of images was performed using a Xillix Micro-
Imager 1400 (pixel size 6.8 �m � 6.8 �m). Köhler illumi-
nation with a monochromatic light source (600 nm, band-
width 10 nm) with a stabilized power supply was used.

Images were acquired using a 20� objective (numerical
aperture � 0.75), resulting in pixels of 0.34 �m � 0.34
�m in the specimen. The system was calibrated according
to manufacturer’s instructions. Quality control procedures
included repeated measurement of a single nucleus in
different locations of the microscopic field and of nuclei
of a cell line, comparison of IOD of diploid and tetraploid
peaks, and checks for linearity and shading.

The default mode of operation used in this study scans
specimens in an adaptive manner. For example, parts of
the specimen containing a lot of cellular material are
scanned with a high-field sampling density, whereas areas
containing little or no cellular material are sparsely sam-
pled. After initial focusing of the entire microscopic field
of view, object detection was performed. Objects with
IOD over 50 (during the normalization stage, see below;
IOD measured in arbitrary units) or over 50% of the
preliminary reference IOD and circularity smaller than 2.0
were analyzed (default measurement criteria of the sys-
tem). Each detected object was focused individually and a
binary object mask was determined from the resulting
subimage (Fig. 1).

For each object, 124 features were calculated, which
may be subdivided into three classes: (1) features that are
not sensitive to variations in staining density (e.g., area,
roundness); (2) features that are sensitive to variations in
staining density (e.g., IOD); and (3) features that require
normalization by a diploid reference IOD value (e.g., DNA
index). Features in classes 1 and 2 are collectively called
nonnormalized features and the features in class 3 are
called normalized features. Because of the normalization,
normalized features are not sensitive to variations in stain-
ing density. Normalized features can only be calculated
after a representative set of reference cells has been mea-
sured, in order to have a diploid reference IOD value. In
our study, 51 features were selected that are not sensitive
to variations in staining density or to object orientation
(Table 1). Selected features include geometric (size and
shape), photometric, texture, and fractal features. Of
these, 24 features are normalized features and 27 are
nonnormalized features.

Measurement Procedure

The measurement procedure is schematically repre-
sented in Figure 2. During automated measurement, fea-
ture values of measured objects were used to classify

FIG. 1. Example of a Feulgen-stained nucleus with object mask.
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these objects into predefined classes, using a decision tree
mechanism. Nodes in the decision tree represented either
multivariate linear DF or feature thresholds. The auto-
mated measurement procedure consisted of two stages.
During the normalization stage, diploid reference cells
were identified using nonnormalized features. After de-
tecting 75 nuclei of diploid cells, a preliminary reference
IOD was calculated. In the subsequent classification stage,
the preliminary reference IOD was used for calculating
normalized features and detected objects were classified
using all features. Nuclear objects detected during the
normalization stage were reclassified at the beginning of
the classification stage for reasons of efficiency.

Construction of Statistical Classifiers

All DF were constructed from features selected by step-
wise linear discriminant analysis (LDA). DF were con-
structed using the standard Cyto-Savant software. Con-
struction of DF was based on training sets containing
objects in two classes, using two F-values (F-include and
F-remove). The maximum number of features to be in-
cluded in the DF could be set. To avoid overtraining, care
was taken that the number of objects in the smallest class
was always at least five times the number of features used
for construction of the DF (18).

Automated identification of nuclei of reference cells in
smears may be hampered by the presence of debris (dam-
aged, degenerated, or overlapping nuclei, incorrectly seg-
mented nuclei, out-of-focus objects, and noncellular ob-
jects [dirt, parts of cytoplasm]) and inflammatory cells
(granulocytes and lymphocytes). Two DF were con-
structed that were capable of recognizing debris and in-
flammatory cells. Objects remaining after removal of de-
bris and inflammatory cells represent correctly recognized
nuclei of epithelial cells (occasionally, nuclei of histiocytic
cells were detected as well). Further DF were constructed
that were capable of discriminating nuclei of diploid epi-
thelial cells from nuclei of nondiploid epithelial cells (e.g.,
nuclei of diagnostic cells) and of discriminating between
nuclei of diploid intermediate squamous cells and of other
diploid epithelial cells.

Recognition of Debris

In each specimen in the training subset of six Pap
smears, a minimum of 5,000 objects was measured, with-
out limitations other than the system default cell recogni-
tion thresholds. Resulting sets of images contained a large
amount of debris. These objects were classified manually
by selecting the respective images with a mouse in a
gallery display. LDA, based on nonnormalized features,
was performed to construct DF1, capable of recognizing
debris from correctly recognized nuclear objects.

Recognition of Inflammatory Cells

Inflammatory cells were abundantly present in most
specimens. Visual examination of data of a number of
inflammatory cells showed that these cells may be distin-
guished from other cells by the feature max_radius. Also,
it was observed that for inflammatory cells, max_radius
increased with increased values of compactness. It was
decided to construct DF2 for identification of inflamma-
tory cells, based on these two features. The factors of DF2
were set manually in such a way that a large proportion of
the inflammatory cells present in images from the training
subset were recognized correctly without incorrectly clas-
sifying cells that may be important for further analysis.

Recognition of Diploid Epithelial Cells

For construction of DF for recognition of diploid epi-
thelial cells, specimens in the full training set of 50 sam-
ples were measured with a decision tree containing DF1
and DF2. The measurement device allows for continuous
measurement until a fixed number of cells in each of a
number of predefined classes is detected. Next to 200
debris objects and 200 inflammatory cells, 500 objects
were measured representing correctly recognized nuclei
in each sample, and corresponding images were stored.
Two experienced cytotechnologists identified for each
specimen the largest peak in the IOD histogram of 500
nuclei. A number of nuclei with IOD values within this
peak were inspected by relocation under the microscope
of the measurement device, to ensure that this peak rep-

Table 1
Overview of Cyto-Savant Features Used in This Study

Size Area Mean_radius Max_radius
Shape Var_radius Eccentricity Inertia_shape Compactness

Freq_low_fft Freq_high_fft Harmon1_fft Harmon2_fft
Harmon3_fft Harmon4_fft Harmon5_fft

Photometric DNA_Indexa OD_variance OD_skewness OD_kurtosis
Texture/discrete LowDNAareaa MedDNAareaa HiDNAareaa LowDNAamnta

MedDNAamnta HiDNAamnta LowDNAcompa MedDNAcompa

HiDNAcompa MhDNAcompa Low_av_dsta Med_av_dsta

Hi_av_dsta Mh_av_dsta LowVSmed_DNAa LowVShigh_DNAa

LowVSmh_DNAa Low_den_obja Med_den_obja High_den_obja

Low_cntr_massa Med_cntr_massa Hi_cntr_massa

Texture/Markovian Entropy Correlation Contrast Homogeneity
Cl_shade Cl_prominence

Texture/other Den_lit_spot Den_drk_spot Center_of_gravity
Fractal Fractal_dimension

aNormalized features.
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resented the diploid population of normal epithelial ref-
erence cells. Because the samples contained predomi-
nantly normal diploid cells, the largest peak was identified
as the diploid peak in all cases.

Two thresholds were set in the IOD histogram of each
specimen to define the nuclei of cells that were clearly
outside the diploid peak. First, the full width at half max-
imum (FWHM) of the diploid peak was visually estimated.
Next, two thresholds were set manually at 1.5 times the
FWHM distance above and below the center of the diploid
peak (Fig. 3, solid lines). Objects with an IOD smaller than
the lower bound were labeled hypodiploid and objects
with a value above the upper bound were labeled hyper-
diploid. The set of all nuclei of hypodiploid cells from 50
samples together was used as a training set for construc-

tion of DF3, capable of recognizing nuclei of hypodiploid
cells using nonnormalized features. The nuclei of hyper-
diploid cells from 50 samples were used for construction
of DF4, capable of recognizing nuclei of hyperdiploid
nuclei based on nonnormalized features.

To construct DF5, capable of discrimination between
nuclei of normal intermediate squamous cells and nuclei
of other normal diploid epithelial cells in the classification
stage, nuclei in the diploid region of the IOD histogram
were further subclassified. For each individual sample, all
nuclei with an IOD value within the manually defined
FWHM region around the diploid peak (Fig. 3, dotted
lines) were inspected visually after relocation under the
microscope of the measurement device. Correctly recog-
nized nuclei of normal diploid intermediate squamous

FIG. 2. Schematic representation of
the decision tree mechanism used to
identify measured objects.
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cells were labeled diploid intermediate squamous cells. All
other cells within the diploid region were labeled nonin-
termediate diploid epithelial cells (mainly cylindrical epi-
thelial cells).

For all measured objects, normalized features were cal-
culated for constructing classifiers for use in the classifi-
cation stage, using the mean IOD of diploid intermediate
squamous cells as the diploid IOD reference value in each
specimen. For recognition of nuclei of hypodiploid and
hyperdiploid cells in the classification stage, two thresh-
old values were determined by inspection of DNA index
histograms. DF5 was constructed to differentiate between
diploid intermediate squamous cells and nonintermediate
diploid epithelial cells.

Testing of DF

To evaluate the performance of the newly developed
statistical classifier, the average IOD of manually classified
intermediate squamous cells for all specimens in the full

training set was compared, using linear regression analy-
sis, with the mean IOD of cells automatically classified as
diploid intermediate squamous cells. Statistical analysis
was performed using SPSS statistical software (SPSS 9.0 for
Windows, SPSS, Chicago, IL).

RESULTS
Recognition of Debris

In the training subset, 30,402 objects were measured,
19,669 (64.7%) of which were classified manually as de-
bris. LDA based on nonnormalized features was used to
construct a DF containing five features (DF1, Table 2).
DF1 correctly classified 98.2% of all nuclei (Table 3). Only
1.8% were misclassified, which by visual inspection was
found to contain mainly inflammatory cells and no cells of
clinical importance. In all specimens measured in the
remainder of this study, 200 objects classified by DF1 as
debris were stored and subsequently inspected visually.
No correctly recognized nuclei with possible diagnostic
significance were observed in these debris sets.

Recognition of Inflammatory Cells

After manual setting of DF2 factors (Table 2), 5,126
(47.8%) of 10,733 nuclear objects measured in specimens
from the training-subset were classified as inflammatory
cells. No nuclei of cells with possible diagnostic impor-
tance were classified incorrectly as inflammatory cells,
whereas only a small amount of inflammatory cells were
incorrectly classified as being noninflammatory cells (ap-
proximately 5%).

Classification of Diploid Epithelial Cells Based on
Nonnormalized Features

Manual classification of cells measured in specimens
from the full training set resulted in 6,426 diploid inter-
mediate squamous cells, 15,168 nonintermediate diploid
epithelial cells, 1,392 hypodiploid cells, and 2,991 hyper-
diploid cells. DF3 and DF4, based on nonnormalized fea-

FIG. 3. Example of DNA index histogram with manually set thresholds
to define training sets for nuclei of hypodiploid and hyperdiploid cells.

Table 2
Coefficients and Constant Terms of the DF Used in This Study

Feature DF1 DF2 DF3 DF4 DF5

Area �0.00305 �0.103 �0.0134
Mean_radius 8.93
Max_radius 0.052 �0.450
Var_radius 0.415
Compactness �39.4 �1.0 �28.7
Freq_low_fft �0.0301
Harmon01_fft �0.753
Harmon03_fft 0.138
OD_variance 12.7
OD_skewness 10.5 �14.3
HiDNAarea �16.2
MedDNAamnt �4.41
Correlation �0.0215
Contrast �0.0361
Cl_shade 15.0 �17.7

Constant 51.3 0.620 �22.5 6.63 13.0
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tures, were constructed for identification of nuclei of,
respectively, hypodiploid and hyperdiploid cells (Table
2). Of manually selected diploid intermediate squamous
cells, 17% were classified erroneously as hypodiploid and
30% as hyperdiploid (Table 4). For the normalization
stage, the combination of DF1, DF2, DF3, and DF4 was
used. Cells classified by these DF as diploid epithelial cells
contained 5,737 objects, of which 96% were diploid (60%
intermediate and 36% nonintermediate) and 4% were non-
diploid (1% hypodiploid and 3% hyperdiploid). These per-
centages were obtained from Table 4 by calculating col-
umn percentages for column diploid cells.

Classification of Intermediate Squamous Cells
Based on Normalized and Nonnormalized Features

For recognition of hypodiploid and hyperdiploid cells,
lower and upper bounds for the DNA index of 0.82 and
1.25, respectively, were used. These thresholds correctly
identified 96% and 87% of the manually selected hypodip-
loid and hyperdiploid cells, respectively, whereas no in-
termediate squamous cells were classified incorrectly as
hypodiploid or hyperdiploid (Table 5).

DF5 was constructed to differentiate between interme-
diate squamous cells and diploid nonintermediate epithe-
lial cells (Table 2). The decision tree used for the classifi-
cation stage consisted of DF1, DF2, two DNA index
thresholds, and DF5. Cells classified by this tree as inter-
mediate squamous cells consisted of 9,212 objects, of
which 98% were diploid (58% intermediate squamous
cells and 40% nonintermediate diploid epithelial cells) and
1% nondiploid (0.2% hypodiploid and 0.8% hyperdiploid).
These percentages were obtained from Table 5 by calcu-
lating column percentages for column diploid intermedi-
ate squamous cells.

Testing of DF

In order to test the statistical classifier, the manually
determined diploid IOD reference value was compared

with the automatically computed value for each of the 50
specimens in the full training set. Table 6 shows the
number, mean, and CV of reference cells. Also shown are
the relative standard error of the mean (rSEM � CV/�n)
and the relative difference between the reference value
from the manual and automated classification. According
to the ESACP consensus report (11), a measurement is
reliable if reference CV � 5% and rSEM � 1.5%. In the
present study, only a limited number of specimens ful-
filled these criteria (n � 21 for manually measured spec-
imens and n � 1 for automatically measured specimens).
Therefore, in the present study, specimens were analyzed
with rSEM � 1.5%, but CV � 13%.

Averaged over all specimens, automatically determined
diploid reference values differed 2.7% from manual values.
For specimens with rSEM � 1.5%, this error was 2.4%.
Linear regression analysis showed an excellent correlation
between manually and automatically assessed values for
specimens with rSEM � 1.5% (r � 0.97; P � 0.001).
However, a significant intercept was observed for the
regression line (intercept � 30.6; P � 0.001; Fig. 4).

DISCUSSION
The present study shows that identification of nuclei of

diploid epithelial reference cells in Feulgen-stained cervi-
cal smears can be automated, eliminating observer effort
and bias caused by manual selection of such nuclei. Auto-
mated identification of internal reference cells is an im-
portant first step in designing a system for fully automated
DNA ploidy assessment. The specimen reference IOD
value was found to be accurate. The linear regression line
describing the relationship between manually and auto-
matically acquired IOD reference values in this study does
not cross the origin, indicating a systematic error in the
automated identification. Low IOD reference values are
overestimated slightly, whereas high IOD reference values
are underestimated. Constructed DF preferentially select

Table 3
Results of a Classifier for Recognition of Debris

Number of
objects

Results of statistical classifier

Cells (%) Debris (%)

Results of manual classification Cells 10,733 10,657 (98.2) 198 (1.8)
Debris 19,669 1,383 (7.0) 18,578 (93.0)

Table 4
Results of Classifiers for Normalization Stage, Existing of DF1, DF2, DF3, and DF4,

for Recognition of Diploid Cells, Based on Nonnormalized Features

Results of manual
classification

Number of
cells

Results of statistical classifier (row%)

Diploid cells
(%)

Hypodiploid cells
(%)

Hyperdiploid cells
(%)

Diploid cells
Intermediate squamous cells 6,426 54 17 30
Other epithelial cells 15,168 14 54 32

Nondiploid cells
Hypodiploid cells 1,392 6 88 6
Hyperdiploid cells 2,991 5 3 92
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cells with feature values close to the mean values calcu-
lated from the training set. The fact that this influences
measured IOD values may indicate that even normalized
features are not entirely independent of staining density.
However, when reference values are in the range found in
this study (IOD between 80 and 140), the average error
percentage is 2.4%. Specimens with an automatically de-
termined reference IOD value outside this range should
not be accepted.

The present study shows that identification of debris
and inflammatory cells based on geometric features calcu-
lated from Feulgen staining is feasible. This is in concor-
dance with other studies (1,19). Tucker et al. (17) studied
recognition of debris and out-of-focus objects based on
texture features only. Their performance is slightly less
than ours, which may be due to the fact that only texture
features were used. In the present study, the stepwise
discriminant analysis selected only geometric (size and
shape) features for recognition of debris. Because of the
individual object focusing, out-of-focus objects occurred
only in very few cases in the present study. For cytological
material, focusing of each object is advisable. Also, in a
research or clinical setting, visual inspection of automati-
cally classified objects in a gallery display is advisable to
prevent misclassified debris or inflammatory cells from
biasing the results. Because these classes of objects are

recognized easily, such inspection will only require a very
short time.

In a previous study (20), it was shown that discrimina-
tion between epithelial cells with increasing level of mat-
uration could only be performed with moderate success
when only nuclear geometric features were used. Using
both nuclear and cytoplasmic information increased sig-
nificantly the classification rate, even if only basic geomet-
ric features were used. Use of cytoplasmic information,
however, reduces the number of cells available for the
analysis, because more overlap occurs (14,20). Especially
in conventional cervical smears, as used in the present
study, this may lead to insufficient cells for analysis and
possibly biased results.

Different studies describe successful discrimination be-
tween different types of epithelial cells, based on nuclear
information only, using more sophisticated features that
quantify the Feulgen texture (1,14,15,21). In the present
study, this observation could not be confirmed. Discrimi-
nation between diploid intermediate squamous cells and
other diploid epithelial cells was only moderately success-
ful. Also, the cytotechnologists participating in this study
needed the faint contours of the cytoplasm for visual
classification of cells under the microscope, indicating
that absence of cytoplasmic information may seriously

Table 5
Results of Classifiers for Classification Stage, Existing of DF1, DF2, Two DNA Index Thresholds, and DF5 for Recognition of

Diploid Intermediate Squamous Cells, Based on Normalized and Nonnormalized Features

Results of manual
classification

Number of
cells

Results of statistical classifier (row%)

Diploid
intermediate

squamous cells
(%)

Other diploid
epithelial cells

(%)
Hypodiploid cells

(%)
Hyperdiploid cells

(%)

Diploid cells
Intermediate

squamous cells 6,426 84 16 0 0
Other epithelial cells 15,168 25 70 5 0

Nondiploid cells
Hypodiploid cells 1,392 1 2 96 0
Hyperdiploid cells 2,991 2 11 0 87

Table 6
Comparison Between Diploid IOD Reference Values From Manual and Automated Assessment of Specimens*

Manual classification Automated classification

Error (%)Ncases Ncells IODMN IODCV rSEM Ncases Ncells IODMN IODCV rSEM

Averaged over all measured specimens
50 114.1 110.0 5.60 0.71 50 114.7 110.8 8.80 0.93 2.73

Averaged over specimens with rSEM � 1.5%

46 118.4 109.5 5.65 0.67 46 121.2 110.6 8.38 0.82 2.40

Averaged over specimens with rSEM � 1.5% and CV � 5%
21 132 110.3 4.35 0.43 1 38 130 4.88 0.79 1.52

*Ncases is the number of valid cases and Ncells is the average number of cells measured per case. IODMN (arbitrary units) and IODCV
(%) are mean and coefficient of variation of the IOD over all detected reference cells in a specimen. rSEM (%) is the relative SEM. The
error is the relative difference between manual and automated IODMN.
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hamper accurate discrimination between closely associ-
ated cell types.

The CV of diploid reference nuclei is regarded as a
measure for the quality of the overall measurement. Dif-
ferent QA protocols require the CV of the IOD of diploid
reference cells to be smaller than 5% (11,22). This crite-
rion was not met in a number of studies. In cervical
smears, an average CV of reference cells of 16.7% was
reported (1). In a study measuring normal prostate tissue
isolated from paraffin-embedded blocks, an average CV of
7% was found (ranging from 6 to 9%; 23). Human hepa-
tocytes showed CVs ranging from 2 to 17% for different
laboratories (24). Even in flow cytometric evaluation of rat
leukocytes, CVs ranged up to 10% (25). It is questionable
whether CV � 5% is feasible for all kinds of material. The
CV, which is a relative measure for the SD, is determined
mainly by the accuracy of the staining and measurement
procedure. Especially for archival material, it was shown
that the origin of the material and the different fixation
and staining parameters influence the IOD and size and
texture parameters (26–29). In the present study, speci-
mens were accepted with CV up to 13%, in order to have
sufficient patients for the analysis. Both the average CV of
reference cells in individual smears and the range of IOD
reference values (80–140) were high, which is attribut-
able most probably to the suboptimal preprocessing of the
used material. The actual statistical classifiers developed in
this study will only be applicable for the materials used in
this project. For application in a different setting, with
preferably optimized material collection and specimen
preparation, the construction of statistical classifiers will
have to be repeated according to the procedure devel-
oped in the present study. Although the classification
results were satisfactory in the present study, such opti-
mizations will probably improve the quality of the classi-

fiers (i.e., smaller CVs). In the near future, development of
new preparation techniques (e.g., liquid- based cytology,
monolayers) may enable analysis of cytoplasmic informa-
tion, possibly enhancing the identification of intermediate
squamous cells.

Thunnissen et al. (30) reported large differences in the
DNA index of diploid cells in specimens measured in
different laboratories. Several diploid cell populations (bi-
polar cells, epithelial cells, lymphocytes, granulocytes)
were sampled manually. Normalized against liver diploid
cells, the DNA index of diploid cell types ranged from
almost 1c to 3c. Because all 13 participating laboratories
used centrally produced and stained specimens, these
variations were not caused by differences in specimen
handling or staining. Variations have to be attributed to
the measurement procedure, including selection of nuclei
for measurement and system calibration. A number of
specimens from the study by Thunnissen et al. (30) were
analyzed recently using a fully automated procedure for
selection of cells (15). Automated cell selection resulted in
DNA indices not significantly different from 2c for all cell
types. These results show that accurate assessment of
ploidy is feasible when performed under standardized
conditions. Next to a very careful set up of instrumenta-
tion, automatic selection of cells contributes to this high
degree of accuracy.

In conclusion, we presented a method for automated
identification of diploid epithelial reference cells. Previous
studies focused on aspects concerning preparation and
staining (26–29) or dealt with the correct setup of the
measurement instrumentation (11,22,31–33). Quality as-
surance of these items is critical for reliable measurement.
However, selection of nuclei of interest poses a very
challenging problem as well (34). Manual selection may
be poorly reproducible and biased (10,30). Reliable and
unbiased sampling of an internal diploid reference popu-
lation is important for accurate image cytometric ploidy
assessment. The next step toward accurate and reproduc-
ible DNA ploidy measurement by image cytometry will be
the identification of diagnostic nuclei.
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